
Chapter 9

Creators and Creations in Aerospace
Engineering

Dieses merkt Euch, Ihr stolzen Männer der
Tat. Ihr seid nichts als unbewußte Handlanger
der Gedankenmänner, die oft in demütigster
Stille Euch all Euer Tun aufs Bestimmteste
vorgezeichnet haben.

Mark this well, you proud men of action. You
are nothing but the unconscious hands of the
men of thought, who have often, in the most
humble silence, directed all your actions in ad-
vance.

Heinrich Heine. 1834. Zur Geschichte der Religion und Philosophie in Deutschland
[History of Religion and Philosophy in Germany] Book III, paragraph 3.

This chapter gives an overview of some innovations in aerospace engineering that have played
major roles in the modern world and that were invented or discovered by scientists and engineers
who were trained in the predominantly German-speaking central European research world in the
nineteenth and early twentieth centuries.1 Creators from the German-speaking world made major
contributions to lighter-than-air craft, aerodynamics and aircraft design, jet engines and jet aircraft,

1In addition to specific references that are cited in di↵erent areas throughout this chapter, this chapter makes
use of general biographical and project information from: ACLS 2000; Albrecht et al. 1992; Ash and Söllner 1996;
Bar-Zohar 1967; Bower 1987; Bunch and Hellemans 2004; Challoner 2009; Cornwell 2003; Crim 2018; EB 1911, 2010;
Gillispie 1970–1990; Gimbel 1990a; Glatt 1994; Hall 2019; István Hargittai 2006, 2011; Linda Hunt 1991; Impey et
al. 2008; Jacobsen 2014; Koertge 2007; Kurowski 1982; Lasby 1971; Lusar 1956, 1971; Medawar and Pyke 2000; Mick
2000; Murray 2003; Nachmansohn 1979; NDB 1953–2020; Neufeld 2012; Nouzille and Huwart 1999; O’Reagan 2014,
2019; Porter 1994; Charles Walker 1946; Peter Watson 2010; Weitensfelder 2009.

For general overviews of large portions of the history of aerospace engineering in the German-speaking world,
see: Benecke and Quick 1957; von Braun et al. 1985; Coats and Carbonel 2002; Freeman 1993, 2008; Griehl 1990,
2003, 2004, 2005, 2015; Hirschel et al. 2004; Kay 2002; Lommel 2000, 2002, 2005; Jürgen Michels 1997; Myhra 1998a,
1998b, 2000a, 2000b, 2001, 2002, 2003; Michael Neufeld 1995, 2002, 2003, 2004, 2007, 2012; Ordway and Sharpe
2003; Samuel 2004, 2010; Smith and Creek 1982, 1992, 2001; Smith and Kay 2002; Stüwe 1999, 2014, 2015; Trischler
1992a, 1992b; Trischler and Schrogl 2007; Frank Winter 1983, 1990.
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ejection seats and parachutes, helicopters, small missiles and smart bombs, large liquid propellant
rockets, submarine-launched and solid propellant rockets, rocket planes and space planes, and space
exploration.

9.1 Lighter-Than-Air Craft

Lighter-than-air craft use low-density gas (hot air, hydrogen, or helium) rather than powered engines
to stay aloft. The simplest lighter-than-air craft is a balloon, and the French brothers Joseph-Michel
and Jacques-Étienne Montgolfier are believed to have conducted the first piloted hot-air balloon
flights in 1783. By the late nineteenth century, balloons were a well developed and widely utilized
technology. However, their greatest weakness was that they were at the mercy of the prevailing
winds and nearly impossible to guide.

German-speaking creators played leading roles in transforming spherical, unpowered balloons that
could not be guided into long, aerodynamic, motorized-propeller-driven airships that could follow
any desired course, even between continents [Danelek and Davis 2011; Hirschel et al. 2004]. Those
creators developed both non-rigid airships, in which the giant envelope holding the low-density gas
is still an inflatable sack like a balloon, and semi-rigid or rigid airships, in which the envelope is
partially or fully supported by light-weight materials such as aluminum or wood to hold its shape
regardless of gas pressure.

Some of the earliest German-speaking pioneers of powered airships are shown in Fig. 9.1. Paul
Haenlein (German, 1835–1905) built and tested a small semi-rigid airship with an internal com-
bustion engine in 1872. Hermann Ganswindt (German, 1856–1934) was a very creative inventor
who experimented with early forms of both lighter-than-air and heavier-than air flying machines;
see pp. 1357 and 1468. Georg Baumgarten (German, 1837–1884) and Friedrich Wölfert (German,
1850–1897) built and tested a series of non-rigid airships 1880–1897. They probably would have
had a much greater ultimate impact, but Baumgarten died along the way, and Wölfert died in the
crash of the final airship.

David Schwarz (Austro-Hungarian, 1850–1897) and Carl Berg (German, 1851–1906) developed the
first rigid airship, the Schwarz II, which first flew in Berlin in 1897; see Fig. 9.2. Schwarz died of
heart failure only months before the first flight of his invention, but Berg, who had developed and
supplied aluminum alloys for the project, continued to do so for other airships.

I have deliberately left a blank space where images of some creators or creations should go.
Those are people or projects that I felt were important enough that they should definitely be shown in this book,
yet I have not yet been able to locate a suitable image that I have permission to use, despite my searches in Europe
and in the United States. If readers have any relevant images and could send them to me, I would be very grateful
and will include them in future editions of this book. Even where a suitable photo cannot be located, I believe that
leaving a blank space pays tribute both to the scientific importance of that creator or creation and to how that
historical fact has been very nearly forgotten.
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Ferdinand von Zeppelin (German, 1838–1917), Theodor Kober (German, 1865–1930), and Carl
Berg developed a series of increasingly sophisticated rigid airships or Zeppelins, beginning with the
LZ 1, which first flew in 1900, as shown in Fig. 9.3. Examples of later Zeppelins depicted in Fig. 9.4
included the LZ 3 (first flight 1906, and here shown over Berlin in 1909), LZ 72 (first flight 1916),
and LZ 129 Hindenburg (first flight in 1936 and destroyed in 1937).

As shown in Fig. 9.5, Johann Schütte (German, 1873–1940) and Karl Lanz (German, 1873–1921)
rivaled Zeppelin with their own series of increasingly sophisticated airships that tended to use wood
instead of aluminum.

Hans Groß (German, 1860–1924) and Nikolaus Basenach (German, 1875–1951) developed a series
of semi-rigid airships, such as the Groß -Basenach M I airship (first flight in 1908 and enlarged in
1913); see Fig. 9.6.

August von Parseval (German, 1861–1942), August Riedinger (German, 1845–1919), and Rudolf
von Sigsfeld (German, 1861–1902) developed increasingly sophisticated non-rigid airships, such as
the Parseval Versuchsluftschi↵ (1907) and PL19 airship (1914); see Fig. 9.7.

Auguste Piccard (Swiss, 1884–1962) and Paul Kipfer (Swiss, 1905–1980) created and tested high-
altitude balloons and used them to make measurements of the upper atmosphere and of cosmic
rays. Jean Piccard (Swiss, 1884–1963), Auguste Piccard’s twin brother, also invented and tested
many high-altitude balloon designs. See Fig. 9.8.

See also some of the early balloonists and pioneers of aerospace medicine and meteorology on pp.
338 and 627–628.
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Figure 9.1: Some of the earliest German-speaking creators of airships were Paul Haenlein, Hermann
Ganswindt, and Georg Baumgarten and Friedrich Wölfert.
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Figure 9.2: David Schwarz and Carl Berg developed and demonstrated the first rigid airship, the
Schwarz II, in Berlin in 1897.
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Figure 9.3: Ferdinand von Zeppelin, Theodor Kober, and Carl Berg developed a series of increasingly
sophisticated rigid airships or Zeppelins, beginning with the LZ 1, which first flew in 1900.
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Figure 9.4: Examples of later Zeppelins included the LZ 3 (first flight 1906, and here shown over
Berlin in 1909), LZ 72 (first flight 1916), and LZ 129 Hindenburg (first flight in 1936 and destroyed
in 1937).
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Figure 9.5: Johann Schütte and Karl Lanz rivaled Zeppelin with their own series of increasingly
sophisticated airships that tended to use wood instead of aluminum.
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Figure 9.6: Hans Groß and Nikolaus Basenach developed a series of semi-rigid airships, such as the
Groß -Basenach M I airship (first flight in 1908 and enlarged in 1913).
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Figure 9.7: August von Parseval, August Riedinger, and Rudolf von Sigsfeld developed increasingly
sophisticated non-rigid airships, such as the Parseval Versuchsluftschi↵ and PL19 airship.
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Figure 9.8: Paul Kipfer and Auguste Piccard, as well as Auguste’s twin brother Jean Piccard who
later worked separately, created and tested very high-altitude balloons.
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9.2 Aerodynamics and Aircraft

German-speaking creators played such a dominant role for nearly a century in the development of
aerodynamics and aerodynamics-guided aircraft designs that only a few examples can be mentioned
here.2 For closely related contributions of German-speaking creators to jet engines and jet aircraft,
see the next section.

As shown in Fig. 9.9, Otto Lilienthal (German, 1848–1896) developed and flew very innovative
gliders. He might well have gone on to make the first powered airplane flight if he had not died
from a glider crash in 1896 [Heinzerling and Trischler 1991].

One of Lilienthal’s assistants was Gustav Weisskopf, also known in the United States as Gustav
Whitehead (German, 1874–1927). Weisskopf moved to Connecticut in the United States, where
he built a long series of powered aircraft prototypes. There is significant evidence that Weisskopf
successfully conducted the first piloted flight of a powered airplane in 1901, over two years before
the Wright Brothers’ first flight:

1. Multiple witnesses reported that Weisskopf’s airplane flew.

2. A contemporaneous newspaper article reported that his airplane flew.

3. Modern replicas of his aircraft successfully flew in tests that were made in the 1980s and
1990s.

The details of the evidence and of Weisskopf’s claims are still hotly debated.3

As illustrated in Fig. 9.10, Ernst Mach (Austrian, 1838–1916), his son Ludwig Mach (Austrian,
1868–1951), and Peter Salcher (Austrian, 1848–1928) conducted the first experiments to visualize
shock waves around a bullet traveling faster than the speed of sound through air. The speed of an
object compared to the speed of sound is now called the Mach number.

Ludwig Prandtl (German, 1875–1953), Carl Wieselsberger (German, 1887–1941), and Hermann
Kurzweg (German, 1908–2000) played major roles in developing subsonic, supersonic, and hyper-
sonic wind tunnels in Germany; see Fig. 9.11.

As shown in Figs. 9.12–9.13, some other creators who developed wind tunnels and/or analyzed their
results included Hans Amtmann (German, 1906–2007), Paul Richard Heinrich Blasius (German,
1883–1970), Carl Cranz (German, 1858–1945), Siegfried Erdmann (German, 1916–2002), Irmgard
Flügge-Lotz (German, 1903–1974), Kurt Otto Friedrichs (German, 1901–1982), Rudolf Hermann
(German, 1904–1991), Hubert Ludwieg (German, 1912–2000), Klaus Oswatitsch (Austrian, 1910–
1993), Hermann Schlichting (German, 1907–1982), Walter Tollmien (German, 1900–1968), and
Peter Wegener (German, 1917–2008).

In 1919, Albert Betz (German, 1885–1968, Fig. 9.14) applied the principles of aerodynamics to
calculate the e�ciency of power-producing wind turbines and to design wind turbine blades with
the highest possible e�ciency. Such wind turbines are now used all over the world.

2See for example: Anderson 1997; Eckert 2017; Gorn 1992; Hanle 1982; Hirschel et al. 2004; von Kármán 1945,
1967; Meier 2010; Rotta 1990; Trischler 1992a, 1992b; Wegener 1996; CIOS XXVIII-47.

3 Brinchman 2015; Brown 2016; Crouch 2002, 2013; Danelek and Davis 2011; O’Dwyer 1978; Randolph 1966;
Schleno↵ 2014; NYT 2015-04-18 p. A15.
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Figure 9.9: Otto Lilienthal developed and flew gliders, and there is significant evidence that Gustav
Weisskopf conducted the first powered flight in 1901.



1304 CHAPTER 9. CREATORS AND CREATIONS IN AEROSPACE ENGINEERING

Figure 9.10: Ernst Mach, his son Ludwig Mach, and Peter Salcher conducted the first experiments
to visualize shock waves around a bullet traveling faster than the speed of sound through air.



9.2. AERODYNAMICS AND AIRCRAFT 1305

Figure 9.11: Ludwig Prandtl, Carl Wieselsberger, Hermann Kurzweg, and others developed sub-
sonic, supersonic, and hypersonic wind tunnels in Germany.



1306 CHAPTER 9. CREATORS AND CREATIONS IN AEROSPACE ENGINEERING

Figure 9.12: Other creators who developed wind tunnels and/or analyzed their results included Hans
Amtmann, Paul Richard Heinrich Blasius, Carl Cranz, Siegfried Erdmann, Irmgard Flügge-Lotz,
and Kurt Otto Friedrichs.
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Figure 9.13: Other creators who developed wind tunnels and/or analyzed their results included
Rudolf Hermann, Hubert Ludwieg, Klaus Oswatitsch, Hermann Schlichting, Walter Tollmien, and
Peter Wegener.
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Figure 9.14: Albert Betz maximized the e�ciency of wind turbines in 1919.
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Theodore von Kármán (Hungarian, 1881–1963) earned his Ph.D. under Prandtl in 1908, worked
in aerodynamics in Germany and Austria until 1930, and then moved to the United States. Von
Kármán was a tireless advocate trying to persuade the United States to improve its funding and level
of research with wind tunnels and aerodynamics, and in 1945 he served as a top U.S. government
advisor guiding the transfer of German-speaking scientists and technologies to the United States;
see Fig. 9.15.

Using the principles of aerodynamics, German-speaking engineers developed aircraft specialized for
a wide variety of applications. Here are just a few examples:

• German-speaking engineers invented dedicated ground-attack aircraft with the pilot and en-
gines protected inside an armored “bathtub.” In 1917, Otto Mader (German, 1880–1944)
and Hugo Junkers (German, 1859–1935) created the first armored ground-attack aircraft, the
Junkers J.I (Fig. 9.17). The Henschel company introduced the Hs 129 armored ground-attack
aircraft in 1939, and ultimately equipped it with a 7.5 cm automatic antitank gun in 1944
(Fig. 9.18). In this final configuration, the Hs 129 was the most powerful tank-killing aircraft
in the world at the time, and the predecessor of the U.S. A-10 Thunderbolt II three decades
later.

• As shown in Fig. 9.19, Willy Messerschmitt (German, 1898–1978) and Robert Lusser (Ger-
man, 1899–1969) developed the Messerschmitt Bf 109 piston-propeller fighter aircraft in 1935.
The Bf 109’s performance and features were a major step beyond earlier fighters, and the Bf
109 was extensively used by Germany until 1945.

• Edgar Schmüd (German, 1899–1985), an aircraft designer, immigrated to the United States in
1931 and went to work for North American Aviation. Using his knowledge, a Bf 109 captured
in 1939, and other German design information, Schmüd developed the North American P-
51 Mustang piston-propeller fighter in 1940. Subsequently the P-51 was widely used by the
United States and United Kingdom during the war. The extreme similarity of Schmüd’s 1940
P-51 design to Messerschmitt’s 1935 Bf 109 design is evident in Fig. 9.19. In 1947, Schmüd
likewise developed the North American F-86 Sabre jet fighter based directly on the wartime
Messerschmitt Me P.1101 and Focke-Wulf Ta 183 jet fighters (p. 1343). Schmüd also developed
the North American F-100 Super Sabre (1953), the Northrop F-5 Freedom Fighter (1959),
and the Northrop T-38 Talon trainer (1959, widely used by NASA for astronaut training)
[Raymond Wagner 2000].

• German-speaking engineers developed specialized gliders for military troops and cargo, such
as the Deutsche Forschungsanstalt für Segelflug DFS 230 (1937, designed by Hans Jacobs
(German, 1907–1994)), the Gotha Go 242 (1941, designed by Albert Kalkert (German, 19??–
19??)), and the Messerschmitt Me 321 Gigant (1941). See Fig. 9.20. Due to the gliders’ speed,
agility, and low noise, they were used for a number of highly creative and successful assaults
during the war.

• The Arado Ar 232, first flown in 1941, was the world’s first special-purpose cargo aircraft,
establishing now-standard features such as a rear cargo ramp, low boxy fuselage, high wing,
high tail, and rugged landing gear. It was followed in 1942 by the Junkers Ju 290 and the
Messerschmitt Me 323 Gigant (the largest land-based cargo aircraft in the world at the time—
only the Blohm & Voss BV 238 flying boat was larger). See Fig. 9.21.
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Figure 9.15: Aerodynamicist Theodore von Kármán directing work at the U.S. Jet Propulsion
Laboratory in 1940 (above), and receiving the National Medal of Science from President Kennedy
in 1963 (below).
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Figure 9.16: An airfoil is a cross-section through an aircraft wing along the direction of incoming
flow. Airfoils are usually cambered, with asymmetric upper and lower surfaces. For an angle of
attack ↵ between a surface and incoming flow, the force normal to the surface may be separated
into drag and lift components. A cambered airfoil produces zero lift at a negative angle of attack
↵L=0, linearly increasing lift for increasing angles of attack, and decreasing lift (stalling) above
↵stall. Its drag is much smaller but increases parabolically.
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Figure 9.17: In 1917, Otto Mader and Hugo Junkers created the first armored ground-attack aircraft,
the Junkers J.I.
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Figure 9.18: Henschel introduced the Hs 129 armored ground-attack aircraft in 1939, and equipped
it with a 7.5 cm automatic antitank gun in 1944.
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Figure 9.19: Willy Messerschmitt and Robert Lusser developed the Messerschmitt Bf 109 fighter
(1935), which was extensively used by Germany until 1945. Edgar Schmüd, a German immigrant
in the United States, reverse-engineered a captured Bf 109 to create the North American P-51
Mustang (1940), which was widely used by the United States and United Kingdom during the war.
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Figure 9.20: German-speaking engineers developed specialized gliders for military troops and cargo,
such as the Deutsche Forschungsanstalt für Segelflug DFS 230, Gotha Go 242, and Messerschmitt
Me 321 Gigant.
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Figure 9.21: The Arado Ar 232 was the world’s first special-purpose cargo aircraft, and was followed
by the Junkers Ju 290 and Messerschmitt Me 323 Gigant.
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After World War II, advanced German wind tunnels and aerodynamics experts were taken to other
countries. For example, Hermann Kurzweg, Peter Wegener, and other German-speaking scientists
developed supersonic and hypersonic wind tunnels, missiles, and rockets in the United States.

As shown in Fig. 9.22, Ludwig Prandtl discovered subsonic compressible-flow rules for aircraft in
1922, Jakob Ackeret (Swiss, 1898–1981) extended those rules to supersonic speeds in 1925, and
Adolf Busemann (German, 1901–1986) used related rules to design swept-wing aircraft in 1935.
What those creators found is that the faster an aircraft goes, the more swept-back its wings should
be, in order to maximize the aerodynamic lift and minimize the drag from the wings. This discovery
stands in stark contrast to most aircraft that were in use even as late as World War II and that had
less e�cient wings that stuck straight out to the sides. After the war, Busemann helped to develop
supersonic aircraft and spacecraft in the United States.

In 1940, Bernhard Göthert (German, 1907–1988) and K. A. Kawalki (Polish?, ??–??) developed and
demonstrated supercritical airfoils or wings that enabled aircraft to travel at higher speeds with
less drag, and ultimately to break the sound barrier with less di�culty; see Fig. 9.23. Normally,
the curvature of an airfoil makes airflow above the wing faster than flow below it, which in turn
makes the air pressure lower above the airfoil that below it, creating a net upward lift force on the
airfoil that keeps the aircraft aloft. For aircraft at high subsonic speeds, this e↵ect can accelerate
air above the wings to the speed of sound, creating a strong shockwave, a separated boundary layer,
and higher drag. By making the upper surface of the wings flatter or supercritical, aircraft can travel
closer to the speed of sound before high-drag transonic flow occurs. After the war, Göthert came to
the United States, where he became chief scientist of the Air Force Systems Command and helped to
develop everything from the Saturn V rocket to the F-111 fighter [http://articles.latimes.com/1988-
04-01/news/mn-489 1 air-force-s-research].

Otto Frenzl (Austrian, 1909–1996) discovered the area rule for supersonic flight in 1943 and filed
a patent on it with aircraft designers Heinrich Hertel (German, 1901–1982) and Werner Hempel
(German, 1910–??). If airflow moving near the speed of sound longitudinally down a vehicle en-
counters a sudden change in the vehicle’s cross-sectional area, the flow cannot easily move out of
the way; it is forcibly compressed or rarified and may separate from the vehicle’s surface or create
a shock wave. By keeping the cross-sectional area relatively constant down the length of a vehicle,
one can avoid such e↵ects and thereby minimize the drag coe�cient. For example, an aircraft’s
body should begin to narrow at the point where wings begin, as shown in Fig. 9.24. This was
a critical discovery for creating aircraft that could easily break the sound barrier to move from
subsonic to supersonic speeds. After the war, Frenzl and Hertel developed aircraft in France and
West Germany, and Hempel worked for the Soviet Union.

In 1951, Adolf Busemann gave a presentation in the United States summarizing earlier German
work and knowledge about supersonic aerodynamics. It appears that Richard Whitcomb, a young
American engineer, learned of the area rule from that presentation and then wrote a paper an-
nouncing it as his own new discovery [Mack 1998, p. 138]. As a result, Whitcomb was awarded the
U.S. National Aeronautic Association’s Collier Trophy, and the principle has been known as the
“Whitcomb area rule” ever since. Proper credit was not given to Frenzl and his colleagues who had
actually developed and tested it a decade earlier.
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As things turned out, Whitcomb also received credit for first developing supercritical airfoils in
the 1960s. Recognition was not given to Göthert and Kawalki who had actually invented and
demonstrated supercritical airfoils over 20 years earlier, or even to scientists such as Adolf Busemann
and Theodore von Kármán who guided the transfer of that body of aerodynamics knowledge to
the United States at the end of World War II.

Dietrich Küchemann (German, 1911–1976) and Johanna Weber (German, 1910–2014), shown in
Fig. 9.25, also did extensive work on supersonic aerodynamics during World War II. After the
war, they both moved to the United Kingdom and played key roles in the postwar development of
supersonic aircraft such as Concorde passenger plane and Victor jet bomber, as well as subsonic
aircraft such as the Airbus A300.
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Figure 9.22: Ludwig Prandtl discovered subsonic compressible-flow rules for aircraft in 1922, Jakob
Ackeret extended them to supersonic speeds in 1925, and Adolf Busemann designed swept-wing
aircraft in 1935.
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Figure 9.23: Bernhard Göthert and K. A. Kawalki developed supercritical airfoils for high-speed
aircraft in 1940.
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Figure 9.24: Otto Frenzl discovered the area rule for supersonic flight in 1943 and filed a patent on
it with aircraft designers Heinrich Hertel and Werner Hempel.
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Figure 9.25: Dietrich Küchemann and Johanna Weber studied supersonic aerodynamics during
World War II and played key roles in the postwar development of supersonic aircraft such as
Concorde.
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9.3 Jet Engines and Jet Aircraft

During the 1930s and early 1940s, German-speaking scientists and engineers developed the first
practical jet engines and installed them in a wide variety of revolutionary aircraft. After the war,
experts, hardware, and designs from the German-speaking world spread those jet technologies
around the world. That German expertise provided the modern world with jet passenger planes,
fighters, and bombers, as well as gas turbines (modified stationary jet engines) that are used in
power plants and in land and sea vehicles.4

A turbojet engine forcibly sucks in air, burns it with fuel, extracts a little energy from the process
(turbo for turbine) to power the air intake, and expels the rest of the energy out the back as a
high-speed, high-temperature exhaust (jet). Because the exhaust has both a large mass flow rate
and a large velocity, its new rearward momentum is large, and hence it imparts a large forward
thrust force to the engine, much larger than the thrust of a comparable propeller engine. However,
because so much of the combustion energy ends up as kinetic and thermal energy in the exhaust
and not as new forward kinetic energy of the aircraft, the energy (fuel) e�ciency of a turbojet is
much lower than that of a propeller engine. Figure 9.26 shows the components and idealized gas
pressures and temperatures in a typical turbojet engine:

• The di↵user impedes the incoming flow to slow it down, converting the initial kinetic energy
of the flow to increased pressure (potential energy) and temperature (thermal energy).

• Since passive stagnation e↵ects only cause a small increase in pressure even at high subsonic
speeds, turbojet engines include an active, powered compressor that forcibly raises the pres-
sure (and temperature) of the flow, thereby preparing the air to burn more e�ciently with
fuel in the subsequent burner section. (The compressor can also be viewed as actively sucking
air into the engine, even if the external air speed is negligible, as it is when the aircraft is
first started.) Typical axial compressor designs use alternating rotating and stationary blades
(rotors and stators) as shown in the figure to squeeze the air as it passes through.

• The burner or combustion chamber (combustor) burns the incoming air with a much smaller
amount of fuel to raise the temperature of the flow as high as possible without melting the
blades in the subsequent turbine section.

• The turbine must extract enough work energy out of the gas after the burner to put the
necessary work energy into powering the compressor before the burner.

4 Amtmann 1988; Bohr 2013; Butler 1994, 2007; Christensen 2002; Christopher 2013; Cole 2015; Conner 2001;
Constant 1980; Cooke and Ingells 1945; Daso 2002; Dorr 2013; Du↵y 2012; Erfurth 2006; Forsyth and Creek 2007;
Franz 1985; Gleichmann 2013; Gleichmann and Bock 2009; Griehl 1990, 2004, 2005; Griehl 2015; Herwig and Rode
2000; Hirschel et al. 2004; Hyland and Gill 1998; Jacobsen 2011, 2014; Jakobs et al. 2009; Johnsen 2014; Kay 2002;
Kober 1990; Leyes and Fleming 1999; Longden 2009; Masters 1982; Meier 2010; Miranda 2015; Myhra 1998a, 1998b,
2000a; Nowarra 1988; Pavelec 2007; Samuel 2004, 2010; Shepelev and Ottens 2015; Simons 2016; Smith and Creek
1992, 2001; Smith and Kay 2002; Thomas 1946; Vajda and Dancey 1998; CIOS XXV-9, XXVI-27, XXVI-28, XXVI-29,
XXVI-30, XXXII-41; Air World 1946; Chicago Daily Tribune 1945-06-29 p. 4; Daily Telegraph 1, 2, 5, 9 Oct. 1945, p.
4 each issue; L.A. Times 1945-06-29; NYT 1945-06-08, 1945-07-26 p. 6, 1948-04-15 p. 17, 1948-12-04 p. 3; Washington

Post 1945-06-29.
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• The nozzle decreases the pressure of the flow until it reaches the ambient pressure of the
external air, converting that pressure potential energy into kinetic energy to maximize the
exhaust velocity.

• Optionally, an afterburner can add extra fuel to the air just before the nozzle. Burning that
extra fuel raises the pressure entering the nozzle and hence the thrust force produced by the
engine, albeit at the expense of consuming fuel even faster than a plain turbojet engine would.

While a turbojet is a very powerful and compact engine, the propulsive e�ciency of a turbojet is
relatively low at subsonic aircraft speeds, since the engine’s exhaust velocity is so high. To raise
the e�ciency of a turbojet engine for subsonic travel, it can be directly coupled to a large fan for
airplane flight (a turbofan), propeller blades for airplane flight (a turboprop), or rotor blades for
helicopter flight (a turboshaft engine), as shown in Fig. 9.27:

• In a turbofan engine, the inlet air can pass either through a relatively conventional turbojet
engine (sometimes called the hot flow since it is heated by combustion), or else through a
large enclosed fan (sometimes called the cold flow since it does not experience combustion).
The bypass ratio � is defined as the ratio of the mass flow rates in the hot and cold flows.
Compared to a pure turbojet engine, more of the exhaust energy in this turbojet is extracted
in the turbine and less in the nozzle, which decreases the hot flow exhaust velocity. Because
the turbine extracts more energy, it can power not only the compressor for the hot flow, but
also the fan for the cold flow. The fan may be an enlarged front compressor blade through
which both hot and cold flows pass, or it may be a separate blade whose speed has been
appropriately geared down from the main turbine shaft. As the cold flow is merely accelerated
by a fan and not heated by combustion to high temperatures, its exhaust velocity is rather
low. Thus both the hot and cold fractions of the flow have lower exhaust velocities than the
exhaust of a simple turbojet, improving the propulsive e�ciency of the engine and lowering
the fuel consumption rate.

• Whereas the fan of a turbofan engine can operate at high-subsonic and supersonic speeds, at
lower subsonic speeds it may be replaced by an ordinary airplane propeller, further increasing
the e�ciency. The propeller is still driven by the turbine of a turbojet engine, so this variation
is called a turboprop engine. A turbojet engine designed for this purpose extracts almost all
of the available exhaust energy in the turbine and not the nozzle, in order to send as much
power as possible to the propeller. The propeller typically has a much larger diameter than the
compressor and turbine blades, yet its tips should not approach the speed of sound to avoid
compressibility losses. Therefore, a gearbox usually gears down power transmitted from the
turbine shaft to a separate propeller shaft that rotates ⇠ 15 times more slowly. Turboprop
engines are basically turbofan engines with a very high bypass ratio (� > 50) so that the
large majority of the thrust comes from the cold propeller flow and not the hot turbojet flow.
Because of their e�ciency, they are widely used to power small, low-subsonic-speed aircraft.

• Just as the shaft power from a turbojet engine can be geared down to drive an airplane
propeller, it can also be geared down to power a helicopter rotor. This variation is called a
turboshaft engine. The power shaft may be taken from either the compressor end (as shown
in the figure) or the turbine end. In addition to aerospace applications, turboshaft gas turbine
engines make excellent power sources for land-based equipment ranging from military tanks
to submarines to electric power plants.
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Figure 9.26: Turbojet engine design, showing a simplified view of its major components—the dif-
fuser, compressor, burner, turbine, and nozzle—as well as simple models of the pressure and tem-
perature at each point in the engine.
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Figure 9.27: A turbojet engine design may be modified to become a turbofan design (above), or a
turboshaft or turboprop design (below). In a turboshaft or turboprop design, the power shaft may
be taken either from the compressor end as shown or from the turbine end, and generally transfers
its power via a series of gears to an aircraft propeller or helicopter rotor shaft spinning at fewer
revolutions per minute.
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Figure 9.28: Bladeless aircraft engines include a ramjet for supersonic speeds, a supersonic com-
bustion ramjet (scramjet) for hypersonic speeds, and a pulsejet for subsonic speeds.
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At supersonic speeds (say Mach ⇠2–3), the pressure increase due to stagnation e↵ects in the
di↵user is so large that there is no need for an active compressor, and thus there is also no need
for a turbine to power a compressor, as shown in Fig. 9.28. Under these conditions, with the
moving parts inside a turbojet removed, the engine becomes a much simpler ramjet. To operate at
hypersonic speeds (Mach 5 and higher), the interior contours of the engine can be modified to make
it a supersonic combustion ramjet (scramjet). A ramjet engine can even be modified to operate at
subsonic speeds where the stagnation compression is relatively small, becoming a pulsejet whose
operation continually alternates between air intake and air combustion.

The two best-known figures in the development of German jet technology are Hans von Ohain
(German, 1911–1998), a young physicist who dreamed of creating jet engines, and Ernst Heinkel
(German, 1888–1958), a politically very powerful aircraft manufacturer who hired von Ohain in 1936
and provided him with all the resources and long-term support needed to make his dream a reality.
Figure 9.29 shows Heinkel and von Ohain celebrating the flight of the world’s first jet aircraft, the
Heinkel He 178, in 1939. Von Ohain and his collaborators such as Wilhelm Gundermann (German,
1904–1997) developed a long series of ever-improving jet engines in the 1930s and 1940s. Figure
9.30 shows von Ohain’s first prototype jet engine, which he developed with Max Hahn (German,
??–??) in 1935, and his last completed wartime engine, the He S 011, which he developed with
Max Adolf Müller (German, 1901–1962) in 1943. Some other important jet aircraft developed by
Heinkel’s team during the war included the He 280 and He 162 jet fighters. After the war, von
Ohain developed a wide range of jet and rocket engines in the United States.

Albert Betz (German, 1885–1968) and Walter Encke (German?, 1888-1982), shown in Fig. 9.31,
developed axial-flow compressors, which were utilized in most wartime German jet engines and
virtually all modern jet engines. Betz also developed e�cient wind turbine designs, which have
become increasingly important as larger fractions of electricity are generated from wind power.

Herbert Wagner (Austrian, 1900–1982) and Max Adolf Müller (German, 1901–1962) led a team
that developed axial-flow compressors and prototype turbojet, turbofan, and turboprop engines at
Junkers in the 1930s, as shown in Fig. 9.32. Due to management di�culties at Junkers, in 1939
Wagner left Junkers to create guided missiles and smart bombs at Henschel (see Section 9.6),
Müller and most of the rest of Wagner’s jet engine team (such as Rudolf Friedrich, German, 1909–
1998) joined von Ohain’s jet engine development program at Heinkel, and Anselm Franz took over
and revived the jet engine program at Junkers. Wagner also worked on German nuclear weapons
programs during the war (p. 2749). After the war, Wagner developed a wide range of guided missiles
and smart bombs in the United States, and Müller [need more information].

Anselm Franz (Austrian, 1900–1994) led the team that developed and mass-produced the Jumo
(Junkers Motors) 004 turbojet engine, shown in Fig. 9.33. After the war, Franz moved to the
United States and developed turboshaft engines such as the Lycoming T53 and T55 (which are
widely used in helicopters and turboprop planes), turbofan engines such as the PLF-1A (turbofans
are the standard type of engines for jet airliners), and gas turbine engines such as the AGT-1500
(which are used to power tanks and other land and sea vehicles, as well as stationary power plants).

Hermann Östrich (German, 1903–1973) led the team that developed and mass-produced the BMW
003 jet engine, shown in Fig. 9.34. After the war, he developed jet engines and jet aircraft in France.
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Figure 9.29: Ernst Heinkel and Hans von Ohain celebrating the flight of the first jet aircraft, the
Heinkel He 178, in 1939.
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Figure 9.30: Hans von Ohain’s first jet engine, developed with Max Hahn in 1935, and his last
completed wartime engine, developed with Max Adolf Müller in 1943.
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Figure 9.31: Albert Betz and Walter Encke developed axial flow compressors.
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Figure 9.32: Herbert Wagner, Max Adolf Müller, and Rudolf Friedrich led a team that developed
prototype turbojet, turbofan, and turboprop engines at Junkers in the 1930s.
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Figure 9.33: Anselm Franz led teams that developed and mass-produced the Jumo (Junkers Motors)
004 turbojet engine during the war, and various jet engines such as the the Lycoming T53 and T55
turboshaft engines after the war.
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Figure 9.34: Hermann Östrich led the team that developed and mass-produced the BMW 003
turbojet engine.
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One of the challenges with the early turbojet engines was overheating of some of the central com-
ponents, especially the turbine blades, which shortened the operational lifetime of an engine before
it needed to be rebuilt or replaced. That challenge arose both because of the extremely high tem-
peratures achieved inside the engines and also because of the shortage of high-temperature metals
due to Allied blockades and bombing. In response, engineers such as Hermann Hagen (German?,
19??–19??), Karl Leist (German?, 19??–19??), Paul Leistritz (German, 18??–1957), and Christian
Lorenzen (German?, 19??–19??) developed methods of directly cooling the blades inside a turbine.
Many other engineers and scientists, such as Heinrich Adenstätt (German?, 19??–19??) and Wal-
ter Handschuber (German?, 19??–19??), developed novel high-temperature ceramics that could be
fabricated into turbine blades. Such high-temperature ceramics are still widely used in a variety of
modern engine types.

Norbert Riedel (Austrian, 1912–1963) made turbojet starter motors and also motorcycles.

In Germany, separate teams led by Otto Pabst (German?, 19??–19??), Eugen Sänger (Austrian,
1905–1964), and Hellmuth Walter (German, 1900–1980) developed ramjets during the war. Figure
9.35 shows Sänger’s ramjet being successfully tested in 1942. In the United States, Fritz Zwicky
(Swiss, 1898–1974) designed and proposed ramjets, but was unable to find financial or political
support for such an innovative concept.

Just as ramjets work best at supersonic speeds but can be modified to operate at hypersonic speeds
as scramjets, they can also be modified to work at subsonic speeds as pulsejets, as shown at the
bottom of Fig. 9.28. With no active compressor and only minimal compression from stagnation
e↵ects, the combustion products could easily escape through the front di↵user of the engine instead
of through the rear nozzle as intended. To avoid this problem, the di↵user must be open when
taking in air, but closed when combustion occurs. This means that combustion must occur in a
pulsed rather than continuous fashion, and the front air inlet must cycle open and closed at the
appropriate times during each pulse. In order to imitate continuous combustion, the pulses must
occur at fairly high frequency, typically ⇠ 40� 50 cycles per second (or Hertz, Hz). The air intake
generally uses mechanical shutters or valves that can be opened and closed at such a high frequency.

Paul Schmidt (German, 1898–1976) created the first major pulsejet engine of note—the Argus As
014 engine that ended up being used in the V-1 missile, which will be discussed in Section 9.6.
Figure 9.36 shows an Argus engine with one side cut open. The engine used mechanical shutters
and a pulse frequency of 43 Hz to produce 3.3 kN (750 lb) of thrust during flight. Since there was
no active compressor, a steam-driven catapult was used to rapidly accelerate the V-1 to a speed
where its engine could achieve self-sustaining flight. The V-1 was essentially the world’s first cruise
(non-ballistic) missile, and became known as the “buzz bomb” because of its engine’s very loud and
very characteristic frequency. The engine’s low e�ciency (due to its minimal compression of the
intake air) and inherent problems with vibration were o↵set by its very simple design and attendant
low cost and high thrust-to-weight ratio.

During the Third Reich, many of the jet engine and jet aircraft development programs were funded
by the Reichsluftfahrtministerium (Reich Ministry of Aviation). Two individuals there who were
especially important in championing and guiding the jet programs were Helmut Schelp (German,
19??–19??) and Hans Mauch (German, 1906–1984). After the war, Helmut Schelp went to the
United Kingdom, and Mauch went to the United States. Ultimately Mauch became much better
known for his wartime and long postwar work developing prosthetic limbs, rather than for his earlier
work on jets; see Sections 2.7 and A.2.
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Figure 9.35: Eugen Sänger’s ramjet being tested on a Dornier Do 217 aircraft (1942).
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Figure 9.36: Argus As 014 pulsejet engine on V-1 cruise missile.
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Willy Messerschmitt (German, 1898–1978), Ludwig Bölkow (German, 1912–2003), and Woldemar
Voigt (German, 1907–1980) headed the team that developed and mass-produced the Messerschmitt
Me 262 Schwalbe (Swallow) twin-engine jet fighter, which was first operational in 1942; see Fig.
9.37. By the end of the war, there were highly sophisticated underground plants for mass-producing
Me 262 fighters despite Allied bombing, such as those at St. Georgen/Gusen and Kahla (pp. 3095–
3097, 3247–3250). After the war, Messerschmitt developed jet aircraft for Spain, Egypt, and West
Germany; Bölkow created jets and missiles in West Germany; and Voigt worked in the United
States.

Walter Blume (German, 1896–1964) led the team that developed and mass-produced the Arado
Ar 234 Blitz (Lightning) twin-engine jet bomber, which was first operational in 1943; see Fig. 9.38.
After the war, he played a critical role in developing jet fighters and bombers in the Soviet Union.

The German brothers Walter Horten (1913–1998) and Reimar Horten (1915–1994) created advanced
flying wing jet aircraft, such as the Horten Ho 229 jet-powered stealth fighter, which they first
demonstrated in 1944; see Fig. 9.39. After the war, Reimar Horten developed aircraft in Argentina
while Walter Horten developed aircraft in West Germany.

As shown in Fig. 9.40, other major aircraft designers included:

• Claude Dornier (German, 1884–1969), who was most famous for his company’s 12-engine
Dornier Do X flying boat (first flight 1929), with multiple decks, luxury accommodations,
and room for over 150 people.

• Hugo Junkers (German, 1859–1935), who built a wide range of aircraft until his death, and
whose company played a major role in the development of jet engines after his death.

• Hans Multhopp (German, 1913–1972), who developed very advanced prototype jet aircraft
in Germany during the war, and jet fighters and lifting bodies (subscale prototypes for the
later U.S. Space Shuttle) in the United States after the war.

• Kurt Tank (German, 1898–1983), who designed fighter aircraft at Focke-Wulf during the war,
and after the war developed a wide range of aircraft and missiles in Argentina, India, and
West Germany.

As shown in Fig. 9.41, postwar jet fighters such as the U.S. F-86 Sabre and Soviet MiG-15 were
directly derived from wartime German designs such as the Messerschmitt Me P.1101 (designed by
Woldemar Voigt and Ludwig Bölkow) and Focke-Wulf Ta 183 (designed by Hans Multhopp and
Kurt Tank).

In fact, the F-86 was developed (based on those earlier German aircraft) by Edgar Schmüd (German,
1899–1985), an aircraft designer who immigrated to the United States before World War II (pp.
1309, 1314). Schmüd also created the North American P-51 Mustang (1940, based on the 1935
Messerschmitt Bf 109), the North American F-100 Super Sabre (1953), the Northrop F-5 Freedom
Fighter (1959), and the Northrop T-38 Talon trainer (1959, widely used by NASA for astronaut
training) [Raymond Wagner 2000].
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Figure 9.37: Willy Messerschmitt, Ludwig Bölkow, and Woldemar Voigt headed the team that
developed and mass-produced the Messerschmitt Me 262 Schwalbe (Swallow) twin-engine jet fighter,
first operational in 1942.
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Figure 9.38: Walter Blume led the team that developed and mass-produced the Arado Ar 234 Blitz
(Lightning) twin-engine jet bomber, first operational in 1943.
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Figure 9.39: The brothers Walter and Reimar Horten created advanced flying wing jet aircraft,
such as the Horten Ho 229 jet-powered stealth fighter, first demonstrated in 1944.
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Figure 9.40: Other major aircraft designers included Claude Dornier, Hugo Junkers, Hans Multhopp,
and Kurt Tank.
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Figure 9.41: Postwar jet fighters such as the U.S. F-86 Sabre and Soviet MiG-15 were directly
derived from wartime German jets such as the Messerschmitt Me P.1101 and Focke-Wulf Ta 183.
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In the English-speaking world, the British engineer Frank Whittle (1907–1996) is widely considered
the inventor of the jet engine. However, Whittle’s very heavy, complex, and ine�cient engine design
was an impractical technological dead end compared to the German work, which was both earlier
and more advanced. The United States actually produced a wartime jet, the Bell P-59 Airacomet,
that used Whittle’s jet engine design. Because of the engine’s weight and ine�ciency, the P-59 had
a slower top speed and shorter range than even the piston-propeller P-51 Mustang.

Whittle was hampered not only by a poor design, but also by the U.K. research system that gave
him far less financial and political support than jet creators received in Germany. Whittle’s jet
approach was also hindered by the wartime U.S. system that simply copied his design without
trying to significantly innovate and improve upon it.

Whereas all of Whittle’s engines and the earliest von Ohain prototype engines used centrifugal flow,
most of the German-produced engines employed axial flow and looked very much like jet engines
used today. Indeed, as already noted, the German engineers, designs, and prototypes were quickly
scooped up by Allied countries in 1945 and thus are directly responsible for modern turbojet,
turbofan, turboprop, turboshaft, and ramjet engine designs worldwide.

For evidence that appears to demonstrate the development of even more advanced jet aircraft,
including intercontinental jet bombers, in wartime Germany, see Appendix E.
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9.4 Ejection Seats and Parachutes

German-speaking scientists and engineers developed and demonstrated ejection seats as well as
parachutes optimized for specific applications [Hirschel et al. 2004; BIOS 466; FIAT 465; NavTecMisEu
247-45].

Whereas pilots could simply grab a parachute and jump out of a malfunctioning lower-speed air-
plane, the advent of jet aircraft necessitated the development of a method to automatically and
safely propel the pilot and parachute away from a malfunctioning aircraft despite the very high-
speed airflow. Under the leadership of Ernst Heinkel, the Heinkel aircraft company developed ejec-
tion seats and made them standard equipment on a number of wartime aircraft. Figure 9.42 shows
an ejection seat for a Heinkel 162 jet fighter, as well as a Heinkel ejection seat in action in 1941.
After the war, this ejection seat technology was widely adopted by other countries.

In September 1945, R. P. Linstead and T. J. Betts, the British and American chairs of the Combined
Intelligence Objectives Subcommittee, listed a number of important German innovations for ejection
seats and parachutes [AFHRA A5186 electronic version pp. 904–1026, Ch. 4, pp. 58–59]:

The field of German aero-medical research was the subject of energetic investigation by
United States and British specialists. The emergency oxygen bail-out system employed
by the Luftwa↵e in high altitude flying was regarded as of particular interest. This sys-
tem permitted the use of the same oxygen mask by the pilot after leaving the plane. The
device consisted of eight tubular bottles of oxygen connected in series by means of high
pressure tubing. A three-way switch was employed which provided for normal supply,
automatic disconnection prior to bail-out, and switching to the bail-out or emergency
supply prior to parachute descent. As a result of this method, delays and complications
arising from the necessity of changing masks prior to leaving the plane are eliminated.

The Germans had developed ejection seats to permit pilots to leave high speed aircraft
without injury. This equipment operated with a cordite charge which expelled the pilot
from the cockpit so that his body was prevented from coming in contact with the tail
surface or vertical fin of the plane.

Much information was obtained concerning new types of parachutes developed by the
enemy. These types included the non-pendulating parachute which was designed to
equalize air turbulence on either side of the ’chute and thus avoid the possibility of
accidental collapse and failures which characterize conventional types. Another devel-
opment was the shock-free parachute consisting of a small pilot ’chute of air permeable
construction to cushion the initial shock of release prior to opening of the main ’chute. A
third type of parachute is known as the ribbon ’chute; this design provided for variable
air orifices so that the rate of descent can be controlled. [...]

Samples of froth clothing were obtained, i.e., flying clothing, treated with a chemical
compound which generated heat by chemical reaction when placed in contact with cold
water.
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The parachute designers Gerhard Sedlmayr and Holger Hansen described the contributions of spe-
cific creators to parachute development; see Figs. 9.43–9.44 [Hirschel et al. 2004, pp. 309–315]:

The second procedure—a stepwise deceleration—was developed by Waldemar Müller in
1924; here, a small auxiliary parachute is applied (free bag deployment), which, after
being exposed to the flow, deploys and pulls the main parachute from the packing case
and stretches it. The auxiliary parachute is connected to the apex of the main parachute
by a short interconnecting cord. To improve the automatic procedures, the auxiliary
parachute is, for instance, equipped with a steel spring so that it opens immediately
after being released from the packing case. [...]

Spherical canopies tend to oscillations if they are excited by small disturbances. At es-
pecially unfavourable circumstances, spherical canopies may even amplify these move-
ments. To let air escape from the parachute canopy, an opening was placed at the apex
of the parachute canopy, which resulted in a reduction of the pendulum-like oscillations.
[...]

Two essential brake parachutes originated which are still widely applied today. In 1933,
Theodor W. Knacke started his theoretical and practical investigations to achieve the
most e↵ective deceleration of an aircraft in the air and during landing. In 1938, the de-
velopment of the FIST [Flugtechnisches Institut der Technischen Hochschule Stuttgart]
ribbon parachute was carried out by Georg Madelung and Theodor W. Knacke (first
landing in 1939), and in 1941, the development of the guide-surface parachute by Helmut
Heinrich. For the first time, parachutes became technically very e�cient due to extensive
theoretical research and numerous systematic experimental developments. [...]

During 1933 and 1945, practical investigations of about 10,000 parachute drops were
performed at the test center Rechlin from aircraft. More than half of these drops were
filmed by high-speed cameras and documented. [...]

In about 1937, the employees of the FIST (Georg Madelung, Theodor W. Knacke, Rudolf
Isermann and Albert Keller) had the idea to build a parachute whose canopy consisted
only of ribbons. [...] It still bears the name of the institute where it was developed, viz.,
“FIST ribbon parachute”; it is still being utilised today as recovery parachute, e.g., for
reconnaissance drones, and as brake parachute for aircraft, landing space capsules and
the Space Shuttle.

After development work on a parachute canopy that consisted only of ribbons, the first
trials started in 1938. [...]

Under the supervision of Theodor W. Knacke, the FIST ribbon parachutes were further
developed after 1946 in the USA, and various versions of the ribbon parachute resulted
and were employed as brake and recovery parachutes. Probably the most attention-
getting application of the further advanced ribbon parachute was the combination of
several such chutes to a landing system for manned space flight up to the Apollo program
of NASA. [...]
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The guide surface parachute of Helmut Heinrich was utilised in the unmanned spaceflight
programs in conjunction with the Mars probe Viking and the Venus probe. [...]

Based on the experiences with ribbon parachutes, the concept was again revised at
FIST, and in 1940, Georg Pirzer and Friedrich Weinig started with the development of
an entirely new ribbon parachute, the so-called “Great-circle Ribbon Parachute (Wako
Canopy Parachute)”. This design exhibits an up to now unprecedented performance.

After World War II, German designs for parachutes and ejection seats were widely adopted by
other countries and used in a variety of aerospace projects, including the U.S. Apollo and Space
Shuttle programs [Hirschel et al. 2004; BIOS 466; FIAT 465]. See Figs. 9.45–9.48.
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Figure 9.42: Under the leadership of Ernst Heinkel, the Heinkel aircraft company developed ejection
seats. Above: an ejection seat for a Heinkel 162 jet fighter. Below: a Heinkel ejection seat in action
in 1941.
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Figure 9.43: Creators who developed parachutes optimized for specific applications included Helmut
Heinrich, Rudolf Isermann, Albert Keller, Theodor Knacke, Georg Madelung, Waldemar Müller,
Georg Pirzer, and Friedrich Weinig.
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Figure 9.44: Demonstration of a ribbon braking parachute deployed by a German aircraft, ca. 1940
[Deutsches Museum Archive, photo 39529].
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Figure 9.45: Allied countries studied and copied parachute designs from Germany after World War
II [BIOS 466; FIAT 465].
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Figure 9.46: Allied countries studied and copied parachute designs from Germany after World War
II [BIOS 466].
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Figure 9.47: Allied countries studied and copied parachute designs from Germany after World War
II [BIOS 466].
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Figure 9.48: German-created optimized parachute designs have been used for applications ranging
from Apollo capsules to the Space Shuttle.



9.5. HELICOPTERS 1355

9.5 Helicopters

German-speaking creators dominated the development of helicopters. They labored in the late
nineteenth and early twentieth centuries to develop proto-helicopters, finally produced the world’s
first fully functional helicopters in 1936, mass-produced and fielded state-of-the-art helicopters
during World War II, and played critical roles in the worldwide helicopter industry after the war.5

The general idea of helicopters had been around since at least Leonardo da Vinci’s designs for a cloth
aerial screw, but the practical implementation of that idea was long hindered by two challenges: (1)
making the helicopter powerful enough to support its own weight, and (2) making the helicopter
stable enough that it would not rapidly spin out of control if it did lift o↵. With the advent of
su�ciently powerful engines by the late nineteenth century, engineers worldwide began trying to
build a functional helicopter.

Helicopters behave quite di↵erently than other aircraft. In particular, a helicopter’s main rotor may
be regarded as a rotating wing that is always moving forward and thus can generate lift even if
the helicopter itself is motionless. This confers on helicopters both their advantages, such as their
ability to hover or even fly backwards, and their disadvantages, such as their high fuel consumption
and limited speed relative to fixed-wing aircraft.

Figure 9.49 shows the airflow through a helicopter rotor. As shown in the upper half of the figure,
the forces involved are less complex for purely vertical flight, and therefore it was less challenging
for prototype helicopters to simply hover than for them to travel horizontally. To move forward or
in another horizontal direction, a helicopter must tilt slightly toward the chosen direction, so that
the rotor thrust has components causing both vertical lift and horizontal propulsion. Airflow to
and from the rotor is then altered as shown in the lower half of the figure. The velocity of air far
upstream from the rotor is inclined at an angle of attack ↵ relative to the rotor.

Of course, a helicopter must have some method of counteracting the rotor torque so that the
helicopter body won’t spin wildly in the opposite direction from the rotor’s rotation. Generally a
tail fin and tail rotor aimed to the side serve this purpose, though some larger helicopters avoid the
problem by having two counter-rotating rotors on top.

The autogiro, a predecessor of true helicopters, should also be considered. This was an airplane
with unpowered, free-spinning rotor on top that was tilted slightly toward the rear of the craft.
As the autogyro flew forward with its primary aircraft engine, the airflow spun the rotor, creating
extra lift. This e↵ect made the autogiro virtually stall proof at low forward speeds, although it
could not hover completely motionless like a true helicopter with a powered rotor.

5See for example: Coats and Carbonel 2002; Hirschel et al. 2004; Jackson 2014; Johnston 1996; Leishman 2006;
Myhra 2003; Nowarra 1990; NYT 1946-05-13 p. 4; BIOS Overall 8; CIOS XXXI-5; CIOS XXXI-11; FIAT 176; FIAT
177; FIAT 178; FIAT 604.
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Figure 9.49: Airflow through a helicopter rotor for a helicopter in vertical flight (above) and a
helicopter in forward flight (below).
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Almost all of the important early helicopter experimenters came from the German-speaking world.
In general, prior to 1936, their early prototype helicopters could hover but not move forward without
becoming unstable, and their closely related autogyro prototypes from the same period could move
forward but not hover in place.

Early helicopter experimenters included:

• Hermann Ganswindt (German, 1856–1934) had many aerospace ideas that were far ahead of
their time, designed a helicopter in 1884, and may have tested a prototype helicopter in 1901.
See Fig. 9.50.

• Ján Bahýl’ (Austro-Hungarian Slovak, 1856–1916) patented a helicopter design in 1895 and
briefly flew a prototype in 1905, as shown in Fig. 9.51.

• István Petróczy (Hungarian, 1874–1957), Theodore von Kármán (Hugarian, 1881–1963), and
Vilém Žurovec (Czech, 1883–1935) created proto-helicopters such as the PKZ-2 (1918). See
Fig. 9.52.

• Emil(e) Berliner (German, 1851–1929) moved to the United States, where he built and tested
prototype helicopters and autogyros 1909–1929, as illustrated in Fig. 9.53. Toward the end of
his life, he was also assisted by one of his sons, Henry Berliner (1895–1970).

• Engelbert Zaschka (German, 1895–1955) built and patented a prototype helicopter, which he
dubbed Rotary Wing, in 1927. See Fig. 9.54.

• Albert Gillis von Baumhauer (Dutch, 1891–1939) experimented with a helicopter prototype
1924–1930 (Fig. 9.55) but never could overcome its instability problems, which ultimately
destroyed the prototype.

• In the 1920s and early 1930s, Oskár von Asboth (Hungarian, 1891–1960) built several heli-
copter prototypes that could hover but that became unstable when they tried to move. See
Fig. 9.56.

• Raoul Hafner (Austrian, 1905–1980) built prototype autogyros in the 1920s and 1930s, first in
Austria and then in the United Kingdom. While in Austria, he collaborated with Bruno Nagler
(Austrian, 1901–1979) to create proto-helicopters such as the Hafner-Nagler R.I Revoplane
(1929), shown in Fig. 9.57.

• Walter Rieseler (German, 1890–1937) built prototype autogyros and helicopters in the 1920s
and 1930s but died in 1937, just as helicopter technology was finally coming to fruition. See
Fig. 9.58.
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Figure 9.50: Hermann Ganswindt designed proto-helicopters such as this 1884 design.
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Figure 9.51: Ján Bahyl’ created proto-helicopters such as this 1905 prototype.
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Figure 9.52: István Petróczy, Theodore von Kármán, and Vilém Žurovec created proto-helicopters
such as the PKZ-2 (1918).
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Figure 9.53: Emil Berliner created proto-helicopters and autogyros such as the Berliner Helicopter
No. 5 (1923).
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Figure 9.54: Engelbert Zaschka created proto-helicopters such as the Rotary Wing (1927).
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Figure 9.55: Albert Gillis von Baumhauer created proto-helicopters such as this 1925 test model.
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Figure 9.56: Oskár von Asboth created proto-helicopters such as the Asboth AH-4 (1930).
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Figure 9.57: Raoul Hafner and Bruno Nagler created proto-helicopters such as the Hafner-Nagler
R.I Revoplane (1929).
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Figure 9.58: Walter Rieseler created proto-helicopters such as the Rieseler RI (1936).



9.5. HELICOPTERS 1367

In the 1930s and early 1940s, at least three German-speaking teams finally developed fully functional
large helicopters that were able to both hover and move in a stable fashion:

1. Focke team

In 1936, Henrich Focke (German, 1890–1979) created the Focke-Wulf Fw 61, the world’s first fully
functional helicopter, as shown in Fig. 9.59. His engineering team included:

• Harry Duda (German, 19??–19??, mechanical design and manufacturing)

• Hans Gerd Eyting (German, 19??–19??, mechanical design and manufacturing)

• Reinhold Gensel (German, 19??–19??, design)

• ?? Helme (German, 19??–19??, mechanical design and control)

• K. Jäckel (German, 19??–19??, aerodynamics and stability)

• Walter Just (German, 1909–1980, aerodynamics and stability)

• Paul Klages (German, 1899–1959, mechanical design and overall development)

• Heinrich Papenhausen (German, 19??–19??, statics and material testing)

• Friedrich Schaper (German, 19??–19??, statics)

• Erich Schweym (German, 19??–19??, aerodynamics and stability)

• Herbert Spranger (German, 19??–19??, development and aerodynamics)

• Enno Springmann (German, 19??–19??, mechanical design)

The Fw 61’s development also involved several test pilots, the most famous of whom was Hannah
Reitsch (German, 1912–1979), who piloted the helicopter in an indoor sports stadium in Berlin in
February 1938.

The Focke team subsequently developed other helicopters such as the Focke-Achgelis Fa 223 Drache
(Dragon) twin-rotor cargo helicopter, which was first operational in 1940, went into series produc-
tion, and was used in the war. They produced a prototype of the Fa 269 tilt-rotor VTOL (vertical
takeo↵ and landing) aircraft that was somewhat similar to the modern U.S. V-22 Osprey but was
destroyed by Allied bombing in 1944.

They also designed the even more radical Focke-Wulf Triebflügel jet-powered rotary-wing VTOL
aircraft (Figs. 9.60–9.61). It had wing-tip ramjets and was designed to take o↵ and land vertically
but fly horizontally. The Triebflügel was designed in 1944; it is unclear how far experimental work
got by the end of the war.

After the war, Henrich Focke and other members of his team produced helicopters for France, the
Netherlands, Brazil, and West Germany.
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2. Flettner team

As shown in Fig. 9.62, Anton Flettner (German, 1885-1961) also demonstrated his own fully func-
tional helicopter, the Flettner Fl 185, in 1936 very soon after Focke. Previously Flettner had in-
vented battlefield robots (p. 967) and rotor ships (p. 1181). In addition to several test pilots, his
engineering team included:

• Emil Arnold (German, 19??–19??, chief designer)

• Willi Deilitz (German, 19??–19??, test facilities)

• Heinz Gundlach (German, 19??–19??, designer)

• Kurt Hohenemser (German, 1906–2001, aerodynamics and stability)

• ?? Küchler (German, 19??–19??, transmissions)

• Oskar Nagel (German, 19??–19??, project designer)

• Xaver Schleicher (German, 19??–19??, flight mechanics)

• Joseph Schmidt (flight-test engineer)

• Gerhard Siegel (German, 19??–19??, statics)

• Gerhard Sissingh (German, 1907–2002, aerodynamics)

They went on to create other helicopters such as the much more advanced Fl 282 Kolibri (Humming
Bird) reconnaissance helicopter, which was first operational in 1941, went into series production,
and was used in the war. They also developed the Fl 265 helicopter/autogyro in 1938, the improved
Fl 285 reconnaissance helicopter prototype, and the Fl 339 twin-rotor cargo helicopter prototype.
After the war, Flettner, Hohenemser, and Sissingh produced helicopters in the United States.

3. Von Doblho↵ team

Friedrich von Doblho↵ (Austrian, 1916–2000) demonstrated the prototype WNF 342 sub-marine-
launched jet helicopter in 1943; see Fig. 9.63. Some of the other members of his engineering team
were:

• Alexander Czernin (Austrian, 19??–19??, mechanical design)

• Theodor Laufer (Austrian, 1875–1951, aerodynamics and stability)

• Kurt Lö✏er (Austrian, 19??–19??, detailed design)

• August Stepan (Austrian, 1915–2003, structural design)

• M. Vordren (Austrian, 19??–19??, detailed design)

After the war, von Doblho↵ developed helicopters in the United States, Czernin and Stepan built
helicopters in the United Kingdom, Stepan later developed helicopters in West Germany (including
the revolutionary MBB Bo 105), and Laufer built helicopters in France. Several of the postwar
helicopters designed by former von Doblho↵ team members were propelled by the same tip-jet rotor
approach as the wartime WNF 342, including the McDonnell XV-1 military helicopter, Fairey Jet
Gyrodyne test prototype, and Fairey Rotodyne passenger vehicle (Fig. 9.64).
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Figure 9.59: Henrich Focke and his team including Walter Just and Paul Klages created the world’s
first fully functional helicopter, the Focke-Wulf Fw 61, in 1936, the much more advanced Focke-
Achgelis Fa 223 Drache (Dragon) dual-rotor cargo helicopter in 1940, and a prototype tilt-rotor
VTOL aircraft, the Focke-Achgelis Fa 269, that was destroyed by Allied bombing 1944.
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Figure 9.60: The Focke-Wulf Triebflügel was a highly innovative rotary-wing aircraft powered by
wing-tip ramjets that was designed to take o↵ and land vertically but fly horizontally. It was
designed in 1944; it is unclear how far experimental work got by the end of the war.
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Figure 9.61: The Focke-Wulf Triebflügel was a highly innovative rotary-wing aircraft powered by
wing-tip ramjets that was designed to take o↵ and land vertically but fly horizontally. It was
designed in 1944; it is unclear how far experimental work got by the end of the war.
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Figure 9.62: Anton Flettner and his team including Kurt Hohenemser and Gerhard Sissingh created
their first fully functional helicopter, the Fl 185, in 1936, and the much more advanced Fl 282 Kolibri
(Humming Bird) reconnaissance helicopter in 1941.
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Figure 9.63: Friedrich von Doblho↵ and his team including Theodor Laufer, Alexander Czernin,
and August Stepan created helicopters propelled by tip-jet rotors, such as the Doblho↵ WNF 342
submarine-launched jet helicopter, which was first operational in 1943.
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Figure 9.64: After the war, members of Friedrich von Doblho↵’s team continued to develop he-
licopters propelled by tip-jet rotors, such as the McDonnell XV-1 military helicopter, Fairey Jet
Gyrodyne test prototype, and Fairey Rotodyne passenger vehicle.
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Special mention should go to three innovators who created and successfully demonstrated prototype
“backpack” helicopters during the war:

• Paul Baumgärtl (Austrian, 1920–2012) produced and tested a series of one-person helicopters
that he called Heliofly (Fig. 9.65). Baumgärtl’s prototypes included Heliofly I (1941), which
attached directly to the back of the pilot, and Heliofly III (1943), which was essentially a
flying chair for the pilot.

• Beginning in 1940, Bruno Nagler (Austrian, 1901–1979) and Franz Rolz (Austrian, 19??–
19??) demonstrated the NR 54 and NR 55 prototype helicopters, which could be folded
up and carried as a backpack, or unfolded into a helicopter for use by a seated pilot (Fig.
9.66). After the war, Nagler moved to the United States, where he continued to develop and
demonstrate portable helicopters such as the strap-on backpack Heliglider (1952).

One of the more creative helicopter designs was developed by R. Schmidt (German, ??–??) and G.
Kirchberg (German?, ??–??), engineers working at the electrical equipment company AEG. Begin-
ning in 1933, they built and demonstrated a series of increasingly sophisticated electric helicopters
that could be launched from a truck and that remained tethered by power cables to a ground-based
electric generator. Figure 9.67 shows the final (1945) version of the helicopter, in which the hovering
vehicle and its attached cables could function as a large radio antenna. By sending the helicopter
aloft from the truck, the system could act as a portable radio tower [FIAT 604].

Outside the German-speaking world, the closest competitor in helicopter development was probably
Igor Sikorski (1889–1972), a Russian engineer who emigrated to the United States. By May 1940,
he had created a prototype helicopter (VS-300) that could hover but became unstable if it tried to
move forward, the same problem that had plagued German prototypes of earlier decades. A version
that could both hover and move forward, the R-4, was first demonstrated in 1942, six years after
the first Focke and Flettner helicopters and presumably after the details of the various Focke and
Flettner designs would have become available in the West. However, the early R-4 versions still
had a number of issues, and in order to resolve those, the R-4 design had to go through a series of
further modifications, prototypes, and tests for two more years. The first actually useful versions
of R-4 helicopters were finally fielded in the war in small numbers by the United States in 1944
and the United Kingdom in 1945, 4–5 years after Germany’s first fully operational helicopters had
been mass-produced and deployed.
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Figure 9.65: Paul Baumgärtl designed and successfully demonstrated several portable, single-person
helicopters during the war.
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Figure 9.66: Bruno Nagler and Franz Rolz designed and successfully demonstrated several portable,
single-person helicopters during and shortly after the war.
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Figure 9.67: R. Schmidt and G. Kirchberg developed an electric helicopter launched from a truck
and connected via power cables to a ground-based generator. The helicopter and its attached cables
were designed to function as a giant radio antenna, e↵ectively making the whole system a portable
radio tower [FIAT 604].
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Not only were the German helicopters produced many years earlier, but they were technically
superior, according to U.S. o�cials. Even compared to U.S.-built helicopters of 1946, the New York
Times practically gushed about the performance of the 1940 Fa 223 Drache (Dragon) twin-rotor
cargo helicopter [NYT 1946-05-13 p. 4]:

The Germans built ten big helicopters able to climb eighteen feet a second with ten
passengers aboard and a full load of fuel before the Allies bombed out the manufacturing
plant at Bremen, the Commerce Department disclosed tonight.

The Department made available a report giving specifications of the helicopter which
has many unusual features, including a di↵erent method for suspending the engine in
the craft, which can fly up, down, forward, backward, or sideways.

In the United States after the war, German-speaking helicopter engineers collaborated with German-
speaking turbojet engine designers such as Anselm Franz to produce more energy-e�cient heli-
copters powered by turboshaft engines such as the Lycoming T53 and T55 engines (see p. 1333).
Such turboshaft-powered helicopters are still the standard helicopter design. By the Korean War,
helicopters were routinely used for medical evacuations, and by the Vietnam War, helicopters were
the preferred platform for virtually all aerial tasks except bombing. As already noted, several key
engineers from the original Focke, Flettner, and von Doblho↵ helicopter teams went to the United
Kingdom, France, and other countries after the war, where they continued to develop helicopters.
The Soviet Union was late to field fully functional helicopters, but presumably with the help of
captured German helicopter designs, it began serial production of the small Mi-1 Hare helicopter
in 1950, followed by more advanced helicopters in the 1950s and beyond.



1380 CHAPTER 9. CREATORS AND CREATIONS IN AEROSPACE ENGINEERING

9.6 Small Missiles and Smart Bombs

German-speaking engineers developed precision-guided missiles and smart bombs that were the
direct forerunners of modern guided weapons.6 The wartime and postwar missile programs were
so numerous and so large, and employed so many German-speaking engineers, that only a few
examples are mentioned here.

Paul Schmidt (German, 1898–1976, Argus As 014 pulsejet engine), Fritz Gosslau (German, 1898–
1965, missile design), and Robert Lusser (German, 1899–1969, missile design) led teams that cre-
ated the V-1 or Fieseler Fi 103 cruise missile, first operational in 1942, which was powered by
a novel pulsejet engine (Figs. 9.36 and 9.68).7 During the war, versions of the V-1 cruise missile
that were piloted and/or air-launched were also produced and demonstrated (Fig. 9.69). After the
war, Schmidt, Gosslau, and Lusser worked for the United States to produce missiles and other
technologies.

As shown in Fig. 9.70, Herbert Wagner (Austrian, 1900–1982) led a team that created precision-
guided weapons such as the Henschel Hs 293 smart bomb, guided by a miniaturized onboard camera
and first demonstrated in 1942, and the Henschel Hs 117 Schmetterling (Butterfly) surface-to-air
and air-to-air missile, also guided by a miniaturized onboard camera and first demonstrated in
1944. The miniaturized camera and television system are shown on pp. 823–825. Wagner was an
extremely versatile and prolific inventor. In the 1930s, he created some of the first jet engines,
and his designs strongly influenced subsequent jet engine developers (p. 1332). He also worked on
German nuclear weapons programs during the war (p. 2749). After the war, Wagner developed a
wide range of guided missiles and smart bombs in the United States.

Max Kramer (German, 1903–1986) created precision-guided weapons such as the Ruhrstahl SD 1400
X (Fritz X) radio-guided or wire-guided (to avoid radio jamming) smart bomb, first operational
in 1943, and the Ruhrstahl X-4 air-to-air guided missile in 1944, as well as the Ruhrstahl X-7
anti-tank missile; see Fig. 9.71. After the war, Kramer worked in the United States to develop
additional missiles and aircraft and to reduce drag on submarines. Kramer’s wartime missiles also
had a profound influence on the development of postwar missiles in other countries; for example,
the French SS.10 anti-tank missile was directly based on the Ruhrstahl X-7.

Note that Wagner’s and Kramer’s smart bombs were developed and deployed nearly a half century
before U.S. smart bombs directly based on that technology were first widely publicized in the 1990
Gulf War.

As shown in Fig. 9.104, Heinrich Klein (German?, 19??–19??) led the Rheinmetall-Borsig team that
created the Rheintochter radio-guided, surface-to-air missile, which was first demonstrated in 1943.
According to a 1947 French military document, during the war Klein was also personally involved
in “the construction of flying rockets... capable of crossing the Atlantic in 40 minutes” (p. 3389).

6See for example: Griehl 2003; Miranda and Mercado 1996; Putt 1946a, 1946b; Stüwe 1999; Stüwe 2014; Stüwe
2015; NYT 1944-12-05; CIOS XXVII-66; CIOS XXVIII-56; CIOS XXIX-55; CIOS XXXII-125; AFHRA A5729 elec-
tronic version p. 255↵.

7 Hellmold 1999; Hölsken 1994; Irving 1965; Jackson 2014; Jones 1978; King and Kutta 1998; Lommel 2005; Myhra
2001.
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Figure 9.68: Paul Schmidt, Fritz Gosslau, and Robert Lusser created the V-1 or Fieseler Fi 103
cruise missile, first operational in 1942, which was powered by a novel pulsejet engine.
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Figure 9.69: During the war, versions of the V-1 cruise missile that were piloted and/or air-launched
were also produced and demonstrated.



9.6. SMALL MISSILES AND SMART BOMBS 1383

Figure 9.70: Herbert Wagner created precision guided weapons such as the Henschel Hs 293 smart
bomb, first demonstrated in 1942, and the Henschel Hs 117 Schmetterling (Butterfly) surface-to-air
and air-to-air missile, first demonstrated in 1944. Some versions of these weapons were guided by
a miniaturized onboard camera (pp. 823–825).
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Figure 9.71: Max Kramer created precision guided weapons such as the Ruhrstahl SD 1400 X
(Fritz X) radio-guided smart bomb, first operational in 1943, and the Ruhrstahl X-4 air-to-air
guided missile in 1944.
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Ludwig Roth (German, 1909–1967) led the team at Peenemünde that developed the Wasserfall
surface-to-air missile, which was essentially a miniature version of the A-4 (V-2) rocket. See Fig.
9.72. The Wasserfall was first demonstrated in 1944, and was designed to be either radio- or radar-
guided. After the war, Roth moved to the United States to continue developing missiles and rockets.
The Wasserfall was copied and became the Hermes series of U.S. missiles, and its technologies were
incorporated into other postwar missiles.

Messerschmitt’s Oberbayerische Forschungsanstalt in Oberammergau developed the Enzian surface-
to-air missile, which was first demonstrated in 1944. See Fig. 9.73. It was designed to use either
radio guidance or infrared homing to find its target.

U.S. Army Air Force Colonel (later General) Donald Putt, who recruited many of these German-
speaking engineers at the end of World War II and supervised their postwar work in the United
States, gave an unclassified public overview of their wartime accomplishments in 1946 [Putt 1946b]:

The Germans were preparing rocket surprises for the whole world in general and England
in particular, which would have, it is believed, changed the course of the war if the
invasion had been postponed for so short a time as six months. Many of Germany’s
research laboratories and several large commercial firms concentrated on this field of
endeavor. This tremendous e↵ort resulted in 138 guided missiles and assorted devices,
including their modifications. [...]

The stupendous e↵ort in basic research expended by the Germans in the guided missile
field was designed to cover the complete field of potentialities for such weapons. The
losses incurred in Germany by heavy bomber raids can in no way be charged to lack
of preliminary research on missiles. Weapons of this category were divided into the
following classifications:

A. Ground to air.

B. Air to air.

C. Air to ground.

D. Ground to ground.

E. Underwater to underwater.

F. Underwater to ground.

G. Underwater to air.

Moreover, every known type of remote control and fusing means was exploited. These
included radio control, wire control, radar, continuous wave, acoustics, infrared, light
beams, and magnetics.

Likewise, all methods of employing jet propulsion for subsonic and supersonic speeds
were exploited.
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In all, it was estimated that one-third of the aerodynamics research in Germany was
devoted to problems of guided missiles. [...]

Some of the classes of German missiles based on intended use are:

A. The Beethoven [...] was an air-to-ground missile. [...]

B. The Enzian [...] was a ground-to-air missile. [...]

C. The Wasserfall was a ground-to-air missile. [...]

D. The X-4 was an air-to-air missile. [...]

E. The Fitz X [...] was an air-to-ground missile. This German bomb was released
from aircraft flying at a minimum altitude of 22,000 ft. It was gyrostabilized and
visibly guided into the target by radio. The Fritz X was ready for operational
use in January, 1943, and was first employed successfully against our shipping
and assault forces at Salerno. The warhead on this bomb was armor-piercing and
carried a charge of 2530 lb of standard explosive.

F. The Hs-298 [...] was an air-to-air missile. [...]

G. The HS-117 [...] was a ground-to-air missile. It was named Schmetterling or but-
terfly, and was a rocket-propelled, radio-controlled missile to be launched from the
ground against bomber formations. It accelerated to a speed of 560 mph, and was
steadied in flight by a pendulum deice. The take-o↵ rocket burned out and were jet-
tisoned; the main propulsion unit then drove the missile until it was detonated by
a proximity fuse. Large-scale production began January, 1945, in an underground
factory in Nordhausen.

H. The Rheintochter [...] was a ground-to-air missile. It was a rocket-propelled anti-
aircraft weapon and was controlled in flight by radio. It traveled at a speed of 1100
mph and carried an explosive charge of 330 lb, equipped with a proximity fuse,
to a ceiling of 48,000 ft. The starting rocket, attached to the base, was blown o↵
after combustion was completed. Development did not go beyond the test firing
stage, but experiments were still being conducted as late as February, 1945. The
code name Rheintochter means daughter of the Rhine.

I. The FZG-76 [...] was a ground-to-ground missile. [...]

In conclusion may I state that the Germans in the guided missile field were 10 years in
advance of similar American development.
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Figure 9.72: A team led by Ludwig Roth developed the Wasserfall surface-to-air missile, which was
first demonstrated in 1944.
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Figure 9.73: Enzian surface-to-air missile, first demonstrated in 1944.
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The wartime missiles shown in this section are among the better-known German technological ac-
complishments. What is less well known is that those wartime missiles were not an engineering dead
end. The scientists, engineers, prototypes, designs, methods, and experience from those programs
were all used to create a wide variety of missiles that have been used around the world ever since.
Figures 9.74–9.75 show just one example—some of the German-speaking scientists who developed
U.S. missiles at the Naval Air Missile Test Center, Point Mugu, California.

As a starting point, the V-1 was directly copied and deployed by the United States, renamed as
the Loon missile—see p. 1423. Using captured German prototypes, factories, and engineers, the
Soviet Union also copied and deployed the V-1, designating it as the 10Kh missile. The V-1 and
its German-speaking creators spawned a long line of more advanced cruise missiles, ranging from
late 1940s–1950s examples (e.g., U.S. SM-62 Snark, SM-64 Navaho, MGM-1 Matador, and SSM-
N-8 Regulus; Soviet P-5 Pyatyorka) to modern cruise missiles (e.g., U.S. BGM-109 Tomahawk and
AGM-86 Air-Launched Cruise Missile (ALCM); Russian Kh-55 and Kh-101).

As another example of direct technology transfer from the German-speaking world, the Bell GAM-
63 RASCAL (RAdar SCAnning Link) air-launched cruise missile was designed by Walter Dorn-
berger (German, 1895–1980, Fig. 9.119) in 1946 and first launched in 1953; see Fig. 9.77. Essentially
it was a German-derived liquid propellant rocket that was intermediate in size between the Wasser-
fall (p. 1387) and A-4/V-2 (p. 1399) and was deployed like the air-launched V-1 (p. 1382).

German-speaking scientists and engineers also created a wide variety of missile guidance, tracking,
and homing systems during the war, and continued to develop those technologies in other countries
after the war. For infrared targeting systems for missiles, see pp. 906–925. For radio and acoustic
proximity fuzes and homing devices, see pp. 1000–1002. Edgar Kutzscher (German, 1906–1997) and
other German-speaking creators helped to develop postwar infrared heat-seeking missiles such as
the Falcon and Sidewinder (p. 925).
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Figure 9.74: Examples of German-speaking scientists who developed U.S. missiles at the Naval Air
Missile Test Center, Point Mugu, California.
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Figure 9.75: Examples of German-speaking scientists who developed U.S. missiles at the Naval Air
Missile Test Center, Point Mugu, California.
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Figure 9.76: German hardware and knowledge and German-speaking scientists led to the devel-
opment of the U.S. Air Force Matador cruise missile (first flight 1949), U.S. Navy Regulus cruise
missile (first flight 1951), and other postwar cruise missiles.
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Figure 9.77: The Bell GAM-63 RASCAL air-launched cruise missile was designed by Walter Dorn-
berger in 1946 and first launched in 1953. Essentially it was a German-derived liquid propellant
rocket that was intermediate in size between the Wasserfall (p. 1387) and A-4/V-2 (p. 1399) and
was deployed like the air-launched V-1 (p. 1382).
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9.7 Large Liquid Propellant Rockets

Perhaps the best-known contributions (though dimming with time as the memories become more
distant) of German-speaking scientists were the development of large rockets and spacecraft. German-
speaking creators led the development of all types of rocket-related technologies in Germany during
World War II and in countries around the world after the war.

Perhaps the most publicly visible rocket-related technology is liquid propellant rockets, which carry
a liquid fuel and liquid oxidizer and burn them together to produce thrust, as shown in Fig.
9.78 [Hill and Peterson 1991; Huzel and Huang 1992; Sutton and Biblarz 2010]. As illustrated in
the upper part of the figure, the fuel and oxidizer are burned in a special combustion chamber,
generating a gas that initially has a very high temperature (thermal energy) and high pressure
(potential energy) but little velocity (kinetic energy). That gas then expands as it flows out through
a nozzle, converting much of the initial thermal and potential energy into kinetic energy of a high-
velocity exhaust stream. As shown in the lower part of the figure, it is necessary to pressurize the
oxidizer and fuel from the storage tanks before they can be injected into the combustion chamber,
since the gas pressure inside the combustion chamber is so high. Smaller, simpler liquid propellant
rockets use high-pressure gas to pressurize the propellant in the tanks, but larger liquid propellant
rockets usually use a turbopump to raise the pressure of the fuel and oxidizer just before they are
injected into the combustion chamber. Small amounts of fuel and oxidizer are diverted to power the
turbopump, or sometimes the turbopump is powered by an entirely separate supply of propellant.
In order to cool the engine and to preheat the fuel, usually fuel first detours through coils wrapping
the combustion chamber and nozzle.

Hermann Oberth (Austro-Hungarian, 1894–1989), shown in Fig. 9.79, began experimenting with
rockets in 1908 when he was only 14. By the early 1920s, he was publishing detailed and highly
influential designs and analyses of rockets [Oberth 1929, 1984].

Oberth was the scientific consultant for Fritz Lang’s 1929 film, Frau im Mond (Woman in the Moon,
p. 1487), which depicted how astronauts could use a rocket to travel to the moon and influenced
a whole generation of young German rocket engineers such as Werner von Braun (German, 1912–
1977). Among other prophetic details, the film showed the construction of the rocket in a large
vehicle assembly building, the transport of the rocket to a launch pad, a countdown to the launch,
horizontal couches for the astronauts during launch, the use and ejection of multiple rocket stages
during the ascent, the e↵ects of zero gravity in space, etc.

Oberth advised and assisted the younger rocket engineers during the 1930s and 1940s, and continued
to promote spaceflight in Europe and the United States after the war.

In the early development of liquid propellant rockets, the closest competitor outside the German-
speaking world was probably Robert Goddard (American, 1882–1945) [Lehman 1988]. Despite
Goddard’s promising ideas and experiments, he never was able to obtain much U.S. political and
financial support for his research, in stark contrast to the enormous support that the German-
speaking engineers received. By the time of Goddard’s death in 1945, German rockets were many
years ahead of anything that Goddard had been able to accomplish with his limited support.
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Figure 9.78: Liquid propellant rocket design. (a) Burning of fuel and oxidizer in the combustion
chamber generates hot gas with velocity vchamber ⇡ 0, pressure pchamber, and temperature Tchamber,
which expands in the nozzle until it has exhaust values vexh, pexh, and Texh. (b) Pumps raise the
pressure of oxidizer and fuel from the storage tanks and inject it into the combustion chamber.
Along the way, fuel detours through coils wrapping the combustion chamber and nozzle, cooling
the engine and preheating the fuel. Small amounts of oxidizer and fuel are diverted to burn in a
gas generator, producing hot exhaust that powers a gas turbine and thereby the pumps.
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Figure 9.79: Hermann Oberth began experimenting with rockets in 1908 and published detailed
and highly influential designs and analyses of rockets in the 1920s.
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From 1933 to 1945, Wernher von Braun (German, 1912–1977) led a team (first at Kummersdorf,
then at Peenemünde) that developed a series of increasingly sophisticated liquid propellant rockets.
Von Braun was closely backed by the strong political support of Walter Dornberger (German, 1895–
1980, Fig. 9.119), a general in the German army. By far their most famous creation was the A-4
or V-2 rocket, which was first launched in 1942 and was capable of reaching altitudes over 200 km
(beyond the earth’s atmosphere and well into outer space). See Fig. 9.80.8

At the end of the war, von Braun and his team moved to the United States, where they spent
over a quarter-century developing a series of even larger rockets, both for ballistic missile programs
(Fig. 9.81) and also for the space program. Their work culminated in the Saturn V rocket that
carried the Apollo missions to the moon in 1968–1972 (Figs. 9.82–9.83). Dornberger also moved to
the United States and worked separately on a series of rocket planes, culminating in the U.S. Space
Shuttle (pp. 1393 and 1452–1453).9

U.S. Army Lt. Colonel William E. Winterstein worked very closely with von Braun immediately
after his arrival in the United States, and he later emphasized how long von Braun had planned
and lobbied for manned missions to the moon [Winterstein 2005, pp. 34–35]:

Among the many discussions I had with Wernher [von Braun] during those days was
the theme of space exploration. The first step, naturally, was a voyage to the Moon.
This was his lifelong ambition. At that time, the outlook for any rocket research for
such a project was unfavorable. [...]

In the summer of 1946, I asked Wernher “If we could give you all of the money you
wanted, how much, and how long, would it take you to put Man on the Moon?” Several
weeks later, he said: “Give us three billion dollars, and ten years, and we will go to
the moon and back.” At the time, I thought it was merely very interesting information,
never dreaming of their importance.

It was fifteen years later that similar words, concerning the time frame at least, were
uttered by President Kennedy to a joint session of Congress on May 25th 1961. “Before
this decade is out,” described the time frame. Prior to President Kennedy’s address
to Congress, Dr. von Braun had convinced the President that the trip to the Moon
was technologically possible. This further convinced me that Wernher must have done
a lot of planning for a Moon mission, years before he gave me the same information
concerning the time element in 1946.

8The history of the Peenemünde A-4 rocket program has already been so well documented that it will not be
covered in any detail here. For much more information, see for example: Bode and Kaiser 2013; Dornberger 1958,
1994; Erichsen and Hoppe 2011; Gildenhaar and Gildenhaar 2013a; Hölsken 1994; Irving 1965; Jones 1978; King and
Kutta 1998; Klee and Merk 1963; Knight 1946; Ley 1968; McGovern 1964; Jürgen Michels 1997; Miranda and Mercado
1996; Neufeld 1995; Ordway and Sharpe 2003; Putt 1946a, 1946b; CIOS XXXII-125; digipeer.de; v2rocket.com.

9Likewise, the history of postwar liquid propellant rockets has been so well documented that it will not be covered
in any detail here. For more information, see: Bilstein 1980; von Braun et al. 1985; Franklin 1987; Freeman 1993;
Huzel 1962; Huzel and Huang 1992; Koelle 1961; Kurowski 2001; Ley 1968; Mader 1963; Jürgen Michels 1997; Neufeld
2007; Powell-Willhite 2007; Stuhlinger and Ordway 1994a, 1994b; NYT 1945-05-23 p. 4, 1946-04-12 p. 11, 1946-04-22
p. 6, 1946-05-07 p. 3, 1946-06-29 p. 11, 1947-03-02 p. 17, 1947-06-22 p. E-7, 1948-04-03 p. 27.
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Of course, von Braun and his team ultimately did exactly what they had long envisioned, once the
United States finally committed the necessary amount of funding after many years of bureaucratic
indecision and delays. Yet if von Braun’s team had had the full financial and political support of the
United States from 1945 onward, how soon might the United States have sent the first astronaut
into space, or sent the first astronauts to the Moon? How much further into space might the United
States have progressed after that?

When Wernher von Braun died in 1977, President Jimmy Carter issued a public statement [Carter
1977, p. 1125]:

To millions of Americans, Wernher von Braun’s name was inextricably linked to our
exploration of space and to the creative application of technology. He was not only
a skillful engineer but also a man of bold vision; his inspirational leadership helped
mobilize and maintain the e↵ort we needed to reach the Moon and beyond.

Not just the people of our Nation but all the people of the world have profited by his
work. We will continue to profit from his example.

Of course, von Braun was only one person, but President Carter’s statement demonstrates how
critical the German-speaking scientists had been for the space and ballistic missile programs in the
United States. John Becklake, a historian of science at London’s Science Museum, described the
contributions of the German-speaking scientists in more detail [Becklake 1994]:

Twenty-five years ago, in July 1969, the first men landed on the Moon. These pioneering
spacefarers, Neil Armstrong and Buzz Aldrin, were launched on this mission by Amer-
ica’s massive Saturn V rocket. Twenty-five years before this, on 8 September 1944, the
first operational V2 missile was fired at Paris from a mobile launch site in the Ardennes
region of France. Both of these rockets were developed by the same team of German
engineers, led by Wernher von Braun. [...]

The accomplishments of this US-based team, now expanded to include local engineers,
are legendary—they developed the US’s first long range missile (Redstone), provided
the launch vehicle that orbited America’s first satellite and later, under the auspices
of the civil space agency, NASA, developed the Saturn family of rockets. This included
the Saturn V rocket that sent the Apollo astronauts to the Moon. So influential were
von Braun and his team in almost every major rocket activity in Germany and the
US between 1930 and 1970, that this volume [a biography of von Braun] e↵ectively
represents a history of rocketry in the Western world.
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Figure 9.80: The A-4 (V-2) rocket, first launched in 1942 and capable of reaching altitudes over
200 km, was designed and developed by a team led by Wernher von Braun.
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Figure 9.81: Examples of early U.S. ballistic missiles derived directly from German creators and
creations.



9.7. LARGE LIQUID PROPELLANT ROCKETS 1401

Figure 9.82: The Saturn V rocket, which carried the Apollo 11 mission to the moon in 1969, was
also designed and developed by Wernher von Braun’s team.
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Figure 9.83: Wernher von Braun with the F-1 engines for the Saturn V rocket.
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The two photographs in Fig. 9.82 illustrate how numerous and influential German-speaking creators
were in the U.S. ballistic missile and space programs.

The upper photograph in Fig. 9.82 shows the attendees of a 1959 meeting at the Army Ballistic
Missile Agency. From left to right, they were:

Name Born Lived Role
Ernst Stuhlinger German 1913–2008
Frederick von Saurma German 1908–1961
Fritz Mueller German 1907–2001
Hermann Weidner German 1912–2008
Erich Neubert (in back) German 1910–1999
William Mrazek German 1911–1992
Karl Heimburg German 1910–1997
Arthur Rudolph German 1906–1996
Otto Hoberg German 1912–1991
Wernher von Braun German 1912–1977
Oswald Lange German 1912–2000
Bruce Medaris American 1902–1990 U.S. Army General
Helmut Hölzer German 1912–1996
Hans Maus German 1905–1999
Ernst Geissler German 1915–1989
Hans Hueter German 1906–1970
George Constan American 1909–1986 Manager, Michoud Assembly Facility

The lower photograph in Fig. 9.82 shows the attendees of a 1961 meeting at NASA. From left to
right, they were:

Name Born Lived Role
Werner Kuers German 1907–1983 Director, Manufacturing Engineering Division
Walter Häussermann German 1914–2010 Director of the Astrionics Division
William Mrazek German 1911–1992 Propulsion and Vehicle Engineering Division
Wernher von Braun German 1912–1977 Director of Marshall Space Flight Center
Dieter Grau German 1913–2014 Director of the Quality Assurance Division
Oswald Lange German 1912–2000 Director of the Saturn Systems O�ce
Erich W. Neubert German 1910–1999 Assoc. Deputy Director, Research/Development

For a more extensive list of German-speaking scientists and engineers who worked in postwar
U.S. and U.K. rocket and missile programs, see Table 9.1. (There was a relatively free exchange
of German-speaking scientists and information between the U.S. and U.K. programs, so they are
treated together here.) Even this list represents only a fraction of the many hundreds of German-
speaking scientists and engineers who worked in all parts of NASA, military research centers, and
aerospace and electronics companies to make the U.S. and U.K. missile, rocket, and space programs
possible.

For examples of U.K. rockets designed by German-speaking scientists, including Black Knight, Blue
Streak, Europa, and Black Arrow, see pp. 3461–3464.
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Figure 9.84: Examples of German-speaking designers and managers in the U.S. rocket programs.
Above: 1959 meeting at the Army Ballistic Missile Agency. Below: 1961 meeting at NASA.
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Andreas Alexandrakis
Wilhelm Angele
Herbert Axter
Erich Ball
Oscar Bauschinger
Gerd de Beek
Rudolf Beichel
Anton Beier
Herbert Bergeler
Hermann Beuderftig
Josef Boehm
Gerhard Braun
Magnus von Braun
Wernher von Braun
Erhardt Bruenecke
Theodor Buchhold
Walter Burose
Rudolf Buschmann
Werner Dahm
Konrad Dannenberg
Kurt Debus
Heinrich Determann
Friedrich Dhom
Herbert Dobrick
Walter Dornberger
Gerhard Drawe
Friedrich Duerr
Ernst Eckert
Rudolf Edse
Kra↵t Ehricke
Otto Eisenhardt
Willy Fiedler
Hans Fichtner
Alfred Finzel
Edward Fischel
Karl Fleischer
Hans Friedrich
Herbert Fuhrmann
Ernst Geissler

Werner Gengelbach
Dieter Grau
Hans Gruene
Herbert Guendel
Johann Gustav
Karl Hager
Guenther Haukohl
Walter Häussermann
Karl Heimburg
Emil Hellebrand
Gerhard Heller
Bruno Helm
Alfred Henning
Rudolph Hermann
Bruno Heusinger
Guenther Hintze
Otto Hirschler
Otto Hoberg
Rudolf Hoelker
Helmut Hoelzer
Oscar Holderer
Helmut Horn
Hans Hosenthien
Hans Hueter
Dieter Huzel
Walter Jacobi
Wilhelm Jungert
Erich Kaschig
Karl Klager
Ernst Klauss
Johann Klein
Georg E. Knausenberger
Heinz-Hermann Koelle
Max Kramer
Hubert Kroh
Werner Kuers
Joachim Kuettner
Hermann Kurzweg
Hermann Lange

Oswald Lange
Willy Ley†

Hans Lindenberg
Hans Lindenmayr
Kurt Lindner
Hannes Luehersen
Carl Mandel
William Mrazek
Hans Maus
Helmut Merk
Joseph Michel
Hans Milde
Heinz Millinger
Rudolf Minning
William Mrazek
J. W. Muehlner
Fritz Mueller
Rudolf Nebel
Erich Neubert
Kurt Neuhoefer
Wolfgang Noeggerath
Max Novak
Adolf Oberth
Hermann Oberth
Robert Paetz
Hans Palaoro
Kurt Patt
Hans Paul
Karl Pohlhausen
Theodor Poppel
Jesco von Puttkamer
Eberhard Rees
Gerhard Reisig
Georg Rickhey
Walther Johannes Riedel
Werner Rosinski
Ludwig Roth
Heinrich Rothe
Arthur Rudolph

Harry Ruppe
Friedrich von Saurma
Heinz Schnarowski
Klaus Scheufelen
Martin Schilling
Rudolf Schlidt
Helmuth Schlitt
Helmut H. Schmidt
Albert Schuler
William August Schulze
Friedrich Schwarz
Walter Schwidetzky
Karl Sendler
Eberhard Spohn
Werner Sieber
Fridtjof Speer
Ernst Steinho↵
Hermann Steuding?
Wolfgang Steurur
Ernst Stuhlinger
Johann Tschinkel
Bernhard Tessmann
Adolf Thiel
Georg von Tiesenhausen
Werner Tiller
Arthur Urbanski
Fritz Vandersee
Werner Voss
Theodor Vowe
Herbert Wagner
Hermann Weidner
Günter Wendt
Walter Wiesman
Albin Wittmann
Hugo Woerdemann
Albert Zeiler
Helmut Zoike

Table 9.1: Some German-speaking scientists and engineers in postwar U.S. and U.K. rocket and
missile programs. †Willy Ley came to the United States in 1935.
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German-speaking engineers, designs, and materials also greatly contributed to the development of
missiles, rockets, and spacecraft in the Soviet Union.10

Huge numbers of German-speaking scientists and engineers were employed (willingly or otherwise)
in postwar Soviet rocket and missile programs (p. 1574). Table 9.2 lists some examples. Helmut
Gröttrup (German, 1916–1981) was the most prominent scientific leader and coordinator among
the German-speaking engineers. Figure 9.85 shows an October 1947 photo at the Kapustin Yar
rocket testing site, where Gröttrup posed with Karl Viktor Stahl, Johannes Hoch, Fritz Viebach,
and Hans-Albert Vilter.

Figure 9.86 presents the first three major types of Soviet ballistic missiles (see also p. 3659):

• The SS-1 or R-1 Scunner was basically just an A-4/V-2 rocket (14 meters long) that was
manufactured by Germans under Soviet control and used 1950–1953.

• The SS-2 or R-2 Sibling was a longer, upgraded A-4 (18 meters long) that was in service 1953–
1956. Not only was it produced by German engineers, but it appears to have been copied from
18-meter extended A-4 rockets that were secretly developed and tested in Germany during
the war (p. 3657).

• The SS-3 or R-5M Shyster, also shown in Fig. 9.87, was an even longer upgraded A-4 (21
meters long) that was in service 1956–1967. It was again created by German engineers, also
apparently based on wartime work (p. 3658). In fact, with its 1200 km range, capable of
delivering a nuclear warhead to anywhere in the United Kingdom from dedicated launch sites
near Peenemünde, the SS-3 appears to have been the very embodiment of wartime German
plans (p. 3459).

Later Soviet rockets, including those still used by Russia today, were also the product of German-
speaking engineers working in the Soviet Union:

• The clustered design of the R-7 or SS-6 Sapwood and all later Russian rockets was directly de-
rived from Helmut Gröttrup’s G-5 design, as illustrated in Fig. 9.88 [www.astronautix.com/g/g-
5.html].

• The RD-107/RD-108 engines of the R-7 and all later Russian rockets were directly derived
from engine designs by Werner Baum (German, 1918–20??), as shown in Fig. 9.89 [Przybilski
2002a].

• Figure 9.90 illustrates how Helmut Gröttrup’s rocket designs and Werner Baum’s engines
were used for the R-7, Sputnik, Vostok, Voshkod, and Soyuz launchers. Soyuz rockets are still
used by Russia for launches to the International Space Station (p. 3460).

10For much more information, see: Chertok 2005–2012; Robert Godwin 2001; Harford 1997; Oberg 1981; Phelan
2013; Przybilski 1999, 2002a; Reinke 2007, pp. 36–37; Siddiqi 2000; Uhl 2001; Scientific Intelligence Review 1946;
NYT 1947-05-18 p. 45.
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Albert Adolf
Werner Albring
Helmut Anders
Erich Apel
Willi Aporius
Herbert Auler
Gerhard Bart
Werner Baum
Heinz Bauschke
Karl Begel
Siegfried Bergemann
Erich Bischof
Kurt Blasig
Josef Blass
Friedrich Bönisch
Karl Borkmann
Kurt Briese
Hugo Brötler
Bernhard Buckdolf
Günter Bujak
Wilhelm Burchard
Alfons Busselt
Gerhardt Butke
Heinz Büttner
Rudolf Chwalczyk
Erich Drews
Hans Eiseler
Josef Eitzenberger
Fritz Engelmann
Helmut Faulstick
Georg Gasch
Bernhardt Gerhardt
Paul Gerold
Alfred Grevesmühl
Helmut Gröttrup
Alfred Grünert
Micheslaw Gudakovskij
Heinz Hasse
Werner Haase
Erich Habann
Karl Harnisch
Alfred Hecker

Karl Held
Bruno Henning
Walter Hensch
Anton Herr
Rudolf Herrman
Johannes Hoch
Heinz Ja↵ke
Alois Jasper
Anton Kahler
Heinrich Kindler
Alfred Kirchner
Alfred Klippel
Alfred Klose
Wilhelm Knack
Heinz Knittel
G. Kraut
Hans Kuhl
Gerhard Lange
Erich Langenbach
Ernst Lehmann
Ludwig Leihfeld
Werner Lessing
Josef Linke
Kurt Magnus
Fritz Mattheis
Franz Matthes
Otto Meier
Emil Mende
Heinz Moser
Rudolf Müller
Werner Müller
Herbert Mummert
Horst Nehrkorn
Peter Neidhardt
Lisa Neumeister
Friedrich Nikolaus
Friedrich Otto
Walter Pauer
Max Pehle
Arthur Pilz
Bertold Podeschva
Josef Poitner

Max Pole
Hans Prost
Oswald Putze
Siegfried Reinhard
Helmut Ritter
Fritz Rockstuhl
Erwin Rossler
Paul Rothe
Walter Rüdiger
Ferdinand Rule
Franz Schadt
Waldemar Schellhorn
Konrad Schidlo
Walter Schierhorn
Walter Scholz
Heribert Schröder
Werner Schulz
Wilhelm Schütz
Willi Schwarz
Gerhard Siegmund
Willi Sommer
Karl Viktor Stahl
Felix/Ferdinand Stolpe
Heinrich Strützing
Hubert Tacke
Rosemarie Tannhäuser
Paul Täubert
Wolf Trommsdor↵
Robert Tschechner
Joachim Umpfenbach
Harmm Verger
Fritz Viebach
Hans-Albert Vilter
Willi Vredl
Karl Wilhelm
Henrik Winskowski
Waldemar Wol↵
Kurt Wohlfahrt
Willi Zeleskij
Heinz Zershinskij
Herman Zimpe

Table 9.2: Some German-speaking scientists and engineers in postwar Soviet rocket and missile
programs.
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Figure 9.85: Helmut Gröttrup led the team of German-speaking engineers that designed and devel-
oped postwar Soviet rockets. In this October 1947 photo at the Kapustin Yar rocket testing site,
he posed with Karl Viktor Stahl, Johannes Hoch, Fritz Viebach, and Hans-Albert Vilter.
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Figure 9.86: Examples of early Soviet ballistic missiles derived directly from German creators and
creations.
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Figure 9.87: The SS-3 Shyster (R-5M) ballistic missile was derived directly from German creators
and creations.
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Figure 9.88: The clustered design of the R-7 and all later Russian rockets was directly derived from
Helmut Gröttrup’s G-5 design [www.astronautix.com/g/g-5.html].



1412 CHAPTER 9. CREATORS AND CREATIONS IN AEROSPACE ENGINEERING

Figure 9.89: The RD-107/RD-108 engines of the R-7 and all later Russian rockets were directly
derived from Werner Baum’s engine designs [Przybilski 2002a].
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Figure 9.90: R-7 and later Russian rockets through current Soyuz launchers were directly derived
from Helmut Gröttrup’s rocket designs and Werner Baum’s engines.
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Similarly, German-speaking scientists and engineers made major contributions to postwar programs
in France. Writing for L’Express, investigative journalists Vincent Nouzille and Olivier Huwart
researched unclassified French government records and described the recruitment and ultimate
technological impact of over 1000 German and Austrian scientists and engineers in France after
the war, especially with regard to missiles and other aerospace technologies [Nouzille and Huwart
1999]. For some examples of German-speaking contributions to postwar French rockets, see Fig.
9.91 and Table 9.3. For more information on German-designed rockets in France, including Super
V-2, Véronique, Diamant, and Ariane, see pp. 3461, 3465–3476.

Although German-designed rockets certainly went all the way to the moon after the war, there is
considerable evidence that even wartime German rockets may have advanced significantly beyond
the single-stage A-4 or V-2 rocket. As presented in Appendix E, there is documentation reporting
wartime research, development, and even testing of larger rockets with longer ranges and larger
payloads, two-stage intercontinental ballistic missiles, submarine-launched missiles, advanced solid
propellant rockets, prototype manned space planes (A-9 and Silbervogel), and advanced rocket
engines (hydrogen/oxygen, ion, and fission thermal). Appendix E gives an overview of currently
known evidence for these wartime advanced rocket developments, but this is clearly another area
where much more archival research is needed to clarify exactly what work was done and by whom,
and precisely how it guided postwar missile, rocket, and space programs in the United States, the
Soviet Union, and other countries.
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Figure 9.91: Karl-Heinz Bringer led a team of German-speaking engineers that designed and devel-
oped postwar French rocket engines, such as the Viking engine for the Ariane rockets.
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Bachmann
Bayer
Behnke
Bernkopf
Billig
Bodenstein
Uwe Bödewadt
Boese
Bornscheuer
Karl-Heinz Bringer
Büchner
Buhl
Deucker
Dollhopf
Rolf Engel
Fabian
Fölster
Frey
Gardian
Görtz
Grater
Gross
Haas
Helmut Habermann
Hackh
Heine
Höhne
Hüttenberger
Jauernick
Just
Kauba
Keiner
Kie↵er
Klar
Kleinwächter
Kohl
König
Otto Kraehe
Krämer

Laebe
Lammerhirt
Lang
Liesegang
Lörtsch
Menke
Mosch
Otto Müller
Netterscheim
Wolfgang Piltz
Prasthofer
Runge
Eugen Sänger
Irene Sänger-Bredt
Schabert
Scheidt
Schlotzer
Schmidt
C. Schmidt
Schmoll
Schnapper
Schossig
Schubert
Schuran
Seidel
Sohn
Stoerk
Strobel
Stumke
Hermann Teichmann
Voigt
Walther
Weiss
Weissenborn
Woytech
Wüterich
Zangl
Helmut von Zborowski

Table 9.3: Some German-speaking scientists and engineers in postwar French rocket and missile
programs.
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9.8 Submarine-Launched and Solid Propellant Rockets

This section concerns submarine-launched missiles that were developed or were under development
during the war, as well as the postwar influence of such projects and German-speaking scientific
experts. This section also covers the wartime and postwar development of solid propellant rockets.
Not all submarine-launched missiles used solid propellant, and not all solid propellant rockets were
designed to be launched from submarines, but the two histories are so deeply intertwined (because
solid propellant is especially desirable for submarine-launched rockets) that they are presented here
in the same section.

Several submarine-launched missile prototypes and designs that were developed in wartime Ger-
many:

• In May 1942, there was a series of successful tests to launch small Nebelwerfer rockets from
a submerged submarine (U-511). Those tests were documented in a June 1942 report [Bun-
desarchiv Militärarchiv Freiburg RH 8/369]. See pp. 1418 and 3505–3513.

• Based on those successful initial tests, during 1942–1945, the German Navy sponsored the
development of a whole series of increasingly sophisticated short-range rockets that could
be launched from a submerged submarine. Those rockets were successfully demonstrated
at Toplitz See, Austria. The rockets and testing equipment were all destroyed at the end
of the war as American forces approached. After the war, though, U.S. Navy investigators
interrogated several of the engineers who were involved in the project and wrote a report
about their work [NavTecMisEu 500-45]. See pp. 1419 and 3514–3519.

• Also based on the 1942 tests and the proposal by La↵erenz, engineers from Peenemünde
began working on the “Prüfstand XII” project to transport and launch A-4 (V-2) rockets
from specially designed underwater cargo containers that could be towed by submarines.
For examples from a large collection of 1944 design drawings [Bundesarchiv Militärarchiv
Freiburg RH 8/4067K], see pp. 1420 and 3520–3528. Although in Dornberger’s postwar public
statements he said that nothing ever came of the project, it is unclear how far the project
may have actually progressed. There were reports that at least one Prüfstand XII unit may
have been constructed and tested before the end of the war.

• There were also wartime programs to launch modified V-1 cruise missiles from German sub-
marines (pp. 3501–3502).
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Figure 9.92: Photographs from a 1942 report describing a series of successful tests to launch small
rockets from a submerged submarine [Bundesarchiv Militärarchiv Freiburg RH 8/369].
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Figure 9.93: Drawings from a postwar report on a long series of increasingly sophisticated
submarine-launched rockets that were developed 1942–1945 and successfully demonstrated at
Toplitz See, Austria [NavTecMisEu 500-45].
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Figure 9.94: 1944 drawings from the “Prüfstand XII” project to transport and launch A-4 (V-2)
rockets from specially designed underwater cargo containers that could be towed by submarines
[Bundesarchiv Militärarchiv Freiburg RH 8/4067K].
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These and other wartime German projects were continued in other countries after the war, with
the aid of German-speaking scientists and captured German hardware and plans:

• As part of Operation Sandy, the U.S. Navy launched of an A-4 (V-2) rocket from the deck
of the USS Midway on 6 September 1947, demonstrating that an A-4 rocket could indeed be
transported and launched at sea (p. 1422).

• Beginning in February 1947, Loon missiles, a U.S. copy of the V-1 cruise missile, were launched
from the USS Cusk submarine, based on wartime German developments and implemented by
German-speaking scientists at Point Mugu Naval Air Missile Test Center. That program
was even marketed as a great American achievement in magazines (e.g., p. 1423) and in a
fictionalized Hollywood film (The Flying Missile, 1950, Columbia Pictures). See also p. 3533.

• German-speaking scientists and technologies were used to develop a series of more advanced
U.S. cruise missiles beginning in the late 1940s (pp. 1390–1393).

• Wernher von Braun’s team was directly involved in developing Jupiter, a liquid propellant
ballistic missile designed to be launched from submarines (but ultimately only deployed on
land; see p. 1400).

• German-speaking scientists were deeply involved in the development of U.S. solid propellant
submarine-launched ballistic missiles in ways that have never been fully disclosed to the public
(pp. 1426–1428 and 3567–3600).

• German-speaking scientists and technologies presumably also had a great impact on the
postwar submarine-launched missile programs of countries other than the United States (e.g.,
p. 3531).
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Figure 9.95: As part of Operation Sandy, the U.S. Navy launched of an A-4 (V-2) rocket
from the deck of the USS Midway on 6 September 1947 [http://www.cv41.org/photos/gallery/
main.php?g2 itemId=17451].
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Figure 9.96: Loon, a U.S. copy of the V-1 cruise missile, launched from the USS Cusk submarine,
based on wartime German developments and implemented by German-speaking scientists at Point
Mugu Naval Air Missile Test Center [http://www.usscusk.com/1953.htm].
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German-speaking creators made huge contributions to large solid propellant rockets.11 Although
solid propellant rockets have lower exhaust velocities than liquid propellant rockets, they can gener-
ally be stored for years without degradation. Therefore, they are primarily used for military rockets
and “o↵-the-shelf” boosters that can be strapped to the side of the first stage of a spacecraft launch
vehicle. For submarine-launched rockets, where it is necessary to be able to store the rockets stably
and safely for years and yet fire them on very short notice, solid propellants are highly preferable
to liquid propellants.

Most large solid propellants rockets typically contain a mixture of:12

⇠ 70% (by mass) powdered crystalline oxidizer, usually ammonium perchlorate but sometimes
potassium perchlorate, ammonium nitrate, potassium nitrate, cyclotrimethylene trinitramine
(RDX), or cyclotetramethylene tetranitramine (HMX).

⇠ 15% powdered metal fuel, usually aluminum but sometimes magnesium, zinc, or zirconium.

⇠ 15% binder, a polymer that both holds the powdered oxidizer and metal fuel in place (while
withstanding high thermal and mechanical stresses) and also serves as additional fuel that
can react with the oxidizer. Binders are usually derivatives of polybutadiene (buna synthetic
rubber), polyurethane, polyalkylene, or polyvinyl chloride.

⇠ 1% or less of other ingredients that may act as curing agents (to cross-link the polymer binder),
plasticizers (to make the propellant more flexible and therefore less likely to crack), stabilizers
(to slow chemical degradation of the propellant during years of storage), etc.

Instead of the above propellant mixture, missiles that must minimize their smoke (e.g., so it is
harder to see them coming) tend to use double-base propellants such as a mixture of nitroglycerin
and nitrocellulose.

As shown in Fig. 9.97, solid propellant burns along its exposed surfaces, releasing hot exhaust gases
through the nozzle until the propellant is used up or the thrust termination port is opened. An
igniter (not shown) initiates the combustion. For all practical purposes, solid propellant rockets
cannot be shut down and restarted later, unlike liquid propellant rockets.

The exposed surfaces in a solid propellant rocket may be molded into di↵erent patterns or propellant
grain designs (Fig. 9.97). Progressive solid propellant grain designs have cross-sectional patterns
of exposed surfaces (e.g., tubular or perforated) such that the exposed surface area and hence
the thrust increase as the rocket burns. Neutral grain designs (e.g., rod and tube or star) have
approximately the same exposed surface area and thrust during most of their burn time. Regressive
grain designs (e.g., slotted or double anchor) have a decreasing exposed surface area and thrust as
the rocket burns. For more complicated thrust profiles, solid propellant rockets may even change
the grain design along the length of the rocket, or use di↵erent solid propellants that are exposed
at di↵erent times during the engine burn.

Like liquid propellant rockets, solid rockets may be steered by any of several mechanisms during
their burn, including tilting the nozzle (if it is connected to the propellant case by a flexible yet
heat-resistant seal or joint), injecting fluid into one side of the exhaust to divert the rest of the hot
exhaust gas, or moving heat-resistant rudders or vanes that protrude into the exhaust stream.

11 Benecke and Quick 1957; Christopher 2013; Hahn 1998; Nagel 2011, 2012a; BIOS 27; BIOS 31; BIOS 100; BIOS
571; BIOS 1261; NavTecMisEu 327-45.

12 [Brooks 1972; Scortia and Cutforth 1971; Hill and Peterson 1991; Sutton and Biblarz 2010.
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Figure 9.97: In a solid propellant rocket, the propellant burns along its exposed surfaces, releasing
hot exhaust gases through the nozzle unless the thrust termination port is opened. Di↵erent solid
propellant grain designs have di↵erent cross-sectional patterns of exposed surfaces such that the
exposed surface area and hence the thrust changes in some desired way (increasing, remaining
constant, or decreasing) as the rocket burns.
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During World War II, a number of nearly forgotten German-speaking chemists and engineers,
such as those shown in Figs. 9.98–9.102, successfully developed and demonstrated advanced solid
propellant rockets, including for example:

• The Rochen ammonium perchlorate/polybutadiene short-range missile, first fired in 1944
(Fig. 9.103).

• The Rheintochter two-stage surface-to-air missile, first launched in 1943 (Fig. 9.104).

• The Rheinbote four-stage long-range rocket, first launched in 1943 (Fig. 9.105).

• The V-101, an ammonium perchlorate/polybutadiene propelled, 140-ton, 30-meter-tall, long-
range ballistic missile that was under development when the war ended.

Key German innovations of that solid propellant rocket technology included:

1. Ammonium perchlorate oxidizer [BIOS 31; BIOS 571].

2. Polybutadiene “buna” synthetic rubber in the propellant to act as both fuel and binder [BIOS
31; BIOS 571].

3. Plasticizers to enable the propellant to be molded into any desired shape, to adhere tightly
to metal walls, and not to be prone to crumbling or brittleness [BIOS 31; BIOS 571].

4. Powdered aluminum as a fuel additive to improve performance [BIOS 27; BIOS 31; BIOS 100;
BIOS 477; BIOS 1261; FIAT 1035; HEC 2434; HEC 2485; HEC 2487; NavTecMisEu 327-45].

5. Various grain designs for the combustion surface inside the propellant to give the desired
variation of thrust with time [Benecke and Quick 1957, pp. 253–255; BIOS 31; BIOS 1110;
NavTecMisEu 327-45].

As illustrated in Figs. 9.107–9.109, this wartime German technology became the basis for large
postwar solid propellant rockets, including satellite launch vehicles such as the U.S. Scout; strap-on
solid rocket boosters such as those used with the U.S. Space Shuttle, Titan, and Delta rockets;
submarine-launched ballistic missiles such as the U.S. Polaris, Poseidon, and Trident; and solid
propellant land-based ballistic missiles such as the U.S. Minuteman and MX.

Although aerospace historian J.D. Hunley focused mainly on the work of American engineers, he
could not avoid discussing the important contributions of Karl Klager (Austrian, 1908–2002) to the
development of large solid-propellant rockets in the United States after the war [Hunley 1999]:

Integral to the stories of the propellants used on large rockets and missiles, smaller
tactical missiles, and a host of smaller rockets for a variety of rockets and spacecraft
were the various binders, fuels, and oxidizers that went into the propellants. For ex-
ample, the motors for the Polaris A1 missile designed by Aerojet featured a cast, case-
bonded polyether-polyester-polyurethane composition with 15 percent aluminum and
ammonium perchlorate. Karl Klager at Aerojet has been credited with being largely
responsible for developing both the grain and the propellant for these motors, but the
story of their development is evidently quite complex. Klager received the U. S. Navy
Distinguished Public Services Award in 1958 for his work on the Polaris missile, but the
development of some of the propellant ingredients predates when Klager joined Aerojet
in 1950. [...]
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Karl Klager, who is credited with the development of HTPB [hydroxyl-terminated
polybutadiene], was asked how he came to develop this low-cost, low-viscosity propel-
lant that has become an industry standard. He said only that he started development in
1961 but waited until 1969 to propose the propellant to NASA for the Astrobee D and
Astrobee F sounding rockets on which it flew successfully. Perhaps, however, Klager’s
response regarding how he came to discover unsymmetrical dimethylhydrazine (UDMH)
(which is a liquid propellant used on the Bomarc missile, Titan 2 missile, Titan 3 and
Titan 4 rockets, and other missiles and rockets) applies equally to HTPB. Klager said
that he simply brought his knowledge of the science of chemistry to bear on the need
for a propellant. He had earned a Ph.D. in chemistry from the University of Vienna
in 1934 and had worked for several chemical firms in Europe from 1931 to 1948 before
moving to the United States and starting work for Aerojet in 1950.

The journalist David Beers, who grew up surrounded by the research of his father and his father’s
coworkers at Lockheed, singled out the importance of Wolfgang Noeggerath for the Polaris solid-
propellant missile [Beers 1996, pp. 38–39]:

“The most beautiful missiles ever fired,” a U.S. Navy Rear Admiral pronounced the
nuclear-tipped A1X Polaris, having witnessed its successful submarine test on a sum-
mer day in 1960. The fully evolved, deployed Polaris, designed under the guidance of
Wernher von Braun’s friend and fellow former Nazi, Wolfgang Noeggerath, was capa-
ble of traveling 2,400 nautical miles in a few minutes and delivering, from its elusively
mobile launchpad, three separate warheads to a single target deep within the Soviet
Union—facts no doubt beautiful to a nuclear warfare strategist.

The Baltimore Sun reported the death of another German scientist who played an important role
in the development of the Polaris missile [Baltimore Sun 2000-11-29]:

From 1947 until 1954, Mr. Hohenner was at the Point Mugu Naval Air Weapon Station
in California, working in the Naval Ballistic Program that led to the development of the
Polaris missile, the first U.S. submarine-launched ballistic missile.

During the rocket’s development, Mr. Hohenner prevailed over Mr. von Braun, who
insisted that the rocket be fueled by liquid rather than solid fuel.

“He brought a great knowledge ... in fuel handling, and convinced the Navy that if they
followed von Braun’s plan to use liquid fuel, which is dangerous, they could plan on
losing a sub a year in accidents,” said Robert L. Frohmuth, a retired Navy electrical
engineer. “It was a breakthrough, and he was the one who got solid fuel missiles started,
which are still being used today.”

“His greatest achievement was the development of the Polaris,” said Mr. Schmitz.

From 1957 until retiring in 1973, Mr. Hohenner was chief scientist at the air arm division
at the Westinghouse plant in Linthicum, where he continued his work on weapon systems
and ballistic missiles.
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Grayson Merrill, a retired Navy Captain, also emphasized the central role of German-speaking
scientists in the missile programs [Merrill 2003]:

Shortly after this I was detailed to witness some V-2 firings at Cuxhaven staged by
the British and executed by Germans from Peenemunde. It reinforced, in my mind,
the correctness of choosing Point Mugu. After the firings a small group of American
observers gathered in a Bremen rathskeller to qua↵ beer and discuss what we had seen.
A rumpled fake Army Colonel named Theodore von Kármán summed up our feelings,
“You young fellows must now go home and arrange to put these Germans to work. In
the meantime build a test range for the missiles to come.”

Almost 20 years later it can be said that Point Mugu has borne out the committee’s
judgments. [...]

Many of the LOON technical successes are traceable to the “German Scientists” who mi-
grated to Point Mugu. These included Willy Fiedler, Robert Lusser and Otto Schwede.
But Dr. Herbert A. Wagner, now deceased, deserves special mention. [...]

I left in 1949 but nevertheless watched with pride as the range expanded in support
of such missiles as LARK, SPARROW, REGULUS, RIGEL, POLARIS and TOMA-
HAWK.

Rolf Engel, Uwe Bödewadt, and Hermann Teichmann (all of whom developed and demonstrated
ammonium perchlorate/polybutadiene solid rocket propellants during the war) all went to work for
France after the war (p. 1416). Information on their postwar contributions is not publicly available,
but presumably they were instrumental in developing modern solid-propellant missiles and rockets
in France, and they may have made important contributions in other areas as well.

For much more detailed information on the contributions of German-speaking scientists and engi-
neers to the development of large solid propellant rockets, see Section E.2.4.
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Figure 9.98: Some German-speaking creators of large solid propellant rockets.
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Figure 9.99: More German-speaking creators of large solid propellant rockets.
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Figure 9.100: More German-speaking creators of large solid propellant rockets.
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Figure 9.101: More German-speaking creators of large solid propellant rockets.



9.8. SUBMARINE-LAUNCHED AND SOLID PROPELLANT ROCKETS 1433

Figure 9.102: More German-speaking creators of large solid propellant rockets.
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Figure 9.103: The Rochen short-range missile (first fired in 1944) successfully demonstrated am-
monium perchlorate/polybutadiene solid rocket propellant.
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Figure 9.104: The Rheintochter two-stage surface-to-air missile (first launched in 1943) was an
example of large solid propellant rockets developed by German-speaking engineers during World
War II.
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Figure 9.105: The Rheinbote four-stage long-range rocket (first launched in 1943) was another
example of large solid propellant rockets developed by German-speaking engineers during World
War II.
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Figure 9.106: Hermann Teichmann and his collaborators invented and optimized ammonium per-
chlorate/polybutadiene solid rocket propellants, successfully demonstrated them in the Rochen
short-range missile, and were using those propellants to develop a 140-ton, 30-meter-tall, long-
range ballistic missile, the Skoda V-101, when the war ended [top: BIOS 571; bottom: HEC 5787].
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Figure 9.107: German-speaking scientists played major roles in the development of postwar large
solid propellant rockets such as the Polaris missiles.
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Figure 9.108: German-speaking scientists played major roles in the development of postwar large
solid propellant rockets such as the Pershing missiles.
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Figure 9.109: German-speaking scientists played major roles in the development of postwar large
solid propellant rockets such as the Minuteman missiles.
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9.9 Rocket Planes and Space Planes

German-speaking creators also led the way in the development of rocket planes, space planes, and
space shuttles, from the first rocket plane in 1928 to the U.S. Space Shuttle.13

As shown in Fig. 9.110, di↵erent types of vehicles can employ di↵erent trajectories for reentering the
earth’s atmosphere from space. In a ballistic reentry, the vehicle cannot generate aerodynamic lift
to stay aloft, so it quickly plunges into denser and denser layers of atmosphere, rapidly decelerating
due to the large aerodynamic drag force. Ballistic reentry trajectories involve decelerations of at
least 8–9 times earth’s normal gravity, as well as tremendous heating from atmospheric friction.
Ballistic reentry is used by most warheads and was used by the Vostok and Mercury space capsules.

In contrast, lifting reentry trajectories apply to the case in which the vehicle generates aerodynamic
lift, which allows the decelerating vehicle to remain much higher, in the thinner parts of the atmo-
sphere, much longer than is possible for a ballistic vehicle with no lift. As a result, vehicles using
lifting reentry trajectories experience much smaller decelerations and heating loads, which is why
space plane designs are especially attractive. They can also maximize the distance travelled, which
was of great interest for long-range bombing during the war.

German-speaking scientists and engineers designed and tested numerous rocket planes from the
1920s to 194514:

• Alexander Lippisch (German, 1894–1976) designed the first rocket plane, the Lippisch Ente,
which was powered by two solid propellant rockets and test flown in 1928. See Fig. 9.111.

• In 1929, Fritz von Opel (German, 1899–1971) funded and piloted the second rocket plane.
The Opel RAK.1 was designed and built by Julius Hatry (German, 1906–2000), with solid
propellant rockets by Friedrich Sander (German, 1885–1938). See Fig. 9.111.

• In the late 1930s, engineers under Ernst Heinkel began developing and testing rocket planes
using liquid propellant rocket engines, provided first by Wernher von Braun and then by
Hellmuth Walter (German, 1900–1980). The culmination of that work was the Heinkel He
176, which was successfully test flown in 1939 powered by a Walter rocket engine. See Fig.
9.112.

• Shortly after that, Hellmuth Walter produced the liquid rocket engine and Alexander Lippisch
created the aircraft for the Messerschmitt Me 163 Komet (Comet) rocket plane, the best-
known German rocket plane. The Me 163 was first demonstrated in 1941, and several hundred
were produced by the end of the war; see Fig. 9.113.

• In 1944, Erich Bachem (German, 1906–1960) designed the Bachem Ba 349 Natter rocket
plane for vertical take-o↵. Several dozen were built, but they were still undergoing testing at
the end of the war. See Fig. 9.114.

13 Chertok 2005–2012, Vol. 1, pp. 262–265; Robert Godwin 2003, pp. 38–51; Myhra 2002; Putt 1946b; Reed 1997,
pp. 129–130, 136; Eugen Sänger and Bredt 1944; Hartmut Sänger 2006; Frank Winter 1990; NYT 1986-11-05.

14 Dressel and Griehl 1995; Lommel 2002; Miller 2001; Myhra 2000b; Ranson and Cammann 2003; Späte 1983;
CIOS XXVII-67, XXX-81.
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Figure 9.110: Atmospheric reentry approaches include ballistic reentry, lifting-body reentry, skip
reentry, and double-dip reentry.
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Figure 9.111: Alexander Lippisch developed the Lippisch Ente rocket plane. Friedrich Sander, Fritz
von Opel, and Julius Hatry developed the Opel RAK.1 rocket plane.
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Figure 9.112: Hellmuth Walter designed most German rocket plane engines, such as the HWK
109-509 engine. The Heinkel He 176 rocket plane successfully demonstrated an earlier version of a
Walter rocket engine in 1939.
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Figure 9.113: Alexander Lippisch created the aircraft and Hellmuth Walter created the rocket engine
for the Messerschmitt Me 163 Komet (Comet) rocket plane, first operational in 1941.
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Figure 9.114: Erich Bachem (shown here with famous test pilot Hanna Reitsch) designed and built
the Ba 349 Natter, a vertically launched rocket plane.
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• Felix Kracht (German, 1912–2002) created the DFS (Deutsche Forschungsanstalt für Segelflug)
228, which was designed to be launched from a Dornier Do 217 bomber, then use a Walter
rocket to climb to an altitude of up to 25 km. Two prototypes were built in 1944 but were
still being tested at the end of the war. Nonetheless, the DFS 228 designs that were captured
by the Allies appear to have had an enormous influence on the design of the postwar U.S.
U-2 high-altitude spy plane. See Fig. 9.115.

• Kracht also created the DFS 346, which was again designed to be launched from a Do 217
bomber but would then have used its streamlined design and its Walter rocket engine to
break the sound barrier. A prototype was constructed but not tested before the end of the
war. Captured designs for the DFS 346 appear to have had a tremendous influence on the
designs for the Bell X-1 and X-1A through X-1E rocket planes that were built and tested in
the U.S. after the war. See Fig. 9.115.

• Alexander Lippisch designed and built the DM-1 rocket plane in 1944, and continued to work
on the prototype until spring 1945. It was designed for flight at several times the speed of
sound, although a suitable rocket engine was not installed before the war ended. Among other
influences, the DM-1 may be regarded as a direct forerunner of lifting bodies that the United
States began testing in the 1960s. See Fig. 9.116.

After the war, Lippisch moved to the United States, where he developed a wide range of aerospace
technologies at the White Sands Missile Range, Convair, Collins Radio, and his own Lippisch
Research Corporation. Walter developed submarines and other technologies in the United Kingdom,
United States, and West Germany. Felix Kracht worked on many aerospace projects in France and
West Germany, eventually finishing his career as the Senior Vice President of Airbus.

As shown in Fig. 9.117, Ludwig Roth (German, 1909–1967), with backing from Wernher von Braun
and Walter Dornberger (German, 1895–1980), led the team that developed the A-4b or A-9 winged
rocket and launched it in 1945. For evidence that versions of the A-9 designed to accommodate two
astronauts may have actually been manufactured during the war, see Section E.2.2.

As illustrated in Fig. 9.118, Eugen Sänger (1905–1964) and Irene Bredt (1911–1983) designed
the Silbervogel space plane, which would have accommodated one astronaut and was even larger
than the A-9. They made detailed designs and trajectory calculations for the Silbervogel from the
1930s until 1945. For evidence that prototype hardware for the Silbervogel may have actually been
constructed during the war, see Section E.2.3.

If desired, a vehicle can skip o↵ the upper atmosphere like a fast-moving flat rock skipping o↵ the
surface of a pond, and this is called a skip reentry (Fig. 9.110). Both the A-9 and the Silbervogel
would have used rocket power to achieve a suborbital flight, and then could have repeatedly skipped
o↵ the atmosphere to travel part of the way around the earth before reentering for a final time and
bombing a target.

(A more complex reentry trajectory that is closely related to the skip reentry is the double-dip
reentry. If a spacecraft is returning from deep space with a huge amount of kinetic energy, its
deceleration and aerodynamic heating would be too great if all of its kinetic energy were expended
during just one pass into the earth’s atmosphere. For this reason, the U.S. Apollo and Soviet Zond
capsules that returned from the moon executed a double-dip reentry, making two passes into the
atmosphere before landing. The wartime calculations for the A-9 and Silbervogel pioneered this
area of reentry trajectory methods, and then German-speaking scientists who went to the United
States and Soviet Union after the war helped to implement those methods.)
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Figure 9.115: Felix Kracht designed rocket planes such as the DFS 228 (predecessor of the U-2 spy
plane) and the DFS 346 (predecessor of the Bell X-1 rocket plane).
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Figure 9.116: Alexander Lippisch created the DM-1 rocket plane prototype, which was designed to
travel at several times the speed of sound.
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Figure 9.117: Ludwig Roth led the team that developed the A-4b or A-9 winged rocket and launched
it in 1945.
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Figure 9.118: Eugen Sänger and Irene Bredt designed the larger Silbervogel space plane and con-
structed prototype hardware for it during World War II.
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Building upon the wartime work on the manned winged A-9 and Silbervogel, many creators and cre-
ations from the German-speaking world made vital contributions to postwar space plane programs,
including the U.S. Space Shuttle:

• Wernher von Braun and other German-speaking engineers published detailed descriptions
and illustrations of a space plane in 1952 in Collier’s magazine, in order to try to excite U.S.
public interest and government funding for such a project [Collier’s 1952-03-22].

• In 1946, Walter Dornberger began work on the Bell Aerospace GAM-63 RASCAL air-launched
cruise missile, a large liquid propellant rocket with wings designed for long-range horizontal
flight (p. 1393). In 1952, Dornberger led the Bell Aerospace team that proposed the Bomi
(Bomber Missile) space plane, which was heavily based on the wartime Silbervogel designs—
see p. 1453. In 1954, Dornberger’s team designed the X-15 rocket plane, which had many
similarities to the wartime manned A-9 designs [Käsmann 2013, p. 105]. After the Bomi
proposal was rejected, Dornberger was instrumental in recycling the Bomi and Silbervogel
designs to create the X-20 Dyna-Soar space plane; a prototype was built but the program
was cancelled in 1963 [Robert Godwin 2003].

• Hans Multhopp (German, 1913–1972) designed the Martin Marietta X-24 lifting body, which
first flew in 1969 [Reed 1997, pp. 129–130, 136]; see pp. 1454 and 3495.

• In 1965, Walter Dornberger named the newest U.S. space plane program the “Space Shuttle”
[Dornberger 1965a, 1965b].

• The U.S. Space Shuttle (Fig. 9.121) incorporated design features, experience, and personnel
from the earlier Silbervogel, Bomi, Dyna-Soar, and X-24 space plane programs [Winter 1990,
pp. 42–44, 113–122]; see pp. 3491 and 3493.

• Adolf Busemann (German, 1901–1986) suggested ceramic tiles for thermal insulation on the
Space Shuttle, and also contributed his detailed knowledge of hypersonic aerodynamics for
the design and reentry [NYT 1986-11-05]; see p. 3494.

• Kra↵t Ehricke (German, 1917–1984) was deeply involved in space plane projects from Bomi
to the Space Shuttle [Freeman 2008].

• The Space Shuttle Main Engines (SSMEs) were directly derived from engine designs with
especially high combustion chamber pressures that were developed during and after the war
(such as the MBB P111 engine and the Rocketdyne HG-3 engine) by Klaus von Riedel,
Karl Stöckel, Hans Georg Paul, Dieter Huzel, and other German-speaking engineers (see pp.
3496–3500).

• The Space Shuttle Solid Rocket Boosters (SRBs) were based on enormous German-speaking
contributions to solid propellant rockets (see Sections 9.8 and E.2.4).

Thus the Silbervogel and the manned winged A-9, as well as the German-speaking scientists who
worked on them, led directly to postwar space plane programs such as the X-20 Dyna-Soar, the U.S.
Space Shuttle (first launched in 1981, Fig. 9.121), the Soviet Buran (first launched in 1988, Fig.
9.122), and other space planes [Chertok 2005–2012, Vol. 1, pp. 262–265; Winter 1990, pp. 42–44,
113–122].

For more information on wartime and postwar space plane programs, see Section E.2.3.
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Figure 9.119: Walter Dornberger led the design of the several highly influential postwar rocket
planes and space planes, such as the Bomi (Bomber Missile) space plane, the X-15 rocket plane,
and the X-20 space plane. He also named NASA’s space plane program the Space Shuttle.
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Figure 9.120: Hans Multhopp designed the Martin Marietta X-24 lifting body, which first flew in
1969.
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Figure 9.121: First launch of a U.S. Space Shuttle, Columbia STS-1, on 12 April 1981.
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Figure 9.122: First and only launch of the Soviet space shuttle, Buran OK-1K1, on 15 November
1988.
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9.10 Space Exploration

On top of their work on liquid and solid rocket propulsion and space shuttles, German-speaking
creators led the way with regard to other aspects of long-term space exploration.

Walter Hohmann (German, 1880–1945) published a detailed textbook of calculations for spacecraft
trajectories and orbits in 1925 [Hohmann 1925]. Figures 9.123–9.124 show illustrations from his book
for calculations regarding atmospheric reentry, aerobraking, and what are now called Hohmann
ellipses—elliptical orbits for transferring from one nearly circular orbit (such as that of a planet)
to another (such as that of another planet) with the smallest possible expenditure of energy. The
methods that Hohmann proposed and worked out in 1925 have been utilized quite e↵ectively since
the 1960s and will continue to be widely used in future space missions.

In 1928, Hermann Potočnik (Austrian/Slovene, 1892–1929), under the pen name of “Hermann
Noordung,” published a book with detailed designs of a large, circular, rotating space station, as
shown in Fig. 9.125 [Noordung 1928]. Potočnik’s designs accurately accounted for everything from
the solar energy requirements of the space station’s power plant to the artificial gravity in its living
quarters. His book also incorporated many of Hohmann’s proposed methods for interplanetary
missions. Unfortunately Potočnik died from tuberculosis (which he had contracted during World
War I) when he was only 36; if he had lived he might have helped to realize some of his visions.

Guido von Pirquet (Austrian, 1880–1966) and Hermann Oberth (German, 1894–1989) separately
designed space stations in 1928–1929 [Ley 1928; Oberth 1929]. See Fig. 9.126. Oberth pointed out
that such a station could for example tend large space-based mirrors to reflect sunlight on the
earth. Depending on they were used, such mirrors might improve everything from agriculture to
power production to weather, or they might incinerate opposing countries.

Plans for a space station and space mirror were seriously considered by the German government
during World War II, especially with regard to potential military applications, as illustrated in Fig.
9.127 [NYT 1945-06-29 p. 1, 1945-06-30 p. 3; Life 1945-07-23 p. 78; Time 1946-09-02 p. 52].

After the war, Oberth, Wernher von Braun, Willy Ley (German, 1906–1969), and many other
German-speaking scientists continued to design and advocate for space stations in the United
States [e.g., Collier’s 1952-03-22]. Figure 9.128 shows a 1952 space station design from von Braun’s
team, drawn by Chesley Bonestell, based on earlier designs by Potočnik, von Pirquet, and Oberth.

In addition to the large wheel designs, the German-speaking scientists also proposed simpler space
station designs as a starting point. Figure 9.129 shows Wernher von Braun’s first sketch, made in
1964, of how to convert the upper stage of a Saturn V into a space station. This work ultimately
resulted in Skylab, the first U.S. space station, which was built from the converted upper stage
of a Saturn V and launched in 1973 [Belew 1977]. See Fig. 9.130. The Skylab design was actually
capable of much more than the United States did with it; it was envisioned to transport and house
astronauts during manned flybys of Venus and Mars [Portree 2012].
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Oberth, von Braun, Kra↵t Ehricke (German, 1917–1984), and other German-speaking scientists
also produced many other detailed designs for manned missions to or bases on the moon, Mars,
and elsewhere [e.g., von Braun 1991; Freeman 2008]. While those ideas have not been utilized yet,
perhaps they will be in the future.

Even the current International Space Station came about largely because of the longtime political
advocacy of Hans Mark (Austrian/German, 1929–), the son of the chemist Herman(n) Mark (p.
538) [Hans Mark 1987]. See Fig. 9.131.
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Figure 9.123: Walter Hohmann published a detailed textbook of calculations for spacecraft trajec-
tories and orbits in 1925.
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Figure 9.124: Walter Hohmann published a detailed textbook of calculations for spacecraft trajec-
tories and orbits in 1925.
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Figure 9.125: Hermann Potočnik, under the pen name of “Hermann Noordung,” published a book
with detailed designs of a large, circular, rotating space station in 1928.
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Figure 9.126: Guido von Pirquet and Hermann Oberth separately designed space stations in 1929.
Oberth’s station featured a kilometers-wide mirror to focus sunlight on areas of the Earth for either
peaceful or military applications.
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Figure 9.127: Plans for an orbiting space station and space mirror were seriously studied during
World War II.
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Figure 9.128: A 1952 space station design from Wernher von Braun’s team, drawn by Chesley
Bonestell, based on earlier designs by Hermann Potočnik, Guido von Pirquet, and Hermann Oberth.
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Figure 9.129: Wernher von Braun’s first sketch of how to convert the upper stage of a Saturn V
into a space station in 1964.
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Figure 9.130: Skylab, the first U.S. space station, was built from the converted upper stage of a
Saturn V and was launched in 1973.
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Figure 9.131: Hans Mark, the son of the chemist Herman(n) Mark, was largely responsible for
getting the U.S. government to approve what became the International Space Station.
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Whereas most rockets employ chemical reactions, non-chemical (i.e., nuclear) rockets could deliver
much higher performance for deep space missions. German-speaking scientists began the develop-
ment of such advanced rocket propulsion systems during World War II and continued to lead their
development after the war.

Fission thermal rockets store energy onboard in the form of a relatively conventional fission reac-
tor, which is powered by suitable fuel such as uranium-233, uranium-235, or plutonium-239. Like
chemical rockets, fission thermal rockets also store propellant onboard, yet unlike chemical rockets,
fission thermal rockets do not require the propellant to undergo chemical reactions and release
energy of its own. The propellant is simply heated by the reactor to achieve very high temperatures
and pressures, then expelled out of the rocket nozzle, as shown in the upper part of Fig. 9.132.
Minimizing the molecular weight of the expelled propellant maximizes the exhaust velocity, so most
proposed fission thermal rockets use hydrogen propellant. The temperature to which the propellant
is heated is limited by how hot the fission reactor can become without melting the fission fuel or
other reactor components, but that still yields an exhaust velocity roughly twice that of the best
chemical rocket engine.

The upper part of Fig. 9.134 shows that scientists at Peenemünde and the Reichspost began pro-
grams on nuclear rocket propulsion no later than 1942. Manfred von Ardenne (German, 1907–1997),
Wernher von Braun, Kra↵t Ehricke (German, 1917–1984), Werner Heisenberg (1901–1976), Franz
Josef Neugebauer (German, 1897–1983), Hans von Ohain (German, 1911–1998), Ernst Stuhlinger
(German, 1913–2008), and others worked on fission thermal propulsion during the war (pp. 3620–
3636). After the war, von Braun, Ehricke, Neugebauer, Stuhlinger, and others continued to seriously
develop fission thermal propulsion in the United States, as shown in Figs. 9.134–9.135.

In contrast to fission thermal propulsion, fission pulse propulsion employs fission reactions that
occur outside of the rocket, and therefore are not constrained by the melting temperatures of the
fission fuel or any rocket components. Thus the fission reactions can reach the highest possible
temperatures—those of a fission explosion. Small fission bombs could be ejected from the rear of
the spacecraft; they would explode near the spacecraft, and some fraction of the blast would be
intercepted by a thick ablative “pusher plate,” transferring momentum while protecting the rest
of the spacecraft (Fig. 9.132 bottom). To smooth out the violent shocks of intermittent explosions
into more continuous and more survivable acceleration for the spacecraft, the pusher plate would be
connected to the rest of the spacecraft by giant compressible shock absorbers. The heat, radiation,
and shock to which the vehicle would be subjected pose formidable constraints on the materials
and engineering design, yet the prospect of achieving both very high exhaust velocities and high
thrust-to-weight ratios with an available energy source (fission explosives) is attractive.

Most books on the subject say that nuclear pulse propulsion was first proposed after World War
II by Stanislaw Ulam (Polish, 1909–1984), who was a creator from the greater German-speaking
world [e.g., Dyson 2002, p. 2]. In fact, this approach was first proposed and explored by even earlier
German-speaking creators.

External pulse propulsion by conventional chemical explosives was first proposed by Hermann
Ganswindt (German, 1856–1934) [Ron Miller 1993, pp. 75–76; Ron Miller 2016, p. 48].
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The sources on p. 3634 show that external pulse propulsion by nuclear explosives was first proposed
in approximately 1942 by Wernher von Braun. Considering the German military’s great wartime
interest in and funding for rockets, nuclear weapons, and revolutionary methods of delivering heavy
payloads long distances, it seems likely that fission pulse propulsion was seriously considered during
the war, although little relevant documentation is currently available. By the end of the war, work
in this area had apparently progressed at least as far as creating small test models powered by
conventional chemical explosives, which is as far as the work ever progressed in the United States
after the war before the U.S. program was cancelled.

Electric rocket propulsion, or an ion-electron thruster, uses energy (heat, resonant electromagnetic
waves, high-energy electrons from an electron gun, or other methods) to ionize initially electrically
neutral propellant atoms into positively charged ions and negatively charged electrons, as shown in
the upper half of Fig. 9.133. The positively charged ions are accelerated by the voltage di↵erence
between two electrically charged grids and ejected from the rear of the spacecraft at some desired
velocity. To prevent the spacecraft from accumulating more and more net electric charge (as a result
of the lost ions) that would actually draw the ejected ions back to the spacecraft, electrons that have
been stripped o↵ the ions must also be ejected, generally by harvesting them from the ionization
chamber and firing them from electron guns toward the departing ion exhaust. This method of
particle acceleration can produce much higher exhaust velocities than chemical combustion or even
fission thermal rockets. However, because charged particle beams have far lower densities than flows
of more traditional rocket propellant, their thrust is very low. Thus electric propulsion is best for
deep space missions where a low thrust applied over the course of months or even years can yield
useful final velocities or changes in the spacecraft’s orbit. Although ion-electron thrusters could be
powered by solar panels or any other source of electrical energy, it is usually proposed to power
them with a fission reactor.

Electric rocket propulsion systems were first proposed by Hermann Oberth in 1929 (p. 3635). Ex-
perimental development of electric propulsion in Germany began no later than 1937 and continued
until at least 1944 (p. 3306). Ernst Stuhlinger, Wernher von Braun, and other German-speaking
scientists continued to develop and promote electric propulsion after the war (pp. 1473, 3635). Cur-
rently very few documents on the wartime electric propulsion program are available, but it seems
likely that Oberth, Stuhlinger, and von Braun were involved in it as well.

Antimatter rockets, first proposed by Eugen Sänger, would store matter and antimatter propellant,
then carefully combine them to create very high-energy exhaust (Figs. 9.133 and 9.135). For equal
amounts of matter and antimatter, 100% of the combined propellant mass could be converted
to energy, versus < 1% for nuclear reactions, so antimatter propulsion could yield the maximum
performance obtainable from a rocket, with exhaust velocities approaching the speed of light. For
maximum density, the antimatter could be stored as anti-atoms such as anti-hydrogen (an anti-
proton plus a positron, or antimatter electron), safely isolated from any matter by electric and/or
magnetic fields. Annihilation of an antiproton with a proton creates ⇠ 2/3 charged and ⇠ 1/3
uncharged pions; the charged pions can be directed out a magnetic nozzle before they decay into
gamma rays, although the neutral pions would be nearly impossible to direct.
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Figure 9.132: Nuclear rocket propulsion approaches. Above: fission thermal rocket propulsion, in
which hydrogen propellant is heated by an internal fission reactor. Below: nuclear pulse propulsion,
in which small nuclear bombs are ejected from a spacecraft and explode outside the spacecraft,
pushing the spacecraft.
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Figure 9.133: Rocket propulsion by an ion-electron thruster (above) and matter-antimatter annihi-
lation (below).
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Figure 9.134: Scientists such as Kra↵t Ehricke at Peenemünde and the Reichspost began programs
on nuclear rocket propulsion no later than 1942, and continued their work in the United States.
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Figure 9.135: Ernst Stuhlinger, Wernher von Braun, and others worked on both nuclear thermal
and nuclear electric propulsion in Germany during the war and in the United States after the war.
Eugen Sänger was the first scientist to propose and analyze antimatter rocket propulsion systems.
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Chapter 10

Creating the Creators

Gaben, wer hätte sie nicht?
Talente—Spielzeug für Kinder.
Erst der Ernst macht den Mann,
Erst der Fleiss das Genie.

Gifts, who is without them?
Talents—mere toys for children.
Seriousness makes the man,
Application the genius.

Theodor Fontane. 1908. Unter ein Bildnis Adolf Menzels.
Gedichte. Stuttgart/Berlin. p. 325.

Chapters 2–9 and Appendices A–E give an overview of a representative (though certainly not
exhaustive) set of revolutionary creators and creations that came out of the predominantly German-
speaking research world of the nineteenth and early twentieth centuries. There are many indications
that systemic innovation-promoting factors were largely responsible for the production of those
creators and creations:

• The German-speaking creators and creations came from a relatively small geographical region
within a limited period of time, which should prompt close examination of the systemic
practices of that place and time that may have contributed to their success.

• That place and time produced an enormous number of revolutionary innovations. In fact, it
is di�cult to identify as many revolutionary innovations that have been wholly developed by
the modern research world (not counting innovations that were made by the earlier German-
speaking world but adopted and polished by the modern world).

1475
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• The former German-speaking world produced that huge number of revolutionary innovations
despite having far fewer researchers than the modern world.

• The earlier German-speaking world produced that large number of revolutionary innovations
despite having far less research funding than the modern world.

• The former German-speaking world produced so many revolutionary innovations despite hav-
ing far less political stability than the modern world. It remained highly productive in spite
of forces including German unification, Kaiser Wilhelm II’s autocracy, World War I, the fi-
nancial and political crises of the Weimar period, the savagery of the Third Reich, and the
devastation of World War II.

• The earlier German-speaking world was not merely holding its position ahead of international
competitors, but rather was actually accelerating further and further ahead of other countries.
At the beginning of the nineteenth century, scientific fields were generally dominated by
researchers in France, the United Kingdom, and a few other countries, and scientific research
projects and science/engineering-based industry in the German-speaking world were scarce or
lagged years behind the international competition. German-speaking scientists and engineers
seriously entered most fields sometime during the nineteenth century, starting from that
position of being far behind. As illustrated by the innovators and innovations in Chapters 2–9
and the appendices, by the end of the nineteenth century, German-speaking scientists were
ahead in most fields. By 1945, they had overwhelmingly dominated most fields, contributing
most of the major new innovations in each field and running years ahead of their competitors,
in many cases by a decade or more (e.g., rockets, chemical synthesis, etc.).

Therefore, the objective of this chapter is to identify and analyze common factors within the
German-speaking world that facilitated the success of those creators and creations. As is demon-
strated in this chapter, there were many relevant factors, all of which tended to promote greater
freedom to pursue longer-term and riskier potential innovations compared to the modern research
world.
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10.1 Comparison of Innovation System Size

Before studying factors that promoted innovation in the German-speaking world, one should first
consider the total size of the German-speaking world and the size of its innovation system. The
population of the German-speaking world was spread among several countries, and those countries,
their borders, and their populations changed over time. Table 10.1 gives the populations in millions
of people for a few key years.

Country 1871 1900 1914

Austria-Hungary 36.0 45.2 52.5
Germany 41.1 56.4 67.0

Netherlands 3.6 5.1 6.3
Switzerland 2.7 3.3 3.8

TOTAL 83.4 110.0 129.6

Country 1939

Austria 6.7
Czechoslovakia 14.8

Germany (within 1937 borders) 69.5
Hungary 9.2

Netherlands 8.8
Poland 34.8

Switzerland 4.2

TOTAL 148.0

Table 10.1: Populations (in millions of people) of central European countries that were involved in
the German-speaking research world. The 1939 data covers approximately the same geographical
area as the data from the earlier years, but some of the country names are di↵erent due to the
altered borders [Mitchell 1975; www.destatis.de; www.statistik.at; www.cbs.nl; www.bfs.admin.ch].

Of course, in some of the countries listed in Table 10.1, only some fraction of the population was
actually German-speaking or interacted directly or indirectly with the German-speaking research
world. Although the total population was steadily increasing apart from wars, ⇠100–130 million
people is a good general estimate for the total population of the German-speaking world during
the early twentieth century.

For comparison, in 2020 the estimated population of the United States was 330 million, and the
estimated population of the whole world was 7.7 billion people [www.worldometers.info/world-
population]. Thus the earlier German-speaking world had a total population that was ⇠1/3 that
of the modern United States, and roughly ⇠1/70 of the modern global population.
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Like the postwar U.S. research system, the earlier German-speaking research world was divided
into three sectors: academic, corporate, and government laboratories.

1. Many universities had very diverse and advanced research programs, especially those in Berlin,
Munich, Göttingen, Vienna, Zurich, Prague, etc.

2. Many German companies maintained very large, very well-funded laboratories where com-
pany researchers were encouraged to keep inventing and developing 10–20 years worth of
future products for the corporate pipeline. Those companies included the various chemical
and pharmaceutical companies that ultimately consolidated into I.G. Farben, electrical com-
panies such as Siemens, AEG, and Telefunken, aerospace companies such as Heinkel and
Junkers, etc.

3. Government laboratories included multiple labs run by each branch of the military, various
dedicated biology and medical labs, the many di↵erent Kaiser Wilhelm Institutes (now called
the Max Planck Institutes) in di↵erent scientific fields, and even advanced electronics and
nuclear laboratories run by the German postal service (Reichspost).

Also like the U.S. system, much of the German-speaking university and corporate research was
sponsored by the government, with the rest being funded by companies investing in their own
labs and also investing in long-term partnerships with universities and with the Kaiser Wilhelm
Institutes.

Good estimates of the total number of people involved in the historical German-speaking research
world are di�cult to find and depend greatly on the definitions one uses. Some relevant data that
can be considered includes:

• Werner Osenberg, head of the planning board of the Reichsforschungsrat (German Research
Council), compiled a list of 15,000 significant scientists, engineers, medical research doctors,
and technicians during the period 1943–1945 [Jacobsen 2014, p. 41]. (He also listed 1400
research facilities.) Estimates are that⇠15–33% of scientists and engineers fled or were forcibly
removed from the German-speaking research world during the Third Reich, primarily due to
persecution of those with Jewish ancestry or spouses [Ash and Söllner 1996, p. 7]. This suggests
a prewar number of ⇠20,000 noteworthy scientists and engineers.

• Over 2000 German-speaking scientists and engineers emigrated to the United States soon
after World War II as part of Operation Paperclip and Paperclip-related programs [Linda
Hunt 1991, p. 1], over 3000 were employed (willingly or otherwise) by the Soviet Union [Mick
2000], over 1000 by the United Kingdom [Glatt 1994], over 1000 by France [Nouzille and
Huwart 1999], and at least many hundreds by other countries [Michael Neufeld 2012]. Adding
up those numbers gives a total of at least ⇠7,500 scientists who are known to have gone to
other countries. Multiplying that number by a factor of ⇠2 to account for those who remained
in Germany and Austria or who moved to other countries but were not included in the o�cial
totals puts this estimate in good agreement with the 15,000 on the Osenberg list. (Indeed,
the captured Osenberg list was used by Allied countries in their e↵orts to recruit German-
speaking scientists after the war.) Again factoring in those who fled the Reich gives a rough
prewar estimate close to 20,000 scientists and engineers.

• A maximum of approximately 4300 sta↵ worked at German aviation research establishments
during World War II [Hirschel et al. 2004, p. 659]. Because aircraft, missiles, and rockets
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were a large area of focus during the war, that number seems consistent with the above total
estimates derived from the Osenberg list and Allied recruiting.

• Deichmann found 445 biologists in Germany, Austria, and the Sudetenland between 1933 and
1945 [Deichmann 1996]. Considering that Deichmann’s list omitted many major researchers
conducting biology-related research within the Reich (Kurt Blome, Adolf Butenandt, Gerhard
Domagk, Eugen Haagen, Heinrich Kliewe, Richard Kuhn, Walter Schreiber, Erich Traub,
etc., perhaps because they were medical doctors or chemists conducting biology research, or
perhaps because they were part of military research programs) and did not consider German-
speaking researchers beyond those geographical regions, the total number of active biology
researchers may have been at least twice Deichmann’s figure, say perhaps 1000. In view of the
number of other fields (chemistry, physics, engineering, etc.) and their popularity relative to
biology, the total estimates derived from the Osenberg list and Allied recruiting e↵orts again
seem quite plausible.

• Using the major innovations identified in this book and considering the key innovators behind
them (Chapters 2–9 and the appendices), there appear to have been at least ⇠2000 especially
important German-speaking creators, not all of whom were alive at the same time. This
number agrees well with various 1945–1948 Allied lists of key scientists who had been recruited
or were targets of recruitment [NARA RG 330 Entry A1-1A].

Based on this data, at a given time in the early twentieth century, the German-speaking world
appears to have had no more than ⇠2000 creators who were personally making revolutionary
discoveries or inventions. Those creators were part of a system that was approximately a factor of
ten times larger and contained ⇠20,000 scientists and engineers who at least had documented track
records. (If one were to generously multiply that number by an additional factor of ⇠10 to account
for all of the people who may have contributed to the system in any fashion from technicians to
teaching aides, the total size of the science and engineering world in German-speaking Europe was
at most perhaps ⇠200,000 people.)

For comparison, as of 2015 (the most recent year for which fully analyzed statistics are available),
there were over 1.3 million people employed in research in the United States, and over 7 million
worldwide, as shown on p. 30. (As with the German-speaking world, one might also inflate these
modern numbers by a factor of ⇠10 to account for all of those people who obtain science or
engineering degrees but do not ultimately do research, or who interact with the system in some
other fashion.)

Using the estimate of ⇠20,000 German-speaking researchers, the early German-speaking scientific
world had less than ⇠1/65 as many researchers as the modern U.S. innovation system, and less
than ⇠1/350 as many people as the modern global research system, yet managed to produce the
incredible quantity and quality of innovations illustrated by Chapters 2–9 and Appendices A–E.
If modern innovation systems were as e↵ective as the earlier German-speaking innovation system,
one would expect them to have produced revolutionary innovations at a rate ⇠65–350 times that
of the older German-speaking world. Unfortunately they do not appear to have even equalled the
output of revolutionary innovations from the earlier German-speaking world (as already noted, not
counting innovations that were originally made by the German-speaking world but later adopted
and adapted by the modern world).

For this reason, it is of great interest to seek factors that may account for why the German-speaking
world was so successful.
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10.2 Systemic Factors Promoting Innovation

As discussed in detail in the following sections, at least ten specific factors within the German-
speaking world promoted revolutionary innovation:

1. Science was socially glorified, from children’s activities and amateur science clubs to presti-
gious jobs and government-lauded scientific heroes.

2. A century-long steady exponential increase in funding gave scientists, employers, and sponsors
much more freedom to pursue higher-risk and/or longer-term research.

3. Many Ph.D. students were encouraged to propose their own research topics and to pursue
them independently.

4. Scientists received their final degrees nearly a decade earlier in life, and independent research
funding up to two decades earlier, than modern scientists do.

5. Scientists who made major contributions to multiple disciplines, and fraternization among
scientists from di↵erent disciplines, were much more common than in the modern world.

6. Instead of peer review, an autocratic yet farsighted scientific management culture of “enlight-
ened despots” granted stable jobs and funding to the most promising creators and creations.

7. Both scientists and sponsors used a systems analysis approach to focus on the most important
problems and the most e↵ective innovations to address those problems.

8. The lack of natural resources spurred the creation of a wide range of innovative alternatives.

9. International rivalry (both economic and military) was a powerful driving force for innovation.

10. German-speaking companies were less afraid of losing their own innovations to each other
than of being outstripped by foreign countries, giving them a strong motivation to innovate.

10.2.1 Cultural Attitudes Toward Science Education and Research

One important factor underlying the scientific innovations from the German-speaking world appears
to be cultural attitudes toward education and research that were deeply embedded in German
culture throughout the nineteenth and twentieth centuries. Education and research in general, and
science and engineering in particular, were highly esteemed, from children’s activities and amateur
science clubs to prestigious jobs and government-lauded scientific heroes.

These cultural attitudes can be traced back at least as far as the dawn of the nineteenth century.
Wilhelm von Humboldt founded the University of Berlin (now called the Humboldt University of
Berlin) in 1811 and is widely credited with developing and promoting the educational model of uni-
versities conducting both education and research in coordination. He articulated ideals that would
be characteristic of German-speaking culture throughout the nineteenth and twentieth centuries
[Bruford 1975, pp. 13–17, 24]:
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Everyone must seek out his own individuality and purify it, ridding it of the fortuitous
features. It will still be individuality, for a portion of the fortuitous is inseparable from
the make-up of every individual, and cannot and should not be removed. It is really
only in that way that character is possible, and through character greatness.

—

If we imagine a man whose sole aim in life is to cultivate himself, his intellectual activity
must finally be concentrated on discovering (a) a priori, the ideal of humanity, and (b) a
posteriori, a clear picture of mankind in reality. When both are as precise and complete
as possible in his mind, he should, by comparing them, derive from them rules and
maxims for action.

—

The true end of man, not that which his transient wishes suggest to him, but that
which eternal immutable reason prescribes, is the highest possible development of his
powers into a well-proportioned whole. For culture of this kind freedom is the first and
indispensable condition.

—

Thus peasants and craftsmen of all kinds could perhaps be developed into artists, that
is, into men who loved their particular work for its own sake, improved it through their
own initiative and inventiveness and so cultivated their intellectual powers, ennobled
their character and refined their pleasures.

—

In general, perhaps the best thing a man can do with his life is to take away with him a
living picture of the world, properly unified. For me in particular no task is more suited,
more imposed upon me by my nature.

—

He who can say to himself when he dies: ‘I have grasped and made into a part of my
humanity as much of the world as I could,’ that man has reached fulfillment... In the
higher sense of the word, he has really lived.

As voiced by Humboldt, these German cultural ideals emphasized (1) individual initiative and
creativity, (2) high levels of education and lifelong learning, (3) acquiring and harnessing a com-
prehensive knowledge of as many fields as possible, and (4) systems analysis to survey everything
and then focus on creating solutions for the most important problems.

In Peter Watson’s sweeping survey of German intellectual history, The German Genius, he ex-
plained how these ideals permeated and influenced the German-speaking world [Peter Watson
2010, pp. 53–54, 829–830]:

There will be a great deal to say about Bildung in this book. Di�cult to translate,
in essence it refers to the inner development of the individual, a process of fulfillment
through education and knowledge, in e↵ect a secular search for perfection, representing
progress and refinement both in knowledge and in moral terms, an amalgam of wisdom
and self-realization.
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[...I]t is clear from what has gone before that Germany was the first country to boast
an educated middle class of any size and that this was all important for its emergence
as a great power.

A few statistics will underline this. Prussia enforced school attendance for children
between the ages of seven and fourteen from the 1820s (in Britain children were not
compelled to go to school until 1880) and by the 1890s had two-and-a-half times as
many university students in proportion to population as did England. [...I]n Germany,
in 1785 there were 1,225 periodicals published, compared with 260 in France. In 1900
Germany had 4,221 newspapers, France roughly 3,000 (and Russia 125). In the early
nineteenth century, when England had just four universities, Germany had more than
fifty. James Bowen, in his three-volume history of Western education, points out that
Germany took the lead in the establishment of scientific societies in the early nineteenth
century, published the greatest number of journals in the vernacular, and became the
leading language of scientific scholarship. In 1900 illiteracy rates in Germany were 0.5
percent; in Britain they were 1 percent and in France 4 percent. By 1913 more books
were published annually in Germany (31,051 new titles) than in any other country in
the world. [...]

It was the educated middle class that made the exciting advances in scholarship that
so attracted academics from abroad (especially from America), that rendered the bu-
reaucracy of the ever-coalescing German state so e�cient and creative and led to the
groundbreaking scientific achievements of the second half of the nineteenth century, that
transformed Germany economically, and on which so much of modern prosperity—not
just in Germany—is based. [...]

The development of modern scholarship, the concept of Bildung, and the innovation of
the research-based university were seen at the beginning of the nineteenth century as
a form of moral progress. Education was not simply the acquisition of knowledge but
looked upon as a process of character development during the course of which a person
would learn to form critical judgments, make an original creative contribution, and learn
about his or her place in society with its duties, rights and obligations. Education as
Bildung involved a process of becoming, a form of secular perfection or salvation that
was, for the educated middle class, the very point of life in a world between doubt and
Darwin.

Throughout the nineteenth and early twentieth centuries, German-speaking universities expanded
and became more advanced, and the social status of people who taught at or graduated from the
universities increased in parallel. Ulrich Wengenroth, a scientific historian at the Deutsches Museum
in Munich, described that social status [Landes et al. 2010, p. 284]:

At the same time a new source of respect and status emerged. Kaiser Wilhelm, himself
a great admirer of science and engineering, very much against the opposition of the
traditional universities created the title of “doctor of engineering” for the Technische
Hochschulen (institutes of technology). This opened new opportunities for ambitious
engineers to gain the kind of respect and recognition that had been the privilege of
the humanistic elites of the traditional worlds of learning. And it was a watershed;
academic titles in engineering and science soon displaced the Kommenzienrat and the
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Geheimer Kommenzienrat, while the Honorarprofessor (honorary professor), which in
everyday life often was stripped of its somewhat depreciating prefix Honorar to sound
like a bona-fide professorship, carried the status of nobility. Whatever the dubiousness
of some honorary degrees, the currency of status and vanity had changed. More presti-
gious universities would look more closely at the validity of reasons to confer academic
distinction. The Honorarprofessor, even if a CEO, would have to teach students and
often was interested in fostering common research programs in his company and his
university. The academization of entrepreneurial prestige through the twentieth cen-
tury was as much an expression as a strengthening of a knowledge-based approach to
managing product development.

The very high social status and high relative pay for scientists and academics in the German-
speaking world were apparently deeply ingrained in the culture, so they persisted throughout the
political and financial upheavals of the German-speaking world in the nineteenth and twentieth
centuries. Hariolf Grupp and his colleagues remarked on how stable the German scientific system
was despite these political instabilities [Shavinina 2003, pp. 1038, 1041]:

Most astonishingly, the German innovation system was very stable, although it witnessed
several political system changes in the past century. The total amount of government
spending on science and innovation followed similar quantitative tracks after its forma-
tion in the 19th century, the First World War and after the Second World War. The
respective central power was not a strong pillar in science and technology. Contrary,
the science and technology operation was maintained and was always reconstructed by
the German states before the central power found ways to establish itself as dominat-
ing. However, considerable di↵erences are observed when regarding the strong role of
enterprises on innovation after the Second World War, which was—in pecuniar terms—
not as visible before. Only after reunification in 1990, the acting power was the federal
government at a time when enterprises were largely dominating the financing of R&D.
This was definitely di↵erent hundred years ago.

In terms of the basic sectorial structures in science and technology, the strong and the
weak sides were almost the same whatever regime and territorial boundaries existed.
This persistence of the innovation system points to a resistant innovation culture in
and around Germany, which may not be influenced too much by external shocks or
incentives, be it in monetary or institutional form. [...] Even the isolation of the former
GDR and its subjection under the communist regime could not change much.

There seems to be a specific German understanding of the opening and prosecution
of technology trajectories. The industrial research system in Germany was one of the
first in the world to be formed and developed. Other countries followed that pattern
more or less closely. Yet the subjects of research seemed to be di↵erent between the
countries and remained largely constant over long periods. Obviously the technical and
scientific elites in Germany succeeded to follow their interests in any political system
collectively. For the research and education policy this means that soft factors like
group identity, schools of thought and personal exchange are more reliable and more
e�cient government instruments than the traditionally monetary incentive systems.
This sustainable culture imprint can only be analyzed and detected in historical time
series.
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Because this reverence for science was so deeply imbedded in the culture of the German-speaking
world, children in that world grew up with dreams of making revolutionary scientific discoveries
and inventions. In his published dissertation, Peter Fisher gave an overview of some of the science
fiction that was popular in the German-speaking world in the early twentieth century [Fisher 1991,
pp. 104, 115, 221]:

“In cities throughout Germany, people eagerly lined up at newspaper kiosks,” recalled
Hans Dominik proudly, “in order to buy the latest part of my serial novel in the Woche.”
[...] An electrical engineer who had turned to journalism and popular science, Dominik
and his publisher, the conservative Scherl Verlag, were the undisputed masters in pro-
ducing and marketing a type of formula fiction which they called the technischer Zukun-
ftsroman. [...]

Dominik was not the only science fiction author who sought to assuage the readers’
feelings of hurt national pride by concocting stories of potent German inventors creating
and controlling future upheavals. Other highly successful authors of popular fiction like
Otfrid von Hanstein, Fritz Mardicke, and Otto Willi Gail, or amateur writers like Paul
Thieme, also tried their hand in the still new genre. [...] The political drift of these
stories manifested itself in an appeal for the recognition of Germany’s achievements
and (supposedly) superior culture—as witnessed by remarkable advances in science and
technology—and by thinly veiled threats that these could be employed against hostile
nations. [...]

Dominik’s protagonists, like those in other German science fiction of the 1920s, were
constructs of an imagination hopefully awaiting salvation in the form of an engineer-
messiah. Lämmel even spoke of a day of “technological liberation” and an age of “tech-
nological Bismarcks.” The repeated sense of wonder and mystery that surround these
saviors was meant to suggest that they were emanations of a divine will, driven forward
to right the wrongs of recent history. [...]

The writers’ favorite props—atomic energy, ray guns, powerful submarines, and light-
metal and giant aircraft—serve to reveal hitherto unattained power, but usually appear
more like magic wands than believable inventions. Yet, despite the vague imagery of the
new superweapons, it seems that there was a wide measure of belief in the imminent
creation of such revolutionary armaments.

[...T]he fictive scientists and engineers strove to create powerful inventions that would
“free” the nation. While the rightist dictators tamed the masses, the inventors controlled
the equally awesome forces of technology. [...]

The technological successes imagined by Weimar’s science fiction authors expressed an
ambivalent mood—a desire for the recognition of spiritual and technological greatness,
as well as a wish to avoid another world war.
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These science fiction stories were wildly popular and were avidly consumed by children and adults
throughout Germany. They emphasized individualism and presented fictional role models for how
a young engineer or scientist could invent or discover something so important that it would change
the fate of the country or of the entire world (Fig. 10.1). Early films depicted similar stories about
creating a life-like robot (Fritz Lang and Thea von Harbou’s Metropolis, 1927), building a moon
rocket (Lang and von Harbou’s Frau im Mond, 1929), and accomplishing other technological feats
(Fig. 10.2).

At the same time, real-life scientific heroes from Albert Einstein to Fritz Haber were lauded by
the media and the government (Fig. 10.3). Amateur science societies such as the Society for Space
Travel (Verein für Raumschi↵ahrt) allowed children and adults to conduct their own research and
development projects (Fig. 10.4).

It would be di�cult to overestimate the importance of all of these fictional and real role models in
shaping the interests and individuality of young future scientists and engineers.
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Figure 10.1: Hans Dominik wrote many popular science fiction novels.
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Figure 10.2: Fritz Lang and Thea von Harbou created popular science fiction films such asMetropolis
(1927) and Frau im Mond (1929).
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Figure 10.3: Examples of scientists who were intellectual heroes in German-speaking society in-
clude physicist Albert Einstein, chemist Fritz Haber, biologist Robert Koch, and electrical engineer
Werner von Siemens.
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Figure 10.4: There were many amateur science clubs such as the Verein für Raumschi↵ahrt (Society
for Space Travel), which published its own journal and included members such as Rudolf Nebel
(lower left) and Wernher von Braun (lower right).
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10.2.2 Funding Levels

The amount of funding committed to scientific research obviously has a large e↵ect on the quantity
and quality of the resulting work. Data for total public expenditures for science in Germany during
the period 1860–1938, converted into inflation-adjusted values (millions of 1913 Reichsmarks), is
readily available and summarized in Table 10.2 [Nelson 1993, p. 125].

Annual budget Inflation-adjusted % of gross
Year (millions of marks) (millions of 1913 marks) domestic product

1860 6.0 10.7 0.06
1870 10.5 14.7 0.08
1880 27.3 33.6 0.16
1890 32.7 37.4 0.14
1900 53.2 59.9 0.16
1910 91.2 94.8 0.20
1913 101.9 101.9 0.19
1925 282.9 206.8 0.42
1930 359.6 241.3 0.55
1938 513.4 446.6 0.52

Table 10.2: Total public expenditures for science in Germany during the period 1860–1938.

There does not appear to be good data on German industrial research spending during that time.
Hariolf Grupp and colleagues summarized this problem [Shavinina 2003, pp. 1021, 1029]:

Pfetsch undertook adding up scientific expenditure between 1850 and 1975, so that
rough estimates about the degree of R&D financing can be derived from this; however,
these data records only include public expenditure, disregarding the private sector. Con-
sequently, industrial innovation indicators must be researched separately. [...]

It is still di�cult to prove the companies’ increasing R&D expenditure for such an un-
deniable success. In particular, no complete data records are available about monetary
expenditure or research personnel prior to the end of the Second World War, i.e. the
data record established by Pfetsch regarding public scientific expenditure has no coun-
terpart for industry. Today’s statistics about R&D expenditure and personnel of the
Federal Republic systematically start from the year 1962; certain presumptions allow
the reconstruction of the corresponding indicators starting from 1948/1949 [...]
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Despite the absence of comprehensive pre-1945 industrial spending data, postwar data shows that
during the period 1950–2000, the percentage of total German research expenditures coming from
industry instead of government varied between 40% and 60% [Grupp 2002, p. 13], or in other words
industrial research spending was roughly equal to government research spending for at least half a
century after the war. In the absence of rigorous pre-1945 data, it seems plausible to assume that
industrial research spending was also roughly equivalent to government research spending during
this period, and that trends in government funding were indicative of trends in total scientific
funding.

Similarly, pre-1945 funding data for other geographical regions of the German-speaking world is
di�cult to find. Nonetheless, it seems reasonable to assume that funding in other German-speaking
areas either followed the same trends as the funding in Germany or else was significantly smaller
than the German funding. In either case, the rate of increase for German government funding would
be a good indicator for the rate of increase for funding for the entire German-speaking research
world.

Based on the above data, Fig. 10.5 shows a semilogarithmic plot of total public science funding in
Germany from 1860 to 1938 (plotting the data points from Table 10.2 as red circles, measured in
inflation-adjusted millions of 1913 marks). Over this 78-year period, funding increased by a factor
of 41.7 (red dotted line), equivalent to doubling every 14.5 years on average, or to increasing by a
factor of 6.8 over a typical full scientific career of 40 years.

Although the data in Table 10.2 only begins in 1860, German research had been steadily increasing
since around 1800, as illustrated by the numerous examples in Chapters 2–9. Likewise, although
the data in Table 10.2 ends in 1938, World War II spurred further increases in R&D, as shown by
the examples in Appendices A–E. Thus the exponential trend in funding seems to have persisted
for at least a full century, and likely more like a century and a half.

Figure 10.6 plots the same data on total public science funding in Germany from 1860 to 1938 from
Table 10.2, but instead shown as a percent of gross domestic product (GDP).
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Figure 10.5: Semilogarithmic plot of total public science funding in Germany from 1860 to 1938
(data points as red circles, measured in inflation-adjusted millions of 1913 marks). Over this 78-year
period, funding increased by a factor of 41.7 (red dotted line), equivalent to doubling every 14.5
years on average, or to increasing by a factor of 6.8 over a typical career of 40 years.
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Figure 10.6: Total public science funding in Germany from 1860 to 1938 as a percent of gross
domestic product (data points as red circles, extrapolated trend as red dotted line).
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In addition to the obvious e↵ect of increased spending resulting in increased research during this
more than a century-long period of exponential growth in the German research world, there are
less obvious yet critical e↵ects:

• Modern funding levels are nearly flat, and e↵ectively long-term career positions only become
available as the people currently holding them retire or die, creating ferocious competition
among far too many science graduates for far too few jobs, research grants, and publication
slots in high-profile journals. In contrast, because the total funding in the older German-
speaking system steadily increased by a factor of 6.8 over typical career times of 40 years,
roughly 6.8 times as many graduating students were able to find good jobs in the research
system as would have been possible with flat funding levels (assuming that the cost per
scientist remained approximately constant). In fact, since some graduating students could find
jobs as the German-speaking research world expanded outside Germany, and many graduating
students found jobs by emigrating to the United States, United Kingdom, and other countries,
the number of graduating students able to find good jobs was significantly higher. The wars in
the nineteenth and twentieth centuries also culled a significant percentage of the population.
Thus the number of graduating students able to find good research jobs may have been
e↵ectively ⇠ 15 times or more higher for the historical German-speaking world than for the
modern research world.

• Greatly increasing the amount of funding and jobs greatly lowered the age at which newly
graduated researchers could pursue their own independent research, giving them more years
to produce innovations, especially more years when they were young, full of energy, very
creative, and less weighed down by family and professional obligations.

• Greatly increasing the amount of funding and jobs greatly reduced the amount of time and
energy that researchers had to devote to pursuing funding and jobs, and greatly increased
the amount of time and energy that they could devote to conducting actual research.

• Greatly increasing the amount of funding and jobs greatly reduced the pressure both on the
researchers and on those responsible for selecting which researchers to support. Reducing that
pressure made it much more acceptable for researchers to pursue longer-term work without
an immediately demonstrable payo↵, as well as more innovative higher-risk work that was
less guaranteed to yield results than very incremental, low-risk work. When slots for new
researchers were plentiful, it was much easier for employers and sponsors to gamble that some
of them would ultimately pay o↵ and some would not.
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10.2.3 Mentoring Style

Many creators who were educated in the German-speaking world described the mentorship that
they received from their doctoral dissertation advisors. Although there was considerable variation,
and not all had a positive experience, a great number of the creators described a style of mentoring
that was very di↵erent than that typically experienced by Ph.D. students in the modern U.S.
system:

• In the German-speaking world, many doctoral advisors (not all, but many) encouraged and
supported their students to independently propose and pursue their own research topics and
methods. In fact, students were praised and evaluated specifically on how independently they
had acted in finding a dissertation topic and carrying out their research on it. In contrast,
students in the modern U.S. system are generally expected to work on a specific dissertation
topic assigned by their advisor, using the specific methods and materials provided by their
advisor, a process which neither teaches nor rewards creativity in young scientists.

• Doctoral advisors in the German-speaking world typically did not claim credit for their stu-
dents’ research. They usually allowed their students to publish or patent the resulting research
discoveries by themselves, without adding the doctoral advisor’s name to the publication or
patent. That was very di↵erent than the modern U.S. system, where every resulting publica-
tion or patent bears the advisor’s name as the authoritative final author, even if the advisor
made no real contribution to the actual scientific discovery.

• In the German-speaking world, doctoral advisors generally did not use students as cogs in their
own machine. Advisors were expected to serve their students by teaching them, mentoring
them, and allowing them to pursue their own independent research. In the modern U.S.
system, students typically serve their advisor by carrying out work essential for the advisor’s
own project, by publishing papers featuring the advisor’s name to build up the advisor’s
reputation, and by helping the advisor to write grant proposals, teach classes, or do anything
else requested by the advisor.

• Doctoral advisors in the German-speaking world usually were personally carrying out their
own research projects. In laboratories and symposia, various mentors and students were con-
stantly rubbing shoulders as fellow researchers. Such a rich environment provided excellent
role models for the students, promoted independence and creativity, and facilitated cross-
pollination of ideas among all of the mentors and students. In contrast, doctoral advisors in
the modern U.S. system generally spend most of their time writing research grant proposals
and issuing orders to their students to carry out specific tasks for those research grants. That
modern approach does not give the students good role models for research, does not cultivate
independence and creativity, and does not allow many inspiring interactions among all of the
mentors and students at the university.

As just a few examples of this mentorship style, the doctoral dissertation experiences of some
German-speaking creators are given on the following pages.
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Leo Szilard explained that students could either propose their own doctoral dissertation topic or
ask their advisor to suggest a topic; Szilard asked his advisor Max von Laue for a topic, but ended
up coming up with his own original idea and pursuing that [Weart and Szilard 1978, pp. 9–11]:

A student of physics had great freedom in those days in Berlin. Boys left high school
when they were eighteen years old. They were admitted at the University without any
examinations. There were no examinations to pass for four years, during which time
the student could study whatever he was interested in. When he was ready to write a
thesis, he either thought of a problem of his own or he asked his professor to propose
a problem on which he could work. At the better universities, and Berlin belonged to
them, a thesis in order to be acceptable had to be a piece of really original work. If the
thesis showed the student to be really able and was accepted, the student had to pass
an oral exam.

At some point, rather early, I went to von Laue, who was professor of theoretical physics,
and asked him whether he would give me a problem on which I could work to get my
doctor’s degree... I had this problem [in the theory of relativity] which von Laue gave
me, but I couldn’t make any headway with it. As a matter of fact, I was not even
convinced that this was a problem that could be solved. [...]

I went for long walks and I saw something in the middle of the walk; when I came home
I wrote it down; next morning I woke up with a new idea and I went for another walk;
this crystallized in my mind and in the evening I wrote it down. There was an onrush
of ideas, all more or less connected, which just kept on going until I had the whole
theory fully developed. It was a very creative period, in a sense the most creative period
in my life, where there was a sustained production of ideas. Within three weeks I had
produced a manuscript of something which was really quite original.

[...] I took the manuscript to von Laue. I caught him as he was about to leave his class
and I told him that while I had not written the paper which he wanted me to write, I
had written something else, and I wondered whether he might be willing to read it and
tell me whether this could be used perhaps as my dissertation for the Doctor’s degree.
He looked somewhat quizzically at me, but he took the manuscript. And next morning,
early in the morning, the telephone rang. It was von Laue. He said, “Your manuscript
has been accepted as your thesis for the Ph.D. degree.”

In 1929, Michael Polanyi articulated the German-speaking system of higher education in science
[István Hargittai 2016]:

In Germany the professors grab the students’ hands, if he is supposed to be gifted. They
are like art collectors whose obsession is discovering talent. They educated me and gave
me a position where I could address myself to my abilities. They gave me everything
and demanded nothing of me. They trust that who gets to know the joy of scientific
work, will never leave it as long as he lives.

Michael Polanyi also practiced the same approach that he had observed and praised. One of his
doctoral students was Eugene Wigner. Wigner gave an especially detailed description of how Polanyi
mentored him while allowing him to independently pursue his own ideas of how to apply quantum
physics to chemical reactions, even though Polanyi himself was not interested in quantum physics
[Szanton 1992, pp. 76–81]:
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And there at the Kaiser Wilhelm Institute worked a man who decisively marked my
life: Dr. Michael Polanyi. Few people in this century have done such fine work in as
many fields as Polanyi. After László Rátz of the Lutheran gimnázium, Polanyi was my
dearest teacher. And he taught me even more than Rátz could, because my mind was
far more mature. After Rátz and my parents, Polanyi was my greatest influence as a
young man. [...]

But his finest gift was to encourage my work in physics, and this he did with all of his
very great heart. In all my life, I have never known anyone who used encouragement as
skillfully as Polanyi. He was truly an artist of praise. And this praise was vital to me
because it was often missing at the great afternoon physics colloquia.

Because Polanyi was a decade my senior and held a far higher position, it was not quite
proper for him to befriend me as he did. But Polanyi cared nothing for formal questions
of age and status. That was part of his great sweetness. Polanyi was concerned instead
that young men should love science and labor to understand it. He was concerned that
he could never fully share his love and the knowledge he had gathered.

Like me, Polanyi enjoyed asking questions outside the realm of basic science: Why is the
world divided into separate nations? Why do all nations have governments? How should
a man live his life in a world filled with evil? Polanyi even taught me some poetry. He
made learning a great pleasure.

Dr. Polanyi and I did not always see eye to eye. Polanyi found quantum theory too
mathematical for his liking. I was the only one in his lab deeply interested in it. [...]

Polanyi advised my doctoral dissertation at the hochschule. I chose a topic far from the
crystallography of Weisenberg or Herman Mark: chemical reaction rates. I wondered:
How do colliding atoms form molecules? We knew that hydrogen and oxygen make
water in a container, but how soon? How much depends on pressure and how much on
temperature? I pursued such questions with elements far more complex than hydrogen
and oxygen.

Polanyi was a wonderful advisor. He understood chemical reaction rates both in theory
and practice. He accepted my proposal that angular momentum is quantized and that
the atoms collide in a proportion consistent with Planck’s constant. This idea is now
widely known, but then it was rather brash. And studying chemical reaction rates taught
me much about nuclear reaction rates that would be useful in future years. [...]

So Herman Mark was a strong teacher, but Michael Polanyi was really the miraculous
one. Polanyi loved to ask the fundamental question: “Where does science begin?” He
listened to the thoughts of others on this question, but he also had his own well-crafted
answer: “When a body of phenomena shows coherence and regularity.”

Polanyi loved and honored the scientific method with great truth and devotion. He
managed to keep all of science within his fond gaze and a great deal more besides.
What a mentor Michael Polanyi was.

Herbert Fraenkel recounted how John von Neumann produced his own revolutionary doctoral dis-
sertation in mathematics, a work that bore the stamp of genius so clearly that Fraenkel and other
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professors who did not know von Neumann but read the draft dissertation could “recognize the
lion by its claw” (ex ungue leonem in Latin) [Macrae 1992, pp. 95–96]:

Around 1922–23, being then professor at Marburg University, I received from Professor
Erhard Schmidt of Berlin a long manuscript of an author unknown to me, Johannes von
Neumann, with the title “Die Axiomatisierung der Mengenlehre” [The Axiomatization
of Set Theory], this being his eventual doctoral dissertation... I was asked to express my
views since it seemed incomprehensible. I don’t maintain that I understood everything,
but enough to see that this was an outstanding work and to recognise “ex ungue leonem.”

Hans von Ohain’s doctoral advisor at the University of Göttingen was Robert Pohl, an expert on
solid state and optical physics. Ohain was already independently pursuing his own longer-term ideas
which would lead to the first jet aircraft, but he needed to pick a doctoral dissertation research
topic that could be accomplished within a shorter period of time. That topic, a microphone that
used light waves instead of electricity to pick up sound waves, was also independently proposed and
pursued by Ohain. Ohain described how Pohl gave him general advice, encouraged him to create
innovations that were as revolutionary as possible, and allowed him to pursue his ideas on his own
[Conner 2001, p. 17]:

He left me pretty much alone, but we had nice discussions about physics and became
better acquainted. He gave me one personal lecture that I remember well: “You know,
Hans, the thing is this, either you do good physics or you do really creative applications. I
would hate to see you, as my student, making nothing out of technology but doodle signs,
so to speak, and nothing really creative.” I told him about my ideas on the turbine for
aircraft and he said, “When you have something which really revolutionizes technology
by employing physics, this is fine, but don’t do mediocre stu↵.” He encouraged me very
much to go into the applications area because “You have a flair and a talent for that.”

Ohain’s independence in proposing and pursuing his doctoral dissertation research topic was central
to Pohl’s written evaluation of that dissertation when it was completed [Conner 2001, p. 23]:

The light relay constructed by Mr. von Ohain has meaning, not only for the technical
purpose specified in the work, but is also adaptable for application in many physical
tasks. Mr. von Ohain conceived the idea for this design entirely on his own and carried
out the physical investigation of the relay’s characteristics with a refreshing self-reliance.
With the completion of the work, not only has he pulled o↵ a great experimental un-
dertaking, but also demonstrated the ease with which he could apply his knowledge of
theoretical physics to practical problems. I can without reservation recommend a grade
of “Very Good” for Mr. von Ohain’s work.

Similarly, Wernher von Braun was able to pursue his own ideas for rockets as a doctoral dissertation,
with the support of Erich Schumann as his advisor [Neufeld 2007, p. 68]:

As spring finally came to northern Germany, von Braun completed his University of
Berlin physics dissertation, “Design, Theoretical and Experimental Contributions to
the Problem of the Liquid-Fuel Rocket,” in mid-April. A major section on the theory
of combustion in a rocket engine can fairly be described as physics, but most of the
typescript was actually an engineering treatise on his rocket motors, the A-1 vehicle, and
the test instrumentation. Ordnance considered the work so sensitive that the dissertation
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was given a cover name, “Regarding Combustion Experiments,” a boring and opaque
pseudotitle that would appear in his graduation paperwork and on his doctoral diploma.
Schumann and Wehnelt, his two examiners in physics, were so impressed with the work
that they gave it the Latin distinction “eximium”—extraordinary, the highest possible
grade.

Just as von Ohain and von Braun were allowed to pursue their own revolutionary ideas as students,
once they received their Ph.D.s, people like Ernst Heinkel (p. 1523) gave them the freedom and
resources to continue to pursue their own ideas. The other creators were similarly successful in
being able to continue to pursue their own ideas.

It is interesting to note that this frequent (but not universal) style of mentorship in academia
was similar to the frequent (though not universal) style of management in science and engineering
companies, suggesting that this tendency was a general (but not universal) element of German-
speaking culture. For example, immediately after World War II, Allied investigators visited the
Leitz company and wrote a glowing report about what they found [BIOS 1436 pp. 10–11]:

60. The main items of production at the time of inspection, besides the Leica camera,
were binoculars, projection apparatus and microscopes. The microscopes included the
H. Powder Binocular, Students, Panphot and Ortholux. [...]

61. The Leitz factory is a well-run, happy organisation, this being due in no small
measure to the family nature of the business and to its importance in the neighborhood.
Discipline is strict without being severe and one gets the impression of great interest by
employees of every grade in the work being performed.

62. This pride in workmanship and the just pride all have in their world-wide reputation
for quality work is the permeating spirit of the place and helps greatly to o↵set apathy
caused by the present dismal state of the country.

63. The products coming from the Leitz works are equal to any turned out before the
war although in some cases the finish is inferior due to poor materials, especially paints
and enamels.

64. The team came away with the impression that the Leica camera is still worthy of
its pre-eminent position and that the skill of the craftsmen is very much in evidence in
the Leitz factory.

Thus many German-speaking companies, like many German-speaking academic labs, treated junior
members as craftsmen who should be aided and rewarded in developing their own skills and given
their proper place. In the modern U.S. system, unfortunately too many senior people in both
academia and industry seem to consider students or employees to be interchangeable, disposable
units whose primary purpose is to enrich the professors or executives at the top (see Section 1.1
and references therein).
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10.2.4 Average Age for Final Degree

The ages at which the German-speaking creators received their highest degrees (not counting those
whose education was delayed by factors such as war, work, or illness) tended to be remarkably
low by modern standards, or even by the standards of the early U.S. research system. A major
reason is that in the older German-speaking world, students could (and very often did) graduate
from the Gymnasium (the German-speaking equivalent of a U.S. high school) at age 18 or so, then
directly enter a doctoral program at a university and receive their final degree four or so years
later.1 In contrast, students in most of the modern world (and even in the early U.S. research
system) typically spend many years earning a bachelor’s degree (and often a master’s degree)
between the time they graduate from high school and when they finally enter a doctoral program.
Modern doctoral programs can also be much longer than those in the earlier German-speaking
world, although that does not necessarily mean that they are better.

As a representative data set to illustrate this pattern of ages for final degrees, one can consider
scientists who were educated primarily or entirely in the German-speaking world and:

1. Won a Nobel Prize in Physiology or Medicine prior to 1991 (Table 10.3, choosing this cuto↵
date to exclude most of those who were educated after 1945).

2. Won a Nobel Prize in Chemistry prior to 1991 (Table 10.4).

3. Won a Nobel Prize in Physics prior to 1991 (Table 10.5).

4. Created certain major innovations but did not win a Nobel Prize (Table 10.6, to pick some
representative major creators who worked in fields such as engineering, mathematics, earth
science, and other areas not considered for Nobel Prizes).

In order to keep the data set focused on the German-speaking educational system, scientists who
had some of their training in that system but a significant part of their training outside that
system (e.g., Americans such as Irving Langmuir who completed their education in Germany, or
Germans such as Ernst Chain who completed their education outside the German-speaking world)
are omitted from these tables.

Unless otherwise noted, all of the individuals in these four tables graduated with a Ph.D. Where
noted, some received an M.D. (especially among the winners of a Nobel Prize in Physiology or
Medicine). As indicated in the tables, a handful of these individuals (such as Albert Einstein)
graduated with a final degree that was not a doctorate. As also noted, a few individuals were
delayed in receiving their final degree, due to military service, war disruptions, serious illness, or
work obligations.

1See for example: Arnold 1882; Ash 1997; Beier 1902; Ben-David 1992; Brown 1911; Herrlitz 2009; Paulsen 1906,
1908; Röhrs 1995; Russell 1899; Schrader 1893; Schwinges 2007.
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Students could graduate at any time of year, depending on when their doctoral thesis was completed
and approved. In most cases only the year of graduation and not the exact date was readily available.
In such cases, the graduation was assumed to have occurred on average in the middle of the year,
and the students’ ages at graduation calculated accordingly. Any errors caused by this assumption
should mostly cancel each other out when averages are taken over entire groups of people.

Nobel Prize Name Born Graduated Age

1901 Emil von Behring 15 March 1854 1878 24 (M.D.)
1905 Robert Koch 11 December 1843 January 1866 22 (M.D.)
1908 Paul Ehrlich 14 March 1854 1882 28 (M.D., work)
1909 Theodor Kocher 25 August 1841 March 1865 23 (M.D.)
1910 Albrecht Kossel 16 September 1853 1877 23 (M.D.)
1914 Róbert Bárány 22 April 1876 1900 24 (M.D.)
1922 Otto Meyerhof 12 April 1884 1909 25 (M.D.)
1924 Willem Einthoven 21 May 1860 1885 25 (M.D.)
1927 Julius Wagner-Jauregg 7 March 1857 1880 23 (M.D.)
1929 Christiaan Eijkman 11 August 1858 13 July 1883 24 (M.D.)
1930 Karl Landsteiner 14 June 1868 1891 23 (M.D.)
1931 Otto Warburg 8 October 1883 1906 22
1935 Hans Spemann 27 June 1869 1895 25 (work)
1936 Otto Loewi 3 June 1873 1896 23
1937 Albert Szent-Györgyi 16 September 1893 1917 23 (M.D.)
1939 Gerhard Domagk 30 October 1895 1921 25 (M.D., war)
1947 Carl Cori 5 December 1896 1920 23 (M.D.)
1947 Gerty Cori 15 August 1896 1920 23 (M.D.)
1948 Paul Müller 12 January 1899 1925 26 (work)
1949 Walter Hess 17 March 1881 1906 25 (M.D.)
1950 Tadeusz Reichstein 20 July 1897 1922 24 (work)
1953 Hans Krebs 25 August 1900 1925 24 (M.D.)
1953 Fritz Lipmann 12 June 1899 1924 24
1956 Werner Forssmann 29 August 1904 1929 24 (M.D.)
1957 Daniel Bovet 23 March 1907 1929 22
1961 Georg von Békésy 3 June 1899 1926 26 (war)
1964 Feodor Lynen 6 April 1911 March 1937 25
1969 Max Delbrück 4 September 1906 1930 23
1973 Karl von Frisch 20 November 1886 1910 23
1973 Konrad Lorenz 7 November 1903 1928 24 (M.D.)
1973 Nikolaas Tinbergen 15 April 1907 Spring 1932 25
1978 Werner Arber 3 June 1929 1958 29 (military)
1984 Georges Köhler 17 April 1946 April 1974 28 (work)

Table 10.3: Ages at final degree for scientists who were educated primarily or entirely in the German-
speaking world and won a Nobel Prize in Physiology or Medicine prior to 1991.
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Nobel Prize Name Born Graduated Age

1901 Jacobus van ’t Ho↵ 30 August 1852 1874 21
1902 Emil Fischer 9 October 1852 1874 21
1905 Adolf von Baeyer 31 October 1835 1858 22
1907 Eduard Buchner 20 May 1860 1888 28 (work)
1909 Wilhelm Ostwald 2 September 1853 1878 24
1910 Otto Wallach 27 March 1847 1869 22
1913 Alfred Werner 12 December 1866 1890 23
1915 Richard Willstätter 13 August 1872 1894 21
1918 Fritz Haber 9 December 1868 May 1891 22
1920 Walther Nernst 25 June 1864 1887 22
1923 Fritz Pregl 3 September 1869 1894 24 (M.D.)
1925 Richard Zsigmondy 1 April 1865 1889 24
1927 Heinrich Wieland 4 June 1877 1901 24
1928 Adolf Windaus 25 December 1876 1900 23
1929 Hans von Euler-Chelpin 15 February 1873 1895 22
1930 Hans Fischer 27 July 1881 1908 26 (M.D.)
1931 Carl Bosch 27 August 1874 1898 23
1931 Friedrich Bergius 11 October 1884 1907 22
1936 Peter Debye 24 March 1884 1908 24
1937 Paul Karrer 21 April 1889 1911 22
1938 Richard Kuhn 3 December 1900 1922 21
1939 Adolf Butenandt 24 March 1903 1927 24
1939 Leopold Ruz̆ic̆ka 13 September 1887 1910 22
1943 George de Hevesy 1 August 1885 1908 22
1944 Otto Hahn 8 March 1879 1901 22
1950 Otto Diels 23 January 1876 1899 23
1950 Kurt Alder 10 July 1902 1926 23
1953 Hermann Staudinger 23 March 1881 1903 22
1959 Jaroslav Heyrovský 20 December 1890 1918 27 (war)
1963 Karl Ziegler 26 November 1898 1920 21
1967 Manfred Eigen 9 May 1927 1951 24 (war)
1971 Gerhard Herzberg 25 December 1904 1928 23
1973 Ernst Otto Fischer 10 November 1918 1952 33 (war)
1975 Vladimir Prelog 23 July 1906 1929 22
1979 Georg Wittig 16 June 1897 1926 29 (war)
1988 Johann Deisenhofer 30 September 1943 1974 30 (military)
1988 Robert Huber 20 February 1937 1963 26 (military)
1988 Hartmut Michel 18 July 1948 June 1977 28 (military)

Table 10.4: Ages at final degree for scientists who were educated primarily or entirely in the German-
speaking world and won a Nobel Prize in Chemistry prior to 1991.
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Nobel Prize Name Born Graduated Age

1901 Wilhelm Röntgen 27 March 1845 1869 24
1902 Hendrik Lorentz 18 July 1853 1875 21
1902 Pieter Zeeman 25 May 1865 1893 28
1905 Philipp Lenard 7 June 1862 1886 24
1909 Karl Braun 6 June 1850 1872 22
1910 Johannes van der Waals 23 November 1837 June 1873 35 (work)
1911 Wilhelm Wien 13 January 1864 1886 22
1913 Heike Kamerlingh Onnes 21 September 1853 1879 25
1914 Max von Laue 9 October 1879 1903 23
1918 Max Planck 23 April 1858 February 1879 20
1919 Johannes Stark 15 April 1874 1897 23
1921 Albert Einstein 14 March 1879 1900 21 (no doctorate)
1925 James Franck 26 August 1882 1906 23
1925 Gustav Hertz 22 July 1887 1911 23
1932 Werner Heisenberg 5 December 1901 1923 21
1933 Erwin Schrödinger 12 August 1887 1910 22
1936 Victor Francis Hess 24 June 1883 1910 26
1943 Otto Stern 17 February 1888 1912 24
1945 Wolfgang Pauli 25 April 1900 July 1921 21
1952 Felix Bloch 23 October 1905 1928 22
1953 Frits Zernike 16 July 1888 1915 26
1954 Max Born 11 December 1882 1906 23
1954 Walther Bothe 8 January 1891 1914 23
1961 Rudolf Mössbauer 31 January 1929 1958 29 (work)
1963 Eugene Wigner 17 November 1902 1925 22
1963 Maria Goeppert Mayer 28 June 1906 1930 23
1963 Johannes Hans Jensen 25 June 1907 1932 24
1967 Hans Bethe 2 July 1906 1928 22
1971 Dennis Gabor 5 June 1900 1927 27 (war)
1984 Simon van der Meer 24 November 1925 1952 26 (war)
1985 Klaus von Klitzing 28 June 1943 1972 28 (work)
1986 Ernst Ruska 25 December 1906 1933 26
1986 Gerd Binnig 20 July 1947 1978 30 (work)
1986 Heinrich Rohrer 6 June 1933 1960 27 (military)
1987 Johannes Georg Bednorz 16 May 1950 1982 32 (work)
1987 Karl Alexander Müller 20 April 1927 1957 30 (war)
1989 Hans Georg Dehmelt 9 September 1922 1950 27 (war)
1989 Wolfgang Paul 10 August 1913 1940 26 (war)

Table 10.5: Ages at final degree for scientists who were educated primarily or entirely in the German-
speaking world and won a Nobel Prize in Physics prior to 1991.
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Field Name Born Graduated Age

Aerospace Wernher von Braun 23 March 1912 1934 22
Aerospace Adolf Busemann 20 April 1901 1924 23
Aerospace Hans von Ohain 14 December 1911 1935 23
Aerospace Herbert Wagner 22 May 1900 1923 23 (war)

Biology Edith Bülbring 27 December 1903 May 1928 24 (M.D.)
Biology Alfred Kühn 22 April 1885 1908 23
Biology Erwin Popper 9 December 1879 1903 23 (M.D.)

Chemistry Gerhard Herzberg 25 December 1904 1928 23
Chemistry August Kekulé 7 September 1829 1852 22

Earth science Beno Gutenberg 4 June 1889 1911 22
Earth science Alfred Wegener 1 November 1880 1905 24 (work)

Electronics Paul Eisler 1907 1930 23
Electronics Julius Lilienfeld 18 April 1882 18 February 1905 22
Electronics Heinz Schlicke 13 December 1912 1937 24

Mathematics Richard Courant 8 January 1888 1910 22
Mathematics John von Neumann 28 December 1903 1926 22
Mathematics Hermann Weyl 9 November 1885 1908 22

Mechanical Rudolf Diesel 18 March 1858 January 1880 21 (no doctorate)
Mechanical Wilhelm Nusselt 25 November 1882 1907 24

Optics Ernst Abbe 23 January 1840 23 March 1861 21

Physics Edward Teller 15 January 1908 1930 22
Physics Carl Friedrich von Weizsäcker 28 June 1912 1933 21
Physics Arnold Sommerfeld 5 December 1868 24 October 1891 22
Physics Victor Weisskopf 19 September 1908 1931 22
Physics Hans Geiger 30 September 1882 23 July 1906 23
Physics Leo Szilard 11 February 1898 1922 24 (war)

Table 10.6: Ages at final degree for selected scientists who were educated primarily or entirely in
the German-speaking world and created major innovations but did not win a Nobel Prize.
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Table 10.7 summarizes the average ages at graduation for the scientists from Tables 10.3–10.6,
excluding those whose education was delayed by war, work, or illness. These German-speaking
creators tended to receive their highest degree at:

• Between ages 22 and 23 for a Ph.D. This pattern holds across all fields, as illustrated by the
examples in Tables 10.3–10.7.

• Between ages 23 and 24 for an M.D. In the German-speaking world, obtaining an M.D.
generally required about one year longer than obtaining a Ph.D.

Using these same methods, Section 11.2.4 analyzes the ages at graduation for scientists who were
educated primarily or entirely in the United States and won a Nobel Prize in Physiology or Medicine,
Chemistry, or Physics prior to 1991. For ease of comparison, the results of that analysis (again
excluding those whose educations were delayed) are also summarized here in Table 10.7. As may
be seen, on average those U.S.-educated scientists took approximately two years longer to complete
their education than their contemporary counterparts from the German-speaking world. A two-year
head start on an independent research career can be quite significant, especially when those are
two years when the scientists are at the peak of their creative powers and energies, and presumably
less hindered by obligations to family and bureaucracy than they would be later in their careers.

As a further comparison, the current situation in the U.S. educational system is even worse. For
those receiving a doctorate in 2017, the median age at graduation was 31.6
[www.nsf.gov/statistics/srvydoctorates/]. That is nearly a decade older than students who received
a Ph.D. from the earlier German-speaking world.

Age at graduation from Age at graduation from
Category of people German-speaking world U.S. system

Ph.D., Physics Nobel 1901–1990 23.2 years 25.1 years
Ph.D., Chemistry Nobel 1901–1990 22.4 years 24.7 years
Ph.D., Medicine Nobel 1901–1990 23.6 years 25.2 years
M.D., Medicine or Chemistry Nobel 23.8 years 25.0 years
Final degree, all science Nobelists 23.0 years 24.9 years
Ph.D., non-Nobel sample 22.4 years —
Ph.D., Nobel + non-Nobel sample 22.7 years 25.0 years
M.D., Nobel + non-Nobel sample 23.8 years 25.0 years
Final degree, Nobel + non-Nobel sample 22.9 years 24.9 years

Table 10.7: Ages at final degree for selected scientists educated in German-speaking and U.S.
systems.
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A modern observer might object that students need to learn much more now, yet physics, chemistry,
mathematics, engineering, and other fields had already been well developed by the early twentieth
century, and German-speaking students took extensive coursework in them. For example, Hans
Bethe’s university transcripts show that he took the courses listed in Table 10.8 [Schweber 2012,
pp. 402–403, 419–420]:

Di↵erential and Integral Calculus I
..... with Exercises
Higher Arithmetic
Exercises for Higher Arithmetic
Experimental Physics I
The Experimental Foundations of Atomistics
General Chemistry I (Inorganic Chemistry)
Accounting with Exercises
Mechanics
Exercises in Mechanics
Experimental Physics II
General Physical Chemistry
General Chemistry II (Inorganic Chemistry)
Seminar on Inorganic Chemistry
Inorganic Chemistry Laboratory
The Mechanical and Electrical Properties
..... of Matter
The Foundations of Modern Physics
Organization of People and States
Di↵erential Geometry
Special Topics in Theoretical Physics
..... (Quantum Theory, Theory of Relativity)
Modern Spectroscopy
Physics Laboratory for Beginners
Electrochemistry
Chemical Thermodynamics
Seminar on Inorganic Chemistry
Chemical Laboratory in Inorganic Chemistry
Di↵erential Equations in the Real Domain
Exercises in Di↵erential Equations
Mechanics
Advanced Experimental Physics I:
..... Mechanics, Acoustics, Heat
Exercises in Advanced Experimental Physics
Universal Physical Constants and the Methods
..... of Their Determination
Exercises in Theoretical Physics

Physical Laboratory for Advanced Students
General Chemistry II: Atomics
Chemical Laboratory in Inorganic Chemistry
Continuum Mechanics (Carathéodory)
Physical Chemistry II
Chemical Forces and Constitution
Partial Di↵erential Equations of Physics
Exercises—Partial Di↵erential Equations
..... of Physics
Theory of Magnetism
Theory of Band Spectra
Dispersion of Light and X-Rays
Physics Exercises for Advanced Students
Psychology
Introduction to Politics
Electrochemistry
Experiments in Electricity and Light
Theoretical Physics Seminar
Exercises—Mechanics
Selected Problems in Quantum Theory
Experimental Physics for Advanced Students
The Political Parties of the Reichstag
Colloid Chemistry
Experimental Methods, Properties,
..... and the Theory of Crystal Lattices
Continuum Mechanics (Sommerfeld)
Exercises—Continuum Mechanics
Structure of Matter
Electrodynamics
Exercises—Electrodynamics
Quantum Mechanics
Physics of the Sun
Optics
Wave Mechanics
Theoretical Physics Seminar (Summer 1927)
Theoretical Physics Seminar (Winter 1927)
Theoretical Physics Seminar (Summer 1928)

Table 10.8: University courses taken by Hans Bethe.
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Lest one worry that the quality of the above courses may not have matched their quantity, it should
be noted that the classes on Bethe’s transcript were personally taught by Walther Gerlach, Otto
Hahn, Arnold Sommerfeld, Wilhelm Wien, and other scientific luminaries.

Bethe’s university transcript is fairly typical for German-speaking science students of that time.
The courses in a Gymnasium were so extensive, so advanced, and so rigorous that German-speaking
students graduated at age 18 or so having already learned much of what modern students learn
after high school for their bachelor’s degree. Moreover, doctoral dissertations at German-speaking
universities tended to focus much more on the novelty of the student’s ideas and solutions than on
how many years the student had toiled on that research. That allowed students in German-speaking
doctoral programs to still spend several years taking a wide range of university courses. In contrast,
many modern doctoral programs only allow students to take a few courses before they are expected
to spend many years on the research assembly line for the rest of the program.

One might try to argue that modern Ph.D. students accomplish much more than students in the
older German-speaking world by spending more of their university years doing research. However,
the dissertation research of the German-speaking creators resulted in some of the seminal papers
in their fields, whereas modern Ph.D. students may spend years toiling away primarily to pad their
Ph.D. advisor’s CV with extra papers that few people ever read.

The net e↵ect is that the German-speaking creators were free to pursue independent research
careers on average approximately two years sooner than their contemporary peers in the United
States, and nearly a decade sooner than modern U.S. scientists. Relative to modern scientists,
that means not just nearly a decade of additional work, but nearly a decade of additional work
performed when the scientists were at their peak energy and creativity in life, and also generally
less weighed down by family and professional obligations. That di↵erence is demonstrated by the
dramatic accomplishments of most of the German-speaking creators by the time they had reached
31 or 32 years old, the age at which average Ph.D. students are just finally graduating in the modern
United States.

In fact, the real di↵erence is even larger than that. Many (though certainly not all) of the German-
speaking creators were able to conduct truly independent research as soon as they obtained their
doctoral degrees, if not before. In contrast, scientists who receive a Ph.D. or M.D. in the mod-
ern U.S. system typically then have to spend many years following older supervisors’ instruc-
tions in postdoctoral jobs (often multiple postdoctoral jobs in a row), residencies, or entry-level
positions at corporate or government laboratories. In 2012, the average age at which Ph.D. sci-
entists received their first National Institutes of Health (NIH) research project grant was 41.9,
and the average age at which M.D. scientists received their first NIH research grant was 43.8
[report.nih.gov/Workforce/PSW/]. Thus many German-speaking creators achieved scien-
tific and creative independence two whole decades in life earlier than scientists in the
modern U.S. system.

As discussed in more detail in Chapter 12, this data suggests that one way to improve the modern
innovation system would be to eliminate redundancies between high school and undergraduate
education, streamline the graduate school educational process, greatly lower the average ages at
which scientists receive their final degrees and their first financial grants, and give young scientists
much more independence during their most energetic and creative years.
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10.2.5 Interdisciplinary Approach

Scientists who made major contributions to multiple disciplines, and fraternization among scientists
from di↵erent disciplines, were much more common in the older German-speaking world than in the
modern world. That interdisciplinary approach apparently facilitated production of and support
for innovators and innovations.

Although broadly supportive innovation systems did not begin to assume a coherent form in the
German-speaking world until the early nineteenth century, there were many examples of individual
German-speaking creators who arose earlier, and who served as role models for the much larger
numbers of later creators. Most of those early role models were strongly interdisciplinary, and they
were revered by the German-speaking world for that trait (among others). As shown in Fig. 10.7,
some examples included:

• Athanasius Kircher (German states, 1602–1680), who conducted groundbreaking research
on geology and microbiology, analyzed Egyptian hieroglyphs, and built novel clocks, image
projectors, and musical instruments [Findlen 2004; Joscelyn Godwin 2009].

• Gottfried Leibniz (Saxony, 1646–1716), who made major contributions to math, physics,
engineering, computing machinery, geology, paleontology, biology, economics, philosophy, and
other subjects [Antognazza 2009].

• Leonhard Euler (Swiss, 1707–1783), who did seminal work in math, physics, engineering,
astronomy, optics, fluid mechanics, logic, and other areas [Calinger 2015].

• Johann Wolfgang von Goethe (German states, 1749–1832), who was revered for his novels,
plays, poetry, memoirs, and studies in geology, paleontology, botany, color, and other fields
[Douglas Miller 1988].

• Alexander von Humboldt (Prussian, 1769–1859), who made major contributions to botany,
geography, meteorology, archaeology, and other subjects [Wulf 2015].

• Wilhelm von Humboldt (Prussian, 1767–1835), Alexander’s older brother, who did important
work in linguistics, philosophy, and political science, but had the greatest impact on the
development of all levels of education in the German-speaking world [Borsche 1990].

These and other early multidisciplinary role models had a profound impact on the developing
German-speaking innovation systems, making the German-speaking world especially enthusiastic
about training, employing, and celebrating multidisciplinary scholars. In particular, Wilhelm von
Humboldt’s ideas were central to the German-speaking education and research systems. As already
noted (see p. 1481), those ideas of Bildung included (1) promoting learning for its own sake, not
just to enter a career, which encouraged education that was much broader than was actually needed
by any specific job, and (2) promoting lifelong learning, long after leaving formal schools, which
allowed a person to explore more and more fields over the course of a lifetime.
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Figure 10.7: Some examples of very early, highly influential interdisciplinary scholars in the German-
speaking world included Athanasius Kircher, Gottfried Leibniz, Leonhard Euler, Johann Wolfgang
von Goethe, and the brothers Alexander and Wilhelm von Humboldt.
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As a result of this longstanding and deeply ingrained multidisciplinary culture in the German-
speaking world, there were a large number of creators in the nineteenth and twentieth centuries who
made major contributions to multiple fields. Tables 10.9–10.10 list some representative examples.
Even scientists who only worked in one field frequently rubbed shoulders with those in other fields,
as students, as professors, at seminars and conferences, and in the co↵eehouses outside of work.
All of these interactions served to promote new insights and innovations within fields and cross-
fertilization of ideas between fields.

That broad, interdisciplinary approach is in stark contrast to the microspecialization that is widespread
in modern education and research.

Creator Fields of creations

Otto Ambros Magnetic recording, synthetic rubber, organophosphates
Manfred von Ardenne Television, electron microscopes, radar, nuclear physics, plasma physics
Heinrich Barkhausen Magnetic recording, radar
Emil(e) Berliner Microphone, record player, helicopter
Friedrich Bessel Astronomy, mathematics
Felix Bloch Solid state physics, NMR/MRI, nuclear physics, radar
Konrad Bloch Cholesterol metabolism, hormones, fatty acid metabolism
Karl Braun Radio, television, radar, semiconductor devices
Adolf Butenandt Hormones, gene mutations
Peter Debye Photons, solid state physics, solution chemistry, polymers, X-ray di↵raction
Max Delbrück Quantum electrodynamics, radiation, DNA mutations, bacteriophage
Kra↵t Ehricke Rockets, nuclear engineering, solar system
Walter Elsasser Quantum physics, nuclear physics, geomagnetism, systems biology
Anton Flettner Teleoperated robots for land, water, and air; rotor ships; helicopters
James Franck Photoelectric e↵ect, nuclear physics, photosynthesis
Otto Frisch Quantum physics, nuclear physics, laser scanning
Gustav Fritsch Neuroanatomy, zoology, astronomy, ethnography
Herbert Fröhlich Solid state physics, biophysics
George Gamow Nuclear physics, cosmology, genetic code
Thomas Gold Astronomy, biophysics, aerospace engineering, geophysics
Peter Goldmark Television, phonograph, magnetic recording
Hermann Grassmann Math, physics, linguistics
Helmut Gröttrup Avionics, rockets, chip card
Erich Habann Radar, rockets, semiconductors
Hermann von Helmholtz Vision, hearing, electromagnetism, thermodynamics
Ulrich Henschke Prostheses, neural interfaces, cancer brachytherapy, flight simulators
Gerhard Herzberg Molecular spectroscopy, molecular structures, free radicals

Table 10.9: Some examples of German-speaking creators who made contributions in multiple fields.
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Creator Fields of creations

George de Hevesy Chemistry, nuclear physics, biomolecule isotope labels
Fritz Houtermans Nuclear physics, astrophysics, geophysics
Gustav Franz Hüttig Nuclear physics, radar, rockets
Theodore von Kármán Solid state physics, aerodynamics, R&D strategy
Richard Kuhn Vitamins, organophosphates, antibiotics
Hermann Lehmann Hemoglobin, pharmacokinetics
Ernst Mach Aerodynamics, optics, relativity, sense of balance
Hans Mauch Jets, prostheses, neural interfaces, space suits, aviation controls
Walther Nernst Thermodynamics, chemistry, solid state physics, acoustics
John von Neumann Mathematics, computers, physics, economics, etc.
Rudolf Peierls Solid state physics, Manhattan Project
Auguste Piccard Atmospheric science, cosmic rays, oceanography
Michael Polanyi Physical chemistry, materials science, medicine, economics,

philosophy, epistemology, etc.
Eugen Sänger Space shuttles, ramjets, antimatter propulsion
Rudolph Schoenheimer Biomolecule isotope labels, cholesterol/atherosclerosis
Erwin Schrödinger Quantum physics, color vision, theoretical biology
Werner von Siemens Sea mines, telegraph, electric elevator, dynamos, speaker, trolley
Leo Szilard Nuclear physics, statistical physics, molecular biology, etc.
Edward Teller Nuclear physics, physical chemistry, climate change, etc.
Stanislaw Ulam Nuclear engineering, computers, mathematics, bioinformatics
Herbert Wagner Wings, jet engines, smart bombs, missiles, nuclear engineering
Hellmuth Walter Rockets, aircraft, submarines
Eugene Wigner Physical chemistry, nuclear engineering, particle physics
Richard Willstätter Chlorophyll, chromatography, gas mask filters, enzymes
Karl Zimmer Nuclear physics, DNA mutation
Fritz Zwicky Jet propulsion, astrophysics, ionic crystals and electrolytes

Table 10.10: More examples of German-speaking creators who made contributions in multiple fields.
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10.2.6 Scientific Leadership and Decision-Making Style

During the nineteenth and early twentieth centuries, German-speaking areas in Europe often tended
toward rather autocratic styles of government, with examples including numerous regional monar-
chies before 1871 and some afterward, Otto von Bismarck, Kaiser Wilhelm II, and the Third Reich
[Berghahn 2005; Fullbrook 2004; Kitchen 1996; Mann 1968; Thomson 1962]. Perhaps because of
this culture, the German-speaking research world during this time was also populated by a number
of autocratic leaders. Of course, an autocratic scientific leader can do great harm if that individ-
ual is personally malicious and/or scientifically incompetent, as demonstrated by the profoundly
negative impact of Joseph Stalin’s hand-picked biology leader Trofim Lysenko (1898–1976) on real
biologists and real biology research in the Soviet Union for many decades. However, if autocratic
scientific leaders are very well-intentioned and well-informed, they can potentially bypass a number
of bureaucratic obstacles, champion promising ideas and talented scientists that might otherwise
be overlooked by the crowd, and push rapid and sustained progress in key areas of research. The
German-speaking research world appears to have greatly benefited from a number of such “enlight-
ened despots” or technocrats during the nineteenth and early twentieth centuries.

These enlightened despots had di↵erent individual styles, various opportunities, and di↵ering levels
of success. They were all imperfect in their scientific judgment and/or personal character. Indeed,
some of them had profound moral flaws that certainly should not be countenanced, let alone
emulated. Nonetheless, like their counterparts in the 1940s–1960s U.S. research system (Section
11.2.6), each of these German-speaking despots had three characteristics that could also be useful
in the modern research system:

• The strong and direct support of very high authorities (in many cases to the very top of the
government).

• A keen eye for revolutionary innovators and innovations.

• The ability to directly o↵er steady employment and funding for any innovators and innovations
they deemed worthy, essentially unencumbered by any bureaucratic processes for application,
review, approval, renewal, etc.

There were many examples of such enlightened despots in the German-speaking world; just a few
are given in this section.

Justus von Liebig (German, 1803–1873), shown in Fig. 10.8, is considered the founder of
organic chemistry and made major discoveries in biochemistry and botany. However, he made
an even greater impact by designing the first formal university teaching curriculum and research
program for chemistry, successfully lobbying for government funding for it, and recruiting and
training over 700 students. Thus he was the father of all of the chemistry research and education
system for which Germany became so famous, and the earliest of the enlightened scientific despots
presented here. In the next century, the Nobel-Prize-winning chemist Fritz Haber wrote of von
Liebig [Farber 1961, p. 537]:
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He felt in himself the call for an accomplishment for which no man’s strength and life
span could be su�cient. He meant to build up chemistry, of which there was nothing in
Germany, and outside of Germany only a modest knowledge in the realm of inanimate
nature, so richly and splendidly that there would be order, light, coherence, and system.
Through his example and his teaching he meant to show the direction and pave the way
for young people, the path which led to an understanding of the events in animate
nature, and a new flourishing of industry. What he wanted has become in our day the
common will of a great branch of science that he created. What we have gained was
accomplished because the succeeding generations stood on his shoulders.

Leopold Graf von Thun und Hohenstein (Austrian, 1811–1888), also shown in Fig. 10.8,
was the Austrian minister of education 1849–1860. In that capacity, he had a great impact by
reforming Austrian universities and other schools and by hiring very innovative scientists and
engineers. Encyclopedia Britannica summarized his approach [EB 1911,
en.wikisource.org/wiki/1911 Encyclopædia Britannica/Thun-Hohenstein]:

At first he threw himself with great energy into the task of building up an adequate sys-
tem of schools. He summoned experienced teachers, Protestant as well as Catholic, from
Germany, established middle and higher schools in all parts of the empire, superseded
the antiquated textbooks and methods of instruction, and encouraged the formation of
learned societies and the growth of a professional spirit and independence among the
teachers. It is noticeable that at this time he insisted on the use of German in all schools
of higher education. [...] His high social position, his influence at court, his character,
as well as his undoubted abilities and learning, not often in Austria found in a man of
his rank, gave him great influence.
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Figure 10.8: Examples of scientific “enlightened despots” who had a very large impact on the
German-speaking world: Justus von Liebig, Leopold Graf von Thun und Hohenstein, Friedrich
Altho↵, and Friedrich Schmidt-Ott.
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Friedrich Altho↵ (German, 1839–1908), shown in Fig. 10.8, was perhaps the most important
enlightened scientific despot in the history of the German-speaking world. Altho↵’s major position
was the Prussian minister of culture for a quarter of a century, 1882–1907, in which capacity he
held state government funding power over educational and research institutions within the Prussian
state of the larger unified Germany. Yet because Prussia was the founding and most powerful state
of unified Germany, and because Altho↵ had so many powerful connections and was so talented with
Machievellian political methods behind the scenes, his power was immense and reached throughout
the German-speaking world, even assisting Arnold Sommerfeld in Bavaria.

Altho↵ gave direct financial and political support to a large number of scientists who ultimately
made major discoveries, many of whom in turn also acted as enlightened despots to o↵er financial
and political support to later talented young scientists. Some scientists and engineers who directly
benefited from Altho↵’s support included:

• Emil von Behring (German, 1854–1917), who would win a Nobel Prize in 1901 for
developing therapeutic antibodies.

• Paul Ehrlich (German, 1854–1915), who would win a Nobel Prize in 1908 for his work
on immunology and therapeutics.

• Heinrich Hertz (German, 1857–1894), who demonstrated electromagnetic waves and
laid the foundation for everything from radio to radar.

• Felix Klein (German, 1849–1925), shown in Fig. 10.9, who introduced a number of
innovations in mathematics but even more importantly built up the University of Göttingen
as a major research and educational center with direct assistance from Altho↵.

• Robert Koch (German, 1843–1910), shown in Fig. 10.9, who would win a Nobel Prize
in 1905 for studying bacterial infections.

• Walther Nernst (German, 1864–1941), who would win a Nobel Prize in 1920 for physical
chemistry.

• Max Planck (German, 1858–1947), shown in Fig. 10.9, who would win a Nobel Prize
in 1918 for quantum physics, handled all theoretical physics papers in the major physics
journal, Annalen der Physik, almost single-handedly from 1895 until 1943, and educated and
supported a large number of young scientists including Max Abraham, Walther Bothe, Gustav
Hertz, Erich Kretschmann, Max von Laue, Julius Lilienfeld, Walther Meissner, Lise Meitner,
Fritz Reiche, Moritz Schlick, and Walter Schottky.

• Ludwig Prandtl (German, 1875–1953), shown in Fig. 10.9, who pioneered mathematical
aerodynamics and was also a strong political advocate for the same agenda as Altho↵.

• Arnold Sommerfeld (German, 1868–1951), shown in Fig. 10.10, who pioneered much of
quantum and solid state physics, and who found, mentored, and supported a vast number of
talented young scientists including Karl Bechert, Hans Bethe, Peter Debye, Paul Epstein, Paul
Ewald, Herbert Fröhlich, Erwin Fues, Ernst Guillemin, Werner Heisenberg, Walter Heitler,
Helmut Hönl, Ludwig Hopf, Walther Kossel, Adolf Kratzer, Herbert Krömer, Alfred Landé,
Otto Laporte, Wilhelm Lenz, Wolfgang Pauli, Linus Pauling, Rudolf Peierls, Walter Rogowski,
Werner Romberg, Rudolf Seeliger, Heinrich Welker, and Gregor Wentzel.
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Figure 10.9: More examples of scientific “enlightened despots” who had a very large impact on the
German-speaking world: Felix Klein, Robert Koch, Max Planck, and Ludwig Prandtl.
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Figure 10.10: More examples of scientific “enlightened despots” who had a very large impact on
the German-speaking world: Arnold Sommerfeld, Carl Duisberg, Wilhelm Ohnesorge, and Ernst
Heinkel.
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As just one example of the enormous impact of Altho↵ on individual careers, Paul Ehrlich wrote
the following note of gratitude to Altho↵ on 27 July 1907 [Sachse 1928, p. 235]:

Ich persönlich danke Ihnen meine ganze
Karriere und die Möglichkeit, meine Ideen
nutzbringend auszugestalten. Als Assistent
herumgeschubst, in die engsten Verhältnisse
eingezwängt—von der Universität gänzlich
ignoriert—kam ich mir ziemlich unnütz vor.
Ich habe nie einen Ruf an die kleinste Stelle
erhalten und galt als Mensch ohne Fach, d. h.
vollkommen unverwertbar. Wenn Sie da nicht
mit starker Hand und genialer Initiative für
mich eingetreten wären, wenn Sie mir nicht mit
rastlosem Eifer und gütiger Freundschaft die
Arbeitsmöglichkeiten zurechtgemacht hätten,
unter denen ich mich entwickeln konnte, wäre
ich vollkommen brachgelegt gewesen.

I personally thank you for my entire ca-
reer and the opportunity to make my ideas
useful. As an assistant pushed around,
squeezed into the tightest conditions—
completely ignored by the university—I
felt rather useless. I never received a call
to the least position and was considered
a person without specialty, in other words
completely unusable. If you had not been
there for me with a strong hand and in-
genious initiative, if you had not showered
me through untiring zeal and benevolent
friendship with employment opportunities,
through which I could develop myself, I
would have been totally broken down.

In 1911, the German sociologist and political economist Max Weber summed up both the enlight-
ened and the despotic aspects of Altho↵’s approach to scientific management, as well as their legacy
in the German-speaking world [Baumgart 1980, p. 9]:

Es ist sehr schwierig über diesen Mann zu
sprechen. Er war wirklich nicht nur ein guter
Mensch im spezifischen Sinne des Wortes, son-
dern er war ein Mann von sehr weiten Gesicht-
spunkten,... dem die deutschen Universitäten
Dinge verdanken, die in gewissem Sinne un-
sterblich sind... Und in personaler Hinsicht
kann nicht nachdrücklich genug betont wer-
den...: Nepotismus gab es unter ihm nicht...
Aber... die Mittel, mit welchen die preußis-
che Unterrichtsverwaltung arbeitete, waren
die denkbar rücksichtslosesten. ... Der Ein-
fluss des Altho↵schen Systems hat direct ko-
rrumpierend gewirkt.

It is very di�cult to talk about this man.
He really was not just a good man in
the specific sense of the word, but he was
a man with a very broad point of view,
... to whom the German universities owe
things that are unending in a sense... And
in personal terms it cannot be stressed
strongly enough...: there was no nepotism
under him... But... the means by which
the Prussian educational administration
worked were the most ruthless conceivable.
... The influence of Altho↵’s system has
had a directly corrupting e↵ect.

Altho↵ also played a critical role in establishing several whole research institutions, including the
many Kaiser Wilhelm Institutes (which had an enormous impact on all scientific fields in the
following decades, and became the Max Planck Institutes after World War II), the Koch Institute
for Infectious Diseases (Berlin), the Institute for Serum Research and Therapy or the Georg-Speyer-
Haus (Frankfurt), the Institute of Hygiene and Experimental Therapy (Marburg), the International
Association Against Tuberculosis, the University of Münster, the Royal Academy in Poznan, the
Gdansk Institute of Technology, the Wroclaw Institute of Technology, and the early plans of what
would become the Friedrich Loe✏er Institute on Riems island after Altho↵’s death. Likewise, Altho↵
greatly expanded several existing institutions, including the University of Berlin, the University of
Göttingen, and the Berlin Charité research hospital.
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As already noted, many of Altho↵’s scientific protégés, such as Felix Klein, Max Planck, Ludwig
Prandtl, and Arnold Sommerfeld, became enlightened despots themselves, greatly advancing dif-
ferent parts of the German-speaking research world (Figs. 10.9–10.10). As covered below, Friedrich
Schmidt-Ott was arguably Altho↵’s most powerful and most influential protégé, even though he
was not a scientist (just as Altho↵ was not a scientist). Thus Altho↵’s protégés, and the people
whom they supported, exponentially multiplied the e↵ect that Altho↵ had on the German-speaking
world.

Friedrich Schmidt-Ott (German, 1860–1956), shown in Fig. 10.8, was Friedrich Altho↵’s
assistant for many years. When Altho↵ retired and then died, Schmidt-Ott continued to play the
same role that Altho↵ had, through his positions in several science funding organizations. Schmidt-
Ott was the Prussian minister of culture (like Altho↵ before him), president of the Emergency
Association of German Science (Notgemeinschaft der Deutschen Wissenschaft, which he helped
to establish in 1920), a vice president and member of the advisory boards of the Kaiser Wilhelm
Institutes, and chairman of the Donor Federation of the Emergency Association of German Science
(Stifterverband der Notgemeinschaft der Deutschen Wissenschaft, which he also helped to create
in 1920).

In an interview with István Hargittai, the DNA pioneer Erwin Charga↵ (see p. 78) recounted his
interaction with Schmidt-Ott. The episode also serves as an excellent example of how the enlightened
despots made funding decisions [István Hargittai 2000–2006, Vol. I, p. 24]:

[Interviewer] How did they decide who should get support?

It was very di↵erent. They didn’t believe in peer review, and neither do I, for that
matter. I can tell you about my case. I was told by Martin Hahn that if I wanted
to supplement what the Department paid me, I should make an application to the
Deutsche Notgemeinschaft for a grant. A certain amount would then be branched o↵ to
supplement my salary, and I could buy chemicals, etc. I made an application and got
an invitation in writing to see, and this was incredible, the chief of the Notgemeinschaft
who wasn’t even a scientist. His name was Schmidt-Ott and he was an orientalist. I was
let into the o�ce of His Excellency, and he made me sit down and we started talking
about what books I was reading at that time. Then he asked me about my plans and I
told him that I had written a proposal about my work on polysaccharides of tubercle
bacilli and so on. He asked me what was a polysaccharide. I explained and then he
said that I would soon hear from him. Three days later I had the grant. This is not as
stupid as it may seem. If you get the right people they don’t have to spend too much
time on it. I find it silly when they call this proposal valuable and the other proposal
not valuable. Most proposals are half so and half so because one doesn’t know yet, and
if it is good it may still not work. So the peer reviews are completely useless except
that they grow into old boys networks. I think the most important is to get the general
behavior, the general way of thinking of the person rather than to decide that this is a
marvelous problem. They are not marvelous except in lucky hands, in very gifted hands.
The hands you can’t look at in a proposal.

As illustrated by the following examples, other enlightened scientific despots at that time or later
appear to have arisen independently of Altho↵, again perhaps because of the generally autocratic
government style that was pervasive in that region at that time.
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Carl Duisberg (German, 1861–1935), shown in Fig. 10.10, ran one of the first large corporate
research programs at Bayer and then engineered the creation of the even larger research and de-
velopment entity, I.G. Farben, by the merger of Bayer with other companies, ultimately resulting
in a whole range of innovative medical, chemical, and materials science products. Historian Ulrich
Marsch described the impact of Duisberg’s strategy [Marsch 1994a, pp. 56–59]:

When IG Farben was founded in late 1925 the organization of research was not a major
issue. Decentralization of research had been practiced by all constituent companies for
more than forty years was thus simply continued. [...]

IG was under control of the technical men: members of the Managing Board and the
key Technical Committee. A decisive element in the technical structure of IG became
the TEA-Büro, though it was never meant to play that role. Here the scientific and
technical directors of the works and laboratories met and proposed via the Technical
Committee, TEA, new projects or investment. We have also seen that the decision
to place a product on the market was made by scientifically trained middle managers
(heads of works laboratories, and technical commissions) after the successful completion
of tests and application processes. Unlike DuPont, where salesmen were more involved
in future products, at IG the scientists were in charge.

There are even more di↵erences between IG and DuPont that are worth noting. As it
was put recently, IG had a much “leaner” management with fewer hierarchies between
production and administration, and especially a closer contact between researchers,
research directors and the top management. The project and budget system and the
absence of a rigid controlling system of the laboratories’ expenses exemplify the relative
autonomy of the scientific men inside IG Farben. Also, the existence of independently
working individual scientists within the organized research work of the large laboratories
and the close contact between those scientists and the research directors shows the
importance of the individual scientist right into the 20th century and casts doubts on
the absolute priority of team work stressed today. [...]

The argument that the absence of a centralized Research and Development Department
at IG caused strategical disadvantages is somewhat misleading: all major German chem-
ical firms before 1925 had grown that way. Putting the main focus only on the Main
Laboratories means telling only a small part of the whole story. It was the close connec-
tion between research and production and the parallel existence of centralized scientific
laboratories, scientific works laboratories, product works laboratories and many techni-
cal stations that built the basis for the success of the German chemical companies for
more than forty years. IG continued this tradition successfully. The innovative process
happened in many locations, and the more research and application sites there were,
the more likely was invention and innovation.
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Wilhelm Ohnesorge (German, 1872–1962), shown in Fig. 10.10, studied physics as a university
student yet made a career in the German Post O�ce (Reichspost). From that position, he single-
handedly turned the Post O�ce into a strong sponsor of a wide variety of innovative research on
particle accelerators, isotope separation, fission reactions and explosives, radar, television, electron
microscopy, robotics, and other projects. Ohnesorge gave strong financial and political support to
scientists including Manfred von Ardenne, Siegfried Flügge, and others. Helmut Joachim Fischer,
a physics Ph.D. who was highly placed in the SS, gave a good description of Ohnesorge [Helmut
Fischer 1988, pp. 133–134]:

Die Reichspost hatte von jeher technische
Aufgaben zu bewältigen und stützte sich da-
her auf umfangreiche Forschungs- und En-
twicklungsarbeiten auf dem Gebiet der Fern-
meldetechnik und anderer für das Postwesen
nützlichen Techniken. Dafür gab es in Darm-
stadt ausgedehnte Laboratorien neben dem
Reichspostzentralamt in Berlin-Tempelhof,
dessen Präsident Prof. Gladenbeck war.

The Reichspost has always had to cope with
technical tasks and therefore relied on exten-
sive research and development work in the
field of telecommunications technology and
other technologies useful for the postal sys-
tem. To this end, Darmstadt had extensive
laboratories alongside the Reichspost central
o�ce in Berlin-Tempelhof, whose president
was Prof. Gladenbeck.

Diesen vorgegebenen Rahmen sprengte der
ehrgeizige Reichspostminister Ohnesorge. Er
hatte einst bei Lenard Physik studiert und
interessierte sich allgemeiner für wehrwis-
senschaftliche Probleme und schaltete zu
ihrer Bearbeitung Mitarbeiter und Ein-
richtungen der Reichspost ein. Reichspost-
Forschungsanstalten entstanden in der Nach-
barschaft von Berlin in Kleinmachnow
und in Miersdorf. Sie betrieben natur-
wissenschaftliche Grundlagenforschung, und
das Institut in Miersdorf unter Dr. Ban-
neitz befaßte sich sogar ernsthaft mit Kern-
physik, wobei die Herstellung einer Atom-
bombe angestrebt wurde. Überdies span-
nte Ohnesorge, der über genügend Geldmit-
tel verfügen konnte und auf die Hilfe des
Reichsforschungsrates nicht angewiesen war,
auch Hochschulinstitute (wie etwa in Hei-
delberg) und zudem den tüchtigen Privat-
forscher Manfred von Ardenne mit seinem
eigenen Laboratorium in Berlin-Lichterfelde
für seine Forschungsziele ein. Sowohl in
Miersdorf als auch im Institut Ardennes be-
gann der Bau je einer 60-Millionen-Volt-
Zyklotron-Anlage und von Hochspannungs-
geräten, die mit einer Million Volt arbeiten.

The ambitious Reichspost Minister Ohne-
sorge went beyond this rigid framework. He
had once studied physics with Lenard and
was more interested in military science prob-
lems in general and called in employees and
institutions of the Reichspost to deal with
them. Reichspost research institutes were es-
tablished in the vicinity of Berlin in Klein-
machnow and in Miersdorf. They carried out
basic scientific research, and the institute in
Miersdorf under Dr. Banneitz was even se-
riously concerned with nuclear physics, with
the aim of producing an atomic bomb. In ad-
dition, Ohnesorge, who had su�cient funds
at his disposal and was not dependent on
the help of the Reich Research Council, also
employed university institutes (such as Hei-
delberg) and the capable private researcher
Manfred von Ardenne with his own labora-
tory in Berlin-Lichterfelde for his research
goals. Both in Miersdorf and at Ardenne’s
Institute, construction began on 60 million
volt cyclotron facilities and on high-voltage
equipment operating at one million volts.
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Ernst Heinkel (German, 1888–1958), shown in Fig. 10.10, was the formidable founder and
manager of the Heinkel Flugzeugwerke aircraft company. He personally recruited, directly financed,
and politically defended a number of revolutionary creators and their creations, including the de-
velopment of turbojet engines by Hans von Ohain, Herbert Wagner’s research group, and others;
the development of rocket planes by Wernher von Braun, Hellmuth Walter, and others; the de-
velopment of advanced airfoils and jet aircraft by Siegfried and Walter Günter and others; the
first practical ejection seats in aircraft; and other projects. Heinkel described his recruitment and
support of young scientists and engineers [Heinkel 1956, pp. 210–231]:

In November, 1935, I met a young man, today famous, but who at that time was
unknown. Wernher von Braun, since his first year at college, had been passionately
interested in the development of rockets.

When I met him he was testing a primitive rocket engine on the artillery testing grounds
at Kummersdorf. [...]

“With this rocket engine,” von Braun said to me, “one should be able to propel a plane.”
[...]

This was the beginning of my close association with von Braun. I drove to Kummers-
dorf, where he was working with some of his friends in a dreary shed. After our first
discussions, I delivered to him the fuselage of the He 112 fighter, complete with under-
carriage. I also lent him a team of riggers headed by my engineer, Walter Künzel. At
the beginning of 1936 this team moved to Kummersdorf. [...]

While these first bench experiments in Kummersdorf—a matter of life or death for
those who took part, particularly for the pilot—were being carried out, I received a
letter from Professor Pohl, head of the Science Institute at the University of Göttingen.
He informed me that he had an assistant, Pabst von Ohain, who was working on a new
power unit for airplanes, which did not use a propeller. Von Ohain was very capable. He
had already spent his private means carrying out experiments, but now he had reached
the end of his resources. Pohl assured me that the young man’s ideas were scientifically
sound and that it should be possible to put them into practice.

I wrote at once and arranged for von Ohain to come to Warnemünde on March sev-
enteenth. He turned out to be a very likeable young man, scarcely twenty-four years
old, a brilliant scientist obviously filled with a burning faith in his idea. He admitted
that he as a pure theoretician, and needed both technicians and money to realize his
theories. His theories corresponded to what I have already outlined about turbine or jet
propulsion, and were primarily concerned with the type of engine that was later known
as a centrifugal jet unit.

I hired von Ohain at once, together with a technician named Hahn who had been his
assistant in Göttingen. I pledged both of them to utmost secrecy. The same was true
for the Günter brothers and Schwärzler, whom I now took into my confidence. Within
a month I had a special shed built in Marienehe, completely cut o↵ from the rest of the
factory. No one had access to it apart from those directly engaged in the work. I placed
this shed at the disposal of Ohain and Hahn.
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When Wagner’s jet unit group first approached the Ministry they were told that all
preliminary experiments and experiences must be turned over to an aircraft engine
works, which alone could guarantee the necessary “practical application.” The result
was that most of Wagner’s people quit Junkers and returned to the Aviation Institute
in Berlin. Some of them, however, had apparently heard of the progress of my own work.
They applied for jobs in my factory and I took them on. [...]

While the group under Ohain devoted its main attention to an engine with a centrifugal
compressor similar to the He S 3, I decided to form a new group, partly composed
of the new technicians but under the general direction of Ohain, to undertake the
construction of an engine with an axial compressor. I meant to pursue two parallel lines
of development in order to determine which one produced the best results. [...]

The second engine group, however, also had its eye on other types of propulsion unit,
particularly the mixed type which, designated as a “compound engine,” [turboprops or
turbofans] is today fairly common in America for large airplanes of moderate speed.

This resulted in the formation of several special divisions which concerned themselves
with the development and testing of the most diverse new kinds of engines. The divi-
sions had such code designations as TL (Turbo-jet; Turbine-Luftstrahl); STL (ramjet-
turbo-jet; Staurohr-Turbine-Luftstrahl); or ML (reciprocating engine and jet; Motor-
Luftstrahl). [...] For the time being I went along with this trend, because nothing can
be so instructive as a number of parallel developments. [...]

...at that stage of development in a new field it was not possible to adopt certain types
and write o↵ others, as could be done later. The capable scientists and designers now
working together under me already knew the snags to be avoided—for our parallel
developments embraced nearly the entire field.

This apparently was also Udet’s opinion when finally, at the end of 1939, I won him
over to the idea that this new development was of the utmost importance. [...] Udet
also found a way to protect me from Mauch’s and Schelp’s obstructionist tactics...

Adolf Baeumker (German, 1891–1976) ran research programs for the Air Force (Luftwa↵e)
from a series of increasingly elevated positions during the period 1924–1945 (Fig. 10.11). After the
war, he advised both the United States and West Germany on Air Force research programs until
the 1960s, proving how widely his talent as a research manager was recognized. Aerospace historian
Ernst Hirschel gave a brief overview of Baeumker’s importance [Hirschel et al. 2004, p. 72]:

Baeumker may be considered as one of the first “Science Managers” in Germany. He
established the “Aeronautical Research Council” (“Forschungsrat für Luftfahrt”), ini-
tiated by Prandtl and von Kármán, to promote the exchange between research and
industry. [...] 1935 he created the “Lilienthal-Society” [...] and he founded in 1936 the
“German Academy for Aeronautical Research” (“Deutsche Akademie der Luftfahrt-
forschung”). [...] 1945 he goes to the USA, where he worked for various military o�ces.
1958 he is transferred to the European Headquarter of the American Air Force (US-
AFE) in Wiesbaden to work for the cooperation in research and development between
the Federal Republic of Germany and the USA. He advises in the sixties German and
American head o�ces in Bonn, among other things, also to unite non-university German
aerospace research.
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Figure 10.11: More examples of scientific “enlightened despots” who had a very large impact on
the German-speaking world: Adolf Baeumker, Erich Schumann, Hans Kammler, and Wernher von
Braun and Walter Dornberger.
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Erich Schumann (German, 1898–1985), shown in Fig. 10.11, was a physics professor at the
University of Berlin, chief physicist of the Army Ordnance O�ce (Heereswa↵enamt), and member
of the Reich Research Council (Reichsforschungsrat). In those positions, he led or was directly
involved in research on rockets (he was Wernher von Braun’s doctoral dissertation advisor), armor-
penetrating shaped charge conventional explosives, fission reactions and explosives, fusion reactions
and explosives, biological weapons, quite likely chemical weapons, and other areas [Nagel 2012a].
Schumann recruited scientists for all of these areas and supported them both financially and polit-
ically. Ultimately all of these technologies that he helped to develop became critical components of
Cold War military arsenals and strategies for the United States, Soviet Union, and other countries.
The historian Rainer Karlsch gave a thumbnail sketch of Schumann, the many hats that he wore,
and the many ways that various other people perceived him [Karlsch 2005, pp. 31–32]:

Die Forschungsstelle des HWA ging bei
allen Projekten vom Grundsatz aus, die
vorhandenen Strukturen, dazu gehörten
Universitäten, außeruniversitäre Forschung-
seinrichtungen und Firmen, in ihrem Sinne
zu nutzen und zu steuern. Im HWA selbst
wurden nur Forschungen angesiedelt, die
aufgrund ihrer militärischen Bedeutung
nicht “außer Haus” gegeben werden kon-
nten.

Leiter der Forschungsabteilung des HWA
war seit 1934 Ministerial-dirigent Professor
Erich Schumann. Er war in kurzer Zeit zu
einem Multifunktionär aufgestiegen. Seit
1929 leitete er die Abteilung für Akustik
am Physikalischen Institut der Berliner
Universität und lehrte experimentelle und
theoretische Physik. Zum Direktor des neu
gegründeten II. Physikalischen Instituts
wurde er 1934 ernannt. Sein Interesse galt
vor allem der Sprengsto↵physik. Gegenüber
den Hochschulkreisen war Schumann stets
bemüht, seine Rückendeckung durch die
Wehrmacht zu betonen. Seine Einstufung
als Ministerial-dirigent entsprach beim Heer
etwa dem Rang eines Generalmajors. Nicht
wenigen seiner Gesprächspartner blieb er als
“General” in Erinnerung, beeindruckend in
Uniform und durch sein temperamentvolles
und dynamisches Auftreten.

In all its projects, the Army Ordnance
O�ce’s research center was based on the
principle of using and controlling the ex-
isting structures, including universities,
non-university research institutions and
companies, in their interests. In the Army
Ordnance O�ce itself the only research that
was conducted was that which could not be
sent “out of the house” due to its military
implications.

Since 1934 Professor Erich Schumann
had been head of the research department
of the Army Ordnance O�ce. Within a
short time he had become a multifunc-
tional o�cial. From 1929 he headed the
Department of Acoustics at the Physics
Institute of Berlin University and taught
experimental and theoretical physics. He
was named director of the newly founded
Second Physics Institute in 1934. His main
interest was in explosives physics. Schumann
was always anxious to emphasize his support
by the military to the university circles. His
classification as a ministerial o�cial was
roughly equivalent to that of a major general
in the army. Not a few of his interlocutors
remembered him as “General,” impressive in
uniform and with his spirited and dynamic
appearance.
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Über Schumanns Qualitäten als Wissenschaftsor-
ganisator gingen die Meinungen der Zeitgenossen
weit auseinander. Die einen sahen in ihm einen
fähigen Wissenschaftler und großen Förderer
der Kampfsto↵forschung und Sprengsto↵physik,
die anderen nannten ihn einen Scharlatan, der
sich in den Dienst von windigen Projekten
stellte. [...] Doch Schumann auf die Rolle eines
eitlen Machtmenschen zu reduzieren, hieße seine
wissenschaftliche Kompetenz und sein organ-
isatorisches Talent zu unterschätzen.

The opinions of his contemporaries dif-
fered widely about Schumann’s quali-
ties as a scientific organizer. Some saw
him as a capable scientist and great sup-
porter of warfare research and explo-
sives physics; others called him a char-
latan who was at the service of windy
projects. [...] But to reduce Schumann
to the role of a vain power man would
be to underestimate his scientific com-
petence and organizational talent.

Hans Kammler (German, 1901–?), is worthy of special mention and is shown in Fig. 10.11
[Agoston 1985]. He had a doctoral degree in engineering and rose to the level of General (Ober-
gruppenführer) in the SS. Over the course of World War II, Kammler gained control over more
and more of the military’s advanced R&D programs. By the end of the war he controlled virtually
all of the major programs—rockets, missiles, jets, nuclear technology, directed energy technologies,
etc.—and then he mysteriously vanished. New evidence proves that he was secretly captured and
interrogated by the United States; see pp. 3078–3087. It is unclear how much Kammler contributed
to the success of these programs versus how much he simply took over already successful programs,
but at a minimum it is clear that he had formidable political skills and a strong taste for very inno-
vative, high-impact research. Of course, he also ordered or assisted in the murder of large numbers
of people, so he is certainly not a role model. Helmut Fischer, a physics Ph.D. who was highly
placed in the SS’s security o�ce, succinctly described Kammler [Helmut Fischer 1988, p. 64]:

Eine besondere Rolle spielte dabei der Leiter
der Gruppe C des WVHA [Wirtschafts- und
Verwaltungs-Hauptamt], SS-Gruppenführer
Hans Kammler. Anlässlich der Erstellung
von Bauten in Peenemünde, wo die Vergel-
tungswa↵e V 2 gescha↵en wurde, kam
Kammler mit den Verantwortlichen für
die V-Wa↵en in Berührung. Er machte
sich bald unentbehrlich, riss immer mehr
Zuständigkeiten an sich und wurde schliesslich
zum massgeblichen Mann für die Fertigung
der Vergeltungswa↵en. Aber damit nicht
genug! Der ehrgeizige Kammler schaltete
sich auch in die Forschungs- und Entwick-
lungsarbeiten zur Konstruktion neuartiger
Wa↵en ein. Dazu erlangte Kammler auch
die Befehlsgewalt über die Sondereinheiten
der Wehrmacht, die für den Fronteinsatz der
V-Wa↵en aufgestellt worden waren. Kammlers
Machtstellung wurde schliesslich so stark, dass
Speer als Reichsminister für Rüstung und
Kriegsproduktion um seine Stellung fürchsten
musste.

A special role was played by the leader
of Group C of the WVHA [Economic
and Administrative Main O�ce], SS-
Gruppenführer Hans Kammler. On the oc-
casion of the construction of buildings in
Peenemünde, where the reprisal weapon V-
2 was created, Kammler came into contact
with those responsible for the V-weapons.
He soon made himself indispensable, in-
creasingly took over responsibilities and
eventually became the key man for the pro-
duction of retaliatory weapons. But that
is not all! The ambitious Kammler also
turned to the research and development
work on the construction of novel weapons.
Kammler also gained command of the spe-
cial forces of the Armed Forces, which had
been set up for the front line of the V-
weapons. Kammler’s position of power was
finally so strong that Speer had to worry
about his position as Minister of Arma-
ments and War Production.
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Wernher von Braun (German, 1912–1977), Walter Dornberger (German, 1895–1980),
and their military and government sponsors provided very strong, driven, focused, long-term sup-
port for the development of large liquid propellant rockets; see Fig. 10.11. Boris Chertok, a leader
of the Soviet rocket programs from the time they acquired experts and technology in Germany in
1945, described von Braun’s management style [Chertok 2005–2012, Vol. 1, pp. 305–306]:

Von Braun’s story is no longer novel, thanks to numerous publications by American,
German, and Soviet researchers, and even television documentaries. For that reason I
will not cram my memoirs with yet another version of von Braun’s biography. Gröttrup
said that one of von Braun’s very good traits was his striving to attract the most
talented people. In doing so, he did not take age into account, and he was not afraid of
competition.

Von Braun had been named technical director of Peenemünde-Ost at the age of twenty-
five! For Germans this was quite unusual. But this shows how highly they valued his
talent, initiative, and rare intuition. According to Gröttrup, von Braun was very atten-
tive to senior, experienced specialists. He made fundamental decisions after having first
gathered and listened to diverse opinions. There was no voting; von Braun always had
the last word, but he managed not to o↵end the other sta↵. In spite of his youth, his
authority was not called into question.

Fifty years after this assessment of von Braun’s management style, I met with an Amer-
ican engineer named Jerry Clubb, who was a participant in the Apollo-Saturn lunar
program, which had been directed by the no longer twenty-five but fifty-five-year-old,
world-renowned creator of the first long-range ballistic missiles. The American talked
about von Braun’s working style in the United States in the same way that I had heard
Gröttrup describe it in 1945 over a cup of co↵ee with whipped cream. [...]

Von Braun had been valued and trusted by Dornberger and the higher military leader-
ship of the infantry forces who had financed the construction of Peenemünde. He did
not have to fear intrigue against himself, and he was able to work confidently as the
technical director. Dornberger, who had become a general at Peenemünde, had always
shielded von Braun. They were a powerful duo.

In spite of various nuances in political views, the main leadership sta↵ had worked
rather harmoniously and very selflessly.

Thus the German-speaking research world appears to have greatly benefited from a number of
enlightened despots during the nineteenth and early twentieth centuries. As shown in Section 11.2.6,
this same sort of enlightened despot approach to identifying and supporting scientific innovators and
innovations was also employed by very successful German-inspired U.S. research and development
programs during their heyday in the 1940s through 1960s. Innovation experts have argued for
bringing back this sort of management approach to improve the modern innovation system, either
as an alternative to or as a supplement for the more conservative modern peer-review/consensus-
based methods [e.g., p. 1726; Azoulay et al. 2019; Braben 2004, 2008, 2014].
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10.2.7 Systems Analysis

One factor in the success of the earlier German-speaking world appears to have been widespread
explicit or implicit application of systems analysis. As shown in Fig. 10.12, systems analysis is a
top-down approach to:

• First identify a whole range of important problems.

• Then choose the most important problem that can be addressed with the available resources.

• Next enumerate all potential types of solutions to that problem, systematically covering all
possibilities and demonstrating that they form a complete set with no omissions.

• Then consider which potential solutions are ruled in or out by laws of nature or by their
inherent disadvantages or advantages.

• Finally focus on pursuing the most promising solutions for the most important problems.

This systems analysis mindset appears to have been deeply ingrained in German-speaking culture
and can be traced back at least as far as Wilhelm von Humboldt at the beginning of the nineteenth
century (see for example the quotes on p. 1481). It was most clearly and fully articulated by Fritz
Zwicky (1898–1974), a Swiss physicist who emigrated to the United States and who referred to the
systems analysis method as the “morphological approach” [Zwicky 1969, pp. 36–37, 105–108]:

It has often been stated that it is no longer possible today to know all or even several
fields of science well, let alone to contribute materially to their advancement. This er-
roneous belief, as well as the rather astounding fact that among men of research there
are but a very few who can make discoveries and inventions in widely separate fields,
proves that the majority of them are either quite incapable of thinking morphologically
or they have not yet learned or been taught to view the world as a whole. Contrary
to the currently entrenched idea that universality of knowledge is a thing of the past,
those who can visualize the true world image will nevertheless be capable of successfully
doing research on many diverse subjects. They will also succeed in producing discov-
eries and inventions that have escaped the specialists in all domains of human activity
because such specialists lack that type of universal outlook which, as I hope to show,
automatically leads to the recognition of entirely new insights. [...]

(a) Morphological research is totality research, which in a completely unbiased way
attempts to derive all the solutions of any given problem.

(b) The morphological approach has developed its own characteristic procedures, such
as the method of the morphological box which will be explained and applied in this
chapter.

(c) The morphological approach gives us the maximum guarantee that no circumstance
is overlooked that might be of importance for the satisfactory accomplishment of any
task before us. [...]
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(h) The morphological approach enables us to systematize our inventiveness. It allows us
to make discoveries and inventions methodically, and in some cases almost automatically.
Without that, we are forced to resort to haphazard procedures of trial and error.

(i) Expressing it pointedly, we may say that the morphologist is a professional genius.
In other words, it is his profession to be a genius who is capable of pursuing original
research and making discoveries and inventions in all fields of human endeavour. Those
who are commonly thought to be geniuses are actually amateurs whose accomplishments
in restricted fields are more or less accidental and bear the mark of dilettantism. [...]

For the construction of any morphological box and for the subsequent evaluation of the
information that may be contained in it we proceed as follows:

First Step. The problem to be solved must be very concisely formulated.

Second Step. All of the parameters that might be of importance for the solution of the
given problem must be localized and analyzed.

Third Step. The morphological box or multidimensional matrix, which contains all of
the potential solutions of the given problem, is constructed.

Fourth Step. All the solutions contained in the morphological box are closely scrutinized
and evaluated with respect to the purposes that are to be achieved.

Fifth Step. The optimally suitable solutions are being selected and are practically ap-
plied, provided the necessary means are available. This reduction to practice requires
in general a supplemental morphological study.

This systems approach that was described so explicitly by Zwicky appears implicitly throughout the
German-speaking world, both in how the creators selected important problems to address (such
as those summarized in Chapters 2–9), and also in how the creators exhaustively explored all
viable solutions for those problems (for example a whole range of di↵erent types of engines, organic
molecules, aerospace vehicles, etc.).

This top-down approach similarly appears to have been the guiding principle for Friedrich Altho↵
and the other enlightened despots managing the German-speaking world as they decided which
creators and creations were the most important to support. For example, as shown on p. 1523 of
this chapter, Ernst Heinkel and the engineers working for him used systems analysis to consider all
the major types of possible jet engines, and to pursue the most promising ones in parallel in order
to determine which ones would be best.

As another example, Donald Putt’s postwar U.S. investigations into wartime German missile re-
search reported how systems analysis had been thoroughly exploited to consider all possibilities in
the missile programs [Putt 1946a]:

Many of Germany’s research laboratories and several large commercial firms concen-
trated on this field of endeavor. This tremendous e↵ort resulted in 138 guided missiles
and assorted devices, including their modifications. These were of types wholly unknown
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to laymen in the United States. At the outbreak of the war some of these were strictly
“out of this world”—to use a current phrase. In addition, German scientists had de-
veloped other equipment of a type we had considered impracticable, such as the ram
jet.

The stupendous e↵ort in basic research expended by the Germans in the guided missile
field was designed to cover the complete field of potentialities for such weapons. The
losses incurred in Germany by heavy bomber raids can in no way be charged to lack
of preliminary research on missiles. Weapons of this category were divided into the
following classifications:

A. Ground to air.

B. Air to air.

C. Air to ground.

D. Ground to ground.

E. Underwater to underwater.

F. Underwater to ground.

G. Underwater to air.

Moreover, every known type of remote control and fusing means was exploited. These
included radio control, wire control, radar, continuous wave, acoustics, infrared, light
beams, and magnetics.

Likewise, all methods of employing jet propulsion for subsonic and supersonic speeds
were exploited.

Fritz Zwicky was trained in the earlier German-speaking world, and by the time he wrote his 1969
book (quoted above) in the United States, he sounded disappointed that like-minded innovators
had become so scarce in that time and place. They had been much more common in the German-
speaking world.



10.2. SYSTEMIC FACTORS PROMOTING INNOVATION 1531

Figure 10.12: Systems analysis is a methodical, top-down approach for considering all possible
categories of problems of interest, and all possible categories of solutions to those problems, in
order to identify and focus on the most promising solutions for the most important problems.
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10.2.8 Limited Natural Resources

The German-speaking world had tremendous economic and military needs or aspirations, yet ex-
tremely limited natural resources that could be harnessed to fulfill those requirements. This limita-
tion provided an incredibly powerful incentive to create revolutionary new technologies, processes,
and materials that could meet those needs with the available resources. That was especially true
during wartime, yet even between wars, Germany’s lack of resources spurred it to develop synthetic
materials to be more economically competitive against foreign industry. As shown in Fig. 10.13,
examples of that industrial innovation included synthetic dyes, the Haber-Bosch ammonia produc-
tion process, synthetic rubber (butadiene or buna), a wide variety of plastics, synthesized explosive
molecules, ersatz food ingredients and preservatives, synthetic blood plasma, and the development
of biotechnology methods to produce industrial and food products.

Ulrich Wengenroth, a scientific historian at the Deutsches Museum in Munich, described those
conditions and the resulting German achievements [Landes et al. 2010, pp. 290–291, 295–296]:

The showcase of German science-based industry was undoubtedly organic chemistry.
From the 1880s until well after World War II German companies held a commanding po-
sition in most products based on carbon hydrates, especially when it came to high-value
products like pharmaceuticals. [...] The main strategy was always the same: analyze a
natural product and then find ways to synthesize it cheaply from the tar derivatives
the heavy industries and gasworks would abundantly supply. The overabundant sup-
ply of first-rate human capital for industrial research, plus the additional incentive of
not having access to natural resources for colonies, created a situation that proved to
be immensely fortunate. Only the Swiss chemical industry, also with a good supply of
academically trained scientists and no colonies, could match the progress of German
organic chemistry. It was one of the first examples after the Industrial Revolution when
the absence of natural resources proved to be beneficial. Apart from the availability of
highly qualified human capital, the German dyestu↵s industry benefited from having
hit a treasure trove of potential products, and the most innovative entrepreneurs were
smart enough to see and fully utilize that potential. [...]

Germany, which was in no position to safeguard its raw material supplies from a vastly
superior British navy, during conflict and in preparing for war turned to processing poor
raw materials from its own territory and producing Ersatz to overcome supply shortages
by second-rate material. Enormous ingeniousness and innovativeness were invested in
autarchy technologies[...]

The strength of the German chemical industry in synthesizing chemical compounds
that were found in nature or compounds close to them was greatly in demand when the
country went into World War I. Just before the war, Fritz Haber had created a process
to synthesize ammonia, by this being able to produce nitrogen, which had mostly been
imported from South America before the war and, more important, before the blockade
by the British navy. Nitrogen was indispensable for both ammunition and fertilizers.
[...]
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More on the autarchy line like ammonia synthesis were developments of coal hydro-
genation that were begun during World War I and completed with the advent of World
War II to produce both gasoline and rubber from domestic coal. The R & D strategy
was not so di↵erent from chemical synthesis in the prewar years, but it steered away
from international markets and considerations of competitiveness of the new production
lines. What was quite rational, given the resource poverty of Germany and its inability
to break a British naval blockade, slowly turned into a new paradigm of a self-su�cient
Germany that would not have to negotiate its way on international markets but could
retreat into some self-designed cage. While before World War I chemical synthesis was
a way to beat prices and quality of products based on natural resources, after the war
and very much in the Nazi years it became a gospel of independence for conducting
wars.

A lengthy 1946 Harper’s magazine article [Charles Walker 1946] listed a number of examples of
synthetic materials and processes that had been developed in Germany during World War II and
eagerly adopted by the United States after the war; see pp. 63 and 367. Tom Bower summarized
the importance of those synthetic materials for Germany during the war, and for the United States
after the war [Bower 1987, p. 5]:

The proof of German technical prowess is overwhelmingly established in the hundreds
of reports written by Allied investigators who did not shy from describing the Germans’
“astonishing achievement” and “superb invention.” It was also established by the very
survival of Germany during four years of total war despite the prediction during the
first two years of war by British intelligence that the German economy and German
industry faced imminent and total collapse. The blockade on essential minerals, chemi-
cals, and petroleum products, it was argued, would cripple weapons production. But the
very opposite happened, because German scientists developed an astonishing range of
substitutes that not only humiliatingly neutralized the Allied blockade but heralded the
dawn of a new scientific era. [. . .] German scientists had pioneered so many inventions
that many Allied experts would complain that their plunder could do no more than
scratch the surface.

In contrast, the global system in general and the United States in particular have not felt espe-
cially resource-limited over the last several decades, and hence have lacked strong incentives to
develop new synthetic materials and processes beyond those that were previously imported from
the German-speaking world. With rising concerns about climate change, pollution, overuse of nat-
ural resources, and related problems, hopefully that attitude will change, and nations worldwide
will have strong incentives to develop revolutionary new materials and processes to minimize the
impact on the environment.
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Figure 10.13: Limited natural resources strongly motivated innovation in the German-speaking
world from the early 1800s to 1945.
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10.2.9 International Rivalry

Strong competition can forestall a sense of complacency and can therefore spur innovation. From
the early 1800s through 1945, the German-speaking world was highly motivated by both fierce
military competition and fierce economic competition with several other countries (Fig. 10.14):

• The United Kingdom was a strong scientific rival and industrial competitor throughout that
entire time period, and a staunch foe in World War I (1914–1918) and World War II (1939–
1945).

• The United States became a strong industrial competitor from the late nineteenth century
onward, and was a vigorous and ultimately victorious opponent in World Wars I and II.

• France was a waning scientific powerhouse in the nineteenth and early twentieth centuries,
and a military opponent during the Napoleonic Wars (1803–1815), the Franco-Prussian War
(1870–1871), and World Wars I and II.

• Russia was a ferocious military opponent during World Wars I and II.

• There was also significant military and economic rivalry among German-speaking states until
German unification in 1871, with some rivalry among Germany, Austria, and Switzerland
continuing even after that time.

The international rivalries over industrial products and market share were strong drivers for inno-
vations in the German-speaking world, especially in areas such as the chemical industry, electrical
machinery, engines and engine-powered vehicles, and optics. Likewise, the military conflicts and
active planning during peacetime for the next military conflict emphasized the development and
use of new technologies for military purposes—trains to rapidly move troops and supplies, sub-
marines to attack enemy shipping, poison gases to employ against entrenched opponents, aircraft
and rockets to reach other countries, and so forth.
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Figure 10.14: International rivalry strongly motivated innovation in the German-speaking world
from the early 1800s to 1945.
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10.2.10 Industrial Unity of Purpose

Nowadays companies are afraid to create any innovations that they cannot immediately capitalize
on themselves, lest any research that they have funded end up benefiting other companies more
than their own. In contrast, throughout the late nineteenth and early twentieth centuries, Ger-
man industry was willing to invest very large sums of money in revolutionary R&D projects. The
companies were much more afraid of the possibility that Germany might lose to foreign companies
and nations than they were of the possibility that their own company-funded innovations might
benefit another German company. Leaders of di↵erent German companies were united by a strong
sense of common purpose (Fig. 10.15). Ultimately this strong nationalism moved them toward the
extreme of massive monopolies like I.G. Farben and the fascist ideology intertwining government
and industry.

Ulrich Wengenroth, a scientific historian at the Deutsches Museum in Munich, summarized the
history of this German tendency toward “cooperative capitalism” [Landes 2010, pp. 279–280]:

Cartels mushroomed after the protectionist reversal of the 1870s. They were defended
as freedom of contract, and the highest court of the empire in 1897 decided that cartel
arrangements were not only legal but binding on all partners and could be enforced.
To Alfred Chandler, Jr., this was a watershed setting Germany firmly on the path
of cooperative rather than competitive capitalism. By 1897, however, big industry in
Germany had already twenty years of intensive cartelization behind it. The climax of
cartelization came with the Nazis and their Zwangskartellgesetz of 1933, which made
cartels mandatory in the interest of Nazi economic planning. After World War II, under
pressure from the United States, the cartelization of German industry was largely made
illegal if not completely abolished. [...]

Intellectual property rights were hardly protected before 1877 when the German patent
law was passed. Before that year, governments of German states, and particularly of
Prussia, were reluctant to grant patent protection in an e↵ort to ease transfer of knowl-
edge from abroad. [...] All this changed when Prussia believed that German industry
had successfully caught up and was in a position to turn from imitator to bona-fide
innovator. The German patent law protected the process rather than the product, thus
stimulating research for alternative ways to turn out the same product. This proved to
have a highly stimulating e↵ect on corporate research and development.

Wengenroth also gave several examples of how the German propensity for cooperative capitalism
greatly benefited the innovation and international competitiveness of German industry in the fields
of chemicals, electrical equipment, and machinery [Landes 2010, pp. 290–293]:

Charts of tar-based products show a wide spectrum from explosives to anesthesia, Bake-
lite, and a number of synthetic dyestu↵s and their intermediates. In protecting processes
rather than products the German patent law further stimulated the research drive into
ever more fields. It took the German chemical industry’s competitors decades and the
scrapping of all property rights in the wake of the wars slowly to erode the position
it had built by the turn of the century. Only with two paradigm shifts in the indus-
try, from coal to oil and from chemical synthesis to biotechnology, did foreign—mostly
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American—companies draw even with and eventually surpass the “big three,” only two
of which are still German with BASF being number one globally, while Hoechst has
become part of the French Aventis.

—

An industry that was almost as successful in making the most of the great pool of
talent at the many polytechnics was electrical engineering. This industry was governed
by two very di↵erent titans of German enterprise, Werner Siemens, who had intro-
duced the telegraph to Germany, and Emil Rathenau, the founder of AEG (Allgemeine
Electrizitätgesellschaft = General Electric Company). [...]

The outcome on the German market was a duopoly of AEG and Siemens and remained
that until the decline of AEG in the 1980s. [...] Although it has been debated whether
electrical manufacturing was a science-based industry or an industry-based science in
Germany, there is agreement that the close and extensive cooperation of manufacturers
and polytechnics greatly helped to solve innumerable problems occurring on the way
to innovations that eventually created the high reputation for equipment “made in
Germany.”

—

Ludwig Loewe [...] let one of his directors, the twenty-five-year-old Walter Schlesinger,
go to the Berlin polytechnic to conduct research in metal cutting using heavy grinding
machines. [...] The result was the first ever German dissertation in mechanical engineer-
ing, the establishment of a “norm factory” on the premises of Loewe, and the beginning
of what was to become the greatest export success of German mechanical industry
ever, the DIN (Deutsche Industrie Normen)—German industrial norms used by coun-
tries around the world, among them more recently the People’s Republic of China. In
creating norms for fits, Schlesinger and his comrades-in-arms—literally, because most
breakthroughs happened through World War I—established national norms rather than
proprietary factory norms. With national norms, all German industry could participate
in decentralized mass production. Products and components designed meeting these
norms would always fit together. The test run was arms production in World War I,
when a highly decentralized German industry had to turn out components for uniform
mass products. [...]

And as Germany moved ahead in creating a system of norms, other countries did not
bother to invent something new but adopted DIN norms and later also their electrical
counterparts, VDE norms (VDE = German Association of Electrical Manufacturers).
There were very few innovations, if any, that helped German industry better to conquer
export markets for mechanical and electrical products. Schlesinger and Loewe together
had established this path, and others were quick to follow, seeing that agreeing on
a common norm helped German business more than going proprietary. It is no sur-
prise that German industry’s tradition of collective action and cooperation was further
strengthened by that strategy.

As discussed in Section 11.2.10, many companies in the United States experienced (and greatly
benefitted from) a similar unity of purpose during World War II, the Cold War, and the space race,
but unfortunately that no longer seems to be true today.
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Figure 10.15: In the early German-speaking world, companies were less afraid of losing their inno-
vations to each other than of losing to foreign countries, strongly motivating them to innovate.
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10.2.11 Other Factors

Among the creators from the German-speaking world, there was a disproportionate percentage of
scientists and engineers who were Jewish or who at least had some sort of Jewish family background
[Ash and Söllner 1996; Fraser 2012; Gerstl 2014; István Hargittai 2006; Lebrecht 2019; Le↵ 2019;
Medawar and Pyke 2000; Nachmansohn 1979].

Country Number of Jews % of local population

Austria 191,000 2.8%
Germany 525,000 0.75%
Czechoslovakia 357,000 2.4%
Hungary 445,000 5.1%
Netherlands 156,000 1.8%
Poland 3,000,000 9.5%
Switzerland 18,000 0.4%

German-speaking world total 4,700,000 3.2%

Albania 200 0.02%
Belgium 60,000 0.7%
Bulgaria 48,500 0.8%
Denmark 5,700 0.15%
Estonia 4,560 0.4%
Finland 1,800 0.05%
France 250,000 0.6%
Greece 73,000 1.2%
Italy 48,000 0.11%
Latvia 95,600 4.9%
Lithuania 155,000 7.6%
Norway 1,400 0.05%
Portugal 1,200 0.02%
Romania 756,000 4.2%
Soviet Union (western) 2,525,000 3.4%
Spain 4,000 0.02%
Sweden 6,700 0.11%
United Kingdom 300,000 0.65%
Yugoslavia 68,000 0.49%

European total 9,500,000 1.7%

United States 4,300,000 3.4%
Other countries 1,500,000 0.1%
Worldwide total 15,300,000 0.73%

Table 10.11: Jewish population in selected countries in 1933.
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Table 10.11 shows the Jewish population in various countries in 1933 [www.jewishvirtuallibrary.org;
www.ushmm.org/wlc/en/article.php?ModuleId=10005161]. People of Jewish background made up
only 0.75% of the population of Germany, 3.2% of the population of the greater German-speaking
world, 1.7% of the total European population, and 0.73% of the total world population.

Despite being such a small percentage of the total population, people of Jewish background com-
posed 15–33% of the German scientific research system, according to various estimates [Ash and
Söllner 1996, p. 7].

Prior to the Third Reich (before 1933), 17% (17 out of 99) of scientific Nobel Prize winners were
of Jewish background, as shown in Table 10.12. As of 2013, 25% of scientific Nobel Prize winners
were of Jewish background (144 of the 566 winners for 1901–2013 [Gerstl 2014, pp. 82–96]); many
of those were from the German-speaking world, were immigrants from the German-speaking world,
or were the children of immigrants from the German-speaking world.

By these metrics, people of Jewish family background were ⇠10–30 times more likely to be scientific
creators than one would expect from overall demographic figures alone.

Nobel Prize Year Name

Medicine 1908 Paul Ehrlich

Medicine 1908 Élie Metchniko↵
Medicine 1914 Róbert Bárány
Medicine 1922 Otto Meyerhof
Medicine 1930 Karl Landsteiner
Medicine 1931 Otto Warburg

Chemistry 1905 Adolf von Baeyer
Chemistry 1906 Henri Moissan
Chemistry 1910 Otto Wallach
Chemistry 1915 Richard Willstätter
Chemistry 1918 Fritz Haber

Physics 1907 Albert Michelson
Physics 1908 Gabriel Lippmann
Physics 1921 Albert Einstein
Physics 1922 Niels Bohr
Physics 1925 James Franck
Physics 1925 Gustav Hertz

Table 10.12: Jewish Nobel Laureates in science prior to the Third Reich (1901–1932).
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In his analysis of why such a disproportionately large percentage of Nobel-Prize-winning scientists
have been Jewish, Ronald Gerstl proposed that a number of factors were responsible [Gerstl 2014,
pp. 70–74]:

The Jewish family has traditionally been a secure and nurturing unit. The incidences
of family violence, abandonment, failure to provide support for wife and children, alco-
holism, unwed mothers and other social ills are relatively rare. [...]

Overall, Jewish families in modern times have considerably fewer children than the
average birthrate. Consequently Jewish parents have been able to dedicate more time
and money to each child’s welfare, education and cultural development. [...]

The Jews have a long history of dedication to learning going back to ancient times.
Judaism required every Jewish man to study the Torah and the Talmud, which neces-
sitated literacy. [...]

Whereas most other parents in poor or modest circumstances were anxious for their
o↵spring to join the workforce, Jewish parents, including the poor, were willing to make
sacrifices so that their children could remain in school as long as possible. [...]

Children of immigrant parents felt the need to succeed to recompense parents for their
sacrifices. Beyond the first generation, parents continued to instill high expectations in
their o↵spring. [...]

Centuries of persecution may actually have strengthened Jews’ resolve and tenacity.
Jews felt like outsiders in many countries in which they dwelled, which may have given
them an incentive to prove their worth rather than complacently accept their lot. Often
di↵ering from the general culture, Jews have been less likely to cling to conventional
wisdom and preconceptions. This allowed them to be more open to change, to adapt
more quickly to new circumstances and to perceive new opportunities. [...]

That said, cultural factors and values alone cannot fully explain the extent of Jewish
achievements. Some genetic predisposition has to be considered as well, realizing that
both are inextricably linked.

Whereas Ronald Gerstl only listed genetic factors as one possible cause among many others, Charles
Murray focused on the genetic theory in several publications [Herrnstein and Murray 1996; Murray
2007, 2020]. Other scholars have also argued for and against the genetic theory [e.g., Cochran et
al. 2006; Ferguson 2007; Pinker 2006].

Historian of science Noah Efron criticized both the theories about Jewish educational background
and those about Jewish genetics, and proposed that Jewish prominence in science was only a
transient historical phenomenon caused by the career opportunities that were and were not open
to students of Jewish background in certain countries in the late nineteenth and early twentieth
centuries [2006, 2013, 2014]. Efron summarized his arguments [Efron 2013]:

Elsewhere, rabbis and pundits tried to puzzle out what it is about Jews that make them
so super at science.
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Broadly, two sorts of theories have been floated. One is that Jews have primo genes.
Charles Murray, the Enterprise Institute scholar and co-author of The Bell Curve, set
out the case for this a few years ago in an essay in Commentary called “Jewish Genius,”
writing bluntly that “something in the genes explains elevated Jewish IQ.” Another
theory is that Jews love hitting the books, as Israeli economics laureate Robert Aumann
told the army radio station Galei Tzahal: Jewish homes have overflowing bookshelves.
Throughout the generations we have given great honor to this intellectual pursuit.

There are good reasons to doubt both sorts of theories. For one thing, Jewish excellence
in science is a new thing. When the great Jewish folklorist Joseph Jacobs set out in
1886 to compare the talents of Jews with the talents of other Westerners, he found
their performance mediocre in every science save medicine. In the first decades of the
20th century, Princeton psychologist Carl Brigham tested the intelligence of Jews in
America, and concluded they “had an average intelligence below those from all other
countries except Poland and Italy.” Jewish excellence in science is a phenomenon that
flowered in the decades before and, especially, after the Second World War; it is too
recent a phenomenon to be explained by natural selection, or even by putative ancient
cultural traditions.

The real explanation of Jewish success in science lies elsewhere. The 20th century began
with massive migrations of Jews, to the United States, to the cities of Russia (and then
the Soviet Union), and to Palestine. In each of these new lands, Jews turned to science
in great numbers because it promised a way to transcend the old world orders that had
for so long excluded most Jews from power, wealth and society. Science, based as it is on
values of universality, impartiality and meritocracy, appealed powerfully for Jews seeking
to succeed in their new homes. It is not so much what Jews were (smart, bookish) that
explains their success in science, as what we wanted to be (equal, accepted, esteemed),
and in what sorts of places we wanted to live (liberal and meritocratic societies). [...]

What bugs me about attributing the remarkable prominence of Jews among Nobel
laureates to genes or enduring cultural traditions is that doing so suggests that Jewish
success in science will inevitably continue as a matter of course. Most likely it won’t.
The percentages of Jews among new American Ph.D.s in the sciences has declined
greatly over the past generation. In Israel, spending on higher education has continued
to decline during most of the same period; to many of the growing numbers in Israel
who embrace religion, the appeal of science has nearly vanished. The passions that drew
Jews to sciences in such great numbers have dissipated.

Whatever the explanation for the large numbers of Jewish creators, family background appears to
help but is not su�cient by itself. For example, the modern United States has roughly six million
people of Jewish background [Gerstl 2014, pp. 37–38], and millions of people from each of many
other family backgrounds. If any one or more of those family backgrounds were the key to producing
revolutionary scientific creators, the modern United States would presumably have produced far
more revolutionary innovators and innovations than it appears to have. Although the United States
has vast numbers of scientists and engineers, very few of those appear to be producing the sorts
of truly revolutionary creations that were much more common in the earlier German-speaking
world. Thus the most critical factors appear to be systemic approaches, such as those considered
in previous sections, that cultivate, support, and reward revolutionary creators and creations.
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In addition to the factors already considered in this chapter, it is possible that other factors helped
or hindered scientific innovation in the former German-speaking world. In the future, scholars who
examine this problem further should evaluate factors such as (but not limited to) the following
for the older German-speaking world, the U.S. research system, and other innovation systems, and
determine how much if any e↵ect each factor has had on innovation:

• Being an immigrant, or the descendant of people who recently immigrated to that country or
region [Hathaway 2017].

– For immigrants or the children of immigrants who initially have little wealth or status
in their new country, a scientific education and career may be one of the few available
paths o↵ering the greatest opportunity for elevation in society. In theory (although not
always in practice), someone could go from disregarded poverty to social elite by learning
enough and working hard enough. Due to discrimination, upfront financial costs, or other
societal barriers or prerequisites, there may be few other career paths that are open and
that have so much potential. (This was essentially Noah Efron’s explanation for the
success of Jewish scientists, but it could apply to scientists coming from other family
backgrounds as well.)

– Perhaps immigrants are a self-selected group with more independent initiative, greater
creativity, and more willingness to work hard in order to leave one country and settle in
another.

– Maybe immigrants, or the children of immigrants, feel that they have more to prove or
further to rise in their new country, and therefore on average dream bigger and work
harder than those whose families have lived in that country for many generations.

– Perhaps immigrant families, feeling more alone in a foreign country, are more closely knit
and more supportive, which could promote more positive personality characteristics and
greater success in life.

• Other family backgrounds that are disproportionately frequent or infrequent among innova-
tors (number of siblings, birth order, parental education and careers, religion and religiosity,
wealth, geographical location, etc.).

• The ease with which students could transfer among courses, majors, and schools within the
educational system.

• The average total cost required to obtain a doctoral (or other final) degree.

• The annual ratio of the number of available good jobs to the number of students graduating
with a final science or engineering degree.

• The average age at which children who ultimately became scientists or engineers first decided
that they wanted to pursue that educational and career path.

• The average age at which scientists or engineers first obtained a job that gave them the
freedom and resources to pursue their own ideas.
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• The average age at which scientists or engineers came up with their first major innovation.

• The average age at which scientists or engineers came up with their last major innovation.

• The average number of innovations per year per person in the innovation system. (Exactly
how would an innovation be defined?)

• The average number of publications per year per person in the innovation system (although
greater quantity does not necessarily mean greater quality, and might in fact be achieved at
the expense of quality).

• The average number of patents per year per person in the innovation system (again, quantity
may not be indicative of quality).

• The average number of technology startup companies or laboratories per year per person
in the innovation system (although widespread, formal startup companies may be a more
modern concept, and it may be di�cult to find analogous data for older innovation systems).

• The average amount of total research funding per year per person in the innovation system.

• The average salaries for various categories of science, engineering, and medical professionals.

• The average salaries for teachers at di↵erent levels and in di↵erent fields.

• The average duration of a research project (from conception to viable demonstration).

• The average duration of a research job.

• The average duration of a research career.

• The average number of hours per year that a person in the system spends on research (actual
research, not paperwork related to research).

• The average number of hours per year that a person spends on teaching (actual teaching, not
paperwork related to teaching).

• The average number of hours per year that a person spends on work other than research and
teaching.

• The average number of hours per year that a person spends on sponsor proposals and reporting
requirements.

• The average sizes and compositions of research groups in di↵erent fields and research sectors
(academic, corporate, and government laboratories).

• The average probability that a research proposal will be funded.
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• The fractions of funding awarded by peer review or other processes, and how those processes
work.

• The fraction of research projects that led to a viable demonstration. (Even though it may be
bad if the fraction is too low, if the fraction is too high, that could indicate that higher-risk,
more innovative projects are being avoided instead of pursued.)

• How innovative research projects are on average, on a scale from evolutionary (straightforward
extensions of what is already known) to revolutionary. (Are there objective, quantifiable,
reproducible ways in which the innovativeness of projects can be evaluated?)

Ideally, data such as that described above should be plotted versus time to see how things changed
over many decades within a given innovation system, as well as how things appear to be similar or
di↵erent for di↵erent innovation systems.



Chapter 11

Immortalizing the Creations and
Forgetting the Creators

Was man nicht aufgibt, hat man nie verloren. What is not abandoned is never completely lost.

Friedrich Schiller. 1800. Maria Stuart, Act II, Scene 5.

As discussed in Chapter 10, the German-speaking research world had several systemic practices that
allowed it to produce a huge number of revolutionary scientific creators and creations. As covered
in this chapter, the global research system eagerly adopted the creations of the earlier German-
speaking world, yet ultimately largely forgot both the creators and the systemic approaches that had
made those creations possible. Section 11.1 outlines the many ways in which creations and creators
were transferred to the global research system, especially the United States, before, during, and
after the Third Reich. Section 11.2 analyzes the general innovation-promoting approaches that the
U.S. research system borrowed from the earlier German-speaking world and used with relative
success during the 1940s–1960s. Finally, Section 11.3 examines how the modern innovation system
began a long, slow decline starting in the 1970s, after the German-speaking creators had retired
or died, their creations had been refined to the point of diminishing incremental returns, and the
research system had abandoned most of the German-like practices it had adopted, greatly reducing
its e�ciency at producing entirely new revolutionary innovators and innovations.

1547
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11.1 Creations and Creators Transferred from the German-Speaking
World

Before, during, and after the Third Reich, virtually all of the creations, most of the creators, and
a number of the underlying general practices were transferred from the German-speaking world to
the global research system, especially the early U.S. research system. The United States and the
rest of the global research system spent many decades copying, optimizing, and mass-producing the
innovations that had been created by the earlier German-speaking world, resulting in our modern
world of jet aircraft, electronics, and pharmaceuticals. Most of the creators who had already died
or who remained in German-speaking areas were forgotten by the non-German-speaking world,
which often mistakenly attributed their creations to whichever non-German-speaking individuals
or organizations had acquired their technical information. Most of the creators who emigrated out
of German-speaking areas led well-funded but very quiet lives perfecting their creations and were
also ultimately forgotten; only a few, such as Albert Einstein, Edward Teller, and Wernher von
Braun, sought or received lasting fame.

11.1.1 Before the Third Reich

Even well before the Third Reich, the German-speaking world had significant influences on the
development of research systems in the United States and elsewhere. In particular, some German-
speaking scientists left their own world in search of opportunities elsewhere, a number of U.S.
scientists were educated in the German-speaking world, universities in the United States and other
countries were consciously designed or redesigned to mimic the successful model of universities in
the German-speaking world, and many technological patents and factories were forcibly transferred
during and after World War I.

Émigrés before the Third Reich

Long before the Third Reich came to power and triggered a mass exodus, a steady stream of
German-speaking émigrés moved to the United States (or other countries) to seek new business
opportunities. Just a few of the better-known examples of German-speaking creators who moved
to the United States before the Third Reich are listed in Table 11.1.

U.S. scientists and engineers educated in the German-speaking world

In addition to German-speaking creators who moved to the United States, there were a large num-
ber of Americans who travelled to the German-speaking world for education and training and
then returned to the United States. Over 9000 Americans attended German universities (especially
Berlin, Göttingen, Halle, and Heidelberg) between 1820 and 1920 [Röhrs 1995, p. 11]. Including
Americans who attended before that time or up to the Third Reich, as well as those who went to
German-speaking universities in countries other than Germany, probably well over 10,000 Amer-
icans studied in the German-speaking world (in science, math, engineering, and other areas) and
brought what they had learned back to the United States.

A few examples of prominent U.S.-born scientists and scholars who received at least part of their
education in the German-speaking world are listed in Table 11.2.
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Name Nationality Scientific contributions

Louis Agassiz Swiss Paleontology
Walter Baade German Astronomy
John Jacob Bausch German Bausch & Lomb
Henry Lomb German lenses, eyeglasses,
Ernst Grundlach German microscopes, telescopes, etc.
Emil(e) Berliner German Microphone, record player, helicopter
Herman Frasch German Oil refining, sulfur
Beno Gutenberg German Seismology, earthquake magnitudes, etc.
Karl Herzfeld Austrian Quantum and statistical physics
Hermann Lemp Swiss Diesel-electric locomotives
Julius Edgar Lilienfeld Austrian Field e↵ect transistor
Maria Goeppert Mayer German Nuclear shell model
Georg(e) Merck German Pharmaceuticals
Ottmar Mergenthaler German Linotype
Karl Friedrich Meyer Swiss Infectious disease prevention
John Roebling German Suspension bridges
Charles (Karl) Steinmetz German AC electrical devices
Levi Strauss German Blue jeans
Nikola Tesla Serbian AC electrical devices
Robert Trümpler Swiss Astronomy
Gustave Whitehead/Weisskopf German First airplane?

Table 11.1: Examples of creators who emigrated to the United States before the Third Reich.

Name German education Scientific contributions

James M. Crafts Studied with Robert Bunsen Organic chemistry
William Duane Ph.D. (Berlin, 1897) X-rays and

under Max Planck radioactive elements
Josiah Gibbs Studied math and physics under Statistical and

Gustav Kirchho↵ and Hermann von Helmholtz thermal physics
Percy Lavon Julian Ph.D. (Vienna, 1931) with Ernst Späth Organic chemistry
Irving Langmuir Ph.D. (Göttingen, 1906) Physical chemistry,

under Walther Nernst General Electric R&D
Arthur Michael Research assistant for Hofmann, Bunsen Organic chemistry
J. Robert Ph.D. (Göttingen, 1927) Nuclear physics,
Oppenheimer under Max Born Manhattan Project
Linus Pauling Studied quantum theory under Chemistry

Arnold Sommerfeld, Erwin Schrödinger
Ira Remsen Ph.D. (Göttingen, 1870) with Wilhelm Fittig Organic chemistry
Howard Studied physics under Hermann Weyl, Applied mathematics,
Robertson Max Born, and Arnold Sommerfeld cosmology
Edmund Beecher Studied developmental biology under Developmental
Wilson Rudolf Leuckart, Carl Ludwig, Theodor Boveri biology

Table 11.2: Examples of U.S.-born scientists and scholars who received at least part of their edu-
cation in the German-speaking world.
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Influence on the structure of the U.S. research system before the Third Reich

Up through the nineteenth century, university education in the United States was largely rote
learning, with little freedom to choose among courses or to conduct research. Many of the Amer-
icans who had been educated in the German-speaking world and returned home wanted to instill
U.S. universities with much more freedom, originality, and academic research like what they had
witnessed in Europe. This motivation led to the founding of universities such as:

• Massachusetts Institute of Technology in 1861 in Boston (it moved to Cambridge in 1916)
[Stratton and Mannix 2005].

• Johns Hopkins University in 1876 in Baltimore, Maryland [Thelin 2019].

• Stanford University in 1891 in Stanford, California [Wels 1999].

• California Institute of Technology in 1891 in Pasadena [Goodstein 1991].

These new schools were intentionally designed to emulate German universities by having faculty
and students participate in both courses and original research. Following the success of such schools,
older U.S. universities gradually reformed, and by the post-World-War-II era, most major U.S. uni-
versities were generally following the same German model [Ben-David 1992; Röhrs 1995; Schwinges
2007; Tanaka 2005].

Just as U.S. universities were deliberately transformed to be more German-like, U.S. companies were
also transformed to be more like science- and engineering-based companies in the German-speaking
world, by forcibly seizing technological patents and even entire factories from the German-speaking
world, as discussed below.

Transferred companies, patents, and other resources

The U.S. Trading with the Enemy Act of 1917 resulted in the large-scale appropriation of resources
from German speakers (both those living in Europe and those living in the United States) to
the United States government and to certain non-German-speaking U.S. citizens and companies
that were politically well connected [Coben 1963; Gross 2014, 2015]. By invoking this and other
laws during and after World War I, the U.S. O�ce of Alien Property Custodian put thousands
of German-speaking U.S. residents (both recent immigrants and longtime U.S. residents who had
come from Germany, Austro-Hungary, and even Switzerland, which was not a party to World War
I) in concentration camps and held them in the camps until 1920, long after the war (Fig. 11.1).
From those and countless other German-speaking individuals in the United States and overseas,
the O�ce of the Alien Property Custodian seized over $500 million dollars (as valued then, which
would be far more in modern dollars) worth of patents, property, businesses, and possessions. Those
permanent seizures included large numbers of patented inventions and processes, as well as the U.S.
branches of German and Austro-Hungarian scientific and engineering companies such as Bayer and
Merck (p. 1697).
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Figure 11.1: During and after World War I, the U.S. O�ce of the Alien Property Custodian (run by
A. Mitchell Palmer, foremost in the upper photograph) put thousands of German-speaking residents
of the United States in concentration camps and seized over $500 million dollars (as valued then)
worth of patents, property, businesses, and possessions from German speakers living in Europe and
in the United States.
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The details and impact of these World War I seizures warrant a detailed study, yet unfortunately
there does not appear to be a comprehensive modern account. However, the journalist Daniel Gross
wrote two articles that gave insights into this history. Gross described the concentration camps and
property seizures [Gross 2014]:

Posselt was a young editor and translator who emigrated from Austria-Hungary in 1914.
His nationality—like that of millions of German-speaking immigrants in the United
States during World War I—attracted suspicion and anger from nationalistic Americans.
In the course of the war, the federal government registered around half a million “enemy
alien” civilians, spied on many of them, and sent approximately 6,000 men and a few
women to internment camps. Perhaps more strikingly, it seized huge troves of private
property with dubious relevance to the war e↵ort, ultimately amassing assets worth
more than half a billion dollars—close to the entire federal budget of pre-war America.
[...]

[A]t Fort Oglethorpe, Posselt described an odd collection of imprisoned intellectuals.
They were allowed to organize courses taught by interned professors of biology, math-
ematics, literature, and languages. Several dozen musicians, many of whom had been
recruited from Europe to join American orchestras, regularly performed to help keep
up morale. [...]

In retrospect, American internment policies are troubling, but they’re dwarfed by a
quieter and more sweeping practice of property seizure. Under the Trading with the
Enemy Act, President Wilson appointed an “Alien Property Custodian” named A.
Mitchell Palmer to take control of property that might hinder the war e↵ort. Among
other things, this meant all property belonging to interned immigrants, regardless of
the charges (or lack thereof). “All aliens interned by the government are regarded as
enemies,” wrote Palmer, “and their property is treated accordingly.”

The basic argument was that property seizure prevented immigrants from financially or
materially supporting enemies of America. Under Palmer’s direction, the O�ce of the
Alien Property Custodian grew to employ hundreds of o�cials and used several high-
profile cases of espionage and industrial sabotage to defend its work. German chemical
companies in the United States were particularly vulnerable to seizure: not only did dye
and pharmaceutical companies divert raw materials from the war e↵ort, they could also
in theory produce explosives.

The agency’s powers were remarkably broad, however. In Munsey’s Magazine, Palmer
described the Alien Property Custodian as “the biggest general store in the country,”
noting that some of the companies seized were involved in “pencil-making in New Jersey,
chocolate manufacture in Connecticut, [and] beer-brewing in Chicago.” There were small
holdings seized from individuals, too. “Among them,” he continued with an odd hint of
pride, “are some rugs in New York; three horses near Joplin, Mississippi; [and] a carload
of cedar logs in the South.” (Historians will probably never figure out why Palmer
wanted those rugs in New York.) The historian Adam Hodges found that even women
who were American citizens, if married to German and Austro-Hungarian immigrants,
were classified as enemy aliens— and they alone lost a combined $25 million in property
to the government.
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The war ended in November 1918, just a year after the passage of the Trading with
the Enemy Act. In that time, the Alien Property Custodian had acquired hundreds of
millions of dollars in private property. In a move that was later widely criticized—and
that political allies of the Alien Property Custodian likely profited from directly—
Palmer announced that all of the seized property would be “Americanized,” or sold to
U.S. citizens, partly in the hopes of crippling German industries. (His attitude echoed a
wider sentiment that the Central Powers deserved to pay dearly for the vast destruction
of the war.) In one high-profile example, the chemical company Bayer was auctioned on
the steps of its factory in New York. Bayer lost its U.S. patent for aspirin, one of the
most valuable drugs ever produced.

“The same peace which frees the world from the menace of autocratic militarism of
the German Empire,” Palmer argued, “should free it from the menace of its autocratic
industrialism as well.” Immigrant property, in his view, was just an extension of Ger-
man and Austro-Hungarian property—which gave America the right to take it. Several
lawsuits later disputed his authority to do so, including one that reached the Supreme
Court, but his actions were found to be legal under wartime laws. In fact, the agency’s
reputation was su�ciently intact that President Franklin Roosevelt re-established it
during World War II. [...]

The last prisoner wasn’t released until April 1920, a full year and a half after the end
of the war. As Glidden described it: “When the camps did close scarcely anyone cared
or noticed.”

As mentioned by Gross, the Alien Property Custodian during the period 1917–1919 was Alexander
Mitchell Palmer (1872–1936, closest to the camera in the upper half of Fig. 11.1). Using the over
$500 million of property that his o�ce seized, Palmer acquired power and wealth for himself and
his political and business associates. His actions while Alien Property Custodian were so highly
regarded by the federal government that he was then elevated to the position of Attorney General
of the United States 1919–1921, during which time he led the “Palmer raids” that widely terrorized
American communities of immigrants from Europe [Coben 1963].

Daniel Gross added more details about this history in another article [Gross 2015]:

Ties between German and American chemistry were even tighter in the industrial sphere.
Many of the United States’ prewar dyestu↵ and pharmaceutical suppliers were actu-
ally branches of German corporations. Americans who wanted a competitive education
often traveled to German universities to study chemistry, while German chemists who
sought new opportunities came to America. During the war, however, the United States
subverted and harnessed the resources of its German competition. [...]

Six months after war was declared, suspicious American authorities gained the legal
power to act against German companies. Congress passed the Trading with the En-
emy Act, and a man named Mitchell Palmer was appointed Alien Property Custodian.
Palmer’s o�ce began receiving thousands of reports of enemy-held property. Factories
and businesses owned by German nationals were seized by the government, along with
thousands of valuable chemical patents. Beckers’s former employer, the American branch
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of Bayer, was seized. Many of its employees were even imprisoned at Fort Oglethorpe,
Georgia, an internment camp that today has been largely forgotten.

World War I helped erode the advantages of German chemistry. When hostilities in
Europe finally ended in 1918, the United States was producing four times as much
poison gas as Germany. Palmer, perhaps recognizing that his wartime powers would
soon wane, quickly disposed of confiscated holdings worth millions of dollars. Bayer was
sold at a public auction on the company steps.

After World War I, the U.S. O�ce of Alien Property Custodian was viewed as so successful that it
was revived and extensively used during and after World War II as well (p. 1607).

In addition to the over half-billion 1918 dollars worth of property seized by the Alien Property
Custodian, billions of dollars of reparations (in both property and money) were taken from Ger-
many, Austria, and Hungary after the war. The total reparations paid by Germany amounted
to at least 67.7 billion marks or 17 billion 1918-era dollars, equivalent to many years worth of
spending by the U.S. federal government at that time. In fact, German reparations obligations for
World War I continued even long after World War II, and the final payment from Germany to the
United States was not made until 3 October 2010 [https://www.deutschlandfunk.de/das-ende-der-
reparationszahlungen-vom-1-weltkrieg.795.de.html?dram:article id=119010]. Separate reparations
of property and money were extracted from Austria and Hungary.

Thus during and after World War I, the German-speaking world transferred to the United States
and other countries not only technological patents and factories, but also enough money to fund
their continued development and operation for decades.
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11.1.2 During the Third Reich

There was a great deal of innovation transfer out of the German-speaking world during the Third
Reich, 1933–1945. This transfer took the form of large numbers of émigré scientists and engineers,
critical knowledge transferred by them or via other routes, and influence on the wartime structure
of the U.S. research system.

Émigrés during the Third Reich

The Third Reich’s vicious persecution of people who were of Jewish descent and/or who were
perceived as political opponents drove roughly 25% of scientists and engineers to leave the German-
speaking world. Over half of those moved to the United States, most of the rest moved to the United
Kingdom, and a smaller number went to other countries. This mass exodus was the beginning of
the end of the German-speaking scientific world, but a great boon for the countries receiving these
talented creators [Ash and Söllner 1996; Fraser 2012; István Hargittai 2006; Le↵ 2019; Medawar
and Pyke 2000; Nachmansohn 1979].

Some examples (though by no means an exhaustive list) of German-speaking creators who moved
to the United States during this time are listed in Table 11.3. Note that for thoroughness, this
list includes Theodore von Kármán, who came to the United States just before the Third Reich
(in 1930) but is generally grouped with the Hungarian refugees from the Third Reich dubbed the
“Martians,” as well as some younger scientists who completed their education in the United States.

Name Nationality Scientific contributions

Robert Adler Austrian Ultrasonic signals
Valentine Bargmann German Relativistic physics
Peter Bergmann German Relativistic physics
Max Bergmann German Proteins
Hans Bethe German Solar fusion, Manhattan Project
Erwin Biel Austrian Climatology
Marietta Blau Austrian Particle detectors
Felix Bloch Swiss Solid state physics, NMR, Manhattan Project, radar
Konrad Bloch German Cholesterol metabolism/hormones, fatty acid metabolism
Richard Brauer German Applied mathematics
Richard Courant German Applied mathematics
Max Dehn German Applied mathematics
Peter Debye Dutch Solid state physics, quantum theory, electrolytes
Max Delbrück German Gene structure and mutation, phage genetics
Albert Einstein German Relativity, statistical physics, quantum physics
Walter Elsasser German Earth’s magnetic field
Paul Erdös Hungarian Applied mathematics
Kasimir Fajans Polish Radioactive elements, inorganic chemistry
James Franck German Atomic energy levels, photosynthesis, Manhattan Project
George Gamow Russian Nuclear physics

Table 11.3: Examples of German-speaking creators who emigrated to the United States during the
Third Reich. (Continued on next page.)
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Name Nationality Scientific contributions

Kurt Gödel Austrian Applied mathematics
Thomas Gold Austrian Astrophysics, origin of life
Gerson Goldhaber German Particle physics
Gertrude Schar↵ Goldhaber German Nuclear physics, Manhattan Project
Maurice Goldhaber Austrian Nuclear and particle physics
Peter Goldmark Hungarian Audio/television recording
Victor Hess Austrian Discovered cosmic rays
Arthur von Hippel German Radar, solid state physics
Theodore von Kármán Hungarian Aerodynamics
Walter Kohn Austrian Solid state physics
Willy Ley German Rockets
Franz Lipmann German Coenzyme A
Otto Loewi Austrian Neurotransmitters (esp. acetycholine, epinephrine)
Fritz London German Superconductivity
Karl Meissner German Spectroscopy
Otto Meyerhof German Glycolysis and muscle metabolism
Richard von Mises Austrian Aerodynamics
Carl Neuberg German Biochemistry
John von Neumann Hungarian Manhattan Project, computers
Emmy Noether German Applied mathematics
Lothar Nordheim German Quantum physics, Manhattan Project
Wolfgang Pauli German Quantum, exclusion, spin, neutrino
Arno Penzias German Big Bang
George Placzek Czech Nuclear physics, Manhattan Project
William Prager German Applied mathematics
Eugene Rabinowitch Russian Photosynthesis, Manhattan Project
Charlotte Riefenstahl German Physics
Joseph Rotblat Polish Nuclear physics
Erich Rothe German Applied mathematics
Rudolph Schoenheimer German Biomolecule isotope labels, cholesterol/atherosclerosis
Roman Smoluchowski Polish Solid state physics, astrophysics
Jack Steinberger Germany Particle physics
Otto Stern German Quantum theory, molecular beam epitaxy
Gabor Szego Hungarian Applied mathematics
Leo Szilard Hungarian Manhattan Project, molecular biology
Edward Teller Hungarian Manhattan Project, H bomb
Victor Weisskopf Austrian Relativistic quantum theory, Manhattan Project
Hermann Weyl German Relativistic quantum theory
Eugene Wigner Hungarian Manhattan Project, quantum physics
Fritz Zwicky Swiss Jet propulsion, astrophysics

Table 11.3 (continued): Examples of German-speaking creators who emigrated to the United States
during the Third Reich.
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Likewise, some examples of German-speaking creators who moved to the United Kingdom during
this time are listed in Table 11.4, and examples of German-speaking creators who moved to other
countries are listed in Table 11.5.

Name Nationality Scientific contributions

Hermann Blaschko German Neurotransmitters
Hermann Bondi Austrian Cosmology
Max Born German Quantum probability and statistical physics
Egon Bretscher Swiss Nuclear Physics, Manhattan Project
Edith Bülbring German Smooth muscle, neurotransmitters
Ernst Chain German Penicillin, fermentation technologies
Robert Eisenschitz Austrian Chemistry
Paul Eisler Austrian Printed circuit boards, electric window defroster, etc.
Wilhelm Feldberg German Neurotransmitters
Erwin Freundlich German Astronomy, general relativity tests
Sigmund Freud Austrian Psychology
Otto Frisch German Nuclear physics, Manhattan Project, laser scanning
Herbert Fröhlich German Solid state physics, biophysics
Dennis Gabor Hungarian Holography
Ludwig Guttmann German Treating spinal injuries
Fritz Haber German Ammonia production, chemical warfare

(Died in Switzerland en route to Palestine)
Walter Heitler German Quantum physics, particle physics
Bernard Katz German Neurotransmitters
Nicholas Kemmer Russian Particle physics, Manhattan Project
Hans Krebs German Biochemical citric acid and urea cycles
Nicholas Kurti Hungarian Micro-Kelvin refrigeration and physics
Heinz London German Superconductivity
Hermann Lehmann German Hemoglobin, pharmacokinetics
Kurt Mendelssohn German Nuclear physics, cryogenics
Rudolf Peierls German Solid state physics, Manhattan Project
Max Perutz Austrian Hemoglobin protein structure
Michael Polanyi Hungarian Physical chemistry
Erwin Schrödinger Austrian Lots of quantum; color vision, theoretical biology
Francis (Franz) Simon German Low temperature physics, Manhattan Project
Rudolf Strauss German Automated soldering for printed circuit boards

Table 11.4: Examples of German-speaking creators who emigrated to the United Kingdom during
the Third Reich.
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Name Nationality Moved to Scientific contributions

Paul Bernays Swiss/German Switzerland Applied mathematics
György B́ıró, László B́ıró Hungarian Argentina Ballpoint pen
Walter Gordon German Sweden Relativistic quantum physics
Hans von Halban German Canada Nuclear physics
Gerhard Herzberg German Canada Molecular spectroscopy and

structures, free radicals
George de Hevesy Hungarian Denmark, Radiolabelled molecules

then Sweden
Rudi Lemberg German Australia Porphyrins
Lise Meitner Austrian Sweden Nuclear fission
Karl Przibram Austrian Belgium Nuclear physics
Richard Willstätter German Switzerland Chlorophyll, chromatography,

gas mask filters, enzymes

Table 11.5: Examples of German-speaking creators who emigrated to other countries during the
Third Reich.

Kurt Mendelssohn, a German scientist who moved to the United Kingdom, described the whole
wave of German-speaking creators who emigrated during the Third Reich, as well as their enormous
impact on the countries that received them [Mendelssohn 1973, pp. 175–176]:

Oxford may have been the first place where German refugee scientists found an oppor-
tunity to continue their work; it did not remain the only one. The new Diaspora covered
the world. From England to Australia, from America to India, there was hardly a uni-
versity which did not give shelter and a place of work to the displaced scholars. They,
in turn, did all they could by teaching and research to repay the hospitality they were
receiving. Around groups of them, or even individuals, there sprang up new schools,
recruited from the local students who, in turn, carried forward the heritage of all that
had been good and useful in German academic life. Far from destroying the spirit of
German scholarship, the Nazis had spread it all over the world. Only Germany was to
be the loser.

Scientific knowledge transferred during the Third Reich

A large amount of scientific knowledge was transferred out of the German-speaking world during
this time via several routes:

• Émigré scientists and engineers.

• Captured and interrogated scientists, engineers, and military personnel (for example those
interrogated at Fort Hunt, Virginia—see Fig. 11.2).

• Published scientific literature and patents.
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This transferred scientific knowledge was employed by well-funded wartime programs in the United
States and United Kingdom.

As has already been quoted in Chapter 1, a 1946 U.S. Senate report on the establishment of the
National Science Foundation noted that the greatest scientific accomplishments of the United States
during World War II were directly derived from earlier German innovations [NSF 1946, p. 6]:

It should be somewhat humiliating to us to realize that the revolutionary sulfa drugs
had their beginning in German research laboratories; that atom splitting was discovered
in Berlin; that the basic pioneer work that has led to radio and radar and the enormous
American electronic industries was that of a German professor. Penicillin came from
England [where it was purified by Ernst Chain, a German refugee]; DDT from Germany
and Switzerland.

Influence on the structure of the U.S. research system during the Third Reich

Many of the general practices that had made the German-speaking world so e↵ective at producing
revolutionary creations were at least temporarily adopted by the United States research system,
and played a vital role in the successes of its wartime R&D programs. For example, prior to 1940 the
United States had little government funding for research, and any government-run laboratories were
both small and rare. Beginning in 1940, the United States adopted the German model of large-
scale government funding for innovative projects that could be carried out by a combination of
new government labs, close ties to industry, and scientists in university laboratories. These general
practices are discussed in much more detail in Section 11.2.
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Figure 11.2: From 1942 until 1946, the United States operated “P.O. Box 1142,” a highly secret in-
terrogation camp for thousands of captured German and Austrian scientists, engineers, and military
personnel at Fort Hunt, Virginia.
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11.1.3 After the Third Reich

The largest and yet probably the least well understood (from the modern public’s perspective)
innovation transfer occurred at the end of the Third Reich. Many thousands of German-speaking
scientists and engineers, well over 111,000 tons of German research documentation, more than
750,000 patents, many hundreds of complete factories and laboratories, and untold amounts of
supplies, equipment, and prototypes were appropriated by the United States, the Soviet Union, the
United Kingdom, France, and other countries after the war, seeding the modern world with a vast
array of creations, even as it forgot the names of most of their creators.

Postwar émigrés

After the war, thousands of scientists in Germany were legally forbidden from continuing to work
in their previous research fields, with penalties of imprisonment with hard labor or even execution
[NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To and From Robert Reiss].
See pp. 1562–1570. In most cases, their only options were to work for Allied countries or to do
menial labor in unrelated areas.

The majority of important German-speaking scientists went to work for the United States, the
Soviet Union, France, the United Kingdom, or other countries. Each of those categories is discussed
in this section.

Even those scientists who remained in Germany or Austria generally had to give up their innovations
when Allied countries interrogated them, seized their papers, and appropriated their scientific
equipment, as also covered in this section. Their innovations were then copied in Allied countries
while the scientists themselves often sank into poverty and obscurity, without the ability to continue
their research careers.
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Figure 11.3: After the war, thousands of scientists in Germany were legally forbidden from contin-
uing to work in their previous research fields, with penalties of imprisonment with hard labor or
even execution. In most cases, their only options were to work for Allied countries or to do menial
labor in unrelated areas [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.4: After the war, thousands of scientists in Germany were legally forbidden from contin-
uing to work in their previous research fields, with penalties of imprisonment with hard labor or
even execution. In most cases, their only options were to work for Allied countries or to do menial
labor in unrelated areas [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.5: After the war, thousands of scientists in Germany were legally forbidden from contin-
uing to work in their previous research fields, with penalties of imprisonment with hard labor or
even execution. In most cases, their only options were to work for Allied countries or to do menial
labor in unrelated areas [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.6: After the war, thousands of scientists in Germany were legally forbidden from contin-
uing to work in their previous research fields, with penalties of imprisonment with hard labor or
even execution. In most cases, their only options were to work for Allied countries or to do menial
labor in unrelated areas [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].



1566 CHAPTER 11. IMMORTALIZING THE CREATIONS, FORGETTING THE CREATORS

Figure 11.7: After the war, thousands of scientists in Germany were legally forbidden from contin-
uing to work in their previous research fields, with penalties of imprisonment with hard labor or
even execution. In most cases, their only options were to work for Allied countries or to do menial
labor in unrelated areas [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.8: After the war, thousands of scientists in Germany were legally forbidden from contin-
uing to work in their previous research fields, with penalties of imprisonment with hard labor or
even execution. In most cases, their only options were to work for Allied countries or to do menial
labor in unrelated areas [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.9: After the war, thousands of scientists in Germany were legally forbidden from contin-
uing to work in their previous research fields, with penalties of imprisonment with hard labor or
even execution. In most cases, their only options were to work for Allied countries or to do menial
labor in unrelated areas [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.10: After the war, thousands of scientists in Germany were legally forbidden from con-
tinuing to work in their previous research fields, with penalties of imprisonment with hard labor or
even execution. In most cases, their only options were to work for Allied countries or to do menial
labor in unrelated areas [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.11: After the war, thousands of scientists in Germany were legally forbidden from con-
tinuing to work in their previous research fields, with penalties of imprisonment with hard labor or
even execution. In most cases, their only options were to work for Allied countries or to do menial
labor in unrelated areas [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Beginning in 1945, more than 1600 German-speaking scientists and engineers were brought to
the United States by Operation Paperclip, which in its earliest phases was also called Operation
Overcast [Linda Hunt 1991, p. 1]. Many hundreds more were brought by at least two other Paperclip-
related programs, Project 63 and National Interest [Linda Hunt 1991, pp. 1, 200], so the total
number of German-speaking specialists bought to the United States in the late 1940s was well over
2000 people. In 1956, U.S. Ambassador to West Germany (and former Harvard president) James
Conant described Paperclip as “a continuing U.S. recruitment program which has no parallel in
any other Allied country” [NARA RG 59]. By 1966, at least 6000 German-speaking scientists and
engineers had moved to the United States [Mick 2000, p. 316]. U.S. recruitment of German-speaking
scientists and engineers through these programs continued until at least 1973, nearly three decades
after the end of World War II, despite o�cial protests from West Germany and o�cial denials from
the United States [Linda Hunt 1991, pp. 141, 221–222].

Tom Bower, who wrote a detailed exposé of the Paperclip program, described the origins of the
program and the technological superiority of the German-speaking scientists it brought to the
United States [Bower 1987, pp. 3–6]:

During the cataclysmic life span of the Third Reich, [Wernher] von Braun, [Hubertus]
Strughold, and twenty thousand German scientists had revolutionized the weapons of
warfare. Twenty-five years later [in the manned moon landings], the Americans were
reaping the benefit of their former enemies’ youthful genius. [...]

Their recruitment after the war had followed interrogation by American o�cers. After
selection, the chosen German scientists were identified simply with an ordinary paperclip
on their personal file. [...]

The fact that all the four Allies—the Americans, the British, the Russians, and the
French—became involved in the frantic and at times ruthless competition for German
scientists is particularly surprising when one realizes that the use of the Germans was
simply not contemplated until as late as 1945. [...]

The answer to the riddle starts in the prewar years, when European engineering students
learned German as a second language so that they could read the important scientific
literature published by one of the world’s industrial giants and its leading technical
innovator. It was no coincidence that many of the scientists developing the American
atomic bomb in Los Alamos had Teutonic names. Von Braun’s rockets were the sym-
bol of Germanic superiority. The substance was considerably broader—in engineering,
chemical processes, and industrial design—but, before 1940, this was not appreciated
by either the American or British military.

At the outbreak of war, complacent military chiefs and politicians in Washington and
London misunderstood the nature of the conflict into which they had been cast. In
Berlin, scientists and engineers were the welcome allies of politicians and military chiefs.
But in London and Washington the government, the civil service, and the military chiefs
largely ignored or even disdained the purveyors of technical information. Allied o�cers,
startled by Hitler’s momentous conquests, only gradually stumbled to the realization
that their Achilles heel was the technical inferiority of many of their guns, planes, tanks,
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and submarines. On the eve of Hitler’s final defeat, Allied scientists had narrowed the
lead and occasionally overtaken their enemy, but in crucial areas Germany’s superiority,
even in the last year of the war, had actually increased. Acknowledgment of that reality
bred a conviction—some would say a legend—of German scientific supremacy that was
not far from the truth. [...] The proof of German technical prowess is overwhelmingly
established in the hundreds of reports written by Allied investigators who did not shy
from describing the Germans’ “astonishing achievement” and “superb invention.” It
was also established by the very survival of Germany during four years of total war
despite the prediction during the first two years of war by British intelligence that
the German economy and German industry faced imminent and total collapse. The
blockade on essential minerals, chemicals, and petroleum products, it was argued, would
cripple weapons production. But the very opposite happened, because German scientists
developed an astonishing range of substitutes that not only humiliatingly neutralized
the Allied blockade but heralded the dawn of a new scientific era. [...] German scientists
had pioneered so many inventions that many Allied experts would complain that their
plunder could do no more than scratch the surface.

Since 1945, the genesis of weapons by all four Allies has been dominated by the inheri-
tance of Germany’s wartime inventions. Indeed, the Korean War can be viewed, on the
technical level, as a trial of strength between two di↵erent teams of Germans: those hired
by America and those hired by the Soviet Union. The aerial dogfights between Soviet
MiG-15s and American F-86 Sabres—both designed by German engineers—dispelled for
many their doubts about the expediency of plundering Germany’s scientific expertise.

As the war ended, Allied investigators, plunged into the hectic race to find their Ger-
man competitors, were in turn shocked, excited, and then bewildered as they began
to appreciate their own technical ignorance. For them, a haphazard series of interroga-
tions conducted in the turmoil of a distraught and defeated nation was tantalizing and
frustrating. The obvious solution was to transport the German experts to America and
Britain, following the example of the French and Russians. The American haul, enthu-
siastically hailed as an Aladdin’s cave, was worth alone, according to some American
military estimates, “thousands of millions of dollars.”
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Figure 11.12: Examples of German-speaking creators who emigrated to the United States after the
Third Reich.
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John Gimbel, who wrote the definitive book on postwar technology transfer, further described the
widespread impact that the Paperclip scientists ultimately had in the United States [Gimbel 1990a,
pp. 171–172]:

As we have also seen, the armed services shared their Paperclip specialists with their
contractors, on occasion permitting them to shuttle from military installations to pri-
vate firms and in many instances ultimately releasing them entirely for employment
in the private sector. A Joint Intelligence Objectives Agency (JIOA) statistical report
of 1951, for example, shows Paperclip specialists working in a variety of private firms
and agencies, among them Bendix Aviation Corporation, Grumman Aircraft Company,
Packard Motor Company, Hydropress, Incorporated, of New York, Phillips Petroleum
Company, Dow Chemical Company, Hydrocarbon Research, and the Universities of In-
diana, Chicago, Minnesota, Illinois, Missouri, and others. Clarence G. Lasby, in his
pioneering study of Project Paperclip, published in 1971, listed numerous universities
(Yale, Wisconsin, Kansas, Ohio State, and others) and corporations (Boeing, Raytheon,
General Electric, Bell, Westinghouse, and others) to which Paperclip specialists had
gone in the 1950’s and 1960’s, “frequently in executive positions.”

Figure 11.12 shows one group of Paperclip scientists (aerospace engineers including Wernher von
Braun right of center in the front row) at Fort Bliss, Texas, in 1946.

In addition to thousands of scientists and engineers, the United States and other countries also
acquired many of the administrators who had selected, funded, and managed the science and
engineering programs. One of the most spectacular examples is that Dr. Ing. Hans Kammler, an
SS general who ended up controlling almost all of Germany’s advanced weapons programs by the
end of the war, was captured by the United States and interrogated at great length after the war;
see pp. 3078–3087.

The Soviet Union forcibly removed and held thousands of German-speaking skilled scientific workers
(the exact numbers are even murkier than the corresponding figures for the United States), and
millions of German-speaking unskilled workers.1

The German historian Christoph Mick was able to access some relevant files in Moscow archives for
the first time in the 1990s. He reported that he had found documentation for at least 3000 German
and Austrian scientists and engineers who had been transferred to the Soviet Union during the
period 1945–1947 [Mick 2000, pp. 15–17]:

1 Albrecht et al. 1992; von Ardenne 1990, 1997; Barkleit 2008; Barwich and Barwich 1970; Boch and Karlsch 2011;
Fengler 2014; Fengler and Sachse 2012; Graham 1993; Heinemann-Gruder 1992; Holloway 1994; Karlsch and Laufer
2002; Kozyrev 2005; Kruglov 2002; Jürgen Michels 1997; Mick 2000; Nagel 2016; Naimark 1995; Oleynikov 2000;
Pondrom 2018; Przybilski 1999, 2002a, 2002b; Riabev 2002a; Riehl and Seitz 1993; Siddiqi 2009; Sokolov 1955; Uhl
2001; Zeman and Karlsch 2008; News Chronicle 1945-10-15 p. 1; NYT 1945-10-15 p. 4, 1945-10-31 p. 6, 1946-01-29 p.
1, 1946-11-28 p. 16, 1946-12-06 p. 17, 1947-02-24 p. 1, 1948-05-26 p. 3, 1948-12-28 p. 10b; Spokane Daily Chronicle

1948-03-16 p. 6; Sydney Morning Herald 1946-04-20 p. 2; Times 1945-05-15, 1945-05-18.
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Zwischen 1945 und 1947 wurden deutsche
und österreichische Wissenschaftler, Techniker
und Facharbeiter in die Sowjetunion gebracht,
um in Werken, Konstruktionsbüros und
Forschungseinrichtungen qualifizierte Arbeit
zu verrichten. [...]

Es handelte sich um etwa 3.000 Wis-
senschaftler, Ingenieure, Techniker und
Facharbeiter, zusammen Angehörigen nicht
mehr als 8,000 Personen. [...]

Nach Art und Zeitpunkt der Rekrutierung
können fünf Typen von Spezialisten unter-
schieden werden.

1. Die erste Gruppe wurde zusammen
mit ihren Familien bereits im Sommer 1945
per Flugzeug in die Sowjetunion gebracht.
Angesichts der Zeitumstände kann von einer
freiwilligen Wahl keine Rede sein, doch ist
kein Fall bekannt, in dem physische Gewalt
angewandt wurde. Diese erste Welle betraf
vor allem die Atomforscher, es handelt sich
um weniger als 100 Personen. Darunter fallen
der Privatforscher Manfred von Ardenne, der
Physiknobelpreisträger Gustav Hertz, der
ehemalige Leiter der Forschungsabteilung der
Auer-Gesellschaft, Nikolaus Riehl, und der
Direktor des Kaiser-Wilhelm-Instituts für
physikalische Chemie in Berlin, Peter Adolf
Thiessen.

2. Die zweite und mit Abstand größte Gruppe
wurde am 22. Oktober 1946 zwangsweise in die
Sowjetunion gebracht. Davon betro↵en waren
etwa 2.200–2.300 Familien, insgesamt 6.700–
7.000 Personen. Die Fachleute stammten vor
allem aus den Bereichen Flugzeugzellen- und
Flugzeugtriebwerksbau, Optik, ballistische
und Lenkraketen, Chemie, Elektrotechnik und
Marinewa↵en.

Between 1945 and 1947 German and
Austrian scientists, technicians and skilled
workers were brought to the Soviet Union
to carry out qualified work in factories,
design o�ces and research facilities. [...]

There were about 3,000 scientists,
engineers, technicians and skilled workers,
together with relatives no more than 8,000
persons. [...]

Five types of specialists can be dis-
tinguished according to the type and time
of recruitment.

1. The first group and their families
were brought to the Soviet Union by
plane as early as summer 1945. Given the
circumstances, there was no voluntary
choice, but there was no known case of
physical violence. This first wave mainly
a↵ected nuclear researchers, fewer than
100 people. These include the private re-
searcher Manfred von Ardenne, the Nobel
Prize winner in physics Gustav Hertz, the
former head of the research department
of the Auergesellschaft Nikolaus Riehl,
and the director of the Kaiser Wilhelm
Institute for Physical Chemistry in Berlin,
Peter Adolf Thiessen.

2. The second and by far the largest
group was forcibly brought to the So-
viet Union on 22 October 1946. About
2,200–2,300 families were a↵ected, a
total of 6,700–7,000 people. The experts
came mainly from the fields of airframe
and aircraft engine construction, optics,
ballistic and guided missiles, chemistry,
electrical engineering and naval weapons.
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3. Die dritte Gruppe kam zwischen 1946 und
1947 ausgestattet mit Zeitverträgen in die
Sowjetunion. Etwa 200–250 Fachkräfte halfen
beim Wiederaufbau demontierter Betriebe
und wiesen die einheimischen Arbeiter in
die Funktionsweise der Maschinen ein. Diese
Spezialisten waren meist in der Textil- und
Chemieindustrie tätig. Dazu kamen zehn
Fachleute für Marinewa↵en und einzelne
Chemiker und Physiker, die im Atomprojekt
eingesetzt wurden.

Diese drei Gruppen waren zwar in ihrer
Bewegungsfreiheit stark eingeschränkt, galten
aber nicht als Gefangene.

4. Davon unterschied sich die vierte Gruppe.
Sie bestand aus Häftlingen der sowjetischen
Speziallager in der SBZ, die wegen echter oder
angeblicher Verstrickung in die Verbrechen des
NS-Regimes interniert worden waren. Etwa
50–60 Häftlinge mit technischem Spezial-
wissen wurden 1946 und 1947 zur Arbeit in
Konstruktionsbüros des NKVD/MVD in die
Sowjetunion deportiert. Sie arbeiten zunächst
im elektrotechnischen Bereich, später wurden
sie bei der Entwicklung von lenkbaren Flu-
gabwehrraketen eingesetzt.

5. Die fünfte Gruppe wurde aus Kriegs-
gefangenenlagern rekrutiert. Etwa 200–250
Kriegsgefangene, in der Regel Handwerker,
aber auch einzelne Wissenschaftler und
Ingenieure, wurden in Einrichtungen des
Atomsektors gebracht, in denen bereits
deutsche Wissenschaftler tätig waren.

3. The third group came to the Soviet
Union between 1946 and 1947 with tem-
porary contracts. Some 200–250 skilled
workers helped rebuild dismantled fac-
tories and trained local workers in the
operation of the machines. These special-
ists were mostly employed in the textile
and chemical industries. There were also
ten specialists for naval weapons and
individual chemists and physicists who
were employed in the nuclear project.

Although these three groups were severely
restricted in their freedom of movement,
they were not considered prisoners.

4. The fourth group was di↵erent from
those. It consisted of prisoners from the
Soviet special camps in the Soviet Zone
who had been interned because of real
or alleged involvement in the crimes of
the Nazi regime. In 1946 and 1947, about
50–60 prisoners with specialized technical
knowledge were deported to the Soviet
Union to work in construction o�ces of
the NKVD/MVD. At first they worked
in the electrotechnical field; later they
were used in the development of guided
anti-aircraft missiles.

5. The fifth group was recruited from
prisoner-of-war camps. Some 200–250
prisoners of war, usually craftsmen, but
also individual scientists and engineers,
were brought to nuclear facilities where
German scientists were already working.

It is important to note that Mick’s estimate of 3000 German-speaking scientists is a minimum
number. That estimate did not include specialists who were transferred to the Soviet Union after
1947, scientists and engineers who remained in Soviet-controlled East Germany and labored on
behalf of the Soviet Union there, and German-speaking scientists from other areas of the former
Third Reich (Poland, Czechoslovakia, etc.) who worked for the Soviet Union in those regions or were
transferred to the Soviet Union. Thus the total number of German-speaking scientists recruited by
the Soviet Union would have been many thousands.
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For example, after German reunification, the Stanford University historian Norman Naimark stud-
ied some former East German records that described over 6000 specialists who remained in East
Germany to work there on behalf of the Soviet Union [Naimark 1995, pp. 230–232]:

The Soviets removed most of the scientists and technicians important to their arma-
ments industry in the October 22 [1946] operation, and they took others periodically by
a variety of means from Western and Eastern zones. [...] But Soviet technical experts
understood that they still had a lot to gain in the way of knowledge and expertise from
the high level of German technological achievements, industrial infrastructure, and pro-
duction methods in the Eastern zone. [...] An Administration for the Study of Science
and Technology in Germany was attached to SVAG headquarters in Karlshorst. This
central administration was to supervise a network of Science and Technology O�ces
(NTOs) in each of the provinces and many of the large cities in the Eastern zone. [...]

Altogether in the NTOs, 611 Soviet specialists oversaw the work of 6,014 German sci-
entists and technicians, plus 7,067 German workers. Between 1946 and 1948, the NTOs
supervised the completion of 7,069 projects, some of which had great practical value for
Soviet industry. From German specialists the Soviets learned how to make high-octane
gas and carbon fuels. They learned how to produce liquid fuels and build turbines that
could be run on liquid fuels. They created a Soviet nylon industry from German ac-
complishments in that field, and adapted the Buna chemical factories’ advancements
for the creation of synthetic rubber. Similarly, the technology of the German coal bri-
quette industry was adapted for Soviet use[...] Other Soviet industries that benefited in
particular from German technologies developed by the NTOs included ceramics, metal
finishing, film developing, and metal plating. Almost 4,000 prototypes of a variety of
machines, production stations, and technologies were transferred to the Soviet Union in
this period, through the NTOs.

In 1946 in just one Soviet-occupied former German underground factory alone, 2000–3000 German
scientists were reported to currently be working for the Soviet Union, continuing wartime German
work on nuclear weapons and rockets (p. 2595).

For examples of contemporary articles documenting the transfer of German and Austrian scientists
to the Soviet Union, see:

Russian Seizures [of Austrians] in Austria Aired [NYT 1945-11-22 p. 16].

Russians Said to Use German War Experts [NYT 1946-05-22 p. 4].

Seizure of 3,000 Laid to Russians: Human Reparations [NYT 1946-10-24 p. 14].

3,000,000 Axis POW on Siberian Projects [NYT 1946-12-17 p. 18].

Former German O�cers Reported Sent to Russia [NYT 1946-12-21 p. 4].

Soviet Seen Ready to Shift Workers: Technicians Are Needed in the East [NYT 1946-
12-28 p. 7].

Austrians Attack Russian Seizures [of Austrians] [NYT 1948-11-07 p. 13].

Russia Keeps Prisoners [1,000,000 POWs for labor] [NYT 1948-02-01 p. 25].

The Kremlin Picks a German Brain [Littell 1958].
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Similarly, large numbers of German-speaking scientists and engineers were recruited by France.2

Writing for L’Express, investigative journalists Vincent Nouzille and Olivier Huwart sifted through
government records and described the recruitment and ultimate technological impact of over 1000
German and Austrian scientists and engineers in France after the war [Nouzille and Huwart 1999]:

Entre 1945 et 1950, plus de 1 000 chercheurs
allemands, dont certains nazis, ont été
“embauchés” par les autorités françaises.
Un apport très secret à la reconstruction
de l’industrie militaire et aéronautique du
pays. [...]

Plus étonnant: le LRBA n’est pas le
seul organisme français à avoir bénéficié,
après guerre, de ces “transferts de technolo-
gie” très particuliers. Les faits ont longtemps
été masqués aux yeux de l’opinion pour
cause d’orgueil national et de secret défense.
Mais, depuis quelques années, une poignée
d’historiens et d’initiés ont commencé de
découvrir une réalité insoupçonnée: entre
1945 et 1950, la France a massivement
recruté des “cerveaux du IIIe Reich”.
Combien? En recoupant ces études avec
les archives accessibles et des témoignages
directs, L’Express peut avancer qu’ils furent
plus d’un millier. Soit nettement moins
que les 5 000 savants allemands enrôlés
par l’URSS ou les 3 000 recrutés par les
Etats-Unis dans le cadre de leur opération
“Paperclip”. Mais plus que les quelques
dizaines embauchés en Grande-Bretagne.
Des nazis? Nombre de ces savants n’étaient,
semble-t-il, ni des fanatiques ni des militants.
“J’étais un simple ingénieur, sans engage-
ment politique”, dit Kraehe. Toutefois la
France, on le verra, ferma les yeux pour
attirer quelques figures au passé chargé.
Ces recrues avaient-elles un bon niveau de
connaissances? “Oui, estime Jacques Villain,
historien de la SEP, spécialiste du sujet.
La France, principalement dans le domaine
aéronautique et militaire, a su attirer des
personnalités de premier plan.”

Between 1945 and 1950, more than 1,000
German researchers, including some Nazis,
were “hired” by the French authorities. A
highly secret contribution to the reconstruc-
tion of the country’s military and aviation
industry. [...]

More surprisingly, the LRBA is not the
only French organization to have benefited
after the war from these very specific
“technology transfers.” For a long time,
the facts were hidden from the eyes of the
public because of national pride and military
secrecy. But in recent years, a handful of
historians and insiders have begun to dis-
cover an unsuspected reality: between 1945
and 1950, France massively recruited the
“brains of the Third Reich.” How many? By
cross-checking these studies with accessible
archives and direct testimonies, L’Express
can state that there were more than a
thousand of them. This is considerably less
than the 5,000 German scientists recruited
by the USSR or the 3,000 recruited by the
United States as part of their “Paperclip”
operation. But more than the few dozen
hired in Great Britain. Nazis? Many of these
scientists were, it seems, neither fanatics
nor militants. “I was a simple engineer,
without political commitment,” Kraehe
says. However, France, as we will see, closed
its eyes to attract some figures with a busy
past. Did these recruits have a good level
of knowledge? “Yes,” says Jacques Villain,
SEP historian and specialist in the subject.
France, mainly in the aeronautics and
military sectors, has been able to attract
leading personalities.”

2Defrance 2001; Ludmann-Obier 1986, 1988, 1989; Nouzille and Huwart 1999; O’Reagan 2019; Teyssier and Haute-
feuille 1989.
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Les noms de ces têtes de file sont inconnus
du grand public: Jauernick, Müller, Bringer,
Habermann pour les fusées (LRBA et SEP);
Oestrich pour les moteurs à réaction à la
Snecma [...]; Sänger pour les engins spéciaux
à l’arsenal de Chtillon (aujourd’hui Aerospa-
tiale); Schardin et Schall pour les explosifs
à l’institut Saint-Louis (ministère de la
Défense). A ces leaders il faut ajouter des
apports d’équipes allemandes chevronnées—
réparties sur tout le territoire [...]—dans le
domaine des hélicoptères, des sous-marins,
des torpilles, des radars, des moteurs de
char, des obus, des sou✏eries aéronautiques.
Et même de la force de frappe[...]

La liste est loin d’être close: “La dispersion
des archives et leur fréquente classification
militaire empêchent encore d’avoir une vi-
sion complète du phénomène, estime Gérard
Bossuat, professeur d’histoire à l’université
de Cergy-Pontoise, spécialiste des relations
franco-allemandes d’après-guerre [3]. Mais
une chose est sre: ce recrutement de sa-
vants a été assumé politiquement par le
gouvernement et organisé administrative-
ment.” Même si la plupart sont repartis en
Allemagne dans les années 50, Emmanuel
Chadeau, professeur d’histoire à l’université
Lille III, estime que “leur présence a permis
à certains secteurs de l’industrie française
de rattraper au moins cinq ans de retard,
voire de réaliser de belles percées”. De quoi
réviser quelques vérités... [...]

The names of these leaders are unknown
to the general public: Jauernick, Müller,
Bringer, Habermann for rockets (LRBA and
SEP); Oestrich for Snecma jet engines [...];
Sänger for special vehicles at the Chtillon
arsenal (now Aerospatiale); Schardin and
Schall for explosives at the Saint-Louis
Institute (Ministry of Defense). To these
leaders must be added the contributions
from experienced German teams—spread
throughout the country [...]—in the field of
helicopters, submarines, torpedoes, radar,
tank engines, shells, and aeronautical wind
tunnels. And even the strike force[...]

The list is far from over: “The disper-
sion of archives and their frequent military
classification still prevent us from having
a complete picture of the situation,” says
Gérard Bossuat, Professor of History at the
University of Cergy-Pontoise, a specialist in
Franco-German postwar relations. But one
thing is certain: this recruitment of scientists
was politically decided by the government
and organized administratively.” Even
though most of them returned to Germany
in the 1950s, Emmanuel Chadeau, professor
of history at the University of Lille III,
believes that “their presence has enabled
certain sectors of French industry to catch
up at least five years earlier, or even to make
significant breakthroughs.” Something to
revise some truths.... [...]
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Pourtant, dans cette chasse souterraine, les
Français ne se débrouillent pas mal. Les ordres
viennent de très haut. Dès le 16 mai 1945, dans
une note classée “très secret”—exhumée des
archives de l’armée de terre par l’historienne
Marie-France Ludmann-Obier—l’état-major
de la Défense nationale alerte le général de
Gaulle, chef du gouvernement provisoire, sur
l’intérêt des recherches allemandes: “L’activité
et l’ampleur des résultats obtenus, dans le
domaine des armes secrètes notamment,
ont vivement impressionné ceux qui les ont
examinés[...]. Certaines personnalités, têtes de
file, ont été emmenées en Angleterre, d’autres
pressenties pour travailler en Amérique.
De notre côté, nous avons emmené tempo-
rairement à Paris certaines personnalités
[...]”. Soucieux de redonner rapidement à la
France les moyens d’une grande puissance,
le général de Gaulle délivre, le 17 mai 1945,
une instruction personnelle et confidentielle:
“Il y aura tout lieu de transférer en France
les scientifiques ou techniciens allemands de
grande valeur pour les interroger à loisir sur
leurs travaux et éventuellement les engager à
rester à notre disposition.”

Les consignes sont claires. Le général Pierre
Koenig, qui assure, à Baden-Baden, le com-
mandement en chef des forces françaises dans
la zone d’occupation en Allemagne (ZFOA),
s’en fait l’ardent promoteur. “Mieux vaut la
qualité que le nombre”, écrira-t-il en octobre
1946 dans une note secrète, conservée aux
archives de la ZFOA, à Colmar. Il prône une
“immigration éclairée”, de savants, mais aussi
de techniciens de “valeur honorable”. Avec un
argument de poids: “Chaque technicien qui
vient se fixer à demeure en France correspond
à une diminution du potentiel allemand et
à une augmentation du potentiel français; il
faut en profiter.” Dans une autre lettre, il
insiste sur cet avantage qu’il sait temporaire:
“Soyons srs que du jour o un gouvernement
allemand [...] sera reconstitué, il fera tout
son possible pour arrêter cette véritable
hémorragie humaine, se rendant compte du
grave préjudice subi...”

However, in this underground hunt, the
French did not do badly. Orders came
from very high places. As early as 16
May 1945, in a note classified as “top
secret”—exhumed from the army archives
by the historian Marie-France Ludmann-
Obier—the National Defense Sta↵ alerted
General de Gaulle, Head of the Provi-
sional Government, to the importance
of German research: “The activity and
scale of the results obtained, particularly
in the field of secret weapons, greatly
impressed those who examined them[...]
Some leading people were taken to Eng-
land; others were approached to work in
America. On our side, we temporarily
took some people to Paris...” Eager to
quickly give France back the resources of
a great power, General de Gaulle issued
a personal and confidential instruction on
17 May 1945: “There will be every reason
to transfer to France German scientists
or technicians of great value to question
them at will about their work and pos-
sibly urge them to remain at our disposal.”

The instructions were clear. General
Pierre Koenig, who was in charge of the
chief command of the French forces in
Baden-Baden in the German occupation
zone (ZFOA), was the ardent promoter.
“Quality is better than number,” he
wrote in October 1946 in a secret note
in the ZFOA archives in Colmar. He
advocated “enlightened immigration” of
scientists, but also of technicians of “hon-
orable value.” With a strong argument:
“Each technician who comes to France
permanently corresponds to a decrease
in German potential and an increase in
French potential; we must take advantage
of it.” In another letter, he insisted on
this advantage, which he knew to be tem-
porary: “Let us be sure that from the day
a German government is reconstituted, it
will do everything possible to stop this
real human bleeding, realizing the serious
damage su↵ered...”
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Malgré des moyens limités, la machine
administrative française se met en marche.
La “section T” laisse la place à la mi-1945
à une “section d’information scientifique” o
sont représentées toutes les armes (air, terre,
marine), le CNRS et le Centre national
des télécoms (Cnet). Cette instance établit
des centaines de rapports et rédige plus de
3 500 fiches personnelles sur des savants
allemands. Le 19 mars 1946, le ministère de
l’Economie nationale détaille la procédure
de recrutement, soumise au feu vert de neuf
services ministériels (production industrielle,
finances, travail, sreté, consulats, etc.). Une
“procédure d’extrême urgence” est tout de
même prévue, “dans le cas o un savant ou
un technicien serait sur le point de partir à
l’étranger et de nous échapper”. [...]

Lorsque les cibles valent la peine, tous
les arrangements sont possibles. Une liste de
sou✏eurs de verre, très prisés pour l’optique
de pointe, est transmise à Paris avec cette
précision: “Ces personnes résidant en zone
russe [...], il serait recommandable de faire
appel aux services du Sdece.” Autrement
dit: les services secrets français sont
chargés des “exfiltrations” des autres zones
d’occupation. C’est ainsi qu’en décembre
1945 Ferdinand Porsche est enlevé par des
Français dans sa résidence de Zell am See,
alors qu’il est surveillé par les Américains.
Inventeur de la Coccinelle de Volkswagen et
de l’énorme char Maus, Porsche, hitlérien
fanatique, est d’abord emprisonné à Dijon,
avant d’être a↵ecté quelques mois chez
Renault, o il est mal accepté, puis remis en
prison.

Despite limited resources, the French ad-
ministrative machinery was set in motion.
The “T section” gave way in mid-1945 to
a “scientific information section” where
all military services (air, land, sea), the
CNRS and the National Telecommunication
Center (Cnet) were represented. This body
produced hundreds of reports and more than
3,500 personal files on German scientists.
On 19 March 1946, the Ministry of the
National Economy detailed the recruitment
procedure, subject to the approval of nine
ministerial departments (industrial produc-
tion, finance, labour, security, consulates,
etc.). An “extreme urgency procedure” was
nevertheless provided for, “in the event that
a scientist or technician is about to leave for
a foreign country and escape from us.” [...]

When the targets were worth it, all arrange-
ments were possible. A list of glassblowers,
highly prized for their advanced optics, was
sent to Paris with this instruction: “These
people residing in the Russian zone [...], it
would be advisable to use the services of the
Sdece.” In other words: the French secret
services were responsible for “exfiltrations”
from the other occupation zones. Thus
in December 1945 Ferdinand Porsche was
kidnapped by the French from his residence
in Zell am See, while he was under American
surveillance. Inventor of the Volkswagen
Beetle and the huge Maus tank, Porsche,
a Hitlerian fanatic, was first imprisoned in
Dijon, before being posted for a few months
at Renault, where he was poorly received
and then put back in prison.
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Likewise, large numbers of German-speaking scientists and engineers were recruited by the United
Kingdom.3 Over 1000 German-speaking scientists and engineers worked for the U.K. government
or companies, either in the United Kingdom or on its behalf in West Germany [Glatt 1994]. They
played important roles in postwar British developments in jets, missiles, rockets, submarines, and
other areas. The U.K. government was relatively secretive about its use of these German-speaking
scientists, quite possibly due to a desire to avoid public questions about employing scientists who
had only recently been creating weapons that were bombarding the United Kingdom. Historian
Charlie Hall described the U.K. programs for interrogating, recruiting, and exploiting German-
speaking scientists [Hall 2019, pp. 1–2, 4]:

[...A]fter the war ended, the victorious Allies sought to continue the work of the Third
Reich’s rocket scientists and bring the technology of the V-2 into their own armories.
[...] Under the codename Operation Backfire, this took place through the summer and
autumn of early 1945 and culminated in three test-firings in October. All of these took
place in the Lower Saxony coastal town of Cuxhaven and were run by the same German
troops who had overseen the rocket attacks on London, albeit now under close British
supervision. [...] Britain, through the utilisation of German technology and expertise,
had now entered the ballistic missile era.

Backfire was not the only operation of its type which took place at this time, nor was
rocketry the only field in which the British (and the other Allies) were interested. For
instance, 125 kilometers to the south-east of Cuxhaven, at Raubkammer, near Munster,
experts from the British Chemical Defence Experimental Establishment at Porton Down
spent three months conducting a wide range of trials and experiments with the newly
discovered German nerve agents, primarily Tabun and Sarin. Elsewhere, Operation
Surgeon, run by the Ministry of Aircraft Production and the Ministry of Supply, took
over several former Luftwa↵e installations and set out to explore German progress in
all manner of aeronautical topics. These large investigative projects which sprung up
in the summer of 1945 were of huge significance, but only represent a small portion of
British interest in German science and technology in the post-war period. British o�cials
had entered Paris within a week of its liberation to explore formerly German-occupied
laboratories in the French capital. Royal Navy experts were among the first Allied forces
into Kiel and moved quickly to examine the submarine design and construction facilities
there. After Germany surrendered, British investigators poured into the country and
visited every laboratory, research site and factory of even passing interest, in their quest
to learn all they could about German science and technology.

The process did not stop there. In January 1946, the first group of 23 German scientists
recruited by Britain after the war arrived in Barrow-in-Furness in Cumbria, to work
on submarine technology at the Vickers-Armstrong shipyard. Many more followed over
the next two or three years, travelling to Britain to work on rockets, aircraft, chemical
warfare, and on a huge range of civil-industrial topics as well. When the British and
French launched Concorde, the world’s first supersonic commercial airliner, in 1976, few
knew that much of the aerodynamics work involved in its design had been completed by
German experts who came to Britain as part of a government scheme in the immediate
post-war period. Other German specialists did not land such significant roles in Britain

3Bud and Gummett 1999; Edgerton 2006; Glatt 1994; Hall 2019; O’Reagan 2014, 2019; Paneth 1948.



11.1. CREATIONS/CREATORS TRANSFERRED FROM GERMAN WORLD 1583

after the war, but did contribute to the British military or economy in other ways, often
through written reports or interrogations which took place during periods of internment
at special camps in Germany and Britain after the war. Some of these individuals were
not even detained because they were considered of value to Britain, but rather because
it was considered important to keep them out of the employ of the Soviet Union. In this
way, German science and technology became a source of much competition in the early
Cold War period.

[...I]n the minds of Allied strategists, German military technology was far superior
to their own and the perceived benefits to be gained by acquiring this equipment,
and the expertise behind it, were extremely tempting. Thus exploitation was born.
The supposedly more advanced nation had been defeated, and its victorious occupiers
could now claim the scientific and technological spoils of war; their own armouries and
industries could make huge leaps forward by standing on the shoulders of their newly
vanquished foe. [...]

With full British government sanction, German laboratories and factories were inspected
and meticulously pillaged, machinery and prototypes were confiscated, and documents
and blueprints were shipped back to Britain in their thousands. In addition, expert
German personnel were detained, interrogated and, in many cases, recruited to work for
the British state or for private companies. No area of expertise was left untouched, from
the most highly sensitive military project to the most mundane commercial production
techniques; all was considered fair game under the terms of the British exploitation
initiative.

German-speaking scientists also went to many countries other than the four major Allies. Through
the British Commonwealth, at least 150 moved to Australia [Evan Jones 2002] and at least 41 to
Canada [Margolian 2000]. At least 108 went to Argentina and at least 27 to Brazil [Stanley 1999].
At least ⇠100 went to Spain, ⇠100 to Egypt, and ⇠50 to India [Neufeld 2012].

Although the numbers of German-speaking scientists working for various countries as given above
are only lower bounds, and the corresponding figures for other countries (Switzerland, Sweden,
South Africa, etc.) are not readily available, the total number of scientists and engineers who left
the German-speaking world in the years immediately after the war was likely well over 10,000, or
the majority of the creators who were still in the German-speaking world in 1945.4

4For more information on the transfer of German-speaking scientists, see Albrecht et al. 1992; Bar-Zohar 1967;
Bower 1987; Buyer and Jensen 1948; Byrd 1948; Crim 2018; DOW 1945, 1946; Gimbel 1986, 1990a, 1990b, 1990c;
Goudsmit 1947; Glatt 1994; Hall 2019; Linda Hunt 1985; Morton Hunt 1949; Jacobsen 2014; Jensen 1948; Jösten
1947; Judt and Ciesla 1996; Kurowski 1982; Lasby 1971; Nagan 1947; O’Reagan 2014, 2019; Simpson 1988.
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Postwar transferred equipment

Despite heavy bombing by Allied forces, a large majority of scientific, engineering, and industrial
infrastructure and equipment from the German-speaking world survived the war, due to numerous
vast underground installations, camouflage, target dispersal, and continuous rebuilding, as shown
for example by the following reports:

The Hydra [Newsweek 1945-07-09 p. 52]:

This job of controlling Germany . . . is no short-term business. The Germans are capable
and industrious people. They are fired by their desire for revenge and can rebuild an
industrial war machine and reorganize it for war purposes in a few short years, regardless
of the damage wrought by bombing.

That was how Leo T. Crowley, Foreign Economic Administrator, described the problem
of controlling the Reich last week in testimony before a subcommittee of the Senate
Military A↵airs Committee. “If we were to leave Germany to its own devices and not
to institute a program of economic and industrial disarmament, Germany could be far
better prepared for war in five years than she was in 1939,” Crowley said.

Crowley cited these examples of Germany’s capacity to rearm unless severely supervised:

“Allied bombing and military operations accomplished their mission . . . But such
military operations, basically selective in their character, were not and could not be
executed so as to eliminate permanently a national industrial war potential.”

“As it stands today, Germany, except for the United States, is the outstanding armament
machine shop in the world.”

“[Germany] has one dye plant that can turn out almost as much dye in one year as all
the plants in the United States together” . . .

“Practically all of the great iron and steel furnaces of Germany are ready for operation
or can be in operation with minor repairs.”

“Germany was producing about 1,000,000 metric tons [of nitrogen] in 1939 . . . A large
part of the capacity remains or can be rebuilt in a short time.”

“Germany did not lack materials for textiles . . . It would appear that little permanent
damage has been done to most of the plants.”

“According to the best available estimates, the German synthetic-rubber capacity today
is more than 100,000 tons.”

“In 1944, Germany was producing about 1,000,000 tons of natural petroleum and about
5,500,000 tons of synthetic oil . . . It is believed that a large part of Germany’s 1944
capacity for producing petroleum products can be restored within a brief period.”
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German Industry Grew under Raids: Many Fields Showed Increase in Production During Last Year
of War [NYT 1945-08-08 p. 15]:

Captured records disclosing that the Germans had been able to rebuild plants and
expand war production in the face of intensified bombings during the final year of the
European war were made public here today to support a Congressional investigating
committee’s warning that Germany, even in defeat, remained a major threat to world
peace. [...]

The records, cited in detail in an o�cial report of the Ministry for Armaments and
War Production that were seized last spring, showed that in 1944 three times as many
armored fighting vehicles, more than three times as many fighter-bombers and eight
times as many night fighters had been produced [as] in 1942.

In a number of war items there was an increase in the last quarter of the year. While
there was a decreased production in some fields, increase of air-raid damage and loss
of territory, the Ministry reported, it was “still possible to keep the armament industry
continuously supplied with the necessary material, a task that could be fulfilled only by
drastic measures of control. [...]

“Additional power plants were made available in 1944. [...]

“At the beginning of 1944 the supply of parts and components was the bottleneck of all
forms of German armament production. By the autumn of 1944, su�cient reserves of
material had been accumulated, with the result that, in spite of more di�cult conditions
in the basic industry, and also among subcontractors, the output of armaments could
be maintained and in some cases even increased.”

75% of Industries in Reich Survived [NYT 1945-10-11 p. 6]:

Despite the almost incessant heavy bombing and the fierce battles fought on German
soil, some 75 per cent of Germany’s industry is intact or in a reparable condition, Col.
James Boyd, chief of the industry division of the O�ce of Military Government, said
today. [...]

He did say, however, that in his opinion roughly 50 per cent of Germany’s steel-producing
machinery would have to be removed as reparations or destroyed.

Out of that surviving infrastructure, many hundreds (perhaps well over a thousand) of complete
factories and laboratories were removed, as may be seen by more examples from contemporary
news articles:
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Soviet Said to Get Its Yalta Demand: Moscow’s Share Believed Half of Movable Reich Property in
Potsdam Reparations [NYT 1945-08-05 p. 6]:

The Potsdam reparations agreement in e↵ect gives the Russians about 50 per cent of the
movable German property covered by the accord, o�cials familiar with the preliminary
negotiations on the subject said today.

[...A]bout 45 per cent of German assets of the capital variety covered by the agreement
were situated in the Russian zone [East Germany].

This high percentage surprised some persons familiar with pre-war German economy,
who were under the impression that the bulk of German industrial installations were in
the west, but it was pointed out that during and just before the war the Germans built
up their industrial plant in the east, where they located some of the nation’s largest
and most e�cient units.

Added to the 45 per cent of total movable German plant and equipment said to be
situated in the Russian zone, the Soviet Government receives, under the agreement, 10
per cent of certain capital equipment in the western zones [West Germany]. [...]

From the remainder of the movable equipment in the western zone, after the Russians
get their 10 per cent, the reparations claims of all the United Nations in the war against
Germany, except Russia, must be satisfied.

Allies Confiscate 300 Farben Plants: Part of Reich Trust’s Factories to be Dismantled and Used to
Pay Reparations: Other Assets Also Taken [NYT 1945-10-13 p. 3]:

The Allies have confiscated the entire holdings in Germany of the octopus-like I. G.
Farbenindustrie, without whose vast industrial output the Germans would have been
unable to wage war. General Clay, administrator of civil a↵airs in American-occupied
Germany, announced tonight that a part of the 300 plants owned by the huge trust
would be dismantled and taken by the Allies as reparations. [...]

General Clay estimated that about 75 per cent of Farbenindustrie’s plants in Germany
were intact. [...]

Pre-war assets of the trust were estimated at 5,000,000,000 Reichsmarks—$2,000,000,000.

Construction costs alone for the plants all over Germany and in Czechoslovakia amounted
to $762,800,000, Colonel Pillsbury estimated.
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Germans Report More Removals: Say 310 Plants in Thuringia Have Been Sent To Russia—Fear
Wide Unemployment [NYT 1946-10-27 p. 32]:

According to a report of the reparations department of the Thuringian Land Bureau
for Economics, by the end of June, 1946, 310 plants in Thuringia alone had been fully
dismantled by the Russians. The report added that during the third quarter of this year
410 Thuringian plants had worked exclusively on reparations deliveries of goods made
from German raw materials[...] As of Oct. 1 the entire production quota of Thuringia
has been allocated to Soviet occupation forces, the report added.

Representatives of workers in glass factories and optical works in Jena, in their telegram
Friday to the Allied Control Council, especially cited the stripping of that basic industry
from the one-industry town[...]

Accordingly the Russians apparently have made plans to drop their e↵orts to conciliate
the Germans and instead drain all possible resources out of the country as quickly as
possible.

BIOS 290, The Viscose Continuous and Rayon Staple Fibre Plants of the British, American and
French Occupation Zones of Germany, pp. 2–3:

The Team visited Germany with one primary object which was to assess the value of
any suitable plant likely to be seized as Reparations, in accordance with the Potsdam
Agreement.

A very agreeable and secondary objective was the acquisition of any further techni-
cal knowledge, and an additional report has therefore been written to supplement the
information gathered by the C.I.O.S. earlier in the year. [...]

It will be appreciated that the report of the C.I.O.S. became a very useful charter and
enabled us to investigate thoroughly the obviously new departures in the preparation,
spinning and finishing of Viscose Yarn and Rayon Staple. It might be of general interest
to say that the impression gathered by the team was that the Viscose industry of
Germany has developed rapidly along mass production lines with a high degree of
endeavour to eliminate handling and to shorten the Viscose preparation times as much
as possible by the introduction of many new shredding and mixing devices. [...]

In the Rayon Staple field the output of yarn per spinning position has reached almost
fantastic proportions. 15,000 denier is now quite common with an individual filament
denier of 1.5. We learned that some spinners are now contemplating an increase to
22,500 denier, using a jet of 15,000 holes of 0.07 m.m. diameter. Spinning pumps of the
order of 75.0 ccs. per rev. are already in use. Rheinische Zellwolle use only 5 combination
machines to produce 80 tons per day.

We would specially draw attention to our recommendation on the Zellwolle Lehr Spin-
nerei Research Station at Denkendorf. It is the opinion of the team that this would be
a valuable acquisition to the British Rayon Industry.
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BIOS 428. German Rayon and Staple Fibre Industry and Allied Engineering Industry. p. 3:

This work was undertaken following the original reconnaissance of the German Rayon
and Staple Fibre Industry (Ref. 1) and had as its primary object the evacuation of a
number of machines and processes upon which it was considered detailed investigation
and development work should be carried out for the benefit of the British Viscose Rayon
Industries. [gives long, detailed list of machines to be taken from Germany]

For many more examples, see:

Allies Will Strip German Economy [NYT 1945-02-02 p. 1].

Russia Said to Strip U.S. [Claimed] Plants in Reich [NYT 1945-07-08 p. 4].

Berlin’s Factories Stripped by Soviet [NYT 1945-07-17 p. 2].

Germany Stripped of Industry by Big 3 [NYT 1945-08-03 p. 1].

U.S. Allies to Get 5 Plants In Reich [NYT 1945-09-26 p. 8].

U.S. Will Transfer 11 More Reich Plants [NYT 1945-09-30 p. 25].

Russia Would Take Big Plants in Reich [NYT 1945-10-05 p. 2].

Opel’s Equipment Sought by Russians [NYT 1945-10-11 p. 4].

Smash I. G. Farben Empire, Eisenhower Advises Allies [NYT 1945-10-21 p. 1].

26 German Plants Divided by Allies [NYT 1945-12-11 p. 4].

26 German Plants Ready for Delivery [NYT 1945-12-23 p. 7].

Factories on Sale in Germany Listed [NYT 1946-01-06 p. 20].

21 Farben Plants Wiped Out by U.S. [NYT 1946-01-17 p. 14].

Russians to Strip 600 German Mills [NYT 1946-03-24 p. 18].

German Industry Gets Allies’ Bill [NYT 1946-03-29 p. 10].

Germany Moving Out Factory Equipment [NYT 1946-04-17 p. 13].

Russians Increase German Industry Reparations in Kind [NYT 1946-07-05 p. 4].

Russia for Seizing 200 German Firms [NYT 1946-07-11 p. 5].

Allies Will Share 11 German Plants [NYT 1946-07-25 p. 6].

Russians Charge Looting of Reparations from Plants in U.S. Zone of Germany [NYT
1946-08-03 p. 7].
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200 German Firms Seized by Soviet [NYT 1946-08-26 p. 7].

Transfers of Plants from American Zone to Russia Ahead of Schedule [NYT 1946-08-27
p. 12].

German Plant Ask as U.S. Reparations [NYT 1946-10-09 p. 22].

658 German Plants Listed for Payment [NYT 1946-10-20 p. 30].

Clay Sees End Soon to Occupation Costs [NYT 1946-11-14 p. 18].

10 Soviet Trusts Drain Germany, U.S. Occupation Sources Report [NYT 1946-12-06 p.
1].

Reparation Plan Enters 2 D Phase: U.S. Sends Soviet Equipment from Two German
Plants [NYT 1946-12-10 p. 11].

A German Plant Dismantled by the Russians [NYT 1947-07-13 Magazine p. 8].

682 [More] German Plants to be Dismantled [NYT 1947-10-17 p. 8].

28 More Plants in Germany Allotted [to Allies] [NYT 1947-12-23 p. 5].

Marshall Opposes End to Dismantling of German Plants [NYT 1948-02-09 p. 1].

Soviet Dismantles 19 Plants in Zone [NYT 1948-06-02 p. 10].

Farben Liquidation Mapped: New Concerns Are Planned: U.S. and British O�cials
[NYT 1948-07-25 p. 1].

Britain Clings to Dismantling [of German Factories]: Opposes Change in German Policy
[NYT 1948-09-09 p. 10].

French Dismantling 38 [German] Plants [NYT 1948-10-28 p. 10].

Dismantling Feared by French [NYT 1948-11-21 p. 10].

Soviets Hold Up Reparations Debt [NYT 1948-11-28 p. 10].

Dismantling Halt by U.S. Protested [NYT 1948-12-05 p. 9].

Allies Weigh Rift on German Plants [NYT 1948-12-07 p. 9].

For even more examples of transferred equipment, see the thousands of BIOS ER, BIOS, BIOS
Misc., BIOS Overall, CIOS ER, CIOS, FIAT, FIAT Review, JIOA, NavTecMisEu LR, and NavTecMisEu
reports in the Bibliography.
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All four major Allied countries claimed huge amounts of German and Austrian equipment. For ex-
ample, Vincent Nouzille and Olivier Huwart wrote about some of the factories and other equipment
that were acquired by France [Nouzille and Huwart 1999]:

Cette histoire débute au printemps de 1945,
alors que les armées alliées resserrent leur
étau sur le IIIe Reich. Les troupes de la Ire
armée française du général de Lattre avan-
cent dans le sud de l’Allemagne. Parmi les
unités de reconnaissance qui les précèdent se
trouvent des membres de la “section T”. Ces
experts du renseignement technique sont
chargés de repérer les installations militaires
et scientifiques allemandes. Si possible avant
les autres vainqueurs. Par chance, le sud de
l’Allemagne est tru↵é de dizaines d’usines
et de laboratoires, repliés dans cette région
moins exposée aux bombardements alliés.

La chasse au butin est ouverte. Une
équipe du 2e bureau de l’armée de l’air
découvre ainsi près d’Oberammergau une
vingtaine de caisses plombées, contenant
2 500 documents ultrasecrets du bureau
d’études de l’avionneur Messerschmitt. Des
trésors inestimables, ramenés à Paris pour
être exploités par les industriels. Les formes
d’ailes en flèche des futurs chasseurs français
Ouragan et Mystère sont inspirées de ces
documents.

Près de 50 000 tonnes de matériels divers
sont également envoyées en France durant
l’année 1945. Des centaines d’équipements
des usines aéronautiques de Dornier et
Zeppelin à Friedrichshafen franchissent la
frontière. La sou✏erie subsonique d’Ötztal,
dans le Tyrol autrichien, est démontée avant
d’être réinstallée à Modane-Avrieux sous les
auspices de l’Onera (O�ce national d’études
et de recherches aéronautiques).

This story began in the spring of 1945, when
the Allied armies tightened their grip on
the Third Reich. General de Lattre’s troops
of the First French Army advanced into
southern Germany. Among the reconnais-
sance units preceding them were members
of “Section T.” These technical intelligence
experts were responsible for identifying
German military and scientific installa-
tions. If possible before the other winners.
Fortunately, southern Germany was full of
dozens of factories and laboratories, folded
back into this region less exposed to Allied
bombardments.

The hunt for loot was on. A team from
the 2nd o�ce of the French Air Force
discovered around twenty sealed boxes
near Oberammergau, containing 2,500 top
secret documents from the design o�ce of
the aircraft manufacturer Messerschmitt.
Priceless treasures, brought back to Paris to
be exploited by industrialists. The arrow-
shaped wings of the future French fighters
Ouragan and Mystère were inspired by these
documents.

Nearly 50,000 tons of various materials
were also sent to France in 1945. Hun-
dreds of pieces of equipment from the
Dornier and Zeppelin aeronautical plants
in Friedrichshafen were taken across the
border. The Ötztal subsonic wind tunnel in
Austrian Tyrol was dismantled before being
relocated to Modane-Avrieux under the
auspices of Onera (O�ce national d’études
et de recherches aéronautiques) [where it is
still in use].
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Près de 200 usines “civiles” allemandes—
comme le complexe chimique BASF d’IG
Farben à Ludwigshafen—sont remises en
marche par les Français dans la zone
d’occupation qui leur est octroyée par les
accords de Potsdam de juillet 1945. Cette
zone couvre 10% de l’Allemagne et une par-
tie de l’Autriche. Les installations à vo-
cation militaire sont également rouvertes.
Dans la région du lac de Constance, 17
usines et laboratoires travailleront, jusqu’à
leur déménagement, en 1948, dans le sud
de la France, avec du personnel allemand,
pour le compte de la marine française. Le
physicien Yves Rocard (père de Michel)
supervise une partie de ces récupérations.
“On s’en est donné à coeur joie, en ramas-
sant des Allemands eux-mêmes”, raconte-t-il
dans ses Mémoires sans concessions (Gras-
set, 1988). D’autres scientifiques français vi-
ennent évaluer le potentiel scientifique nazi.
Le chimiste Henri Moureu, qui a étudié de
près les V 2 tombés près de Paris, réussit à
visiter en juin 1945 l’usine Mittelwerke-Dora
o étaient notamment fabriqués ces engins.
Son ami physicien Frédéric Joliot-Curie, di-
recteur du nouveau CNRS, dépêche, quant à
lui, plus de 400 missions en Allemagne. Des
expéditions parfois risquées: on retrouvera
un jour à Vienne le cadavre d’un scientifique
français, probablement jugé trop curieux par
les Soviétiques...

Nearly 200 German “civilian” factories—
such as the BASF chemical complex of IG
Farben in Ludwigshafen—were restarted by
the French in the zone of occupation granted
to them by the Potsdam agreements of July
1945. This area covered 10% of Germany and
part of Austria. Military facilities were also
being reopened. In the Lake Constance re-
gion, 17 factories and laboratories worked
with German personnel on behalf of the
French navy until they moved to south-
ern France in 1948. The physicist Yves Ro-
card (Michel’s father) supervised some of
these recoveries. “We had a great time, pick-
ing up Germans themselves,” he says in his
Mémoires sans concessions (Grasset, 1988).
Other French scientists came to evaluate the
Nazi scientific potential. The chemist Henri
Moureu, who had closely studied the V-2s
that had fallen near Paris, succeeded in vis-
iting the Mittelwerke-Dora factory in June
1945, where these machines were manufac-
tured. His physicist friend Frédéric Joliot-
Curie, director of the new CNRS, sent more
than 400 missions to Germany. Sometimes
risky expeditions: one day in Vienna we
found the body of a French scientist, proba-
bly considered too curious by the Soviets...

In addition to whole factories and laboratories, untold amounts of supplies, equipment, and pro-
totypes were appropriated by Allied countries after World War II. A 1945 U.S. Navy document
[NARA RG 38, Entry 72] listed examples of equipment transported to the United States in one
shipment, including a submarine, 39 aircraft, V-1 and V-2 missiles, and other advanced technology
prototypes.
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Some newspaper headlines illustrate other examples:

U.S. Navy to Use German Weapons [NYT 1945-06-30 p. 3].

Use of Armament Seized in Europe Asked in Pacific [NYT 1945-07-07 pp. 1, 3].

Ten U-Boats for Russia to be Yielded in Ulster [NYT 1945-11-22 p. 16].

U.S. Plans to Sell German Machines [NYT 1945-11-22 p. 17].

German Guns to Be Tested [NYT 1946-01-25 p. 4].

U.S. to Get 4,209,000 Tons of Germany’s Shipping [NYT 1946-04-24 p. 14].

All German Scrap Is Now Allocated [NYT 1948-09-04 p. 19].

As may be seen from these and other newspaper articles, large-scale removals were still going on
over 31⁄2 years after German surrender. So many industrial plants and their supplies and equipment
were removed, and for so many years, that Germans began to protest that the continuing removals
would hinder their ability to peacefully rebuild and support themselves financially. As reported in
these articles, western Allied countries responded by threatening to cut o↵ Germany’s food supply
if any further protests were made:

Germans Strike Against Removals [NYT 1946-10-29 p. 10].

Clay Will Force Plant Removals [by Threatening Food] [NYT 1947-10-02 p. 8].

German Charges Allies Loot West [Germany] [NYT 1948-01-07 p. 15].

Germans Warned on Food Supplies [If They Protest] [NYT 1948-01-09 p. 17].

Protests Removal of German Plants [NYT 1948-01-20 p. 2].

Farben Attorney Condemns Allies [NYT 1948-06-11 p. 5].

Baden Chiefs Quit Over Dismantling [NYT 1948-08-27 p. 3].

Germans Protest [Plant Dismantling] Restitution Plans [NYT 1948-09-05 p. 19].

Allied Suggestion Provokes German Ire [NYT 1948-11-28 p. 12].

Germans Boycott British over Plant Dismantling [NYT 1948-12-06 p. 3].

The Soviet occupation and exploitation of areas they controlled was much more brutal and lasted
until 1990.5

5E.g., Albrecht et al. 1992; von Ardenne 1990, 1997; Barkleit 2008; Barwich and Barwich 1970; Boch and Karlsch
2011; Fengler 2014; Fengler and Sachse 2012; Graham 1993; Heinemann-Gruder 1992; Holloway 1994; Karlsch and
Laufer 2002; Kozyrev 2005; Kruglov 2002; Jürgen Michels 1997; Mick 2000; Nagel 2016; Naimark 1995; Oleynikov
2000; Pondrom 2018; Przybilski 1999, 2002a, 2002b; Riabev 2002a; Riehl and Seitz 1993; Siddiqi 2009; Sokolov 1955;
Uhl 2001; Zeman and Karlsch 2008; News Chronicle 1945-10-15 p. 1; NYT 1945-10-15 p. 4, 1945-10-31 p. 6, 1946-01-29
p. 1, 1946-11-28 p. 16, 1946-12-06 p. 17, 1947-02-24 p. 1, 1948-05-26 p. 3, 1948-12-28 p. 10b; Spokane Daily Chronicle

1948-03-16 p. 6; Sydney Morning Herald 1946-04-20 p. 2; Times 1945-05-15, 1945-05-18.
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Soviet exploitation of German industry was also far larger than the number of German plants
would seem to indicate. The Soviet Union apparently had a systematic policy of shipping half of
a German plant and its workforce to the Soviet Union, forcing the remaining German workers to
rebuild and resta↵ the plant until it was functional again, then shipping half of the rebuilt plant
and workers to the Soviet Union, and repeating the process many more times. Thus the number
of industrial plants that the Soviet Union extracted from Germany was many times the number of
original plants. Even in its divided and war-ravaged state, Germany was mass-producing modern
industrial plants for the entire Soviet Union, covering everything from aerospace to electronics to
chemical technologies.

This Soviet practice was documented for example in the following U.S. intelligence report: Head-
quarters Berlin Command, O�ce of Military Goverment for Germany (US). 11 December 1946.
Special Intelligence Memorandum No. 48. Subject: V-2 Production in SovZone. Source: Extremely
Reliable. D-138175. [NARA RG 319, Entry A1-134A, Box 29, Folder Folder ZA 019293 Soviet
Guided Missiles, Rockets and V-Weapons Research, Development and Production Vol. 1, Fldr. 2
of 3]:

BLEICHERODE in the Harz mountains is still doing fine in the production of V-2
rockets. It was reported from this o�ce that dismantling was going on, but it was
stopped as of 1 December. The general procedure for dismantling of installations very
dear to the Soviet heart is the following as illustrated best by BLEICHERODE.

As soon as Soviet troops took over the V-2 plants, they did everything in their power to
get it reorganized and re-equipped. As soon as this was done, they started production.
When they saw that the finished product was satisfactory, they began to dismantle the
plant for the first time. The dismantling was not carried through completely, but was
halted as soon as about half was taken. Together with the machinery some personnel
was taken out, to be shipped to the USSR in order to set up the machinery which was
confiscated and complete it with more later.

In the meantime the plant in BLEICHERODE was being rebuilt under supervision of
German and Soviet engineers. Once rebuilt, production was started all over again and
as soon as satisfactory results were achieved, the dismantling was continued. In this way,
Soviet authorities enrich their own country by building up some priceless industries and
on the other hand they see to it that the original plant in Germany is reconstructed
and re-equipped after each time. Thus, they would be able theoretically to continue an
uninterrupted flow of industries from Germany to the Soviet Union.

This procedure is known to have been applied to all V-weapon plants in BLEICHERODE,
NORDHAUSEN, GOTHA and BERLIN. In BLEICHERODE the installations were dis-
mantled for the fourth time; in NORDHAUSEN for the sixth time; in Berlin only once;
conditions in GOTHA are unknown. [...]
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It is helpful to visualize the locations of scientific research, development, and production sites from
which various countries removed plants, materials, prototypes, scientists, and information at the
end of the war.

Figure 11.13 shows a map of areas controlled directly or indirectly by Germany in 1942. Most
German research and industry was located within the Greater German Reich (darkest area), al-
though there were also major sites in satellite countries, especially France and Norway. At the end
of the war, Allied countries seized resources, personnel, and information from sites in the respective
regions they regained or occupied.

Figure 11.14 presents a detailed map of the Greater German Reich in 1941, not including satellite
countries that were also controlled by Germany. Note that the Greater German Reich covered the
territory of not only modern Germany but also modern Austria, Poland, and the Czech Republic,
as well as small portions of other countries. At the end of the war, the majority of this territory
was occupied by the Soviet Union and therefore was generally not open to inspection by western
Allied investigators.

As an example of the distribution of wartime sites that were ultimately seized by Allied countries,
Fig. 11.15 shows a map of plants run by or a�liated with I.G. Farben in 1943. The large majority
were located within the Greater German Reich (covering modern Germany, Austria, Poland, and
the Czech Republic), although a few I.G. Farben plants were located outside that territory (mainly
in France). There were also I.G. Farben-associated facilities in Norway that are not shown on this
map.

Some (but certainly not all) major sites involved in scientific research, development, and production
during World War II are shown in:

• Fig. 11.16 for locations in modern Germany.

• Fig. 11.17 for locations in modern Austria and Hungary.

• Fig. 11.18 for locations in modern Poland and Russia.

• Fig. 11.19 for locations in the modern Czech Republic and Slovakia.
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Figure 11.13: Map of areas controlled directly or indirectly by Germany in 1942. Most German
research and industry was located within the Greater German Reich (darkest area), although there
were also major sites in satellite countries, especially France and Norway. At the end of the war,
Allied countries seized materials, scientists, and information from sites in the regions they regained
or occupied.
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Figure 11.14: Map of the Greater German Reich in 1941, not including satellite countries that
were also controlled by Germany. At the end of the war, the Soviet Union, United States, United
Kingdom, and France seized materials, scientists, and information from sites in the regions they
occupied. Note that the majority of this territory was occupied by the Soviet Union and therefore
was generally not open to inspection by western Allied investigators.
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Figure 11.15: Map of plants run by or a�liated with I.G. Farben in 1943. The large majority
were located within the Greater German Reich, but that included the territory of modern Austria,
Poland, and the Czech Republic in addition to modern Germany. Like other scientific sites, I.G.
Farben plants were seized at the end of the war by the countries occupying the corresponding
regions.
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Figure 11.16: Some major sites involved in research and development during World War II that are
located in modern Germany.
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Notes for Fig. 11.16, showing sites located in modern Germany:

Berlin area: universities and technical schools; Kaiser Wilhelm Institutes; Kummersdorf and Span-
dau army research centers; Oranienburg Auer/SS research center; Reichspost research institutes;
AEG, Siemens, Degussa, I.G. Farben, and other industry (e.g., pp. 2558, 2589, 2657, 2756, 2758,
3102) [Hayes 2004; Nagel 2016].

Braunschweig: Luftfahrtforschungsanstalt; Göring Werke; SS facilities; Buchler uranium (p. 3102).

Bremerhaven: naval research and development (e.g., p. 1167).

Elberfeld/Leverkusen area: I.G. Farben plants, including chemical warfare agent development (e.g.,
p. 2587).

Erfurt area: numerous underground facilities (pp. 2596–2597, 2861–2863, 2884–2955) and also ura-
nium deposits [Hayes 2004; Nagel 2016; Zeman and Karlsch 2008].

Frankfurt area: universities, research institutes, and industry [Hayes 2004; Nagel 2016].

Friedrichshafen and Unterraderach (pp. 2653–2655).

Göttingen University.

Hamburg area: universities, research institutes, and industry; chemical and nuclear weapons devel-
opment in Lüneburger Heide/Munster-Lager/Raubkammer (e.g., pp. 2536–2540, 2753–2758, 2849).

Heidelberg: university and Kaiser Wilhelm Institutes.

Jena: Zeiss (e.g., pp. 1010–1014, 1020, 1587); other research and development installations in sur-
rounding area.

Johanngeorgenstadt and Schneeberg area: uranium mining and use for nuclear development (pp.
2535, 2596) [Zeman and Karlsch 2008] .

Kaufering/Landsberg: installation possibly involved in nuclear work (p. 2586).

Kiel: naval research and development; uranium centrifuges (e.g., pp. 2536–2540).

Lehesten/Saalfeld area: underground facilities for rockets, aircraft, and possibly nuclear work (pp.
2588, 2594).

Leuna/Halle: I.G. Farben (e.g., pp. 2694–2698).

Munich area: universities, research institutes, and industry; Tegernsee facility (p. 2594).

Nordhausen: underground factories for rockets, missiles, and aircraft (e.g., pp. 3295–3300).

Peenemünde area of the Baltic coast: Peenemünde test center for rockets, missiles, and aircraft (e.g.,
pp. 2594, 3283–3294); Friedrich Lö✏er Institute for infectious disease research on Riems island (e.g.,
p. 155); military testing facilities on Rügen island (e.g., pp. 2846–2864); military testing facilities
on Bornholm island, Denmark (e.g., pp. 2595, 2959); Lübeck, Dräger Werke (e.g., p. 2706); other
facilities to produce and test advanced weapons and aircraft.

Piesteritz: chemical and possible nuclear development work (p. 2867).

Sigmaringen (p. 2594).

Stassfurt vicinity: underground Salzbergwerke facility for rocket and nuclear development (p. 2595).

Tübingen: university and research facilities (p. 2594).

Zellendorf: SS nuclear facility (p. 2589).
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Figure 11.17: Some major sites involved in research and development during World War II that are
located in modern Austria and Hungary.
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Notes for Fig. 11.17, showing sites located in modern Austria and Hungary:

Althofen: Treibacher Chemische Werke (e.g., pp. 2533–2535, 3102) [Gollmann 1994].

Ebensee: underground facilities for oil production, rocket development, and apparently nuclear-
related work (e.g., pp. 2573–2585, 3303–3305).

Floridsdorf (e.g., p. 2594).

Linz: Reichswerke Hermann Göring and other heavy industries, at least some of which were appar-
ently nuclear-related (e.g., p. 2629).

Lofer (e.g., p. 3099).

Melk vicinity and associated sites: underground facilities that were part of the Quarz development
(e.g., p. 2583) [Schmitzberger 2004].

Redl Zipf: underground facility (e.g., pp. 2573–2585).

Sopron, Hungary (e.g., p. 2580).

Stadl Paura (e.g., pp. 2573–2585).

Steyr.

St. Georgen/Gusen/Langenstein vicinity: underground facilities that were part of the Bergkristall/
Gusen/Esche development (e.g., pp. 2628–2650 and 3090–3098).

Vienna area: universities, research institutes, and industry.

Weer: heavy water production plant (e.g., pp. 2709–2712).

Wiener Neustadt vicinity (e.g., pp. 2572, 2583).

Zell am See (e.g., p. 3043).
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Figure 11.18: Some major sites involved in research and development during World War II that are
located in modern Poland and Russia.
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Notes for Fig. 11.18, showing sites located in modern Poland and Russia:

Baltic coast/Pomerania: many military test ranges located along most of the coast (e.g., p. 2848,
Leba/Rumbke, etc.).

Blizna: SS Truppenübungsplatz Heidelager A-4 (V-2) rocket test/launch site.

Bydgoszcz/Bromberg: underground facility, possibly nuclear-related (e.g., p. 2870).

Choszczno/Arnswalde: secret large underground factory (p. 3450).

Gdansk/Danzig: Kriegsmarine anti-radar/anti-sonar development.

Kaliningrad/Königsberg, Russia: Henschel guided missile development (e.g., p. 2658).

Lubań/Lauban area:

• GEMA-Werke for electronics.

• Leśna/Marklissa: VDM factory for A-4 (V-2) rocket engines.

• Zgorzelec/Görlitz: underground factory for A-4 (V-2) rockets.

Nord test range: Henschel Hs 117 Schmetterling surface-to-air missile development.

Oświecim/Auschwitz: large I.G. Farben production facility, heavy water production, and possibly
other nuclear-related work (e.g., pp. 2866–2883); Messerschmitt Me 163 rocket plane development
at Mierzecice/Udetfeld just to the north.

Poznan/Posen:

• Nesselstedt/Reichsinstitut für Krebsforschung biological weapons research (pp. 1916–1929).

• Biological weapons production (e.g., p. 1936).

• Electromagnetic railgun production (e.g., pp. 2483–2484)

• Numerous factories to produce other advanced weapons and aircraft.

Racibórz/Ratibor: Siemens Plania Werke, graphite production for nuclear experiments.

“Riese” area of Lower Silesia (e.g., pp. 2907–2922):

• Ksiaż castle/Schloss Fürstenstein: Jägerstab/SS development.

• Numerous underground facilities, some of which were conducting nuclear work.

• Kowary/Schmiedeberg uranium mine (e.g., p. 3012) and heavy water production plant [Witkowski
2013, p. 224].

Szczecin/Stettin area.

• Mosty/Speck: underground facility, apparently nuclear work [Witkowski 2013, p. 224].

• Stargard and Miedwie Lake/Madüsee: surface-to-air missile development.

Tuchola Forest/Tucheler Heide: military/SS rocket testing and nuclear work (e.g., p. 3073).

Wroc law/Breslau area: Rheinmetall missile development; Brzeg Dolny/Dyhernfurth chemical weapons.
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Figure 11.19: Some major sites involved in research and development during World War II that are
located in the modern Czech Republic and Slovakia.
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Notes for Fig. 11.19, showing sites located in the modern Czech Republic and Slovakia:

Brno/Brünn: Wa↵enwerke-Brünn, SS academy research institute (pp. 2589, 2673).

České Budějovice/Budweis: several Siemens electronics factories for guidance systems, proximity
fuses, etc. (pp. 2665–2680, 3419–3453).

Děč́ın/Tetschen area (pp. 2665–2680, 3419–3453):

• Podmokly/Bodenbach Krizek Works/Weserwerke underground factory.

• Benesov nad Ploucnici/Beneschau AEG electronics factory.

• Schmidding factory for rockets and missiles.

• Neumann und Slabenow factories for metals and electronics.

Dubnica/Dubnitz, Slovakia: Skoda underground facility (p. 2586).

Jáchymov/St. Joachimsthal: uranium mine (pp. 2674, 3102–3104).

Liberec/Reichenberg and Jablonec/Gablonz area (pp. 2665–2680, 3419–3453):

• Bedrichov/Friedrichswald AEG factory for V-3 and V-4 rockets/guidance systems.

• Rychnov/Reichenau GETEWENT (Gesellschaft für Technisch-Wirtschaftliche Entwicklung
mbH) SS electronics factory.

• Straz nad Nisou/Habendorf Skoda underground factory (p. 3442).

• Tanvald/Tannwald electronics and semiconductor research facility (p. 2065).

• Turnov/Turnau aerospace research facility.

Litoměřice/Leitmeritz: Richard I–IV underground factories (p. 2588).

Opava/Tropau: I.G. Farben production plant, apparently involved in nuclear work (p. 2572).

Ostrava/Ostrau and Vitkovice/Witkowitz: I.G. Farben and other industrial production plants, ap-
parently some of which were involved in nuclear work (pp. 2572, 2665–2680).

Plzeň/Pilsen: Skoda/SS research facilities and administrative headquarters (p. 3099).

Prague/Praha/Prag area (pp. 2065, 2372–2391, 2665–2680, 3419–3453):

• Charles University/Prague German University.

• Bohemian/Czech Technical University in Prague.

• Kbely/Gbel airfield.

• Čelakovice/Tschelakowitz cyclotron factory (northeast of Prague).

Př́ıbram/Przibram/Pibrans: Skoda/SS rocket development facility (pp. 3076, 3563).

Štěchovice/Stechowitz: underground facility, apparently nuclear (pp. 2590–2593).
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Postwar transferred German-language documentation

In September 1945, R. P. Linstead and T. J. Betts, the British and American chairs of the Combined
Intelligence Objectives Subcommittee, bragged about the acquisition and processing of “thousands
of bags” of German technical documents from up to 3377 targeted locations and scientists [AFHRA
A5186 electronic version pp. 904–1026, Ch. 4, pp. 30, 32–33]:

This file of CAFT Assessment Reports, giving details on 3,377 assessed targets is proba-
bly unique in the European Theatre. It is not a target list in the usual sense of the word,
for it is not compiled from intelligence sources and therefore based on inferences regard-
ing what should be found at the target. This file will doubtlessly serve as a primary
source for target investigations in Germany for many months to come. [...]

The Secretariat was responsible for the processing and despatch of thousands of bags
of documents evacuated by CIOS investigators. It published accession lists giving the
brief title of each document, thereby informing all concerned of the nature of documents
temporarily available in the London area.

In fact, the United States transferred over 111,000 tons of German-language research documentation
within just a three month period to one location (see p. 3270). Considering that the occupation and
document removal process lasted several years, that documents were harvested by many di↵erent
organizations and sent to many di↵erent locations, and that similar processes were carried out
not just by the United States but also the United Kingdom, France, and Soviet Union, the total
amount of transferred technical documents was presumably well over 111,000 tons—probably many
multiples of that figure, likely over 1,000,000 tons of German technical documents.

The U.S. government then gave U.S. companies such as Bell Laboratories private access to captured
German-language documentation [Gimbel 1990a, pp. 68, 71]:

All of the letters asked for assistance in the recruitment of personnel whom OTS pro-
posed to employ and send to Germany, but letters that went to private firms, such as
the Bell Telephone Laboratories, also asked if the firms would be willing and able to
send people to Washington for two or three months at company expense to analyze and
index “an immense backlog of German technical documents” already on hand. Such
“without compensation” (WOC) industrial representatives, who would obviously be in
a position to benefit their employers directly, were promised “o�ce space, secretarial
and typing help, reproducing facilities, as well as the necessary access to all reports and
documents”...

Experts who volunteered would benefit by being the first to scrutinize the material. They
could, in fact, use the original German materials for preparing professional articles that
OTS would include in a “forthcoming Government Compendium of German wartime
technology.” Obviously—but apparently this was never stated explicitly—they could
also apply what they found to their firms’ research or use it in any other way that the
firms and agencies that released them and paid them desired.⇤
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[...] As a matter of fact, the project was never completed and the proposed compendium
never appeared, with the result that individuals and firms got private access to “intellec-
tual reparations” that were originally intended for dissemination to the general public.
[...]

⇤For example, one of Bell Laboratories’ people was spending half-time in Washington
to go over technical literature gathered by OTS “and search for reports that might be
of interest to the Laboratories.”

For relevant documents, see p. 2245 and many other documents in Section B.5.

Similarly, after the war hundreds of thousands of patents from German-speaking inventors were
transferred to the United States. The seizure of the patents by the United States was covered in a
number of contemporary newspaper articles, such as the following examples:

To Keep German Patents: Alien Property Custodian Will Avert Return to Reich Owners [NYT
1945-06-06 p. 11]:

James E. Markham, Alien Property Custodian, said today that every e↵ort would be
made to prevent German-controlled-corporations and patents, seized during the war,
from returning to German hands.

German Patents To Aid U.S. Plants [NYT 1946-03-14 p. 44]:

American industry will benefit substantially as a result of the quantities of patents
and manufacturing information seized by the American technical group in the United
States zone of occupation in Germany and the vast amount of information obtained
by the first American technical expedition in the Russian zone, Robert B. MacMullin,
chief investigator of the technical industrial intelligence branch of the Department of
Commerce, said yesterday[...]

More than 4,000 documents covering a multiplicity of processes and scientific data have
been prepared for selection alike by the corporations and the small businessman, he
said and two-thirds of those included the German data. The Department of Commerce
ultimately, Mr. MacMullin continued, expects to o↵er 100,000 of such documents, dis-
seminating information hitherto known only to enemy countries.

These patents, Mr. MacMullin emphasized, will enable American manufacturers in many
instances to replace their lines with enemy developments.

100,000 German Patents Available [NYT 1946-08-09 p. 8]:

James E. Markham, Alien Property Custodian, said today that more than 100,000
German patents seized during the war will become available, royalty-free, to countries
that signed the patent accord in London last week.
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U.S. Said To Seize German Patents: Russian Says That Billions in Reparations Have Been Taken
Since Occupation [NYT 1947-02-16 p. 3]:

An article in [the Soviet paper] The New Times said today that the United States
and Britain already had taken from Germany the richest war booty ever obtained by
victorious powers. [...]

The longest article of all asserted that the two countries already had extracted “many
billions of dollars” worth of reparations from Germany in the form of patents, technical
information and the services of scientists and technicians.

Mr. Rubenstein, author of the article, said that although the United States and Britain
had not set a total of the reparations due them from Germany, “removal of reparations
by them in various forms has been carried on since the beginning of the occupation.”
[...]

Mr. Rubenstein asserted that in obtaining German patents United States capitalists
had “the active help” of United States occupational authorities and the Government in
Washington.

“Expert engineers and qualified German scientific workers” were described as appearing
in German research institutions, laboratories and industrial plants, learning all the
secrets, condensing them and filming them for transmission to the United States.

The writer said that hundreds of United States technicians had been sent to Germany
to learn the secrets of her industry and hundreds of German and Austrian scientists
had been sent to the United States to do research work and eventually become citizens.

German Patents List: Applications Filed in War Years Available for Allied Countries [NYT 1950-
07-02 p. E7]:

The O�ce of Technical Services of the Department of Commerce issues a new “finding”
guide to wartime German patent applications, which may now be used freely in Allied
countries. The guide is a subject index to the 200,000 German applications filed in the
Berlin Patent O�ce over the period 1940–1945.

The Association for the Di↵usion of Documentation, Paris, France, compiled the finding
guide, now translated for American use. The association is o↵ering, at $3 each, microfilm
copies of complete patent applications. The fee not only covers the preparation of the
reproduction but the task of locating the application on some one thousand microfilm
reels on which the German applications were copied.

Copies of the German patent application finding guide, entitled “Subject Outline of the
Unpublished Applications for Patents Filed at the German Patent O�ce 1940–1945,”
are available on request from the O�ce of Technical Services, United States Department
of Commerce, Washington.
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While early newspaper articles mentioned 100,000–200,000 seized German patents, the actual total
appears to have been over 750,000. A 21 April 1947 letter from the Technical Industrial Intelligence
Division to R. P. Isaacs stated [NARA RG 40, Entry UD-75, Box 12, Folder Technical Inquiries -
H -, Technical Industrial Intelligence Division to R. P. Isaacs, 21 April 1947]:

You will probably be interested in knowing that single copies of almost all German
patents issued during the war years up to V-E Day are on numerical file in the Patent
O�ce Library in the Commerce Building. These files of German patents were seized
at the Berlin Patent O�ce and evacuated to the United States in the spring of 1946.
The German Patent No. 750986 is the latest one available. Photostatic copies of these
patents may be ordered at 20 cents per page from the U.S. Patent O�ce, Washington
25, D.C.

See Figs. 11.20–11.21 for this complete document. If German Patent No. 750986 was the last known
patent by the end of the war, the United States presumably would have possessed and asserted
rights to German patents all the way back to the first one. See also the document in Fig. 11.37.

In fact, the total number of seized patents was likely even higher, since it would have included:

• Granted German patents up to at least number 750986.

• Granted Austrian patents.

• Patent applications filed but not granted in Germany by the end of the war.

• Patent applications filed but not granted in Austria by 1938.

• Secret classified German and Austrian patents.

• Patents and patent applications filed in other countries by German and Austrian inventors.

In addition to the United States, the Soviet Union seized huge numbers of German patents, and
other countries may have as well.
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Figure 11.20: After the war, more than 750,000 patents from German-speaking inventors were
transferred to the United States [NARA RG 40, Entry UD-75, Box 12, Folder Technical Inquiries
- H -, Technical Industrial Intelligence Division to R. P. Isaacs, 21 April 1947].
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Figure 11.21: After the war, more than 750,000 patents from German-speaking inventors were
transferred to the United States [NARA RG 40, Entry UD-75, Box 12, Folder Technical Inquiries
- H -, Technical Industrial Intelligence Division to R. P. Isaacs, 21 April 1947].
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A detailed 1946 news article provided a great deal of contemporary insight into how all of these
German-language materials were used by the U.S. government and industry [Charles Walker 1946]:

If you always thought of war secrets—as who hasn’t?—as coming in sixes and sevens, as
a few items of information readily handed on to the properly interested authorities, it
may interest you to learn that the war secrets in this collection run into the thousands,
that the mass of documents is mountainous, and that there was never before been
anything quite comparable to it.

The collection is today chiefly in three places: Wright Field (Ohio), the Library of
Congress, and the Department of Commerce. Wright Field is working from a documents
“mother lode” of fifteen hundred tons. In Washington, the O�ce of Technical Services
(which has absorbed the O�ce of the Publication Board, the government agency origi-
nally set up to handle the collection) reports that tens of thousands of tons of material
are involved. It is estimated that over a million separate items must be handled, and
that they, very likely, contain practically all the scientific, industrial and military secrets
of Nazi Germany.

One Washington o�cial has called it “the greatest single source of this type of material
in the world, the first orderly exploitation of an entire country’s brain-power.” [...]

The German Patent O�ce put some of its most secret patents down a sixteen-hundred-
foot mine shaft at Heringen, then piled liquid oxygen, in cylinders, on top of them. When
the American Joint Intelligence Objectives team found them, it was doubtful that they
could be saved. They were legible, but in such bad shape that a trip to the surface would
make them disintegrate. Photo equipment and a crew were therefore lowered into the
shaft and a complete microfilm record made of the patents there. [...]

For the war secrets, which conventionally used to be counted in scores, will run to three-
quarters of a million separate documentary items (two-thirds of them on aeronautics)
and will require several years and several hundreds of people to screen and prepare them
for wide public use.

Today translators and abstracters of the O�ce of Technical Services, successor to the
OPB, are processing them at the rate of about a thousand a week. Indexing and cata-
loguing the part of the collection which will be permanently kept may require more than
two millions cards; and at Wright Field the task is so complicated that electric punch-
card machines are to be installed. A whole new glossary of German-English terms has
had to be compiled—something like forty thousand words on new technical and scientific
items.

With so many documents, it has, of course, been impossible because of time and money
limitations to reprint or reproduce more than a very few. To tell the public what is
available, therefore, the OTS issues a bibliography weekly. This contains the newest
war secrets information as released—with titles, prices of copies currently available or
to be made up, and an abstract of contents.

The original document, or the microfilm copy, is then generally sent to the Library of
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Congress, which is now the greatest depository. To make them more easily accessible to
the public, the Library sends copies, when enough are available, to about 125 so-called
“depository” libraries throughout the United States.

And is the public doing anything with these one-time war secrets? It is—it is eating
them up. As many as twenty thousand orders have been filled in a month, and the order
rate is now a thousand items a day. Scientists and engineers declare that the informa-
tion is “cutting years from the time we would devote to problems already scientifically
investigated.” And American business men...! A run through the Publication Board’s
letters file shows the following:

The Bendix Company in South Bend, Indiana, writes for a German patent on the record
player changer “with records stacked above the turntable.” Pillsbury Mills wants to have
what is available on German flour and bread production methods. Kendall Manufac-
turing Company (“Soapine”) wants insect repellent compounds. Pioneer Hi-Bred Corn
Company, Iowa, asks about “interrogation of research workers at the agricultural high
school at Hohenheim.” Pacific Mills requests I. G. Farbenindustrie’s water-repellent,
crease-resistant finish for spun rayon. The Polaroid Company would like something on
“the status of exploitation of photography and optics in Germany.” (There are, inci-
dentally, ten to twenty thousand German patents yet to be screened.)

The most insatiable customer is Amtorg, the Soviet Union’s foreign trade organization.
One of its representatives walked into the Publication Board o�ce with the bibliography
in hand and said, “I want copies of everything.” The Russians sent one order in May
for $5,594.00 worth—two thousand separate war secrets reports. In general, they buy
every report issued. Americans, too, think there is extraordinarily good prospecting in
the war secrets lode. Company executives practically park on the OTS’s front doorstep,
wanting to be first to get hold of a particular report on publication. Some information
is so valuable that to get it a single day ahead of a competitor, may be worth thousands
of dollars. But the OTS takes elaborate precautions to be sure that no report is ever
available to anyone before general public release.

After a certain American aircraft company had ordered a particular captured war doc-
ument, it was queried as to whether the information therein had made it or saved it any
money. The cost of the report had been a few dollars. The company answered: “Yes—at
least a hundred thousand dollars.”

A research head of another business firm took notes for three hours in the OTS o�ces one
day. “Thanks very much,” he said, as he stood to go, “the notes from these documents
are worth at least half a million dollars to my company.”

And after seeing the complete report on the German synthetic fiber industry, one Amer-
ican manufacturer remarked:

This report would be worth twenty million dollars to my company if it could have it
exclusively.

Of course you, and anybody else, can now have it, and lots of other once secret infor-
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mation, for a few dollars. All the war secrets, as released, are completely in the public
domain.

Konrad Adenauer, the first post-war Chancellor of West Germany, summarized the extent of the
continuing damage to Germany in his memoirs [Adenauer 1966, pp. 147–148]:

Let me mention the question of German patents in this context. You know that all
German patents were released. At the end of 1948 the director of the American O�ce
for Technical Services, Mr. John Green, gave the press a report on his activities, which
were concerned with the exploitation of German patents and industrial secrets. What
strikes one in this report is the fact that AMTORG was the keenest purchaser. That
is Moscow’s foreign trade organization. During one month alone the Russians bought
more than two thousand Wehrmacht reports on secret German weapons for which they
paid six thousand dollars. According to a statement made by an American expert the
patents formerly belonging to IG Farben have given the American chemical industry
a lead of at least ten years. The damage thus caused to the German economy is huge
and cannot be assessed in figures. It is extraordinarily regrettable that the new German
inventions cannot be protected either, because Germany is not a member of the Patent
Union. Britain has declared that it will respect German inventions regardless of what
the peace treaty may say. But America has refused to issue such a declaration. German
inventors are therefore not in a position to exploit their own inventions. This puts a
considerable brake on German economic development.

Figures 11.22–11.23 show examples of rows and rows of bookcases filled with boxes of reports taken
from and written about German and Austrian science and engineering programs, collected after
World War II and stored at the U.K. Imperial War Museum in Duxford.

For historians, even worse than the Allied removal of German-language documents was the in-
tentional and systematic Allied destruction of German-language documents. As shown in Figs.
11.24–11.25, postwar Allied reports explicitly discussed “the denial of certain archives, records, and
papers to the Germans” by “the organized destruction of papers... which must not be permitted to
fall into German hands after the departure of occupation forces” [NARA RG 40, Entry UD-75, Box
62, Report German Documents Conference]. What quantities of German documents were destroyed
by the Allies? What information did those documents contain that prompted the Allies to destroy
them? Were any copies of those documents retained in any Allied countries?
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Figure 11.22: Bookcase aisles filled with boxes of reports taken from and written about German
and Austrian science and engineering programs, collected after World War II and stored at the
U.K. Imperial War Museum (Duxford).
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Figure 11.23: Bookcase aisles filled with boxes of reports taken from and written about German
and Austrian science and engineering programs, collected after World War II and stored at the
U.K. Imperial War Museum (Duxford).
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Figure 11.24: Postwar Allied reports explicitly discussed “the denial of certain archives, records, and
papers to the Germans” by “the organized destruction of papers... which must not be permitted
to fall into German hands after the departure of occupation forces” [NARA RG 40, Entry UD-75,
Box 62, Report German Documents Conference].
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Figure 11.25: Postwar Allied reports explicitly discussed “the denial of certain archives, records, and
papers to the Germans” by “the organized destruction of papers... which must not be permitted
to fall into German hands after the departure of occupation forces” [NARA RG 40, Entry UD-75,
Box 62, Report German Documents Conference].



11.1. CREATIONS/CREATORS TRANSFERRED FROM GERMAN WORLD 1619

Postwar transferred English-language documentation

Beginning even before the war ended and continuing for several years afterward, the United States
and United Kingdom sent many thousands of government, university, and industrial investigators
into areas formerly controlled by the Third Reich to interview German-speaking scientists and
engineers. Under threat of long-term imprisonment (for example at facilities such as “Dustbin” in
Fig. 11.26, “Halstead Exploitation Centre” in Fig. 11.27, or Fort Hunt in Fig. 11.2) or execution
for war crimes, the scientists and engineers were “interrogated” (as the Allies openly called it) for
anywhere from days to months at a time, or even repeatedly by di↵erent investigators for years
after the war, and required to give the Allied investigators detailed explanations, documentation,
and hardware for all of their work.

This policy applied to all research and development activities, not just those with military histories
or potential. Allied investigators inspected and wrote detailed reports on the manufacture of items
as diverse and as non-military as German planetarium projectors [BIOS 218], harmonicas [BIOS
227], ice skates [BIOS 506], mattress springs [BIOS 601], fishing rods [BIOS 1086], spoons and forks
[BIOS 1647], and sewing thread [FIAT 308–312]. Reports such as BIOS 769 (German Manufacture of
Sewing Machines, Garment Making Machines, Cloth Cutting Machines, Sewing Machine Needles)
gave detailed lists of documents and machines to be “evacuated” from Germany and Austria to
the United States and United Kingdom for “research” purposes. Even German doll makers and
the stu↵ed toy manufacturer Stei↵ were exhaustively mined for any design or production secrets
that could help U.S. and U.K. toy manufacturers out-compete them in the postwar market [Gimbel
1990a, pp. 165–166; BIOS 1371; BIOS 1622].

In fact, Allied investigators combed not only former Axis countries and territory for innovations
they could harvest, but Switzerland as well, even though Switzerland had remained neutral and
independent in the war. A number of reports documented such investigations in Switzerland [e.g.,
BIOS 1417; FIAT 306; FIAT 509].

The total number of U.S. and U.K. investigators is unclear from existing records, but may well
have greatly exceeded the number of German-speaking scientists and engineers being interrogated.

Between 22 August 1944 and 13 July 1945, at least 2197 di↵erent U.S. and U.K. investigators
visited at least 3377 separate scientific targets (places and/or people) in Europe on behalf of CIOS
[AFHRA A5186 electronic version pp. 904–1026, Ch. 4, pp. 29–30]. Those numbers do not include
investigators or locations visited during that time by organizations other than CIOS.

The number of U.S. investigators who visited between July 1945 and June 1946 is di�cult to locate
but must have numbered in the thousands. At least 4994 U.S. FIAT (Field Information Agency,
Technical) investigators visited Germany during the 12-month period of 1 July 1946–30 June 1947
[Gimbel 1990a, p. 79]. Of course, that number does not include U.S. investigators from agencies
other than FIAT, or investigators from other countries.

At least 1300 U.K. investigators visited Germany just during July–August 1945, and at least 2800
more between then and February 1946 [Glatt 1994, p. 163].
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Figure 11.26: Kransberg Castle, used by U.S. and U.K. forces as the “Dustbin” detention center
during 1945–1946 for imprisoning and interrogating scientists, engineers, and military o�cers with
especially valuable scientific knowledge.
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Figure 11.27: Fort Halstead in the United Kingdom, where (a) large numbers of German-speaking
scientists were interrogated during and after the war (the “Halstead Exploitation Centre”), (b)
thousands of captured German-language reports were translated to English (HEC series reports),
and (c) the first British nuclear weapons were developed after the war (likely not a coincidence)
[https://historicengland.org.uk/listing/the-list/list-entry/1396578].
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A 1947 New York Times article stated that at least 6000 U.S. industry experts had been sent to
Germany in search of files, patents, and factories [NYT 1947-05-26 p. 35]:

German Secrets Net U.S. $1,500,000: 400,000 Copies of Documents Already Sold to
Industry—Russia Good Customer.

The United States is collecting reparations from Germany at the rate of $6,000 a week
from sale of Nazi wartime technical and scientific inventions.

To date, sale of these hitherto secret inventions and scientific reports to American
citizens and corporations has yielded the Commerce Department a gross revenue of
$1,500,000, and the amount is still growing.

This has been disclosed by John C. Green, director of the new O�ce of Technical
Services, whose 600 employees have been collecting, classifying and microfilming German
patents and documents since the end of the war.

More than 400,000 copies of scientific documents, according to Mr. Green, already have
been sold to American concerns at an average fee of $3 to $4 a document. He estimates
new orders are coming in from American businessmen at the rate of 1,000 a day.

Mr. Green says that, to his knowledge, this is the only Federal agency in Washington
currently collecting reparations from Germany.

Since the end of the war, the agency has processed 75,000 original technological re-
ports and still has on hand 2,000 truckloads—with an estimated 400,000 unprocessed
documents—which have been shipped here from Germany.

Many of the processes and inventions are considered “priceless” by o�cials. Several large
United States corporations are said to have been willing to pay as high as $20,000,000
for exclusive rights to a German process.

The Government, however, has laid down the policy that seized scientific information
is to be made available to all comers at nominal fees.

Under this policy, it is estimated that the Russian Government has purchased $17,000
worth of documents totaling nearly 5,000 separate items. The Russian purchasing agency,
Amtorg, has been ordering documents at a token price since last year, according to of-
ficials.

Although Commerce Department o�cials at first were reluctant to sell the information
to the Russian Government, the State Department laid down the policy that reports
should be sold to Amtorg because the material is being made public and anyone could
write in and get it.

The German “brain-picking” project is the joint venture of business and Government.
To help Commerce employees dig out the documents, United States industry sent 6,000
experts of its own to Germany in the search of I. G. Farben files, patents and factories.
[...]
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Many documents from this time testify to the large number of investigators who visited individual
German and Austrian scientists. For example, BIOS 100, Development of Panzerfaust, pp. 1, 15
recorded the visitors (most of whom were apparently not even from known U.S. agencies) for two
di↵erent scientists, Drs. Langweiler and Kittel:

Dr. LANGWEILER [the inventor of Panzerfaust] stated that he had been interviewed 16
times before. On each occasion some of his documents and equipment had been removed.
He was finally left with only an incomplete set of drawings of PANZERFAUST 150. No
record or report of any of these previous interviews can be found by the writers of this
report. [...]

Kittel stated that he had been interrogated in June by an American o�cer and an
American technician. No record of this interrogation can be traced at FIAT, USFET,
Third US Army, or Seventh US Army. It is recommended that the report on this previous
interrogation should be obtained and circulated to the organisations concerned.

Similarly, BIOS 115, Report on the Interrogation of Dr. Kurt Stenge, p. 3, reported the treatment
of Dr. Stenge prior to his latest (but probably not last) interrogation:

Dr. STENGE had previously been kept for a month at Paris where he was submitted
to several interrogations, mainly by American investigators, but including one by Com-
mander STUDDERT (sie), R.N. Subsequent to this he lived near MAGDEBURG where
he was visited by Commander WASHBURN, R.N., who was stated to have removed all
his records.

As another example, the most recent Allied investigators to interrogate Robert Pohl, a solid state
physics professor, were surprised that he was not immediately thrilled to see them after all of his
previous Allied interrogators (BIOS 870, Physics of the Solid State, p. 4):

Professor Pohl was inclined at first to be cold and formal, presumably because he had
been investigated by rather a large number of people in British uniform, but he warmed
up increasingly as he understood how much our interests had in common with his own,
and from then on the visit was a great success.

Describing the investigators, the New York Times wrote [NYT 1947-02-23 pp. SM33–35]:

An American invasion of Germany which started even before V-E Day is now at the
peak of operations, with its mission approximately half completed. It is made up of
business men, scholars, researchers and technical experts, military and civilian, who have
been ferreting out German secrets of science and industry, particularly Nazi wartime
developments. [...]

The dollar value of these discoveries cannot be accurately estimated. Yet, an indication
was given when an o�cial of the I. G. Farben Company in Germany, handing over a
chemical formula to a member of the Commerce Department’s O�ce of Technical Ser-
vice, which directs the operation, said: “We spent $500,000 in developing this process.”
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American action in taking these data from Germany gives a new meaning to the old
adage that “To the victor belong the spoils,” points out John C. Green, director of the
OTS. “We are giving worldwide distribution to scientific knowledge; already nationals
of twenty-eight countries have received our reports. And, in addition, we are blasting
the German-controlled cartels.” [...]

Today a startling number of products and processes which o↵er considerable promise
have already been analyzed and are being publicized. Among these are the magneto-
phone, a sound-recording and reproducing machine using plastic tape (coated with iron
oxide) instead of disks, and magnetism instead of needles; a “negative-positive” process
for colored moving pictures which accomplishes in two steps what now requires nine; a
superior photoelectric cell, used particularly in speaking along a beam of light; an in-
genious “fixed paper” condenser; a butter-making machine, and improved processes in
mass production of radar and radio chassis, in supersonics, and in acetylene and carbon
monoxide chemistry. [...]

Several German cinema films made with the new color process have been exhibited in
the Commerce Building in Washington, notably “The Girl of My Dreams” and “Golden
City.” The color has been described almost lyrically by reviewers. A report on this
process is scheduled for release soon.

The “Gudden” photoelectric cell—twenty to fifty times more sensitive than any devel-
oped in the United States—was used by the Nazis in the war through the “photophone.”
With this outfit persons several miles apart, and in situations where telephone wires
cannot be strung, can converse over a beam of visible light or invisible infra-red light.

The “fixed paper” condenser, developed by the Robert Bosch Company, is of interest
to American makers of electrical and electronic systems, automobiles, radio sets and
radar equipment. In it the usual metal foil is replaced by a very thin, vaporized zinc
coating, applied directly onto paper separators. Its special features are that it is smaller,
cheaper, “heals” automatically after breakdown and may be operated at from 20 to 50
per cent higher voltages than is possible with paper-and-foil capacitors. [...]

The German acetylene processes may turn out to be the most valuable of all, in the
making of plastics, drugs, dyes and fuels.

These devices, with hundreds of others, are now finding their way into the hands of
American manufacturers for close study.

These U.S. and U.K. investigators wrote over 8000 English-language reports, as shown in Table
11.6.
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Report series Abbreviation Number

British Intelligence Objective Subcommittee final reports BIOS �1874
British Intelligence Objective Subcommittee miscellaneous reports BIOS Misc. �110
British Intelligence Objective Subcommittee overall reports BIOS Overall �50
British Intelligence Objective Subcommittee evaluation reports BIOS ER �576
Combined Intelligence Objectives Subcommittee final reports CIOS �1131
Combined Intelligence Objectives Subcommittee evaluation reports CIOS ER �390
Field Information Agency, Technical final reports FIAT �1388
FIAT Review of German Science 1939–1946 FIAT Review 84
Joint Intelligence Objectives Agency final reports JIOA �80
Naval Technical Mission in Europe letter reports NavTecMisEu LR �239
Naval Technical Mission in Europe final reports NavTecMisEu �557
Technical Oil Mission reports TOM ???
Interrogation, interim, and unpublished reports for above agencies >2000

Total >8479

Table 11.6: Some major series of English-language reports on German creations.

The U.S. and U.K. governments made almost all of those reports available to anyone (even the
Soviet Union) simply for the printing costs of each report copy [Gimbel 1990a, pp. 96, 101]:

The subjects of the reports o↵ered for sale by the OTS touched virtually every aspect
of German industry and technology: acetylene chemistry, synthetic fuels and rubber,
synthetic lubricating oils, synthetic fibers and textile manufacturing, ceramics, diesel
motors, optics and glass, wind tunnels, heavy presses, infrared, tape recorders and met-
alized plastic tapes, cold extrusion of steel, electron microscopes, electric condensers, a
butter-making machine, fruit juices, a machine to wrap chocolates, a process to preserve
soybean oil, white carbon black, cellulose products and wood sugars, dental supplies,
synthetic mica flakes, synthetic sapphires for watch, clock, and instrument bearings,
color film and color-film processing, quartz clocks, pharmaceuticals, insecticides, syn-
thetic blood plasma, artificial leather, plastics, colors and dyes, soaps and detergents,
woodworking machinery, slide fasteners, sewing needles, cheese-making equipment, po-
tentiometers and other precise measuring instruments, milk cans, manure spreaders,
motorcycles, and cameras and photographic equipment, among other things.

Neither the investigators who wrote the Publication Board reports nor the firms that
bought them from OTS were obligated to report back on how the reports were used or
on the benefits derived from them. Some of them did, however, thus providing a few
insights into what remains essentially a closed book.
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[...] In May 1947, Robert Reiss, of OTS, listed—albeit without giving details—the names
of seven companies known to be using the German acetylene chemical processes, three
companies using German circuit-breaker technology, two companies using synthetic mica
developed in Germany, two companies using the Fischer-Tropsch synthetic fuels tech-
nology brought from Germany, and individual firms that were using information from
Germany on radio condensers, tape recorders, phase-contrast microscopes, cold extru-
sion of steel, and synthetic fibers.

Even though U.S. companies spent a great deal of time and money sending investigators to interview
German-speaking creators and procuring copies of English and German documentation on their
work, and then soon thereafter produced new products bearing a remarkable resemblance to those
German creations, U.S. companies were loath to publicly admit any direct transfer of technological
knowledge [Gimbel 1990a, pp. 224 note 26]:

It is indicative of how hard it is to come by information on American companies’ use
of German technology that after John C. Green presented some of Reiss’s information
in testimony before Congress, some firms denied vigorously that they had, in fact, used
or benefitted from German technology. For example, Bruce K. Brown, of the Standard
Oil Company, denied Green’s assertion that Stanolind Oil and Gas Company of Kansas
was using Fischer-Tropsch process techniques, arguing that the information was avail-
able before the war and that the basic principles were generally known. U.S. research
laboratories and pilot plants, he said, had existed in the United States “since well before
World War II.” But this argument flies in the face of the verifiable fact that the U.S.
Technical Oil Mission swarmed over Germany in 1945 and that the American Petroleum
Institute and the Bureau of Mines sent several follow-up missions to Germany to gather
information on the Fischer-Tropsch process—information that, as we have seen else-
where in this study, American industry and the American government continued to
try to expropriate as late as 1951. [...] Further, W. A. Steiger, the patent attorney for
Westinghouse Electric Company, wrote to Congressman Karl Stefan—also in response
to Green’s testimony before Congress—that the OTS/FIAT operation had been useless
to his company. “So far as our company is concerned, I have investigated the situation,
and it is my personal opinion that this particular Government activity is of no value
to us.” [...] Green reacted by informing Steiger that OTS records showed that between
1945 and Feb. 1948, Westinghouse had purchased 388 copies of reports...
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Postwar transferred unwritten knowledge

In addition to technical knowledge transferred via documentation written in German or English, a
vast amount of knowledge was transferred in unwritten form.

One route for unwritten transfer was of course the knowledge and work of the more than 6000
German-speaking scientists and engineers who ultimately moved to the United States [Mick 2000,
p. 316], the more than 9000 who worked for the Soviet Union either in the Soviet Union or in East
Germany [Mick 2000, pp. 15–17; Naimark 1995, pp. 230–232], and the thousands of others who
worked for the United Kingdom, France, and other countries.

However, a less well known yet still pervasive and highly influential form of unwritten knowledge
transfer occurred as the many thousands of Allied investigators took information that they did not
record in their reports [Gimbel 1990a, pp. 107–112]:

These reports and other records of FIAT and OTS provide a basis for illustrating the
nature of the scientific and technical know-how removed from Germany, but much of
what the Americans gained and the Germans lost remained unreported.

Incomplete Reports. Investigators, who were not required to discuss their reasons for
wanting to visit specific targets if they thought doing so would reveal industrial or
trade secrets of their own, often spent days and weeks at a given location in Germany
without including more than a passing reference in their reports to what they did there.
Sometimes they admitted quite frankly that they had been “exposed to all sorts of little
interesting gadgets and tricks of the trade which are too numerous and detailed, it is
believed, to cover in this report.” Echoing those words, a FIAT summary report of 20
November 1946 talked about “the various bits of ‘know-how’, the gadgets and ‘tricks of
the trade’ which investigators observe in passing through the plants, possibly making
no particular mental note or record at the time” but which they can use “later when
back on the job and facing a problem where the same application can be made.” The
OTS director, John C. Green, who praised his operation publicly as the source of “the
only solid and permanent reparations we are going to get out of this war” and as the
provider of “intellectual reparations, prizes of victory which can be shared by every
American businessman,” nevertheless noted that “in countless cases, a process, device,
or tool observed by an investigator in Germany will be passed on to an American firm to
increase e�ciency and lower costs.” Furthermore, in at least one instance he admitted
privately that investigators and document screeners were “pocketing some information
they obtained instead of including it in their reports or contributing it to microfilmed
material.”

Inadequate Reports. [...] As a case in point Green mentioned the two FIAT reports by C.
H. Reynolds, of the She�eld Corporation, which were judged by the Publication Board
to be so poorly done as to be unpublishable, even though Reynolds’s own company
considered his findings important enough to send him and one of his colleagues back
to Germany for more detailed investigations. Meanwhile, the rest of the industry knew
nothing of the details of what Reynolds had learned, although they knew about it in
general. FIAT’s response, though devoid of solutions, shows that Green’s case in point
was but the tip of the iceberg. [...]
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No Reports. In a letter of 11 April 1946 to the O�ce of Military Government for Ger-
many (OMGUS), whose field-branch o�ce in Stuttgart had complained that FIAT op-
erations were little more than a conveyor belt for industrial espionage, Colonel Ralph M.
Osborne, the U.S. chief of FIAT, wrote that even though investigators came from pri-
vate firms, all of them were under government contracts requiring them to report their
findings and prohibiting them from using their positions to secure special information
for their own firms. [...]

Without-compensation (WOC) investigators often did not cooperate. Some of them had
obviously used FIAT “as a pretext to get into Germany” to conduct their own private
a↵airs; those who had previous business connections in Germany were particularly hard
to handle. Many investigators simply used target-assessment reports in the FIAT files
as models for their own perfunctory final reports; some of them refused to write reports;
and others who had initially refused to write reports wrote inadequate ones when they
were pressured to do so.

OTS’s solution to the problem of incomplete, inadequate, and nonexistent reports was
to open the floodgates and send as many people to Germany as it could, presumably so
that as many as possible could get what they wanted for themselves. [...]

In February 1947, John C. Green [...] published “Last Call for Germany.” “The oppor-
tunity to enter any factory, see any documents, inspect any equipment and interrogate
any expert cannot last indefinitely,” he warned. “This is American industry’s last chance
to acquire, at small cost, a wealth of scientific and technical information.” [...] Green
observed that “victory opened the doors and the files of German factories and labora-
tories to American investigators.” He concluded that “it will be a national tragedy... if
we allow the doors to shut before we have added all of the best of Germany’s technical
knowledge to our own.”

Describing this form of unwritten knowledge transfer, Bradley Dewey, president of the American
Chemical Society, remarked [Gimbel 1990a, p. 227]:

...that most valuable material is not in reports but in the ideas which [the] investigator
keeps in his own head.

Postwar influence on the structure of the U.S. research system

Many of the general approaches that had made the German-speaking world so e↵ective at producing
revolutionary creators and creations were at least temporarily adopted by the United States research
system. As discussed in Section 11.2, those general approaches played a critical role in the successes
of the U.S. R&D programs during the 1940s–1960s. Unfortunately, the abandonment of those
approaches after that period seems to have greatly contributed to the steady decline in revolutionary
innovation from the 1970s to the present, as described in Section 11.3.
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Net impact

From archival documents and authoritative sources, it seems clear that:

• By the first several decades of the twentieth century, German-speaking scientists and en-
gineers were generally many years ahead of others in biology and medicine, chemistry and
materials science, earth and space science, applied mathematics and physics, electrical and
electromagnetic engineering, mechanical engineering, nuclear science and engineering, and
aerospace engineering.

• German-speaking creators and their creations played critical roles in advancing the scientific
and technological levels of other countries in all of those fields to some extent before and
during World War II and to an enormous degree after the war.

• The transfer of German-speaking creators and creations to the United States, United King-
dom, France, Soviet Union, and other countries was essentially equivalent to the transfer
of a vast amount of wealth, including past financial investments in the research as well as
then-current and future financial income. Allied countries publicly described that transfer as
“reparations” and continued to benefit from it for decades after the end of World War II.
Germany and Austria su↵ered the corresponding loss.

In September 1945, R. P. Linstead and T. J. Betts, the British and American chairs of the Combined
Intelligence Objectives Subcommittee, declared [Fig. 11.28, AFHRA A5186 electronic version pp.
904–1026, Foreword, p. 5]:

The e↵ective exploitation of German technical development has proven one of the signif-
icant results accruing from the conduct of the European War. The value of the scientific
knowledge and “know how” thus obtained cannot now be fully measured. That this
intelligence contributed to the defeat of Japan is well established. The benefits of this
knowledge to British and US industry will be measured in terms of economic progress
and well-being for many years to come.

These conclusions regarding the value of German technology that could be “exploited” as “repa-
rations” by Allied countries were publicly stated by people from high-ranking government o�cials
to journalists at that time. A good example from the press is Ian Bevin, Germany Disgorges Her
Rich Secrets, News Chronicle (London) 21 February 1946 p. 2 (which made extensive use of the
September 1945 Linstead and Betts report):

Allied agents have unearthed information of inestimable industrial value. [...]

Technical and scientific knowledge gleaned from conquered Germany has provided the
first great reparations payment to the Allies. [...]

Just how the Governments will dispose of German industrial secrets to competitive
private enterprises is not yet clear, but, as the information gained from Germany is
regarded as a form of reparations, it will presumably be used for national rather than
private gain. [...]
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These [long list of examples] are only a few of the thousands of discoveries made by CIOS,
ranging from major industrial secrets to minor points of manufacturing technique, and
adding up to one of the richest war prizes any victor could hope for. All that remains
is for the Allies to use the information they have gained, and not let it lie forgotten in
the files of Government departments.

For other examples of contemporary press reports, see the Harper’s Magazine article on p. 1612
and the New York Times articles on pp. 1622 and 1623.

In March 1946, U.S. Army Colonel Ernest Gruhn, the first director of the Joint Intelligence Ob-
jectives Agency, wrote an amazingly candid draft press release that described how dependent the
United States was not only on the massive postwar influx of German-speaking creators and cre-
ations, but also on earlier German-speaking immigrant scientists as well [Figs. 11.29–11.33. Ernest
Gruhn. 14 March 1946. Exploitation of Germany for Technological and Scientific Information.
NARA RG 330, Entry A1-1A, Box 4, Folder 383.7 Policy–1946.]:

After World War I there was no real attempt by the victors to exploit Germany for
technical and scientific knowledge. However, long before World War II with Germany
had ended, plans were made by the Joint Chiefs of Sta↵ for the complete exploitation
of Germany for technical information.

In accordance with these plans, the government is now engaged in exploiting Germany
for all the technical and scientific information that can be obtained. Exploitation has
involved the sending of several hundred highly qualified American technicians and sci-
entists into Germany close upon the heels of our conquering armies. These investigators
have examined manufacturing plans and equipment, records and documents and have
interrogated German personnel. The information of industrial value that has been col-
lected is being made available to the public by the Department of Commerce.

Steps are now being taken to extend this exploitation by bringing the best German
scientists and technicians to this country so that their talents can be used here. [...]

In the past, the United States has depended to a considerable extent upon German
scientists for pure basic scientific research. Such research forms the basis of practical
developments. [...]

The exploitation of these highly trained Germans will be of great value to the develop-
ment of new types of weapons which were being planned by the Germans as the war
ended. It will also be in the national interest to use them to increase our production
potential in many industrial fields. [...]

Closely related to the exploitation of German scientists and technicians is the govern-
ment program for exploitation of German developments in industrial machinery, tool,
equipment and materials. Samples of these are being procured through reparations pro-
cedures for shipment to the United States where they are made available for study by
American industry on a non-restrictive open-to-the-public basis.
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From the above, it is evident that the government is using vacuum cleaner methods to
acquire all the technical and scientific information that the Germans have. The value
of this information to the United States will probably far exceed any cash reparations.

The U.S. Joint Chiefs of Sta↵ responded to Colonel Gruhn’s proposed press release by immediately
classifying and burying it; see Fig. 11.34.

In June 1946, U.S. Army Air Force Major General Curtis LeMay did give a public assessment of
the German-language materials transferred after the war [LeMay 1946]:

At Wright Field, O[hio]., German scientists are now assisting American scientists in
translating great masses of captured German scientific documents. These documents
reveal, as the materiel at Freeman Field indicates, the extent to which German science
had out-distanced American science in basic and applied scientific research and in air-
craft development. It has been estimated that the Germans were 10 to 15 years ahead
of us in fundamental research.

This same estimate that German-speaking innovators were at least a decade ahead of the United
States and other countries in a wide variety of fields was independently given by other sources (e.g.,
pp. 368, 1614). For example, the New York Times reported [NYT 1947-05-17 p. 2]:

German Scientists’ Help Said To Save Us 10 Years

The importation of 350 German scientists has “already put the United States ten years
ahead of schedule in some fields of research and has saved millions of dollars in research
costs,” American Army headquarters said today.

The German scientists in the United States are employed on such studies as guided
missiles, supersonic planes, jet engines, cancer, photography, meteorology, metallurgy,
textiles and cereals—all under the supervision of the War Department.

However, headquarters said, “the War Department will begin soon to release German
scientists to American industry under the supervision of the Department of Commerce.”

In January 1947, L. B. Kilgore from the U.S. Technical Industrial Intelligence Division (TIID) of
the Department of Commerce explicitly described how much German-derived knowledge had been
transferred to the United States and how important it was for the country [Figs. 11.35–11.37. L.
B. Kilgore. 10 January 1947. Proposal for a Compendium of German War Time Technology, Draft
No. 2. NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To and From Robert
Reiss.]:

The accumulation of the technical industrial information, which has resulted from the
detailed investigations of the German industry for the past two years by this o�ce, has
reached such enormous proportions that it has become di�cult to inform the public of
the possible benefits available to it. This accumulation of information not only represents
the greatest transfer of mass intelligence ever made from one country to another, but it
also represents one of the most valuable acquisitions ever made by this country.
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In December 1947, U.S. Air Force General Donald Putt explained that German and Austrian
scientists were so far ahead of U.S. scientists in a wide range of fields that suitable American
scientists could not be found for U.S. programs, that large numbers of German and Austrian
scientists were now developing their creations for the U.S. military, and that they were working
for substandard wages [Figs. 11.38–11.39. Donald Putt to Joseph McNarney. 10 December 1947.
German Specialist Program at the Air Materiel Command, Tab F. AFHRA A2056 electronic p.
405–406.]:

(a) With the exception of those eliminated by a continuous screening process during
the one-year probationary period, all specialists now assigned to the various laboratories
and activities of Air Materiel Command are outstanding in their respective scientific
and engineering fields.

The majority have specific talents and all were associated with German research and
development during the war period.

The majority were selected for their work in fields of aeronautical research, such as
supersonics, jet and rocket engines, guided missiles, ceramics, jet and rocket fuels, etc.,
in which American technicians had little or no experience, due to emphasis being placed
on other lines of development. Today, however, USAF development is concentrated on
those fields in which the Germans had advanced beyond our own knowledge in those
same fields.

Millions of dollars were spent by the Germans in research in these fields. By utilization
of the German specialists, the Air Force can start where German research left o↵,
rather than spending many dollars of public funds repeating what has already been
accomplished or determined to have been unsatisfactory. Not to take advantage of this
possibility is short-sighted and unrealistic. [...]

(e) The German specialists now on duty at Air Materiel Command have been and are
now making significant contributions to the development of Air Force items of equipment
and to technical and scientific literature. The specialists are an important cog in the
Air Force research and development program. [...]

(g) Salaries being paid to the German specialists are less than would be required for
equivalent American technicians if they were available.

An o�cial U.S. Air Force program history written in 1948 again stated that German scientists were
many years ahead of their American counterparts [Fig. 11.40. Edna Jensen. 1948. History of AAF
Participation in Project Paperclip, May 1945–Mar 1947, p. 44. AFHRA A2055 electronic p. 747.]:

Recommendations to the Commanding General, U.S. Strategic Air Forces in Europe
(Lt. Gen. Carl Spaatz), from his Deputy (Maj. Gen. H. J. Knerr) included the com-
ment, “Occupation of German scientific and industrial establishments has revealed the
fact that we have been alarmingly backward in many fields of research. If we do not
take this opportunity to seize the apparatus and the brains that developed it and put
the combination back to work promptly, we will remain several years behind while we
attempt to cover a field already exploited.”
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Another o�cial U.S. Air Force history written in 1954 yet again confirmed that during and after
World War II, German scientists were many years ahead of American scientists in a wide range of
fields [Figs. 11.41–11.42. History of the Air Research and Development Command. 1954. Chapter
IX. Dr. Charles A. Johnson. Project “Paperclip,” pp. 258, 265. AFHRA K2838 (15390) electronic
pp. 887, 894]:

World War II had proven that Germany was many years ahead of the United States in a
number of scientific and technical fields, notably in propulsion, jet and rocket engines, jet
fuels, and guided missiles. While extensive know-how in these scientific areas was in the
possession of many outstanding scientists and engineers living in Occupied Germany
and the U.S. Zone of Austria, within the United States itself there was a particular
shortage of knowledge.

Colonel Donald L. Putt, leading the Air Force Intelligence teams that took over these
German research laboratories and experimental stations, made this evaluation: “I vis-
ited a great many of them . . . . Their research progress in jet and rocket propulsion,
aerodynamics, thermodynamics, supersonics, and other fields was clearly far ahead of
anything of the kind we had done.”

The United States was not the only country to benefit from German-speaking creators and their
creations. Historian Charlie Hall described the net impact of the technology transfer on the United
Kingdom [Hall 2019, pp. 229–231]:

[...H]ow much did Britain benefit from the scientific and technological spoils of war?
Unfortunately, it is almost impossible to give a definite answer to this question. [...]
Some, including Michael Howard who served with T-Force after the war, suspect that
the files containing o�cial government valuations have either been destroyed or remain
closed to the public. [...]

Turning first to the material spoils, one of the most useful resources which emerged from
the British exploitation programme was the collection of BIOS, CIOS, and FIAT Final
Reports[...] As we have seen, a government publicity drive brought these reports to the
attention of business owners throughout Britain who almost certainly implemented some
of the techniques described to increase the e�ciency or output of their enterprises—
calculating the total value of these improvements would be utterly impossible, but we
can be confident that they existed and were fairly widespread. Alongside these reports,
BIOS and its related organisations were responsible for the removal of equipment and
material too. Under reparations arrangements, Britain received just under 380,000 tons
of dismantled German capital equipment[...] A much larger amount of material, most
of which would have been far more useful, was taken outside of the o�cial reparations
channels and thus remains unaccounted for.

Some material within these removals would have been more valuable than others. For
example, under the auspices of Operation Surgeon, some 14,000 tons of aeronautical
equipment was removed, including highly specialised wind tunnels and equipment for
investigating high-velocity flight at stratospheric altitudes. Much of this went to fur-
nish the new Royal Aircraft Establishment at Farnsborough and would, therefore, have
played a direct role in British aeronautical developments moving forward. [...]
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It is also worth noting that, from the perspective of British industrial concerns, the
greatest benefit of exploitation was not what they gained, but rather what the Germans
lost. In short, the damage that exploitation and dismantling wrought to their German
rivals allowed them to increase their export capacity at the expense of these German
firms. [...]

While the Allies were quick to assert that Germany had lost no more than her leadership
in some industries and techniques, many Germans did not agree. [...] Indeed, many of
these complaints were directed more at the Allied programme of industrial dismantling
than at scientific and technological exploitation, though the two schemes ultimately
fell under the same broad umbrella. In particular, just as dismantling threatened to
severely damage German industry’s productive capacity, exploitation was accused of
being little more than a ‘conveyor belt’ for commercial espionage. Both tactics sought
to give British business a competitive edge over their renascent German rivals.

The impacts of the technology transfer on the Soviet Union and France were presumably at least
as large as those on the United States and United Kingdom.

John Gimbel quoted the best available estimates of the financial value of the technology transfer
to the United States [Gimbel 1990a, p. 152]:

...It is perhaps fitting to refer briefly to the discussion of value contained in a manuscript
on the history of FIAT, which may be found in the archives records of the OMGUS His-
torical O�ce. After commenting that the Russian figure of $10 billion announced by
Molotov at the Moscow CFM was too high, the unnamed authors argued that only in
time—after tests, trials, and applications—could a precise value be established. Nev-
ertheless the authors “estimated that FIAT activities should save the government and
industry in the United States at least five billion dollars.” If we were to accept this as
a fair global figure, and if we were to make the altogether reasonable assumption that
the British received value roughly equal to that of the United States, it would follow
that Molotov at the Moscow CFM was right on the button.

Considering that these estimates were lower bounds and that the French and especially the stag-
gering Soviet removals were not included, the total value of technologies transferred out of the
German-speaking world after the war likely exceeded 20 billion 1940s-era U.S. dollars. (One might
cite the Marshall Plan as an example of money being given back to Germany and Austria, but
the United States spent less than $2 billion total on West Germany and Austria, and most of that
was simply loans that had to be fully repaid to the United States within a certain period of time
[Schain 2001].)

For reference, the total amount that the United States spent on its own R&D programs (including
the Manhattan Project, radar, penicillin, etc.) throughout all of World War II was only approxi-
mately 3 billion 1940s-era dollars, which was dwarfed by the amount of R&D that the United States
and other countries acquired from the German-speaking world.

Charlie Hall gave an impassioned plea for this massive technology transfer from the German-
speaking world to be much more widely studied and far more prominently featured in history
books [Hall 2019, p. 238]:
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This wholesale removal of a defeated nation’s scientific and technological resources,
including recruitment of expert personnel, by its military conquerors, has no parallel
in modern history and deserves greater scrutiny. There is, without doubt, more to be
said about the exploitation schemes of all four occupying powers, as well as about the
involvement of other nations, including those whose participation in the Second World
War was peripheral at best. [...] It would be excellent to see exploitation feature more
prominently in histories of the military-industrial complex, of scientific intelligence, of
post-1945 arms races, of transnational transfers of technology and expertise and of the
SecondWorld War and Cold War more generally. This would hopefully lead to a stronger
presence for the programme in the public consciousness and would ensure that never
again could it be described as a ‘forgotten history.’
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Figure 11.28: R. P. Linstead and T. J. Betts. September 1945. The Intelligence Exploitation of
Germany. Foreword, p. 5 [AFHRA A5186 electronic p. 907].
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Figure 11.29: Ernest Gruhn. 14 March 1946. Exploitation of Germany for Technological and Scien-
tific Information. [NARA RG 330, Entry A1-1A, Box 4, Folder 383.7 Policy–1946].
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Figure 11.30: Ernest Gruhn. 14 March 1946. Exploitation of Germany for Technological and Scien-
tific Information. [NARA RG 330, Entry A1-1A, Box 4, Folder 383.7 Policy–1946].
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Figure 11.31: Ernest Gruhn. 14 March 1946. Exploitation of Germany for Technological and Scien-
tific Information. [NARA RG 330, Entry A1-1A, Box 4, Folder 383.7 Policy–1946].
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Figure 11.32: Ernest Gruhn. 14 March 1946. Exploitation of Germany for Technological and Scien-
tific Information. [NARA RG 330, Entry A1-1A, Box 4, Folder 383.7 Policy–1946].
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Figure 11.33: Ernest Gruhn. 14 March 1946. Exploitation of Germany for Technological and Scien-
tific Information. [NARA RG 330, Entry A1-1A, Box 4, Folder 383.7 Policy–1946].
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Figure 11.34: Ernest Gruhn. 14 March 1946. Exploitation of Germany for Technological and Scien-
tific Information. [NARA RG 330, Entry A1-1A, Box 4, Folder 383.7 Policy–1946].
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Figure 11.35: L. B. Kilgore. 10 January 1947. Proposal for a Compendium of German War Time
Technology, Draft No. 2 [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.36: L. B. Kilgore. 10 January 1947. Proposal for a Compendium of German War Time
Technology, Draft No. 2 [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.37: L. B. Kilgore. 10 January 1947. Proposal for a Compendium of German War Time
Technology, Draft No. 2 [NARA RG 40, Entry UD-75, Box 3, Folder Inter-O�ce Memoranda: To
and From Robert Reiss].
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Figure 11.38: Donald Putt to Joseph McNarney. 10 December 1947. German Specialist Program at
the Air Materiel Command, Tab F [AFHRA A2056 electronic p. 405].
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Figure 11.39: Donald Putt to Joseph McNarney. 10 December 1947. German Specialist Program at
the Air Materiel Command, Tab F [AFHRA A2056 electronic p. 406].
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Figure 11.40: Edna Jensen. 1948. History of AAF Participation in Project Paperclip, May 1945–Mar
1947, p. 44 [AFHRA A2055 electronic p. 747].
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Figure 11.41: History of the Air Research and Development Command. 1954. Chapter IX. Dr.
Charles A. Johnson. Project “Paperclip,” p. 258 [AFHRA K2838 (15390) electronic p. 887].
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Figure 11.42: History of the Air Research and Development Command. 1954. Chapter IX. Dr.
Charles A. Johnson. Project “Paperclip,” p. 265 [AFHRA K2838 (15390) electronic p. 894].
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11.2 General Approaches Transferred from the German-Speaking
World

After absorbing a huge number of German-speaking creators and creations, the U.S. research system
had a very productive period during World War II and in the first decades after the war. During
this period, the U.S. system also seems to have followed many of the approaches that had made the
earlier German-speaking scientific world so successful, such as rapidly increasing research funding,
management of the research system by enlightened despots, and other practices. Most of these
approaches did not persist more than a few decades (beyond 1970 or so), which may help explain
the apparent decline in the number of revolutionary new innovations in more recent times.

During the 1940s–1960s, the U.S. research system publicly unveiled a number of major inventions
and discoveries. As covered in Chapters 2–9, 11.1, and the appendices, those innovations were
generally adopted and developed from earlier German-based creations. Nonetheless, their imple-
mentation in the United States demonstrated that the U.S. system at that time was capable of
carrying out revolutionary work that seems to be much less common now:

• During World War II, high-priority government programs created fission bombs and reactors,
developed radar, mass-produced penicillin, and fielded other revolutionary technologies with
military applications.

• Similarly, during the ColdWar, high-priority government programs developed hydrogen bombs,
nuclear submarines, intercontinental ballistic missiles, jet fighters, advanced air defense sys-
tems, satellites and spacecraft, computers, and other technologies.

• During the first few postwar decades, U.S. industry produced transistors, lasers, printed and
integrated circuits, molecular medicines, new materials, jet airliners, nuclear power plants,
and other very innovative products.

• Also during the first few postwar decades, U.S. academia published major discoveries in
particle physics (relativistic quantum physics), molecular and cellular biology, and other areas.

This section examines the general approaches that the United States borrowed from the earlier
German-speaking world and that facilitated this 1940s–1960s era of productivity in the U.S. research
system. As shown later in this chapter, despite the successes that the United States achieved with
the German-like general approaches, those approaches were largely abandoned after a few decades.
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11.2.1 Cultural Attitudes Toward Science Education and Research

As in the earlier German-speaking world, popular culture in the United States glorified science ed-
ucation and research during the 1940s–1960s. Unfortunately, this attitude appears to have declined
starting around 1970 or so. Although it is di�cult to quantify such social attitudes with rigorous
data, various types of illustrative examples are given here.

U.S. science fiction authors gained increasing prominence in magazines in the 1930s and 1940s, but
arguably their greatest impact on children was through juvenile science fiction novels that were
written from the late 1940s until around 1970, as exemplified by series such as:

• Robert A. Heinlein’s juvenile novels. Heinlein was a retired U.S. Navy lieutenant and former
engineering student, and was married to a retired Navy lieutenant commander and chemist,
Virginia Heinlein [Dick 2008, pp. 341–352]. Heinlein’s first novel, Rocket Ship Galileo (1947),
described how three teenage budding engineers and their adult mentor from the Manhattan
Project built a nuclear-powered rocket and traveled to the moon. (Ironically they found
that German rocket engineers had secretly already gotten there.) Heinlein wrote a total of
12 juvenile novels through 1958’s Have Space Suit—Will Travel, each depicting how young
people assisted with a further step in space exploration. The popularity of his books prompted
other authors such as those listed below to write juvenile science fiction novels [Clute 2017].

• Lester del Rey’s juvenile novels. Del Rey was a longtime author, editor, and publisher of
science fiction. From 1952 to 1968, he wrote over 20 juvenile novels in which young people
created or assisted with projects on space flight (e.g., Marooned on Mars, 1952, and Mission
to the Moon, 1956), submarines (Attack from Atlantis, 1953), robotics (Runaway Robot, 1965),
time travel (Tunnel Through Time, 1966), and other innovations [Clute 2017].

• The Tom Swift Jr. series, published 1954–1971 by the Stratemeyer Syndicate (which also
produced the Hardy Boys and Nancy Drew novels). Most of the 33 books in this series were
written by James Duncan Lawrence, a former mechanical engineer and teacher. As depicted
in these books, Tom Swift Jr. was a young inventor who used the resources of his father’s
large engineering company to build a series of increasingly sophisticated aircraft, spacecraft,
submarines, robots, atomic devices, and other creations [Cooper 2007; Open Library 2010].

• Bertrand Brinley’s Mad Scientists’ Club stories. Brinley was a retired Army captain, whose
Army duties had included (among other things) advising children on how to safely experiment
with rockets in the 1950s. Based on that work, he published the detailed nonfiction Rocket
Manual for Amateurs in 1960, followed by a series of 1960–1974 fictional stories about students
who formed the Mad Scientists’ Club to create and test their own inventions [Brinley 2010].

Like their predecessors in the earlier German-speaking world (see p. 1484), these books presented
children with fictional role models who through their scientific knowledge, hard work, and individ-
ualism created revolutionary innovations, despite both scientific obstacles and human opponents.
These books were extremely popular, became fixtures in public and school libraries in the United
States, and inspired countless children to pursue careers in science and engineering. However, around
1970, most books like these ceased to be produced, as shifts in children’s interests made such books
less marketable. More recent juvenile fiction tends to focus on children (e.g., Harry Potter), super-
heroes (e.g., Marvel and DC characters), or animals (e.g., cats, dragons, etc.) who are magically
granted special powers, instead of having to achieve things using scientific knowledge and hard
work.
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Just as many German engineers had first become interested in their profession as children by
watching films like Fritz Lang’s Frau im Mond (1929), some of the German-speaking scientists who
immigrated to the United States attempted to interest U.S. children in science. Examples included:

• Wernher von Braun, Ernst Stuhlinger, and other German scientists collaborated with Walt
Disney to produce several entertaining but educational episodes of the Disneyland television
series: “Man in Space” (1955), “Man and the Moon” (1955), and “Mars and Beyond” (1957)
[Michael Neufeld 2007].

• Heinz Haber and other German scientists collaborated with Disney to produce another Dis-
neyland episode, “Our Friend the Atom” (1957), that covered nuclear fission and fusion. Haber
also wrote a corresponding children’s book [Haber 1956].

• Willy Ley wrote popular descriptions of the science underlying rockets and space travel for
numerous magazines and books, and was a consultant for television shows ranging from Tom
Corbett, Space Cadet (adapted from Heinlein’s Space Cadet novel) to Disneyland [Clute 2017].

• George Gamow wrote the Mr. Tompkins series of books from 1940 to 1967 to explain various
scientific concepts in ways that children could understand [Gamow 1940, 1945, 1953, 1967].

• While not a scientist, George Pal (György Pál Marczincsak, Hungarian, 1908–1980) was a
skilled German-speaking filmmaker who had worked in Prague and Berlin. He fled the Third
Reich, and after the war he used his talents to present positive portrayals of fictional scientists
to U.S. audiences in films such as Destination Moon (1950, adapted from Heinlein’s Rocket
Ship Galileo), When Worlds Collide (1951), The War of the Worlds (1953, adapted from the
H. G. Wells novel but focusing on a scientist), Conquest of Space (1955, about a manned
mission to Mars), and The Time Machine (1960, also adapted from an H. G. Wells novel).

Many scientists and engineers were first inspired by educational science kits that they experimented
with as children. The early to mid-twentieth century, and especially the 1940s–1960s, were a golden
age for such kits in the United States:

• A. C. Gilbert, an M.D. from Yale University, founded the A. C. Gilbert Company in 1909
in New Haven, Connecticut to produce science- and engineering-related kits for children. His
sales steadily increased until World War II but really boomed after the war from the late 1940s
until the 1960s. Gilbert’s kits included Erector Set engineering construction kits for building
everything from robots to locomotives; chemistry sets with dozens of chemicals; high-quality
compound microscopes with slide-making accessories; and even the “U-238 Atomic Energy
Lab” that provided children with several real uranium ore samples, other radioactive sources, a
Geiger counter, a cloud chamber, an electroscope, and other nuclear physics supplies. However,
Gilbert died in 1961, his company merged with the rival Porter company in 1967, and the
combined company (Gabriel Industries) slowly petered out during the 1970s [Gilbert and
McClintock 1954; Jitterbuzz 2017; Bruce Watson 2002].
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• Harold Porter founded the Porter Chemical Company (Chemcraft) in 1914 in Hagerstown,
Maryland to also produce science and engineering kits. The company’s history very much
paralleled that of the rival Gilbert company: sales increased until the wartime shortages of
World War II, but then blossomed into a golden age from the late 1940s to the 1960s. Porter’s
products included lavishly equipped chemistry sets but also mineralogy kits, biology dissection
sets, and a variety of microscopes. Porter died in 1963, and in 1967 Gabriel Industries bought
and merged the Porter and Gilbert companies. The combined Gabriel company operated with
declining sales and declining kit quality through the 1970s, changed hands in 1978, and finally
ceased operations entirely in 1984 [Tyler 2003].

• The Skil-Craft company started up in the 1950s in Chicago to compete with the Gilbert and
Porter companies in the postwar boom of demand for science and engineering kits. During
the 1950s and 1960s, Skil-Craft produced high-quality kits in chemistry, microscopy, and
other scientific fields. In 1968 they were bought out by Western Publishing/Golden Books,
resulting in several 1970 sets in chemistry, biology, microscopy, and geology that combined
Skil-Craft’s well-thought-out experiments and Golden Books’s beautiful illustrations [Fichter
1970a, 1970b; Parker and Martin 1970a, 1970b, 1970c]. Unfortunately, sales declined in the
1970s, the company changed hands in 1979, and operations ended in 1984.

In the 1940s–1960s, scientific innovators and innovations were widely and prominently heralded in
news magazines, newspapers, and other media. Scientists and engineers were viewed as national
heroes to be rewarded with fame and adulation, and to be presented as role models for young
potential future scientists.

One especially illustrative example was the covers of Time magazine. Time was arguably the pre-
eminent weekly news magazine in the United States during that period, and each issue’s cover
showcased an individual (or sometimes a group of individuals or an object) that was deemed to be
especially important and newsworthy. Most of the covers featured political or military leaders from
the United States or other countries, yet during the 1940s–1960s, a surprising number of Time covers
were science-related, as listed in Tables 11.7 and 11.8 [http://content.time.com/time/coversearch/].
These Time covers featured:

• Most of the “enlightened despots” from Section 11.2.6 who directed U.S. research and devel-
opment (e.g., Wernher von Braun, Vannevar Bush, James Conant, Lee DuBridge, Crawford
Greenewalt, George W. Merck, Robert Oppenheimer, Hyman Rickover, Simon Ramo and
Dean Woolridge, Bernard Shriever, Edward Teller, and Thomas Watson, Jr.).

• Scientists (e.g., Albert Einstein, Alexander Fleming, Edwin Hubble, Willard Libby, Jonas
Salk, Glenn Seaborg, etc.).

• Test pilots and astronauts who piloted some of the newest inventions (e.g., Neil Armstrong,
John Glenn, Alan Shepard, Chuck Yeager, etc.).

• Revolutionary innovations (e.g., computers, nuclear weapons, rockets, etc.)

• Whole categories of people. In 1961, Time declared all “U.S. Scientists” to be its “Men of
the Year.” It devoted an issue to “Great College Teachers” in 1966, and another issue to
breakthroughs in “U.S. Medicine” in 1969.
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Year Issue Person or object Subject

1944 April 3 Vannevar Bush “General of Physics”
1944 May 15 Alexander Fleming Penicillin
1946 July 1 Albert Einstein E = mc

2

1946 September 23 James Conant Science education
1948 February 9 Edwin Hubble Expanding universe
1948 July 19 Howard Hughes Hughes Aircraft R&D
1948 November 8 J. Robert Oppenheimer Science education/nuclear physics
1949 April 18 Chuck Yeager Mach 1 rocket plane
1950 January 23 Mark III Computer “Can man build a superman?”
1950 August 28 Irving Langmuir Atmospheric science
1951 April 16 Crawford Greenewalt Revolutionary new chemicals
1951 July 23 David Sarno↵ Electronics R&D
1952 August 18 George W. Merck Revolutionary new pharmaceuticals
1952 December 8 Space Pioneer “Will man outgrow the earth?”
1953 November 16 Igor Sikorsky Helicopters
1954 January 11 Hyman Rickover Nuclear-powered submarines
1954 March 29 Jonas Salk Polio vaccine
1954 April 12 H Bomb Nuclear weapons development
1954 June 14 J. Robert Oppenheimer Nuclear weapons/security
1955 March 28 Thomas Watson, Jr. Computers
1955 May 16 Lee DuBridge Science education
1955 August 15 Willard Libby Nuclear R&D
1956 January 30 “The Missile” Rockets/nuclear technologies
1957 April 1 Bernard Schriever Missile and rocket technologies
1957 April 29 Simon Ramo & Dean Woolridge “Engineers”
1957 November 18 Edward Teller “U.S. Science: Where It Stands Today”
1958 February 17 Wernher von Braun Space program
1959 January 19 “Space Exploration” “U.S. v. Russia”
1959 May 4 James Van Allen Explorer I satellite/radiation belts
1959 September 14 James Conant “U.S. Public Schools”
1959 July 27 John Heller Cancer research

Table 11.7: Some science-related covers of Time magazine during the 1940s–1950s.
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Year Issue Person or object Subject

1960 March 28 Jacques Cousteau Undersea exploration
1960 June 6 Satellites Space program
1961 January 2 “U.S. Scientists” Men of the Year
1961 January 6 Harry Felt Advanced aircraft, missiles, subs
1961 January 13 Ancel Keys Human physiology
1961 April 21 Yuri Gagarin First man in orbit
1961 May 12 Alan Shepard First American in space
1961 July 7 Leonard Larson Medical improvements
1961 October 27 Tom Jones (Northrop) Aerospace industry
1961 November 10 Glenn Seaborg Nuclear physics
1961 November 17 John Enders Virology
1962 March 2 John Glenn First American in orbit
1963 May 24 Gordon Cooper Another American in orbit
1963 August 23 U.S. Atomic Arsenal Nuclear weapons development
1964 January 10 Buckminster Fuller Engineering/architecture
1964 September 25 Nuclear Issue Nuclear weapons development
1965 March 26 Alexey Leonov First spacewalk
1965 April 2 “The Computer in Society” Computers
1965 May 14 “The Communications Explosion” Communications technologies
1965 June 11 Ed White and James McDivitt First American spacewalk
1965 August 27 Chris Kraft NASA Mission Control
1965 December 24 Gemini Rendezvous Docking in orbit
1966 May 6 Great Teachers Importance of high-quality education
1967 February 3 Roger Cha↵ee, Gus Grissom, Ed White Apollo 1 fire
1967 April 7 The Pill Oral contraceptives
1968 December 6 Race for the Moon Space program
1969 January 3 William Anders, Frank Borman, Jim Lovell Men of the Year (first around Moon)
1969 February 21 U.S. Medicine Needed medical improvements
1969 March 14 Great Missile Debate Rockets/nuclear technologies
1969 July 18 Lunar Exploration Space program
1969 July 25 Neil Armstrong First men on Moon

Table 11.8: Some science-related covers of Time magazine during the 1960s.
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While the specific example of Time magazine covers has been cited here, this public praise and
attention for scientists, engineers, and their accomplishments occurred throughout popular media
during the 1940s–1960s. Hollywood made a film celebrating the scientific development of the U.S.
atomic bomb (The Beginning or the End, 1947), with actors portraying J. Robert Oppenheimer,
Enrico Fermi, Vannevar Bush, Albert Einstein, and other scientists and engineers. Countless other
films, television shows, and books focusing on real or fictional scientists were produced during the
1940s–1960s. The national news was dominated by the latest plans and accomplishments of the
Space Race throughout the late 1950s and the 1960s. In a 1960 speech to the American Association
for the Advancement of Science, the British novelist and chemist C. P. Snow proclaimed [Snow
1961]:

Scientists are the most important occupational group in the world today. At this mo-
ment, what they do is of passionate concern to the whole of human society.

This popular support for scientists went up to the highest levels. For example, President Franklin
Roosevelt sent a letter to J. Robert Oppenheimer, the physicist in charge of the Manhattan Project,
on 29 June 1943 [http://www.loc.gov/teachers/classroommaterials/presentationsandactivities/
presentations/timeline/depwwii/wwarii/fdr.html]:

My dear Dr. Oppenheimer:

I have recently reviewed with Dr. Bush the highly important and secret program of
research, development and manufacture with which you are familiar. I was very glad to
hear of the excellent work which is being done in a number of places in this country
under the immediate supervision of General L.R. Groves and the general direction of the
Committee of which Dr. Bush is Chairman. The successful solution of the problem is of
the utmost importance to the national safety, and I am confident that the work will be
completed in as short a time as possible as the result of the wholehearted cooperation
of all concerned.

I am writing to you as the leader of one group which is to play a vital role in the
months ahead. I know that you and your colleagues are working on a hazardous matter
under unusual circumstances. The fact that the outcome of your labors is of such great
significance to the nation requires that this program be even more drastically guarded
than other highly secret war development. I have therefore given directions that every
precaution be taken to insure the security of your project and feel sure that those in
charge will see that these orders are carried out. You are fully aware of the reasons
why your endeavors and those of your associates must be circumscribed by very special
restrictions. Nevertheless, I wish you would express to the scientists assembled with you
my deep appreciation of their willingness to undertake the tasks which lie before them
in spite of the dangers and the personal sacrifices. I am sure that we can rely on their
continued wholehearted and unselfish labors. Whatever the enemy may be planning,
American science will be equal to the challenge. With this thought in mind, I send this
note of confidence and appreciation.

Although Roosevelt died before the Manhattan Project was completed, later presidents publicly
awarded medals of honor to Oppenheimer and many of the other scientists who participated in
that and other wartime projects.
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As another example of support from the highest levels, President John F. Kennedy made revolu-
tionary scientific and engineering goals the focus of his “Moon speech” at Rice University Stadium
in Houston, Texas on 12 September 1962 [https://er.jsc.nasa.gov/seh/ricetalk.htm; see also Fig.
11.43]:

Despite the striking fact that most of the scientists that the world has ever known are
alive and working today, despite the fact that this Nation’s own scientific manpower is
doubling every 12 years in a rate of growth more than three times that of our population
as a whole, despite that, the vast stretches of the unknown and the unanswered and the
unfinished still far outstrip our collective comprehension. [...]

Those who came before us made certain that this country rode the first waves of the
industrial revolutions, the first waves of modern invention, and the first wave of nuclear
power, and this generation does not intend to founder in the backwash of the coming
age of space. We mean to be a part of it—we mean to lead it. For the eyes of the world
now look into space, to the moon and to the planets beyond, and we have vowed that
we shall not see it governed by a hostile flag of conquest, but by a banner of freedom
and peace. We have vowed that we shall not see space filled with weapons of mass
destruction, but with instruments of knowledge and understanding.

Yet the vows of this Nation can only be fulfilled if we in this Nation are first, and,
therefore, we intend to be first. In short, our leadership in science and in industry, our
hopes for peace and security, our obligations to ourselves as well as others, all require
us to make this e↵ort, to solve these mysteries, to solve them for the good of all men,
and to become the world’s leading space-faring nation. [...]

We choose to go to the moon. We choose to go to the moon in this decade and do
the other things, not because they are easy, but because they are hard, because that
goal will serve to organize and measure the best of our energies and skills, because that
challenge is one that we are willing to accept, one we are unwilling to postpone, and
one which we intend to win, and the others, too. [...]

The growth of our science and education will be enriched by new knowledge of our
universe and environment, by new techniques of learning and mapping and observation,
by new tools and computers for industry, medicine, the home as well as the school.
Technical institutions, such as Rice, will reap the harvest of these gains.

Like Roosevelt, Kennedy also died before he could see the revolutionary scientific programs he
supported come to fruition, but again, later presidents gave public awards to many of the scientists,
engineers, and astronauts who were instrumental in those programs.
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Figure 11.43: Meeting between Wernher von Braun and President John F. Kennedy in Alabama
on 19 May 1963.
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Unfortunately, by the late 1960s and early 1970s, there was a decline in public interest in and
support for science and for scientists in the United States. Some of the factors responsible for that
decline included:

• Between the publication of Rachel Carson’s book Silent Spring in 1962 and the creation of
the U.S. Environmental Protection Agency in 1970, there was rising public concern about
the personal and environmental risks of new chemicals and new materials that scientists had
produced. With the founding of the U.S. Occupational Health and Safety Administration in
1971, there were also greatly increased concerns and lawsuits regarding the safety of new
industrial processes, technologies, and products.

• The Space Race between the United States and the Soviet Union, which at the time was
probably by far the most visible symbol of scientific progress, essentially came to an abrupt
end in 1969 when the United States landed people on the Moon. The Soviet Union chose not
to pursue the Space Race beyond that point (for example, by trying to be the first to land
people on Mars), and the U.S. government and public rapidly lost interest in sending more
people to the Moon or beyond. Without other national scientific goals that were as visible
or as compelling as the Space Race, public interest in and support for science education and
R&D dropped rapidly.

• By 1972, the majority of U.S. homes had color television, which tempted people with instant
and endless gratification instead of applying those extra hours to learn and to create.

• The 1973 and 1979 energy crises and accompanying economic recessions made people, compa-
nies, and the government focus more on near-term economic survival than long-term science
education and R&D. Later economic booms occurred in other areas of the economy, such as
finance and entertainment, drawing further public prestige and interest away from science
and engineering.

• Events such as 1970s lawsuits over the U.S. use of the Agent Orange defoliant in Vietnam
and the 1979 Three Mile Island nuclear accident tended to create a very negative public
perception of science in the United States.

Looking beyond just science, one could argue that during the 1940s–1960s, there appeared to be
widely held U.S. beliefs in doing very high-quality work and in striving to make the world a better
place. Millions of Americans worked to overcome the Depression, win World War II, build up U.S.
industry, help rebuild Europe and Japan, and oppose the Soviet Union. In contrast, from the 1970s
to the current time, it seems that many Americans have been less interested in spending their time
and energy to do high-quality work and to improve the world, and more interested in trying to
achieve fortune and fame as easily as possible, or in simply withdrawing to be entertained by their
various video screens large and small.
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11.2.2 Funding Levels

Research and development (R&D) spending is naturally a major factor a↵ecting the performance
of the innovation system in the United States or other countries.

Figure 11.44 shows early U.S. federal R&D spending, taken from a highly influential 1947 govern-
ment report by economist John R. Steelman, who at that time was also the first presidential chief
of sta↵ (for Harry Truman) [Steelman 1947]. As shown in the graph, spending was minimal before
WWII, reflecting the fact that there was essentially no government-funded research system in the
United States, unlike in German-speaking central Europe. U.S. federal R&D spending increased
exponentially during WWII, as the government-funded research system came into existence, hired
large numbers of talented innovators, and launched programs on revolutionary technologies such as
radar, nuclear fission, penicillin mass production, etc. The graph shows that the spending increased
more slowly but still exponentially after WWII, with projected increases beyond the current year
of 1947 well into the 1950s, as indeed proved to be the case. The figure also explicitly links each
funding increase to an increase in the number of “the scientists to do the job.”

As an overview of U.S. federal R&D spending from the early postwar period to the present, Fig.
11.45 shows the defense, nondefense, and total spending for government fiscal years (FY, starting
October 1 before the corresponding calendar year) since FY 1953, in inflation-adjusted constant FY
2018 dollars. It is especially noteworthy that defense R&D spending doubled practically overnight
in FY 1959—that was the first fiscal year of funding that was approved after the October 1957
launch of the Soviet Sputnik satellite. Similarly one can see the rapid increase in nondefense R&D
during the early 1960s for the manned space program. There were also increases in military spending
during the Reagan administration (1980s) and George W. Bush administration (early 2000s), but
the graph shows that those were largely temporary.

To help provide more context for the spending levels, Fig. 11.46 regraphs the U.S. federal R&D
spending as a percentage of the U.S. gross domestic product (GDP) for each year. This method can
help give a better understanding of how large the research programs were relative to other aspects of
the economy, and by extension how much talented labor, resources, and recognition would be drawn
to research work versus other occupations in society. Fig. 11.46(a) presents an historical overview
for the period 1949–2005, showing that by this measure the total federal R&D funding peaked in
1964 (the time of greatest development work for the space program), began a steep decline around
1967 (once most of the development work for the Apollo-Saturn program had been completed),
and continued to decline slowly for decades thereafter. Figure 11.46(b) gives a more detailed graph
for the period 1976–2018, showing that the funding has continued to decline to the present, apart
from relatively small oscillations (the Reagan and George W. Bush temporary increases in defense
spending). In fact, the current total federal R&D spending (approximately 0.7% of GDP) is only
about one third of the peak 1964 spending (approximately 2.2% of GDP) and lower than any other
post-Sputnik budget.
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Figure 11.44: This 1947 graph shows that early U.S. federal R&D spending was minimal before
World War II, increasing exponentially during the war, and increasing more slowly but still expo-
nentially after the war [Steelman 1947].
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Figure 11.45: U.S. federal R&D spending for government fiscal years (FY, starting October 1 before
the corresponding calendar year) since FY 1953, in inflation-adjusted constant FY 2019 dollars.
Note the doubling of defense R&D in FY 1959, the first fiscal year of funding that was approved
after the October 1957 launch of the Soviet Sputnik satellite, and the rapid increase in nondefense
R&D during the early 1960s for the manned space program. Also note the temporary increases in
military spending during the Reagan administration (1980s) and George W. Bush administration
(early 2000s). The large apparent drop in defense funding in FY2017 is primarily due to a change in
what programs were defined as “development” [https://www.aaas.org/programs/r-d-budget-and-
policy/historical-trends-federal-rd].
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Figure 11.46: U.S. federal R&D spending regraphed as a percentage of the U.S. gross domestic
product (GDP) for each year. (a) Historical overview for 1949–2005. (b) More detailed graph for
1976–2018. [https://saylordotorg.github.io/text introduction-to-economic-analysis/s05-05-
government.html#mcafee-ch04 s05 f10; https://www.aaas.org/programs/r-d-budget-and-
policy/historical-trends-federal-rd].
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Figure 11.47: U.S. total R&D spending, including federally funded, business funded, and other non-
federal funded work (e.g., by nonprofit foundations or state governments). All spending is expressed
as a percentage of the GDP for each year. Taking the numbers at face value, the total U.S. R&D
funding as a percentage of GDP has remained roughly constant since the early 1980s. Considering
the shift in recent decades from longer-term to much shorter-term R&D, funding for innovative re-
search has actually significantly declined [https://www.nsf.gov/statistics/2018/nsb20181/figures].
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Of course, not all R&D spending comes from the federal government. Figure 11.47 shows U.S. total
R&D spending, including federally funded, business funded, and other nonfederal funded work. All
spending is expressed as a percentage of the GDP for each year:

• As previously shown in Fig. 11.46, the share of federal funding peaked in the 1960s space
race and has generally been declining ever since, now down to approximately one third of its
earlier peak value.

• Business funding has generally increased steadily, although the quantitative numbers do not
indicate the qualitative shift in business R&D from longer-term development of major inno-
vations such as integrated circuits and jet aircraft in the 1950s to immediately marketable
products such as smart phone apps in the 2010s.

• Other nonfederal R&D funding (such as by nonprofit foundations and state governments) has
been slowly increasing but is still much smaller than federal and business funding.

• Even accepting the numbers at face value, the total U.S. R&D funding as a percentage of
GDP has remained roughly constant since the early 1980s. With flat funding, e↵ectively the
only way for newly graduated scientists and engineers to find a permanent position is to wait
for someone older in an existing position to retire or to die. This fact creates pressures that
greatly restrict how many new innovators can find employment, and how innovative they
are allowed to be under such conservative, resource-limited conditions. Moreover, since over
the last several decades more of the available government research jobs have shifted toward
bureaucracy, more of the available academic jobs have shifted toward continuous paper and
grant writing, and more of the business research jobs have shifted toward producing very
short-term, low-risk products, one could argue that the funding for innovative research has
significantly declined instead of stayed flat.

For comparison, Fig. 11.48 presents the total R&D spending (from government, industrial, and
other sponsors) for a number of other countries, graphed as either purchasing power parity (PPP)
dollars or a percentage of each country’s GDP for each year. Note that just as R&D spending
relative to GDP has been relatively flat in the United States for decades, it has also been fairly flat
in most other countries for many years. (As noted for Fig. 11.47, by analyzing the types of R&D
activities being supported now versus at earlier times, one might even argue that these apparently
flat funding trends have actually been e↵ective declines in innovative research.) From the graph,
the most notable exceptions to this trend are China and South Korea, which have each significantly
increased their R&D investments. China’s R&D increase is especially dramatic, since both China’s
GDP and its ratio of R&D to GDP have been increasing relatively rapidly.

MIT economists Jonathan Gruber and Simon Johnson described the impact of funding changes on
the rise and decline of innovation in the United States [Gruber and Johnson 2019, pp. 4–10]:

In 1938, on the eve of world war, federal and state governments spent a combined 0.076
percent of national income on scientific research, a trivial amount. By 1944, the US
government was spending nearly 0.5 percent of national income on science—a sevenfold
increase, most of which was channeled through [Vannevar] Bush’s organization from
1940. The e↵ects of this unprecedented surge were simply incredible and, for America’s
enemies, ultimately devastating.
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Then, in 1945, Vannevar Bush had what may be considered his most profound insight.
[...]

What was needed next, Bush argued, was a redirection to focus on winning the peace.
[...]

From 1940 to 1964, federal funding for research and development increased twentyfold.
At its peak in the mid-1960s, this spending amount was around 2 percent of annual
gross domestic product—roughly one in every fifty dollars in the United States was
devoted to government funding of research and development (equivalent, relative to
GDP, to almost $400 billion today). The impact on our economy, on Americans, and
on the world was simply transformational. [...]

It is hard to find any aspect of modern life that has not been profoundly a↵ected by
innovation that can be traced back either to the Bush-era e↵orts or to inventions that
were supported by various government programs in the years that followed. [...]

Unfortunately, we failed to maintain the [innovation] engine. From the mid-1960s on-
ward, based on concerns about the environmental, military, and ethical implications of
unfettered science, compounded by shortsighted budget math, the government curtailed
its investments in scientific research. Economic di�culties during the 1970s, followed by
the Reagan Revolution and the anti-tax movement, resulted in an even broader retreat
from federally funded activities. Most recently, the impact of a global financial crisis in
2008 and consequent economic pressures—known as the Great Recession—have further
squeezed investments in the scientific future.

Federal spending on research and development peaked at nearly 2 percent of economic
output in 1964 and over the next fifty years fell to only around 0.7 percent of the
economy. Converted to the same fraction of GDP today, that decline represents roughly
$240 billion per year that we no longer spend on creating the next generation of good
jobs.

Should we care? If there is socially beneficial research and product development to be
done, surely the innovative companies of today will take this on?

In fact, they won’t. [...]

The venture capital sector that has created so many high-tech success stories has, at
the same time, avoided the type of very-long-run and capital-intensive investments that
lead to technological breakthroughs—and create new industries and jobs.

As a result, the government retreat from research and development has not been fully
o↵set by the private sector.

While we have retreated from Vannevar Bush’s innovation engine, the rest of the world
is picking up the slack. Total research funding is growing at a much faster rate, relative
to the economy, in the rest of the world than it is in the United States, led in many
countries by active government policies.



1668 CHAPTER 11. IMMORTALIZING THE CREATIONS, FORGETTING THE CREATORS

Figure 11.48: Total R&D spending for various countries, graphed as (a) purchasing power
parity (PPP) dollars, and (b) a percentage of each country’s GDP for each year. Note
that relative to GDP, R&D spending has been relatively flat for most countries for
many years, with the exception of significant investments by China and South Korea
[https://www.nsf.gov/statistics/2018/nsb20181/figures].
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11.2.3 Mentoring Style

As described in Section 10.2.3, many (though certainly not all) Ph.D. students in the German-
speaking world were actively encouraged to independently propose and conduct their own thesis
research, thereby honing their skills as highly creative and independent innovators. A number of
German-speaking creators described similar experiences during their doctoral research; Section
10.2.3 quoted just a few illustrative examples.

In the early U.S. research system, it is more di�cult to find many examples of students who were
given such freedom to innovate in pursuing their Ph.D. thesis research. Most thesis topics appear to
have been assigned by the Ph.D. advisor, or selected from among a short list of possible topics o↵ered
by the advisor, and then closely supervised by the advisor throughout the thesis research. Thus
the U.S. students seem to have had fewer opportunities than their German-speaking counterparts
to acquire and practice skills at independent innovation early in life.

When biographical and autobiographical accounts of U.S. scientists do reveal that they enjoyed
remarkable independence in their Ph.D. thesis research, that independence was often a result of
being supervised or assisted by someone who had come from the German-speaking scientific world.
For example, historians Lillian Hoddeson and Vicki Daitch described John Bardeen’s experiences
as a Ph.D. student at Princeton in the 1930s; Bardeen later became the only person to ever win
two Nobel Prizes in physics [Hoddeson and Daitch 2002, pp. 50–52, 54–55]:

Princeton followed suit in 1930, hiring two Hungarian members of the Berlin circle of
physics and mathematics, John von Neumann and Eugene Wigner, who were old friends.
[...]

Bardeen later wrote that of all his professors at Princeton he was “most stimulated by
the two young Hungarians.” [...]

In shopping around for a thesis advisor, Bardeen spoke first with [U.S. physicist Edward]
Condon, but he found that all of Condon’s suggestions concerned filling gaps in the
textbook he was then completing with G. H. Shortley, The Theory of Atomic Spectra.
That “didn’t sound too interesting” to Bardeen. [...]

Bardeen decided to throw in his lot with Wigner and never regretted it. He found he
needed only occasional meetings to keep his thesis on track. Wigner later told Seitz
“that he rarely communicated with Bardeen.” But what Bardeen remembered about
Wigner was that he always had ways to motivate him with his penetrating questions.
Most importantly, Bardeen felt that Wigner instructed him in the art of choosing crucial
problems. “He could see what was essential and what the important problems were.”

Bardeen also felt that Wigner taught him how to go about attacking problems. The
first step was to decompose the problem, either into smaller problems with less scope
or into simpler problems that contained the essence of the larger problem. Bardeen said
that Wigner stressed reducing to “the simplest possible case, so you can understand
that before you go on to something more complicated.”
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Unfortunately, most Ph.D. thesis advisors in the United States apparently preferred the approach
of Condon over that of Wigner (as described by Bardeen), using students as cogs in the machinery
to advance the advisors’ own research and publications rather than encouraging the students to be
as innovative and independent as possible. To succinctly summarize the di↵erence, one might say
that the best early German-speaking advisors viewed their roles as mentors to o↵er advice to their
students, whereas most native U.S. advisors viewed their roles as masters to harness the labor of
their students.

In fact, it is remarkable how many creative U.S. scientists studied under German-speaking advisors.
In addition to John Bardeen, Eugene Wigner supervised or co-supervised Ph.D. theses for Frederick
Seitz, Richard Feynman, and many others. As other examples, Hans Bethe supervised the studies of
Je↵rey Goldstone, Roman Jackiw, Freeman Dyson, and others; Victor Weisskopf supervised Ph.D.
theses for John David Jackson, Murray Gell-Mann, and other physicists.

Judging from the scarcity of accounts, as the early U.S. research system matured into the modern
system, advisors who advocated for students to be as creative and self-directed as possible appar-
ently became ever more scarce. As discussed in the next section, the ages at which students received
their Ph.D. also became older. Due to the combination of these two factors, scientists had fewer
and fewer opportunities to learn and practice innovation during their formative years.

It should be noted that these problems extend far beyond the United States. The astrophysicist
Martin López-Corredoira, who has worked in Spain and Switzerland and gathered information on
the academic system worldwide, reported on the common experiences of Ph.D. students in the
modern scientific world [López-Corredoira 2013, pp. 62–65]:

The first contact with research takes place when a graduate student prepares a Ph.D.
thesis. [...] If the student wants financial as well as departmental support, then his or
her role is to be obedient to, and assimilate, the traditions of the department. [...]

In some cases, the students that do most of the work are not able to write a paper
containing their results; the bosses do it instead, as first authors of the paper. Students
are told that they do not know how to write their own work. In other cases, when the
supervisor sees that things will not have the outcome he or she wants, the supervisor
will abandon the student. In some cases, the supervisor steals the student’s ideas. In
other cases, a student’s time as a Ph.D. student is over before the thesis is finished
because he or she was exploited by having to carry out other work aside from their
thesis, or the boss had no time to attend to the explanations produced by the student.
In such cases, the student must struggle to survive while writing up.

Few bosses sit down and work with students. Normally, they spend some time during
the early days explaining how to do things. After that, the student must carry out
the routine tasks. The boss just provides the ideas, if they have them; otherwise, they
just make minor corrections. The student spends weeks or months with the monotonous
tasks in the laboratory, observatory, or in front of a computer with annoying calculations
or simulations that consume a lot of time, or with analytical calculations, or carrying
out bibliographical research or whatever. Students closer to an empirical branch of the
sciences spend a long time with the instruments. The boss is usually present as well,
but only to initially explain to the student how the machine works, or when something
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unusual happens, or there are extraordinary observations unrelated to the usual routine.
Meanwhile the boss manages and generates ideas. [...]

However, spending time thinking about one’s own ideas, without permission, is some-
thing that is really not encouraged by the system; quite the opposite. Initiative is dis-
couraged with arguments such as what is established is established. Workers for science
are created instead of thinkers. [...]

What is wrong with this situation, I continue to ask. Mainly, that [it is] industrial (mass-
produced) science, rather than creativity being encouraged, and the period of optimum
creativity of a scientist is exhausted with these ups and downs. We must take into
account that, in the long history of science, the majority of great ideas were produced
by young scientists. If young students, who could potentially produce new ideas, are
used as slaves (or perhaps it is better to say “science workers”), then perpetuation of
old ideas and intellectual stagnation are rife.

Even though doctoral educational and research programs worldwide were founded based on the
model of the earlier German-speaking world, they appear to have strayed further and further
from the fundamental principles that made the original German-speaking academic programs so
successful at cultivating revolutionary scientific innovators.
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11.2.4 Average Age for Final Degree

To compare the ages at which people received their final degree for the brightest American scientists
and the brightest German-speaking scientists of the same era, one can use data from Nobel Prize
winners. Scientists who were educated in the United States and won a Nobel Prize in Physiology or
Medicine, Chemistry, or Physics prior to 1991 are listed in Tables 11.9, 11.10, and 11.11 respectively.
The ages at which the scientists received their final degrees are shown in the tables.

In order to keep the data set focused on the U.S. educational system, scientists who had some
of their training in that system but a significant part of their training outside that system (e.g.,
Americans such as Irving Langmuir who completed their education in Germany, or German speakers
such as Konrad Bloch who completed their education in the U.S. system) are omitted from these
tables.

Unless otherwise noted, all of the individuals in these three tables graduated with a Ph.D. As shown
in Table 11.9, many of the winners of a Nobel Prize in Physiology or Medicine had an M.D. instead
of a Ph.D. As indicated in the tables, two Nobel Prize winners graduated with a final degree that
was not a doctorate. As also noted, a few individuals were delayed in receiving their final degree,
due to military service, war disruptions, serious illness, or work obligations.

Students could graduate at any time of year, depending on when their doctoral thesis was completed
and approved. In most cases only the year of graduation and not the exact date was readily available.
In such cases, the graduation was assumed to have occurred on average in the middle of the year,
and the students’ ages at graduation calculated accordingly. Any errors caused by this assumption
should mostly cancel each other out when averages are taken over entire groups of people.

Nobel Prize Name Born Graduated Age

1933 Thomas Hunt Morgan 25 September 1866 1890 24
1934 George Whipple 28 August 1878 1905 26 (M.D.)
1934 George Minot 2 December 1885 1912 26 (M.D.)
1934 William Murphy 6 February 1892 1922 30 (M.D.)
1943 Edward Doisy 13 November 1893 1920 26
1944 Joseph Erlanger 5 January 1874 1899 25 (M.D.)
1944 Herbert Gasser 5 July 1888 1915 26 (M.D.)
1946 Hermann Muller 21 December 1890 1960 25
1950 Philip Hench 28 February 1896 1920 25 (M.D.)
1950 Edward Kendall 8 March 1886 1910 25
1954 John Enders 10 February 1897 1930 33 (war)
1954 Frederick Robbins 25 August 1916 1940 24 (M.D.)
1954 Thomas Weller 15 June 1915 1940 25 (M.D.)

Table 11.9: Ages at final degree for scientists who were educated primarily or entirely in the United
States and won a Nobel Prize in Physiology or Medicine prior to 1991. (Continued on next page.)
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Nobel Prize Name Born Graduated Age

1956 Dickinson Richards 30 October 1895 1923 27 (M.D., war)
1958 George Beadle 22 October 1903 1931 27
1958 Edward Tatum 14 December 1909 1934 24
1958 Joshua Lederberg 23 May 1925 1947 22
1959 Arthur Kornberg 3 March 1918 1941 23 (M.D.)
1962 James Watson 6 April 1928 1950 22
1966 Peyton Rous 5 October 1879 1905 25 (M.D., illness)
1966 Charles Huggins 22 September 1901 1924 23 (M.D.)
1967 Haldan Hartline 22 December 1903 1927 23 (M.D.)
1967 George Wald 18 November 1906 1932 25
1968 Robert Holley 28 January 1922 1947 25
1968 Marshall Nirenberg 10 April 1927 1957 30
1969 Alfred Hershey 4 December 1908 1934 25
1970 Julius Axelrod 30 May 1912 1955 43 (work)
1971 Earl Sutherland 19 November 1915 1942 26 (M.D.)
1972 Gerald Edelman 1 July 1929 1954 24 (M.D.)
1975 David Baltimore 7 March 1938 1964 26
1975 Howard Temin 10 December 1934 1959 24
1976 Baruch Blumberg 28 July 1925 1951 25 (war)
1976 D. Carleton Gajdusek 9 September 1923 1946 22 (M.D.)
1977 Rosalyn Yalow 19 July 1921 1945 23
1978 Daniel Nathans 30 October 1928 1954 25 (M.D.)
1978 Hamilton Smith 23 August 1931 1956 24 (M.D.)
1980 George Snell 19 December 1903 1930 26
1981 Roger Sperry 20 August 1913 1941 27
1983 Barbara McClintock 16 June 1902 1927 25
1985 Michael Brown 13 April 1941 1966 25 (M.D.)
1985 Joseph Goldstein 18 April 1940 1966 26 (M.D.)
1986 Stanley Cohen 17 November 1922 1948 25
1988 Gertrude Elion 23 January 1918 1941 23 (no doctorate)
1988 George Hitchings 18 April 1905 1933 28
1989 J. Michael Bishop 22 February 1936 1962 26 (M.D.)
1989 Harold Varmus 18 December 1939 1966 26 (M.D.)
1990 Joseph Murray 1 April 1919 1944 25 (M.D.)
1990 E. Donnall Thomas 15 March 1920 1946 26 (M.D.)

Table 11.9 (continued): Ages at final degree for scientists who were educated primarily or entirely
in the United States and won a Nobel Prize in Physiology or Medicine prior to 1991.
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Nobel Prize Name Born Graduated Age

1914 Theodore Richards 31 January 1868 1888 20
1946 James Sumner 19 November 1887 1914 26
1946 John Northrop 5 July 1891 1915 23
1946 Wendell Stanley 16 August 1904 1929 24
1949 William Giauque 12 May 1895 1922 27 (work)
1951 Edwin McMillan 18 September 1907 1933 25
1951 Glenn Seaborg 19 April 1912 1937 25
1954 Linus Pauling 28 February 1901 1925 24
1955 Vincent du Vigneaud 18 May 1901 1927 26
1960 Willard Libby 17 December 1908 1933 24
1961 Melvin Calvin 8 April 1911 1935 24
1965 Robert Woodward 10 April 1917 1937 20
1966 Robert Mulliken 7 June 1896 1921 25 (war)
1972 Christian Anfinsen 26 March 1916 1943 27
1972 Stanford Moore 4 September 1913 1938 24
1972 William Stein 25 June 1911 1938 26
1974 Paul Flory 19 June 1910 1934 23
1976 William Lipscomb 9 December 1919 1946 26
1979 Herbert Brown 22 May 1912 1938 26
1980 Paul Berg 30 June 1926 1952 25
1980 Walter Gilbert 21 March 1932 1957 25
1984 Robert Merrifield 15 July 1921 1949 27
1985 Herbert Hauptman 14 February 1917 1955 38 (work)
1985 Jerome Karle 18 June 1918 1944 25
1986 Dudley Herschbach 18 June 1932 1958 25
1987 Donald Cram 22 April 1919 1947 28
1987 Charles Pedersen 3 October 1904 1927 22 (no doctorate)
1989 Thomas Cech 8 December 1947 1975 27
1990 E. J. Corey 12 July 1928 1950 22

Table 11.10: Ages at final degree for scientists who were educated primarily or entirely in the United
States and won a Nobel Prize in Chemistry prior to 1991.
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Nobel Prize Name Born Graduated Age

1923 Robert Millikan 22 March 1868 1895 27
1927 Arthur Compton 10 September 1892 1916 23
1936 Carl Anderson 3 September 1905 1930 24
1937 Clinton Davisson 22 October 1881 1911 29
1939 Ernest Lawrence 8 August 1901 1925 23
1944 I. I. Rabi 29 July 1898 1926 27
1946 Percy Bridgman 21 April 1882 1908 26
1952 Edward Purcell 30 August 1912 1938 25
1955 Willis Lamb 12 July 1913 1938 25
1955 Polykarp Kusch 26 January 1911 1936 25

1956 & 1972 John Bardeen 23 May 1908 1936 28
1956 Walter Brattain 10 February 1902 1929 27
1956 William Shockley 13 February 1910 1936 26
1959 Owen Chamberlain 10 July 1920 1949 28
1960 Donald Glaser 21 September 1926 1950 23
1961 Robert Hofstadter 5 February 1915 1938 23
1964 Charles Townes 28 July 1915 1939 24
1965 Richard Feynman 11 May 1918 1942 24
1965 Julian Schwinger 12 February 1918 1939 21
1968 Luis Alvarez 13 June 1911 1935 25
1969 Murray Gell-Mann 15 September 1929 1951 21
1972 Leon Cooper 28 February 1930 1954 24
1972 John Schrie↵er 31 May 1931 1957 26
1975 Leo Rainwater 9 December 1917 1946 28 (war)
1976 Burton Richter 22 March 1931 1956 25
1976 Samuel Ting 27 January 1936 1962 26
1977 Phillip Anderson 13 December 1923 1949 25 (war)
1977 John Van Vleck 13 March 1899 1922 23
1978 Arno Penzias 26 April 1933 1962 29 (war)
1978 Robert Wilson 10 January 1936 1962 26
1979 Sheldon Glashow 5 December 1932 1959 26
1979 Steven Weinberg 3 May 1933 1957 24
1980 James Cronin 29 September 1931 1955 23
1980 Val Fitch 10 March 1923 1954 31 (war)
1981 Arthur Schawlow 5 May 1921 1949 28 (war)
1982 Kenneth Wilson 8 June 1936 1961 25
1983 William Fowler 9 August 1911 1936 24
1988 Leon Lederman 15 July 1922 1951 28
1988 Melvin Schwartz 2 November 1932 1958 25
1988 Jack Steinberger 25 May 1921 1948 27 (war)
1989 Norman Ramsey 27 August 1915 1940 24
1990 Jerome Friedman 28 March 1930 1956 26
1990 Henry Kendall 9 December 1926 1955 28

Table 11.11: Ages at final degree for scientists who were educated primarily or entirely in the United
States and won a Nobel Prize in Physics prior to 1991.
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Table 11.12 summarizes the average ages at graduation from Tables 11.9–11.11 for the U.S. system,
excluding those whose education was delayed by war, work, or illness. For comparison, the cor-
responding average ages from Tables 10.3–10.6 for the German-speaking world are also included.
As may be seen, on average those U.S.-educated scientists took approximately two years longer to
complete their education than their contemporary counterparts from the German-speaking world.

Age at graduation from Age at graduation from
Category of people German-speaking world U.S. system

Ph.D., Physics Nobel 1901–1990 23.2 years 25.1 years
Ph.D., Chemistry Nobel 1901–1990 22.4 years 24.7 years
Ph.D., Medicine Nobel 1901–1990 23.6 years 25.2 years
M.D., Medicine or Chemistry Nobel 23.8 years 25.0 years
Final degree, all science Nobelists 23.0 years 24.9 years
Ph.D., non-Nobel sample 22.4 years —
Ph.D., Nobel + non-Nobel sample 22.7 years 25.0 years
M.D., Nobel + non-Nobel sample 23.8 years 25.0 years
Final degree, Nobel + non-Nobel sample 22.9 years 24.9 years

Table 11.12: Ages at final degree for selected scientists educated in German-speaking and U.S.
systems.

As a further comparison, the current situation in the U.S. educational system is even worse. For
those receiving a doctorate in 2017, the median age at graduation was 31.6
[www.nsf.gov/statistics/srvydoctorates/]. That is nearly a decade older than students who received
a Ph.D. from the earlier German-speaking world.

Each increase in the average age at which scientists and engineers receive their final degree means
fewer years for their research careers, especially fewer available years when they are youngest, most
creative, most energetic, and least distracted by other factors in their lives (family obligations,
serving on committees, etc.):

• By this criterion, scientists in the early U.S. research system graduated approximately two
years behind their contemporary German-speaking peers, which might be one factor explain-
ing why those U.S. scientists may have created fewer revolutionary innovations per person
than their German-speaking peers.

• Yet scientists in the modern U.S. research system graduate approximately 6.5 years behind
even those early U.S. scientists, and nearly a decade behind the early German-speaking cre-
ators, which might help explain why the modern system may create even fewer revolutionary
innovations per person.
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The problem is even worse than those numbers indicate. In general, many (though certainly not all)
of the German-speaking creators and the early U.S. scientists were able to conduct truly independent
research as soon as they obtained their doctoral degrees, if not before. In contrast, scientists who
receive a Ph.D. or M.D. in the modern U.S. system typically then have to spend many years following
older supervisors’ instructions in postdoctoral jobs, residencies, or entry-level positions at corporate
or government laboratories. In 2012, the average age at which Ph.D. scientists received their first
National Institutes of Health (NIH) research project grant was 41.9, and the average age at which
M.D. scientists received their first NIH research grant was 43.8 [report.nih.gov/Workforce/PSW/].
Thus many German-speaking creators achieved similar independence on average two whole decades
in life earlier than scientists in the modern U.S. system, and early U.S. scientists achieved their
independence up to 18 years earlier than those in the modern U.S. system.

As discussed in Chapter 12, this data suggests that one way to improve the modern innovation
system would be to eliminate redundancies between high school and undergraduate education,
streamline the graduate school educational process, greatly lower the average ages at which scientists
receive their final degrees and their first financial grants, and give young scientists much more
independence during their most energetic and creative years.
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11.2.5 Interdisciplinary Approach

A significant fraction of the German-speaking creators were individuals who had demonstrated that
they could be productive in multiple scientific fields in Europe (Section 10.2.5), and that continued
to be true for many of the German-speaking creators who moved to the United States before,
during, or after the Third Reich. Many examples could be cited; here are just a few of the better
known cases:

• Hans Bethe was a vigorous force in fields from astrophysics to international politics [Bethe
1991].

• Carl Djerassi not only helped to develop oral contraceptives, new methods for analytical
chemistry, and safer pesticides, but also wrote novels and plays that received worldwide
recognition [Carr 2009; http://www.djerassi.com].

• Kra↵t Ehricke made major advances in rocket design, nuclear engineering, orbital mechanics,
and planetary science [Freeman 2008].

• George Gamow advanced our knowledge of both the Big Bang and the genetic code [Gino
Segrè 2011].

• John von Neumann made major contributions to everything from nuclear weapons design to
computers to economics to political policy [Macrae 1992].

• Leo Szilard was responsible for the beginnings of both the Manhattan Project and molecular
biology research in the United States [Lanouette and Silard 1992].

• Herbert Wagner developed jet engines, guided missiles, and nuclear engineering projects [p.
2749; Christopher 2013; Constant 1980].

• Fritz Zwicky was known for his exceptional creativity in fields ranging from jet propulsion to
astrophysics [John Johnson, Jr., 2019; Stöckli and Müller 2008].

Among the American-born creators who were active during the golden age of the U.S. system, there
appear to have been fewer truly interdisciplinary individuals, although there were a few notable
cases; for example:

• John Bardeen made Nobel-prize-winning contributions to both transistors and superconduc-
tivity [Hoddeson and Daitch 2002].

• Linus Pauling contributed to quantum physics, chemistry, protein structure, DNA research,
and international politics [Serafini 1989].

• Simon Ramo was instrumental in national programs ranging from air defense systems to
ballistic missiles, and he was as skilled at business and politics as he was at science and
engineering [Ramo 1988].
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In modern peer-reviewed committee decisions for research grants and academic tenure, very long
lists of papers in the same narrow specialty are especially valued, and it is di�cult to find examples
of revolutionary innovators who are making major contributions in several very di↵erent fields.
Presumably there are still a few who have survived within the modern system, but the trend seems
to be that interdisciplinary creators were most valued, and therefore most prevalent, in the earlier
German-speaking world, still in evidence in the 1940s–1960s U.S. system, and increasingly rare in
the decades since.

One might object that modern scientific fields have advanced so far that it is no longer feasible
for individuals to acquire su�cient multidisciplinary expertise. However, that objection does not
seem valid when one examines the enormous knowledge, expertise, and accomplishments of earlier
scientists such as John von Neumann or Enrico Fermi, or when one considers that revolutionary
innovations in many fields seem to have matured and stagnated at the level that was created by
those same interdisciplinary creators. In other words, if those earlier multidisciplinary creators
were revived from the dead today, they would probably be able to quickly catch up on the few
truly important developments they had missed, and then continue their work in multiple fields.
If individuals could be so successful studying and working in multiple disciplines in the twentieth
century, modern students should be able to acquire the same breadth and depth of expertise now.

Certainly most scientists and engineers can be rather specialized and still contribute fully to the
system. Nonetheless, there is great value if some small but significant fraction of individuals pos-
sesses a much broader interdisciplinary expertise. With that broader view of the entire scientific
landscape, they can help to:

1. Guide the system toward more revolutionary areas that might otherwise be overlooked by
those with only microspecialized views of known areas.

2. Take successful methodologies, discoveries, and inventions from one area and apply them to
make advances in a completely di↵erent area.

3. Spot areas that for certain fundamental reasons are scientific dead ends.

4. E↵ectively communicate the state of scientific fields to scientists in other fields, government
leaders, business leaders, students, and the general public.
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11.2.6 Scientific Leadership and Decision-Making Style

Just as certain high-level scientific managers in the earlier German-speaking world seem to have
operated as enlightened despots in identifying and funding promising creators and creations, a
large number of enlightened despots appear to have greatly contributed to the successes of the U.S.
research system from the 1940s through the 1960s. Without in any way attempting an exhaustive
list, this section provides examples illustrating the impact that individual enlightened despots had
on the U.S. research system.

Like the earlier German-speaking enlightened despots, these U.S. enlightened despots had di↵erent
individual styles, various opportunities, and di↵ering levels of success; they were all imperfect in
their scientific judgment and/or personal character (some more than others), and most if not all of
them made some strong enemies along the way. Nonetheless, also like their earlier German-speaking
counterparts, each of these U.S. despots had:

• The strong and direct support of very high authorities (in many cases actually the U.S.
President).

• A keen eye for revolutionary innovators and innovations.

• The ability to directly o↵er steady employment and funding for any innovators and innova-
tions they deemed worthy, by circumventing the much slower and more risk-averse normal
bureaucratic processes for application, review, approval, renewal, etc.

Vannevar Bush (1890–1974), shown in Fig. 11.49, may be viewed as the political father of the
U.S. research world,6 just as Friedrich Altho↵ may be viewed as the political father of the earlier
German-speaking research world (p. 1515). Like Altho↵, Bush also installed or aided a number of
other enlightened despots, such as those shown in the lower half of Fig. 11.49. Bush was an electrical
engineering professor and vice president at the Massachusetts Institute of Technology (MIT) as
World War II approached and U.S. government funding for R&D was minimal. Bush became
president of the Carnegie Institution for Science in Washington, DC (1939–1955), as well as chair
and member of the advisory board of the National Advisory Committee for Aeronautics (NACA,
the predecessor of NASA, 1938–1948). In 1940 he successfully lobbied President Franklin Roosevelt
to create the National Defense Research Committee (NDRC) and O�ce of Scientific Research and
Development (OSRD), which Bush ran until 1947 and in which capacity he reported directly to
the President. Bush’s NDRC and OSRD were in charge of creating, funding, and managing all
military scientific R&D in the United States during these years, including U.S. developments in
nuclear fission reactors and weapons, radar systems, proximity fuses, penicillin mass production,
and other innovations. After the war, Bush proposed and successfully lobbied for the establishment
of the major U.S. government research sponsoring agencies, including the creation of the National
Science Foundation, the Atomic Energy Commission (now called the Department of Energy), and
the military Research and Development Board (RDB, predecessor of later Department of Defense
research sponsoring o�ces), as well as major expansions of NACA and the National Institutes
of Health (NIH). Bush also strongly promoted corporate research while serving on the board of
directors for American Telephone and Telegraph (AT&T, 1949–1962), Merck (1949–1962), and
other companies.

6 Baxter 1946; Burchard 1948; Bush 1946, 1949, 1960, 1967, 1970; James Conant 1970; Jennet Conant 2002;
Zachary 1997a, 1997b.
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Figure 11.49: Examples of scientific “enlightened despots” who had a large impact on the U.S.
system. Above: Vannevar Bush established the entire government-funded research system during
and immediately after World War II. Below: March 1940 meeting of Ernest Lawrence, Arthur
Compton, Vannevar Bush, James Conant, Karl Compton, and Alfred Loomis (from left to right).
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Bush laid out some of his views on scientific innovation in an allegorical essay entitled “The
Builders” [Bush 1967, pp. 11–12]:

The process by which the boundaries of knowledge are advanced, and the structure of
organized science is built, is a complex process indeed. It corresponds fairly well with
the exploitation of a di�cult quarry for its building materials and the fitting of these
into an edifice[...]

In these circumstances it is not at all strange that the workers sometimes proceed in
erratic ways. There are those who are quite content, given a few tools, to dig away,
unearthing odd blocks, piling them up in the view of fellow workers, and apparently
not caring whether they fit anywhere or not. Unfortunately there are also those who
watch carefully until some industrious group digs out a particularly ornamental block,
whereupon they fit it in place with much gusto and bow to the crowd. Some groups do
not dig at all, but spend all their time arguing as to the exact arrangement of a cornice
or abutment. Some spend all their days trying to pull down a block or two that a rival
has put in place. Some, indeed, neither dig nor argue, but go along with the crowd,
scratch here and there, and enjoy the scenery. Some sit by and give advice, and some
just sit.

On the other hand there are those men of rare vision, who can grasp well in advance
just the block that is needed for rapid advance on a section of the edifice to be possible,
who can tell by some subtle sense where it will be found, and who have an uncanny
skill in cleaning away dross and bringing it surely into the light. These are the master
workmen.

Historian G. Pascal Zachary gave an excellent overview of Bush’s personality and legacy [Zachary
1997a, pp. 4–5, 7–8]:

[...] Bush believed Americans should freely give public-spirited experts ultimate author-
ity over the nation’s security. He ranked the engineer as first among equals, a sort of
super-citizen who could master virtually every activity essential to the smooth func-
tioning of a modern nation. What distinguished the engineer from other experts was
his breadth. Bush saw the engineer as a pragmatic polymath; the engineer, he once
wrote, “was not primarily a physicist, or a business man, or an inventor but [someone]
who would acquire some of the skills and knowledge of each of these and be capable of
successfully developing and applying new devices on the grand scale.”

This realization that the engineer was the engine of 20th-century capitalism qualified
Bush as the godfather of high technology and a leading proponent of industrial vitality
through innovation, not intrigue. [...] At midcentury, he was among the few who realized
the curative power of new ventures. The best way to limit monopoly economic power,
he insisted, was through “the advent of small new industrial units, for if these latter
have half a chance they can cut rings around the great stodgy concern.”

Such contrarian views made Bush a divisive figure. His personality didn’t always help
either. His philosopher-king aura smacked of arrogance, even meanness to some. He
struck his critics as imperious, intimidating and at times even a bully who harbored
“a relentless, perhaps insatiable, drive for power.” Still he had redeeming qualities. His
wit and charm prompted comparisons with the folksy Will Rogers. His intelligence,
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vitality and candor impressed many. He enjoyed a good tussle, refused to back down
from anyone and, when opposed, could explode in anger. He rubbed people in authority
the wrong way, but he was principled about it. He felt he never angered anyone without
good reason. Aware that his penchant for battle cost him good will, he still never shied
away from a fight, and he took as much ground as his opponents ceded. “My whole
philosophy . . . is very simple,” he told a few generals during the war. “If I have any
doubt as to whether I am supposed to do a job or not, I do it, and if someone socks me,
I lay o↵.” [...]

Acts of importance were the measure of Bush’s life, and they are the reason his life
deserves study today. His was a political life, wrapped in the enigma of science and
invention. An apostle of expertise, he transcended the labels of “liberal” or “conserva-
tive” and pursued the progressive ideal of public betterment through the private e↵orts
of people of good will and merit. [...]

In an age of complexity, Bush’s habits of mind transcended easy categorization and pre-
figured the postmodern embrace of contradictions. He was a contrarian, skeptical of easy
solutions yet willing to tackle tough problems without a compass. He looked askance
at social status based on wealth, but fervently believed that mass opinion should be
directed by a “natural aristocracy” of meritorious Americans. He was a pragmatist who
thought that knowledge arose from a physical encounter with a stubborn reality. The
mathematician Norbert Wiener called him “one of the greatest apparatus men that
America has ever seen—he thinks with his hands as well as with his brain.” Despite be-
ing drenched in a world of particulars, Bush was ultimately a moral thinker whose grand
themes were individual self-reliance, democracy with a small d and the absolute neces-
sity for thinking men and women to build—with the help of technology—meaningful
patterns from the confusing buzz of facts, ideas and emotions that compose the discourse
of any era.

Suspicious of big institutions, whether run by public servants, the military or corpora-
tions, Bush objected to the pernicious e↵ects of an increasingly bureaucratized society
and the potential for mass mediocrity long before such complaints became conventional
wisdom. [...]

His great failure and his enduring triumph was his realization that the course of modern
history would be shaped by large hierarchical institutions, making plans and settling
scores behind closed doors, working best when insulated from public opinion. That these
institutions lost their energy and legitimacy as the 20th century waned would not have
surprised Bush. Whether overseeing the creation of the atomic bomb or lobbying to fund
“pure” research without utilitarian purpose, he believed the beleaguered individual was
still of paramount importance.

“The individual to me is everything,” he wrote on the eve of World War II. “I would
circumscribe him just as little as possible.” In the murderous years that followed, he
never lost his faith in the power of one.

As Zachary pointed out, a tragic irony is that Bush, who was probably the most powerful enlightened
scientific despot in the history of the United States and who empowered or assisted other enlightened
despots, helped to set up the key institutions of the U.S. innovation system that ultimately, over
the course of the following decades, replaced the individual far-sighted enlightened despots with a
faceless bureaucratic system of myopic, risk-averse peer review.
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William M. Allen (1900–1985), shown in Fig. 11.50, ran Boeing 1945–1972 when it developed
the 707 through 747 jet airliners. As exemplified by those products, he championed major techno-
logical steps, large R&D budgets, and long development timelines [Clive Irving 2014; Serling 1992].
Fortune magazine named him one of the “10 greatest CEOs of all time” [Collins 2003]:

“Don’t talk too much,” Boeing’s new chief admonished himself. “Let others talk.”

Its planes helped win the war—yet victory in 1945 looked like death for Boeing. Revenues
plummeted more than 90% as orders for bombers vanished overnight. And bombers,
everyone knew, were what Boeing was all about.

Everyone, that is, but its new leader. An understated lawyer who said he wasn’t quali-
fied for the job, Bill Allen never saw Boeing as the bomber company. It was the company
whose engineers built amazing flying machines. In 1952 he bet heavily on a new commer-
cial jet, the 707. At the time, Boeing had no business being in the commercial market,
or at least that’s what potential customers said. (“You make great bombers up there in
Seattle. Why don’t you stick with that?”) Yet Allen’s time frames were bigger too. He
saw that Boeing could compete by changing the industry. Under his leadership, Boeing
built the 707, 727, 737, and 747—four of the most successful bets in industrial history.
At a board meeting described by Robert Serling in Legend & Legacy, a director said
that if the 747 was too big for the market to swallow, Boeing could back out. “Back
out?” sti↵ened Allen. “If the Boeing Aircraft Co. says we will build this airplane, we
will build it even if it takes the resources of the entire company.” Like today’s CEOs,
he endured the swarming gnats who think small: short time frames, pennies per share,
a narrow purpose. Allen thought bigger—and left a legacy to match.

(Army) Air Force General Henry “Hap” Arnold (1886–1950), shown in Fig. 11.50, was a
very strong supporter of developing revolutionary technologies during and after World War II [Henry
Arnold 1945, 1949; Bower 1987; Lasby 1971]. He played an especially important role in getting the
United States to acquire a large number of creators and creations from the German-speaking world
and to support the employment of those innovators and technologies for U.S. military applications.
Historian Clarence Lasby described the extent of Arnold’s vision [Lasby 1971, pp. 102–103]:

Henry “Hap” Arnold, Commanding General of the Air Forces, was determined to capi-
talize on German advances. A stocky, broad-shouldered West Point graduate and former
aide to General Billy Mitchell, Arnold had been the most devoted partisan of airpower
throughout the 1930’s. He was also a visionary, and was fortunate to find a man who
appreciated his new concepts for air warfare in Professor Theodore von Kármán, a
Hungarian Jew who in 1929 had left the directorship of the Aeronautical Institute of
Aachen, Germany, to assume the same position at the Aeronautical Laboratory at Cal
Tech. In 1939 Arnold contracted with von Kármán to construct a 40,000-horsepower
wind tunnel, the first of its kind, and to develop rockets to assist the takeo↵ of heavy air-
craft. In September 1944 he called upon his ally again, this time to prepare a blueprint
for air research for the next twenty to fifty years. When he addressed the scientist’s
advisory group, he asked them to free their imaginations. “I see a manless Air Force,”
he said. “I see no excuse for men in fighter planes to shoot down bombers.” Unlike the
aviators in the Navy, Arnold had no fear of novel weapons. In May 1945 he had sent
von Kármán on a special mission to study the Germans’ latest developments, and when
his own o�cers proposed the exploitation of the enemy scientists through Overcast, he
approved.
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Figure 11.50: More examples of scientific “enlightened despots” who had a very large impact on
the U.S. system: William M. Allen ran Boeing 1945–1972 when it developed the 707 through 747
jet airliners. Army Air Force General Henry Arnold strongly supported revolutionary technologies
during and after World War II. James Conant (lower right, with Vannevar Bush and Harry Truman)
modernized Harvard University, helped Vannevar Bush run national research during World War II,
and was the first U.S. Ambassador to West Germany after the war.
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James Conant (1893–1978), shown in Fig. 11.50, modernized Harvard University, helped Van-
nevar Bush run national research during World War II, and was the first U.S. Ambassador to West
Germany after the war [Baxter 1946; James Conant 1970; Jennet Conant 2002, 2017; Zachary
1997a]. According to his obituary [NYT 1978-02-12 p. 1]:

Dr. Conant led Harvard for 20 years, but the lean, self-e↵acing six-footer was never in
a rut, then or after. He left a brilliant career in chemistry to accept the university’s
presidency and his resignation in 1953 at the age of 60 marked only the beginning of
distinguished roles as diplomat and almost single-handed reformer of, and schoolmaster
to, American public education.

As a prelude to his diplomatic service Dr. Conant had served in World War II as a
scientific adviser to the Government on the atomic bomb project and was one of those
involved in the selection of the target in Japan for the first bomb, which was dropped
over Hiroshima Aug. 6, 1945.

Dr. Conant, who spent the major part of his life in the leadership of higher education,
perhaps will be best remembered in popular lore as the man who warned of the “social
dynamite” accumulating in the cities and who tried to chart a course of improvement
for the nation’s elementary and secondary schools.

In whatever task he had at hand, he stressed the relevant, the immediate and the
practical. He dealt largely in ideas but he liked to see them translated into action, and
his habit of sliding back his cu↵ and glancing at his watch was due more to planning
the next step than to impatience.

As an educator Dr. Conant was indi↵erent to the pressures of politics and consensus
and, although he did not seek out controversy, he was unintimidated by it.

He would cling obstinately to his opinions if he thought them right. On the wall of his
o�ce at Harvard he kept a framed cartoon with the caption: “Behold the turtle, he
makes progress only when his neck is out.”

James Conant succinctly summed up his philosophy of scientific management [Jennet Conant 2002,
p. vii]:

To advance scientific knowledge, pick a man of genius, give him money, and let him
alone.

Lee DuBridge (1901–1994), shown in Fig. 11.51, directed the MIT Radiation Laboratory 1940–
1946 and the California Institute of Technology (Caltech) 1946–1969 [Baxter 1946; Burchard 1948;
Jennet Conant 2002; Greenstein 1997; Guerlac 1987]. He facilitated the great wartime successes of
the Radiation Laboratory in radar development both by being a strong lobbyist to government for
funding and independence for the Laboratory, and also by creating an extraordinarily productive
research environment for the scientists working there [Guerlac 1987, p. 297]:
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No full understanding of the administrative eccentricities of the Radiation Laboratory
is possible without recognizing that one of its outstanding merits, in the eyes of its own
management, was that it was a physicist’s world, run for, and as completely as possible
by, physicists. Everything was subordinated to producing an environment for research as
free and untrammeled as in a university and to preventing research from becoming en-
tangled or impeded by the growing responsibilities thrust upon the organization. [...N]o
policy could have been better designed to rid the research man of unwise interference,
and to give him unsurpassed opportunities for creative work. The Radiation Laboratory
came close to realizing a scientist’s dream of a scientific republic, whose only limitation
was the supply of scientists.

Jesse Greenstein, a Caltech astronomer, provided more details about DuBridge’s personality and
accomplishments [Greenstein 1997]:

In November 1940, under pressure from Lawrence and Loomis, Lee became the founding
director of the Radiation Laboratory (RadLab) centered at the Massachusetts Institute
of Technology. It did not disband until January 1946. His first helpers, recruited on
a crash basis, included a dozen from the nuclear physics community, Alex Allen, Ken
Bainbridge, Ed McMillan, I. I. Rabi, Norman Ramsey, Stan Van Voorhis, and Milton
White; some of the sta↵ later won Nobel Prizes. By 1945 the lab employed 4,000 sci-
entists and engineers. Lee’s style, one that he retained all his life, was one of showing
leadership rather than exerting authority. He listened and understood the problems well,
but he could be finally decisive. Their first project was to design and build a radar for
air interception, which took three months plus a year to mount on the Northrup Black
Widow airplanes.

Also designed and built were radar to detect ships and submarines at sea, for night
bombing, and to point guns. Over 100 types of microwave radar were created. For each
there were training programs, service instructions, and manuals for field maintenance.
Many prospective users were trained at MIT. RadLab personnel fanned out over the
world to train users and improve field operations. The annual budget reached $50 mil-
lion. The lab and its products (the theory of high-frequency circuits and the many uses
of microwaves) were described in an unclassified twenty-seven-volume series published
at the end of the war. [...]

He was in many ways an ideal college president for the twenty-three years he held
that o�ce. He was soft-spoken, responsive, and persuasive. He somehow knew how to
say “no” and still retain the friendship of a faculty member. He visited faculty o�ces
to ask what was new in a member’s field. As senior professor of astronomy I enjoyed
Lee’s questions as to what had been found recently at Palomar. His broad physical
insight gave him quick understanding and he savored what remained puzzling. A further
extraordinary ability was to repeat a story, with background and speculation about its
future, to a meeting of the Board of Trustees or to the Associates. Sometimes the solution
was only money, which he provided at once in small amounts and in large amounts after
some e↵ort. Lee spoke very well in public and was under constant pressure to explain
Caltech science and education to organizations and the public.
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Crawford Greenewalt (1902–1993), shown in Fig. 11.51, helped Du Pont build the plutonium-
producing Hanford fission reactors during World War II, and he ran Du Pont 1948–1967 when it
introduced its most innovative chemical products [Greenewalt 1959; Hounshell and Smith 1988;
Zilg 1984]. In their landmark book on the history of R&D at Du Pont, historians David Hounshell
and John Smith, Jr. described Greenewalt’s approach [Hounshell and Smith 1988, pp. 358–361]:

In the twentieth century history of the Du Pont Company, there was perhaps never a
more perfect fit between corporate objectives and the career, style, and philosophy of
the company’s president than during the presidency of Crawford H. Greenewalt. [...]

Starting from virtually no knowledge of fission in October 1942, he rapidly acquired a
deep knowledge of reactor physics—deep enough to keep a check on Chicago physicists
and not to be cowed by them. [...] Greenewalt so impressed Fermi and Compton that
both o↵ered him positions in their postwar research enterprises. [...]

The Manhattan Project’s success and the elder du Ponts’ continued concerns about
family management of the company quickly propelled Greenewalt to the top. [...]

Not long after assuming the presidency, Greenewalt articulated what he believed to be
the Du Pont Company’s two fundamental principles of growth and development that had
served in the past and would continue to govern in the future. Writing in his first annual
report as president, Greenewalt noted, “The first of these has been to seek diversification
in any chemical field to which it can make a substantial technical contribution.” Such a
principle meant that “research results have been applied over a wide commercial area.”
But Du Pont had not done research and development in just any area of the chemical
industry. Rather, as Greenewalt stressed, “the second principle has been to direct the
Company’s research and manufacturing e↵orts primarily to the large and di�cult tasks
which inherently require great resources in technical ability and finances.” Greenewalt’s
second principle was a corollary to the one laid down some forty years earlier by Pierre du
Pont, who said that the company should always have a few really big, high-risk research
projects going because the company stood to benefit both from potentially large payo↵s
and from keeping an expert force of researchers continually engaged by the company.
Greenewalt, the chemical engineer turned executive, envisioned the company developing
and managing large, integrated, continuous-process chemical plants that would be the
embodiment of his principles. In the future, Du Pont would marshal its resources to do
what most other companies could not. From these e↵orts, “new nylons” would emerge.

The rapid and strong impact that nylon’s success had on the Du Pont Company’s strat-
egy of growth and its concomitant R&D policies is perhaps best expressed in the phrase
“new nylons.” By 1945, these two words had become shorthand for the whole paradig-
matic shift in Du Pont’s research program whereby all the industrial departments, not
just the Chemical Department, would undertake fundamental research at the expanded
Experimental Station. From a policy level, Crawford Greenewalt’s widely circulated
report, “Fundamental Research: Definition and Justification,” stated the matter suc-
cinctly: “We are interested primarily in fundamental research studies which are likely
to produce new nylons.” [...] Greenewalt often pondered the statistical basis of research
and concluded that it was but a form of gambling where the odds were greatly improved
through the conduct of fundamental research within a widely diversified company such
as Du Pont.
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Figure 11.51: More examples of U.S. scientific “enlightened despots”: Lee DuBridge directed the
MIT Radiation (radar) Laboratory 1940–1946 and the California Institute of Technology 1946–1969.
Crawford Greenewalt oversaw the plutonium-producing Hanford fission reactors during World War
II and ran Du Pont 1948–1967 when it introduced its most innovative chemical products. Army
General Leslie Groves and J. Robert Oppenheimer were the military and scientific directors, respec-
tively, for the WWII U.S. nuclear weapons program, and helped establish the postwar program.



1690 CHAPTER 11. IMMORTALIZING THE CREATIONS, FORGETTING THE CREATORS

Army General Leslie Groves (1896–1970) and J. Robert Oppenheimer (1904–1967),
shown in Fig. 11.51, were the military and scientific directors, respectively, for the WWII U.S.
nuclear weapons program, and helped to establish the postwar program.7

Colonel Kenneth Nichols, who oversaw the construction and operation of all Manhattan Project
facilities under Groves, described Groves [Nichols 1987, p. 108]:

First, General Groves is the biggest S.O.B. I have ever worked for. He is most demanding.
He is most critical. He is always a driver, never a praiser. He is abrasive and sarcastic.
He disregards all normal organizational channels. He is extremely intelligent. He has
the guts to make timely, di�cult decisions. He is the most egotistical man I know. He
knows he is right and so sticks by his decision. He abounds with energy and expects
everyone to work as hard, or even harder, than he does... if I had to do my part of the
atomic bomb project over again and had the privilege of picking my boss, I would pick
General Groves.

Nuclear historian and policy analyst Robert Norris described the working relationship between
Groves and Oppenheimer [Norris 2002, pp. 242–243]:

That Oppenheimer and Groves should have worked so well together is really no mystery.
Groves saw in Oppenheimer an “overwhelming ambition” that drove him. He understood
that Oppenheimer was frustrated and disappointed; that his contributions to theoretical
physics had not brought him the recognition he believed he deserved. This project
could be his route to immortality. Part of Groves’s genius was to entwine other people’s
ambitions with his own. Groves and Oppenheimer got on so well because each saw in
the other the skills and intelligence necessary to fulfill their common goal, the successful
use of the bomb in World War II. The bomb in fact would be the route to immortality
for both of them.

They treated each other in special ways. Oppenheimer could at times be sarcastic with
students or colleagues who could not keep up with his quick mind. Not so with Groves.
He patiently answered whatever query the general asked. On Groves’s part he treated
Oppenheimer delicately, like a fine instrument that needed to be played just right.
Groves’s normal approach with most of his subordinates was to push them as hard as
he could. The pressure was a test to see what they were made of. The more they took,
the tougher they were. The good ones would make it through, and those who broke
would be transferred, demoted, or replaced. The general saw that this approach would
not work with Oppenheimer. Some men if pushed too hard will break.

7 Bird and Sherwin 2005; Jennet Conant 2005; Coster-Mullen 2012; Davis 1968; Groves 1962; Hansen 1988, 2007;
Hawkins et al. 1983; Hoddeson et al. 1993; Jungk 1958; Kelly 2007; Nichols 1987; Norris 2002; Oppenheimer 1984;
Reed 2015, 2019; Rhodes 1986, 1995; Serber 1992; Smyth 1945; Sublette 2019.
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Army Colonel Ernest Gruhn (1897–1994), shown in Fig. 11.52, the first director of the Joint
Intelligence Objectives Agency, was a very strong supporter of developing revolutionary technologies
during and after World War II. He played a vital role in getting the United States to import a large
number of creators and creations from the German-speaking world and to harness those innovators
and technologies for U.S. military applications. In his history of Operation Overcast/Paperclip,
Tom Bower wrote [Bower 1987, pp. 137–138]:

The detailed management of Overcast had by then been transferred from Bissell to
Colonel Ernest Gruhn, who had been appointed director of the Joint Intelligence Ob-
jectives Agency. Operating from a few rooms in the Munitions Building in Washington,
Gruhn and successive directors of JOIA would become passionate advocates of Amer-
ica’s need to recruit the Germans and deny them to other powers. More sinisterly,
they would deliberately conceal their irregular and unauthorized activities from civilian
government departments.

Clarence “Kelly” Johnson (1910–1990), shown in Fig. 11.52, created and ran the Lockheed
“Skunk Works” 1943–1975. His operation produced a large number of highly innovative aircraft,
including the first U.S. jet fighters such as the P-80 and F-104, the U-2 high-altitude spy plane,
the hypersonic SR-71 Blackbird spy plane, and stealth aircraft technology [Johnson and Smith
1989; Pace 2016; Rich 1994, 1995; Yenne 2014]. Ben Rich, Johnson’s right-hand man and successor,
described Johnson’s approach [Rich 1995]:

Be quick, be quiet, be on time.

That was the credo of Clarence L. (Kelly) Johnson, the aeronautical innovator who
founded Lockheed’s supersecret “Skunk Works” where he designed the world’s fastest
and highest-flying aircraft—the SR-71 Blackbird.

Johnson played a leading role in the design of more than forty aircraft and set up a Skunk
Works-type operation to develop a Lockheed satellite—the Agena-D—that became the
nation’s workhorse in space. His achievements over almost six decades captured every
major aviation design award and the highest civilian honors of the U.S. government and
made him an aerospace legend. [...]

Johnson achieved international recognition for the highly successful SkunkWorks operation—
“a concentration of a few good people . . . applying the simplest, most straightforward
methods possible to develop and produce new products” with minimum overhead and
outside oversight—and for his unparalleled management style. [...]

Johnson was known for his hard adherence to principles. On several occasions he turned
back development contracts to the U.S. Department of Defense after initial work indi-
cated the proposed aircraft would not be e↵ective, no matter how much money the DoD
was willing to provide. [...]

The secret of Kelly Johnson’s success was really no secret. He was not only one of the
world’s foremost designers, but he was an innovative manager who gave people who
worked for him challenges to constantly create better products.
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Many of us in the Skunk Works turned down promotions to other Lockheed organiza-
tions to stay with Kelly. And uppermost for Kelly was to stay with the Skunk Works.
He was o↵ered a company presidency at Lockheed three times—and three times he
declined it. “To me,” said Kelly, “there was no better job within the corporation than
head of Advanced Development Projects—the Skunk Works.”

Even when he retired from Lockheed as a corporate senior vice president in 1975, John-
son continued at the Skunk Works as a senior advisor. His influence continues in the
Skunk Works. “Our aim,” he said, “is to get results cheaper, sooner, and better through
application of common sense to tough problems. If it works, don’t fix it.”

“Reduce reports and other paperwork to a minimum.”

“Keep it simple, stupid—KISS—is our constant reminder.”

Johnson instinctively knew how to select people for his organization. He knew how to
get the most out of the fewest people and how to get the job done—well. He let his
managers run their programs with a minimum of interference. He not only gave you the
authority but also the responsibility.

Ben Rich gave more information on Johnson and his Skunk Works approach [Rich 1994, p. 7]:

Most Skunk Workers were handpicked by our just retired leader, Kelly Johnson, one
of the reigning barons of American aviation, who first joined Lockheed in 1933 as a
twenty-three-year-old fledgling engineer to help design and build the Electra twin-engine
transport that helped put the young company and commercial aviation on the map. By
the time he retired forty-two years later, Kelly Johnson was recognized as the preemi-
nent aerodynamicist of his time, who had created the fastest and highest-flying military
airplanes in history. Inside the Skunk Works, we were a small, intensely cohesive group
consisting of about fifty veteran engineers and designers and a hundred or so expert ma-
chinists and shop workers. Our forte was building a small number of very technologically
advanced airplanes for highly secret missions. What came o↵ our drawing boards pro-
vided key strategic and technological advantages for the United States, since our enemies
had no way to stop our overflights. Principal customers were the Central Intelligence
Agency and the U.S. Air Force; for years we functioned as the CIA’s uno�cial “toy
makers,” building for it fabulously successful spy planes, while developing an intimate
working partnership with the agency that was unique between government and private
industry. Our relations with the Air Force blue-suiters were love-hate—depending on
whose heads Kelly was knocking together at any given time to keep the Skunk Works
as free as possible from bureaucratic interlopers or the imperious wills of overbearing
generals. To his credit Kelly never wavered in his battle for our independence from
outside interference, and although more than one Air Force chief of sta↵ over the years
had to act as peacemaker between Kelly and some generals of the Air Sta↵, the proof
of our success was that the airplanes we built operated under tight secrecy for eight to
ten years before the government even acknowledged their existence.
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Figure 11.52: More examples of U.S. scientific “enlightened despots”: Army Colonel Ernest Gruhn
ran the Joint Intelligence Objectives Agency that transferred German scientists and technologies
to the United States after World War II. Mervin Kelley created and led breakthrough research
programs at AT&T Bell Laboratories 1936–1959. Kelly Johnson (left, with pilot Francis Gary
Powers in front of a U-2 spy plane) created and ran the Lockheed “Skunk Works” 1943–1975.
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Mervin Kelly (1895–1971), shown in Fig. 11.52, built and led the highly innovative research
programs at AT&T Bell Laboratories during the period 1936–1959, occupying positions ranging
from director of research to president [Bernstein 1984; Gertner 2012; Pierce 1975; Rhoads 2005;
Riordan and Hoddeson 1997].

John Pierce, a research manager under Kelly at Bell Laboratories, gave a detailed description of
Kelly’s personality [Pierce 1975]:

[...] Kelly’s greatest contribution lay in creative technical management. It is no more
than just to say that Kelly made Bell Laboratories the foremost industrial laboratory
in the world. He recognized and inspired good men and good work. He assessed and
drove to completion important technical potentialities and opportunities. He shaped
and managed a complex organization. And, he inspired the confidence and won the
support of the management of AT&T and of the operating telephone companies of the
Bell System. As Frederick R. Kappel, former board chairman of AT&T said after Kelly’s
death:

“He was a great fellow for the Bell System. Mervin was always and forever pushing the
operating management, and the heads of AT&T as well, to get on with new things. His
aggressiveness got him in a lot of hot arguments, but I always sat back and said, ‘Give
it to them, Mervin, that’s what we need.’ Every place needs a fireball or sparkplug, and
he was it.”

Kelly was not only a sparkplug; he combined determination and showmanship. Twice
he submitted his resignation to the president of AT&T, stating that important work
at Bell Laboratories was not being adequately funded. In each case, he got the funds.
Surely, he was sincere, but he was dramatic as well. [...]

Kelly’s greatest accomplishments lay in the Bell Laboratories. He valued talent sincerely,
as his warm biographical sketch of C. J. Davisson shows. He wanted, found, appreciated,
and encouraged the sort of men who invented the transistor. [...]

When the transistor had been invented, Kelly recognized its worth. As a foreign member
of the Swedish Academy of Sciences, he pressed for the award of the Nobel Prize to
Bardeen, Brattain, and Shockley. And, for years at Bell Laboratories nothing was any
good unless it was “new art” (solid state).

Kelly fostered or launched ambitious programs in nationwide dialing, in automation of
maintenance and testing, in microwave communication, in coaxial cable transmission,
in transoceanic cables, and in electronic switching. All were timely, and, in the end, all
were successful. [...]

After Kelly retired from Bell Laboratories, he acted as a consultant to a number of
companies, but chiefly to International Business Machines Incorporated. In this capacity,
his energy and enthusiasm were no less than in his leadership of Bell Laboratories, but
he wisely realized that his role was that of counsellor to the management, including
Thomas Watson, Jr., the chairman of the board, and not that of a boss. According to
E. R. Piore, vice president and chief scientist of IBM:
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“He traveled to all technical locations in IBM that stretch across this country north and
south and east and west and which are located in six countries in Europe. Once in the
laboratory, he would [as he used to do at Bell Laboratories] spend time with the people
at the bench, stimulating discussion and thinking, constantly evaluating the person and
the program. Thus he acquired possibly more than any other person, a judgment of
men, of programs, and the methods in use. This quality of conversing with the man
at the bench, making the man feel at home with Kelly, in no way inhibited him with
similar conversations with men up the ladder, including Tom Watson, Jr., and the rest
of the group that had oversight over the whole IBM enterprise. Thus he would report to
me after his trip and report to Tom Watson also. Mervin was not making a career for
himself in IBM. Thus he never fought for his convictions but quietly gave his views—
strong, moderate, or negative. This is one reason why his influence was great whether
talking to me or to those above me. These conversations dealt with technology, people
and management.

“His evaluation and identification of people had a profound e↵ect on their careers. He
was after the best technical people, and recommended that they be placed in jobs of
ever-increasing responsibility. I would judge that this was his greatest accomplishment
in IBM.” [...]

Continually pressing for higher achievement, Kelly always prized and promoted ability
wherever he found it. Conversely, he was uniformly impatient with mediocrity and
almost ruthlessly intolerant of incompetence. [...]

Pierce also provided numerous examples of Mervin Kelly’s views on how industrial R&D should be
managed [Pierce 1975]:

Kelly had no doubt as to the place of science and technology in man’s life. He wrote:
“So completely have they dominated the pattern of our growth that when the man in
the street speaks of ‘progress,’ he usually means scientific and technological progress.”

Kelly was equally clear concerning the source of such progress: “Basic research is the
foundation on which all technologic advances rest.”

What is the source, the generating force behind new ideas? Kelly said: “But with all the
needed emphasis on leadership, organization and teamwork, the individual has remained
supreme—of paramount importance. It is in the mind of a single person that creative
ideas and concepts are born.”

Where should basic research be carried out? Kelly noted that “ . . . the academic
community has been the principal home of basic research for more than a century. . .
.” However, he looked toward industry for substantial contributions to research: “The
author believes that at least 10 per cent of most research and development budgets can
be profitably employed in basic research. Any company that has 50 or more members
of professional sta↵, that will dedicate 10 per cent of them to basic research, can build
a strong, productive, and profitable e↵ort.” [...]

Using the Bell Laboratories as an example of organized technology, Kelly delineated
three areas that preceded the manufacture of complicated technological systems:
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“The first includes all of the research and fundamental development. This is our non-
scheduled area of work. It provides the reservoir of completely new knowledge, principles,
materials, methods, and art that are essential for the development of new communica-
tions systems and facilities.

“The second we call ‘systems engineering’. Its major responsibility is the determination
of the new specific systems and facilities development projects—their operational and
economic objectives and the broad technical plan to be followed. ‘Systems engineer-
ing’ controls and guides the use of the new knowledge obtained from the research and
fundamental development programs in the creation of new telephone services and the
improvement and lowering of cost of services already established.

“The third encompasses all specific development and design of new systems and facil-
ities. The work is most carefully programmed in conformity with the plan established
by the systems engineering studies. Our research and fundamental development pro-
grams supply the new knowledge required in meeting the objectives of the new specific
developments.”

In addition to these three technical areas, Kelly referred to another, the management
of buildings, shops, and services:

“The nonscientific duties of management should be minimized for all levels of the re-
search supervision. Through proper organization, direct responsibility for people can
be limited to scientists and their aides. Budget preparation, management of shops, ser-
vices, secretaries and typists, for example, can be done by an intimately associated
professional management sta↵ of non-scientists. There should be the very minimum of
diversion of the attention of the research leadership and the individual researchers from
their scientific programs. This can be accomplished by organizational structures and
operations fashioned to free all scientists from nonresearch supervisory duties which, at
the same time, provide excellent and economical service in all areas that support the
direct scientific endeavor.” [...]

Concerning the three functions into which he divided technological endeavor, Kelly
made a number of observations. About research, he said:

“Inspired and productive research in industry requires men of the same high quality as
is required for distinguished pure research in our universities.

“They must be given freedoms that are equivalent to those of the research man in the
university.” [...]

Before leaving the subject of early management at Bell Laboratories, one should also note the earlier
and partially overlapping contributions of Frank Jewett (1879–1949), who was the first president
of Bell Laboratories 1925–1940, chairman of the Bell Laboratories Board of Directors 1940–1944,
president of the U.S. National Academy of Sciences 1939–1947, and a member of the National
Defense Research Committee during World War II [Buckley 1952].



11.2. APPROACHES TRANSFERRED FROM GERMAN-SPEAKING WORLD 1697

George W. Merck (1894–1957), shown in Fig. 11.53, ran the U.S. company Merck 1925–1957.
His father, Georg(e) Merck, had come to the United States in 1891 to found an American branch
of the German pharmaceutical company Merck, but the U.S. government forced the American
branch to become a fully independent U.S.-owned company during World War I. George W. Merck
succeeded his father as the leader of the American company. During his tenure, he greatly expanded
research in a wide variety of areas, and was known for focusing more on producing useful new
products than pursuing the highest profits. Fortune magazine named him one of the “10 greatest
CEOs of all time” [Collins 2003]:

The Merck & Co. boss didn’t worry about Wall Street—and grew profits 50-fold.

Late one afternoon in 1978, Dr. William Campbell did what all great researchers do: He
wondered at the data. While testing a new compound to battle parasites in animals, he
was struck with the idea that it might be e↵ective against another parasite—one that
causes blindness and itching in humans so horrific that some victims have committed
suicide. Campbell might have simply scribbled a note in the files and gone to lunch.
After all, the potential “customers”—tribal people in remote tropical locations—would
have no money to buy it. Undaunted, Campbell penned a memo to his employer, Merck
& Co., urging pursuit of the idea. Today 30 million people a year receive Mectizan, the
drug inspired by his observation, largely free of charge.

The most exceptional part of the story is that it wasn’t an exception. “Medicine is for
people, not for the profits,” George Merck II declared on the cover of Time in August
1952—a rule his company observed in dispensing streptomycin to Japanese children fol-
lowing World War II. Yet fuzzy-headed moralistic fervor wasn’t George Merck. Austere
and patrician, he simply believed that the purpose of a corporation is to do something
useful, and to do it very well. “And if we have remembered that, the profits have never
failed to appear,” he explained. “The better we remembered, the larger they have been.”
It’s the mirror image of CEOs whose unhealthy fixations with Wall Street have served
neither people nor profits: Merck served shareholders so well precisely because he served
others first.

(Army) Air Force General Donald Putt (1905–1988), shown in Fig. 11.53, was a very strong
advocate for developing revolutionary technologies after World War II. He played an especially
important role in helping the United States acquire a large number of creators and creations from
the German-speaking world and employ them for U.S. military applications. For example, Wolfgang
Samuel, a retired Air Force colonel and military historian, summarized the contributions of Donald
Putt [Samuel 2004, pp. 7–8]:

Putt determined to go after the intellectual capital of the former Third Reich, the
scientists who had designed the jet and rocket planes and other advanced weapons
never brought to bear against the Allies simply because the Nazis ran out of time. More
than any of his peers, Putt clearly grasped the importance of the German scientist to
the technological future of the United States and wanted as many of them as possible,
and as soon as possible, brought to Wright Field, the research, development, and test
center for the Army Air Forces. There, he thought, the scientists should resume work,
making up the technological deficit America had allowed itself to accumulate in the
prewar years. [...H]e persisted relentlessly, and in time his e↵orts were crowned with
success.
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Figure 11.53: More examples of U.S. scientific “enlightened despots”: George W. Merck ran the
U.S. company Merck 1925–1957. Air Force General Donald Putt recruited German and Austrian
scientists at the end of World War II and funded their work in the United States after the war. Simon
Ramo directed innovative corporate research for military applications at GE, Hughes Aircraft, and
TRW from the 1940s to the 1970s. Navy Admiral Hyman Rickover shepherded the development of
fission power for submarines and ships from 1945 onward.
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Simon Ramo (1913–2016), shown in Fig. 11.53, ran a very innovative electronics program at
General Electric (1936–1946), then created and ran the highly innovative research program at
Hughes Aircraft (1946–1953), and then co-founded and managed research at TRW (Thompson
Ramo Wooldridge, 1953–1978) [Ramo 1980a, 1980b, 1983, 1988, 2005]. Along the way, Ramo re-
ported directly to U.S. presidents and led development of the first U.S. electron microscopes, long-
range air defense systems, intercontinental ballistic missiles, interplanetary space probes, and other
technologies. The New York Times obituary summarized Ramo’s accomplishments [NYT 2016-06-
30 p. A25]:

Dr. Ramo, who advised a string of presidents, legislators and cabinet o�cials on sci-
ence and technology, was a pioneering force in the aerospace and electronics industries
throughout the postwar period.

Navy Admiral Hyman Rickover (1900–1986), shown in Fig. 11.53, shepherded the develop-
ment of fission power for submarines and ships from 1945 onward [Allen and Polmar 2007; Kruse
2015; Oliver 2014; Rockwell 1995]. Time magazine featured Rickover on the cover of its 11 January
1954 issue and described his personality:

Sharp-tongued Hyman Rickover spurred his men to exhaustion, ripped through red
tape, drove contractors into rages. He went on making enemies, but by the end of the
war he had won the rank of captain. He had also won a reputation as a man who gets
things done.

Kevin Kruse described Rickover’s methods [Kruse 2015]:

Rickover was careful to assemble a sta↵ that could build the Navy he envisioned, even
though that sta↵ did not always fit the Navy mold. He was the first Navy admiral to
bring women on to a submarine (in the 1950s) not because he was a Civil Rights leader
but because, as Oliver writes in the book, “we needed brains to make the submarine
force successful ... and women possessed half of the available resource.”

Rickover went so far as to invent his own selection process, one that bucked Naval
practice and policy but was more suited to his needs. Children of the influential were
not selected as a matter of course, nor were people with political connections. The
Bureau of Personnel did not control the process and the admiral interviewed every new
recruit.

Once selected, Rickover allowed his sailors the leeway to try new things and the power
to change established practice if a new process was better. He encouraged his sta↵ to
do what worked, regardless of preconceived ideas.

Rickover was, himself, an odd choice to change the Navy. He never saw combat, and
did not wear the standard uniform at all if he could help it. He was small of stature,
a Jewish refugee from Poland and, for all his work altering perceptions, was not the
consummate politician top military leaders often are.

He was also the longest-serving naval o�cer in U.S. history, with 63 years active duty.
Which, by itself, says a lot.
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Even shortly before the end of his life, Rickover was still creating new programs to nurture young
scientists and engineers. In 1983–1984, he helped establish the Center for Excellence in Education
and the Research Science Institute, which host 80 high school students at MIT for research men-
toring each summer, invite middle- and high-school teachers to participate in research laboratories,
and o↵er other programs to promote scientific innovation [https://www.cee.org/history].

Air Force General Bernard Schriever (1910–2005), shown in Fig. 11.54, was a protégé of
General Henry Arnold. Following the path originally laid out by Arnold, Schriever was a strong
champion for the development of missiles, rockets, and spacecraft in the U.S. Air Force from his
initial appointment to that area in 1954 until his retirement in 1966 [Jacob Neufeld 2004; Sheehan
2009].

Air Force historian Jacob Neufeld gave an excellent overview of Schriever’s career and impact [Jacob
Neufeld 2004]:

After the war, Schriever’s leadership and accomplishments attracted the attention of
senior o�cers, notably “Hap” Arnold, now the Commanding General of the Army Air
Forces. Recognizing his protégé’s rare combination of engineering training and opera-
tional experience, Arnold assigned Schriever the delicate job of maintaining the close ties
forged during the war between the Air Force and nation’s leading scientists. Working
with the world famous Dr. Theodore von Kármán, chairman of the Scientific Advisory
Board (SAB), and with RAND Corporation sta↵ers, Schriever focused on long-range
scientific planning. He helped to refine a methodology that matched long-range military
requirements with ongoing research and development. Plans were drawn for all ma-
jor elements of air power—strategic and tactical warfare, air defense, intelligence, and
reconnaissance; RAND, the SAB, and university researchers performed the systems
analysis studies. As a result, the Air Force did not have to wait for technological change
to mature, but could lead and direct it. Put another way, Schriever’s sta↵ combined
operational requirements with technologies, strategies, and objectives to establish ob-
jectives for future systems. “Technology push” thus prevailed over “requirements pull.”
[...]

In its February 1954 report, the Teapot committee recommended that the Air Force
initiate a crash program to produce an ICBM. In May, the Air Force made the Atlas
ICBM its top priority and Gardner selected Brigadier General Schriever to head the
program.

Activated on 1 July 1954, in Inglewood, a suburb of Los Angeles, Schriever’s Western
Development Division (WDD), was housed in a former parochial school. It began with
twelve o�cers and three enlisted men, and eventually grew to some 1,500 personnel.
Schriever had to create an organization to manage extremely varied and novel science
and technology, build facilities for testing and production, integrate the missile systems,
fit together the nuclear weapons they would carry, and provide the launching sites,
equipment, and ground support necessary to bring the missiles to operational status.
Moreover, he had to accomplish all of this within six years and before the Soviets could
themselves build, deploy, and target their missiles against the United States! It was a
deadly serious, real-life contest of “beat the clock.” [...]
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Even as he was preoccupied with acquiring ICBMs and IRBMs, Schriever foresaw the
potential of outer space systems and the need to extend the Air Force’s interests into
the “high frontier.” While many of his achievements in the space field remain classified,
we can acknowledge his pivotal role in developing the requirements for intelligence
and reconnaissance satellites and manned space flight. Schriever’s enthusiasm for space
exploration tapped his fortitude in sometimes standing up alone to his superiors. Indeed,
although some people tried to muzzle him, Schriever never shrank back from what he
believed in. [...]

Promoted to four-star rank and head of AFSC General Schriever conceived and e↵ected
the consolidation of Air Force technical and logistical e↵orts into a single organization.
More significantly, he transformed the concept of materiel development and acquisition
from a functional to a systems approach—the focal point for virtually all-new weapons.

Schriever’s role in this transformation was pivotal with respect to his insistence on tech-
nologically superior performance standards, adherence to pre-established production
schedules, and reliance on cost-control measures. While AFSC commander, he fostered
research and oversaw the acquisition of systems that provided strategic deterrence; early
detection, warning, and air defense; advanced aircraft and spacecraft designs; command,
control, and communication systems; and aerospace medicine. By 1963, AFSC organi-
zation employed some 27,000 military and 37,000 civilians, operated an annual budget
of over $7 billion (about 40 percent of the USAF’s total), and managed eighty major
weapons systems. General Schriever defined and institutionalized the acquisition pro-
cess by demonstrating the interrelationship between technology, strategy, organization,
and politics. [...]

In 1963, in response to Air Force Secretary Eugene Zuckert’s request for a futuristic
study, Schriever launched Project Forecast—one of the most comprehensive long-range
assessments ever undertaken of the nation’s position in military science and technology.
Participants included 40 government agencies, 26 colleges and universities, 70 corpora-
tions and 10 non-profit organizations. Published in 1964, this landmark report concluded
that rather than leveling o↵, technology was only beginning its exponential growth.
Project Forecast identified several promising areas of exploration that would lead to
quantum improvements in air and space weapons: notably in the fields of advanced
composite materials, computers, flight design, and propulsion.

For twenty years, from the end of World War II until his retirement in 1966, General
Schriever was at the locus of events as the Air Force developed its organization and
processes for complex technology. [...] In the Development Planning O�ce, he helped
establish systems analysis as the procedure to set requirements for new technologies.
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Figure 11.54: More examples of U.S. scientific “enlightened despots”: Air Force General Bernard
Schriever championed the development of missiles, rockets, and spacecraft 1954–1966. Edward Teller
was the scientific head of the U.S. program to develop the hydrogen bomb, and founded and directed
the Lawrence Livermore National Laboratory 1958–1975. Frederick Terman was instrumental in
establishing Silicon Valley in California 1946–1965.
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Edward Teller (1908–2003), shown in Fig. 11.54, one of the German-speaking creators who
emigrated to the United States during the Third Reich, was the scientific head of the U.S. program
to develop the hydrogen bomb, and founded and helped to direct the Lawrence Livermore National
Laboratory 1952–1975 [Blumberg and Panos 1990; Broad 1985, 1992; Teller 1979, 1987, 2001]. While
Teller’s scientific contributions to the wartime Manhattan Project and postwar H-bomb program
are described in Section 8.7, what is especially significant for this section is Teller’s political position
as an enlightened despot directing major parts of the U.S. research system.

Historian of science István Hargittai summed up Teller’s personality [István Hargittai 2010, p. 456]:

Edward Teller, who survived three exiles, contributed to the way the twentieth century
played out on a worldwide stage, even if the extent of his influence is debatable. He
had extraordinary willpower and triumphed over many obstacles, including his physical
handicap. He waged struggles that many of his peers would have refrained from. He
thrust himself into battles that often engulfed him as they would have engulfed anybody.
He seemed at times invincible, and he was a dedicated fighter for the containment of
communism to an extent few others were. His dedication often appeared as obsession
and his schemes as irrational. While he was attempting to save the Free World, he was
also trying to impose his will upon it. John A. Wheeler, who was friendly with him
throughout his life, noted of him that “he fought obstinately for what he believed in. I
may have disagreed with his tactics but never with his goals.”

For over half a century and with enormous energy and success, Teller lobbied the government
for political and financial support for revolutionary scientific research, while at the same time
continually recruiting and mentoring countless young scientists to work on a variety of highly
innovative projects. The Lawrence Livermore National Laboratory is the most visible result of
those e↵orts, as described by biographers Stanley Blumberg and Louis Panos [Blumberg and Panos
1990, pp. 211–213]:

The Lawrence Livermore National Laboratory sits in a valley an hour’s drive east of
San Francisco. [...]

In 1952, Teller sold Washington on the need for a new weapons lab, and Ernest O.
Lawrence sold Teller on Livermore as the place for it. [...]

In time, the laboratory took on distinct signs of Teller’s influence. He continued to
champion its original purpose as a source of new weapons design and was instrumental
in attracting talented young physicists to Livermore. [...]

By 1988 the laboratory employed about 8,000 scientists and other employees on projects
costing more than $1 billion a year. O�cial secrecy shrouds much of their work, in-
evitably arousing public curiosity concerning the tidbits occasionally dropped about
such exotic projects as the X-ray laser, particle beams, kinetic energy, and the like. Lost
in the fanfare over these is other, more fundamental work, such as environmental and
biomedical research projects seeking answers to vital questions: How do plants respond
to chronic low levels of pollutants in the atmosphere? How will chemicals discharged into
oceans and streams a↵ect fisheries? How do energy by-products and discharges work
their way through the environment and the food chain to a↵ect humans? In looking for
the answers, scientists analyze damage to reproductive cells, develop bioassays to detect
genetic injury, and do molecular studies on damage and repair of human genes.
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Frederick Terman (1900–1982), shown in Fig. 11.54, received his Ph.D. under Vannevar Bush
in 1924 and became an electrical engineering professor at Stanford. During World War II he led the
Radio Research Laboratory at Harvard University in developing important radar techniques such
as radar jammers and cha↵ countermeasures. After the war, he returned to Stanford as Dean of
Engineering and then Provost. During that period (1946–1965), he focused on attracting and sup-
porting talented individuals and new companies to that region, establishing Silicon Valley [Gillmor
2004; Lécuyer 2007; Lowen 1997; Villard 1998].

One of Terman’s former students, Stanford electrical engineering professor O. G. Villard, Jr. de-
scribed Terman’s impact [Villard 1998]:

Frederick Emmons Terman—author, teacher, mentor, university administrator and maker
of policy par excellence—was beyond any reasonable doubt responsible for the concen-
tration of economic accomplishment in what has come to be known as California’s
Silicon Valley, as well as for important innovations in engineering. [...]

[Terman’s father] was inventor and co-developer of the Stanford Binet intelligence (or
IQ) test[...] This circumstance may well have had an influence in forming Fred Terman’s
personal philosophy concerning the importance to any organization of truly gifted indi-
viduals, who with their followers could be said to form “steeples of excellence.”

Richard Atkinson, who taught at Stanford under Terman’s leadership for nearly 25 years and
ultimately became the president of the University of California, described Terman [Gillmor 2004,
p. vii]:

“Father of Silicon Valley”: these words seem to leap from the page. Invariably this is
the only description now applied to Fred Terman in newspaper and magazine articles.
It is not an inaccurate title, but it hardly begins to do justice to the genius that was
Frederick Emmons Terman. It is di�cult to know where to begin when describing him.
He was without doubt a brilliant electrical engineer, a learned scholar who authored
groundbreaking textbooks on radio engineering and electronics, an inspiring teacher
who kindled the spirit of discovery in his students, and an academic administrator
whose devotion to excellence and visionary leadership firmly set a university on the
path toward greatness. It was the latter, coupled with the extraordinary depth of his
vision that I find the most compelling and enduring of Fred’s many accomplishments.
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Thomas J. Watson, Jr. (1914–1993), shown in Fig. 11.55, built the innovative research pro-
grams at IBM (International Business Machines) during the period 1946–1971, first as vice presi-
dent and then as president of the company [Thomas Watson 1963, 2000]. The research programs
he established greatly advanced computer technologies, microelectronics, and solid state physics
applications.

Investors Business Daily wrote [Scott Smith 2016]:

Watson is credited with moving IBM into the age of electronics at this time, taking
it from a manufacturer of adding machines and typewriters to the forefront of the
computer industry. In the 1950s, IBM not only invented the first electronic computer
and the magnetic hard drive, but designed intercontinental missiles and developed the
first artificial intelligence – a machine that could learn from its own experience.

In 1957, IBM revolutionized programming with the FORTRAN language, and the next
year it built the SAGE computer to run North American Air Defense. Watson also
raised the company’s investment in research and development from 3% of annual sales
to 6%–9%.

“He invested a lot of money on research and development,” said Goldsby, “and it usually
paid o↵.”

IBM continued to soar under Watson’s leadership in the 1960s, creating the SABRE sys-
tem for airline reservations, working with NASA on the lunar landing and launching the
revolutionary System/360. This o↵ered a range of commercial and scientific uses with
the ability to upgrade without having to rewrite applications. Fortune magazine called
it “IBM’s $5 billion gamble,” and it was massively profitable, the major contributor to
the 500% increase in company revenue and earnings through the decade.

In this era, IBM also changed its marketing approach from one that only sold hardware,
services and software together as one package to one that o↵ered them ”unbundled” –
a model for later tech companies.

IBM was now the largest computer maker in the world, with 270,000 employees by 1970
and a corporate headquarters in Armonk, N.Y. But the next year, Watson had to step
down because of a heart condition. [...]

As the 1990s ended, Timemagazine named Watson to its list of the “100 most influential
people of the 20th century.”
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Figure 11.55: More examples of U.S. scientific “enlightened despots”: Thomas J. Watson, Jr. (shown
with President Jimmy Carter) built the innovative research programs at IBM during the period
1946–1971. Navy Captain Bosquet Wev (for whom only a very early photo is available) of the Joint
Intelligence Objectives Agency strongly advocated for the acquisition of German and Austrian
scientists and technologies after World War II. James Webb (lower left, shown with Wernher von
Braun and Kurt Debus) ran NASA during its most productive period, 1961–1968.
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James Webb (1906–1992), shown with Wernher von Braun and Kurt Debus in Fig. 11.55, ran
NASA during its heyday of 1961–1968 [Bizony 2006; Lambright 1995]. He was responsible for all
manned and unmanned missions during that time, as well as the Apollo-Saturn technology that
had been perfected by the end of his tenure. Webb answered directly to the President, worked
with von Braun, Debus, and other German-speaking rocket engineers, and coordinated the vast
amount of U.S. industry required to produce all of the necessary hardware. W. Henry Lambright,
a professor of political science and public administration at Syracuse University, described Webb’s
skills [Lambright 1995, pp. 216–217]:

Management innovation was both a reality and public relations strategy for Webb.
Above all, he understood the importance of power: its nurture, use, and loss. With this
understanding he showed what a public executive with the right mix of energy, con-
viction, skill, wide-ranging contacts, and experience can do when conditions are ripe.
He was cunning, guileful, manipulative, and hyperbolic—a lot like Lyndon Johnson. If
he did not cross the line of administrative accountability, he surely edged up against
it. But unlike Johnson, whose orientation was to legislation, Webb cared deeply about
the e↵ective administration of public a↵airs and was able to inspire those under him to
new heights. He pushed a vast army of specialists in a common direction, at breakneck
speed. A bold risk taker, he confronted pressures from astronauts, the president’s science
adviser, the air force, the defense secretary, other NASA executives, Congress, media,
industry, universities, and many others, and did not flinch. Rather than break under
political pressure, he used rhetorical and coalition-building techniques to impose pres-
sures and coopt others. Organizing and reorganizing NASA as circumstances changed,
using the resources at his disposal to reward and punish, he kept reign on his internal
forces while orchestrating external support. Throughout, he focused on Apollo’s goal
and what it took to get there.

Space historian Piers Bizony [Bizony 2006, pp. ix–x] added:

It was a smart operator from North Carolina, James E. Webb, who steered the expansion
of NASA from a minor collection of research labs into one of the grandest enterprises
the world has ever seen. Aided by a cadre of Southern-born businessmen and politicians,
Webb established a colossal network of influence in the service of space. For all its recent
setbacks, NASA still commands influence today because of the legacy he created. He
knew how to persuade not one, but two presidents in succession to give him what he
wanted. [...]

We think of space administrators as dull, colourless bureaucrats. Webb was nothing
of the kind. He was a powerful personality, combative, manipulative and driven. You
underestimated him at your peril. He was a big, stocky bruiser of a man. When he walked
into a room, people knew about it. His broad North Carolina accent and verbose way
of speaking sometimes made him come across like a good ol’ boy, a ‘blabbermouth’, as
Bobby Kennedy once described him. Yet under all the down-home bluster, one of the
sharpest and shrewdest political minds in American history was at work. He took hold
of the space age and ran it just the way he wanted.

Webb knew everyone in Washington, and pretty much everyone in the business world.
He understood what they wanted, and where his interests and theirs might converge.
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During his leadership of the space e↵orts in the Kennedy and Lyndon Johnson years,
he dispensed largesse, called in favours and occasionally strong-armed people who were
foolish enough to oppose him. He was not a man to take ‘no’ for an answer. His enemies
believed he was on a personal crusade to gain power and influence through his running of
the space agency. And indeed he was. He was a visionary ‘technocrat’ whose ambitions
stretched far beyond merely landing a man on the moon. By 1964 he held sway over
5 per cent of the entire US federal budget. The potential of that great wealth on the
ground was just as important to him as the missions it could pay for in space. Here was
a dyed-in-the-wool Democrat idealist who believed in personal honour, moral duty and
national responsibility. He had come of age in the Depression years, and worked with
Roosevelt during the New Deal era of national reconstruction. He believed passionately
in the benefits of good government.

Navy Captain Bosquet Wev (1903–1979) of the Joint Intelligence Objectives Agency (JIOA)
was a very strong supporter of developing revolutionary technologies after World War II. He played
an especially important role in aiding the United States to acquire a large number of creators and
creations from the German-speaking world and to support the employment of those innovators and
technologies for U.S. military applications [Bower 1987; Crim 2018; Linda Hunt 1991]. Because Wev
and his work were so secretive, the only available photo of him was taken very early in his Navy
career and is shown in Fig. 11.55.

In his early book on the Paperclip program, Tom Bower gave a brief description of Wev [Bower
1987, p. 169]:

Appropriately, with the new era the operation was given a new name: Overcast was
replaced by Paperclip. [...]

Equally appropriately, the new era began with the arrival of a new deputy director
of JIOA. Captain Bosquet Wev, a conspiciously zealous naval o�cer, treated his re-
sponsibilities at the newly reconstituted JIOA with chauvinistic passion, unwavering
obedience, and obsessive secrecy.

Historian Brian Crim described Wev’s aims and methods in a much more recent book on Paperclip
[Crim 2018, pp. 101–102]:

Wev regarded the JIOA as a clearing house for intelligence, targeting, and document
collection. Paperclip was vital to America’s evolving national security concerns, and
the more scientists the JIOA could identify, secure, and exfiltrate from Europe before
the Soviet Union did the same, the better. Wev’s intransigence and dismissive attitude
toward rules and regulations reflected the War Department’s privileged position, a point
he reiterated frequently in meetings.

As shown in Section 10.2.6 and in this section, tremendous numbers of the revolutionary inno-
vations both in the German-speaking research world and in the early decades (⇠1940s–1960s) of
the U.S. research system can be linked to the enlightened despot scientific management style that
was common in those places and times. It is di�cult to imagine that all of those revolutionary
innovations would have occurred in the modern research system, in which consensus-based bureau-
cratic competition for limited funding favors very short-term, very low-risk work and eschews new
innovations and new innovators.



11.2. APPROACHES TRANSFERRED FROM GERMAN-SPEAKING WORLD 1709

Indeed, most of the enlightened despots listed in this section retired in the late 1960s or early
1970s, right around the time that the U.S. research system appeared to shift from long-term work
on revolutionary innovations to short-term work on incremental progress:

• William Allen retired from Boeing in 1972.

• Vannevar Bush was active on scientific advisory boards until the 1960s.

• James Conant was active on various fronts until the 1960s.

• Lee DuBridge stepped down from Caltech in 1969.

• Crawford Greenewalt left Du Pont in 1967.

• Leslie Groves and Robert Oppenheimer were both active in di↵erent ways into the 1960s.

• Kelly Johnson retired from the Lockheed Skunk Works in 1975.

• Mervin Kelly was active until he died in 1971.

• Donald Putt retired from the Air Force in 1957 and from United Technology Center in 1962.

• Simon Ramo stepped down from TRW in 1978.

• Hyman Rickover remained a formidable force through the 1970s.

• Bernard Schriever left the Air Force in 1966.

• Edward Teller retired from managing Lawrence Livermore National Laboratory in 1975.

• Frederick Terman retired from Stanford in 1965.

• Thomas Watson Jr. retired from IBM in 1971.

• James Webb and Wernher von Braun left NASA in 1968 and 1972, respectively.

It is di�cult to find examples of enlightened scientific despots who were so numerous or so successful
in the United States after that period of time.

This finding suggests that one way to increase the amount of revolutionary innovation in the modern
research system would be to find enlightened despots with good judgment, strongly support them
from a very high level, and allow them to allocate at least some fraction of the research budget over
a sustained period of time to those they consider the most promising innovators and innovations.
This approach has been advocated by people such as Pierre Azoulay [Azoulay et al. 2019], Sydney
Brenner (p. 1726), and Donald Braben [Braben 2004, 2008, 2014], and is discussed in Chapter 12 .
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It is also interesting to note that many enlightened despots who were not strong scientists themselves
chose to lead jointly with a very talented scientist. These duos could operate very e↵ectively for
years, typically with the less scientific partner carrying most of the burden of advocating for the
program “upward” with government o�cials who were above that program, and the more scientific
partner primarily directing “downward” the research of scientists under that program. Examples
of these upward/downward management duos included:

• General Henry Arnold and Theodore von Kármán in the U.S. Air Force.

• General Walter Dornberger and Wernher von Braun in Germany.

• James Webb and Wernher von Braun at NASA.

• General Leslie Groves and Robert Oppenheimer in the Manhattan Project.

• Dean Wooldridge and Simon Ramo at Hughes Aircraft and TRW.

• Various pairings of Edward Teller (in either role) over a forty-year period with others such as
Ernest Lawrence, Herbert York, and Lowell Wood.
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11.2.7 Systems Analysis

Just as systems analysis methods enabled scientists and sponsors in the earlier German-speaking
world to explore all possible creations in a given area and identify the best ones, those same
methods also guided research and development in the United States, especially during the 1940s–
1960s. In fact, the United States directly appropriated the systems analysis methods from the
German-speaking world via two routes:

• Importing a wide range of German creations (such as prototype missiles covering all possible
categories, or jet engines covering all possible types), which had already been conceived,
developed, and categorized by the systems analysis approach.

• Importing German-speaking creators who championed systems analysis methods and em-
ployed them in the service of the U.S. government, especially creators such as Theodore von
Kármán, Fritz Zwicky, John von Neumann, and Leo Szilard.

A good example of the influence of systems analysis on early U.S. research and development is
General Henry Arnold’s 12 November 1945 Third Report of the Commanding General of the Army
Air Forces to the Secretary of War (see p. 3392):

[...] We must look at the future of aerial warfare in the light of the following considera-
tions:

1. Aircraft, piloted or pilotless, will move at speeds far beyond the velocity of sound,
well over 700 miles per hour.

2. Improvements in aerodynamics, propulsion, and electronic control will enable un-
manned devices to transport means of destruction to targets at distances up to many
thousands of miles. However, until such time as guided missiles are so developed that
there is no further need for manned aircraft, research in the field of “conventional”
aircraft of improved design must be vigorously pursued.

3. Small amounts of explosive materials, as in atomic bombs, will cause destruction of
many square miles.

4. Defense against present day aircraft may be perfected by target-seeking missiles.

5. Only aircraft or missiles moving at extreme speeds will be able to penetrate enemy
territory protected by such defenses.

6. A communications system between control center and each individual aircraft will be
established.

7. Location and observation of targets, take-o↵, navigation and landing of aircraft, and
communications will be independent of visibility or weather.

8. Fully equipped airborne task forces will be able to strike at far distant points and
will be totally supplied by air.
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[...] Further, the great unit cost of the atomic bomb means that as nearly as possible
every one must be delivered to its intended target. This can be done in one of sev-
eral ways, all of which involve air power. For example, the following evolution may be
suggested:

a. Today, our Army Air Forces are the recognized masters of strategic bombing. Until
others can match the present e�ciency of our own antiaircraft defenses, we can run a
large air operation for the sole purpose of delivering one or two atomic bombs. Our
experience in the war suggests that the percentage of failures in an operation of this
kind would be low.

b. When improved antiaircraft defenses make this impracticable, we should be ready
with a weapon of the general type of the German V-2 rocket, having greatly improved
range and precision, and launched from great distances. V-2 is ideally suited to deliver
atomic explosives, because e↵ective defense against it would prove extremely di�cult.

c. If defenses which can cope even with such a 3,000-mile-per-hour projectile are de-
veloped, we must be ready to launch such projectiles nearer the target, to give them a
shorter time of flight and make them harder to detect and destroy. We must be ready
to launch them from unexpected directions. This can be done from true space ships,
capable of operating outside the earth’s atmosphere. The design of such a ship is all but
practicable today; research will unquestionably bring it into being within the foreseeable
future.

[...] Complete dispersal of our cities and moving vital industries underground on a
su�ciently large scale would be overwhelmingly expensive. [...]

Although there now appear to be insurmountable di�culties in an active defense against
future atomic projectiles similar to the German V-2 but armed with atomic explosives,
this condition should only intensify our e↵orts to discover an e↵ective means of defense.
[...]

Jet propulsion is in its infancy despite the fact that this war has evolved six distinct
methods of utilizing atmospheric oxygen for propulsion, such as (1) motorjet—or re-
ciprocating engine plus ducted fan, (2) turboprop—a gas turbine plus propeller, (3)
turbofan—a gas turbine plus ducted fan, (4) turbojet—a gas turbine plus jet, (5) ramjet—
a continuous jet with compression by aerodynamic ram, and (6) pulsojet—or intermit-
tent jet. These new and strange sounding words will be familiar ones in our speech in
the near future, and right now they carry more meaning for Americans than any other
six words I know.

The above quote, which was clearly heavily influenced by Arnold’s chief scientific advisor, Theodore
von Kármán (see p. 3378), applied systems analysis first to aerial warfare, then to atomic bomb
delivery methods, and finally to aircraft propulsion.
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Under the guidance of Theodore von Kármán [Gorn 1992], John von Neumann [Macrae 1992], and
others, the entire 1940s–1960s U.S. national defense system was based on systems analysis. All
three parts of the nuclear triad (intercontinental jet bombers, land-based intercontinental ballistic
missiles, and submarine-launched missiles) were borrowed directly from wartime German programs;
see Appendix E for more information. Government-funded think tanks sprang up to apply systems
analysis to the remaining details of the defense system; some prominent examples included:

• RAND Corporation (initiated in 1945, finalized in 1948) [Jardini 2013; Kaplan 1991].

• MIT Lincoln Laboratory (founded in 1951) [Grometstein 2011].

• Institute for Defense Analyses (IDA, founded in 1956) [Finkbeiner 2006].

• MITRE Corporation (founded in 1958) [Shearman 2008].

• JASON advisory group (founded in 1959) [Finkbeiner 2006].

• The Analytic Sciences Corporation (TASC, founded in 1966) [www.fundinguniverse.com/
company-histories/analytic-sciences-corporation-history].

However, that systems analysis methodology was primarily applied to the U.S. national defense
system, not other areas of research and development. By around 1970, the Cold War had relaxed,
the national defense system had assumed essentially the form that it still has, and there was little
motivation to apply systems analysis to new problems. Moreover, the imported German creations
that were steeped in systems analysis (missiles of all possible types, jets of all possible types, etc.)
had been developed to a very mature state, and the imported German-speaking masters of systems
analysis had mostly retired or died. Thus much of the research performed in the decades since
around 1970 has been conducted without the insights that systems analysis could o↵er both to
individual scientists and also to the sponsors of scientific research programs.

11.2.8 Limited Natural Resources

Whereas the earlier German-speaking world was very limited in the natural resources that it pos-
sessed on its own lands or that it could import, the United States had a wealth of natural resources
on its own territory, and even more that it could import from willing suppliers around the world. As
a result, the German-speaking world had a strong incentive to invent revolutionary new synthetic
materials and processes, but the United States did not. With the assistance of the U.S. government,
American companies commercialized synthetic innovations that had been developed in the German
world, ranging from new plastics to food substitutes [Gimbel 1990a]. Unfortunately they do not
appear to have made the same proportionally large investments that the German-speaking world
had made in creating new generations of revolutionary synthetic products and processes.

Now that the United States and the rest of the world are more concerned about dwindling natural
resources and accumulating amounts of greenhouse gases, pollution, and waste, these newfound
concerns could potentially be used as strong forces to drive a large amount of fresh innovation for
synthetic and/or recycled materials.
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11.2.9 International Rivalry

Just as military and industrial competition with other countries was a strong driver of innovation
in the German-speaking world throughout the entire period 1800–1945 (Fig. 10.14), international
competition also strongly motivated innovation in the United States during the 1940s, 1950s, and
1960s (Fig. 11.56).

During World War II, political and military leaders in the United States were deeply concerned
about German domination in Europe and German development of revolutionary new technologies
such as nuclear weapons, long-range rockets, and jets that could entrench or further spread that
domination. As a result, they strongly supported Vannevar Bush’s new innovation system, as dis-
cussed in Section 11.2.6. Large numbers of immigrant German-speaking scientists and American
scientists were rapidly mobilized in the United States to develop nuclear weapons, perfect radar
systems, mass-produce penicillin, and accomplish other feats.

Before World War II had even ended, the United States had started to turn its attention to the
coming Cold War with the Soviet Union. In 1945, the United States scrambled to extract as many
creators, creations, and resources as possible from the former German Reich before those could fall
into Soviet hands, although a large fraction did nonetheless. From 1945 onward, the United States
was in a race to adopt and perfect as many German-created military technologies as possible,
or to develop new ones, before the Soviet Union could do the same. Among the revolutionary
technologies that were fielded were improved nuclear weapons, jet fighters and bombers, ground-
to-air and air-to-air missiles and smart bombs, advanced air defense networks, nuclear submarines
and nuclear aircraft carriers, intermediate range and intercontinental ballistic missiles, nerve gases,
and biological warfare agents. Those technologies were arrayed against their Soviet counterparts
throughout the Cold War stando↵, and some of them were tested on the battlefield in proxy wars
between the two superpowers such as those in Korea and Vietnam. In addition to direct military
competition, the United States and the Soviet Union also engaged in the space race as an alternative
way to display their prowess with closely military-related technologies to each other and to the rest
of the world. Buttressing all of those Cold War programs (and heavily subsidized by them) were
rapid industrial developments in aerospace technologies, microelectronics, nuclear power, chemical
engineering, biomedical research, and other areas.

The journalist David Beers, who grew up surrounded by his father’s Cold-War research at Lockheed,
described the enormous impact on research and development [Beers 1996, pp. 29–31]:

It was the government mobilizing and funding technology with a zeal that would burn
even hotter once LBJ and John F. Kennedy rode their Sputnik scare strategy to the
White House in 1960.

It was the state commanding, in a sense, that not only technology but places come into
being.

Blue sky metropolises, nurtured by federal dollars, would be commanded to rise out of
orange groves and scrublands and prairies and deserts and other former boondocks to
industrial America. The money would flow to the Northwest of Boeing, to the Texas
of Bell Aviation and Mission Control, to the Rocky Mountains of the North American
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Air Defense Command, to the Florida of Martin-Marietta and Cape Canaveral, to the
Alabama of Wernher von Braun’s U.S. Army Redstone rocket works. [...]

The money would go, as well, to certain centers of technological innovation, the realms,
for example, of Boston’s MIT and Pasadena’s CalTech, universities that made a specialty
of military contracts. A basic rule of thumb is that the money flowed to where life could
be made a↵ordably good for the blue sky professional and family. [...]

The biggest of them all, of course, was and is Southern California, home to Aerojet and
Convair and Ford Aerospace and Hughes and Litton and Lear Siegler and McDonnell-
Douglas and Northrop and Rockwell and RAND and TRW and the United States Air
Force Space Division and all the hundreds of subcontractors that serve them as well
as many key military bases and universities. The San Fernando Valley of Southern
California is home as well to Lockheed, and a time came in the late 1950s when Lockheed
was commanded to build an answer to Sputnik.

However, the Cold War competition dramatically slowed around 1970. After beating the United
States to launch the first satellite and the first person in earth orbit, the Soviet Union lost the moon
race when the United States landed the first people on the moon on 20 July 1969; the Soviet Union
then cancelled its own manned lunar program and chose not to continue the space race toward
even grander goals. With no further competition, the United States discontinued its advanced
space program after only six manned lunar landings and billions of dollars spent to develop those
technologies, and has only sent astronauts to low earth orbit with much less capable rockets in the
many decades since then.

At almost the same time, the Strategic Arms Limitation Talks (SALT) between the United States
and the Soviet Union began in November 1969, e↵ectively marking the end of the fierce competition
to develop ever more powerful weapons and delivery systems for them. In general, Soviet Premier
Leonid Brezhnev and his successors were significantly less militarily aggressive than Joseph Stalin
and Nikita Khrushchev had been. With greatly decreased competition from the Soviet Union, and
no other serious rivals in sight, beginning around 1970 the U.S. government started to lose interest
in rapid and revolutionary innovation, and its research and development system and industries
tended to follow suit.8

David Beers wrote about the dramatic shift that he observed in 1970 [Beers 1996, pp. 132–133]:

“This,” President Nixon declared of the lunar landing, “is the greatest week since the
beginning of the world, the creation.” My tribe, certainly, assumed Apollo’s success
would secure our dominance. Having been placed in charge of the future, we had deliv-
ered as promised a man on the moon on television. As scripted by our tribe’s father,
Wernher von Braun, the moon shot was to be but a way station on the path to Mars, a
warm-up for the building and launching of a “flotilla” of manned spaceships to the red
planet.

8The United States did feel some sense of economic and technological rivalry with Japan during the 1980s, but
that was nowhere near as strong or as sustained as the military rivalry with the Soviet Union had been, and therefore
was much less motivational for the U.S. innovation system [LaFeber 1997].
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Yet almost at the moment Eagle landed, blue sky icons seemed to lose their mojo pow-
ers. Environmentalists, utterly unmoved by the sleek loveliness of the SST [supersonic
transport], painted it loud and rude, shot it down. The B-70 superbomber program had
already crashed in Congress as the antiwar movement challenged the notion that the
Pentagon, NASA, or any state authority should be the revered and unchallenged stew-
ard of a people’s imagination about the future. Few (except for my tribe) took seriously
Vice President Agnew’s call for a Mars mission. [...]

One year after the greatest week since the beginning of the world, a slowing in weapons
spending, coinciding with a slump in commercial jet sales, caused mass aerospace layo↵s
across the country. [...]

That was a time when some of my father’s peers went from designing satellites to per-
fecting alloy backpack frames (surely Dad hadn’t been a compatriot of Neil Armstrong’s
only to make camping gear!) I remember, while watching the Jetsons suburbanize the
Milky Way on TV, reading newspaper stories about out-of-work Lockheed men killing
themselves.

That was a time when the tribe clung to hubris nevertheless. One year after the great-
est week in the history of the world, members of the blue sky tribe convened the West
Coast’s First Aerospace Congress to take up the issue of where next to apply the meth-
ods used to conquer the moon. Let us now turn aerospace engineers loose, speakers
urged, on the problems of pollution, crime, urban blight, racism, poverty. Let us fix
society with systems engineering. It fell to Vernon L. Grose, vice president of Tustin
Institute of Technology in Santa Barbara, to counsel some caution.

Any remaining Cold War motivation that could drive revolutionary scientific innovation was lost
when the Soviet Union disintegrated in 1991. By the time military or economic threats from Islamic
terrorism, China, and a resurgent Russia became apparent in the 2000s, the U.S. government was
too distracted by bitter internal political battles, and the U.S. research and development system
had become too dysfunctional and calcified in the intervening several decades, to seriously rise up
to properly deal with any new international innovation challenges.
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Figure 11.56: International rivalry strongly motivated innovation in the United States from 1940
to 1970.
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11.2.10 Industrial Unity of Purpose

Paradoxically, competition between companies can decrease the incentive for innovation, rather
than increase it, as shown in Fig. 11.57. Bell Laboratories developed transistors but other companies
made fortunes based on that technology [Riordan and Hoddeson 1997]. Hughes Aircraft publicly
announced the first laser yet it was other companies that profited by producing and selling lasers
[Bromberg 1991]. IBM and Xerox PARC created versatile computers, but lost out when such
computers were mass-produced by other companies like Apple and Dell [Isaacson 2014]. Apple
developed the iPhone yet lost most of its market share to other companies that rapidly produced
similar smart phones [Isaacson 2011]. Pharmaceutical companies have spent billions of dollars to
develop new drugs, only to have their patents expire within just a few years after the lengthy drug
development and approval process, allowing other companies to manufacture generic versions of
those drugs [Alberts 2014; Begley 2009; Hsueh 2015; Mittra 2009; O’Neill 2012].

As a result of this historical pattern, modern companies have learned that it is much more lucrative
not to innovate. It is much less profitable to invest a large amount of money in developing an
innovative new product that is rapidly copied by competitors, and much more profitable not to
invest in research and simply to copy innovations that are developed by someone else.

In the German-speaking world from around 1800 to 1945, these negative forces of competition
among domestic companies were counteracted by the much greater sense of competition with foreign
governments and industries (Section 10.2.10). The leaders of di↵erent German-speaking companies
were united by a common sense of purpose, such as beating industrial competition from the United
Kingdom or trying to win World Wars I and II. That industrial unity of purpose was cultivated
and rewarded by the federal government.

Similarly, from the 1940s to the 1960s, U.S. companies received a much stronger positive incen-
tive for innovation from foreign military competition, first with Germany and then with the So-
viet Union, than any domestic negative incentive against innovation. As with the earlier German
model, this industrial unity of purpose was nurtured and even dictated by the federal government.
Throughout World War II, the Cold War, and the space race, the U.S. government invited bids
from companies to develop revolutionary technologies, selectively funded those companies with the
most attractive bids, and stipulated when and how companies would collaborate with each other
when di↵erent parts of a system would be built by di↵erent companies (Fig. 11.58).

With the end of the space race and the easing of the Cold War around 1970, there was no longer
strong incentive for this industrial unity of purpose, either from the U.S. government or from foreign
competition. Companies were left to pursue their individual best economic interests using their own
strategies. After a few very public examples (such as those cited above) that it was much more
lucrative to take advantage of other companies’ innovations than to invest in creating their own
innovations, companies fell into a pattern that emphasized very short term, very low risk, very
lucrative products. That pattern has continued to the present day.

Simon Ramo, cofounder of TRW, described how U.S. companies began to view R&D as more of a
burden than an opportunity beginning in the 1970s (p. 40).
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John Pierce, a research manager under Mervin Kelly at Bell Laboratories during its heyday, gave a
very similar description of various external and internal forces that led Bell Laboratories to become
less interested in innovative R&D after Kelly retired [Pierce 1975]:

During Kelly’s career at Bell Laboratories, he experienced (despite the years of the
Depression) the relatively stable support derived from the provision of a service as
opposed to the manufacture of products for the market place. The exception to this was
defense work, but this was done during periods of close cooperation between government
and industry in the national crises of World War II and the Korean War. These were
circumstances far more favorable to research, or at least to the dedicated e↵ort of first-
rate men, than is work in a manufacturing industry where markets as well as revenues
fluctuate.

Further, in Kelly’s time the e↵ect on science of some government actions and attitudes
was less clear than it is today. The consequences to science of antitrust actions that sever
service from manufacture (in aircraft and airlines, for example), that render successful
companies insecure in their operations and in cooperative relations with universities, and
that prevent cooperative research toward common needs, were not yet clear. Further,
in Kelly’s time the attitude of government toward both science and industry was on the
whole friendly and cooperative. Today, the attitude of government has, in many areas,
become at once hostile, highly demanding, and minutely dictatorial through statutory
and bureaucratic means.

Thus, Kelly may have overestimated the amount and quality of research that could in
the future be expected from industry, and perhaps from the nation.

Some of Kelly’s ideas concerning the organizational form most suitable for “organized
creative technology” have hazards as well as power. The autonomy of research, the
prerogatives of systems engineering, and the separation of the management of non-
technological functions from the technological management depend for their success on
inspired leadership.

When leadership is uninspired or inadequate, it is easy for research to drift away from
the overall purpose of an organization. It is easy for the rest of the organization to
disregard research. It is easy for systems engineers to become stale and to lose their
feel for the actual state of research on one hand and the current realities of develop-
ment, manufacture, and operation on the other. It is easy for a large sta↵ organization
concerned with buildings, facilities, shops, libraries, and even computer services to put
organizational order and budgetary neatness ahead of the real needs and problems of
scientists and engineers.

Thus beginning around 1970, U.S. companies became less and less supportive of innovative research
and development, and that pattern continued for several decades. By the time another serious
foreign competitor arose in China around 2000 or so, it became apparent that China could rapidly
copy any U.S. innovation, mass-produce it, and sell it for less in U.S. and global markets. Thus not
only domestic but also foreign competition became a strong disincentive to invest in research and
development of major new innovations.
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Figure 11.57: Without enough government protection, companies that invested in developing inno-
vative products lost most of the market share to other companies that simply copied those products,
creating a strong disincentive for companies to fund R&D.
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Figure 11.58: In the United States from 1940 to 1970, companies were less afraid of losing their
innovations to each other than of losing to foreign countries, strongly motivating them to innovate
(with strong support and coordination by government agencies).
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11.2.11 Other Factors

Family backgrounds of creators

Just as a disproportionate percentage of innovators in the German-speaking world was Jewish, a
disproportionate percentage in the U.S. system has also been Jewish. Currently approximately 2%
of the U.S. population is Jewish or of Jewish background. Yet from 1901 through 2013, 25% of
all U.S. Nobel Prize winners in science were Jewish and born in the Unites States. Including both
those born in the United States and also those who immigrated to the United States from other
countries of origin, 38% of all U.S. Nobel Prize winners in science were Jewish [Gerstl 2014, p. 87].
Those statistics may indicate that certain family backgrounds place more emphasis on intellectual
education and careers, or even more specifically on science-related education and careers.

However, this factor is not su�cient for producing revolutionary scientific innovations. There are
currently approximately six million Jewish people in the United States, as well as millions of people
from all sorts of other backgrounds, yet the rate of revolutionary innovations per year (certainly
the rate of revolutionary innovations per year per person) seems far lower than in earlier times.
What appears to be lacking are the systemic approaches (such as those listed in previous sections)
that fostered, supported, and rewarded revolutionary innovators and innovations in the German-
speaking world and in the early U.S. system, but that have subsequently been largely abandoned.

Other possible factors

In addition to the factors already considered in this chapter, it is possible that other factors helped
or hindered scientific innovation in the United States. In the future, scholars who examine this
topic further should evaluate factors such as those listed on p. 1544, and determine how much if
any e↵ect each factor has had on innovation.
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11.3 Failure to Sustain Approaches Transferred from the German-
Speaking World

The U.S. research system was highly productive during its early decades in the 1940s–1960s, when
it largely focused on perfecting creations it had imported from the earlier German-speaking world
(Section 11.1), using thousands of creators (Section 11.1) and some systemic approaches (Section
11.2) that it had also imported from the German-speaking world. Unfortunately, productivity appar-
ently declined after that period, as the original creations reached complete technological maturity,
the original German-speaking creators retired or died, and the system drifted further from the ap-
proaches that had originally facilitated the successes of those creators and creations. In particular,
research funding stagnated or declined (Figs. 11.46–11.48), far-sighted enlightened despots were
replaced by consensus-based bureaucracies, and research shifted from longer-term development of
revolutionary innovations to extremely low-risk production of immediately marketable commercial
products or immediately publishable academic papers. This section quotes some first-hand observa-
tions of the apparent decline of the modern research system, then examines potential explanations
for that decline.

11.3.1 Observations of Decline

The following are personal accounts from several discerning experts who observed these changes as
they happened in all three sectors of the U.S. research system:

A. The university-based academic research system (p. 1723).

B. The corporate research system based in private company laboratories (p. 1730).

C. The government research system based in government-run and/or government-funded labo-
ratories (p. 1732).

A. Observations of decline in the academic research system

Philip Anderson (1923–2020, 1977 Nobel Prize in Physics) was part of the U.S. research system
from the 1940s onward and described its decline [Laurie Brown et al. 1995, pp. 2027–2029]:

The gigantic growth... took place to a large extent because of a perception both in
industry and in government that the products created were economically useful. The
result was funding on a scale which absorbed essentially all new recruits. Through the
first three postwar decades this was unquestionably the case; we hardly need to repeat
the litany of practically useful materials and devices which came out during these years.

[...] The result was an increasing overcrowding of research as a profession. One may
question—and leaders of various kinds did—how much research is too much, or even
whether there could be too much research, research being viewed as an absolute good.
But conditions within the profession, viewed objectively, made it quite clear that aside
from the inevitable funding crunch there were dysfunctions in the system.

There was a very sharp change in the nature of a research career. The ‘promising’ young
scientist’s publication rate grew by factors of five to ten; the number of applications a
young researcher might make for postdoctoral work or an entry-level position from two
or three to 50. Senior scientists were overwhelmed with receiving and sending reams
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of letters of recommendation, which thereupon became meaningless. The numbers of
meetings in a given specialized subject, and the number of subjects with a formal
meeting list, both grew by factors of ten or more. In many subjects one could ‘meet’
nearly 52 weeks in the year, somewhere in the world, and leaders in the field were
invited to all. Meetings almost inevitably led to publications. Most publications became
tactical in this game of jockeying one’s way to the top; publications in certain prestige
journals were seen as essential entry tickets or score counters rather than as serious
means of communication. Great numbers of these publications were about simulations
of dubious realism or relevance. Essentially, in the early part of the postwar period the
career was science-driven, motivated mostly by absorption with the great enterprise of
discovery, and by genuine curiosity as to how nature operates. By the last decade of the
century far too many, especially of the young people, were seeing science as a competitive
interpersonal game, in which the winner was not the one who was objectively right as
to the nature of scientific reality but the one who was successful at getting grants,
publishing in PRL [Physical Review Letters ], and being noticed in the news pages of
Nature, Science, or Physics Today.

In many subjects the great volume of publications, the fragmentation into self-referential
so-called schools who met separately, and a general deterioration in quality which came
primarily from excessive specialization and from careerist sociology, meant that quite
literally more was worse.

Note that Anderson described all of these problems in 1995, and they have only become even more
pronounced in the decades since then.

As early as 1972, Albert Szent-Györgyi (Hungarian, 1893–1986), the winner of the 1937 Nobel Prize
in Physiology or Medicine, noticed similar problems in the American research system. In a letter
to the journal Science, he complained about how the system had come to discriminate against
funding revolutionary innovators who pioneered entirely new research directions (whom he labelled
“Dionysians”) in favor of only funding scientists who made evolutionary, incremental progress in
already known directions (“Apollonians”) [Szent-Györgyi 1972]:

In science the Apollonian tends to develop established lines to perfection, while the
Dionysian rather relies on intuition and is more likely to open new, unexpected alleys
for research. [...]

The future of mankind depends on the progress of science, and the progress of science
depends on the support it can find. Support mostly takes the form of grants, and the
present methods of distributing grants unduly favor the Apollonian. Applying for a
grant begins with writing a project. The Apollonian clearly sees the future lines of his
research and has no di�culty writing a clear project. Not so the Dionysian, who knows
only the direction in which he wants to go out into the unknown; he has no idea what
he is going to find there and how he is going to find it. [...]

A discovery must be, by definition, at variance with existing knowledge. During my
lifetime, I made two. Both were rejected o↵hand by the popes of the field. Had I predicted
these discoveries in my applications, and had these authorities been my judges, it is
evident what their decisions would have been. [...]
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The problem is a most important one, especially now, as science grapples with one of
nature’s mysteries, cancer, which may demand entirely new approaches.

Sydney Brenner (1927–2019), who won the Nobel Prize in Physiology or Medicine in 2002 for his
work on molecular biology, described similar problems with the modern academic research system
[Dzeng 2014]:

In America you’ve got to have credits from a large number of courses before you can do
a PhD. That’s very good for training a very good average scientific work professional.
But that training doesn’t allow people the kind of room to expand their own creativity.
But expanding your own creativity doesn’t suit everybody. For the exceptional students,
the ones who can and probably will make a mark, they will still need institutions free
from regulation. [...]

I strongly believe that the only way to encourage innovation is to give it to the young.
The young have a great advantage in that they are ignorant. Because I think ignorance
in science is very important. If you’re like me and you know too much you can’t try
new things. I always work in fields of which I’m totally ignorant. [...]

Today the Americans have developed a new culture in science based on the slavery of
graduate students. Now graduate students of American institutions are afraid. He just
performs. He’s got to perform. The postdoc is an indentured labourer. We now have
labs that don’t work in the same way as the early labs where people were independent,
where they could have their own ideas and could pursue them.

The most important thing today is for young people to take responsibility, to actually
know how to formulate an idea and how to work on it. Not to buy into the so-called
apprenticeship. I think you can only foster that by having sort of deviant studies. That
is, you go on and do something really di↵erent. Then I think you will be able to foster
it.

But today there is no way to do this without money. That’s the di�culty. In order to do
science you have to have it supported. The supporters now, the bureaucrats of science,
do not wish to take any risks. So in order to get it supported, they want to know from
the start that it will work. This means you have to have preliminary information, which
means that you are bound to follow the straight and narrow.

There’s no exploration any more except in a very few places. You know like someone
going o↵ to study Neanderthal bones. Can you see this happening anywhere else? No,
you see, because he would need to do something that’s important to advance the aims
of the people who fund science.

I think I’ve often divided people into two classes: Catholics and Methodists. Catholics
are people who sit on committees and devise huge schemes in order to try to change
things, but nothing’s happened. Nothing happens because the committee is a regression
to the mean, and the mean is mediocre. Now what you’ve got to do is good works in
your own parish. That’s a Methodist. [...]

I am fortunate enough to be able to do this because in Singapore I actually have started
two labs and am about to start a third, which are only for young people. These are young
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Singaporeans who have all been sent abroad to get their PhDs at places like Cambridge,
Stanford, and Berkeley. They return back and rather than work five years as a post-doc
for some other person, I’ve got a lab where they can work for themselves. They’re not
working for me and I’ve told them that. [...]

They can have some money, and of course they’ve got to accept the responsibility of
execution. I help them in the sense that I oblige them and help them find things, and
I can also guide them and so on. We discuss things a lot because I’ve never believed in
these group meetings, which seems to be the bane of American life; the head of the lab
trying to find out what’s going on in his lab. Instead, I work with people one on one,
like the Cambridge tutorial. Now we just have seminars and group meetings and so on.

So I think you’ve got to try to do something like that for the young people and if you
can then I think you will create. That’s the way to change the future. Because if these
people are successful then they will be running science in twenty years’ time. [...]

Even God wouldn’t get a grant today because somebody on the committee would say,
oh those were very interesting experiments (creating the universe), but they’ve never
been repeated. And then someone else would say, yes and he did it a long time ago,
what’s he done recently? And a third would say, to top it all, he published it all in an
un-refereed journal (The Bible).

So you know we now have these performance criteria, which I think are just ridiculous in
many ways. But of course this money has to be apportioned, and our administrators love
having numbers like impact factors or scores. Singapore is full of them too. Everybody
has what are called key performance indicators. But everybody has them. You have to
justify them.

I think one of the big things we had in the old LMB [Laboratory of Molecular Biol-
ogy], which I don’t think is the case now, was that we never let the committee assess
individuals. We never let them; the individuals were our responsibility. We asked them
to review the work of the group as a whole. Because if they went down to individuals,
they would say, this man is unproductive. He hasn’t published anything for the last five
years. So you’ve got to have institutions that can not only allow this, but also protect
the people that are engaged on very long term, and to the funders, extremely risky
work.

I have sometimes given a lecture in America called “The Casino Fund.” In the Casino
Fund, every organisation that gives money to science gives 1% of that to the Casino
Fund and writes it o↵. So now who runs the Casino Fund? You give it to me. You give
it to people like me, to successful gamblers. People who have done all this who can have
di↵erent ideas about projects and people, and you let us allocate it.

You should hear the uproar. No sooner did I sit down then all the business people stand
up and say, how can we ensure payback on our investment? My answer was, okay make
it 0.1%. But nobody wants to accept the risk. Of course we would love it if we were
to put it to work. We’d love it for nothing. They won’t even allow 1%. And of course
all the academics say we’ve got to have peer review. But I don’t believe in peer review
because I think it’s very distorted and as I’ve said, it’s simply a regression to the mean.
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I think peer review is hindering science. In fact, I think it has become a completely cor-
rupt system. It’s corrupt in many ways, in that scientists and academics have handed
over to the editors of these journals the ability to make judgment on science and scien-
tists. There are universities in America, and I’ve heard from many committees, that we
won’t consider people’s publications in low impact factor journals.

Now I mean, people are trying to do something, but I think it’s not publish or perish, it’s
publish in the okay places [or perish]. And this has assembled a most ridiculous group
of people. I wrote a column for many years in the nineties, in a journal called Current
Biology. In one article, “Hard Cases,” I campaigned against this [culture] because I
think it is not only bad, it’s corrupt. In other words it puts the judgment in the hands
of people who really have no reason to exercise judgment at all. And that’s all been
done in the aid of commerce, because they are now giant organisations making money
out of it. [...]

I think that this has now just become ridiculous and it’s one of the contaminating
things that young people in particular have to actually now contend with. I know of
many places in which they say they need this paper in Nature, or I need my paper in
Science because I’ve got to get a post-doc. But there is no judgment of its contribution
as it is.

In an obituary for Frederick Sanger (1918–2013), the only person to ever win two Nobel Prizes in
Chemistry (1958 and 1980), Sydney Brenner continued his analysis of how the research system has
changed [Brenner 2014]:

A Fred Sanger would not survive today’s world of science. With continuous reporting
and appraisals, some committee would note that he published little of import between
insulin in 1952 and his first paper on RNA sequencing in 1967 with another long gap
until DNA sequencing in 1977. He would be labelled as unproductive, and his modest
personal support would be denied. We no longer have a culture that allows individuals to
embark on long-term—and what would be considered today extremely risky—projects.

As another example of the change in academia over the last several decades, the British newspaper
The Guardian wrote about Peter Higgs (1929–), who won a Nobel Prize in Physics in 2013 for
having predicted the existence and properties of a fundamental particle, the “Higgs boson,” 50
years before it was finally discovered [Aitkenhead 2013]:

Peter Higgs, the British physicist who gave his name to the Higgs boson, believes no
university would employ him in today’s academic system because he would not be
considered “productive” enough. [...]

He doubts a similar breakthrough could be achieved in today’s academic culture, because
of the expectations on academics to collaborate and keep churning out papers. He said:
“It’s di�cult to imagine how I would ever have enough peace and quiet in the present
sort of climate to do what I did in 1964.” [...]

By the time he retired in 1996, he was uncomfortable with the new academic culture.
“After I retired it was quite a long time before I went back to my department. I thought
I was well out of it. It wasn’t my way of doing things any more. Today I wouldn’t get
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an academic job. It’s as simple as that. I don’t think I would be regarded as productive
enough.”

In an article in The New Yorker, Ronan Farrow presented examples of how some modern universities
appear to pursue money above all else [Farrow 2019]:

New documents show that the M.I.T. Media Lab was aware of Epstein’s status as a
convicted sex o↵ender, and that Epstein directed contributions to the lab far exceeding
the amounts M.I.T. has publicly admitted.

The M.I.T. Media Lab, which has been embroiled in a scandal over accepting donations
from the financier and convicted sex o↵ender Je↵rey Epstein, had a deeper fund-raising
relationship with Epstein than it has previously acknowledged, and it attempted to con-
ceal the extent of its contacts with him. Dozens of pages of e-mails and other documents
obtained by The New Yorker reveal that, although Epstein was listed as “disqualified”
in M.I.T.’s o�cial donor database, the Media Lab continued to accept gifts from him,
consulted him about the use of the funds, and, by marking his contributions as anony-
mous, avoided disclosing their full extent, both publicly and within the university. Per-
haps most notably, Epstein appeared to serve as an intermediary between the lab and
other wealthy donors, soliciting millions of dollars in donations from individuals and
organizations, including the technologist and philanthropist Bill Gates and the investor
Leon Black. According to the records obtained by The New Yorker and accounts from
current and former faculty and sta↵ of the media lab, Epstein was credited with se-
curing at least $7.5 million in donations for the lab, including two million dollars from
Gates and $5.5 million from Black, gifts the e-mails describe as “directed” by Epstein or
made at his behest. The e↵ort to conceal the lab’s contact with Epstein was so widely
known that some sta↵ in the o�ce of the lab’s director, Joi Ito, referred to Epstein as
Voldemort or “he who must not be named.” [...]

Questions about when to accept money from wealthy figures accused of misconduct have
always been fraught. Before his conviction, Epstein donated to numerous philanthropic,
academic, and political institutions, which responded in a variety of ways to the claims
of abuse. When news of the allegations first broke, in 2006, a Harvard spokesperson said
that the university, which had received a $6.5-million donation from him three years
earlier, would not be returning the money. Following Epstein’s second arrest, in 2019,
the university reiterated its stance.

Further articles revealed the corrosive e↵ect on research when universities value the immediate
pursuit of huge amounts of money above everything else. For example, Business Insider reported
on one project in “MIT’s Media Lab Has an Ambitious Project That Purports to Revolutionize
Agriculture. Insiders Say It’s Mostly Smoke and Mirrors” [Brodwin 2019]:

The “personal food computer,” a device that MIT Media Lab senior researcher Caleb
Harper presented as helping thousands of people across the globe grow custom, local
food, simply doesn’t work, according to two employees and multiple internal documents
that Business Insider viewed. One person asked not to be identified for fear of retaliation.

Harper is the director of MIT’s Open Agriculture Initiative and leads a group of seven
people who work on transforming the food system by studying better methods of grow-
ing crops.
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The food computers are plastic boxes outfitted with advanced sensors and LED lights
and were designed to make it possible for anyone, anywhere to grow food, even without
soil, Harper has said. Instead of soil, the boxes use hydroponics, or a system of farming
that involves dissolving nutrients in water and feeding them to the plant that way. [...]

Harper forwarded an email requesting comment on this story to an MIT spokesperson.
The spokesperson didn’t provide a comment.

The aim was to make it look like the devices lived up to Harper’s claims, the employees
said. Those claims, which included assertions that the devices could grow foods like
broccoli four times faster than traditional methods, landed Harper and his team articles
in outlets ranging from the Wall Street Journal to Wired and National Geographic. [...]

Paula Cerqueira, a researcher and dietitian who worked as a project manager at the
Open Agriculture Initiative for two years, told Business Insider that the personal food
computers are “glorified grow boxes.”

Cerqueira was part of a team that, on several occasions, delivered the personal food
computers to schools. She also helped demonstrate the boxes to big-name MIT Media
Lab investors.

During the organization’s “Members Weeks”—once-a-semester events that drew donors
including Google, Salesforce, Citigroup, and 21st Century Fox—Cerqueira and her
coworkers would show investors how the technology worked.

On one occasion, Cerqueira said, her coworkers were told to fetch basil grown from a
nearby location and place it into the personal food computers to make it look like it
had been grown inside the boxes.

“They wanted the best looking plants in there,” Cerqueira told Business Insider. “They
were always looking for funding.”

In another instance, Harper told Cerqueira to buy edible lavender plants from a nearby
flower’s market and place them in the boxes for a photoshoot, she said. Before any
photos were taken, she carefully dusted o↵ the tell-tale soil on the plants’ roots.

The central problem with the personal food computer was that it simply didn’t work,
Cerqueira and another person with knowledge of the matter told Business Insider.
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B. Observations of decline in the corporate research system

This book has already quoted Simon Ramo, cofounder of TRW, on how U.S. companies began
to view R&D as more of a burden than an opportunity beginning in the 1970s (p. 40). On a
similar note, Richard Rosenbloom (1933–2011, a professor at the Harvard Business School) and
William Spencer (1931–, president of the SEMATECH semiconductor manufacturers’ consortium)
commented on the decline in industrial research in a 1993 conference paper [later published in
Rosenbloom and Spencer 1996, pp. 1–2, 4–5]:

Familiar exemplars of organizations devoted to industrial research include DuPont’s Ex-
perimental Station in Wilmington, IBM’s Watson Research Center in Yorktown Heights,
AT&T’s Bell Laboratories at Murray Hill, and the Xerox Palo Alto Research Center.

The decades following World War II were a golden era for research organizations in
American industry. Corporate leaders, persuaded by the dazzling achievements of wartime
and such undisputed research successes as nylon and the transistor, funded rapid ex-
pansion of research sta↵s and facilities. DuPont, for example, increased its R&D sta↵
by 150 percent in the first decade after the war and the greatest growth occurred at
the Experimental Station, the center of its fundamental research in chemistry. Radio
Corporation of America (RCA), a pioneer in electronics, formed the RCA Laboratories
Division, with an expansive budget and a campus-like setting in Princeton, New Jersey.
Implicit in the rationale for these investments was a simple model of innovation: Sci-
entific research in industry would generate a stream of inventions and discoveries that
engineering would then make practical and a↵ordable so that commercial organizations
could harvest new revenues and profits.

The stream of industrial innovations that ensued from these investments fulfilled at least
the first part of this ambitious corporate vision. Industrial laboratories proved to be
wellsprings of important new technologies that then became staples of modern life, such
as the integrated circuit, liquid crystals, and a multitude of new synthetic polymers,
to name only a few. The interplay of university and corporate laboratories brought
the development of lasers, techniques of recombinant DNA, and a host of computer
technologies. [...]

Unfortunately, technological fecundity and scientific distinction did not always carry
through to the corporate bottom line. Although the new science and technology created
in industry contributed substantially to economic growth and productivity, corporate
sponsors of the research often failed to capture significant returns. At first, buoyant
demand in the U.S. economy in the 1950s and 1960s and the strong international market
positions of the leaders in industrial research made it easy for those firms to sustain
substantial investments in research even without clear evidence of immediate payo↵s.
The more competitive business environment of the 1980s, however, led managers to
make more careful assessments of the profits gleaned from research. [...]

One after another, these firms are restructuring, redirecting, and resizing their research
organizations as part of a corporatewide emphasis on the timely and profitable com-
mercialization of inventions combined with the rapid and continuing improvement of
technologies in use. A recent authoritative survey of the American situation by the Na-
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tional Science Board (NSB) has concluded that “In large corporations, e↵ort is shifting
away from central [R&D] laboratories toward division-level e↵ort with greater emphasis
on risk minimization to meet the needs of today’s customers” (National Science Board
1992, iii).

When the directors of Kodak decided to replace Kay Whitmore, the company’s chief
executive, they let reporters know that one of his most important failings was that he
“spent too much on R&D without getting results.” According to an article in the Wall
Street Journal, investors applauded the move, urging Kodak to “become an ‘aggressive
follower’ by capitalizing on rivals’ inventions instead of mostly developing its own.” Re-
porters did not record which rivals were expected to replace Kodak as the technological
pioneers that the company would imitate. IBM also cut the annual budget of its research
division from $650 million to $500 million and redirected its focus toward “Services, Ap-
plications, and Solutions” [SAS] and away from investments in basic physical sciences
and technology. The company planned to increase the SAS budget from 5 percent to
20 percent of the division’s total between 1992 and 1994 with correspondingly sharp
reductions in funding for basic sciences.

In the decades since Rosenbloom and Spencer made those observations, corporate research has
shifted even further away from innovative research, with top management and investors focused
only on daily stock prices and very near-term, very low-risk (non-innovative) products.

More broadly, the changes in corporate culture are illustrated by public statements by the Business
Roundtable, a group of U.S. CEOs [Archie Carroll et al. 2012; Pearlstein 2018]. The Business
Roundtable’s 1981 Statement on Corporate Responsibility reflected the traditional values that had
been preached (if not always practiced) by U.S. businesses since the 1930s:

Corporations have a responsibility, first of all, to make available to the public quality
goods and services at fair prices, thereby earning a profit that attracts investment to
continue and enhance the enterprise, provide jobs, and build the economy. [...] Respon-
sibility to all these constituents in toto constitutes responsibility to society, making the
corporation both an economically and socially viable entity. Business and society have
a symbiotic relationship: The long-term viability of the corporation depends upon its
responsibility to the society of which it is a part. And the well-being of society depends
upon profitable and responsible business enterprises.

In stark contrast, the Business Roundtable’s 1997 Statement on Corporate Responsibility revealed
a focus on one thing, to the exclusion of all else:

The principal objective of a business enterprise is to generate economic returns to its
owners. If the CEO and the directors are not focused on shareholder value, it may be
less likely the corporation will realize that value.

Thus companies such as those represented by the Business Roundtable not only chose to neglect
research and other longer-term investments but explicitly eliminated any sense of responsibility
to society or even to their own employees. Short-term profits for those individuals running the
company or making money from the company became the only goal that mattered.
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C. Observations of decline in the government research system

After the 1969 U.S. victory in the moon race, and the end of any serious further international space
competition, U.S. government funding for space-related research and development began to decline.
However, there were similar declines in other areas of government-funded research.

Beginning in fiscal year 1970, government funding for longer-term research was severely limited by
a budget amendment introduced by Senate Majority Leader Mike Mansfield. He also introduced a
second, further restrictive amendment in 1973. The U.S. O�ce of Technology Assessment briefly
explained the first Mansfield Amendment [OTA 1991, p. 61]:

The celebrated Mansfield amendment, passed as part of the fiscal year 1970 Military
Authorization Act (Public Law 91-121), prohibited military funding of research that
lacked a direct or apparent relationship to specific military function. Through subse-
quent modification the Mansfield amendment moved the Department of Defense toward
the support of more short-term applied research in universities.

Soon after the first Mansfield Amendment in 1970, the chemist Herbert Laitinen published an
accurate prediction of the long-term changes it would cause to the U.S. research system [Laitinen
1970]:

Late in 1969, the Congress of the United States passed an authorization bill for expen-
ditures of the Department of Defense for the fiscal year 1970. An amendment by Sen.
Mansfield which passed with virtually no advance public notice has since caused appre-
hension, confusion, and secondary e↵ects of a magnitude that still eludes estimation.

The amendment, called section 203, states “None of the funds authorized by this Act
may be used to carry out any research project or study unless such project or study has
a direct and apparent relationship to a specific military function.” [...]

Now that the issue of “direct and apparent relationship to a specific military function”
has been raised, a similar “Mansfield e↵ect” appears to be emerging in mission-oriented
civilian agencies, such as the National Institutes of Health and the Federal Water Pollu-
tion Control Agency, to require a closer and more obvious relationship between research
and mission. [...] If it were simply a matter of transfer of funds to the one research agency
that is not mission-oriented, the National Science Foundation, no serious harm would
be done. Unfortunately, the NSF is not receiving additional support. On the contrary, it
has been directed, through the Daddario bill, to expand its function to support applied
as well as basic research [with its existing budget]. Thus, an already serious squeeze on
pure research seems destined to intensify.

Now to complete the circle, the emergence on the job market of a pool of postdoctorates
that can no longer be supported on research grants, plus the new group of graduating
Ph.D.’s to compete for a dwindling number of research positions in industry, govern-
ment, and academic departments is being cited as evidence that we have an abundance
of Ph.D.’s and that decreased graduate support is therefore justified. Clearly this is
short-sighted policy. What is needed is a strong and continuing commitment to basic
research in support of all mission-oriented technology, both in relation to research train-
ing at pre- and postdoctoral levels and in relation to research output. Anything less will
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waste the talents of a substantial group of skilled research workers and will compromise
our technological future.

An old version of the history of DARPA (the Defense Advanced Research Projects Agency) archived
on the internet explained the second Mansfield Amendment of 1973
[www.bibliotecapleyades.net/sociopolitica/sociopol DARPA01.htm]:

The Mansfield Amendment of 1973 expressly limited appropriations for defense research
(through ARPA/DARPA) to projects with direct military application.

Some contend that the amendment devastated American science, since ARPA/DARPA
was a major funding source for basic science projects of the time; the National Science
Foundation never made up the di↵erence as expected. But the resulting “brain drain” is
also credited with boosting the development of the fledgling personal computer industry.

While the decline in U.S. government-funded research began around 1970, it became even worse
with the end of the Cold War in 1991. Lynn Gref (1941–2013), who spent his career conducting and
managing research at Department of Defense (DOD) and NASA laboratories, described the decline
of applied research or “Phase Two” research at government laboratories [Gref 2010, pp. 116–117]:

It is in Phase Two research (device phase) that a decline in research activity of at least
a decade duration can be detected. Now let us consider the indicators of a decline in
Phase Two research. [...I]ndustry has become the dominant source of funds for R&D.
Industry is even more dominant for R&D outside of the medical science arena. This
is in itself not necessarily bad. However, it will become evident that industry has lost
much of its ability or willingness to perform the Phase Two research that leads to the
revolutionary devices of the future.

Second, R&D performed at the Government’s laboratories has declined more than 50%
since 1970 based on funding received[...] Most of their work falls into Phase Two. Af-
ter the end of the Cold War, funding for new weapons systems declined dramatically.
(The Iraq War has brought an influx of orders for existing weapons systems and ben-
efited much of the remaining defense industry, but it has had the devastating e↵ect of
further restricting R&D funding to e↵orts with an immediate application to the war.)
The defense industry went through a major restructuring and consolidation between
the end of the Cold War and the beginning of the Iraq War. During this period, in-
dustry went after all available funding from the DOD. The large companies turned to
sources they previously shunned including Phase Two research. The companies em-
ployed massive lobbying e↵orts to achieve these objectives. Consequently, a goal of the
DOD’s laboratories became spending approximately 70% of their funding with indus-
try. (The DOD originally established the laboratories to perform research needed by
the services. Buying research from industry is a very recent occurrence.) This had two
negative e↵ects. First, it further reduced the funds retained by the laboratories to use
for their in-house activities including research. The impact was that of a funding cut.
Second, the technologists at the laboratories had to use their time to perform contract-
ing functions—writing requests for proposals, evaluating proposals and monitoring the
work of contractors—instead of performing their own research. The reduction of inter-
nal funding and the change in assignments has dramatically reduced research performed
at the DOD laboratories. In addition, studies initiated by Congress have pointed to a
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perceived excess capacity in DOD laboratories and suggested restructuring the labora-
tories so that they would be Government owned and contractor operated. In this latter
case, industry would perform all of DOD’s research other than that done by universities.
Recalling [...] the rich heritage of innovation of the Naval Research Laboratories and
the other DOD service laboratories, the decline in technology development by DOD’s
laboratories is a tragedy for Phase Two of the development cycle.

The “industrialization of Government research” has not been unique to the DOD. It
has a↵ected agencies such as NASA. NASA has terminated “block” funding of technol-
ogy work at its center laboratories. It has replaced the technology development that its
centers previously performed on an assigned basis with various competitions, most of
which are open to all comers. With these competitions has come the pressure on NASA
to award industry a greater proportion of the R&D dollars. The contraction and con-
solidation of the military industrial contractors that occurred after the end of the Cold
War certainly had a part in this change at NASA as it did with the DOD laboratories.
With the need to survive, NASA’s research funds became fair game for these contrac-
tors. Unfortunately, when the researchers at the NASA centers fail to obtain funding
for their e↵orts, then they must go elsewhere and their research ends. For example, JPL
received from NASA approximately $100M on an assigned basis for Phase Two research
in FY2000 and today it is less than $50M, mostly obtained on a competitive basis.

Furthermore, competition for Phase Two funding does not foster risk taking and long-
term e↵orts. No matter how one cuts it, the winners of funding are those who can
demonstrate the best value for the Government. That is, winners are those that can
identify measurable benefits of their research, demonstrate the risks of the proposed
work are reasonable and manageable, prove the approach to the research is sound, and
argue that success is likely. That just is not the real life situation for Phase Two research
[...] where failure occurs more often than success.

Competing for research funding is an environment in which research becomes incre-
mental and unimaginative. In other words, the competitive environment turns the re-
searchers into “surviving” financially. Improving the materials and processes used to
build a device is much more likely to meet the requirements of a competition than
some“wild new” idea that may take a decade or more to work out with few, if any,
applications apparent[...] Similarly, proposing an enhancement to work that has already
been funded and is in a proven interest area of the sponsor is more likely to be a success-
ful bid than an “out of the box” or “o↵ the wall” idea. Such a chilling environment for
innovation is not conducive to funding research ideas that could really have an impact
similar to those of NRL’s radar developments of the past.

Summary of observations of decline

According to longtime first-hand observers such as those quoted above, the academic, corporate,
and government research sectors of the U.S. innovation system were all very productive during the
1940s–1960s, all began to drift and steadily decline beginning around 1970 or so, experienced a
further drop around the end of the Cold War (⇠1991), and have declined even more since 2000 due
to priority shifts at the highest levels of government, industry, and academia. The end result is the
problems discussed in Section 1.1.
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11.3.2 Explanations for Decline

The contemporary observers quoted in the previous section ably described the decline in innovation
that occurred from around 1970 onward, yet it is necessary to seek a better understanding of the
fundamental reasons for that decline. A number of potential explanations have been o↵ered:

A. Exhaustion of the supply of innovators and innovations that had been adopted from the earlier
German-speaking world (p. 1735).

B. Abandonment of German-like systemic practices for promoting innovation (p. 1735).

C. The decline and end of Cold War competition that promoted innovation (p. 1736).

D. Darwinian selection of researchers for traits other than innovation (p. 1738).

E. Political divisions that undermine government support for innovation (p. 1740).

F. Loss of consumer demand for innovation (p. 1741).

G. A shift in the types of innovation that consumers demand (p. 1742).

In practice, all of these factors probably played a significant role in the decline, and indeed the
various factors presumably exacerbated each other.

A. Exhaustion of innovators and innovations adopted from the German-speaking world

As argued in Chapters 2–10 and Section 11.1, a huge number of innovators and innovations were
produced by the German-speaking world prior to 1945. By around 1970, most of the thousands
of German-speaking creators who had been recruited from that world had retired or died, and
the enormous numbers of inventions and discoveries that had originated in that earlier world had
already been copied, optimized, and utilized to their fullest potential in the United States and other
countries.

B. Abandonment of German-like systemic practices for promoting innovation

As covered in Sections 11.2 and 11.3.1, especially during the 1940s–1960s, the United States (and
presumably other countries) implemented many systemic practices that strongly promoted revo-
lutionary scientific innovation, and that were highly similar to systemic practices from the earlier
German-speaking world. Just as those practices had cultivated countless creators and creations in
the German-speaking world, they also bred homegrown innovators and innovations in the United
States. Unfortunately, around 1970, the United States began to abandon some of those systemic
practices. That shift made it harder to cultivate as many brand new revolutionary innovators and
innovations after that time, and it also made it harder for any innovators and innovations that had
been developed in the earlier days of the system to continue to find su�cient financial and political
support.
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C. Decline and end of Cold War competition that promoted innovation

As argued in Section 11.2.9, just as the earlier German-speaking world was strongly driven through-
out its existence by military and industrial competition with the United Kingdom, United States,
and other countries, the U.S. system in the 1940s through 1960s was strongly driven first by World
War II competition with Germany and then by Cold War competition with the Soviet Union. How-
ever, around 1970 (with the U.S. victory in the moon race and the beginning of the Strategic Arms
Limitation Talks) that Cold War competition greatly relaxed, and in 1991 it collapsed entirely.
Without a strong sense of urgent international competition, the U.S. innovation system fell victim
to other priorities and forces.

In the afterword to his book The Gift, writing professor Lewis Kenyon described how the end
of the Cold War impacted both scientists and artists, with funding decreasing and shifting from
longer-term, more philanthropic objectives to very short-term, purely money-making aims [Hyde
2019]:

Which brings me back to the fall of the Soviet Union, for it was the Cold War that
energized much of the public funding devoted to art and science in the decades after
World War II. [...]

Of that context one could say, to put it positively, that the Soviet Union turned out to
provide a useful counterforce to the harsher realities of capitalism. It goaded the West
into provisioning those parts of social life not well served by market forces. To put it
negatively, however, if Cold War rhetoric lay at the foundation, then the entire edifice
was historically vulnerable. Thus when the Soviet Union fell in 1989 so did the bulk of
public patronage in the West. In the U.S., for example, we almost immediately got the
attacks on the National Endowment for the Arts and the loss of nearly all funding to
individual artists. A similar if less publicized story played out in basic science. In a 1998
interview Leon Lederman, Nobel laureate in physics, said: “We always thought, näıvely,
that here we are working in abstract, absolutely useless research and once the cold war
ended, we wouldn’t have to fight for resources. Instead, we found, we were the cold war.
We’d been getting all this money for quark research because our leaders decided that
science, even useless science, was a component of the cold war. As soon as it was over,
they didn’t need science.”

In short, around 1990 the third phase of this history began, an era of market triumphal-
ism in which not only has public support of the arts and sciences begun to dry up but
those who stilled their voices during the Cold War, those who have long believed in an
unlimited market, have felt free to advance unselfconsciously.

In instance after instance, public institutions have been encouraged to think of them-
selves as private businesses. The universities have set up “technology transfer o�ces”
and tried to fund themselves by selling knowledge rather than simply disseminating it,
as their old mission statements once asked them to do. Grammar schools have learned
that they can sell exclusive rights to soft drink vendors intent on creating brand loyalty
in the very young. Public radio and television are now cluttered with advertising. Even
commercial television has become more so: in the U.S., the networks once limited their
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ads to nine minutes an hour; they gave that up in the last decade and ads now run
eighteen minutes in prime time.

Natural abundance has been similarly commercialized, everywhere subject to the grid
of artificial scarcity. Ancient aquifers, by rights belonging to all who live above them,
are now pumped and packaged. Drinking water, once an essence of life, has become a
resource to be sold in little plastic bottles. Broadcast spectrum, one of nature’s richest
gifts, has been parceled out to industry and then sold back to the public.

Our cultural abundance su↵ers the same fate. The ever-expanding reach of copyright
has removed more and more art and ideas from the public domain. The Walt Disney
Company happily built its film empire out of folk culture (“Snow White,” “Pinocchio”)
but any folk who try to build on Disney can expect a “cease and desist” letter in the next
mail. Patents are now used to create property rights in things once thought inalienable–
seedlines, human genes, medicines long known to indigenous cultures. A company that
makes jam recently got itself a patent on the crustless peanut butter-and-jelly sandwich.

This period of market triumphalism has, in sum, seen a successful move to commercialize
a long list of things once thought to have no price, and to enclose common holdings,
both natural and cultural, that we used to assume no one was allowed to take private.
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D. Darwinian selection of researchers for traits other than innovation

As the United States began to abandon innovation-promoting practices like those from the earlier
German-speaking world, from the 1970s onward the modern system came increasingly to value the
sheer number of academic papers much more than their quality or significance. Since academic
scientists were now rewarded with funding primarily based on their number of published papers
rather than the scientific quality, originality, or importance of their work, labs that emphasized
quantity over quality received more funding, trained more students, and graduated those students
into the system to create their own labs that focused on quantity over quality. In a Darwinian
fashion, within a few cycles of “reproduction,” scientists who emphasized quantity over quality
became vastly more numerous and much more powerful (as peer review committee members for
research grant funding, hiring, and tenure decisions) than any remaining scientists who valued the
quality, originality, and revolutionary importance of research.

Two scientists, Paul Smaldino and Richard McElreath, described the impact of Darwinian selection
for traits other than revolutionary innovation, applied to generation after generation of professors
and their students [Smaldino and McElreath 2016]:

This paper argues that some of the most powerful incentives in contemporary science
actively encourage, reward and propagate poor research methods and abuse of statistical
procedures. We term this process the natural selection of bad science to indicate that
it requires no conscious strategizing nor cheating on the part of researchers. Instead,
it arises from the positive selection of methods and habits that lead to publication.
How can natural selection operate on research methodology? There are no research
‘genes’. But science is a cultural activity, and such activities change through evolutionary
processes. Philosophers of science such as Campbell, Popper and Hull have discussed
how scientific theories evolve by variation and selection retention. But scientific methods
also develop in this way. Laboratory methods can propagate either directly, through the
production of graduate students who go on to start their own labs, or indirectly, through
prestige-biased adoption by researchers in other labs. Methods which are associated with
greater success in academic careers will, other things being equal, tend to spread.

The requirements for natural selection to produce design are easy to satisfy. Darwin
outlined the logic of natural selection as requiring three conditions:

(i) There must be variation.

(ii) That variation must have consequences for survival or reproduction.

(iii) Variation must be heritable.

In this case, there are no biological traits being passed from scientific mentors to ap-
prentices. However, research practices do vary. That variation has consequences—habits
that lead to publication lead to obtaining highly competitive research positions. And
variation in practice is partly heritable, in the sense that apprentices acquire research
habits and statistical procedures from mentors and peers. Researchers also acquire re-
search practice from successful role models in their fields, even if they do not personally
know them. Therefore, when researchers are rewarded primarily for publishing, then
habits which promote publication are naturally selected. Unfortunately, such habits can
directly undermine scientific progress. [...]
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The rate at which new papers are added to the scientific literature has steadily increased
in recent decades. This is partly due to more opportunities for collaboration, resulting in
more multi-author papers. However, the increases in publication rate may also be driven
by changing incentives. Recently, Brischoux & Angelier looked at the career statistics of
junior researchers hired by the French CNRS in evolutionary biology between 2005 and
2013. They found persistent increases in the average number of publications at the time
of hiring: newly hired biologists now have almost twice as many publications as they did
10 years ago (22 in 2013 versus 12.5 in 2005). These numbers reflect intense competition
for academic research positions. The world’s universities produce many more PhDs than
there are permanent academic positions for them to fill, and while this problem has
escalated in recent years, it has been present for at least two decades. Such competition is
all the more challenging for researchers who graduate from any but the most prestigious
universities, who face additional discrimination on the job market. Although there may
be jobs available outside of academia— indeed, often better-paying jobs than university
professorships—tenure-track faculty positions at major research universities come with
considerable prestige, flexibility and creative freedom, and remain desirable. Among
those who manage to get hired, there is continued competition for grants, promotions,
prestige and placement of graduate students.

Given this competition, there are incentives for scientists to stand out among their
peers. Only the top graduate students can become tenure-track professors, and only the
top assistant professors will receive tenure and high profile grants. [...]

Incentives drive cultural evolution. In the scientific community, incentives for publication
quantity can drive the evolution of poor methodological practices. We have provided
some empirical evidence that this occurred, as well as a general model of the process.
If we want to improve how our scientific culture functions, we must consider not only
the individual behaviours we wish to change, but also the social forces that provide
a↵ordances and incentives for those behaviours. We are hardly the first to consider a
need to alter the incentives for career success in science. However, we are the first to
illustrate the evolutionary logic of how, in the absence of change, the existing incentives
will necessarily lead to the degradation of scientific practices.

An incentive structure that rewards publication quantity will, in the absence of coun-
tervailing forces, select for methods that produce the greatest number of publishable
results. This, in turn, will lead to the natural selection of poor methods and increas-
ingly high false discovery rates. Although we have focused on false discoveries, there
are additional negative repercussions of this kind of incentive structure. Scrupulous re-
search on di�cult problems may require years of intense work before yielding coherent,
publishable results. If shallower work generating more publications is favoured, then
researchers interested in pursuing complex questions may find themselves without jobs,
perhaps to the detriment of the scientific community more broadly. [...]

Institutional change is di�cult to accomplish, because it requires coordination on a
large scale, which is often costly to early adopters. Yet such change is needed to ensure
the integrity of science.
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E. Political divisions that undermine government support for innovation

Severe political divisions in the United States arose by the late 1960s and have only worsened since
then, undermining strong government understanding of, support for, and utilization of revolutionary
innovation as had existed earlier. The science policy analysts Chris Mooney and Sheril Kirshenbaum
described the impact on scientific innovation [Mooney and Kirshenbaum 2010, pp. 28–29]:

Yet the heyday of science wouldn’t last long. The trend of ever-rising federal investment
in research reversed itself in the late 1960s; non-military science funding fell through
much of the 1970s. The central involvement of the National Science Foundation in shap-
ing high school educational curricula also gradually fell away—as did the prominence
of the scientific elite in advising our leaders.

All this occurred for a snarl of reasons that center on the collapse of political consen-
sus in America over the same time period. The scientific community couldn’t escape
the conflicts of the day any more than any other major social group. The creation of
new regulatory agencies, like the Environmental Protection Agency in 1970, repeatedly
dragged scientific information into a contested decision-making process. And the grow-
ing antiwar and antinuclear movements flailed not only against the “military-industrial
complex” but against those parts of the scientific establishment that worked with it or
for it, especially on university campuses.

Not only did the new mood of “questioning authority” include the questioning of sci-
ence, but there was often good reason for skepticism. The environmental and consumer
movements, spearheaded by the likes of Rachel Carson and Ralph Nader, brought home
the realization that science wasn’t always beneficial. Seemingly wonderful technologies—
DDT, chlorofluorocarbons—could have nasty, unforeseen consequences. A narrative be-
gan to emerge about “corporate science”: driven by greed, conducted without adequate
safeguards, placing profits over people.

Amid the backlash, the role of scientists in policy making also ebbed, as did the status of
the presidential science advisor. Whereas the post had enjoyed a high level of recognition
and influence under Eisenhower and Kennedy, the Vietnam War brought that cozy
relationship to an end. In 1973, President Richard Nixon fired his science advisers
outright over disagreements about the viability of the Supersonic Transport program
and other matters.

The emergence of the Religious Right onto the political stage in the 1970s—motivated
in part by its adherents’ resentment of the nation’s intellectual and scientific elites—was
also a major factor in curtailing the role of science in public policy. Soon battles between
Christian conservatives and the science community over matters like the teaching of
evolution and embryo-related research became an inescapable political reality. And so we
entered the “culture wars”: Secular, scientific, and pro-choice America clashed regularly
with a “faith-based” (and very Republican) side of the country. A vast array of political
issues could be cast in a pugilistic context that pitted “religion” against “reason.”
Science ceased to serve as a bulwark for common goals and purposes; instead, its findings
came to divide us.

Other books have made similar arguments that increasing political divisions have driven the decline
in scientific innovation [e.g., Gruber and Johnson 2019; Mooney 2006; Otto 2016].
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F. Loss of consumer demand for innovation

Biologist Jan Vijg argued persuasively that the rate of revolutionary scientific innovation has greatly
declined in recent decades, then o↵ered his views on the causes of that decline. While the world
at present may not be as nearly utopian as Vijg viewed it in 2011, his fundamental point seems
sound: In contrast to circumstances that prompted revolutionary innovations in the past, currently
there are not enough people with enough power who are su�ciently dissatisfied with the current
state of technology to be strongly motivated to change it, and in fact many are strongly motivated
to resist change [Vijg 2011, pp. 109–110]:

The cold war is over and most current states profess support for democracy, the rule
of law and a safety net for everyone. Almost all of us seem to have abandoned violence
as a way to make progress. Representatives of the earth’s states meet regularly and
although we tend to think that nothing ever comes out of these meetings, the reality
is that there are probably very few citizens who do not profit from the myriad of
changes that slowly but surely transform us into a planet-wide commonwealth of states
with almost unrealistically good credentials. Good governance, responsible industry
leaders and better citizens slowly but irrepressibly take hold of society by creating a
network of rules and regulations that make it all but impossible to run roughshod over
others. People around the world are becoming healthier, wealthier, better educated,
more peaceful, and increasingly connected, and they are living longer.

Precisely because society is so successful, with technology maturing and all structures in
place for optimally using it to the benefit of humankind, it has now become very di�cult
for new, breakthrough inventions to thrive. Investments are more likely in areas that
have stabilized and proved their mettle, and regulatory constraints make it often very
di�cult for new inventions to get a fair chance at being implemented. This is especially
true for medicine and biotechnology, two areas where scientific input should all but
guarantee rapid progress. However, it also applies to the energy and transportation
sectors where we witness a stalling of progress in strategic technologies. In spite of the
hype in glossy magazines and the occasional newspaper article, to maintain the current
fleet of passenger planes is simply too convenient and the days of Howard Hughes are
definitely over. Surprisingly enough, this even applies to information technology where
progress has helped us enormously to do the things we were already doing much quicker
and in a much more convenient way than in the past. However, it does no longer break
new ground and does not radically alter the way we live and work.

In a sense, we have become a victim of our own success. The intricate net we have woven
to protect each and every one of us from harm, to allow a maximum of input to everyone
in decision making and to patiently listen to all arguments have turned us into the most
successful society the world has ever seen. But paradoxically, this very success is now
beginning to hold us back from making the further great strides to again transform
human society, like the tremendous achievements of the 19th and 20th centuries did
before.
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G. Shift in the types of innovation that consumers demand

Both Nicholas Carr and Tyler Cowen proposed that the most financially lucrative demand for
innovations has shifted from truly revolutionary technologies to mundane consumer products with
annual cosmetic updates, “feel-good” products like Facebook and Prozac, and non-technological
products for the very wealthy [Carr 2015; Cowen 2011].

Wall Street Journal writer and book author Nicholas Carr argued that the apparent slowdown in
revolutionary innovations is largely driven by consumers who are more interested in “technologies
of the self” than in more world-changing technologies [Carr 2012, 2015]. Carr’s thesis has significant
overlap with Jan Vijg’s argument (modern society is su�ciently comfortable that innovation is no
longer a priority). Carr explained his viewpoint with an essay [Carr 2015] and an accompanying
diagram (redrawn in Fig. 11.59):

Let me float an alternative explanation: There has been no decline in innovation; there
has just been a shift in its focus. We’re as creative as ever, but we’ve funneled our
creativity into areas that produce smaller-scale, less far-reaching, less visible break-
throughs. And we’ve done that for entirely rational reasons. We’re getting precisely the
kind of innovation that we desire—and that we deserve.

My idea—and it’s a rough one—is that there’s a hierarchy of innovation that runs in
parallel with Abraham Maslow’s famous hierarchy of needs. Maslow argued that human
needs progress through five stages, with each new stage requiring the fulfillment of lower-
level, or more basic, needs. So first we need to meet our most primitive Physiological
needs, and that frees us to focus on our needs for Safety, and once our needs for Safety
are met, we can attend to our needs for Belongingness, and then on to our needs for
personal Esteem, and finally to our needs for Self-Actualization. If you look at Maslow’s
hierarchy as an inflexible structure, with clear boundaries between its levels, it falls
apart. Our needs are messy, and the boundaries between them are porous. A caveman
probably pursued self-esteem and self-actualization, to some degree, just as we today
spend e↵ort seeking to fulfill our physical needs. But if you look at the hierarchy as
a map of human focus, or of emphasis, then it makes sense—and indeed seems to be
born out by history. In short: The more comfortable you are, the more time you spend
thinking about yourself.

If progress is shaped by human needs, then general shifts in needs would also bring shifts
in the nature of technological innovation. The tools we invent would move through the
hierarchy of needs, from tools that help safeguard our bodies on up to tools that allow
us to modify our internal states, from tools of survival to tools of the self. Here’s my
crack at what the hierarchy of innovation looks like [...]:

The focus, or emphasis, of innovation moves up through five stages, propelled by shifts
in the needs we seek to fulfill. In the beginning come Technologies of Survival (think
fire), then Technologies of Social Organization (think cathedral), then Technologies of
Prosperity (think steam engine), then technologies of leisure (think TV), and finally
Technologies of the Self (think Facebook, or Prozac).
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Figure 11.59: Nicholas Carr’s proposed “hierarchy of innovation” [redrawn based on Carr 2015].

As with Maslow’s hierarchy, you shouldn’t look at my hierarchy as a rigid one. Inno-
vation today continues at all five levels. But the rewards, both monetary and reputa-
tional, are greatest at the highest level (Technologies of the Self), which has the e↵ect of
shunting investment, attention, and activity in that direction. We’re already physically
comfortable, so getting a little more physically comfortable doesn’t seem particularly
pressing. We’ve become inward looking, and what we crave are more powerful tools for
modifying our internal state or projecting that state outward. An entrepreneur has a
greater prospect of fame and riches if he creates, say, a popular social-networking tool
than if he creates a faster, more e�cient system for mass transit. The arc of innovation,
to put a dark spin on it, is toward decadence.
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One of the consequences is that, as we move to the top level of the innovation hierarchy,
the inventions have less visible, less transformative e↵ects. We’re no longer changing the
shape of the physical world or even of society, as it manifests itself in the physical world.
We’re altering internal states, transforming the invisible self. Not surprisingly, when you
step back and take a broad view, it looks like stagnation—it looks like nothing is chang-
ing very much. That’s particularly true when you compare what’s happening today with
what happened a hundred years ago, when our focus on Technologies of Prosperity was
peaking and our focus on Technologies of Leisure was also rapidly increasing, bringing
a highly visible transformation of our physical circumstances.

Economist Tyler Cowen noted the decline in innovation and attributed it to several factors [Cowen
2011]. Most prominently, he said that the United States had already consumed all of the low-
hanging fruit of technologies that could be readily developed. When viewed from the perspective of
the history of science, it would seem unlikely that Cowen’s argument is truly correct, that there truly
are no more potential new technologies within humanity’s current reach. For example, the classical
world overlooked Hero’s steam engine and its revolutionary potential, the steam era overlooked
both gasoline internal combustion engines and the electrical revolution, nineteenth century physics
overlooked both relativity and quantum physics, and classical biology overlooked the mechanisms
and potential applications of DNA. If the rate of revolutionary innovations has slowed, it seems
far more probable that the slowdown is due much more to deficiencies in the current innovation
system, rather than to the actual absence of potential new technologies within our grasp.

On the other hand, if a large fraction of our modern technologies originated from the earlier German-
speaking research world (as described in this book), then a somewhat more narrow interpretation
of Cowen’s argument could be quite valid. The United States plucked the low-hanging fruit of
inventions and discoveries made in the earlier German-speaking world, took those creations to their
fullest potential, and greatly profited from them, but never invested su�cient money, time, and
energy to grow large amounts of entirely new fruit for future harvests.

Cowen’s other explanations are also enlightening: Innovation shifted first from truly revolutionary
technologies to more easily developed, easily marketed consumer products, and then from widely
useful (if mundane) products to dubious “innovations” that only benefit a chosen few, sometimes
even at the expense of everyone else [Cowen 2011, pp. 7–10, 20–21]:

In a figurative sense, the American economy has enjoyed lots of low-hanging fruit since
at least the seventeenth century, whether it be free land, lots of immigrant labor, or
powerful new technologies. Yet during the last forty years, that low-hanging fruit started
disappearing, and we started pretending it was still there. We have failed to recognize
that we are at a technological plateau and the trees are more bare than we would like
to think. That’s it. That is what has gone wrong. [...]

Around the globe, the populous countries that have been wealthy for some time share
one common feature: Their rates of economic growth have slowed down since about
1970. That’s a sign that the pace of technological development has been slowing down.
It’s not that something specific caused the slowdown, but rather we started to exhaust
the benefits of our previous momentum without renewing them. [...]

The period from 1880 to 1940 brought numerous major technological advances into our
lives. [...]
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Today, in contrast, apart from the seemingly magical internet, life in broad material
terms isn’t so di↵erent from what it was in 1953. [...] Life is better and we have more
stu↵, but the pace of change has slowed down compared to what people saw two or
three generations ago.

It would make my life a lot better to have a teleportation machine. It makes my life only
slightly better to have a larger refrigerator that makes ice in cubed or crushed form.
We all understand that di↵erence from a personal point of view, yet somehow we are
reluctant to apply it to the economy writ large. But that’s the truth behind our crisis
today—the low-hanging fruit has been mostly plucked, at least for the time being. [...]

A fundamental way to put the point is this: A lot of our recent innovations are “pri-
vate goods” rather than “public goods.” Contemporary innovation often takes the form
of expanding positions of economic and political privilege, extracting resources from
the government by lobbying, seeking the sometimes extreme protections of intellectual
property laws, and producing goods that are exclusive or status related rather than
universal, private rather than public; think twenty-five seasons of new, fall season Gucci
handbags.

The dubious financial innovations connected to our recent financial crisis are another
(perhaps less obvious) example of discoveries that benefit some individuals but are not
public goods more generally. A lot of the gains from recent financial innovations are
captured by a relatively small number of individuals.

Note that there is considerable overlap among the economics-based arguments of Tyler Cowen,
Nicholas Carr, and Jan Vijg: the supply of truly revolutionary scientific innovations is much less
now because there has been an insu�ciently strong and insu�ciently widespread demand for
revolutionary scientific innovations.

Summary of decline

As a final perspective on how much the U.S. innovation system has changed, in 1940 MIT professor
Vannevar Bush showed President Franklin Roosevelt a one-page proposal outlining his multi-year,
multi-billion-dollar plan for a new federally funded R&D system that would include the Manhattan
Project, radar, and all other defense-related research projects. Roosevelt heard and approved the
proposal in less than 15 minutes [Zachary 1997a, p. 112].

In contrast, nowadays even a professor’s $100,000 proposal to the National Institutes of Health
for modest experiments by some graduate students involves writing a detailed grant application
that may be over 100 pages long, consumes several person-months to assemble, requires submitting
extensive data and references to prove that the proposed experiments will definitely produce the
intended results before they are even o�cially begun, can take over a year to pass through NIH
administrative o�ces and peer review committees, and might stand less than a 10% chance of being
funded after all of that. (Moreover, the very low success rate of proposals means that a research
group might have to write 10 or more such proposals each year in hopes of getting just one funded,
and writing that many proposals every year is a truly massive and enormously expensive diversion
of personnel away from doing any of the actual research described in the proposals.)
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Chapter 12

Learning from the Creators

Ich habe auf eine geringe Vermuthung eine
gefährliche Reise gewagt und erblicke schon die
Vorgebürge neuer Länder. Diejenigen, welche
die Herzhaftigkeit haben die Untersuchung
fortzusetzen, werden sie betreten und das
Vergnügen haben, selbige mit ihrem Namen zu
bezeichnen.

Upon a small conjecture I have ventured on
a dangerous journey and already behold the
foothills of new lands. Those who have the
courage to continue the quest will enter those
lands and have the joy of putting their name
on them.

Immanuel Kant. 1755.
Allgemeine Naturgeschichte und Theorie des Himmels, Vorrede

[Natural History and Theory of the Heavens, Foreword].

This final chapter begins by summarizing the major findings of Chapters 1–11. Then it applies
that information to o↵er suggestions for (1) whole state or national innovation systems that would
like to increase their production of revolutionary research, (2) individual companies, organizations,
or laboratories that would like to pursue more innovative research, (3) individuals now trying to
pursue careers in innovative research in the existing state of the global system, and (4) scholars
who would like to further study the past, present, and potential future of revolutionary creators
and creations. Finally, it presents an afterword to encapsulate the vision for this book.

1747
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12.1 Summary of the Creators, Their Creations, and Their Ap-
proaches

As covered in Chapter 1, the motivation for this study follows from a series of logical steps, with
many accompanying assumptions and limitations that are freely acknowledged (see Section 1.2.3
for a much longer and more detailed list):

1. Based on data and analyses from authors cited in Section 1.1, compared to earlier times,
the modern research system appears to have produced fewer revolutionary innovations per
year, or at least fewer revolutionary innovations per year per person in the system, or fewer
innovations per year per amount of money spent on the system. (This study does not argue
that the modern research system has produced no revolutionary innovations.)

2. Having concluded that the modern innovation rate has declined, this study proceeds on the
assumption that it is possible that the modern innovation rate can be increased, or in other
words that we have not simply encountered physical limits on innovation.

3. Moreover, this study operates on the assumption that the modern innovation rate should be
increased, or the belief that at least on balance, new innovations will improve people’s lives
and are morally and socially desirable.

4. Rather than trying to reinvent the wheel, this study focuses on examining already proven ways
to promote innovation. It does not consider new, unproven methods to promote innovation,
although other scholars certainly should propose and evaluate new methods as well.

5. Among those proven ways to promote innovation, this study specifically considers past in-
novation systems. (Nevertheless, other scholars should and are evaluating various current
innovation systems worldwide, and there is much to learn from those studies.)

6. Out of all past innovation systems, this study focuses on the predominantly German-speaking
world of the nineteenth and early twentieth centuries, which admittedly is a topic with very
fuzzy spatial, temporal, and intellectual boundaries. Based on the evidence in Chapters 2–9
and the appendices, I believe that world was the most innovative; at the very least it was one
of the most innovative systems and thus worthy of detailed examination. This study is not
intended to make an argument for nationalist or ethnic bragging rights. I highly recommend
that readers of this book seek out or even conduct their own studies of scientific innovations
from other places and times.

7. This study assumes that we can identify useful methods that promoted innovation in the
earlier German-speaking world, yet it is at best a concise overview of a vast field encompassing
the actions of thousands of scientists and engineers across many countries during two centuries,
as well as investigations into that time period by countless subsequent scholars. I do not mean
to imply that innovation systems in the earlier German-speaking world were ever perfect or
even unique, or that all of their innovation-promoting factors could or should be applied to
the modern world. In no way is this study an argument that the Third Reich had inherently
superior scientific research approaches. For reasons of length, this study cannot even begin
to address the large number of related ethical questions that are already covered in detail
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by many other authors; I highly recommend that all readers seek out those books and study
them.1

8. The ultimate objective of this study is to make these methods of improving innovation avail-
able to the modern world. In order to maximize the potential audience, longevity, and impact
of this study, I decided to make the final document freely available on the internet instead of
publishing it as a printed book, which might be expensive and di�cult to obtain and might
rapidly go out of print, as so many of the cited references have.

9. Because the body of information on German-speaking innovators is both so large and so
incomplete, this book cannot help but be incomplete and imperfect. I would welcome any
suggestions for improvements to future editions. At the very least, hopefully this book will
spur discussion, learning, and further work in the important areas that it covers.

Scientists and engineers who were trained in the German-speaking world of the nineteenth and
early twentieth centuries produced a wide range of discoveries and inventions that have shaped our
modern world, including:

• Biomedical advances from genetics to antibiotics (Chapter 2 and Appendix A)

• Chemical breakthroughs from color film to synthetic rubber (Chapter 3)

• Discoveries about the earth and our universe from continental drift to stellar distances (Chap-
ter 4)

• Revolutionary physics from relativity to quantum mechanics (Chapter 5)

• Electrical inventions from semiconductors to computers (Chapter 6 and Appendices B–C)

• Mechanical systems from automobiles to submarines (Chapter 7)

• Nuclear reactions and applications from fission to fusion (Chapter 8 and Appendix D)

• Aerospace vehicles from jet planes to moon rockets (Chapter 9 and Appendix E)

Although other authors have studied the history of some of those creations and creators in detail,
and Chapters 2–9 and the appendices shed additional light on others, much more work is needed
to elucidate the full range and details of the contributions made by the German-speaking research
world.

1E.g., Bar-Zohar 1967; Beyerchen 1977; Borkin 1978; Bower 1987; Campbell and Harsch 2013; Cornwell 2003;
Crim 2018; Deichmann 1996; Joseph Fisher 2017; Friedrich et al. 2017; Geissler 1998a, 1998b, 1999; Gellermann 1986;
Georg 2012; Gimbel 1986, 1990a, 1990b, 1990c; Gröhler 1989; Hansen 1993; István Hargittai 2006; Harris Paxman
2002; Haunschmied et al. 2007; Hayes 2001; Heim et al. 2009; Hentschel and Hentschel 1996; Linda Hunt 1991;
Jacobsen 2014; Je↵reys 2008; Karlsch and Laufer 2002; Kater 1989; Klee 2001; Kurowski 1982; Lasby 1971; Le↵ 2019;
Le Maner and Sellier 2001; Lichtblau 2014; Macrakis 1993; Medawar and Pyke 2000; Mick 2000; Nachmansohn 1979;
Nash 2013; Michael Neufeld 1995, 2002, 2003, 2007; Plumpe 1990; Posner and Ware 2000; Pringle 2006; Renneberg
and Walker 1993; Sasuly 1947; Schambach 2011; Sellier 2003; Simpson 1988; Spitz 2005; Stoltzenberg 1994, 2005;
Szöllösi-Janze 2001, 2015; Tucker 2006; Wachsmann 2015; Bernd Wagner 2000; Jens-Christian Wagner 2011, 2015.
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As discussed in Chapter 10, one may identify common factors within the German-speaking world
that facilitated the success of those creators and creations. These factors promoted greater freedom
to pursue longer-term and riskier potential innovations, and they included:

1. Science was socially glorified, from children’s activities and amateur science clubs to presti-
gious jobs and government-lauded scientific heroes.

2. A century-long steady exponential increase in funding gave scientists, employers, and sponsors
much more freedom to pursue higher-risk and/or longer-term research.

3. Many Ph.D. students were encouraged to propose their own research topics and to pursue
them independently.

4. Scientists received their final degrees nearly a decade earlier in life, and independent research
funding up to two decades earlier, than modern scientists do.

5. Scientists who made major contributions to multiple disciplines, and fraternization among
scientists from di↵erent disciplines, were much more common than in the modern world.

6. Instead of peer review, an autocratic yet farsighted scientific management culture of “enlight-
ened despots” granted stable jobs and funding to the most promising creators and creations.

7. Both scientists and sponsors used a systems analysis approach to focus on the most important
problems and the most e↵ective innovations to address those problems.

8. The lack of natural resources spurred the creation of a wide range of innovative alternatives.

9. International rivalry (both economic and military) was a powerful driving force for innovation.

10. German-speaking companies were less afraid of losing their own innovations to each other
than of being outstripped by foreign countries, giving them a strong motivation to innovate.

From Chapter 11, the modern world eagerly adopted the creations of the earlier German-speaking
world, yet ultimately largely forgot both the creators and the systemic approaches that had made
such creations possible. Over the course of waves that occurred before, during, and after the Third
Reich, all of the creations, most of the creators, and some of the systemic approaches were trans-
ferred from the German-speaking world to the United States and other countries in a German
scientific diaspora. Those countries spent many decades fully perfecting and mass-producing the
innovations that had been created by the earlier German-speaking world, resulting in our modern
world of jet aircraft, electronics, and pharmaceuticals. Most of the creators who had already died or
who remained in German-speaking areas were largely forgotten by the non-German-speaking world,
which often mistakenly attributed their creations to whichever non-German-speaking individuals
or organizations had acquired their technical information. Most of the creators who emigrated out
of German-speaking areas led well-funded but quiet lives perfecting their creations and were also
ultimately forgotten; only a few, such as Albert Einstein, Edward Teller, and Wernher von Braun,
sought or received lasting fame. Especially during the 1940s–1960s, the United States and other
countries practiced some of the general approaches that had made the earlier German-speaking
world successful, thereby cultivating new innovators and innovations of their own.
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By the 1970s, most of the German-speaking creators had retired or died, their creations had been
refined to the point of diminishing incremental returns, and global research systems had aban-
doned most of the German-like practices they had adopted, significantly reducing their e�ciency
at producing entirely new innovators and innovations. The Cold War as a strong motivating force
for innovation had also greatly relaxed around 1970, and most of the truly revolutionary new in-
novators (or innovations) that were produced by the global research system found it increasingly
di�cult to obtain proper support as time went by. From the 1990s onward, with the Cold War over
and o�cials both public and private haggling over every research dollar while spending recklessly
in other areas, the academic, corporate, and government research sectors each became increas-
ingly dysfunctional in their own ways. As a result, even though the modern world has far more
researchers, funding, and political stability than the earlier German-speaking world, it is di�cult
to identify as many revolutionary innovations that have been wholly developed by that modern
system as those examples listed in Chapters 2–9 and Appendices A–E.

In 1946, the U.S. Department of Commerce wrote a press release that compared the German and
U.S. approaches to research and explained what the United States could learn from the German
model. Most of those observations are still highly relevant three-quarters of a century later [NARA
RG 40, Entry UD-75, Box 3, Folder Press Releases, The Chemical Problem in Germany]:

The picture in scientific and chemical fields of development has long been very com-
petitive and often retarded by the lack of financial assistance. Many of the industries
of the United States while progressive on the production line have been quite willing
to accept the benefit of the research and development of others, but not bothering to
maintain research units of their own.

Many of the chemical achievements now in use are the result of the research and develop-
ment accomplished in other countries. While the United States enjoys the privilege of a
school system that can and does provide numbers of young scientists, well versed in their
particular fields, few are employed by industry at salaries commensurate with their skill.
Consequently, the young scientific mind resolves the problem as one of mis-selection [of
a career], so therefore, seeks and obtains more remunerative positions outside of their
field causing a complete dislocation of their academic achievements.

The German government and German industry had an entirely di↵erent attitude toward
their scientifically trained men. The research and development work accomplished in the
past decade will attest the value of subsidizing the scientists in the form of annuities and
awards, not only for completed work but generous support of an idea from its embryonic
imaginary state, through the laboratories, pilot plant, to the final production stage.

In an emergency such as this country has just passed through, the United States was
very fortunate that it could and did regiment the outstanding scientific brains of the
country to undertake the modernization of the materials and warfare. Production lines
and basic raw materials plus natural resources played as important a part as did science,
yet one without the other would and could have proved quite ine↵ectual.

The German industry and their subsidized scientists early realized that their natural
resources were insu�cient and the raw materials that could be imported would not
be depended upon, nor were they readily obtainable. The problem was placed before
the German scientist, with the result that synthetic materials were produced, such as
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the industries in the United States never considered feasible, profitable, probable or
possible.

Research and development work in Germany was concentrated in the larger industries
of the I. G. Farbenindustrie caliber by grants made to the teaching sta↵s of universities
and scientists of independent laboratories. The larger industries in turn were subsidized
or controlled by the government.

Many tens of millions of dollars were expended in the U.S., not lavishly nor extravagantly
during the war years, but much of the monies thus expended could have been more
advantageously used had the work of research and development been protracted rather
than immediately required as a war expedient. [...]

The inherent German love of gadgets, these investigators found, has produced a nation
of gadgeteers and inventors. This is fostered by broad thorough elementary education
in the mechanical and manual arts and by their system of apprenticeship training and
has largely been instrumental in bringing about German development. [...]

The investigators were deeply impressed by the large pool of skilled mechanics upon
whom Germany could draw. Their system of training the youth in mechanics, and shop
practice, and familiarizing them with all kinds of modern tools had much to do with
Germany’s ability to wage such a devastating war against so many powerful nations.
The same abilities and skills could be used for the increased production of the civilian
products needed in peaceful pursuits. [...]

The most striking feature of the work the Germans performed for the development of
their war material is undoubtedly the extremely high scientific order of their researches.
In many fields they were pioneering and the outstanding results they achieved may,
beyond doubt, be attributed to the long range provisions and the scientific approach on
which they based their programs and the wealth of refined solutions they investigated
in their research laboratories with the well-known German thoroughness.
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12.2 Lessons from the Creators

Based on the perspective accumulated in Chapters 1–11, this section will o↵er suggestions for
state or national innovation systems that would like to increase their production of revolutionary
research (Section 12.2.1), for individual organizations or laboratories that would like to pursue
more innovative research (Section 12.2.2), for individuals now trying to pursue careers in innovative
research in the existing state of the global system (Section 12.2.3), and for scholars who would like
to further study the past, present, and potential future of revolutionary creators and creations
(Section 12.2.4).

12.2.1 Lessons for State, National, and Global Innovation Systems

Just as the nations of the earlier German-speaking world, as well as the United States during the
1940s–1960s, adopted policies that bred, supported, and rewarded revolutionary innovators and
innovations, a modern nation or the entire global system could implement some of those proven
policies. Many of these methods could even be adopted by an individual state (such as California
or Massachusetts) within a nation. Based on the analysis of the earlier systems in Sections 10.2
and 11.2, those policies that a modern state or nation could consider (suitably adapted for modern
times) include:

1. Science, science teachers, and science researchers were idolized and well funded in the German
world, and also during the 1940s–1960s in the U.S. system, from children’s activities and
amateur science clubs to prestigious jobs and government-lauded scientific heroes. The social
and financial status of science, science teachers, and science researchers should be elevated
greatly beyond where they currently are in the modern world:

(a) Better quality and greater variety of educational science experiment kits for children
should be produced and more widely advertised and used.

(b) Student science competitions (especially ones like science fairs that emulate real scientific
research) should be given much greater emphasis, and the winners of those competitions
should be publicly praised and rewarded at least as much as student athletes.

(c) The salaries and working conditions of science and other teachers should be improved
in order to attract very talented people to those positions and to recognize and reward
the most e↵ective teachers.

(d) Important new scientific discoveries and inventions should be given much more coverage
(comparable to or greater than that of sports stars and popular culture celebrities) in
television news programs, movies, online video and audio programs, newspapers, maga-
zines, and popular internet sites.

2. The highly innovative German-speaking world experienced exponential growth of research
funding throughout its entire history until 1945, and the very productive period of the U.S.
system during the 1940s–1960s also had exponential funding growth. Much greater freedom
from funding pressures during those periods promoted much greater freedom to support
longer-term, higher-risk, and potentially revolutionary innovators and innovations.

(a) Although exponential funding growth cannot continue indefinitely, many nations or
states could certainly a↵ord to invest much more of their money in advanced research
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and development than they do currently. For example, U.S. federal funding for R&D as
a percent of GDP in 2017 was only around one-third of what it had been in the 1960s,
and is expected to continue to decline.

(b) Even without having permanent exponential funding growth, governments could imple-
ment policies that would emulate the most important e↵ects of such growth. Specifically,
the number of graduating students trained in science research should be very close to
the number of available permanent job positions, as it has been during periods of ex-
ponential funding growth, not far larger than the number of available permanent job
positions as it is now.

(c) Increasing the number of temporary positions such as postdoctoral positions and in-
ternships would only put more young scientists into a holding pattern without either
solving the fundamental mismatch between the number of scientists and the number of
permanent jobs, or allowing those scientists to be independently productive.

(d) If the number of permanent job positions cannot be increased due to national fiscal
constraints, the number of graduating students seeking science and engineering research
careers should be decreased by motivating some students to seek other majors and other
jobs, while still strongly encouraging the most creative students to pursue majors and
careers in science and engineering research.

(e) If the amount of available funding and permanent job positions better matched the
number of graduating students and career researchers, scientists would be able to spend
much more of their time and energy doing productive research, and much less of their
time and energy pursuing elusive funding and positions.

(f) If the amount of available funding and permanent job positions were much closer to the
number of graduating students and career researchers, it would be much more acceptable
to sponsors, institutions, and the scientists themselves for researchers to pursue longer-
term work without an immediately demonstrable payo↵, as well as more innovative
higher-risk work that would be less guaranteed to yield results than very incremental,
low-risk work. It would be much easier for the system to gamble that some of the funded
researchers and projects would ultimately pay o↵ and some would not, and to deem
those stakes acceptable.

(g) Just as the above steps would increase freedom for academic and government researchers
to pursue longer-term and higher-risk research, government could take steps to promote
more long-term and/or higher-risk research in companies as well. Improved tax, patent,
regulatory, or other government incentives could make it much more advantageous for
companies to spend more of their money on research, and much more lucrative for the
first company that develops any given major innovation, thereby encouraging companies
to invest more of their capital in research, and specifically to put a greater fraction of it
into longer-term, more innovative R&D.

(h) To conclude this topic, increased funding can be helpful but is not su�cient by itself.
Doubling the R&D spending would not do much good if that simply yielded twice as
many esoteric and repetitious papers in publicly inaccessible journals from academia,
twice as many smart phone apps and erectile dysfunction pills from industry, and twice
as much bureaucracy at government laboratories. The most important factor is not just
providing more money, but rather providing scientists more freedom from the burden of
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proposals, from career woes, from the present focus on short-term results, and from the
current bias toward very low-risk work.

3. Many German-speaking students were trained from an early age to be very creative and self-
reliant researchers and inventors. Once they reached the universities, many (though certainly
not all) German-speaking students were actively encouraged to come up with their own orig-
inal Ph.D. thesis topics and to pursue that research independently, with loose mentorship
from their Ph.D. advisors. That seems to have been true to some extent in the early U.S.
system as well. In contrast, most modern U.S. students come up through an assembly line
of rote science classes, are finally assigned a specific thesis topic and methods by their Ph.D.
advisor, and then spend multiple postdoc jobs doing specific assigned work as well. If and
when those scientists finally obtain an independent position, they do not have any expertise
proposing and conducting truly innovative research.

(a) Olympic gymnasts and concert pianists train from a very early age for their ultimate
goal. It would be ludicrous to expect young people to simply watch Olympic gymnasts
or concert pianists from the sidelines for decades, then finally step on stage for the first
time in their 40s and be successful Olympic gymnasts or concert pianists themselves.
It is equally ludicrous for the modern scientific system to hope to train revolutionary
scientific innovators in that same fashion.

(b) Science students in the modern world should be trained from an early age to be very cre-
ative and self-reliant researchers, using methods such as science kits for younger children
and science fairs for older children, as already mentioned.

(c) For university theses, students should be allowed and in fact strongly encouraged to
select their own research topic and methods.

(d) Research advisors should provide as much advice and assistance as is necessary (but only
what is necessary) to ensure that their students are pursuing productive research topics
using suitable methods.

(e) Research advisors at universities should not use students as unpaid or low-wage labor to
benefit the advisors’ own research grants or lists of publications. Rather, advisors should
do their own research work themselves, or hire actual paid employees to help them do
the work.

4. Scientists in the earlier German-speaking world received their final degrees approximately
a decade earlier in life, and independent research funding up to two decades earlier, than
modern scientists do. Scientists in the early U.S. research system also received their degrees
and funding earlier than modern scientists, although not as early as those in the former
German-speaking world.

(a) The average age at which scientists receive their final degree and are able to work in-
dependently should be greatly reduced. Lowering that age back toward the early to
mid-twenties now would increase the number of years during which scientists could be
productive, and in particular it would greatly increase the number of youthful working
years during which those scientists have the greatest creativity, the most energy, and the
fewest non-research obligations.



1756 CHAPTER 12. LEARNING FROM THE CREATORS

(b) The average age at which scientists receive their Ph.D. should be lowered by decreasing
the redundancy between high school and undergraduate courses, streamlining graduate
education, and making sure that graduate research is shorter and more focused on a
Ph.D. thesis (not work by the graduate student on unrelated projects and papers that
primarily benefit the thesis advisor or that simply pad the student’s résumé for an overly
competitive job market).

(c) The average age at which Ph.D. scientists obtain their first real job position and their
own research funding should be lowered by eliminating postdoctoral positions and in-
ternships. That change would allow new doctoral graduates to proceed directly to stable,
well-paying jobs where they could be maximally creative and productive. Although in-
stitutions may claim that postdoctoral positions provide valuable mentoring to young
scientists, in practice the postdoctoral positions are much more about providing a pool
of highly skilled, low-wage labor to lab supervisors than any essential mentorship or
further education.

5. Individuals who made major contributions to multiple disciplines, and routine fraternization
among individuals from di↵erent disciplines, were rather common in the German-speaking
world, and still occurred quite a bit in the early U.S. research system. In this modern era of
microspecialization, the older interdisciplinary mindset should be revived and rewarded:

(a) The modern world should train, support, and reward at least some percentage of multi-
disciplinary scientists who can make major contributions in multiple fields, apply knowl-
edge and methods from one field to another, and use their broader view to guide fields
of research away from less productive areas and toward more productive ones.

(b) All scientists should be strongly encouraged to make their research comprehensible to
people outside their field, and to interact with scientists in other fields in a variety of
environments. Increased interactions among individuals from di↵erent disciplines would
also help cross-pollinate ideas among di↵erent fields, and help scientists in di↵erent fields
obtain greater perspective.

6. In the German-speaking world and the early U.S. research system, “enlightened despots”
were able to spot potentially revolutionary innovators and innovations and grant them long-
term financial and political support. While there is certainly a place for methodical peer
review, entrusting virtually all funding and hiring decisions to peer review risks overlooking
those creative new scientists and ideas that are so revolutionary that they cannot easily and
immediately get broad consensus from the scientific status quo.

(a) Rather than allotting all funding (and e↵ectively most jobs) by peer review, the modern
research system should set aside some percentage of research funding to be allocated
by enlightened despots who are good at identifying potentially revolutionary innovators
and innovations.

(b) Such enlightened despots should have the clear authority to grant financial and political
support to any people or projects they deem worthy, and to grant that support for many
years without having to demonstrate that there is an immediate payo↵, or even that all
funded research will eventually pay o↵.
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(c) How enlightened despots with the best discernment would be selected is an unresolved
question. In both the German-speaking world and the early U.S. research system, they
either arrived at their positions by some combination of luck and force of will, or else
they were hand-picked by previously established enlightened despots. Those methods are
not perfect but could be tried now, or perhaps a better way to select the best enlightened
despots could be found.

(d) Wherever possible, any remaining peer review should be done by reviewers unaware of
the researchers’ names and a�liations, so that they can more fairly evaluate the actual
research in question.

7. In the German-speaking world and in the early U.S. research system, a systems analysis
approach was used to great e↵ect in order to identify the most important problems and the
most e↵ective innovations to address those problems, and to help focus scientific personnel and
funding in those directions. This systems analysis approach was employed by both scientists
and sponsors. In contrast, the modern world appears to be too subject to the whims of
vast numbers of self-interested individuals whose overriding priority is to maximize outputs
other than innovation, such as their number of publications or their stock price. It would be
beneficial to re-emphasize a systems analysis approach.

(a) Systems analysis should be widely taught and practiced in schools and universities.

(b) By using systems analysis, key decision makers in government, industry, and academia
could help focus more resources on the most important problems and potential solutions.

(c) If individual scientists were taught to practice systems analysis, they could use that
method to guide their careers and their research projects in more promising directions,
and to ensure that no potentially useful regions of the conceptual “phase space” had
been overlooked.

8. The very limited availability of natural resources was a major factor in driving innovation in
the German-speaking world. It was much less of a factor in the early U.S. research system,
although the United States did adopt many of the synthetic products that had been developed
in the earlier German-speaking world.

(a) Now that the world is much more conscious of its dwindling natural resources and
the rising long-term costs of climate change, pollution, and waste, government-funded
programs and government regulations for industrial programs should prioritize the de-
velopment of very innovative methods of reducing the consumption of natural resources
and minimizing the creation of waste products.

(b) Such policies would not only improve the environment in which we and future generations
must live, but would also be a strong driver of a wide range of new and very beneficial
innovations.

9. International rivalry, largely military but also economic, was the driving force behind the
historical German-speaking world and the early U.S. research system. Without seeking a
return to militarism and war, a healthy sense of competition among states or nations could
be useful:
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(a) Peaceful economic rivalry and even regional pride (as in sports competitions) could be
employed constructively to motivate states or nations to accelerate their research and
development programs.

(b) Existing high-tech innovation centers (small geographical areas in which R&D is con-
centrated) that support and promote interactions among programs they contain could
be strengthened, and rival high-tech centers could be created to compete for the best
scientists, projects, research funding, and economic income from resulting inventions and
products. [See Gruber and Johnson 2019 for a strong and detailed argument for many
regional high-tech innovation centers.]

10. For more than a century, German-speaking companies were much more afraid of being out-
stripped by foreign countries than of losing their own innovations to each other. Likewise,
in the 1940s–1960s, U.S. companies were much more afraid of losing first to the Axis coun-
tries and then to the Soviet Union than to each other. In both cases, that mindset toward
competition gave the companies a strong motivation to innovate.

(a) Companies should view very innovative, longer-term R&D as a worthwhile investment
in staying ahead of competitors, not a financial liability whose resulting products could
be copied by competitors that did not have to spend any money on their own R&D.

(b) Improved tax, patent, regulatory, or other government incentives could make it much
more lucrative for the first company that develops any given major innovation, and/or
less lucrative for copycats.

(c) Structured tax incentives could also provide strong inducements to companies to put
more, not less, of their capital into research.



12.2. LESSONS FROM THE CREATORS 1759

12.2.2 Lessons for Individual Organizations and Laboratories

While it might be di�cult to persuade an entire nation to reform its scientific system, individual
universities, companies, government laboratories, or other organizations could readily adopt certain
practices related to those that made the older German-speaking world so successful.

Many of the strategies already listed in Section 12.2.1 could be implemented in a scaled-down,
much more local fashion:

1. An organization should do anything within its power to improve the social and financial
status of science research. An organization should strongly encourage, support, recognize,
and reward innovative research among its own members. It should also promote its scientific
innovation and accomplishments to the outside world, and sponsor educational science pro-
grams and student competitions in the outside world. The costs of these internal and external
promotional programs would be handsomely repaid by both the increased productivity of
the organization’s own members and the organization’s enhanced prestige and desirability as
viewed by the outside world.

2. Universities should better match the number of graduating students and career researchers
with the amount of funding and permanent job positions, so that scientists do not waste much
of their time and energy pursuing elusive funding and positions. With a better balance between
people and jobs, and therefore reduced pressure for all job occupants to have maximum short-
term productivity, each organization should make room for at least some of its members
to spend at least some of their time pursuing longer-term work without an immediately
demonstrable payo↵, as well as more innovative higher-risk work that would be less guaranteed
to yield results than very incremental, low-risk work. While some of those bets would not pay
o↵, others could pay o↵ with revolutionary results that could prove highly lucrative over the
long run.

3. In individual organizations from K-12 programs and universities to companies and government
laboratories, young scientists should be trained from the very beginning to be creative and
self-reliant researchers. Such investments of time, resources, and institutional trust in the
younger scientists could ultimately yield very large returns.

4. Individual universities should implement programs in which the average age at which sci-
entists receive their doctoral degrees is in their early to mid-twenties; such programs would
be so attractive to students that those universities would have their pick of the best appli-
cants. Organizations should also implement programs to provide jobs and stable funding for
extremely young but highly creative scientists. These steps would greatly increase the num-
ber of productive working years during which those scientists have the greatest creativity,
the most energy, and the fewest non-research obligations. Again, the longer-term payo↵s for
organizations that take these steps could be tremendous.

5. An organization should train, recruit, and reward at least some percentage of multidisci-
plinary scientists who can make major contributions in multiple fields, apply knowledge and
methods from one field to another, and use their broader view to guide work away from
less productive areas and toward more productive ones. All scientists within an organization
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should be strongly encouraged to make their research comprehensible to people outside their
field, and to interact with scientists in other fields in a variety of environments, in order to
cross-pollinate ideas among di↵erent fields.

6. An organization should set aside at least some percentage of research hiring and funding
decisions to be determined by enlightened despots who are good at identifying potentially
revolutionary innovators and innovations. Such enlightened despots should have the clear
authority to grant financial and political support to any people or projects they deem worthy,
and to grant that support for many years without having to demonstrate that there is an
immediate payo↵, or even that all funded research will eventually pay o↵.

7. By using systems analysis, the leadership of an organization could help focus more of the
organization’s resources on the most important problems and potential solutions. If individual
members of the organization were taught to practice systems analysis, they could use that
method to guide their careers and their research projects in more promising directions, and to
ensure that no potentially useful regions of the conceptual “phase space” had been overlooked.

8. In the face of dwindling natural resources and the rising long-term costs of climate change,
pollution, and waste, organizations should prioritize the development of very innovative meth-
ods of reducing the consumption of natural resources and minimizing the creation of waste
products.

9. Organizational pride and rivalry with other organizations should be used constructively to
motivate innovation within an organization, and to promote interactions among the scientists
and projects within the organization in order to maximize the potential of each one.

10. Companies should view very innovative, longer-term R&D as a worthwhile investment in
staying ahead of competitors, not a financial liability whose resulting products could be
copied by competitors that did not fund their own R&D. They should lobby federal and
state governments for improved tax, patent, regulatory, or other incentives that would make
it much more lucrative for the first company that develops any given major innovation. They
should also lobby for structured tax incentives that would reward companies that put more
of their capital into research.

In addition to smaller-scale local versions of those strategies, additional steps could be taken by
individual labs and organizations:

11. In the German-speaking world, the cost of a university education was very low and not an
obstacle, and students were generally able to go straight through their university education
without having to spend significant time and energy working other jobs to try to pay for
it. With no student loan debt, after graduation those students could immediately use their
degrees to earn a good income. A university education in the United States in the 1940s–1960s
was also quite a↵ordable. In contrast, nowadays a university education in the United States
leaves a student and also the student’s family with enormous debts (up to many hundreds of
thousands of dollars) that can last for decades or even a lifetime. It is imperative to eliminate
this financial obstacle and burden.
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(a) Universities with large endowments should use income from those endowments to make
their educational programs tuition-free for any students they admit. By doing so, they
would get their pick of the best students in the world.

(b) Whatever factors have been driving U.S. tuition costs to astronomical levels (ever-
multiplying armies of non-teaching administrators and sta↵, professors who are paid
very highly yet leave most or all of the teaching to adjunct faculty or grad students,
overpriced and overly showy buildings and athletic facilities, etc.) were never essential
in the past. They can certainly be eliminated in these times when online students all
around the world can watch videos of the world’s best lecturer on a given topic, read an
excellent electronic textbook on any subject, or complete automated assignments and
exams on their computers at essentially negligible cost.

12. In the German-speaking world and in the early U.S. research system, many young scientists
had already produced revolutionary inventions and discoveries by the time they were in their
mid-twenties. Many modern students could do so too if they were given enough time, resources,
and support.

(a) For relatively very little money, individual laboratories or a philanthropic foundation
could identify students who have done the most innovative, independent research in
high school science fairs such as the International Science and Engineering Fair (ISEF)
and Science Talent Search (STS), and o↵er them summer or part-time positions in
college where they would be completely free to develop and pursue their own ideas (with
appropriate supervision and assistance as needed).

(b) Such students should be able to hone and exercise the innovative research talents they
have already developed, instead of having to leave those behind to spend years of drudge
work slowly working their way up the ladder (undergraduate students following instruc-
tions from graduate students following instructions from postdocs following instructions
from a tenure-track assistant professor following instructions from the university depart-
ment and from research sponsors).

(c) Organizations o↵ering temporary positions to such students should not impose any in-
tellectual property agreements on their new ideas, in order to avoid creating legal and
financial entanglements that could strangle the students’ ideas in the crib as soon as the
students leave their temporary positions.

13. Universities are places where students go to learn; therefore, universities should select and
evaluate their professors largely on the basis of their teaching ability, and support and honor
those who invest the most energy and talent in their teaching. In the earlier German-speaking
world, research was important but never eclipsed, let alone eliminated, the responsibility of
professors to be good teachers. If it is too di�cult for modern professors to balance teaching
and research, some professors’ positions could be designated primarily for teaching, and some
primarily for research. In that case, universities would need to avoid the pitfalls of giving
higher status to research professors than to teaching professors, or of using student tuition to
fund non-teaching research professors.

14. Employers, sponsors, and journals should evaluate scientists’ research proposals and results
on the basis of their true quality, innovation, and significance, not on the basis of the sheer



1762 CHAPTER 12. LEARNING FROM THE CREATORS

volume of a scientist’s papers or name recognition of people or places involved in the work.
In the German-speaking world, a lone and obscure patent clerk without a Ph.D. (Einstein)
could submit a highly insightful paper, have it be promptly published and carefully listened
to, and change the world as a result. How feasible would that be in the modern system?

(a) Peer reviewers could evaluate papers and research grant proposals more fairly if the
reviewers did not know the authors or institutions involved in the research. For that ap-
proach to work properly, it might also be necessary to avoid clues in the cited references,
resource lists, or other sections that might give the reviewers too much information about
the authors or institutions.

(b) Scientists should be evaluated based on the actual scientific quality and importance of
their work, as they generally were in the German-speaking world and in the early U.S.
research system. Evaluating scientists primarily on the basis of the sheer quantity of
their publications or where they appeared is a concept that arose in the modern system
and that does not give priority to the types of work, scientists, or research projects that
will actually have the greatest impact.

15. Scientists should strive to make their work more comprehensible and relevant to scientists in
other fields, to government, and to the general public. Whereas scientists now seemingly seek
to invent more and more unnecessarily specialized language and isolated subfields, scientists
of all fields once rubbed shoulders in the co↵eehouses and symposia of the German-speaking
world.

16. Corporate leaders, managers, and workers should be rewarded on the basis of their contribu-
tions to the long-term potential and success of the company, not on the basis of tomorrow’s
stock price or next year’s product. In the German-speaking world and in the United States
of the 1940s–1960s, companies deliberately recruited, supported, rewarded, and profited from
leaders and scientists with successful long-term visions for revolutionary products.

17. In the German-speaking world, government laboratories such as the Kaiser Wilhelm Insti-
tutes and the military labs were strong centers of innovation that could very e↵ectively focus
on revolutionary research because they were free of both the teaching obligations of univer-
sities and the product manufacturing obligations of companies. In the United States of the
1940s–1960s, government-run laboratories such as Los Alamos, NASA centers, and U.S. Air
Force, Navy, and Army research labs enjoyed similar advantages and supported revolution-
ary innovators and innovations. Yet in the modern United States, many government-run and
government-funded laboratories now struggle through 70+ years of accumulated red tape to
continue working on technologies that have not been revolutionary for 70+ years.

(a) Any remaining truly essential functions that government laboratories perform regarding
those now extremely mature technologies should be transferred to much cheaper, sim-
pler contractors. Current government laboratories should be drastically restructured or
otherwise replaced with new government laboratories to eliminate their red tape and to
refocus them on new potentially revolutionary technologies.

(b) Modern government laboratories should make the most of their potential to combine the
best qualities of academia and industry and to avoid the worst qualities of each, just
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as such laboratories did in the German-speaking world and in the early U.S. research
system. In principle, government laboratories can avoid the teaching and constant paper-
publishing obligations of academia while emulating its focus on longer-term research, and
also avoid the obligations of industry to produce lucrative products in the short term
while retaining industry’s focus on applications instead of pure basic research.

18. Whereas many modern organizations view their employees as interchangeable and inexpensive
components to be replaced frequently and at will, older German organizations viewed their
employees as a valuable long-term resource to be cultivated (p. 1499). Modern organizations
should adopt that same view, carefully hiring the best job applicants; paying and treating
them very well; giving them the training, resources, time, freedom, and support they need to
be as successful as possible; and recognizing and rewarding their accomplishments. Having
the best employees with the best resources will help an organization be as innovative and
productive as possible in the long term, and will also help it continue to hire and support
new employees to maintain that tradition.
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12.2.3 Lessons for Individual Scientists and Engineers

While individual scientists and engineers are very unlikely to be able to exert control over the whole
research system or even part of it, they can control their own careers. Based on this study comparing
the earlier innovation systems with the present system, options and suggestions for individuals are
given below and summarized graphically in Fig. 12.1.

1. Everyone should be very cognizant that the modern innovation system is divided into aca-
demic, corporate, and government research sectors, and that in general each is currently
su↵ering from deep-seated problems outlined in Sections 1.1 and 11.3. If someone is inter-
ested in science but would like to avoid those problems by pursuing a career not in scientific
research and development, there are a large number of potentially fulfilling and potentially
lucrative careers that involve science but not R&D. To give just a few examples, one might
consider:

(a) Becoming a medical doctor, nurse, veterinarian, or other healthcare worker.

(b) Practicing law in science-related areas such as writing patent applications or negotiating
technology licensing agreements.

(c) Pursuing a business or finance career in science-related areas, for example by evaluating
scientific ideas for venture capital firms, or by earning business or finance degrees to
work in corresponding positions in science-related companies.

(d) Teaching science or math subjects at K-12 grade levels or at a community college.

(e) Producing and/or selling scientific or medical tools, equipment, or supplies, or even
educational scientific kits and toys.

(f) Writing or o↵ering science advice for science fiction films, television shows, novels, comics,
etc.

2. Because the problems in the modern innovation system are so pronounced, only someone who
feels strongly personally compelled to pursue a career in scientific R&D should do so. After
having studied the problems in the academic, corporate, and government research sectors, if
someone finds one of those sectors preferable to the other two and is willing to endure its
known di�culties for the duration of a career, that can be a clear and well-informed choice:

(a) Some individuals will be most willing to live with the problems in academic research.

(b) Some individuals will be most willing to live with the problems in corporate research.

(c) Some individuals will be most willing to live with the problems in government research.

(d) If someone feels personally compelled to pursue an innovative scientific career and yet is
not satisfied with the current state of the academic, corporate, and government research
sectors, the available options involve harder choices and murkier information.
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3. One possibility for intrepid young innovators is to seek areas where R&D funding for new
projects might be more readily available than is the case in the mainstream system:

(a) Some corner of the existing research system may still be conducive to revolutionary
innovation, especially if it is nurtured and protected by an enlightened despot like those
of earlier times—perhaps a particularly farsighted corporate CEO/owner/investor/senior
manager, philanthropist, university administrator, or defense or intelligence sponsor.

(b) Some field that is so incredibly old, so new, such a novel combination of existing fields, or
so o↵beat that it is not filled to overflowing with peer-reviewed competitors may a↵ord
better opportunities.

(c) There might be better funding prospects for new innovators and innovations in those
few countries that still have steadily increasing investments in R&D.

4. Another possibility, though only for the very courageous individual, would be to try to improve
some specific part of one of the existing research sectors (academic, corporate, or government).
Several guidelines should be kept in mind:

(a) Before proceeding down this path, one should very carefully select which specific part
of which research sector to try to improve, and equally carefully plan exactly how that
improvement could be realistically accomplished.

(b) One should expect fierce resistance from the existing system at every step of the way.

(c) One should recognize from the outset that there is a high probability any e↵ort at
reform or improvement will fail, no matter how well intentioned, carefully planned, and
diligently executed it might be.

(d) Anyone advocating for improvement should seek supportive allies at all levels from high
government positions to physical plant maintenance. That is sound advice for any pur-
suit, but especially critical if a reformer is to have any hope of success.

5. If someone feels personally compelled to pursue innovative R&D and is not satisfied with (or
cannot access) any of the options outlined above, the remaining possibility is to try to pursue
a research career outside of the o�cial sectors. Several keys are important to make this sort
of career path possible:

(a) In the absence of financial support from the academic, corporate, or government re-
search sectors, it is necessary to seek and obtain alternative sources of financial support
for independent scientific work. The nature of those alternative sources will depend upon
an individual’s specific circumstances, interests, and opportunities, but could range any-
where from taking a normal job that pays well but allows enough outside time for research
(e.g., Swiss patent clerk), to marrying into wealth, to accepting internet donations or
crowdfunding.
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(b) It is critical to identify and focus on projects that can be accomplished with limited
labor (often only that of the individual, or even just some fraction of the individual’s
time) and very limited equipment, supplies, and other resources. Those considerations
will likely limit any work to theoretical analyses or at best very small-scale experimental
research.

(c) Two or more individuals interested in the same or similar areas might pool their time and
resources in order to accomplish more and to provide mutual encouragement. Among
other possibilities, one might establish or join a “maker space,” amateur science club,
scientific co-op, or other organization.

(d) No matter how high the quality of an una�liated individual’s work might be, that per-
son will likely have great di�culty getting proper consideration from scientific journals,
government patent o�ces, or corporate technology licensing o�ces. Therefore, without
necessarily giving up on those establishment methods for output, one should seriously
consider alternative methods of output for any significant scientific results, including
freely releasing results on the internet without any possibility of monetary gain in hopes
of maximizing the ultimate impact of those results.

6. Based on the examples of successful creators from the earlier research systems, modern indi-
viduals should follow these practices both for finding/creating a suitable job (which requires
innovative problem solving in its own right) and for conducting innovative research:

(a) No matter how limited your time, resources, and options may be, practice innovation
right now and every day after that, rather than hoping to start later on down the road.
Brainstorm for new ideas for innovative research projects, make a list of the ideas, and
add to that list every time you think of a new idea, day or night. Constantly consider
various ways in which those ideas could be analyzed theoretically, computationally, or
experimentally, or how they could be developed in part or in whole into models or
prototypes. Seek outside input to correct or supplement your ideas, but do not simply
copy what others say or do. To be as successful as possible at scientific innovation, you
must practice it from as early an age as possible, and as much as possible (just like any
other skill).

(b) Constantly seek out resources and opportunities to test or develop any of the inno-
vative ideas from your list, and keep your eyes open for opportunities that may arise
spontaneously.

(c) Employ a top-down systems analysis approach [Zwicky 1969] to identify first the most
important problems to work on, and then the range of possible solutions for those prob-
lems, and finally out of those possibilities the best solutions for the best problems that
one could pursue, all subject to the constraints of your own particular talents, resources,
and opportunities.

(d) Study multiple fields, and multiple areas within a field. Having multidisciplinary ex-
pertise can enable you to make contributions in di↵erent fields (as opportunities arise),
achieve new results by applying knowledge and methods from one field to another, and
use your broader view to guide your work away from less productive areas and toward
more productive ones.
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(e) Actively seek out people who are as close to being enlightened despots as you can find—
individual people who (i) are most inclined to support the sort of innovative research you
would like to do and (ii) are best able to o↵er you financial support, political support,
and/or useful advice.

(f) Present your research in such a way that it will be comprehensible to scientists outside
that particular field and also to non-scientists. Along the way, actively maximize your
interactions with scientists in other fields in a variety of environments, in order to cross-
pollinate ideas.

(g) Wherever and however possible, help inspire, train, support, and reward aspiring sci-
entists who are younger than you. Although you may have few resources, a younger
aspiring scientist will probably have even fewer than you do. You could be the closest
thing to an enlightened despot that they will find.
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Figure 12.1: Options for individual scientists and engineers.
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12.2.4 Lessons for Scholars of Past, Present, & Potential Future Innovation
Systems

Due to limitations of time, resources, and length, this study could only give an overview of some of
the issues involved in revolutionary scientific innovation in the historical German-speaking world
and in the United States. Issues that were briefly introduced in this study deserve to be investigated
and written up in far more detail. Many related areas could not be addressed at all in this study,
yet warrant thorough exploration in their own right. For convenience, all of these issues for further
study may be categorized on the basis of whether they primarily focus on past, present, or potential
future innovation systems.

Some questions that should be further investigated by scholars of past innovation
systems include:

1. What factors helped or hindered revolutionary scientific innovation in the German-speaking
world:

(a) Prior to 1800?

(b) From 1800 to 1945? Is there other evidence to support or refute the factors proposed in
Chapter 10? Is there evidence for major factors that were not considered in Chapter 10?
(See p. 1544 for some possibilities.)

(c) After 1945 (on both sides of the Iron Curtain)?

How could knowledge about those historical factors be applied to improve modern innovation
systems?

2. What factors helped or hindered the U.S. innovation system:

(a) Prior to the 1940s?

(b) During the 1940s–1960s? Is there other evidence to support or refute the factors proposed
in Chapter 11? Is there evidence for major factors that were not considered in Chapter
11? (See p. 1544 for some possibilities.)

(c) After the 1960s? Is there other evidence to support or refute the factors proposed in
Chapter 11? Is there evidence for major factors that were not considered in Chapter 11?

How could knowledge about those historical factors be applied to improve modern innovation
systems?



1770 CHAPTER 12. LEARNING FROM THE CREATORS

3. What factors helped or hindered the historical innovation systems in:

(a) United Kingdom?

(b) France?

(c) Russia/Soviet Union?

(d) Scandinavian countries?

(e) Italy?

(f) Japan?

(g) Other countries?

How could knowledge about those historical factors be applied to improve modern innovation
systems?

4. What were the major innovators, leaders, details, timeline, and maximum extent of the his-
torical German-speaking world’s contributions in:

(a) Molecular and cellular biology, including DNA, RNA, proteins, immunology, cancer,
antibiotics, vaccines, fermentation, biotechnology, o↵ensive and defensive biological war-
fare, etc.?

(b) Chemical weapons more advanced than tabun, sarin, and soman?

(c) Microelectronics, including diodes, transistors, laser diodes, other semiconductor devices,
printed circuits, integrated circuits, computers, robotics, guidance systems, encryption
systems, photocopiers, etc.?

(d) Directed energy technologies, including lasers, masers, ion beams, electron beams, neu-
tron or other neutral particle beams, electromagnetic pulse, X-ray and gamma-ray beams,
ultraviolet beams, infrared beams, microwave beams, acoustic beams, electric and/or
magnetic railguns, etc.?

(e) Nuclear technologies, including fission reactors, fission weapons, fusion reactors, fu-
sion weapons, nuclear aircraft propulsion, nuclear rocket propulsion, nuclear submarine
propulsion, transuranic isotope production and characterization, etc.?

(f) Advanced aerospace technologies, including intercontinental jet aircraft, multistage rock-
ets, intercontinental ballistic missiles, submarine-launched missiles, manned spacecraft,
space planes and space shuttles, reentry systems, large liquid propellant rocket engines,
solid propellant rockets, electric rocket propulsion technologies, and space stations?

(g) Other areas in biology and medicine?

(h) Other areas in chemistry and materials science?
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(i) Other areas in earth and space science?

(j) Other areas in physics and applied mathematics?

(k) Other areas in electrical and electromagnetic engineering?

(l) Other areas in mechanical engineering?

(m) Other areas in nuclear science and technology?

(n) Other areas in aerospace engineering?

Because Allied documentation (foreign scientist case files; Alsos, BIOS, CIOS,
FIAT, JIOA, and NavTecMisEu reports; etc.) on German and Austrian re-
search is so extensive yet only accessible as paper documents in a few national
archives, it would be extremely helpful if the German and Austrian govern-
ments would fund scholars to photograph or digitize those documents and
make them available on the internet. Such a step would greatly enhance the
general understanding of all of the above areas.

5. How did family traditions, immigration status, and cultural backgrounds a↵ect the production
of creators?

(a) What aspects of Jewish family life in the early German-speaking and U.S. systems, East
Asian or South Asian family life in the modern U.S. system, or other family backgrounds
resulted in a far larger percentage of creators having those backgrounds than was true
for the entire population in those countries?

(b) What aspects of being an immigrant, or the descendant of people who immigrated in a
recent previous generation (for example, parents or grandparents), resulted in a far larger
percentage of creators having that background than was true for the entire population
in those countries?

(c) What aspects of the general culture in various countries made it less likely that children
of families that had been in those countries for many generations would become successful
scientific innovators? What cultural aspects encouraged children to be less intellectually
driven, or if intellectually driven less inclined toward a career in scientific research, or if
scientists less creative or less successful?

6. For the most successful scientific enlightened despots in the German-speaking world, early
U.S. system, or other research systems:

(a) How did the system select the best despots and measure their success during their
careers?

(b) What criteria and methods did the best despots use to select the most promising new
innovators and innovations?
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(c) What managerial, political, and financial methods did the despots use to ensure proper
support for their own positions and for the scientists that they backed?

(d) How did the system best support the despots and the scientists that they backed?

7. What were the major creators, creations, innovation methods, and transfer methods involved
in transferring innovations from the German-speaking world to:

(a) Other countries before the Third Reich?

(b) Other countries during the Third Reich?

(c) The United States after the Third Reich?

(d) The Soviet Union after the Third Reich?

(e) The United Kingdom after the Third Reich?

(f) France after the Third Reich?

(g) Other countries after the Third Reich?
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Some questions that should be further investigated by scholars of present innovation
systems include:

1. What factors help or hinder the current innovation systems in:

(a) The United States?

(b) China?

(c) Japan?

(d) Germany?

(e) South Korea?

(f) India?

(g) France?

(h) United Kingdom?

(i) Russia?

(j) Singapore?

(k) Other countries?

How could knowledge about those factors be applied to improve the innovation systems in
other countries?

2. What fractions of modern corporate R&D funding are spent on:

(a) Products for which some version and/or competitor is already on the market?

(b) Products that reach the market within one, two, three, four, five, or more years?

(c) Products that never reach the market?

How do those figures compare to statistics from earlier times or from other countries? What
do the results say about the current level of innovation, creative risk, and long-term planning
in the modern corporate R&D system?

3. On average, how much time does a modern principal investigator at a government-funded
and/or government-run laboratory spend on:

(a) Actual research—designing and carrying out experimental or theoretical research?

(b) Work that is not actual research—writing grant applications, writing up progress reports
and papers, seeking bureaucratic approvals, attending meetings, etc.?
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How do those results compare with statistics from earlier times or from other countries?

4. On average, how much time does a modern university professor spend on:

(a) Actual teaching?

(b) Actual research—designing and carrying out experimental or theoretical research?

(c) Work that is not actual research or teaching—writing grant applications, meeting with
sponsors or donors, writing up progress reports and papers, serving on peer review
committees, attending other meetings, etc.?

How do those results compare with statistics from earlier times or from other countries?
What do the results say about the quality of education and research in the modern academic
system?

5. What is the average age at which a modern principal investigator is truly free (in a position
of long-term employment; provided with su�cient funding, equipment, labor, and time; etc.)
to propose and pursue their own entirely original scientific research projects? How do those
results compare with statistics from earlier times or from other countries?

6. Why has the average cost of university education (at least in the United States, and possibly
in other countries) risen much faster than the inflation rate for several decades? What frac-
tions of those increases went toward administrators, buildings, university endowments, direct
improvements in teaching, direct improvements in research, direct improvements in student
life, etc.?

7. Why has the average cost of K-12 and university textbooks (at least in the United States,
and possibly in other countries) risen much faster than the inflation rate for several decades?
If publishers can profitably sell much lower-priced “international editions” of those same
books outside of the United States, why can or do they not profitably sell editions of those
books within the United States for the same lower prices? Why are textbooks so much more
expensive than other types of books, even other types of books that require the same level of
detail and editing as textbooks?

8. What fraction of the scientific work published each year is freely available online without
registrations, memberships, subscriptions, pay-per-article firewalls, conference costs, having
to find or purchase a copy of a book or journal, etc.?
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Some questions that should be further investigated by scholars of potential future
innovation systems include:

1. In addition to lessons that can be learned from past or present innovation systems, what
entirely new strategies can be devised for improving innovation systems? How could those
strategies be tested at a smaller scale to measure and optimize their e↵ectiveness and to
minimize any negative consequences before implementing them at a large scale?

2. Given the capabilities of the internet and the desirability to minimize costs while maximiz-
ing the accessibility and quality of education, what is the best system for university-level
education and degrees?

3. What are the most e↵ective ways to inspire young students to want to become scientific
innovators?

4. What are the best strategies for finding the most innovative students and giving them the
skills, resources, support, and freedom to create revolutionary innovations?

5. Are there better alternatives for research funding decisions than peer review? If some fraction
of research funding and hiring decisions were entrusted to scientific enlightened despots, what
would be the best way to select despots with the greatest discernment and skill? Even letting
successful despots select new despots could lead to a decline in quality, like the gradual decline
of early Christian popes or the abrupt end of the “Five Good Emperors” of the Roman Empire.

6. Are there better alternatives for publication than the current system of peer review in (mostly)
highly specialized journals? What are the best ways to disseminate researchers’ results while
(a) enforcing standards for scientific quality, (b) making the results as widely and freely
accessible as possible, and (c) reducing the glut of virtually unread and insignificant papers?
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12.3 Afterword

I believe that the ability to create revolutionary scientific innovations is a noble and all-too-rare
skill that has transformed the world (mostly for the better) over the past millennia, and that has
the potential to further improve the world in the future. While a certain number of revolutionary
scientific innovators can arise spontaneously in almost any environment and may sometimes find just
the right opportunities to realize their creations, a far larger number of revolutionary innovators and
innovations can be produced if there is a system that actively inspires and trains new revolutionary
innovators, and then diligently supports and rewards them for developing revolutionary innovations.
By researching, writing, and presenting this book, I have endeavored to o↵er what I hope is a new
and useful perspective on the past, the present, and the possible future of systems for promoting
revolutionary scientific innovation.

In science and engineering, it is helpful to represent complex signals or data as the sum of several
di↵erent simple signals of steadily decreasing size and importance, with the simple individual signals
sometimes interacting with each other in nonlinear and less easily predictable ways. Likewise, I
believe it can be useful to view the complexities of history as the sum of many di↵erent simple
forces and movements, from larger and more dominant ones to smaller and less significant ones;
sometimes those simple individual historical forces interact with each other in nonlinear and less
predictable ways.

The history of revolutionary scientific innovation covers the world, spans thousands of years, and
includes countless individual larger and smaller forces as well as their nonlinear interactions. I
have not even attempted to tackle that complete picture and that complete set of forces. Rather, I
have endeavored to illuminate one of those individual forces, the predominantly German-speaking
scientific world of the nineteenth and early twentieth centuries, which served as an engine for
producing enormous numbers of revolutionary scientific innovators, who in turn produced huge
numbers of revolutionary scientific innovations. I believe that most historians, scientists, and leaders
have not had a proper understanding of the accomplishments, the methods, and the importance of
that earlier German-speaking innovation engine.

Based upon data such as that summarized in this book, I would like to propose a theory, and to
encourage others to consider it, modify it, prove it, disprove it, or o↵er alternatives to it:

The German-speaking world of the nineteenth and early twentieth centuries was the strongest
(though certainly not the only) engine for producing revolutionary scientific innovators during
its time, and quite possibly even the strongest (but not only) such engine in all of history.
That engine was carefully constructed and nurtured throughout the nineteenth and early
twentieth centuries, but then was seriously damaged in 1933 and almost entirely dismantled
in 1945.2 Thus it ceased to produce many new revolutionary scientific innovators around

2The Third Reich drove out, fired, imprisoned, and/or killed a large fraction of the scientific innovators. Most of
the remaining ones were mistreated and misused, even if some of their creations did receive lavish funding. The Third
Reich also caused huge numbers of its students (many of whom would have become future scientists) and some of its
existing scientists to die fighting in the war, made the schools and universities highly ideological and dysfunctional,
and made scientists focus their energies solely on developing military projects without also refilling the research
pipeline by training the next generation of innovators and making new discoveries in fundamental science. Even if
the Third Reich had won the war, the German-speaking scientific world that had been so carefully cultivated by
earlier generations would have been destroyed. As it was, the Third Reich lost, and most of the remaining scientists
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1933–1945. (Rebuilding the German-speaking research world after 1945 took decades, and
one could debate whether the rebuilt German-speaking research world more closely resembles
the earlier German-speaking world or the rest of the postwar scientific world.)

Newly educated and empowered revolutionary scientific innovators tend to have rather specific
visions of the revolutionary scientific innovations that they would like to create and perfect.
Succeeding waves of innovators that were produced by the German-speaking world through-
out the nineteenth and early twentieth centuries created and perfected succeeding waves of
microbiology discoveries, applied chemistry methods, earth science discoveries, physics the-
ories, electromagnetic devices, mechanical inventions, and early aircraft. The final wave of
revolutionary innovators produced by the German-speaking engine before its 1933–1945 de-
cline and demise immediately fixed their sights on antibiotics and biotechnology, synthetic
drug molecules and polymers, high-energy physics and cosmology, microelectronics and com-
puters, sophisticated automobiles and submarines, nuclear reactors and nuclear weapons, and
jets and rockets. Beginning during the period 1933–1945 and continuing for the remaining
decades of their careers, that final wave of German-speaking scientific innovators made those
visions a reality, the fabric of the modern world in which we now live.

I would also like to suggest two corollaries to my theory for people to debate, and I believe that
they too are supported by data such as that presented in this book:

1. If the German-speaking engine of the nineteenth and early twentieth centuries had never
existed, most of the revolutionary innovators it produced would never have existed, and they
would never have been able to create their revolutionary innovations. In that case, the state
of science and engineering in the modern world might have been many years or even decades
less advanced than it currently is. (Naturally, some revolutionary German-speaking innovators
would have found a way to develop and to succeed even in the absence of a nurturing system,
and the rest of the world would have continued to produce some revolutionary innovators and
innovations, although I believe at a slower rate.)

2. The world’s primary engine for producing revolutionary scientific innovators was one of the
least recognized casualties of World War II, yet perhaps the one with the longest lasting and
most widespread consequences. If the German-speaking engine had not been damaged and
dismantled in 1933–1945, but rather had continued to function or even to grow, the state of
science and engineering in the modern world might be decades more advanced than it currently
is. What revolutionary scientific innovations would have been conceived and developed by
the wave of new revolutionary innovators that the fully functional German-speaking engine
might have produced by 1960? By 1980? By 2000? Today? What revolutionary medicines
and materials might we have developed by now? What power sources and vehicles might we
have had by now? How far might human settlements have ventured into the oceans and into
space by now? (Of course, even after the end of the German-speaking engine in 1945, the
world continued to produce some new revolutionary innovators and innovations, yet I would
suggest not at the same rate as what the German-speaking engine had produced or what it
might have continued to produce.)

and all of their innovations were removed and divided among the Allied countries, which generally used them up for
short-term gain instead of leveraging them as a long-term investment to help create and support large numbers of
new revolutionary innovators.
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Nevertheless, the ultimate purpose of this book is not to get lost pondering the possibilities of
the past, but rather to contemplate potential strategies for the future. If the world previously
constructed an e↵ective engine for creating huge numbers of revolutionary scientific innovators and
innovations, it can assemble another such engine, or maybe even a better engine, now. We need
not debate whether it is possible to create such an engine of revolutionary innovation. We need
not wonder how we might build such an engine. We just need to fully remember the Forgotten
Creators, and to learn all that we can from them.


