
Chapter 8

Creators and Creations in Nuclear
Science and Engineering

Ins Ewige wiederholen...
. Keiner gönnt das Reich
Dem andern; dem gönnt’s keiner,
. der’s mit Kraft erwarb
Und kräftig herrscht.
. Denn jeder, der sein innres Selbst
Nicht zu regieren weiß,
. regierte gar zu gern
Des Nachbars Willen,
. eignem stolzem Sinn gemäß...
Hier aber ward ein großes Beispiel
. durchgekämpft:
Wie sich Gewalt
. Gewaltigerem entgegenstellt, [...]
Das wird sich messen.
. Weiß die Welt doch, wem’s gelang.
Wachfeuer glühen,
. rote Flammen spendende,
Der Boden haucht
. vergoßnen Blutes Widerschein, [...]
Der Zelten Trug verschwindet,
. Feuer brennen blau.
Doch über mir!
. welch unerwartet Meteor?
Es leuchtet und beleuchtet
. körperlichen Ball.

It repeats eternally...
. No one freely gives the realm
To another;
. to the one whose power won it
And whose strength rules.
. For everyone, who does not even know
How to govern his own inner self,
. would all too gladly rule over
His neighbour’s will,
. prompted by his own proud mind...
But here a great example was
. fought to the end,
How force battles
. against a greater force, [...]
This is tested.
. The world knows who won.
Bonfires glow,
. sending out red flames:
The ground is soaked
. with images of spilled blood, [...]
The illusion of dwellings vanishes;
. the fires burn blue.
But overhead,
. what sudden meteor is this?
It shines and illuminates
. the whole world.

Johann von Goethe. 1832. Faust Part Two.
Act II. Klassische Walpurgisnacht. Erichtho.
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A very large number of creators and creations in the field of nuclear science and engineering came
from the predominantly German-speaking central European research world.1 German-speaking con-
tributions to early nuclear science are well documented and widely accepted, and include:

1. Nuclear diagnostics and therapeutics

2. Radiation detectors

3. Particle accelerators

4. Models of the atomic nucleus

5. Nuclear fission reactions

6. Nuclear fusion reactions

German-speaking contributions to specific engineering applications of that science are a much more
complex topic, and far less well known by the general public in the modern world. In fact, German-
speaking scientists played decisive roles not just in the world’s first nuclear engineering program,
but in all three of the world’s first nuclear engineering programs:

7. The wartime and postwar U.S./U.K. nuclear program

8. The wartime German nuclear program

9. The postwar Soviet nuclear program

There is significant evidence that German-speaking scientists and their technologies played critical
roles in additional nuclear programs as well—France, Israel, etc.—but for reasons of length this
book will only focus on those earliest three programs. For a presentation and analysis of evidence
that the wartime German nuclear program was much larger and more advanced than has been
generally recognized, see Appendix D.

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.

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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Some well-known aspects of nuclear science were discovered outside the German-speaking world.2

Marie and Pierre Curie, as well as their daughter and son-in-law Irène and Frédéric Joliot-Curie,
characterized several radioactive elements at their Paris laboratory. Ernest Rutherford pioneered the
methods of experimental nuclear physics as he moved his lab from McGill University in Montreal to
the University of Manchester to the University of Cambridge. Enrico Fermi conducted early nuclear
physics experiments at his lab in Rome, before moving to the United States, where he played a key
role in the Manhattan Project.

On the other hand, a large number of major early nuclear discoveries came from the German-
speaking world, as illustrated by the numerous examples in this chapter.3

8.1 Nuclear Diagnostics and Therapeutics

X-rays were discovered by Wilhelm Röntgen (German, 1845–1923) in 1895. Ludwig Zehnder (Swiss,
1854–1949, also known for the Mach-Zehnder interferometer—p. 898) was making detailed whole-
body X-ray photographs of humans by 1896; see Fig. 8.1. Of course, X-rays are still widely
used for everything from medical exams and dental checkups to airport baggage screening and
mechanical parts inspections. Wilhelm Röntgen won the first Nobel Prize in Physics in 1901.
At that first Nobel Prize ceremony, C. T. Odhner, President of the Royal Swedish Academy
of Sciences, explained why the importance of Röntgen’s work was already evident to the world
[https://www.nobelprize.org/prizes/physics/1901/ceremony-speech/]:

The Academy awarded the Nobel Prize in Physics to Wilhelm Conrad Röntgen, Profes-
sor in the University of Munich, for the discovery with which his name is linked for all
time: the discovery of the so-called Röntgen rays or, as he himself called them, X-rays.
These are, as we know, a new form of energy and have received the name “rays” on
account of their property of propagating themselves in straight lines as light does. The
actual constitution of this radiation of energy is still unknown. Several of its charac-
teristic properties have, however, been discovered first by Röntgen himself and then by
other physicists who have directed their researches into this field. And there is no doubt
that much success will be gained in physical science when this strange energy form is
su�ciently investigated and its wide field thoroughly explored. Let us remind ourselves
of but one of the properties which have been found in Röntgen rays; that which is the
basis of the extensive use of X-rays in medical practice. Many bodies, just as they allow
light to pass through them in varying degrees, behave likewise with X-rays, but with the
di↵erence that some which are totally impenetrable to light can easily be penetrated by
X-rays, while other bodies stop them completely. Thus, for example, metals are impene-
trable to them; wood, leather, cardboard and other materials are penetrable and this is
also the case with the muscular tissues of animal organisms. Now, when a foreign body
impenetrable to X-rays, e.g. a bullet or a needle, has entered these tissues its location
can be determined by illuminating the appropriate part of the body with X-rays and

2See for example: Beyer 1949; Cronin 2004; Curie 1938; Fermi 1950; Fermi 1987; L’Annunziata 2016; Reeves 2008;
Segrè 1970; Weart 1979.

3See for example: Bethe 1991, 1997; Blatt and Weisskopf 1952; Brown and Lee 2006; Otto Hahn 1968; Irving 1967;
L’Annunziata 2016; Nachmansohn 1979; Rife 1999; Schweber 2012; Sime 1996; Szanton 1992; Wigner 1967.
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taking a shadowgraph of it on a photographic plate, whereupon the impenetrable body
is immediately detected. The importance of this for practical surgery, and how many
operations have been made possible and facilitated by it is well known to all. If we add
that in many cases severe skin diseases, e.g. lupus, have been successfully treated with
Röntgen rays, we can say at once that Röntgen’s discovery has already brought so much
benefit to mankind that to reward it with the Nobel Prize fulfils the intention of the
testator to a very high degree.

Leopold Freund (Austrian, 1868–1943) and Eduard Schi↵ (Austrian, 1849–1913) developed and
employed radiation therapy from 1896 onward (Fig. 8.2). As shown in Fig. 8.3, Freund wrote the
first medical textbook on radiation therapy in 1902 and published it in 1903 [Leopold Freund 1903].

Carl H. F. Müller (German, 1845–1912) began producing vacuum tubes in 1880 and X-ray tubes
in 1896. His company and its researchers remained at the forefront of producing instruments for
nuclear science until 1945.

During the period 1922–1924, Dirk Coster (Dutch, 1889–1950) developed X-ray spectroscopy, or
methods to separate di↵erent wavelengths of X-rays and use them to make new discoveries. Using
X-ray spectroscopy, Coster and George de Hevesy (Hungarian, 1885–1966) discovered hafnium in
1923 (p. 388).
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Figure 8.1: Wilhelm Röntgen discovered X-rays and made the first human X-ray in 1895. Ludwig
Zehnder made the first whole-body X-ray (a composite of nine X-ray films) in 1896.
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Figure 8.2: Leopold Freund and Eduard Schi↵ invented radiation therapy. In 1896, they used X-rays
to successfully treat a young girl with hairy growths on her entire back. They continued to develop
and employ radiation therapy in the following years.
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Figure 8.3: Leopold Freund wrote the first medical textbook on radiation therapy in 1902 and
published it in 1903 [Leopold Freund 1903].
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Di↵erent isotopes of the same chemical element have the same number of protons and same num-
ber of electrons (and hence the same chemical properties), but di↵erent numbers of neutrons; that
di↵erence in neutron number creates a measurable mass di↵erence, and also makes some isotopes
radioactive. Isotope labeling of chemical molecules was developed by George de Hevesy, Hilde Levi
(German, 1909–2003), Friedrich Paneth (Austrian, 1887–1958), and Rudolph Schoenheimer (Ger-
man, 1898–1941); see Fig. 8.4. The ability to follow labeled molecules as they pass through chemical
reactions, biological systems, and the environment revolutionized our understanding of chemistry,
biology, and earth science, and radioisotope labeled molecules continue to be widely used for medical
diagnostics and cancer therapeutics. De Hevesy won a Nobel Prize in Chemistry in 1943. Professor
A. Westgren, member of the Nobel Committee for Chemistry, explained how extensive de Hevesy’s
work and its applications were [https://www.nobelprize.org/prizes/chemistry/1943/ceremony-speech/]:

This discovery was made some ten years ago and the study of chemical processes by
means of radioactive markers has since then been carried to such a point that it is now
widely used in laboratories throughout the world. De Hevesy has remained the prime
mover in this new field of activity and much first-class and important research has been
carried out by him and his co-workers. [...]

Phosphorus is an extremely important element in biological processes. The knowledge of
its functions in living organisms which has been acquired thanks to the use of radioactive
markers is therefore of the very greatest interest. De Hevesy succeeded in detecting where
and at what speed the various organic compounds of phosphorus are able to form and
the paths which they take in the animal organism. In order to form from a phosphate
which has been injected into the blood they must first penetrate into the cells. Acid-
soluble compounds of phosphorus form rapidly, whereas phosphatides closely related to
fatty substances are slower-forming. These latter form mainly in the liver, whence they
are carried by the blood plasma to the places where they will be consumed. De Hevesy
showed that the phosphatides of the chicken embryo are produced in the embryo itself
and that they cannot be extracted from the egg yolk.

De Hevesy also carried out several investigations with radioactive sodium and potas-
sium. He studied how physiological saline containing radioactive sodium which was
injected into a human subject first spread into the blood and then slowly penetrated
into the cells; he also studied the manner in which it is excreted. After 24 hours the
blood corpuscles had lost approximately half their sodium content.

In addition to the above-mentioned markers, several other active isotopes, such as mag-
nesium, sulphur, calcium, chlorine, manganese, iron, copper and zinc, have been used
for this type of research. In the case of the lighter elements it has also been possible
to use inactive isotopes such as heavy hydrogen, with an atomic weight of 2, nitrogen,
with an atomic weight of 15, and oxygen, with an atomic weight of 18. It is of course
less easy to determine the content of an inactive than of an active marker, but this
can be done by determinations of density or mass-spectrographically. To determine the
concentration of deuterium, or heavy hydrogen, which is twice as heavy as ordinary
hydrogen, is a relatively easy matter. De Hevesy used deuterium as marker in many
tests. He then noticed that a person who has drunk water containing heavy hydrogen
excretes deuterium in the urine after only 26 minutes. Frogs and fishes swimming in
water containing deuterium absorb it and, after about 4 hours, are in equilibrium with
the medium as far as the deuterium is concerned. Heavy nitrogen and heavy oxygen
have also been used in many investigations.
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Figure 8.4: George de Hevesy, Hilde Levi, Friedrich Paneth, and Rudolph Schoenheimer developed
isotope labeling of chemical molecules.
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Technetium, which is especially useful for radioisotope labeling due to its short half-life and readily
detectable gamma rays, was discovered in 1925 by Otto Berg (German, 1873–1939), Walter Noddack
(German, 1893–1960), and Ida Tacke Noddack (German, 1896–1978); see p. 385. Similarly, Berta
Karlik (Austrian, 1904–1990), shown in Fig. 8.5, worked out the radioactive decay process that
produces astatine, a previously undiscovered element (number 85) and ultimately an important
radioactive treatment for cancer.4

The principles of magnetic resonance imaging (MRI), also called nuclear magnetic resonance (NMR),
were developed by Felix Bloch (Swiss, 1905–1983) and I. I. Rabi (Austro-Hungarian by birth
and educated in the German-speaking scientific community, 1898–1988); see Fig. 8.6. For lay-
ing the foundations for MRI, Rabi won a Nobel Prize in Physics in 1944. At the award cere-
mony, Professor E. Hulthén praised the cleverness and utility of Rabi’s accomplishments [https://
www.nobelprize.org/prizes/physics/1944/ceremony-speech/]:

Let us now for a moment touch upon Rabi’s achievements in this field. Returning to the
essential point of the problem, let us put the question: How does the atom react to the
magnetic field? According to a theorem stated by the English mathematician Larmor,
this influence may be ascribed to a relatively slow precession movement on the part of
the electron and the atomic nucleus around the field direction—a gyromagnetic e↵ect
most closely recalling the gyroscopic movement performed by a top when it spins around
the vertical line. If the strength of the magnetic field is known, the magnetic factor of the
electron and of the atomic nucleus can also be estimated by this means, provided that
we can observe and measure these precessional frequencies. Rabi solved the problem in
a manner as simple as it was brilliant. Within the magnetic field was inserted a loop
of wire, attached to an oscillating circuit the frequency of which could be varied in the
same manner as we tune in our radio receiving set to a given wavelength. Now, when
the atomic beam passes through the magnetic field, the atoms are only influenced on
condition that they precess in time with the electric current in the oscillating circuit.
This influence might perhaps be described graphically: the nucleus performs a vault
(salto)—the technical term for which is a “quantum jump”—thereby landing in another
positional direction to the field. But this means that the atom has lost all chance of
reaching the detector and of being registered by it. The e↵ect of these quantum jumps
is observable by the fact that the detector registers a marked resonance minimum, the
frequency position of the registration being determined with the extraordinary precision
achievable with the radio frequency gauge. By this method Rabi has literally established
radio relations with the most subtile particles of matter, with the world of the electron
and of the atomic nucleus.

4As an aside, for this period in history, women appear to have been remarkably numerous and remarkably successful
in the greater German-speaking nuclear physics community. Hilde Levi, Ida Tacke Noddack, and Berta Karlik have
already been mentioned, and Marietta Blau, Maria Goeppert Mayer, and Lise Meitner are discussed in later sections.
While these were some of the most prominent women in the nuclear physics community, there were a number of
others as well. Unfortunately, even these most prominent women have been largely forgotten by history, except for
Meitner, who has been the subject of two major biographies in recent decades [Rife 1999; Sime 1996]. It would be
interesting to study whether other scientific fields had similarly large populations of female scientists who have been
neglected by historians, or if there were certain reasons that allowed women to go further in nuclear physics than in
many other fields of science and engineering at that time. (Of course, Marie Curie and her daughter Irène Joliot-Curie
are well-known examples of women who were successful in nuclear physics outside the German-speaking world.)
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Figure 8.5: Berta Karlik worked out the radioactive decay process that produces astatine, a pre-
viously undiscovered element (number 85) and ultimately an important radioactive treatment for
cancer.
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Figure 8.6: Felix Bloch and I. I. Rabi developed the principles of magnetic resonance imaging (MRI).
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Felix Bloch also won a Nobel Prize in Physics in 1952 for his own role in the development of
MRI and related techniques. 1952 Professor E. Hulthén, member of the Nobel Committee for
Physics, addressed him at the award ceremony [https://www.nobelprize.org/prizes/physics/1952/
ceremony-speech/]:

Professor Bloch. It would be di�cult in the few minutes at my disposal to try to give
the main features of the nuclear induction method for which you have been awarded
your Nobel Prize. It would be still more di�cult for me to give an exhaustive account
of the ways that led you to this invention.

You began your career as a theoretical physicist, well-known for your fundamental
contributions to the theory of metals.

When, quite unexpectedly, you went over to experimental research, this must have
been, I feel, with deliberation and assurance. For you had in your kitbag a tool of
extraordinary value, the method for the magnetic polarization of a beam of neutrons.
The inestimable value of possessing a good idea, of indefatigably testing and perfecting
it, is best illustrated by your precision-measurements of the magnetic moment of the
neutron, one of the most di�cult and at the same time most important tasks in nuclear
physics.

But ideas give birth to new ideas, and it was, as I understand, in this way that you
hit upon the excellent notion of eliminating the di�cult absolute determination of the
magnetic field by a direct measurement of the neutron moment in units of the proton
cycle (the nuclear magneton). According to your own account it was this solution which
finally led you to the nuclear induction method.

MRI was further developed by a number of scientists from the 1950s to the 1970s (most notably
the American chemist Paul Lauterbur and the British physicist Peter Mansfield) and is now widely
used for medical diagnostics and chemical analysis.

As shown in Fig. 8.7, Frans Penning (Dutch, 1894–1953), Wolfgang Paul (German, 1913–1993,
not to be confused with the theoretical physicist Wolfgang Pauli), and Hans Dehmelt (German,
1922–2017) developed electromagnetic mass spectrometers and electromagnetic ion traps (Pen-
ning traps) to confine small numbers of ions of di↵erent elements for direct measurements. For
that work, Paul and Dehmelt won the Nobel Prize in Physics in 1989. Professor Ingvar Lind-
gren of the Royal Swedish Academy of Sciences explained the importance of their innovations
[https://www.nobelprize.org/prizes/physics/1989/ceremony-speech/]:

An atom has certain fixed energy levels, and transition between these levels can take
place by means of emission or absorption of electromagnetic radiation, such as light.
Transition between closely spaced levels can be induced by means of radio-frequency
radiation, and this forms the basis for so-called resonance methods. The first method of
this kind was introduced by Professor I. Rabi in 1937, and the same basic idea underlies
the resonance methods developed later, such as nuclear magnetic resonance (NMR),
electron-spin resonance (ESR) and optical pumping. [...]

The dream of the spectroscopist is to be able to study a single atom or ion under
constant conditions for a long period of time. In recent years, this dream has to a large
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extent been realized. The basic tool is here the ion trap, which was introduced in the
1950s by another of this year’s laureates, Wolfgang Paul in Bonn. His technique was
further refined by the third laureate, Hans Dehmelt, and his co-workers in Seattle into
what is now known as ion-trap spectroscopy.

Dehmelt and his associates used this spectroscopy primarily for studying electrons, and
in 1973 they succeeded for the first time in observing a single electron in an ion trap, and
in confining it there for weeks and months. One property of the electron, its magnetic
moment, was measured to 12 digits, 11 of which have later been verified theoretically.
This represents a most stringent test of the atomic theory known as quantum electro-
dynamics (QED).

In a similar way, Dehmelt and others were later able to trap and study a single ion,
which represents a true landmark in the history of spectroscopy. The technique is now
being used in development of improved atomic clocks, in particular at the National
Institute for Standards and Technology (formerly the National Bureau of Standards) in
Boulder, Colorado.

Two other especially noteworthy scientists who worked on the medical implications and applications
of radiation were Nikolai Timofée↵-Ressovsky (Russian but worked in Germany 1925–1945, lived
1900–1981) and Karl Günter Zimmer (German, 1911–1988). Along with Max Delbrück, in 1935 they
published a groundbreaking paper on the e↵ects of radiation on genetic mutations and structure
(p. 85). They also studied applications of radiation in neuroscience and other areas of biology. In
1945, Timofée↵-Ressovsky, Zimmer, and some of their colleagues moved to Russia and continued to
study the biological e↵ects of radiation as part of the German-speaking scientific community there.
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Figure 8.7: Frans Penning, Wolfgang Paul, and Hans Dehmelt developed electromagnetic mass
spectrometers and electromagnetic ion traps.
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8.2 Radiation Detectors

German-speaking scientists developed the major electrical methods of detecting radiation. Hans
Geiger (German, 1882–1945) and Walther Müller (German, 1905–1979) developed Geiger coun-
ters or Geiger-Müller tubes between 1908 and 1928, while Heinrich Greinacher (Swiss, 1880–1974)
developed similar proportional or spark counters in 1920; see Fig. 8.8.

Marc Shampo and his scientific colleagues gave an overview of Geiger’s contributions [Shampo
2011]:

The German physicist Hans Wilhelm Geiger is best known as the inventor of the Geiger
counter to measure radiation. In 1908, Geiger introduced the first successful detector of
individual alpha particles. Later versions of this counter were able to count beta particles
and other ionizing radiation. The introduction in July 1928 of the Geiger-Müller counter
marked the introduction of modern electrical devices into radiation research. [...]

In 1925, Geiger accepted his first teaching position, which was at the University of
Kiel, Germany. Here, he and Walther Müller improved the sensitivity, performance,
and durability of the counter, and it became known as the “Geiger-Müller counter.”
It could detect not only alpha particles but also beta particles (electrons) and ionizing
photons. The counter was essentially in the same form as the modern counter.

In 1929, Geiger moved to the University of Tübingen (Germany), where he was named
professor of physics and director of research at the Institute of Physics. In 1929, while at
the Institute, Geiger made his first observations of a cosmic-ray shower. Geiger continued
to investigate cosmic rays, artificial radioactivity, and nuclear fission after accepting a
position in 1936 at the Technische Hochschule in Berlin, a position he held until his
death. In 1937, with Otto Zeiller, Geiger used the counter to measure a cosmic-ray
shower.

German-speaking scientists also created the major optical methods of detecting radiation; see Fig.
8.9. The development of X-ray photography by Röntgen and Zehnder has already been mentioned
in the previous section. Marietta Blau (Austrian, 1894–1970) demonstrated that photographic film
could also be used to make practical particle detectors during the period 1927–1937. Hartmut
Kallmann (German, 1896–1978) created organic scintillator particle detectors that emitted light
when radiation passed through them, and Karl Przibram (Austrian, 1878–1973) developed inorganic
scintillator detectors with that same property.
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Figure 8.8: Geiger-Müller radiation detectors were developed by Hans Geiger and Walther Müller.
Similar proportional and spark counter radiation detectors were developed by Heinrich Greinacher.
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Figure 8.9: Marietta Blau developed photographic film particle detectors, Hartmut Kallmann cre-
ated organic scintillator particle detectors, and Karl Przibram developed inorganic scintillator de-
tectors.
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Walther Bothe (German, 1891–1957, photo on p. 1344) developed methods of detecting a variety
of di↵erent types of radiation, including alpha particles in 1927, cosmic rays in 1929, and neutrons
in 1930. For this work, he won the Nobel Prize in Physics in 1954. Professor I. Waller, member
of the Nobel Committee for Physics, described Bothe’s accomplishments [www.nobelprize.org/
prizes/physics/1954/ceremony-speech/]:

Professor Walther Bothe, who shares this year’s Nobel Prize with Professor Born, began
his scientific activity as a theoretical physicist.

The work for which he has now been rewarded with the Nobel Prize was carried out
by him in Berlin actually as an experimental physicist. These labours were based on a
new use of counter tubes. A counter tube has the property of transmitting an electric
current when a charged particle, e.g. an electron, passes through it; and also, with
special contrivances, when a light particle collides with it. Bothe’s idea was to use two
counter tubes in such a manner that the two tubes would only register simultaneous
collisions. Such coincidences can only come from two particles emitted in the same
elemental process, or from a particle which has travelled through both tubes at high
velocity so that the time it takes for the particle’s passing from one tube to the other
can be neglected.

Bothe used this coincidence method in 1925 and also with improved apparatus about
ten years later in order to decide whether the energy rule as well as its complement,
the so-called impulse rule, is valid for every collision between a light particle and an
electron—as Einstein and Compton assumed—or whether those rules are valid only on
average for a large number of collisions—as Bohr and his collaborators had inferred.
By investigating light particles and electrons by the coincidence method, Bothe and his
co-workers were able to show convincingly that the rules mentioned are valid for every
individual collision. This result was of great significance in principle. The coincidence
method has been widely used in the study of cosmic radiation and is one of the most
important experimental aids in the investigation of cosmic radiation. This method was
first used in this way by Bothe when he was working with Kolhörster who had already
given important contributions in the field of cosmic radiation. Bothe and Kolhörster
used the coincidence method to pick out those particles in the cosmic radiation which
had travelled through two counter tubes. The absorption of cosmic radiation into various
materials was determined by placing layers of these substances between the tubes and
studying the corresponding reduction in the number of coincidences. It was found that
these particles are absorbed at about the same extent as the total cosmic radiation.
From the experiments the particularly important result was obtained, that at sea level,
cosmic radiation consists in the main of particles of very high penetration.

Bothe and other researchers later improved the coincidence method and extended its
field of application. This method has now become one of the most important aids in the
study of both nuclear reactions and cosmic radiation.

By many other discoveries and penetrating investigations also, Bothe has enriched our
knowledge in these fields in very great measure and has provided an important stimulus
to other researchers.

Following the suggestions of Heinz Maier-Leibnitz (German, 1911–2000), during the period 1953–
1958 Rudolf Mössbauer (German, 1929–2011) developed recoilless nuclear resonance absorption,
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which became known as the Mössbauer e↵ect or Mössbauer spectroscopy (Fig. 8.10). Mössbauer won
the Nobel Prize in Physics in 1961. Professor I. Waller, member of the Nobel Committee for Physics,
described the significance of this work [www.nobelprize.org/prizes/physics/1961/ceremony-speech/]:

Professor Rudolf Mössbauer’s investigations concern the emission and absorption of
gamma radiation by the atomic nuclei. This radiation is of the same kind as the light
and the radio waves. It is well known that incoming radio waves can be received only
if the receiver is tuned to the same frequency as the sender. Resonance is then taking
place. It has since long been tried to observe the corresponding phenomenon for nuclei,
where it is called “resonance absorption”. The method was to let gamma radiation from
some kind of nuclei act upon other nuclei of exactly the same kind. There is however
a certain di�culty connected with this experiment. The gamma radiation can be con-
sidered as made up of particles. When emitting a gamma particle the atom receives a
recoil whereby the energy and therefore also the frequency of the gamma radiation is
decreased. The same phenomenon occurs when the gamma particle is absorbed in the
receiving nucleus. The resonance will be completely destroyed if the frequency change
is not compensated for, as had been done already before Mössbauer’s work. Mössbauer
discovered experimentally and showed also theoretically that for atoms bound in a
solid, an appreciable part of the radiation can be emitted without frequency change
whereby the resonance absorption can be studied directly. This discovery was published
by Mössbauer in 1958. Because of the very small width of the gamma lines the reso-
nance is very sharp and can, as Mössbauer found, be influenced and finally inhibited by
the Doppler e↵ect if the source or the absorber for the gamma radiation is moved. The
velocities required depend upon the sharpness of the gamma line and can be as small
as some millimeters per hour.

Mössbauer’s discovery has been received with considerable interest. Research on the
Mössbauer e↵ect has been started at a great number of places. It has thereby been
possible to verify in the laboratory, fundamental consequences of Einstein’s theory of
relativity. Other important applications depend on the separation and displacement of
nuclear energy levels which occur in solids because of the influence of the surround-
ings. Many phenomena of this kind can in spite of their smallness be studied by the
Mössbauer e↵ect. It has been possible in this way to get most important information
on the properties of solids.

Mössbauer made his discovery when he investigated the resonance absorption on the
suggestion of Professor Maier-Leibnitz in München. He found then some unexpected
results which he investigated systematically and was thereby led to his discovery. [...]

Professor Mössbauer. While doing research for your doctor’s thesis you have discovered
an unexpected e↵ect which now bears your name. You have explained this e↵ect ex-
perimentally and theoretically, and thereby created a device which is of fundamental
importance in numerous realms of physics, and which is nowadays being investigated
and put to use in a large number of physical laboratories. By your discovery it has be-
come possible to examine precisely, numerous important phenomena formerly beyond
or at the limit of attainable accuracy of measurement.

All of these types of radiation detectors that were developed by German-speaking scientists are still
widely used today.
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Figure 8.10: Following the suggestions of Heinz Maier-Leibnitz, Rudolf Mössbauer developed re-
coilless nuclear resonance absorption, or Mössbauer spectroscopy.
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8.3 Particle Accelerators

Although it is not widely known, German-speaking scientists invented particle accelerators in the
1920s and did an enormous amount of work before, during, and after World War II to develop them
for various applications [Dippel 1992; Waloschek 2004, 2007, 2012; Burghard Weiss 1996].

Rolf Wideröe (Norwegian but studied and worked in Germany, 1902–1996) designed the first particle
accelerators in 1923 and spent decades developing and building particle accelerators. See Fig. 8.11.

Max Steenbeck (German, 1904–1981, Fig. 8.12) began developing particle accelerators in 1927 and
invented the first practical betatron (circular particle accelerator for electrons) in 1935.

Many other German-speaking scientists also developed and tested particle accelerators, including:

Manfred von Ardenne (German, 1907–1997)
Otto Baier (German?, 19??–19??)
Walther Bothe (German, 1891–1957)
Walter Dällenbach (Swiss, 1892–1990)
K. Fink (German?, 19??–19??)
Siegfried Flügge (German, 1912–1997)
Richard Gans (1880–1954)
Rudolf Kollath (German, 1900–1978)
Helmuth Kulenkamp↵ (German, 1895–1971)

H. Lange (German?, 19??–19??)
H. Salow (German?, 19??–19??)
Ernst Schiebold (1894–1963)
Heinz Schmellenmeier (German, 1909–1994)
W. Schmitz (German?, 19??–19??)
Gerhard Schumann (German, 1911–19??)
Bruno Touschek (Austrian, 1921–1978)
A. Weckesser (German?, 19??–19??)
W. Wiebe (German?, 19??–19??)

In the German-speaking world, work on particle accelerators focused on at least four di↵erent but
overlapping areas:

• Developing particle accelerator technology itself, including reaching higher and higher ener-
gies.

• Using particle accelerators to answer fundamental questions in nuclear physics and other
aspects of physics.

• Electronuclear breeding of weapons-grade fission fuel, and other applications relevant to devel-
oping nuclear weapons and nuclear reactors (see pp. 2769–2790, 3042–3048, and 3301–3302).

• Directed energy weapons (Section C.1). Many di↵erent versions of such weapons were under
development during the war; they would have fired a beam of high-energy electrons and/or
ions, or in some cases they would have harnessed the energy from those charged particles
to produce an intense beam of X-rays, a burst of high-energy neutrons, or other forms of
radiation. If some of the reports available in archives are correct, at least some of these
weapons apparently reached the stage of successful tests against laboratory animals or solid
targets.

See Section C.1 for more information.

Much more archival research should be conducted to unearth new information on the development
of particle accelerators in the German-speaking world, in order to determine exactly how far it
progressed and how much it influenced programs in other countries.
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Figure 8.11: Rolf Wideröe designed the first particle accelerators in 1923 and spent decades devel-
oping and building particle accelerators.
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Figure 8.12: Max Steenbeck began developing particle accelerators in 1927 and invented the betatron
for accelerating electrons.
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8.4 Models of the Atomic Nucleus

Scientists from the German-speaking world were largely responsible for developing detailed mathe-
matical models of the atomic nucleus, which were necessary for predicting various types of radioac-
tive decays and nuclear reactions [Karen Johnson 2004; Shaviv 2012]; see Figs. 8.13–8.16.

Serious study of the internal structure of the nucleus arguably began in 1913, when Kasimir Fa-
jans (Polish, 1887–1975) first worked out the radioactive displacement law of how alpha and beta
radioactive decay transform one element into another.

In 1935, Carl Friedrich von Weizsäcker (German, 1912–2007) published a remarkably comprehensive
and detailed mathematical model of the structure and energy levels of the nucleus (Figs. 8.15–8.16).
It is still widely used today to accurately predict nuclear decays and reactions, and is known as
the von Weizsäcker semi-empirical mass formula. Hans Bethe (German, 1906–2005) modified and
utilized von Weizsäcker’s formula in his own research. George Stetter (Austrian, 1895–1988) also
conducted very early and very meticulous comparisons of theoretical and experimental results of
nuclear energy levels and masses (Fig. 8.15).

George Gamow (Russian but educated and worked in Germany, lived 1904–1968) applied quantum
physics to nuclear models in order to explain the rates of alpha decay [Gamow 1932].

Victor Weisskopf (Austrian, 1908–2002) and John (Johann) M. Blatt (Austrian, 1921–1990) pro-
duced what was at the time (and arguably remains, apart from coverage of the shell model) the
most comprehensive theoretical compilation of information on nuclear structure [Blatt and Weis-
skopf 1952].

The most puzzling detail of nuclear models was working out the shell model of the “magic numbers”
of protons and neutrons that are required to fill di↵erent energy levels within the nucleus. Victor
Goldschmidt (Swiss, 1888–1947), Walter Elsasser (German, 1904–1991), and Kurt M. Guggen-
heimer (German, 19??–19??) made very insightful proposals in the 1930s that partially explained
the shell model’s magic numbers. The final details of the shell model were worked out in the 1940s
by Otto Haxel (German, 1909–1998), Johannes Hans Jensen (German, 1907–1973), Maria Goeppert
Mayer (German, 1906–1972), Hans Suess (Austrian, 1909–1993), and Eugene Wigner (Hungarian,
1902–1995).

Johannes Hans Jensen, Maria Goeppert Mayer, and Eugene Wigner won the 1963 Nobel Prize
in Physics for their contributions to nuclear models. Professor I. Waller, member of the Nobel
Committee for Physics, gave an overview of their contributions, as well as those of Walter Elsasser,
Otto Haxel, and Hans Suess [https://www.nobelprize.org/prizes/physics/1963/ceremony-speech/]:

In order to be able to calculate the motion of the nucleons it was, however, necessary
to know also the forces which act between them. A very important step in the inves-
tigation of these forces was taken by Wigner in 1933 when he found, deducing from
some experiments, that the force between two nucleons is very weak except when their
distance apart is very small but that the force is then a million times stronger than the
electric forces between the electrons in the outer part of the atoms. Wigner discovered
later other important properties of the nuclear forces.

Notwithstanding the e↵orts of many physicists our knowledge of the nuclear forces is yet
rather incomplete. It was therefore fundamentally important that Wigner could show
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that most essential properties of the nuclei follow from generally valid symmetries of
the laws of motion. Earlier Wigner had performed pioneering work by studying such
symmetries in the laws of motion for the electrons and had made important discoveries
by investigating e.g. those symmetries which express the fact that the laws mentioned
make no di↵erence between left and right and that backward in time according to them
is equivalent to forward in time. These investigations were extended by Wigner to the
atomic nuclei at the end of the 1930’s and he explored then also the newly discovered
symmetry property of the force between two nucleons to be the same whether either of
the nucleons is a proton or a neutron. This work by Wigner and his other investigations
of the symmetry principles in physics are important far beyond nuclear physics proper.
His methods and results have become an indispensable guide for the interpretation of
the rich and complicated picture which has emerged from recent years’ experimental
research on elementary particles. [...]

Wigner has made many other important contributions to nuclear physics. He has given a
general theory of nuclear reactions and has made decisive contributions to the practical
use of nuclear energy. He has, often in collaboration with younger scientists, broken new
paths in many other domains of physics.

It was found during the 1920’s and in particular during the 1930’s that the protons
and the neutrons each form particularly stable systems in an atomic nucleus when the
numbers of either kind of nucleons is one of the so-called magic numbers 2, 8, 20, 28,
50, 82 and 126. Several physicists, in particular Elsasser, tried to interpret the magic
numbers in analogy to Niels Bohr’s successful explanation of the periodic system of the
elements. It was then assumed that the nucleons move in orbits in a common field of
force and that these orbits are arranged in so-called shells which are energetically well
separated. The magic numbers should correspond to complete shells. This interpretation
was successful for light nuclei. It was, however, not possible to explain more than the
three first magic numbers and for many years another model dominated.

A paper published by Goeppert Mayer in 1948 marked the beginning of a new era in the
appreciation of the shell model. For the first time convincing evidence was there given
for the existence of the higher magic numbers and it was stressed that the experiments
support the existence of closed shells very strongly.

Somewhat later Goeppert Mayer and independently Haxel, Jensen and Suess published
the new idea, which was needed for the explanation of the higher magic numbers. The
idea was that a nucleon should have di↵erent energies when it “spins” in the same or
opposite sense as it revolves around the nucleus.

Goeppert Mayer and Jensen collaborated later on the development of the shell model.
They published together a book, where they applied the model to the extensive exper-
imental material on atomic nuclei. They gave convincing evidence for the great impor-
tance of the shell model in systematizing this material and predicting new phenomena
concerning the ground state and the low excited states of the nuclei. The general meth-
ods introduced by Wigner have been most important for the applications of the shell
model. It has also been possible to give a deeper justification of the shell model. Its
fundamental importance has thereby been further confirmed.



8.4. MODELS OF THE ATOMIC NUCLEUS 1301

Figure 8.13: Mathematical models of nuclear structure and decays were developed or improved
by Hans Bethe, John (Johann) Blatt, Walter Elsasser, Kasimir Fajans, George Gamow, Victor
Goldschmidt, K. M. Guggenheimer, Otto Haxel, and Werner Heisenberg.
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Figure 8.14: Mathematical models of nuclear structure and decays were also developed or improved
by Johannes Hans Jensen, Maria Goeppert Mayer, Lise Meitner, Georg Stetter, Hans Suess, Victor
Weisskopf, Carl Friedrich von Weizsäcker in 1935, and Eugene Wigner.
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Figure 8.15: Just a few examples of seminal works on nuclear models by German-speaking scientists.
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Figure 8.16: Nuclear binding energies in millions of electron-volts (MeV) as given by the von
Weizsäcker semi-empirical mass formula with shell model corrections, for nuclei with Z protons, N
neutrons, and A = Z +N nucleons.
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8.5 Nuclear Fission Reactions

Fission is the separation of a large (parent) nucleus into two smaller nuclei, and it can be either
spontaneous (essentially a form of radioactive decay) or induced by neutron absorption. In addition
to the two smaller nuclei, fission also generally produces a few loose neutrons and a large amount of
energy. If the loose neutrons from one fission reaction are absorbed by other nuclei and cause them
to fission as well, leading to the release of still more fission-inducing neutrons, a chain reaction can
occur. Because a chain reaction can cause many nuclei to undergo fission and release their energy
within a short period of time, it can be used to create everything from controlled fission power
reactors to uncontrolled fission explosives.

In 1934, fission reactions were first theoretically predicted by Ida Tacke Noddack (German, 1896–
1978), who together with her husband Walter Noddack (German, 1893–1960) had previously dis-
covered the elements rhenium and technetium (p. 385). See Figs. 8.17–8.18. In the following quote
from her often-overlooked but astonishing paper, Ida Noddack correctly predicted both neutron-
induced fission of uranium and neutron capture in uranium to produce element 93, which would
beta-decay to element 94 (plutonium) that could be easily chemically separated from the remaining
parent uranium [Noddack 1934]:

Man kann ebensogut annehmen, daß bei
dieser neuartigen Kernzertrümmerung
durch Neutronen erheblich andere “Kern-
reaktionen” stattfinden, als man sie bisher
bei der Einwirkung von Protonen- und
↵-Strahlen auf Atomkerne beobachtet hat.
Bei den letztgenannten Bestrahlungen
findet man nur Kernumwandlungen unter
Abgabe von Elektronen, Protonen und
Heliumkernen, wodurch sich bei schweren
Elementen die Masse der bestrahlten
Atomkerne nur wenig ändert, da nahe
benachbarte Elemente entstehen. Es wäre
denkbar, daß bei der Beschießung schw-
erer Kerne mit Neutronen diese Kerne in
mehrere größere Bruchstücke zerfallen, die
zwar Isotope bekannter Elemente, aber
nicht Nachbarn der bestrahlten Elemente
sind.

[...A]us dem �-strahlenden Element 93
das Element 94 entstehen müßte. Dieses
Element sollte man verhältnismäßig leicht
chemisch von 93 trennen können.

One could assume equally well that when
neutrons are used to produce nuclear
disintegrations, some distinctly new nu-
clear reactions take place which have not
been observed previously with proton or
alpha-particle bombardment of atomic
nuclei. In the past one has found that
transmutations of nuclei only take place
with the emission of electrons, protons, or
helium nuclei, so that the heavy elements
change their mass only a small amount to
produce near neighboring elements. When
heavy nuclei are bombarded by neutrons,
it is conceivable that the nucleus breaks up
into several large fragments, which would
of course be isotopes of known elements but
would not be neighbors of the irradiated
element.

[...B]eta decay of element 93 must produce
element 94. It should be relatively easy
to separate this element chemically from
element 93.
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At the Kaiser Wilhelm Institute for Chemistry in Berlin-Dahlem, Otto Hahn (German, 1879–1968)
and Fritz Strassmann (German, 1902–1980) experimentally demonstrated neutron-induced fission
of uranium into lighter elements in 1938 (Fig. 8.18), and published their results in January 1939
[Hahn and Strassmann 1939]:

[...] Bei der energetisch nicht leicht zu
verstehenden Bildung von Radiumisotopen
aus Uran beim Beschießen mit langsamen
Neutronen war eine besonders gründliche
Bestimmung des chemischen Charakters
der neu entstehenden künstlichen Radioele-
mente unerläßlich. Durch die Abtrennung
einzelner analytischer Gruppen von Ele-
menten aus der Lösung des bestrahlten
Urans wurde außer der großen Gruppe
der Transurane eine Aktivität stets bei
den Erdalkalien (Trägersubstanz Ba), den
seltenen Erden (Trägersubstanz La) und
bei Elementen der vierten Gruppe des
Periodischen Systems (Trägersubstanz
Zr) gefunden. Eingehender untersucht
wurden zunächst die Bariumfällungen,
die o↵ensichtlich die Anfangsglieder der
beobachteten isomeren Reihen enthielten.
Es soll gezeigt werden, daß Transurane,
Uran, Protactinium, Thorium und Ac-
tinium sich stets leicht und vollständig
von der mit Barium ausfallenden Aktivität
trennen lassen. [...]

[...] Since it is not easy to understand from
energy considerations how radium isotopes
can be produced when uranium is bom-
barded with slow neutrons, a very care-
ful determination of the chemical properties
of the new artificially made radioelements
was necessary. Various analytic groups of
elements were separated from a solution
containing the irradiated uranium. Besides
the large group of transuranic elements,
some radioactivity was always found in the
alkaline-earth group (barium carrier), the
rare-earth group (lanthanum carrier), and
also with elements in group IV of the peri-
odic table (zirconium carrier). The barium
precipitate was the first to be investigated
more thoroughly, since it apparently con-
tains the parent isotopes of the observed
isomeric series. The goal was to show that
the transuranic elements, and also uranium,
protactinium, thorium, and actinium could
always be separated easily and completely
from the activity which precipitates with
barium. [...]

The fission reaction results of Hahn and Strassmann were further analyzed in 1939 by Lise Meitner
(Austrian, 1878–1968, Fig. 8.18) and her nephew Otto Frisch (Austrian, 1904–1979, photo on p.
1319). The news of fission reactions provoked strong scientific and political responses around the
world, immediately launched major nuclear programs in Germany, the United States, and the
United Kingdom, aroused interest that eventually gave rise to serious nuclear programs in many
other countries, and of course made possible everything from fission reactors to fission bombs.

For his research on fission, Otto Hahn won the 1944 Nobel Prize in Chemistry, which was de-
layed by the war as well as his postwar internment at Farm Hall in the United Kingdom (p.
3164). In awarding the Prize, Professor A. Westgren of the Nobel Committee in Chemistry noted
[www.nobelprize.org/prizes/chemistry/1944/ceremony-speech/]:

In collaboration with Lise Meitner, with whom he has worked for nearly thirty years,
Hahn studied from 1936 to 1938 the products obtained by projecting neutrons on to the
heaviest elements, thorium and uranium. [...] But towards the end of 1938, Hahn, in an
investigation carried out with one of his young colleagues, F. Strassmann, found that
one of the products formed through the reaction of uranium with neutrons and which
had been assumed to be a kind of radium, behaved chemically in fact like barium. In
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January 1939 Hahn announced this discovery and expressed in very discreet terms the
daring opinion that on being allied with neutrons, the atoms of the heaviest elements
could split in half as it were and produce elements belonging to the middle of the
Periodic Table of the elements. [...]

Hahn’s discovery caused great surprise and evoked lively interest among the world’s
scientists. It was immediately made the object of important theoretical investigations
by Lise Meitner and Frisch, who based their study on the theory of the structure of
atomic nuclei developed by Bohr. [...]

Without equal in the art of the chemical identification of radioactive elements in minute
quantities, Hahn, together with his colleagues, paved the way for the chemical research
which had to be carried out on the numerous products of the splitting of heavy atomic
nuclei. [...]

The discovery of nuclear fission is very momentous and indeed dangerous, but even
more, it is full of promise. [...]

Hahn’s work has been inspired throughout by an invincible desire to solve the problems
which he has encountered.

For additional information on the history of nuclear fission research in the German-speaking world,
see Appendix D.
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Figure 8.17: The fission reaction rate depends on the potential energy peak or fission barrier that one
nucleus must pass through in order to become two separate nuclei. The parent nucleus undergoing
fission has Z protons, N neutrons, and A = Z +N nucleons.
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Figure 8.18: In 1934, Ida Tacke Noddack accurately predicted nuclear fission of uranium, and
also the production of a new fissile element 94 (plutonium). Otto Hahn and Fritz Strassmann
demonstrated uranium fission reactions in their 1938 experiment, and then Lise Meitner and her
nephew Otto Frisch provided further theoretical analysis.
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8.6 Nuclear Fusion Reactions

In fusion, two small nuclei join together to form a larger nucleus, generally releasing a large amount
of energy in the process. Forcing small nuclei together even though they are positively charged
and repel each other typically requires enormous thermal energies (temperatures) and pressures.
If fusion fuel is so dense and so well confined that the energy released by one fusion reaction is
trapped within the fuel and triggers additional fusion reactions, a chain reaction of fusion reactions
can occur (analogous to the chain reaction of fission reactions). Stars and hydrogen bombs are both
su�ciently large and dense to trap the fusion energy and sustain a fusion chain reaction. To date
it has not been possible to create a practical fusion reactor, though, since too much of the fusion
energy escapes from any system that is smaller (and less destructive) than a hydrogen bomb.

Fusion reactions such as those that power the sun and other stars were proposed and theoretically
analyzed by Fritz Houtermans (German, 1903–1966) and his student Robert Atkinson (British but
studied in Germany, 1903–1966) in 1929 (Figs. 8.19–8.20). The abstract from that paper demon-
strates the remarkable and very early insight that Houtermans and his student had [Atkinson and
Houtermans 1929a]:

Die quantenmechanische Wahrschein-
lichkeit dafür, daß ein Proton in einen
Atomkern eindringt, wird nach der Meth-
ode von Gamow berechnet. Dabei zeigt
sich, daß unter den Temperatur- und
Dichteverhältnissen im Innern der Sterne
die Eindringung von Protonen, nicht aber
von ↵-Teilchen, in leichtere Elemente
genügend häufig vorkommt, um dort einen
Aufbau dieser Elemente wahrscheinlich
erscheinen zu lassen. Daraus ergibt sieh
die Möglichkeit, die Energieentwicklung
der Sterne auss den Massendefekten der
Elemente zu erklären, wobei die Annahme
von Sechserstößen für den He-Aufbau ver-
mieden wird. Hieran schließen sich einige
weitere hypothetische Betrachtungen über
den Aufbau der schwereren Elemente.

The quantum-mechanical probability of a
proton penetrating into an atomic nucleus is
calculated by Gamow’s method. It is found
that for the temperature and density values
in the interior of the stars, the penetration
of protons, but not of alpha particles, into
lighter elements is su�ciently frequent to
make a fusion of these elements probable.
This gives us the possibility of explaining
the energy production of the stars by the
mass defects of the elements, avoiding the
assumption of six steps for the production
of helium. This is followed by a few other hy-
pothetical considerations on the structure of
the heavier elements.

The detailed theory of fusion reactions was refined during the period 1937–1939 by Carl Friedrich
von Weizsäcker and Hans Bethe (German, 1906–2005). For that work, Bethe won a Nobel Prize
in Physics in 1967. In the award ceremony speech for Bethe, Professor O. Klein of the Swedish
Academy of Sciences explained [www.nobelprize.org/prizes/physics/1967/ceremony-speech/]:

[...] At that time it was already apparent that Bethe belonged to the small group of
young theoretical physicists who through skill and knowledge were particularly qualified
for tackling the many theoretical problems turning up in close connection with the
rapidly appearing experimental discoveries. The centre of these problems was to find
the properties of the force that keeps the protons and neutrons together in the nucleus,
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the counterpart of the electric force which binds the atomic electrons to the nucleus.
Bethe’s contributions to the solution of these problems have been numerous and are
still continuing. They put him clearly in the first row among the workers in this field
– as in several other fields. Moreover, about the middle of the thirties he wrote, partly
alone, partly together with some colleagues, what nuclear physicists at the time used to
call the Bethe bible, a penetrating review of about all that was known of atomic nuclei,
experimental as well as theoretical.

This extensive and profound knowledge of his regarding atomic nuclei together with
a rare gift of rapidly grasping the essence of a physical problem and finding ways of
solving it explains that Bethe could so swiftly do the work awarded by the Nobel Prize.
He started his work after a conference taking place in Washington in March 1938 and
the paper containing a thorough description of it was delivered for print at the beginning
of September the same year. During that conference and afterwards he seems also to
have acquired the necessary astrophysical knowledge. [...]

[...] If it were not for the quantum-mechanical tunnel e↵ect studied very closely in this
connection by Gamow – who must be considered the main forerunner of Bethe with
respect to the application of nuclear physics to astronomy – even the velocities of the
protons at the high temperature of the sun would not be able to produce any such
processes. But through this e↵ect the required slow reactions do occur. [...]

A very important part of his work resulted in eliminating a great number of thinkable
nuclear processes under the conditions at the centre of the sun, after which only two
possible processes remained. The simplest of them begins with two protons colliding
and forming a nucleus of heavy hydrogen, the surplus of electric charge vanishing in the
form of a positive electron. After capturing a few more protons the result of the process
is the formation of a helium nucleus from four protons. Thereby the energy release from
a given weight of hydrogen is nearly 20 million times greater than that produced by
burning the same weight of carbon into carbon dioxide. The second process is more
complicated. It requires the presence of carbon which, however, will practically not be
consumed but acts as a catalyst, the result being the same as in the former process.
It should be mentioned that the first process had been proposed a few years earlier by
Atkinson and later discussed by von Weizsacker, who also considered the second process
independently of and at about the same time as Bethe. [...]

For additional information on the history of nuclear fusion research in the German-speaking world,
see Section D.2.4.
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Figure 8.19: The fusion reaction rate is expressed in terms of the reaction cross section formula,
which contains four di↵erent factors that describe di↵erent physical e↵ects.
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Figure 8.20: Friedrich “Fritz” Houtermans and his student Robert Atkinson described and cal-
culated nuclear fusion reactions in stars in 1929. Carl Friedrich von Weizsäcker and Hans Bethe
refined those calculations 1937–1939.
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8.7 Nuclear Engineering in the United States and United King-
dom

A large number of scientists who were trained in the German-speaking research world fled the Third
Reich and made vital contributions to the U.S. and U.K. nuclear programs during and after World
War II.5 Some examples of German-speaking and German-educated scientists who played critical
roles in the U.S./U.K. nuclear program are listed in Table 8.1 and shown in Figs. 8.22–8.27. The
table and figures also list a few other scientists who were very closely coupled into the German
research system during their careers, such as Niels Bohr, a Dane, and Enrico Fermi, an Italian.
Note that even the American-born J. Robert Oppenheimer, who was the scientific director of the
wartime nuclear program, the Manhattan Project, had a German father and second-generation
German-American mother, was raised speaking German, repeatedly visited family in Germany
during his childhood, and received his Ph.D. in Germany under Max Born at Göttingen University.

The U.S. nuclear program was initiated by a 2 August 1939 letter to Franklin Roosevelt from two
refugees from the German-speaking scientific world, Albert Einstein (who signed the letter) and
Leo Szilard (who helped write the letter) [www.atomicarchive.com/Docs/Begin/Einstein.shtml and
Fig. 8.21]:

.
. Albert Einstein
. Old Grove Rd.
. Nassau Point
. Peconic, Long Island

. August 2nd, 1939

F.D. Roosevelt,
President of the United States,
White House
Washington, D.C.

Sir:

Some recent work by E. Fermi and L. Szilard, which has been communicated to
me in manuscript, leads me to expect that the element uranium may be turned into
a new and important source of energy in the immediate future. Certain aspects of the
situation which has arisen seem to call for watchfulness and, if necessary, quick action
on the part of the Administration. I believe therefore that it is my duty to bring to your
attention the following facts and recommendations:

In the course of the last four months it has been made probable—through the work
of Joliot in France as well as Fermi and Szilard in America—that it may become possible
to set up a nuclear chain reaction in a large mass of uranium, by which vast amounts

5 Bethe 1991, 1997; Bird and Sherwin 2005; Blatt and Weisskopf 1952; Brown and Lee 2006; Coster-Mullen 2012;
Ford 2015; Groves 1962; Hansen 1988, 2007; István Hargittai 2006, 2010; Hawkins et al. 1983; Hoddeson et al. 1993;
Jungk 1958; Kelly 2007; Lanouette and Silard 1992; Medawar and Pyke 2000; Nachmansohn 1979; Reed 2015, 2019;
Rhodes 1986, 1995; Schweber 2012; Serber 1992; Smyth 1945; Sublette 2019; Szanton 1992; Teller 1979; Teller and
Shoolery 2001; Teller et al. 1968; Ulam 1991; Weart and Szilard 1978; Weinberg and Wigner 1958; Weisskopf 1972,
1989; Wigner 1967.
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of power and large quantities of new radium-like elements would be generated. Now it
appears almost certain that this could be achieved in the immediate future.

This new phenomenon would also lead to the construction of bombs, and it is
conceivable—though much less certain—that extremely powerful bombs of a new type
may thus be constructed. A single bomb of this type, carried by boat and exploded in
a port, might very well destroy the whole port together with some of the surrounding
territory. However, such bombs might very well prove too heavy for transportation by
air.

The United States has only very poor ores of uranium in moderate quantities. There
is some good ore in Canada and the former Czechoslovakia, while the most important
source of uranium is Belgian Congo.

In view of this situation you may think it desirable to have some permanent contact
maintained between the Administration and the group of physicists working on chain
reactions in America. One possible way of achieving this might be for you to entrust
with this task a person who has your confidence and who could perhaps serve in an
uno�cial capacity. His task might comprise the following:

a) to approach Government Departments, keep them informed of the further devel-
opment, and put forward recommendations for Government action, giving particular
attention to the problem of securing a supply of uranium ore for the United States;

b) to speed up the experimental work, which is at present being carried on within
the limits of the budgets of University laboratories, by providing funds, if such funds
be required, through his contacts with private persons who are willing to make con-
tributions for this cause, and perhaps also by obtaining the co-operation of industrial
laboratories which have the necessary equipment.

I understand that Germany has actually stopped the sale of uranium from the
Czechoslovakian mines which she has taken over. That she should have taken such
early action might perhaps be understood on the ground that the son of the German
Under-Secretary of State, von Weizsäcker, is attached to the Kaiser-Wilhelm-Institut in
Berlin where some of the American work on uranium is now being repeated.

Yours very truly,

Albert Einstein

Einstein’s letter prompted Franklin Roosevelt to authorize the initiation of what would become
the Manhattan Project, and of course Einstein’s famous equation E = mc

2 was the foundation
for how a tiny fraction of the mass of fission fuel could be converted into an enormous (and
potentially enormously destructive) amount of energy. In March 1940, Einstein and Szilard wrote
a second letter to Roosevelt that successfully persuaded him to accelerate the nuclear program.
Later, Einstein carried out calculations to help the United States use gaseous di↵usion to enrich
uranium (concentrate the fissionable U-235 isotope of uranium). Separately, he worked with the
U.S. Navy on various military projects. Nonetheless, U.S. government o�cials such as J. Edgar
Hoover distrusted Einstein’s longtime inclination toward pacifism and excluded him from the o�cial
Manhattan Project [Isaacson 2007, pp. 469–486].
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Figure 8.21: The U.S. nuclear program was initiated by a 2 August 1939 letter to Franklin Roosevelt
from two refugees from the German-speaking scientific world, Albert Einstein (who signed the letter)
and Leo Szilard (who helped write the letter).
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Name Born Lived German world Scientific contributions

Hans Bethe German 1906–2005 Education, work Fission-/H-bomb theory
Felix Bloch Swiss 1905–1983 Education, work Fission reactions
Niels Bohr Danish 1885–1962 Work Neutron initiator
Gregory Breit Russian 1899–1981 Work Bomb design
Egon Bretscher Swiss 1901–1973 Education, work Plutonium, H bomb
Rudolf Brill German 1899–1989 Education, work Nuclear chemistry
Adolf Busemann German 1901–1986 Education, work Shock waves
Frederic de Ho↵mann German 1924–1989 Education H bomb, reactors
Martin Deutsch Austrian 1917–2002 Family, education Fission measurements
Rudolf Edse German 1913–1998 Education, work Nuclear chemistry
Albert Einstein German 1879–1955 Education, work Letters to FDR, gaseous di↵usion
Gerhard Falck (?) German 19??–19?? Education, work Uranium?
Enrico Fermi Italian 1901–1954 Work Reactors, H bomb
Rudolf Fleischmann German 1903–2002 Education, work Isotope separation
Siegfried Flügge German 1912–1997 Education, work Many aspects of fission and H-bombs
James Franck German 1882–1964 Education, work Plutonium
Herbert Freundlich German 1880–1941 Education, work MAUD Committee
Otto Frisch Austrian 1904–1979 Education, work Critical mass
Klaus Fuchs German 1911–1988 Education Implosion, H bomb
George Gamow Russian 1904–1968 Education, work H bomb
Gertrude Goldhaber German 1911–1998 Education Spontaneous fission
Maurice Goldhaber Austrian 1911–2011 Education Neutron moderation/reactions
Samuel Goudsmit Dutch 1902–1978 Education, work Investigation of German program
Wilhelm Groth German 1904–1977 Education, work Centrifuges, H-bomb
Dieter Gruen German 1922– Family, education U enrichment, fission reactors
Gottfried Guderley German 1910–1997 Education, work Shock waves
Eugene Guth Hungarian 1905–1990 Education, work Nuclear physics, Oak Ridge, polymers
Hans von Halban German 1908–1964 Education, work Reactors
Paul Harteck Austrian 1902–1985 Education, work Many aspects of fission and H-bombs
Richard Herzog Austrian 1911–1999 Education, work Isotope separation
Lilli (Schwenk) Hornig Czech 1921–2017 Family, education Plutonium, explosive lenses
Johannes Hans Jensen German 1907–1973 Education, work Nuclear theory, isotope separation
Willibald Jentschke Austrian 1911–2002 Education, work Many aspects of fission and H-bombs
Ulrich Jetter German 1914–?? Education, work H-bombs
Hartmut Kallmann German 1896–1978 Education, work Fission, fusion, radiation detectors
Hans Kammler German 1901–?? Education, work Bomb designs/components

Table 8.1: Examples of German-speaking creators (and some scientists who were very strongly
coupled to the German-speaking world) who contributed to the wartime and postwar U.S./U.K.
nuclear programs, their nationality by birth, the years they lived, their background in the German-
speaking world, and their major contributions to the U.S./U.K. programs.
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Name Born Lived German world Scientific contributions

Nicholas Kemmer Russian 1911–1998 Education, work Plutonium
George Kistiakowsky Russian 1900–1982 Education Implosion
Stanley Kronenberg Polish 1927–2000 Education Nuclear bomb tests
Heinrich Gerhard Kuhn German 1904–1994 Education, work Gaseous di↵usion
Nicholas Kurti Hungarian 1908–1998 Education, work Gaseous di↵usion
Heinz London German 1907–1970 Education, work MAUD Committee
Heinz Maier-Leibnitz German 1911–2000 Education, work Fission reactors
Werner Maurer German 19??–19?? Education, work Fission reactors
Maria Goeppert Mayer German 1906–1972 Education U enrichment, H bomb
Kurt Mendelssohn German 1906–1980 Education, work MAUD Committee
Hans Mohaupt Swiss 1915–2001 Education, work Shaped charges
John von Neumann Hungarian 1903–1957 Education, work Implosion, H bomb
Klara Dan von Neumann Hungarian 1911–1963 Education, work Computation
Lothar Nordheim German 1899–1985 Education, work Reactors, plutonium
J. Robert Oppenheimer American 1904–1967 Family, education Director
Friedrich Paneth Austrian 1887–1958 Education, work Nuclear chemistry
Wolfgang Panofsky German 1919–2007 Family, education Shockwaves
Rudolf Peierls German 1907–1995 Education Bomb design
George Placzek Czech 1905–1955 Education, work Reactors, bomb theory
I. I. Rabi Austrian 1898–1988 Work Bomb theory
Eugene Rabinowitch Russian 1901–1973 Education, work Reactors
Joseph Rotblat Polish 1908–2005 Education Radiation
Heinz Schlicke (?) German 1912–2006 Education, work Detonators?
Emilio Segrè Italian 1905–1989 Education Fission measurements
Franz Simon German 1893–1956 Education, work U enrichment
Kurt Starke German 1911–2000 Education, work Enrichment, breeding, extraction
Ernst Stuhlinger German 1913–2008 Education, work Reactors, particle accelerators
Hans Suess Austrian 1909–1993 Education, work Nuclear theory, D2O, enrichment
Leo Szilard Hungarian 1898–1964 Education, work Reactors
Edward Teller Hungarian 1908–2003 Education, work H bomb
Stanislaw Ulam Polish 1909–1984 Education Implosion, H bomb
Victor Weisskopf Austrian 1908–2002 Education, work Fission bomb theory
Eugene Wigner Hungarian 1902–1995 Education, work Reactors, plutonium
Friedwardt Winterberg German 1929– Education, work Many aspects of fission/H-bombs
Karl Wirtz German 1910–1994 Education, work Heavy water, enrichment, reactors
Gernot Zippe Austrian 1917–2008 Education, work Uranium centrifuges

Table 8.1 (continued).
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Figure 8.22: Examples of German-speaking scientists (and some scientists who were very strongly
coupled to the German-speaking world) who contributed to the wartime and postwar U.S./U.K.
nuclear programs.
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Figure 8.23: More examples of German-speaking scientists (and some scientists who were very
strongly coupled to the German-speaking world) who contributed to the wartime and postwar
U.S./U.K. nuclear programs.
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Figure 8.24: More examples of German-speaking scientists (and some scientists who were very
strongly coupled to the German-speaking world) who contributed to the wartime and postwar
U.S./U.K. nuclear programs.
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Figure 8.25: More examples of German-speaking scientists (and some scientists who were very
strongly coupled to the German-speaking world) who contributed to the wartime and postwar
U.S./U.K. nuclear programs.
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Figure 8.26: More examples of German-speaking scientists (and some scientists who were very
strongly coupled to the German-speaking world) who contributed to the wartime and postwar
U.S./U.K. nuclear programs.
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Figure 8.27: More examples of German-speaking scientists (and some scientists who were very
strongly coupled to the German-speaking world) who contributed to the wartime and postwar
U.S./U.K. nuclear programs.
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Likewise, the U.K. nuclear program was also initiated by two refugees from the German-speaking
world, Otto Frisch and Rudolf Peierls. In a March 1940 memorandum to the U.K. government,
they wrote [www.atomicarchive.com/Docs/Begin/FrischPeierls2.shtml]:

The attached detailed report concerns the possibility of constructing a “super-bomb”
which utilises the energy stored in atomic nuclei as a source of energy. The energy
liberated in the explosion of such a super-bomb is about the same as that produced by
the explosion of 1,000 tons of dynamite. This energy is liberated in a small volume, in
which it will, for an instant, produce a temperature comparable to that in the interior
of the sun. The blast from such an explosion would destroy life in a wide area. The size
of this area is di�cult to estimate, but it will probably cover the center of a big city.

In addition, some part of the energy set free by the bomb goes to produce radioactive
substances, and these will emit very powerful and dangerous radiations. The e↵ects of
these radiations is greatest immediately after the explosion, but it decays only gradually
and even for days after the explosion any person entering the a↵ected area will be killed.

Some of this radioactivity will be carried along with the wind and will spread the
contamination; several miles downwind this may kill people.

In order to produce such a bomb it is necessary to treat a substantial amount of
uranium by a process which will separate from the uranium its light isotope (U235) of
which it contains about 0.7 percent. Methods for the separation of such isotopes have
recently been developed. They are slow and they have not until now been applied to
uranium, whose chemical properties give rise to technical di�culties. But these di�-
culties are by no means insuperable. We have not su�cient experience with large-scale
chemical plant to give a reliable estimate of the cost, but it is certainly not prohibitive.

It is a property of these super-bombs that there exists a “critical size” of about one
pound. A quantity of the separated uranium isotope that exceeds the critical amount
is explosive; yet a quantity less than the critical amount is absolutely safe. The bomb
would therefore be manufactured in two (or more) parts, each being less than the critical
size, and in transport all danger of a premature explosion would be avoided if these parts
were kept at a distance of a few inches from each other. The bomb would be provided
with a mechanism that brings the two parts together when the bomb is intended to go
o↵. [...]

The U.S. and U.K. nuclear programs eventually joined together for the duration of the war un-
der the umbrella of the Manhattan Project. As listed in Table 8.1 and shown in Figs. 8.28–8.30,
German-speaking and German-trained scientists played critical roles in all areas of the Manhattan
Project, including enriching uranium, developing fission reactors, producing plutonium, and cre-
ating fission bombs. The fission reactor technologies that they developed were ultimately used to
power everything from nuclear submarines to commercial electric generation plants.

There is also evidence that some scientists who had spent the war in Germany may have materially
contributed to the U.S. nuclear program in the crucial final months of the war (see p. 3171 for
more details). For example, when the German submarine U-234 surrendered to the United States
in May 1945, it was found to contain 560 kg of uranium oxide (possibly enriched), infrared fuses
that may have been suitable for implosion bombs, at least two experts on those materials (Gerhard
Falck for the uranium and Heinz Schlicke for the infrared fuses), and potentially other nuclear-
related materials and information. As another important example, Hans Kammler, who was in
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charge of virtually all advanced German weapons programs (including the nuclear program) by
the end of the war, was secretly captured and kept indefinitely by the United States for extended
interrogations (see pp. 3213–3222). In view of the fact that the United States never turned him over
to the Nuremberg war crimes trials or even informed those trials that Kammler was alive and in
U.S. custody, it seems likely that Kammler provided the United States with valuable information
and/or materials. It is possible that assistance from these and other German sources may have
appreciably accelerated the delivery schedule for the first U.S. fission bombs and also helped the
postwar U.S. nuclear program. Much more archival research is needed to address this question.

After the war, many of these German-speaking and German-educated scientists (most notably
Edward Teller and Stanislaw Ulam) went on to create the first U.S. fusion bombs (hydrogen or H-
bombs) in 1952 and 1954. Postwar U.S./U.K. nuclear programs were also aided directly or indirectly
by an influx of additional German and Austrian scientists such as Rudolf Brill, Adolf Busemann,
Rudolf Edse, Rudolf Fleischmann, Siegfried Flügge (at the specific invitation of Edward Teller—
see p. 3243), Wilhelm Groth, Gottfried Guderley, Paul Harteck, Richard Herzog, Johannes Hans
Jensen, Willibald Jentschke, Ulrich Jetter, Hartmut Kallmann, Stanley Kronenberg, Heinz Maier-
Leibnitz, Werner Maurer, Kurt Starke, Ernst Stuhlinger, Hans Suess, Friedwardt Winterberg, Karl
Wirtz, Gernot Zippe, etc.

Klaus Fuchs, who had spent many years working on the U.S./U.K. fission and fusion bomb pro-
grams, was discovered in 1950 to have been forwarding details of those programs to the Soviet Union
throughout that time; he was imprisoned in the United Kingdom before being handed over to East
Germany in 1959. Some scientists such as Rudolf Fleischmann, Siegfried Flügge, and Johannes
Hans Jensen returned to Europe sooner or later. However, most of the German-trained scientists
continued their careers in nuclear and defense fields in the United States, in some cases exerting
their influence for many decades (Edward Teller died in 2003 and Hans Bethe died in 2005).

Of course, the massive U.S. nuclear weapons program was built up by U.S. industries, and employed
many notable U.S.-born scientists, such as Ernest Lawrence, Glenn Seaborg, and John Wheeler
and his freshly graduated student Richard Feynman. Nonetheless, for a program that involved
over 100,000 people and was critical to the U.S. war e↵ort, it is remarkable how many of the key
innovations came from scientists who were refugees from the German-speaking world. One must
wonder how rapidly the U.S. nuclear program would have advanced if it had not had the benefit
of any personnel or information from the greater German-speaking scientific world.

Even the Atomic Heritage Foundation, based in Washington D.C. and founded to celebrate the
history and success of the United States nuclear program, has publicly recognized the role that
scientists from the greater German-speaking world played in that program
[www.atomicheritage.org/article/scientist-refugees-and-manhattan-project]:

One of the ironies of Hitler’s desire for racial purity was that it drove out of continen-
tal Europe or into the camps many individuals who would have been extremely useful
to the Axis war e↵ort. Nowhere was this more evident than in the e↵ort to produce an
atomic bomb. A startling proportion of the most famous names on the project belonged
to scientists who came to England or America to flee from the Axis. The large number of
refugees and immigrants working on the Manhattan Project gave the American nuclear
program an international character unusual in such a top-secret program—and unique
amongst the nuclear programs that followed in other countries—and helped give life in
Los Alamos, NM during the war its unique character.
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Figure 8.28: Examples of early U.S. nuclear weapons: a replica of the Fat Man design (called the
Gadget without the external aerodynamic casing—see p. 3323), the first U.S. fission implosion
bomb, and the explosion of the first U.S. fission implosion bomb on 16 July 1945.
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Figure 8.29: Examples of early U.S. nuclear weapons: Mike, the first U.S. hydrogen bomb, and the
explosion of Mike on 1 November 1952.
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Figure 8.30: Examples of early U.S. fission reactors: plutonium-producing reactors were constructed
at Hanford, Washington during the period 1943–1963; the USS Nautilus (SSN-571), the first sub-
marine powered by a fission reactor, was launched in 1954.
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8.8 Nuclear Engineering in the Third Reich

The conventional historical view that has been held since 1945 is that Germany was still trying to
complete its first prototype fission reactor when World War II ended in Europe, and that Germany
never even made a serious attempt to develop nuclear weapons.6 This view is based on three
categories of evidence, although each category has its own limitations as summarized below:

Evidence Limitations

1. The U.S.-led Alsos Mission searching Ger-
many for evidence of nuclear-weapons-related
work at the end of the war found the incom-
plete fission reactor at Haigerloch, some pa-
pers on basic nuclear physics, and apparently
not much else, according to the public accounts
[Goudsmit 1945, 1947; Groves 1962; Pash 1969].

1. The Alsos Mission failed to properly inves-
tigate numerous specific organizations, scien-
tists, and locations that could have revealed a
more advanced nuclear program. If any more
advanced nuclear work had in fact been discov-
ered, that information would have been auto-
matically classified at the time, and could re-
main classified or buried in archives and unre-
leased to this day.

2. Ten German nuclear scientists (Erich Bagge,
Kurt Diebner, Walther Gerlach, Otto Hahn,
Paul Harteck, Werner Heisenberg, Horst Ko-
rsching, Max von Laue, Carl Friedrich von
Weizsäcker, and Karl Wirtz) rounded up by the
Alsos Mission were kept under house arrest from
July 1945 until January 1946 at Farm Hall in
the United Kingdom, where their private con-
versations were recorded without their knowl-
edge. The transcripts, which were not released
to the public until 1992, record the scientists’
surprise at news of the 6 August 1945 Hiroshima
bombing and do not reveal significant apparent
knowledge of nuclear weapons design and devel-
opment [Bernstein 2001; Frank 1993].

2. There is evidence that the scientists sus-
pected surveillance and presumably conducted
their conversations accordingly. The preserved
transcripts document only a small fraction of
the discussions that may have occurred during
those six months. Moreover, the preserved tran-
scripts are only English translations, which may
or may not accurately reflect the original Ger-
man conversations. The original recordings were
taped over and lost.

3. In their public interviews and writings in
the years after the war, German nuclear sci-
entists professed a lack of desire, plans, mate-
rials and/or political support to produce nu-
clear weapons for the Third Reich [Cassidy
1992; Heisenberg 1953, 1971; Irving 1967; Pow-
ers 1993; NYT 1948-12-28 p. 10].

3. It is not clear to what extent that was fac-
tual history versus personal spin meant to avoid
postwar criticism, and the answer may vary for
di↵erent scientists in question.

6E.g., Goudsmit 1947; Hentschel and Hentschel 1996; Irving 1967; Powers 1993; Rose 1998; Walker 1989, 1995.
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With access to some of the previously unavailable former Soviet and East German archives and
witness testimony, as well as newly discovered and released U.S. and British documents, beginning
in the 1990s several authors argued (with varying degrees of success and accuracy) that wartime
German work on nuclear weapons had actually progressed much further than had been accepted
by the conventional historical narrative.7

As discovered by those authors, the wartime German nuclear program was much more extensive
than had previously been acknowledged, and involved many more scientists and engineers than had
been recognized. For an incomplete list of some of the more important scientists and engineers,
see Figs. 8.31–8.50. (Many of those German-speaking nuclear experts subsequently worked in the
postwar Soviet nuclear weapons program—see also Figs. 8.52–8.55). As shown in those figures,
the wartime nuclear program was spread among the Army Ordnance O�ce (Heereswa↵enamt),
Navy (Kriegsmarine), Air Force (Luftwa↵e), Post O�ce (Reichspost), SS, several Kaiser Wilhelm
Institutes (KWI), the Physical-Technical Reich Institute (Physikalische-Techische Reichsanstalt),
several universities, a number of companies, and groups in Czechoslovakia, Poland, and elsewhere.
Being so widely dispersed made the German nuclear program much more resistant to Allied bombing
and Allied intelligence, yet it also makes it far more di�cult for modern historians to reconstruct
the details of the wartime nuclear program and its scientific accomplishments.

As discussed in Appendix D, there is evidence that suggests that:

1. Scientists in the German nuclear program researched and produced significant
amounts of fission fuels and potential methods to use them (Section D.2.1):

(a) Scientists such as Kurt Diebner (German, 1905–1964), Siegfried Flügge (German, 1912–
1997), Paul Harteck (Austrian, 1902–1985), Fritz Houtermans (German, 1903–1966),
Josef Schintlmeister (Austrian, 1908–1971), Georg Stetter (Austrian, 1895–1988), and
Carl Friedrich von Weizsäcker (German, 1912–2007) gave detailed descriptions of how
fission fuel could be used to create either reactors or bombs, beginning in 1939 (p. 2612).

(b) Germany obtained over 2800 tons of uranium and thorium ore from sources throughout
Europe, and processed it at several di↵erent locations (p. 2638). A February 1946 U.S.
intelligence report on Czech uranium mines noted, “The Germans put mining on a high
priority... throughout the 6 years occupation. The ore was delivered by special planes to
Germany and Austria” (p. 2784).

(c) Konrad Beyerle (German, 1900–1979), Wilhelm Groth (German, 1904–1977), Werner
Holtz (German, 1908–?), Werner Schwietzke (German, 1910–1987), and many others
worked in teams that developed gas centrifuges to enrich uranium-235. Centrifugation
proved so superior to the U.S. Manhattan Project’s enrichment methods that the German
gas centrifuge designs are now the worldwide standard for uranium enrichment (p. 2642).

(d) Manfred von Ardenne (German, 1907–1997), Heinz Ewald (German, 1914–1992), Wolf-
gang Paul (German, 1913–1993), Wilhelm Walcher (German, 1910–2005), and many oth-
ers worked in teams that developed electromagnetic separators to enrich uranium-235.

7E.g., Brooks 1992, 2002; Frank Doebert in Walpersberg Geschichts- und Forschungsjournal 2015, 2016; Eilers
2007, 2015; Fäth 1999, 2000; Fengler 2014; Fengler and Sachse 2012; Geheimnis Jonastal 2002–2019; Georg 2009;
Henshall 1998, 2000, 2002; Hirschfeld and Brooks 1996; Hydrick 1998, 2016; Karlsch 2005, 2006, 2011; Karlsch and
Laufer 2002; Karlsch and Petermann 2007; Karlsch and Zeman 2016; Mayer and Mehner 2001, 2002, 2004a, 2004b,
2009, 2010, 2016, 2019; Mehner 2004; Nagel 2003, 2011, 2012a, 2016; Oleynikov 2000; Petermann 2000; Schmitzberger
2004; von Schwarzenbeck 2010; Stevens 2007; Sulzer and Brauburger 2015; Matthias Uhl quoted in Schauka 2015;
Wilcox 2019; Zeman and Karlsch 2008.
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These electromagnetic separators were comparable to the Manhattan Project’s calutrons
(p. 2650).

(e) Erich Bagge (German, 1912–1996) invented and successfully demonstrated a unique
uranium enrichment device called an isotope sluice, which combined some features of
centrifuges and electromagnetic separators (p. 2670).

(f) Erika Cremer (German, 1900–1996), Rudolf Fleischmann (German, 1903–2002), Gustav
Hertz (German, 1887–1975), and others developed gaseous di↵usion methods suitable
for enriching uranium-235 that were comparable to the Manhattan Project’s gaseous
di↵usion technology (p. 2672).

(g) If Germany scaled up any of these proven uranium enrichment methods in order to pro-
duce nuclear weapons, it would presumably have distributed that production capability
among a number of small underground locations for protection against Allied bombing.
Archival documents mention dozens of highly suspicious sites that might have been used
for that purpose and that still have not been properly investigated (p. 2677).

(h) Ludwig Bewilogua (German, 1906–1983), Kurt Diebner, Paul Harteck, Otto Haxel (Ger-
man, 1909–1998), and many others worked in teams trying to develop fission reactors
suitable for breeding plutonium-239 from natural uranium-238 or uranium-233 from nat-
ural thorium-232. Two reactors were on the brink of criticality by the end of the war,
and there is some evidence that other reactors may have actually become operational
during the war (p. 2708).

(i) Walther Bothe (German, 1891–1957), Walter Dällenbach (Swiss, 1892–1990), Max Steen-
beck (German, 1904–1981), Rolf Wideröe (Norwegian but studied and worked in Ger-
many, 1902–1996), and many others worked on particle-accelerator-driven electronuclear
systems suitable for breeding plutonium-239 from natural uranium-238 or uranium-233
from natural thorium-232. There is some evidence that such systems may have been
operational during the war (p. 2769).

(j) At the end of the war, Allied countries removed over 2800 tons of uranium and thorium
from former German-controlled territory (p. 2791). In addition, in 1974, Alwin Ur↵,
deputy technical plant manager of the Asse nuclear disposal site in Germany, stated:
“When we began storage in 1967, our company first sank radioactive waste from the last
war, that uranium waste which arose in the preparation of the German atomic bomb”
(p. 2793).

2. Germany also produced large quantities of other nuclear-related materials during
the war (Section D.2.2):

(a) Deuterium, a great fusion fuel and source for producing neutrons and tritium, and an
excellent neutron moderator for fission reactors when in the form of deuterated (heavy)
water (p. 2797).

(b) Lithium, also an excellent fusion fuel and source for producing neutrons and tritium (p.
2825).

(c) Beryllium, a great neutron reflector/multiplier for fission reactors and bombs (p. 2828).

(d) Boron, a good neutron absorber for fission reactors and bombs (p. 2830).
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(e) Graphite (carbon), an excellent neutron moderator for fission reactors (p. 2831).

(f) Fluorine, an essential ingredient of uranium hexafluoride for uranium enrichment (p.
2835).

(g) Aluminum, a good cladding for fission fuel in reactors and bombs (p. 2838).

(h) Calcium, an important element for the purification of thorium, uranium, and/or pluto-
nium (p. 2842).

(i) Nickel, the most corrosion-resistant metal for building uranium enrichment machinery
that would be exposed to uranium hexafluoride (p. 2848).

(j) Zirconium, a very good cladding for fission fuel in reactors (p. 2851).

(k) Cadmium, an excellent neutron absorber for fission reactors and bombs (p. 2854).

3. Adolf Busemann (German, 1901–1986), Rolf Engel (German, 1912–1993), Gott-
fried Guderley (German, 1910–1997), Rudi Schall (German, 1913–2002), Hubert
Schardin (German, 1902–1965), Erich Schumann (German, 1898–1985), Walter
Trinks (German, 1910–1995), and many others worked in teams that developed
and demonstrated implosion bomb designs suitable for fission weapons (Section
D.2.3):

(a) No later than 1942, Gottfried Guderley, a hydrodynamics expert working for the German
military, predicted the pressure, density, and temperature in spherical and cylindrical
implosion bomb configurations, mathematical solutions that are still used today (pp.
2861–2862).

(b) 1943 U.S. intelligence reports stated that “several factories and hundreds of workers”
just south of Hamburg were producing a new type of explosive that had a remarkably
high density, that was so energetic that one kilogram of the new material would have
a blast radius of several kilometers, and that would be placed into bombs of a highly
unusual spherical design (p. 2863).

(c) In November 1944, Time magazine published an intelligence report that Germany was
developing an atomic bomb with a spherical implosion design (p. 2869).

(d) A 23 March 1945 letter from General Ilyichev to Joseph Stalin reported that the Germans
had an atomic bomb and described it in considerable detail as a 2-ton, 1.3-meter-diameter
spherical implosion device with multiple concentric layers and a uranium-235 core (p.
3024).

(e) Erich Schumann, the German Army Ordnance O�ce’s head physicist, along with others
on his sta↵, spent several years during the war designing and testing ever more sophis-
ticated bombs designed to use an outer shell of conventional explosives to implode an
inner core of various materials, including nuclear fuels (Fig. 8.51 top and pp. 2871–2912).
(Schumann was also Wernher von Braun’s Ph.D. thesis advisor for the development of
rockets, as well as a key figure in Germany’s biological warfare program and several other
advanced research programs. Yet Goudsmit testified to the U.S. Senate that Schumann
was mainly interested in “the physics of piano strings.”)
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(f) In November 1945, the German economist Erwin Respondek wrote that Erich Schumann
had been involved in the development of an atomic bomb that used uranium fuel and
a neutron initiator (and presumably Schumann’s expertise, conventional explosives for
spherical implosion) (p. 2874).

(g) A Top Secret U.S. cable from March 1946 stated that a “capable young engineer” in
Poland knew that atomic bomb casings included a layer of cadmium, which was true for
the implosion bomb designs described by both Ilyichev and Schumann (p. 3006).

(h) 1946 U.S. intelligence documents described how SS General Hans Kammler’s deputy
Erich Purucker and a car full of German atomic bomb plans were captured by Russian
forces in May 1945 (p. 3210).

(i) After the war, Kurt Diebner discussed spherical implosion bomb designs, specifically
showing a spherical core of fission fuel with a center of fusion fuel (pp. 2913–2916).

(j) German witnesses described secretive and mysterious work that had been conducted
during the war to produce and test nesting aluminum spheres that apparently matched
the description of those in the implosion bomb designs (p. 2917).

(k) In 2000–2002 interviews, Heinrich Himmler’s chief adjutant, Werner Grothmann, men-
tioned the development of an atomic bomb that “would have possessed a spherical shape
with a diameter of over one meter. It was very heavy, even though the bomb body itself
was supposed to be out of aluminum. It was said, if one reduces the weight, the yield is
not as high” (pp. 2920–2922).

4. Wolfgang Ferrant (German?, ??–??), Alfred Klemm (German, 1913–2013), Karl
Lintner (Austrian, 1917–2015), Josef Mattauch (Austrian, 1895–1976), Erich Schu-
mann, Georg Stetter, Walter Trinks, and many others worked in teams that re-
searched and produced significant amounts of fusion fuels and potential methods
to use them (Section D.2.4):

(a) German patents, articles, and other documents from 1933 through 1945 discussed how
to produce fusion reactions in high-voltage tubes (pp. 2772 and 2926–2941). That tech-
nology would have been very useful as a fusion neutron initiator in a fission bomb, as
described by Diebner (p. 2916) and Ilyichev (p. 3024).

(b) In postwar papers apparently based on wartime work, Erich Schumann andWalter Trinks
(pp. 2871–2912) and Kurt Diebner (pp. 2913–2916) described spherical implosion bomb
designs with a center of fusion fuel inside a spherical shell of fission fuel. That “fusion
boosting” approach could have greatly increased the yield of a fission bomb by supplying
far more neutrons to trigger fission reactions.

(c) A number of documents show that there was wartime work using lithium and deuterium
together as fusion fuel (pp. 2936–2950). Because lithium deuteride is solid and not a gas
or cryogenic liquid, it makes an ideal fuel for hydrogen bombs.

(d) During the war, Alfred Klemm (under the direction of Josef Mattauch) perfected a
method to separate the lithium-6 isotope from the predominant lithium-7 in natural
lithium (pp. 2951–2954). That would only be useful for nuclear applications. Klemm
also stated that there was wartime work to produce tritium, another very potent fusion
fuel (p. 2953).
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(e) In 1950 Ulrich Jetter published a detailed proposal that fusion bombs could use lithium-6
deuteride as readily storable solid fuel, rather than the much more troublesome cryo-
genic deuterium and tritium (p. 2955). Based on the other documents available, Jetter’s
description appears to be based on wartime German work. O�cially, lithium-6 deuteride
was first considered in the United States by Edward Teller in 1947 and in the Soviet
Union by Vitaly Ginzberg in 1949, was first tested by the United States in 1954, and
is commonly used in modern H bombs [ Goncharov 1996a, 1996b; Hansen 1988, 2007;
Rhodes 1995; Sublette 2019; Wellerstein and Geist 2017].

(f) In 1946, several scientists and engineers reported that during the war, Germany had
been working on a 6-ton radioactive bomb, as well as methods to deliver it by rockets
or aircraft (pp. 2948 and 2957–2961). Such a massive bomb would have been very chal-
lenging to deliver, and could presumably only have been justified if it were a hydrogen
bomb. Conventional explosives, a dirty bomb of conventional explosives with radioactive
material, chemical weapons, biological weapons, and even fission bombs could have been
packaged into much smaller and much more easily deliverable sizes (and if necessary,
several of them could have been delivered separately to the same target).

(g) A 1946 U.S. intelligence document mentioned wartime German research on H-bomb
development as well as nuclear-armed ballistic missiles (p. 2962).

(h) In 1944–1945, several U.K. and U.S. newspapers reported that Germany was developing
a bomb with a six-mile blast radius, which is characteristic of the several-megaton energy
of an H bomb, in stark contrast to the much smaller several-kiloton energy of a plain
fission bomb (pp. 2963–2964).

(i) Friedwardt Winterberg, who worked very closely with Kurt Diebner after the war, pub-
lished a highly distinctive ellipsoidal H-bomb design that looks rather di↵erent than
standard U.S. H-bomb designs, but is deeply steeped in earlier German hydrodynamics
and physics research (p. 2966). A surviving 1944 sketch from Walther Gerlach shows
an ellipsoid in conjunction with nuclear reactions involving deuterium, which seems to
support the wartime origin of Winterberg’s ellipsoidal H-bomb design (p. 2968).

(j) Werner Grothmann stated that the German nuclear program was developing several
di↵erent bomb types, including a hydrogen bomb. He said that the hydrogen bomb
looked like a “swollen bomb” (ellipsoidal?), would have been a hundred times more
powerful than a fission bomb (megatons vs. tens of kilotons), and was expected to be
ready in 1946 (which suggests that it had already progressed far in its development by
1945); see pp. 2635 and 2921.

5. There may have been a test explosion on the Baltic coast in October 1944, as
reported by multiple sources (Section D.2.5):

(a) In August 1944, a German prisoner of war reported that “experiments are conducted
on an estate in Pomerania [on the Baltic coast] and it is alleged that this explosive is
capable of destroying everything in a radius of several kilometers.” (p. 2983).

(b) In October 1944, Philip Morrison of the U.S. Manhattan Project mentioned “recent
reports of Baltic explosions” that were being investigated by the Manhattan Project as
possible tests of a German atomic bomb (p. 2983).
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(c) In May 1945, German prisoner of war Friedrich Olmes said that there had been “exper-
iments with the atom-splitting bomb” and that “practical experiments were conducted
on the Baltic coast” (p. 2984).

(d) A 19 August 1945 U.S. Army Air Force intelligence report entitled “Investigations, Re-
search, Developments, and Practical Use of the German Atomic Bomb” presented testi-
mony by Rudolph Zinsser, a German pilot captured by U.S. forces, that in October 1944
he flew near the massive explosion of a new German bomb on or near the Baltic coast,
describing in detail a very large mushroom cloud and severe electrical disturbances (p.
2985). After further investigation, rather than dismissing Zinsser’s report, the United
States decided to upgrade it from Secret to Top Secret in October 1945 (p. 2988).

(e) In testimony in 1955, 1984, and 2005, Italian military correspondent Luigi Romersa
stated that by a special arrangement between Benito Mussolini and Adolf Hitler, on 12
October 1944 he witnessed the massive explosion of a new German bomb on the Baltic
coast (apparently Rügen island), had to wait in a bunker for many hours afterward for
the site to become less dangerous (short radioactive half-lives?), and then had to wear a
special protective suit when inspecting the leveled test site afterward (pp. 2990–2995).

(f) Werner Grothmann stated in 2000–2002 interviews that there was a successful atomic
bomb test in October 1944 (p. 2996).

(g) In a 13 March 2005 television interview, Elisabeth Mestlin stated that she observed a
massive explosion on Rügen from a neighboring island on 12 October 1944 (p. 2999).

6. There may have been a test explosion in Poland in approximately November
1944, as reported by multiple sources (Section D.2.6):

(a) As already mentioned, a Top Secret U.S. cable from March 1946 stated that a “capable
young engineer” in Poland knew that atomic bomb casings included a layer of cadmium,
which was true for the implosion bomb designs described by both Ilyichev and Schu-
mann (p. 3006). The Polish engineer’s knowledge suggests that German-run industry in
wartime Poland was involved in developing and/or testing an atomic bomb.

(b) Robert Jackson, chief U.S. prosecutor at the Nuremberg trials, stated on 21 June 1946
that he had received evidence that a new bomb design producing very intense heat had
killed 20,000 Jewish prisoners in a specially constructed test village near Auschwitz (p.
3007).

(c) In December 1946, Otto Hahn said that there had been rumors that “atom bomb tests
had been carried out in Poland during the last year of the war which were supposed to
have had an e↵ect similar to the first atom bomb dropped on Hiroshima though on a
considerably smaller scale” (p. 3009).

(d) Gezo Mansfeldt, a survivor of Auschwitz, reported in December 1946 that he was fre-
quently interrogated by Soviet o�cials about high-security wartime production work at
Auschwitz and that he “learned of the atomic bomb tests” (p. 3010).

(e) A 1947 U.S. intelligence report stated that the Germans built a heavy water production
plant near Auschwitz and that it was removed by the Soviets (p. 3010). Heavy water
would only be useful for nuclear work, and the production of heavy water near Auschwitz
suggests the presence of other nuclear work in Poland.
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(f) In 1947, Heinrich Himmler’s physical therapist, Felix Kersten, stated that Franz Göring,
a senior SS security o�cial, had told him that a new bomb design producing several
thousand degrees of heat had killed 20,000 Jewish prisoners in a specially constructed
test village near Auschwitz (p. 3011).

(g) Heinrich Himmler’s personal astrologer, Wilhelm Wul↵, confirmed that Franz Göring
had stated that a new bomb design producing several thousand degrees of heat had
killed 20,000 Jewish prisoners in a specially constructed test village near Auschwitz (p.
3012).

(h) Werner Grothmann stated that there was a successful atomic bomb test in or around
November 1944 (p. 2996).

7. There may have been a test explosion in Thuringia in March 1945, as reported
by multiple sources (Section D.2.7):

(a) A 15 November 1944 letter from General Ivan Ilyichev, chief of intelligence for the Soviet
army, to Joseph Stalin reported that the Germans in Thuringia were preparing under
hurried but very high security conditions to test a new “bomb of unusual construction”
with a “large destructive power” that might be an atomic bomb (p. 3020).

(b) A 23 March 1945 letter from General Ilyichev to Joseph Stalin reported that the Germans
in Thuringia had recently conducted two very high-security test explosions of a new
bomb design, described in considerable detail as a 2-ton, 1.3-meter-diameter spherical
implosion device with multiple concentric layers and a uranium-235 core that created
a “massive radioactive e↵ect,” incinerated or burned nearby prisoners of war (POWs),
and destroyed buildings and trees within a radius of 500–600 meters (Fig. 8.51 bottom
and p. 3024).

(c) In a 30 March 1945 letter from Igor Kurchatov to General Ilyichev, Kurchatov analyzed
the details reported in the 23 March 1945 letter, said it gave a “very believable description
of the construction of the bomb,” and requested further information (p. 3035).

(d) 21 and 29 May 1945 letters from Georgy Flerov to Igor Kurchatov reported that Flerov
was currently in Dresden and en route to study the alleged German atomic test site
using Geiger counters, and requested that former POWs returning from Germany to the
Soviet Union should be interviewed to learn if any of them knew anything about the test
(p. 3041).

(e) An October 1945 report from Soviet Marshall Georgy Zhukov to Stalin stated: “On
the basis of the materials we have collected, one can conclude that the Germans have
achieved good results in the field of theoretical and practical research and application of
nuclear power up to the construction of an atomic bomb” (p. 3058).

(f) A 1946 Russian interrogation summary reported that Robert Döpel stated that there
was an atomic bomb test on a German military base before the end of the war (p. 3059).

(g) Apparently there is or at least was considerably more information about the apparent
German nuclear tests in Russian government archives, including even a captured German
film entitled “Film of the Launch of a V-2 and the Explosion of an Atomic Bomb” (p.
3062). At a bare minimum, there are presumably documents identifying the Soviet spy
who provided the information given in Ilyichev’s two reports, documents reporting the
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suspected test site location to Flerov (which he seemed to know, but which was not in
Ilyichev’s two reports), documents reporting what (if anything) Flerov ultimately found,
and documents describing the “collected materials” to which Zhukov referred.

(h) 21 March 1945 and 9 June 1945 U.S. aerial reconnaissance photos of the Ohrdruf mil-
itary base appeared to show a large circular area of possible blast damage, as well as
surrounding buildings that may have been a↵ected by blast and/or radioactive fallout,
whereas a 12 August 1944 aerial reconnaissance photo did not show those features (pp.
3065–3069).

(i) In what appears to be a transcript of her testimony before an East German government
inquiry on 16 May 1962, Cläre Werner, a wartime lookout at the Veste Wachsenburg
castle near the Ohrdruf Truppenübungsplatz military base, reported watching a large
nearby test explosion on 4 March and another one on 12 March 1945, as well as being
informed of the historic nature of the explosions by visiting military and SS o�cials.
She reported that she and other local residents su↵ered from symptoms that sound like
radiation sickness. Although there are unresolved questions about the nature and the
chain of custody of the 1962 transcript, Cläre Werner confirmed the key points of her
testimony in several interviews conducted in 1999–2000 (p. 3073).

(j) In a transcript of his apparent testimony before the same East German government
inquiry on 16 May 1962, Heinz Wachsmut reported being conscripted into a unique work
assignment for the afternoon and evening of 5 March 1945 in Thuringia. He reported
encountering large numbers of living, dying, and dead people su↵ering from what sounds
like radiation sickness and burns in the aftermath of what the SS told him was a history-
making test explosion. Under the close supervision of the SS, he was instructed to wear
protective gear, and he burned approximately 450 bodies on woodpiles and saw a total
of approximately 700 bodies being burned. (It is not clear if all of those were victims
of the test explosion, or if some were victims of the daily harsh treatment of POWs.)
Afterward his protective gear and clothing were burned, he was instructed to wash
himself thoroughly, and he was unable to eat for days afterward possibly due to radiation
sickness. While there are again unresolved questions about the 1962 transcript, the family
of Heinz Wachsmut confirmed that he had described the same events and details to them
(p. 3077).

(k) In transcripts of his testimony before East German government inquiries in 1966, Erich
Rundnagel, a plumber who had worked for Kurt Diebner’s nuclear research group in
Thuringia during the war, reported that the scientists had told him they had two eight-
kilogram atomic bombs (presumably fission pits for atomic bombs) in their safe (p.
3083).

(l) Colonel Oscar Koch, who was a high-ranking intelligence o�cer working with General
George Patton, stated that a German prisoner of war described the massive explosion
of a new bomb type in Thuringia in March 1945 (p. 3085).

(m) Werner Grothmann stated in 2000–2002 interviews that there was an atomic bomb test
in Thuringia on 4 March 1945 (p. 2996).

8. During the war, there was high-level Axis political support from Adolf Hitler,
Heinrich Himmler, Hans Kammler (German, 1901–?), Wilhelm Ohnesorge (Ger-
man, 1872–1962), and others for the development and deployment of nuclear
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weapons. There was also high-level Allied political belief by Franklin Roosevelt,
Dwight Eisenhower, J. Edgar Hoover, Allen Dulles, and others in the reality of
advanced German nuclear weapons programs (Section D.2.8):

(a) Heinrich Himmler’s diplomatic contact, Grand Mufti Amin al-Husaini of Jerusalem,
wrote that Himmler had informed him in July 1943 that Germany was developing an
atomic bomb (p. 3093).

(b) Heinrich Himmler’s political rival, Albert Speer, wrote that Himmler was keenly inter-
ested in developing an atomic bomb during the war (p. 3096).

(c) The Daily Telegraph and Morning Post reported that in 1944, Germany was preparing
“an atomic bomb” with “an explosive radius of more than two miles” (p. 3100).

(d) On 5 August 1944, Hitler informed the Romanian dictator Ion Antonescu that Germany
had developed and would use a V-series weapon with “such a tremendous e↵ect that
all human life would be destroyed within a radius of three to four kilometers from the
impact point” (p. 3101).

(e) In September 1944, the Los Angeles Times reported that invading U.S. troops had found
evidence that Germany was preparing a rocket-launched bomb “with an explosive radius
of three kilometers” (p. 3102).

(f) In a 9 December 1944 memo, U.S. Admiral William Leahy stated that on 8 December
the Joint Chiefs of Sta↵ discussed the possibility of a “V-3 stratospheric bomb attack”
on the United States (p. 3107).

(g) Margaret Suckley, President Franklin Roosevelt’s secretary, wrote on 9 December 1944
in her diary that Roosevelt had received reliable reports that the Germans had developed
a bomb capable killing everything within a mile and that the German program was “way
ahead” of similar U.S. research (p. 3108).

(h) On 16 December 1944, Benito Mussolini stated that “thousands of German scientists are
working day and night” to develop new weapons that would change the war, apparently
in reference to information he received via Luigi Romersa (p. 3110).

(i) In 16 November 1944 and 9 February 1945 letters from FBI Director J. Edgar Hoover to
President Franklin Roosevelt’s advisor Harry Hopkins, Hoover reported that intercepted
messages from Germany to German spies in the U.S. asked the spies about “the prob-
able reaction of the people of the United States if Germany used the explosive power
obtained through the splitting of the uranium atom,” high-priority targets in the United
States that Germany could bomb, and methods that U.S. labs used to avoid criticality
accidents with large quantities of uranium, suggesting that Germany had large quantities
of enriched uranium (pp. 3106–3112).

(j) Widespread German reports from late 1944 through 1945 claimed that Germany was on
the verge of deploying atomic bombs and missiles for them (p. 3113).

(k) On 14 February 1945, Hitler told one of his doctors: “In no time at all, I’m going to
start using my Victory weapon and then the war will come to a glorious end. Some time
ago we solved the problem of nuclear fission, and we have developed it so far that we
can exploit the energy for armaments purposes. They won’t know what hit them! It’s
the weapon of the future. With it Germany’s future is assured” (p. 3114).
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(l) Heinrich Himmler’s physical therapist, Felix Kersten, wrote that in early March 1945,
Himmler was very optimistic about the imminent success of an atomic bomb (p. 3011).

(m) Heinrich Himmler’s personal astrologer, Wilhelm Wul↵, confirmed that in mid-March
1945, Himmler was very optimistic about the imminent success of an atomic bomb (p.
3012).

(n) In 2000–2002 interviews, Werner Grothmann described how an extensive program run
by Heinrich Himmler developed, tested, and debated the deployment of atomic bombs
(p. 3117).

(o) In a 1 April 1945 telegram to Allied leaders, a senior U.S. intelligence o�cial, Allen
Dulles, reported that Luftwa↵e General Albert Kesselring mentioned deliberations among
Hitler’s top sta↵ about whether to use a final secret weapon, referred to as the “desper-
ation weapon,” that would cause a “terrible blood bath” (p. 3119).

(p) In a September 1945 interrogation, the father of an SS o�cer told Americans about
deliberations among Hitler’s top sta↵ over an atomic bomb in April 1945 (p. 3119).

(q) Shortly after the war, German rocket engineers Wernher von Braun and Walter Dorn-
berger, as well as American o�cials who examined the German rocket program, reported
that Germany planned to use its rockets to carry a “much more powerful explosive,” pre-
sumably atomic bombs (p. 3123).

(r) In a 25 August 1945 press release, the U.S. O�ce of War Information stated that “Ger-
many’s inner war secrets” included “experiments with the atomic bomb,” that “Germans
made significant progress in the development of an atomic bomb,” and that not all “of
the secrets... may be disclosed at this time” (p. 3125).

(s) Shortly after the war, U.S. Army General George C. Marshall made several noteworthy
public statements: (1) “German technological advances such as in the development of
atomic explosives made it imperative that we attack before these terrible weapons could
be turned against us.” (2) “At the close of the German war in Europe they [U.S. factories]
were just on the outer fringes of the range of fire from an enemy in Europe. Goering
stated after his capture that it was a certainty the eastern American cities would have
been under rocket bombardment had Germany remained undefeated for two more years.
The first attacks would have started much sooner.” (3) “It is not hard to predict that
supersonic atomic rockets will have a profound influence on any war that ever again has
to be fought” (p. 3130).

(t) In July 1946, the U.S. Army Air Force Review published an article stating, “it is still
a matter of scientific conjecture just how many weeks—or days—it might have taken
Germany to be ready with her atomic devices for the V-2s” (p. 3136).

9. Publicly, the U.S. Alsos Mission failed to seriously investigate major organiza-
tions (Reichspost, SS, Army Ordnance O�ce, IG Farben, Siemens, etc.), scien-
tists (Manfred von Ardenne, Rolf Engel, Siegfried Flügge, Gustav Hertz, Werner
Holtz, Fritz Houtermans, Hubert Schardin, Erich Schumann, Werner Schwiet-
zke, Max Steenbeck, Walter Trinks, etc.), and locations (Soviet-occupied areas
of Germany, most areas of Thuringia and Austria, Poland, Czechoslovakia, Hun-
gary, Norway, and Denmark) that are known or suspected to have been involved
in the German nuclear weapons program (Section D.2.9):
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(a) In his 1947 book, Samuel Goudsmit, the scientific leader of the Alsos Mission, stated that
he decided in advance to focus on Werner Heisenberg’s work and that he did not consider
it important to seriously investigate other scientists, locations, and organizations that
could have been involved in nuclear work (p. 3138).

(b) The detailed Manhattan District History of the Alsos Mission, written in 1947 and kept
classified for decades, confirmed the information reported by Goudsmit—Alsos indeed
failed to seriously pursue numerous scientists, locations, and organizations that could
have given much more information about the German nuclear program (p. 3143).

(c) In the Farm Hall transcripts, ten German scientists who had been rounded up by Alsos
and detained for six months in a bugged U.K. house discussed Goudsmit’s clear preju-
dices and openly speculated that their conversations were being monitored (thus they
would have conducted their conversations accordingly, p. 3164).

10. In secret, the United States and/or United Kingdom may have found and ben-
efited from materials and expertise from the German nuclear weapons program
(Section D.2.10):

(a) There is evidence that some Alsos personnel, or other personnel associated with Alsos,
may have found information on some aspects of the German nuclear weapons program
(p. 3172).

(b) There are indications that Dutch intelligence may have provided information about the
German nuclear weapons program to the United States during and after the war (p.
3185).

(c) There is evidence that French intelligence may have provided information about the
German nuclear weapons program to the United States during and after the war (p.
3187).

(d) In May 1945, the German submarine U-234 surrendered to the United States. It con-
tained 560 kg of uranium oxide (possibly enriched), bomb detonators, other materials,
plans, and technical experts that may have shed light on the German nuclear program.
Other submarines may have carried additional relevant materials, documents, and per-
sonnel (p. 3189).

(e) Many high-level German military and political o�cials who presumably would have
known a great amount about the German nuclear program were captured and interro-
gated at length by the United States and/or United Kingdom. That includes Dr. Ing.
Hans Kammler, the SS General who controlled all German advanced weapons programs
by the end of the war, was allegedly killed in May 1945, but apparently was actually cap-
tured and interrogated for months or perhaps even years by the United States. Available
documents show that those o�cials did indeed discuss the German nuclear program, al-
though currently available declassified documents do not reveal most of the details that
those German o�cials provided (p. 3205).

(f) At the end of the war, investigators from the United States personally inspected many
of the facilities where German nuclear work may have occurred. Reports on what they
found have never been publicly released (p. 3225).
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(g) Many German and Austrian scientists who appear to have been involved in the nuclear
program visited or worked in the United States after the war, and may have provided
information about wartime German work. Files for some scientists are still not available
to the public (p. 3241).

(h) There is evidence that other U.S. investigators, or intelligence services from other coun-
tries, may have found information about the German nuclear program (p. 3247).

As shown in Table 8.2, very tentative design parameters for the device that may have been tested
in Thuringia in March 1945 may be estimated from these primary sources, simple physics, and un-
classified documents about the United States’ first implosion bombs (Gadget, which was detonated
in New Mexico on 16 July 1945, and its fully packaged version, Fat Man, which was dropped on
Nagasaki on 9 August 1945) and other nuclear weapon designs [Coster-Mullen 2012; Goncharov
1996a, 1996b; Gsponer and Hurni 2009; Hansen 1988, 2007; Reed 2015, 2019; Serber 1992; Sublette
2019; Wellerstein and Geist 2017; Winterberg 2010]. The results of this analysis are consistent with
those of previous analyses [ Eilers 2007, 2015; Mineev and Funtikov 2007]. For more details, see
Section D.4.4.

It is possible that the reports of wartime German nuclear weapons tests arose from tests of non-
nuclear weapons (such as fuel-air explosives or chemical warfare agents), false wartime propaganda,
or other factors. However, it is known that there were extensive and highly secretive nuclear pro-
grams in wartime Germany, that numerous military research and production sites were severely
bombed by the Allies during the war and/or sanitized by the Germans at the end of the war, that
Germans destroyed or hid large amounts of documents and research at the end of the war, and that
Soviet, U.S., U.K., and French forces vacuumed up as many scientists and documents and as much
equipment as they could find along the way. If the new evidence is indeed correct, one could un-
derstand why the Germans involved would have been loath to admit their deeds afterward for fear
of being prosecuted as war criminals, or why any Allied forces that found secret evidence of Ger-
man nuclear accomplishments would have preferred to claim those technologies and achievements
exclusively for themselves.

The evidence presented in Appendix D does not conclusively prove that Germany successfully
developed a nuclear weapon during the war. Nonetheless, the available evidence appears to be
strongly suggestive of and highly consistent with that conclusion. Therefore, it is vitally important
for researchers to thoroughly search all relevant government and personal archives in Russia, the
United States, the United Kingdom, France, Germany, Austria, Switzerland, the Netherlands, and
elsewhere to find additional documents that could fully elucidate the scope, history, and accom-
plishments of the wartime German nuclear program. Industrial archaeology and chemical analyses
at sites where nuclear work may have taken place could also shed a great deal of light on the
methods and results of the nuclear program.
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Figure 8.31: Very tentative organizational chart of the German nuclear program.
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Figure 8.32: Examples of scientists and engineers at the Army Ordnance O�ce (Heereswa↵enamt)
who played critical roles in the development of nuclear technologies in wartime Germany.
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Figure 8.33: More examples of scientists and engineers at the Army Ordnance O�ce (Heereswaf-
fenamt) who played critical roles in the development of nuclear technologies in wartime Germany.
Erich Schumann was the head scientist.
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Figure 8.34: Examples of scientists and engineers in Kurt Diebner’s group at the Army Ordnance
O�ce (Heereswa↵enamt) who played critical roles in the development of nuclear technologies in
wartime Germany.
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Figure 8.35: Examples of scientists and engineers at Navy (Kriegsmarine, under chief scientist
Helmut Hasse) and Air Force (Luftwa↵e) laboratories who played critical roles in the development
of nuclear technologies in wartime Germany.
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Figure 8.36: Examples of scientists and engineers at Post O�ce (Reichspost, led by Wilhelm Ohne-
sorge) laboratories who played critical roles in the development of nuclear technologies in wartime
Germany.
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Figure 8.37: Examples of scientists and engineers in the SS (ultimately led by Hans Kammler) who
played critical roles in the development of nuclear technologies in wartime Germany.
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Figure 8.38: Examples of scientists and engineers at the Kaiser Wilhelm Institute (KWI) for Physics
who played critical roles in the development of nuclear technologies in wartime Germany. Werner
Heisenberg was the head scientist.
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Figure 8.39: Examples of scientists and engineers at the Kaiser Wilhelm Institute (KWI) for Chem-
istry who played critical roles in the development of nuclear technologies in wartime Germany. Josef
Mattauch was the head scientist.
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Figure 8.40: Examples of scientists and engineers at the Kaiser Wilhelm Institute (KWI) for Medical
Research who played critical roles in the development of nuclear technologies in wartime Germany.
Walther Bothe was the head scientist.
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Figure 8.41: Examples of scientists and engineers at the Kaiser Wilhelm Institutes (KWI) for
Brain Research, Biophysics, and Physical Chemistry who played critical roles in the development
of nuclear technologies in wartime Germany.
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Figure 8.42: Examples of scientists and engineers at the Physical-Technical Reich Institute
(Physikalische-Techische Reichsanstalt, PTR) and the University of Leipzig who played critical
roles in the development of nuclear technologies in wartime Germany. Abraham Esau was the head
scientist of the PTR, and was in charge of large parts of the German nuclear program early in the
war.
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Figure 8.43: Examples of scientists and engineers at the University of Munich and Göttingen Uni-
versity who played critical roles in the development of nuclear technologies in wartime Germany.
Walther Gerlach was in charge of large parts of the German nuclear program later in the war.
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Figure 8.44: Examples of scientists and engineers at the University of Hamburg and elsewhere in the
Hamburg/Kiel area who played critical roles in the development of nuclear technologies in wartime
Germany. Paul Harteck was the head scientist.
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Figure 8.45: Examples of scientists and engineers at the University of Vienna who played critical
roles in the development of nuclear technologies in wartime Germany. Georg Stetter was the head
scientist.
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Figure 8.46: Examples of scientists and engineers at Auergesellschaft/Degussa company laboratories
who played critical roles in the development of nuclear technologies in wartime Germany.
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Figure 8.47: Examples of scientists and engineers at I.G. Farben and Henschel company laboratories
who played critical roles in the development of nuclear technologies in wartime Germany. Otto
Ambros was the head scientist at I.G. Farben, and Herbert Wagner was the lead scientist at
Henschel.
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Figure 8.48: Examples of scientists and engineers at AEG and Siemens company laboratories who
played critical roles in the development of nuclear technologies in wartime Germany.
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Figure 8.49: Examples of scientists and engineers in Czech-based research groups and companies
who played critical roles in the development of nuclear technologies in wartime Germany.
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Figure 8.50: Other examples of scientists and engineers who played critical roles in the development
of nuclear technologies in wartime Germany.
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Figure 8.51: Examples of some of the evidence for the development of a fission implosion bomb
in wartime Germany. Above: Erich Schumann’s schematic design for a spherical implosion bomb
(Section D.2.3). Below: the beginning of a March 1945 Soviet intelligence report giving Joseph
Stalin details about successful German tests of a fission implosion bomb (Section D.2.7).
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Component Gadget/Fat Man Thuringian Device

Neutron ⇠ 7 g beryllium/polonium-210 Deuterium + lithium with high voltage
initiator “urchin” ⇠ 1.25 cm radius

1.25 cm radius and/or external 6 MeV betatron
Pit 6.2 kg Pu-239 For test: � 100 g U-235 inner layer

4.6 cm radius with ⇠ 5–10 kg natural or
low-enriched U outer layer

For deployment: ⇠ 5–10 kg U-235
⇠ 5 cm radius

Reflector/ 108 kg natural U ⇠ 100 kg natural U
tamper 11.1 cm radius ⇠ 11 cm radius
Neutron Boron-10 plastic ⇠ 6 kg cadmium
absorber 3.2 mm thick ⇠ 1 mm thick
Pusher 130 kg aluminum ⇠ 130 kg aluminum

23.5 cm radius ⇠ 23 cm radius
Explosive Composition B and baratol TNT, RDX, and liquid oxygen

2500 kg, segmented ⇠ 1400 kg, segmented
⇠ 70 cm radius ⇠ 63 cm radius

Explosive ⇠ 180 kg aluminum ⇠ 140 kg aluminum
case 72.5 cm radius ⇠ 64 cm radius

Ballistic Steel ⇠ 190 kg steel
case 4.5 mm thick ⇠4.5 mm thick

75 cm radius 65 cm radius

Overall radius 75 cm ⇠ 65 cm
Total mass 3000 kg (bomb only) ⇠ 2000 kg

4670 kg (with shell and fins)
Delivery Boeing B-29 A-4, A-9, or A-9/A-10
system heavy bomber ballistic missile

Explosive 20 kilotons For test: < 1 kiloton
yield For deployment: ⇠ 5–100 kilotons

Table 8.2: Comparison of the U.S. Gadget/Fat Man implosion design (from unclassified sources)
with extrapolated design parameters of the March 1945 Thuringian device (Section D.4.4).
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8.9 Nuclear Engineering in the Soviet Union

German-trained scientists and engineers, as well as German-produced designs, materials, and equip-
ment, made enormous contributions to the postwar Soviet nuclear program.8

The Soviet nuclear program employed (at least) many hundreds of German-speaking scientists and
engineers. Just the Soviet nuclear institute run by Manfred von Ardenne was sta↵ed with almost
300 Germans [Oleynikov 2000]. At least several hundred more worked at other nuclear institutes
and facilities in the Soviet Union [Rainer Karlsch, unpublished Soviet archival list of personnel
files]. Including German-speaking scientists and engineers in industries that directly supported
the nuclear program (geology, chemistry, materials science, electronics, aerospace, etc.), the total
number of German-speaking specialists who contributed to the program was likely in the thousands.
For examples of some German-speaking scientists who aided the Soviet nuclear program, see Figs.
8.52–8.55. Some of the major contributions included:

• Klaus Fuchs, a German physicist who worked in the U.S./U.K. nuclear program for many
years, gave the Soviet Union detailed plans of U.S. nuclear bombs and production systems
(which had been designed and developed with the critical contributions of a large number of
German-speaking and German-trained scientists, as discussed in Section 8.7).

• Erich Purucker (German, 1893–1957), Hans Kammler’s chief assistant in running the wartime
German nuclear program, was captured by Soviet troops in May 1945 along with a car full
of German nuclear weapons plans, and held in the Soviet Union for the rest of his life. See p.
3210 for more details.

• E. Baroni (German, ??-??), Henry Ortmann (German, 1908–1988), Nikolaus Riehl (German,
1901–1990), Herbert Schmitz (German, ??–??), Herbert Thieme (German, 1902–??), Günther
Wirths (German, 1911–2005), and many other German and Austrian scientists processed
uranium ore to uranium oxide, uranium metal, and uranium hexafluoride. Joseph Stalin
personally awarded Riehl the title “Hero of the Socialist Labor” and gave him a first class
Stalin Prize; he gave Thieme and Wirths second class Stalin Prizes.

• Heinz Barwich (German, 1911–1966), Fritz Bernhard (German, 1913–??), Gustav Hertz (Ger-
man, 1887–1975), Hans Gerhard Krüger (German, 1912–??), Justus Mühlenpfordt (German,
1911–2000), Reinhold Reichmann (German, ??–??), Werner Schütze (German, ??–??), Peter
Thiessen (German, 1899–1990), and many other German and Austrian scientists produced
gaseous di↵usion systems to enrich uranium-235. Joseph Stalin gave Thiessen a first class
Stalin Prize, and Barwich, Hertz, Reichmann, and Schütze second class Stalin Prizes.

8 Albrecht et al. 1992; von Ardenne 1990, 1997; Barkleit 2008; Barwich and Barwich 1970; Boch and Karlsch
2011; Fengler 2014; Fengler and Sachse 2012; Goncharov 1996a, 1996b; Goncharov and Riabev 2001; Graham 1993;
Heinemann-Gruder 1992; Holloway 1994; Karlsch 2011; Karlsch and Laufer 2002; Karlsch and Zeman 2016; Kozyrev
2005; Kruglov 2002; Maddrell 2006; Mick 2000; Nagel 2016; Naimark 1995; Oleynikov 2000; Pondrom 2018; Riabev
1998, 2002a, 2002b, 2002c, 2002d; Riehl and Seitz 1993; Siddiqi 2009; Sokolov 1955; Wellerstein and Geist 2017;
West 2004; Yudin; 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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• Fritz Lange (German, 1899–1987), Max Steenbeck (German, 1904–1981), ?? Stüdel (German,
??–??), Gernot Zippe (Austrian, 1917–2008), and many other German and Austrian scientists
produced gas centrifuges to enrich uranium-235, apparently based on wartime German gas
centrifuge technology.

• Manfred von Ardenne (German, 1907–1997), Werner Schütze, Max Steenbeck, and many other
German and Austrian scientists produced electromagnetic separators to enrich uranium-235,
apparently based on wartime German electromagnetic separation technology.

• Hans-Joachim Born (German, 1909–1987), Alexander Catsch (German, 1913–1976), Nikolai
Timofée↵-Ressovsky (Russian but German educated, 1900–1981), Karl Günter Zimmer (Ger-
man, 1911–1988), and other German and Austrian scientists elucidated the biological e↵ects
of radiation, as well as methods to protect against it.

• Victor Karl Bayerl, Ludwig Bewilogua (German, 1906–1983), Werner Czulius (Austrian,
1914–2007), Paul Herold (German, ??–??), Walter Herrmann (German, 1910–1987), Paul
Heylandt (German, ??–??), Hans Gerhard Krüger, Hans-Jürgen von Oertzen (German, 1907–
??), Heinz Pose (German, 1905–1975), K. Renker (German, ??–??), Ernst Rexer (German,
1902–1983), Gustav Richter (German, 1911–1999), Karl-Heinz Riewe (German, 1907–??),
Adrian Rosen (German, ??–??), Herbert Schmitz, Max Volmer (German, 1885–1965), Carl
Friedrich Weiss (German, 1901–1981), Hans Westmeyer (German, 1910–??), and many other
German and Austrian scientists developed fission reactors for breeding plutonium-239 from
natural uranium-238.

• Manfred von Ardenne, Gustav Hertz, Carl Kober (German, 1913–??), Josef Schintlemeister
(Austrian, 1908–1971), Werner Schütze, and other German and Austrian scientists developed
methods of producing and using lithium and tritium in H-bombs, likely based on wartime
German and Austrian work. Von Ardenne was awarded two first class Stalin Prizes for his
multiple contributions in the Soviet Union, including the purification of lithium-6 for H-
bombs. (See p. 2954 as well as the rest of Section D.2.4.)

Even Pavel Oleynikov, a former group leader of the Chelyabinsk-70 nuclear weapons complex in
Russia, admitted that German scientists, technologies, ideas, and materials had had a profound
e↵ect on the development of nuclear weapons in the Soviet Union [Oleynikov 2000]:

It is hard to fully explore the German contributions to the Soviet atomic project without
performing a detailed examination of the whole Soviet atom bomb e↵ort. What is clear
from the available evidence is that German involvement had several very important
implications for the Soviet Union and the world:

• German resources jump-started the Soviet program and saved it up to five years
of time. If not for this time, the USSR could hardly have been as aggressive as it
was in seeking global dominance. Very likely, the USSR could not have wielded its
influence in Asia, and the whole course of regional history (e.g., the Korean War)
would have been di↵erent. [...]
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• Participation of German scientists in the development of new uranium enrichment
methods revolutionized the whole uranium fuel industry. The work of Max Steen-
beck and Gernot Zippe shaped the European and Japanese enrichment plants, and
was used by several later proliferators (e.g., Pakistan and Iraq) as well.

In sum, although the Soviets would have eventually developed nuclear weapons on
their own, they benefited considerably from German technology, expertise, and raw
materials. The German contributions undoubtedly accelerated the program by several
years and enhanced the Soviets’ stature on the world stage. An accurate and complete
history of the Soviet bomb program must acknowledge the importance of the Germans’
contributions.

At a minimum, the contributions of all of those German-trained scientists and all of the nuclear-
related materials taken from Germany appear to have accelerated Soviet development of fission and
fusion bombs by many years (see Figs. 8.56–8.57). Although some historians have studied this area,
much more detailed investigations are needed, especially if unrestricted access to former Soviet
archives becomes available.
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Figure 8.52: Examples of German-speaking scientists who played critical roles in the development
of nuclear weapons in the Soviet Union.
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Figure 8.53: More examples of German-speaking scientists who played critical roles in the develop-
ment of nuclear weapons in the Soviet Union.
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Figure 8.54: More examples of German-speaking scientists who played critical roles in the develop-
ment of nuclear weapons in the Soviet Union.
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Figure 8.55: More examples of German-speaking scientists who played critical roles in the develop-
ment of nuclear weapons in the Soviet Union.
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Figure 8.56: Examples of early Soviet nuclear weapons: a replica of Joe-1 or RDS-1, the first Soviet
fission implosion bomb, and the explosion of Joe-1 on 29 August 1949.
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Figure 8.57: Examples of early Soviet nuclear weapons: a replica of Joe-4 or RDS-6, the first Soviet
hydrogen bomb, and the explosion of Joe-4 on 12 August 1953.
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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

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.

1375
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Creators from the German-speaking world made major contributions to:

1. Lighter-than-air craft

2. Aerodynamics and aircraft design

3. Jet engines and jet aircraft

4. Parachutes and ejection seats

5. Helicopters

6. Small missiles and smart bombs

7. Large liquid propellant rockets

8. Submarine-launched and solid propellant rockets

9. Rocket planes and space planes

10. 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.

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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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. 1446 and 1560. 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.

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.
343 and 687–688.
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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 Design

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.

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.
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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.
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Figure 9.11: Ludwig Prandtl, Carl Wieselsberger, Hermann Kurzweg, and others developed sub-
sonic, supersonic, and hypersonic wind tunnels in Germany.
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Theodor Wilhelm Zobel (German, 1906–1953) worked on high-speed aerodynamics, wind tunnels,
area rule, and Schlieren interferometry, first in Germany during the war and then in the United
States after the war (Fig. 9.12).

As shown in Figs. 9.13–9.14, 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. 9.15) 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.

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. 9.16.
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Figure 9.12: Theodor Wilhelm Zobel worked on high-speed aerodynamics, wind tunnels, area rule,
and Schlieren interferometry, first in Germany during the war and then in the United States after
the war [Dayton Daily News 8 December 1946 p. 55].
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Figure 9.13: 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 9.14: 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 9.15: Albert Betz maximized the e�ciency of wind turbines in 1919.
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Figure 9.16: 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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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. 1430). 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, 1902–
1977)), 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 9.17: 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, Theodor Zobel, and other German-
speaking scientists developed supersonic and hypersonic wind tunnels, missiles, and rockets in the
United States.

Much of the German-speaking work before, during, and after World War II focused on the best
aerodynamic design of aircraft wings and bodies. As illustrated in Fig. 9.22, 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.

As shown in Fig. 9.23, 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. 9.24. 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. 9.25. 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.
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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.

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. 9.26, 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: 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 9.23: 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 9.24: Bernhard Göthert and K. A. Kawalki developed supercritical airfoils for high-speed
aircraft in 1940.
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Figure 9.25: 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 9.26: 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 9.27 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. 9.28:

• 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 9.27: 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.



1412 CHAPTER 9. CREATORS AND CREATIONS IN AEROSPACE ENGINEERING

Figure 9.28: 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 9.29: 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. 9.29. 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 9.30 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
9.31 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. 9.32,
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. 9.33. 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. 2859). After the war, Wagner developed a wide range of guided missiles
and smart bombs in the United States, and Müller designed jet engines and related technologies in
the United Kingdom.

Anselm Franz (Austrian, 1900–1994) and Heinz Schmidt (German, 19??–19??) led the team that
developed and mass-produced the Jumo (Junkers Motors) 004 turbojet engine, shown in Fig. 9.34.
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). Schmitt moved to Wright Field, Ohio, and developed
jet engines for the U.S. Air Force.

Hermann Östrich (German, 1903–1973) led the team that developed and mass-produced the BMW
003 jet engine, shown in Fig. 9.35. After the war, he developed jet engines and jet aircraft in France.
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Figure 9.30: 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 9.31: 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 9.32: Albert Betz and Walter Encke developed axial flow compressors.
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Figure 9.33: 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 9.34: Anselm Franz and Heinz Schmidt (German, 19??–19??) led teams that developed and
mass-produced the Jumo (Junkers Motors) 004 turbojet engine during the war, and various jet
engines such as the Lycoming T53 and T55 turboshaft engines after the war.
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Figure 9.35: 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 compo-
nents, 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 tempera-
tures achieved inside the engines and also because of the shortage of major 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 scientists and engineers developed novel high-temperature ceramics (p. 587) and new
high-temperature metal alloys (p. 608) that could be fabricated into turbine blades. Such high-
temperature ceramics and alloys 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
9.36 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. 9.29. 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 9.37 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 9.36: Eugen Sänger’s ramjet being tested on a Dornier Do 217 aircraft (1942).
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Figure 9.37: 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.
9.38. 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. 3230–
3232, 3383–3386). An upgraded version of the Schwalbe with integrated jet engines and a two-person
cockpit, Me 262 HG III, was designed but apparently not built before the end of the war (Fig. 9.39).
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. 9.40.
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. 9.41. After the war, Reimar Horten developed aircraft in Argentina
while Walter Horten developed aircraft in West Germany.

As shown in Fig. 9.42, 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. 9.43, 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.
1396, 1399). 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 9.38: 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 9.39: An upgraded version of the Messerschmitt Schwalbe with integrated jet engines and
a two-person cockpit, Me 262 HG III, was designed but apparently not built before the end of the
war.
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Figure 9.40: 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 9.41: 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 9.42: Other major aircraft designers included Claude Dornier, Hugo Junkers, Hans Multhopp,
and Kurt Tank.
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Figure 9.43: 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 Parachutes and Ejection Seats

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

Hermann Lattemann (German, 1852–1894) and Katharina Paulus (German, 1868–1935) developed
collapsible parachutes and backpack parachutes beginning in 1890 (Fig. 9.44). Lattemann died
testing one of the parachutes in 1894, and Paulus continued to perfect the invention, producing a
final product in 1910.

The parachute designers Gerhard Sedlmayr and Holger Hansen described the contributions of sev-
eral other creators to parachute development; see Figs. 9.45–9.51 [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.
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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. [...]

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 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. 9.46–9.51.

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 9.52 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 eagerly 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.
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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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Figure 9.44: Hermann Lattemann and Katharina Paulus developed collapsible parachutes and back-
pack parachutes during the period 1890–1910.
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Figure 9.45: Creators who developed parachutes optimized for specific applications included Helmut
Heinrich (Fig. 9.50), Rudolf Isermann, Albert Keller, Theodor Knacke (Fig. 9.50), Georg Madelung,
Waldemar Müller, Georg Pirzer, and Friedrich Weinig.
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Figure 9.46: Allied countries studied and copied parachute designs from Germany after World War
II [BIOS 466; FIAT 465].
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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: Allied countries studied and copied parachute designs from Germany after World War
II [BIOS 466].
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Figure 9.49: Demonstration of a ribbon braking parachute deployed by a German aircraft, ca. 1940
[Deutsches Museum Archive, photo 39529].
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Figure 9.50: Demonstration of a ribbon braking parachute at Wright Field, Ohio, by Helmut Hein-
rich and Theodor Knacke in 1946 [Dayton Daily News 8 December 1946 p. 55].
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Figure 9.51: German-designed auxiliary parachutes, ribbon braking parachutes, and other special-
ized parachutes have been widely used in aerospace applications ranging from Apollo capsules to
the Space Shuttle.
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Figure 9.52: 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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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 9.53 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 9.53: 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. 9.54.

• Ján Bahýl’ (Austro-Hungarian Slovak, 1856–1916) patented a helicopter design in 1895 and
briefly flew a prototype in 1905, as shown in Fig. 9.55.

• 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. 9.56.

• 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. 9.57. 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. 9.58.

• Albert Gillis von Baumhauer (Dutch, 1891–1939) experimented with a helicopter prototype
1924–1930 (Fig. 9.59) 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. 9.60.

• 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. 9.61.

• 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. 9.62.
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Figure 9.54: Hermann Ganswindt designed proto-helicopters such as this 1884 design.
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Figure 9.55: Ján Bahyl’ created proto-helicopters such as this 1905 prototype.
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Figure 9.56: István Petróczy, Theodore von Kármán, and Vilém Žurovec created proto-helicopters
such as the PKZ-2 (1918).
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Figure 9.57: Emil Berliner created proto-helicopters and autogyros such as the Berliner Helicopter
No. 5 (1923).
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Figure 9.58: Engelbert Zaschka created proto-helicopters such as the Rotary Wing (1927).
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Figure 9.59: Albert Gillis von Baumhauer created proto-helicopters such as this 1925 test model.
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Figure 9.60: Oskár von Asboth created proto-helicopters such as the Asboth AH-4 (1930).
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Figure 9.61: Raoul Hafner and Bruno Nagler created proto-helicopters such as the Hafner-Nagler
R.I Revoplane (1929).
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Figure 9.62: Walter Rieseler created proto-helicopters such as the Rieseler RI (1936).
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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. 9.63. 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. 9.64–9.65). 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.

Closely related to the Focke-Wulf Triebflügel was the Heinkel Lerche, which was also designed
but apparently not completed during the war (Fig. 9.66). After the war, the Triebflügel and Lerche
designs (and perhaps some of the engineers who worked on them?) directly inspired similar projects
such as the Lockheed XFV Salmon (1954) and Convair XFY Pogo (1954). While the Lockheed
XFV could fly vertically or horizontally but not make the transition between those two modes,
the Convair XFY was completely successful at demonstrating the feasibility of taking o↵ vertically,
transitioning from vertical to horizontal flight, flying horizontally, transitioning from horizontal to
vertical flight, and landing vertically.

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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Figure 9.63: 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 9.64: 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 9.65: 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 9.66: Closely related to the Focke-Wulf Triebflügel were the wartime Heinkel Lerche (model,
1945) and the postwar Lockheed XFV (1954) and Convair XFY (1954).
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2. Flettner team

As shown in Fig. 9.67, 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. 1040) and rotor ships (p. 1258). 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. 9.68. 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. 9.69).
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Figure 9.67: 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 9.68: 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 9.69: 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. 9.70). 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.
9.71). 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 9.72 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 9.70: Paul Baumgärtl designed and successfully demonstrated several portable, single-person
helicopters during the war.
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Figure 9.71: 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 9.72: 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. 1419).
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.
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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. 9.37 and 9.73).7 During the war, versions of the V-1 cruise missile
that were piloted and/or air-launched were also produced and demonstrated (Fig. 9.74). After the
war, Schmidt, Gosslau, and Lusser worked for the United States to produce missiles and other
technologies.

As shown in Fig. 9.75, 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. 884–886. 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. 1418). He also worked on
German nuclear weapons programs during the war (p. 2859). 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. 9.76. 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. 9.109, 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. 3532).

6See for example: Griehl 2003; Miranda and Mercado 1996; Putt 1946a, 1946b; Stüwe 1999; Stüwe 2014; Stüwe
2015; Zaloga and Laurier 2019; NYT 1944-12-05; CIOS XXVII-66; CIOS XXVIII-56; CIOS XXIX-55; CIOS XXXII-
125; AFHRA A5729 electronic 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 9.73: 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 9.74: During the war, versions of the V-1 cruise missile that were piloted and/or air-launched
were also produced and demonstrated.
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Figure 9.75: 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. 884–886).
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Figure 9.76: 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.
9.77. 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. 9.78. 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 9.77: A team led by Ludwig Roth developed the Wasserfall surface-to-air missile, which was
first demonstrated in 1944.
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Figure 9.78: 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 9.79–9.80 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. They included:

Willy Fiedler (German, 1908–1998)

Ernst Friedrich (German, 19??–19??)

Wilfried Hell (German, 1914–2010)

Werner Hohenner (German, 1907–2000)

Hans Hollmann (German, 1899–1960)

Edgar Kutzscher (German, 1906–19??)

Reinhard Lahde (German, 1908–1999)

Robert Lusser (German, 1899–1969)

Otto Schwede (German, 1912–2005)

Theodore Sturm (German, 19??–19??)

Herbert Wagner (Austrian, 1900–1982)

[At least one more–who???]

These and other German-speaking scientists were responsible for the postwar development of cruise
missiles in the United States and other countries. As a starting point, the V-1 was directly copied
and deployed by the United States, renamed as the Loon missile—see p. 1514. Using captured
German prototypes, factories, and engineers, the Soviet Union also copied and deployed the V-1,
designating it as the 10Kh missile. The German-speaking scientists then created 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, SSM-N-6 Rigel, 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. 9.125) in 1946 and first launched in 1953; see Fig. 9.82. Essentially
it was a German-derived liquid propellant rocket that was intermediate in size between the Wasser-
fall (p. 1477) and A-4/V-2 (p. 1490) and was deployed like the air-launched V-1 (p. 1472).

The German-speaking scientists also developed a wide range of other postwar missile types, includ-
ing for example:

• AGM-12 Bullpup air-to-ground missile

• SSM-A-23 Dart anti-tank missile

• AIM-4 Falcon air-to-air missile (p. 998)

• AGM-84/RGM-84/UGM-84 Harpoon anti-ship missile

• MIM-23 Hawk surface-to-air missile



1480 CHAPTER 9. CREATORS AND CREATIONS IN AEROSPACE ENGINEERING

• AAM-N-4 Oriole air-to-air missile

• MGM-51 Shillelagh anti-tank missile

• AIM-9 Sidewinder air-to-air missile (p. 998)

• AIM-7 Sparrow air-to-air missile

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 and heat-seeking targeting systems for missiles, see pp. 978–998. For
radio and acoustic proximity fuzes and homing devices, see pp. 1073–1075.

For German-speaking contributions to larger rockets, see Sections 9.7–9.8.
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Figure 9.79: 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 9.80: 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 9.81: 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 9.82: 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. 1477) and A-4/V-2 (p. 1490) and
was deployed like the air-launched V-1 (p. 1472).
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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.
9.83 [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. 9.84, 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. 1579), 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 9.83: 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 9.84: 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. 9.125), 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. 9.85.8

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. 9.86) 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. 9.87–9.88). Dornberger also moved to
the United States and worked separately on a series of rocket planes, culminating in the U.S. Space
Shuttle (pp. 1484 and 1544–1545).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? (And what did von Braun’s apparently very knowledgeable 1946
statement to Winterstein suggest about how far the development of rockets more advanced than
the A-4 had progressed in wartime Germany? See Sections E.2.2, E.2.5, and E.4.)

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 9.85: 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 9.86: Examples of early U.S. ballistic missiles derived directly from German creators and
creations.
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Figure 9.87: 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 9.88: Wernher von Braun with the F-1 engines for the Saturn V rocket.
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The two photographs in Fig. 9.87 illustrate how numerous and influential German-speaking creators
were in the U.S. ballistic missile and space programs.

The upper photograph in Fig. 9.87 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. 9.87 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. 3607–3610.
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Figure 9.89: 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. 1668). 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 9.90 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 9.91 presents the first three major types of Soviet ballistic missiles (see also p. 3809):

• 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. 3807).

• The SS-3 or R-5M Shyster, also shown in Fig. 9.92, 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. 3808). 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. 3605).

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. 9.93 [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. 9.94 [Przybilski
2002a].

• Figure 9.95 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. 3606).

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 9.90: 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 9.91: Examples of early Soviet ballistic missiles derived directly from German creators and
creations.
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Figure 9.92: The SS-3 Shyster (R-5M) ballistic missile was derived directly from German creators
and creations.
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Figure 9.93: 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].
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Figure 9.94: 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 9.95: 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.
9.96 and Table 9.3. For more information on German-designed rockets in France, including Super
V-2, Véronique, Diamant, and Ariane, see pp. 3607, 3611–3622.

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 9.96: 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. 1509 and 3655–3663.

• 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. 1510 and 3664–3669.

• 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. 1511 and 3670–3678. 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. 3651–3652).
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Figure 9.97: 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 9.98: 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 9.99: 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 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. 1513).

• 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. 1514) and in a
fictionalized Hollywood film (The Flying Missile, 1950, Columbia Pictures). See also p. 3683.

• German-speaking scientists and technologies were used to develop a series of more advanced
U.S. cruise missiles beginning in the late 1940s (pp. 1481–1484).

• 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. 1491).

• 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. 1517–1519 and 3717–3750).

• 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. 3681).
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Figure 9.100: As part of Operation Sandy, the U.S. Navy launched 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 9.101: 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. 9.102, 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. 9.102). 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 9.102: 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. 9.103–9.107, successfully developed and demonstrated advanced solid
propellant rockets, including for example:

• The Rochen ammonium perchlorate/polybutadiene short-range missile, first fired in 1944
(Fig. 9.108).

• The Rheintochter two-stage surface-to-air missile, first launched in 1943 (Fig. 9.109).

• The Rheinbote four-stage long-range rocket, first launched in 1943 (Fig. 9.110).

• 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. 9.112–9.114, 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. 1507). 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 9.103: Some German-speaking creators of large solid propellant rockets.
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Figure 9.104: More German-speaking creators of large solid propellant rockets.
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Figure 9.105: More German-speaking creators of large solid propellant rockets.
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Figure 9.106: More German-speaking creators of large solid propellant rockets.
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Figure 9.107: More German-speaking creators of large solid propellant rockets.



9.8. SUBMARINE-LAUNCHED AND SOLID PROPELLANT ROCKETS 1525

Figure 9.108: The Rochen short-range missile (first fired in 1944) successfully demonstrated am-
monium perchlorate/polybutadiene solid rocket propellant.
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Figure 9.109: 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 9.110: 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 9.111: 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 9.112: 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 9.113: 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 9.114: 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. 9.115, 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. 9.116.

• 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. 9.116.

• 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.
9.117.

• Shortly after that, HellmuthWalter produced the liquid rocket engine, and Alexander Lippisch
and Friedrich Otto Ringleb (German, 1900–1966) 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
Figs. 9.118–9.119.

• 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. 9.120.

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 9.115: Atmospheric reentry approaches include ballistic reentry, lifting-body reentry, skip
reentry, and double-dip reentry.
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Figure 9.116: 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 9.117: 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 9.118: Alexander Lippisch and Friedrich Otto Ringleb 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 9.119: Alexander Lippisch and Friedrich Otto Ringleb designed the Messerschmitt Me 163
Komet (Comet) rocket plane (1941) and numerous postwar U.S. aerospace projects [Dayton Daily
News 8 December 1946 p. 55].
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Figure 9.120: 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. 9.121.

• 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. 9.121.

• 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. 9.122.

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. 9.123, 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. 9.124, 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. 9.115). 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 9.121: 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 9.122: 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 9.123: 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 9.124: 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. 1484). 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. 1545. 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. 1546 and 3645.

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

• The U.S. Space Shuttle (Fig. 9.127) 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. 3641 and 3643.

• 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. 3644.

• 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.
3646–3650).

• 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. 9.127), the Soviet Buran (first launched in 1988, Fig.
9.128), 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 9.125: 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 9.126: Hans Multhopp designed the Martin Marietta X-24 lifting body, which first flew in
1969.
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Figure 9.127: First launch of a U.S. Space Shuttle, Columbia STS-1, on 12 April 1981.
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Figure 9.128: 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 9.129–9.130 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. 9.131 [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. 9.132. 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.
9.133 [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 9.134 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 9.135 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. 9.136. 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.
576) [Hans Mark 1987]. See Fig. 9.137.
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Figure 9.129: Walter Hohmann published a detailed textbook of calculations for spacecraft trajec-
tories and orbits in 1925.
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Figure 9.130: Walter Hohmann published a detailed textbook of calculations for spacecraft trajec-
tories and orbits in 1925.
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Figure 9.131: 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 9.132: 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 9.133: Plans for an orbiting space station and space mirror were seriously studied during
World War II.
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Figure 9.134: 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.



9.10. SPACE EXPLORATION 1557

Figure 9.135: 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 9.136: 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 9.137: 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. 9.138.
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. 9.140 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. 3770–
3786). 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. 9.140–9.141.

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. 9.138 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. 3784 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. 9.139. 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. 3785). Ex-
perimental development of electric propulsion in Germany began no later than 1937 and continued
until at least 1944 (p. 3447). Ernst Stuhlinger, Wernher von Braun, and other German-speaking
scientists continued to develop and promote electric propulsion after the war (pp. 1565, 3785). 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. 9.139 and 9.141). 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 9.138: 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.



9.10. SPACE EXPLORATION 1563

Figure 9.139: Rocket propulsion by an ion-electron thruster (above) and matter-antimatter annihi-
lation (below).
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Figure 9.140: 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 9.141: 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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