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ABSTRACT 66 

The designs for a high resolution Czerny-Turner spectrometer are presented. The results of 67 

optical simulations using ZEMAX are shown, and the design of a triple turret using two servo 68 

motors and an Arduino-based control system is reported. Results from optical simulations show 69 

that one of the most important factors affecting spectral resolution is the focal length of mirrors. 70 

Increasing the focal length allows for a greater degree of spatial dispersion of light diffracted 71 

from the gratings and also reduces optical aberrations. Radiation of wavelengths around 1550 nm 72 

are shown to have very noticeable aberrations in certain designs, evident by a large degree of 73 

smudging. Using parabolic mirrors instead of spherical mirrors is demonstrated to have a 74 

negligible effect when compared with increasing focal length. The optical simulations and 75 

preliminary testing of mechanical components show that it is possible to build a cost effective 76 

high resolution Czerny-Turner spectrometer using off the shelf components.  77 

  78 
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INTRODUCTION 79 

Spectrometry is a process of analyzing a spectrum of light that is useful in many different areas 80 

of science. For example, Raman spectrometry may be used to identify the presence of certain 81 

molecules in an unknown sample (Butler et al., 2016). Rayleigh scattering spectroscopy may be 82 

used to investigate the properties of an individual single-walled carbon nanotube (Heinz, 2008).  83 

Here we present the design for a high resolution Czerny-Turner spectrometer. One possible 84 

application of this spectrometer is to analyze the reflection and transmission of light in photonic 85 

crystal membranes (PCMs). A complete CAD drawing of the spectrometer is provided in 86 

Appendix A.  87 

The device was not able to be fully built since many critical optical components would not arrive 88 

while Karl was still present at the University of Waterloo. Despite this, thorough optical 89 

simulations were performed using ZEMAX. Additionally, an important mechanical device, 90 

called the TRISPEC, was built and is reported here.  91 

METHODS 92 

Mechanical devices such as the TRISPEC, camera holder, mirror holders, and periscope were 93 

custom-machined. The acronym TRISPEC comes from TRIple Turret SPECtrometer, and refers 94 

to the mechanism used to switch between active diffraction gratings. The ability to select which 95 

grating is used is important since each grating has a different number of groves/mm, resulting in 96 

different degrees of spatial dispersion of light. Therefore, the bandwidth of light that falls on the 97 

detector can be modulated by changing the diffraction grating. This allows the user to be able to 98 

select between examining a broad spectrum of light, and progressively select narrower bands of 99 

light for more accurate inspection of a particular part of the spectrum.  100 

The simplest design for a triple turret would be to have, for example, one diffraction grating 101 

positioned on each of three faces of a triangle. Switching a grating would then be a matter of 102 

rotating the triangle 120° so that the next grating is roughly perpendicular to incident light. A 103 

problem with this design, however, is that any further angular adjustment (to focus in on a 104 

spectral region) would have an axis of rotation that is not about the face of the grating.  105 
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The TRISPEC design presented solves this problem by using two axes of rotation. One is for 106 

selecting gratings and the other is for fine angular adjustments of the selected grating. A picture 107 

and schematic of the TRISPEC are shown in Figures 1 and 2.  108 

The Parker rotation stage, Kohzu rotation stage, servo motors, and motor control were purchased 109 

online. All other materials were custom-machined using 6061 aluminum in the student machine 110 

shop at the University of Waterloo.  111 

Operation 112 

The mode of operation of the TRISPEC is as follows. For fine angular adjustments of a chosen 113 

grating, the Parker stage is controlled. This is done with an STM-200 Stepper Motor, which 114 

provides more torque but also requires more current than the NEMA-17. To swap gratings, the 115 

Kohzu stage is controlled with the NEMA-17 motor. Both motors are controlled by an Arduino 116 

Uno and an Adafruit Motor shield.  117 

The motor shield is used since the amount of current outputted by the Arduino is not enough to 118 

power the motors. Connecting an external DC power supply to the motor shield permits higher 119 

power control of the servo motors, as well as control with useful waveforms resulting in 120 

microstepping and double coil steps. Using the Motorshield with 1.2 A and 8 V is enough to 121 

operate the TRISPEC. How the TRISPEC fits in to the entire design of the spectrometer can be 122 

seen in Appendix A.  123 

Another important design of the spectrometer is the Periscope. The optical axis of Dr. Bajcsy’s 124 

lab is 10 cm. However, the center of the diffraction gratings on the TRISPEC are roughly 17 cm. 125 

Therefore, a device is needed to raise the input light from the optical axis of the lab to the center 126 

of the TRISPEC. The design for the Periscope is shown in Figure 3.  127 

A parabolic mirror is chosen over a plane mirror so that the periscope may be used to raise the 128 

optical axis as well as focus the input light with little spherical aberration. Spherical aberration is 129 

the result of spherical lenses or mirrors, where light is not properly focused into one point. 130 

Adjustment rods and an XY adjuster are used since they allow for fine positioning of the 131 

parabolic mirror so that light very precisely passes through the entrance slits of the spectrometer.  132 
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In addition to making several devices necessary to construct the spectrometer, thorough 133 

simulations using ZEMAX Optic Studio were performed to assess the effectiveness of various 134 

design decisions. Decisions include choosing parabolic or spherical mirrors, the number of 135 

groves/mm of a diffraction grating, the focal length of mirrors, and the geometry of the 136 

components (e.g., spacing between mirrors and TRISPEC, spacing between entrance slit and 137 

mirrors).  138 

RESULTS 139 

Figures 4-7 summarize the results from the ZEMAX simulations. Figures 4 and 5 were generated 140 

using 75 mm diameter, 500 mm focal length silver coated spherical mirrors, a 1” diameter 30 141 

mm focal length achromatic doublet, and a 4 mm initial collimated waist of light. They show the 142 

intensity distribution for two different wavelengths as seen from a detector at the output.  143 

The spectrometer was designed in sequential mode in ZEMAX. This allows for fast and precise 144 

positioning of optical elements. However, only one wavelength of light may be analyzed at a 145 

time in sequential mode, so the whole design was converted to non-sequential mode for multi-146 

wavelength analysis. In non-sequential mode, the spectral resolution can be more effectively 147 

studied since comparing two wavelengths side-by-side allows one to see the effects of optical 148 

aberrations and dispersion due to different gratings more clearly.  149 

Figures 5 and 7 show graphically what the signal processing software to determine intensity of a 150 

certain wavelength would do. The graphs show the sum of the irradiance along a column of 151 

pixels. This is useful since in practice which column of pixels the light is incident upon 152 

determines wavelength. If the two blue spikes are clearly spatially separated, then that is an 153 

indication that there exists distinct spectral resolution between the two wavelengths. How 154 

symmetrical the two peaks are indicates to what extent optical aberrations are present.  155 

The simulations show that a high degree of smudging results from using long wavelength light 156 

(~1550 nm wavelength) with diffraction gratings of 1200 groves/mm or higher. Intuitively, one 157 

might expect the greater amount of spatial dispersion resulting at longer wavelengths to 158 

positively contribute more to spectral resolution than any negative side effects such as 159 
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aberrations would. However, the increase in full width 1/10th maximum cancels out the positive 160 

effects that greater dispersion would have on spectral resolution.  161 

Full width 1/10th maximum is a measure of how horizontally concentrated light energy is on the 162 

detector. It is the spatial distance of the irradiance going from 10% of its maximal value, to its 163 

maximal  164 

value, and back down to 10% of its maximal value along a horizontal axis. The full width 1/10th 165 

maximum is relatively large for 1550 nm wavelength light and a 1200 groves/mm grating. 166 

Therefore, this combination of wavelength and gratings should be avoided.  167 

An important conclusion from these simulations is that full width 1/10th maximum is mainly a 168 

function of wavelength and not number of lines/mm of the diffraction grating. For example, the 169 

full width 1/10th maximum does not change significantly when using either 1200 or 1800 170 

lines/mm. However, prohibitively large full width 1/10th maximum occurs when using ~1500 nm 171 

light. One might expect that with a higher rules/mm diffraction grating more aberrations (such as 172 

smudging) would occur since light is dispersed at greater angles. This effect is noticeable but is 173 

not nearly as dominant as the effects of wavelength are.  174 

Figures 6 and 7 show the effects of focal length on spectral resolution. Clearly, with greater focal 175 

length there is more distinct separation of wavelengths. All of the figures show light of 176 

wavelength 852 and 852.01 nm. Figure 7 shows that with greater focal length, asymmetries in 177 

the light hitting the detector are reduced. This is because a smaller tilt of the diffraction grating is 178 

needed with higher focal lengths. Less tilt means the light is better able to remain collimated.  179 

Figures 6 and 7 also compare the effects of using a parabolic as opposed to spherical mirror. The 180 

reduction of spherical aberrations resulting from using parabolic mirrors is negligible, since 181 

greater focal lengths have a more dominant effect in improving spectral resolution.  182 

CONCLUSION 183 

A high spectral resolution spectrometer is designed and several main components of it are built. 184 

Complete construction of the spectrometer was not possible since critical optical components did 185 
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not arrive in time. However, thorough ZEMAX simulations were performed for the high 186 

resolution spectrometer as well as multiple other configurations.  187 

The ZEMAX simulations show that spectral resolution is directly proportional to focal length. 188 

Additionally, optical aberrations are reduced with shorter wavelengths of light (850 nm v. 1550 189 

nm).  190 

One part of the spectrometer which was built is the TRISPEC. This device allows the user to 191 

select one of three diffraction gratings to be active, as well as finely to adjust the angular position 192 

of the selected grating about the face of the grating. This device is controlled by two servo 193 

motors, an Arduino Uno, and an Adafruit motor shield.  194 

Looking forward, decisions must be made as to whether a composite grating system as opposed 195 

to a single grating on each face of the TRISPEC will be used. This decision would affect how the 196 

TRISPEC is built. The presented model was built to allow a composite grating to be attached. 197 

This is so that off the shelf gratings can be used and also to make the design more affordable.  198 

In order to build a spectrometer with the highest spectral resolution, long focal lengths such as 199 

152 cm (60”) should be used. This would also reduce optical aberrations. Ideally, parabolic 200 

mirrors would also be used, but the effects of focal length are dominant to the effects of the type 201 

of curvature. With these design decisions in mind, a cost-efficient spectrometer that minimizes 202 

aberrations and provides high spectral resolution can be built.  203 
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 211 

Fig. 1. TRISPEC connected to an Arduino control unit. Diffraction gratings that would be 212 
inserted on the device are not shown.  213 

  214 
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 216 

Fig. 2. A drawing of TRISPEC generated in Inventor. All units are mm.  217 
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 218 

Fig. 3. A drawing of the periscope. Units are mm and the red lines indicate the path of light.  219 
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