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ABSTRACT

This paper presents the results of refractive index measurements of CdZnTe at the wave-
length range of 10.6, 11.4, 14.0, and 17.1 gm and in the temperature range between 4
and room temperature, and the development of a high-precision cryogenic mid-infrared
refractive index measurement system. We show how these results have influenced the de-
tailed optical design of HRS (High Resolution Spectrometer, wavelength range between
10 and 18 pm, spectral resolution R = A/AX > 25,000, operating temperature 7" < 20
K), one of the instruments on board GREX-PLUS (Galaxy Reionization EXplorer and
PLanetary Universe Spectrometer).

GREX-PLUS is an ambitious mission designed to explore a wide range of astrophys-
ical phenomena, including the formation of galaxies and planetary systems, and to make
detailed studies of planetary atmospheres and the potential for life beyond Earth. One of
the science topics of particular interest is the observation of HoO snow lines in protoplane-
tary disks. We are developing a CdZnTe immersion grating for a compact high-dispersion
mid-infrared spectrometer GREX-PLUS/HRS. One of the key challenges in the design of
high-dispersion spectrometers for space-based infrared astronomy is the need to minia-
turize components without sacrificing performance. Immersion gratings are a promising
solution to this problem. By using an immersion grating, the spectrometer size can be
reduced to 1/n (1/n? in volume, n: refractive index) compared to conventional diffraction
gratings. This allows the spectrometer to be significantly smaller and lighter, which is
crucial for space missions where weight and size are limiting factors. CdZnTe is promising
as a material for immersion gratings for the wavelength range between 10 and 18 pm.

Immersion gratings are useful for miniaturization of spectrometers, but have not been
established in the mid-IR due to the lack of materials with well-known optical constants
at cryogenic temperatures. CdZnTe has been proposed as a promising material, but
its n and its temperature dependence in the wavelength range between 10 and 18 pm,
which are important for optical design, have not been directly measured. n is a crucial
parameter for the spectral resolution and optical design of the spectrometer. In the

GREX-PLUS/HRS design, n values with a measurement accuracy of Angeq < 1.0 x 1072



are required to maximize efficiency at certain wavelengths (e.g., 17.754 mum).

In this study, we developed a high-precision cryogenic mid-infrared refractive index
measurement system that operates at wavelengths of 10.6, 11.4, 14.0, and 17.1 gm and in
a temperature range between 12.4 and 300 K. The measurement system is characterized
by its innovative features, including the realization of a highly efficient optical system, the
construction of a cooling system capable of achieving cryogenic temperatures, and the
establishment of a minimum deviation measurement method utilizing a single-element
detector.

Using the measurement system, two experiments were performed to obtain n of
CdZnTe. In the first experiment, the apex angle of the prism was measured using visible
autocollimation. The second experiment was a declination measurement in the mid-
infrared at cryogenic temperatures.

From the results of the two experiments, n of CdZnTe at wavelengths of 10.6, 11.4,
14.0, and 17.1 pm and temperatures between 12.4 K and 292.84 K was obtained with an
accuracy of Angeal < 1.3 x 1073, Using these refractive indices and their measurement
accuracy, three topics were discussed. First, the temperature dependence of n of CdZnTe
at low temperatures for each wavelength was revealed, indicating a difference in tem-
perature dependence between CdZnTe and CdTe. Second, it was demonstrated that the
previously estimated n of CdZnTe, based on the temperature dependence of CdTe, does
not meet the required precision of An,e, < 1.0 x 1073, suggesting the importance of mea-
suring refractive indices at cryogenic temperatures in the mid-infrared region. Finally,
the impact of the system’s measurement precision on the design of immersion gratings
was examined. For ground-based high-dispersion spectrometers, the diffraction efficiency
could drop to 75-85%, while for GREX-PLUS, the influence is considered negligible due
to its lower diffraction order and wider free spectral range. The current accuracy of
Anioral < 1.3 x 1072 is considered sufficient for GREX-PLUS.

The results of this research are expected to play a key role in refining the optical
design of the HRS and ensuring the success of the GREX-PLUS mission. Moreover, the

techniques and findings presented in this thesis can be applied to the study of other



materials and wavelength ranges, potentially benefiting a wide range of future space

missions in the field of infrared astronomy.
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Chapter 1

INTRODUCTION

1.1 Space Infrared Telescope Features and Current

Status

Infrared radiation is a type of electromagnetic wave, with wavelengths of 1 ~ 3 pum cat-
egorized as near-infrared, 3 ~ 30 um as mid-infrared, and 30 ~ 1000 pum as far-infrared.
The infrared region contains the peak of blackbody radiation spectra for temperatures
around 3 ~ 3000 K, making it suitable for observing low-temperature interstellar matter
and planets both inside and outside the solar system. One example is the observation of
interstellar dust, which is a component of interstellar matter. Interstellar dust coexists
with interstellar gas and is heated by visible light and ultraviolet radiation from stars. It
is thought that low-temperature dust is heated to tens of kelvins, while high-temperature
dust can reach thousands of kelvins, where sublimation occurs. Thus, infrared observa-
tions are useful. Infrared observations are also effective for observing the regions where
stars and planets form. Typically, the radiation peak of a star exists in the ultraviolet
to infrared region, but the visible light from stars in the central region of the galaxy is
dimmed by interstellar matter. This is because, as we are located within the galactic
disk, the visible light from the center of the galaxy passes through interstellar matter,
where it is scattered and absorbed by interstellar dust. This scattering and absorption of

electromagnetic waves are maximized at visible wavelengths, which are comparable to the

15



size of the dust particles. Infrared light, however, is less affected by extinction, allowing
us to observe the central parts of the galaxy and star formation regions shrouded in dense
interstellar gas that cannot be detected in visible light. Additionally, to explore stars and
galaxies born in the early universe, we need to observe light from distant objects. Due to
redshift, this light is stretched to longer wavelengths and can be observed in the infrared.
Furthermore, many spectral lines associated with vibrational and rotational transitions
of interstellar gas molecules, as well as fine-structure lines of atoms and ions, exist in the
infrared region. In this way, astronomical observations using infrared wavelengths are
crucial for understanding the early universe, the history of star and planet formation,
and the evolution of galaxies.

However, most of the infrared radiation, except for the 10 and 20 pum bands known
as atmospheric windows, is absorbed by the Earth’s atmosphere, which limits ground-
based observations (Figure 1.1). In particular, it is challenging to observe the mid- to
far-infrared regions beyond 10 pm from the ground. Additionally, the thermal radiation
from the Earth’s atmosphere peaks in the infrared region and is significantly brighter than
cosmic infrared radiation, increasing noise and further complicating infrared observations
from the ground.

One solution to this problem is to equip telescopes on artificial satellites and launch
them into space. By placing telescopes in space, where there are no atmospheric con-
straints that hinder astronomical observations, it becomes possible to observe wavelength
bands that are otherwise unobservable from the ground. Moreover, without the influence
of the Earth’s atmospheric thermal radiation, the detection limit can be dramatically
improved compared to ground-based telescopes of the same aperture, allowing the obser-
vation of fainter celestial objects.

To take full advantage of these benefits, it is necessary to cool the entire observational
system, including the telescope itself, to cryogenic temperatures, as shown in Figure
1.2. A room-temperature telescope (300 K) is insufficient because the infrared radiation
emitted by the telescope itself would drown out the infrared radiation from the celestial

objects being observed. Cooling the telescope reduces its thermal emission, and the peak
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wavelength of this emission shifts to longer wavelengths, enabling high sensitivity even in

the far-infrared region. Examples of actual space infrared telescopes are shown in Table

1.1.
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Figure 1.1: Atmospheric transmission from the summit of Mauna Kea to balloon obser-

vation altitude [1]
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Figure 1.2: Comparison of infrared emission from the Earth’s atmosphere and telescopes
with celestial infrared radiation [2]

Table 1.1: Observation wavelengths and operating temperatures of major space infrared

telescopes

Telescope Launch Aperture | Observation| Operating
year (m) wavelength | tempera-
(Year) (pm) ture (K)

IRAS [3] 1983 0.57 10 - 100 <3

IRTS [4] 1995 0.15 1.4-700 | 1.9

ISO [5] 1995 0.6 25-240 |3

Spitzer Space Telescope [6] | 2003 0.85 3.6 - 160 5.5

AKARI [7] 2006 0.68 2 -180 5.8

WISE [§] 2009 0.4 3.3-23 17

Herschel Space Observatory | 2009 3.5 55 - 671 ~ 85

[9]

JWST [10] 2021 6.5 0.6 - 28 ~ 40

SPICA [11] (cancelled) | 2.5 12 - 210 8

GREX-PLUS [12] (2030) 1.2 220 50
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1.2 High Dispersion Spectroscopy Infrared Astron-
omy

Mid-infrared high-dispersion spectroscopy from space offers many advantages. First,
space telescopes are positioned above the Earth’s atmosphere, eliminating the need to
consider absorption and scattering effects caused by the atmosphere. This is particularly
important for infrared observations because water vapor and oxygen in the Earth’s at-
mosphere strongly absorb infrared radiation. By avoiding atmospheric absorption due
to water vapor, observations in the mid-infrared range become possible, significantly
improving observational sensitivity. Additionally, high spectral resolution enables the
acquisition of detailed information about celestial objects, such as their Doppler shift,
chemical composition, temperature, and density.

These advantages allow us to explore new scientific fields. One example is the obser-
vation of the H,O snowline in protoplanetary disks. Figure 1.3 illustrates a conceptual
diagram of the evolutionary process from a protoplanetary disk to a planetary system. A
protoplanetary disk is a rotating circumstellar disk composed mainly of gas and dust that
forms around a newly born star. In the region close to the central star, water molecules
in the disk are heated by radiation from the star and exist as water vapor. In contrast, in
the outer regions farther from the central star, water molecules exist as ice. The boundary
that separates these two regions, where water transitions between vapor and ice, is called
the HoO snowline. Within the protoplanetary disk, materials undergo repeated collisions
and coalescence, eventually forming planets. Inside the HoO snowline, the planet’s core is
primarily composed of dust. Outside the H,O snowline, both dust and ice contribute to
the formation of the planetary core. As a result, planets forming beyond the HyO snow-
line develop larger cores than those forming inside the snowline. These cores continue to
grow and gradually capture surrounding gas. The larger planetary cores outside the H,O
snowline capture more gas compared to the smaller planetary cores inside the snowline.
Consequently, rocky planets form inside the HoO snowline, while giant gas planets form

outside it. This evolutionary model is known as the Kyoto Model [13].
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Figure 1.3: Conceptual diagram of the evolutionary process from a protoplanetary disk
to a planetary system

Recently, some studies have suggested that the position of the HoO snowline may
shift over time during planetary system evolution. Determining the location of the HyO
snowline is crucial for understanding planetary system formation [14].

Mid-infrared high-dispersion spectroscopy is a useful method for observing the HyO
snowline in protoplanetary disks. Figure 1.4 shows a simulation result of the water vapor
distribution in a T Tauri star’s protoplanetary disk. The horizontal axis represents the
radial distance r from the central star, while the vertical axis represents the height Z
above the disk midplane, normalized by r. The color scale indicates the abundance of

water vapor, with red representing higher concentrations.
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Figure 1.4: Simulation result of the water vapor distribution in a T Tauri star’s proto-
planetary disk [15, 16]

The simulation results show that water vapor is abundant in the surface layers of the
protoplanetary disk and in the inner region within 2 au. In contrast, beyond 2 au, the
water vapor abundance drops sharply. This boundary represents the HyO snowline. To
detect molecular components inside the snowline, it is necessary to observe water spectral
lines that can penetrate the disk (i.e., spectral lines with small Einstein A coefficients).
For example, model calculations suggest that the location of the H,O snowline can be
identified by observing the Doppler shift of the 17.754 ym HyO emission line caused by

rotational motion.
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Figure 1.5: Simulation of Doppler shift of HoO gas emission lines due to rotational mo-
tion. Velocity profiles of HoO gas emission lines at (a) infinite wavelength resolution, (b)
wavelength resolution R = 10,000, and (c) wavelength resolution R = 30,000 (Notsu et
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al. 2016 [15]; Nakagawa in prep, partial change).

Figure 1.5 illustrates the Doppler shift of the HoO emission line due to rotational
motion. Figure 1.5 (a) shows the Doppler shift profile of the HyO emission line with
infinite spectral resolution. It suggests that the HoO snowline exists at positions corre-
sponding to velocities of £20 km/s. As shown in Figure 1.5 (b), at a spectral resolution of
R ~ 10,000, the profile of the HyO snowline cannot be resolved. However, at R ~ 30, 000

in Figure 1.5 (c), the velocity resolution reaches 10 km/s, allowing the profile of the HoO
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snowline to be resolved.

Despite the many advantages of mid-infrared high-dispersion spectroscopy, it has not
yet been fully realized. One of the main challenges is the increasing size of spectrometers
as wavelength resolution improves. In general, high-resolution spectrometers become
larger, making it difficult to design a compact spectrometer with high resolution that
can be installed on a space telescope. Additionally, infrared observation instruments
require cooling of the entire system to avoid thermal noise caused by background infrared
radiation. When the spectrometer is large, cooling the entire system is not practical.
Addressing these challenges is essential for the successful implementation of mid-infrared
high-dispersion spectroscopy in space.

The key technology to overcome these challenges is the immersion grating, which will

be discussed in the next section 1.3.

1.3 Immersion grating

An immersion grating is an optical element that can reduce the size of the spectrometer
to 1/n (1/n? in volume, n: refractive index) compared to conventional diffraction gratings
(see Figure 1.6). This is because passing light through a high-refractive-index medium
allows for an effectively longer optical path length Lig compared to L., in air by a
factor of n. So far, there have been demonstrations of immersion gratings for the near-
infrared, such as the Si immersion grating used in IGRINS (Immersion GRating INfrared
Spectrometer) [17, 18] and the Ge immersion grating used in GIGMICS (Germanium
Immersion Grating Mid-Infrared Cryogenic Spectrograph) [19]. However, a development

of mid-infrared (beyond 10 pm) immersion grating has not yet been reported.
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Figure 1.6: Conceptual diagram of conventional diffraction grating on the left and im-
mersion grating on the right

The material for the immersion grating requires a high n and transmittance in the
observation wavelength range (10-18 pm) and at the operating temperature (< 20 K).
Additionally, it must have sufficient strength for microfabrication. From this perspective,
CdZnTe was chosen as the material for immersion gratings in the mid-infrared range [20].
However, there is no literature value for n of CdZnTe in the observation wavelength range
(1018 pm), and only estimated values calculated from the transmittance 7" and absorp-
tion coefficient k were available. In Sarugaku et al. (2017), the absorption coefficient of
CdZnTe in the range of 2 to 13 um was determined from transmittance 7" measurements
of CdZnTe flat samples with different thicknesses ¢ at room temperature. Considering the
sample thickness ¢, n, and absorption coefficient k, the transmittance T' can be expressed

using Equation 1.1 as follows:

T (1 — R)? exp(—rt)
1 — R2exp(—2kt)

(1.1)

where R = EZ:; is the Fresnel reflection at the sample surface. From R and Equa-

tion 1.1, the absorption coefficient x can be expressed as follows:

_ _hl(Tl/Tg)

1.2
P— (1.2)

where T} and T, are the transmittances of samples with thicknesses t; and t,, respec-
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tively. Thus, using Equations 1.1 and 1.6, n can be estimated from the transmittance 7'
and the absorption coefficient . In this way, n of CdZnTe at room temperature in the
range of 2 to 13 um was estimated. Additionally, for wavelengths longer than 13 pum, n
of CdZnTe is estimated based on n of CdTe. This is because CdTe and CdZnTe both
belong to the same cubic crystal system, and CdgggZnggsTe, which is CdTe with 4% of
Cd replaced by Zn, has a chemical formula similar to CdTe.

An accurate n for CdZnTe is crucial for determining the wavelength dispersion ca-
pability of the transmission-type dispersive element, the immersion grating. It is also
essential for the detailed design of the spectrometer’s optical system to achieve high effi-
ciency at specific wavelengths. This accuracy is required because of the following reasons.
First, the maximum value of the spectral resolution R of the immersion grating at wave-
length X is given by Equation 1.3 [21]. In this way, it is necessary to know the absolute

value of n to determine the wavelength resolution.

A o Qngbtan lea
(AN min A

Ruae = (1.3)

where n is the refractive index, ® is the diameter of the collimated beam, and 6y,
represents the blaze angle of the diffraction grating under the Littrow configuration. The
Littrow configuration of a diffraction grating is a setup that maximizes the intensity of
the diffracted light. In this configuration, the incident light and the diffracted light are at
the same angle. This setup allows for the maximization of the diffracted light intensity,
making it an efficient method for measuring wavelengths, particularly in spectral analysis.

Additionally, for achieving high efficiency at a target wavelength, the detailed design
of the spectrometer’s optical system is essential. The following describes the required
precision for refractive index measurements. Figure 1.7 (left) shows an image of the
spectrum dispersed by the diffraction grating on the detector surface. A smaller diffrac-
tion order m corresponds to longer wavelengths, while a larger m corresponds to shorter
wavelengths. As shown in Figure 1.7 (right), the center of the FSR A\ is the wavelength
at which the diffraction efficiency peaks for that order, known as the blaze wavelength

Apla- The goal is to design the optical system so that the target wavelength matches the
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blaze wavelength A\, with 10% accuracy, and to achieve a diffraction efficiency of 90%

or higher at the target wavelength on the spectrometer’s detector surface.
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Figure 1.7: Image of the spectrum dispersed by the diffraction grating on the detector
surface (left), and Image of the diffraction efficiency’s wavelength dependence for the FSR
(right).

The blaze wavelength Ay, and the free spectral range A\ are given by Equation 1.4

and 1.5, respectively.

2no sin Oy,
Abla = OO0 bl (1.4)
m
AN ~ bla (m > 1) (1.5)
m

where o is the grating pitch, and m is the diffraction order.

Two applications of immersion gratings can be listed. One is GREX-PLUS/HRS
(Galaxy Reionization EXplorer and PLanetary Universe Spectrometer/High-Resolution
Spectroscopy), and the other is the ground demonstration spectrometer for GREX-
PLUS/HRS. For detailed specifications of each spectrometer, please refer to Section 1.4.1.

The observation target wavelength of GREX-PLUS/HRS is the H,O gas emission line
at 17.754 pm. The diffraction order m is assumed to be approximately m = 100 due to
the constraints of the detector pixel format. The required precision for refractive index

measurements is examined to constrain the blaze wavelength ASEXPLUS within 10% of
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the FSR peak. Using the equation, the bandwidth of the FSR is A\ = 0.17754 um.
This means the blaze wavelength must be within AX/10 = 0.01775 um. From the equa-
tion, it can be seen that the blaze wavelength and n are in a proportional relationship.
Considering that there are errors in the diffraction grating pitch o and blaze angle 6y,,,
the required precision for n is further reduced, leading to Anggx‘PLUs < 1.8 x 1073,
Similarly, when examining the required precision for refractive index measurements for
the ground demonstration spectrometer of GREX-PLUS/HRS, the required precision is
Anfortesting < (0.8 x 107* (with diffraction order m = 150 and observation target wave-
length 12.453 pm). Therefore, the required precision for refractive index measurements
is set as Angeq < 1073

Additionally, an important parameter for immersion gratings is the absorption coef-
ficient k. Unlike conventional diffraction gratings, immersion gratings allow light to pass
through the medium, leading to light loss due to absorption. For an immersion grating

with length Liq, if the absorption loss is set to Au,s < 10%, the absorption coefficient x

can be determined by following Equation 1.6.

- Aabs) L - 1
h= e <001 (85 mm) em™ (1.6)

For the GREX-PLUS/HRS IG with L = 85 mm, the required absorption coefficient
is @ < 0.0lcm™! (at operating temperature).

When measuring the absorption coefficient x, multiple reflections within the sample
can interfere with accurate measurement. Li et al. 2024 [22] developed a model for deriv-
ing the absorption coefficient xk of CdZnTe, considering the effects of multiple reflections

(Equation 1.7).

1 (1 - R)* + 4R?Tqum
K= —;ln ( N : (1.7)

k: absorption coefficient, t: sample thickness, R: Fresnel surface reflectance, Tyuun:
transmittance calculated using an infinite Fresnel reflection model.

Equation 1.7 is used to determine the absorption coefficient x from the transmittance
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Teum Of two samples with different thicknesses. 7y, refers to the transmittance calculated
using the infinite Fresnel reflection model. Although Equation 1.7 can also be used
to estimate n, it is difficult to minimize the estimation error of n due to the limited

measurement accuracy of 7g,,. Therefore, independent measurement of n is important.

1.4 Candidates for immersion grating

1.4.1 GREX-PLUS

GREX-PLUS is a medium-class mission strategically implemented by JAXA, aimed for
launch in the 2030s (Figure 1.8). It is a cryogenic space telescope with an aperture of 1.0
m, cooled to a temperature of 50 K, and equipped with two scientific instruments. One
is a wide-field camera covering the 2-10 ym wavelength range, and the other is a high-
dispersion spectrometer with a wavelength range of 10-20 pym and a spectral resolution
of > 25,000 (Table 1.3). In particular, the high-dispersion spectrometer has a spectral
resolution of R > 25,000, which is 10 times higher than that of JWST (R > 3,000)
(Table 1.3, Figure 1.9, [23]). The observation period is expected to last one year (to
be confirmed) after launch, and it will observe from either a Sun-Earth Ly orbit or an
Earth-trailing orbit. This telescope aims to enhance our understanding of the formation
and evolution of galaxies and planetary systems.

The primary goal of GREX-PLUS in galaxy formation and evolution studies is to
discover the rare, bright "early galaxies” in the early universe and to observe "building
blocks,” which have a mass one-hundredth that of the Milky Way, across 95% of cosmic
history. To achieve this, the GREX-PLUS wide-field camera will conduct surveys in the
2-10 pm wavelength range with a sensitivity 100 times higher and a survey area 1000
times wider than previous missions.

In planetary system formation and evolution studies, the primary objective is to
determine the location of the H,O snowline in the midplane of protoplanetary disks within
the Milky Way and to elucidate the formation process of planetary systems, including

rocky planets and giant gas planets [15, 16] (see Section 1.2). Additionally, GREX-
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PLUS will contribute to planetary astrobiology research by observing organic molecules
in protoplanetary disks and atmospheric molecules in both Solar System and extrasolar
planets. This will advance our understanding of the synthesis of life-forming materials,
planetary atmospheric structures, and the origins of oceans on rocky planets. To achieve
these objectives, the GREX-PLUS high-dispersion spectrometer, with its unique spectral
resolution of > 25,000 in the 10-20 um wavelength range, is essential. The development
of CdZnTe immersion gratings for the mid-infrared range is crucial for realizing this
high-dispersion spectrometer. As shown, GREX-PLUS aims to address a wide range of

scientific issues.

Figure 1.8: Appearance of GREX-PLUS [24]
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Figure 1.9: GREX-PLUS/HR optics design proposal. The top panel shows the layout of
the optical system, and the bottom panel shows the design solution for the rear optical
system [12].
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Table 1.2: Specifications of GREX-PLUS [24]

Launch Target year 2030s
Spacecraft Mass 1,390 kg
Instruments Wide-field camera 2-10 pm

High-dispersion spectrometer | 10-18 um

Telescope Aperture 1.0 m
Temperature < 50 K
Cooling system Cryocoolers and radiative cooling

Table 1.3: Specifications of GREX-PLUS/HRS [24, 25]

Wavelength range 10-18 pm

Spectral resolution [\/A)] > 25,000

Detector Si:As BIB detector, 1kx1k
Pixel scale [arcsec pix™?] 1.5

Field-of-view [arcsec?| 8.2 x 3.5

Continuum sensitivity [mJy]’ | 4.2 /5.0

Line sensitivity [1072 W m=2]" | 3.4 / 4.1

1.4.2 Mid-infrared high-dispersion spectrometer for ground-based

observation

The mid-infrared high-dispersion spectrometer for ground-based observation, currently
being studied under the leadership of Nakagawa, Baba, and Hirahara, is one of the
potential instruments for installing an immersion grating. This spectrometer is designed
to demonstrate the performance of the CdZnTe immersion grating, and its specifications

are shown in Table 1.4.
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Table 1.4: Specification of the mid-infrared high-dispersion spectrometer for ground-
based observation

Parameter Details

Telescope 1.3 m ISAS telescope

Wavelength Range N-band ( 7.5-13.5 um)

Typical Seeing Angle | Approximately 2 arcsec

Target Lines Hy0O 13761249 at 12.453 pum

Detector Raytheon 512x412 Si:As (30 ym pixel ™)

1.5 Refractive Index Measurement Systems of the

World

There are many refractive index measurement systems in the world. Table 1.5 lists the

refractive index measurement systems that meet the following conditions:
e They use the same minimum deviation method as the one used in this measurement.
e The measurement wavelength includes infrared.
o They have a cooling system and allow for temperature selection.

Regarding the measurement wavelength, this study, the Spectrometer NRI-200, and
Liao Sheng et al. (2011) all reach the 10 pm range. However, the Spectrometer NRI-200
only reaches a cooling temperature of 233 K, and Liao Sheng et al. (2011) only reaches
100 K, neither reaching cryogenic temperatures. About the measurement temperature,
this study, CHARMS NASA GSFC [26] and Simon G. Kaplan et al. 2002 [27] reach
the 10 K range. However, they have measurement wavelengths in the near infrared
range. CHARMS was developed for JWST and has also been used to measure optical
elements for ESA’s Euclid [28]. A key feature of this system is that the light source and
detector can be placed inside the shroud to improve measurement accuracy. Another
advantage is that a can be measured during cooling. Since some materials have crystal
anisotropy, measuring « at low temperatures is important. Simon G. Kaplan et al. have
the advantage of measuring n over a continuous wavelength range by using a Fourier-

transform infrared (FTIR) spectrometer as the detector.
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Table 1.5: Comparison of Wavelength and Temperature Range

Study Wavelength (yum) | Temperature (K)

This Work 0.365, 10.6 — 17.1 12.6 — 300
Yamamuro et al. 2006 [29] 0.365 — 3.5 80 — 293
Shimadzu GMR-1D|30] 0.254 — 2.325 233 — 353
Spectrometer NRI-200 [31] 0.4-14 233 — 353
CHARMS NASA GSFC [26] 04-56 15 — 340

Liao Sheng et al. 2011 [32] 1.0 - 12 100 or 300
Simon G. Kaplan et al. 2002 [27] 1.0 -54 10 - 295

1.6 Minimum deviation method

The representative methods for measuring n of solid materials include the minimum
deviation method, critical angle method, V-block method, and ellipsometry method.
In this study, we adopted the minimum deviation method, which allows for the most
accurate measurements and is regarded as a standard measurement technique among
optical equipment manufacturers. The minimum deviation method is the only technique
capable of measuring the absolute refractive index n,ps. Other methods measure relative
refractive index measurements compared to standard prisms. On the other hand, the

minimum declination method can measure absolute refractive indices, which is another

reason for using this method.
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Figure 1.10: Refraction of a monochromatic collimated beam through a prism. The
symbol ng is the refractive index of vacuum, and the symbol ng = 1. n is the refractive
index of the prism’s material.

When determining n of a material using the minimum deviation method, it is nec-
essary to shape the material into a prism. Figure 1.10 shows monochromatic collimated
light entering a prism with an apex angle o and n at an incident angle #,. After refrac-
tion, the light exits at an exit angle 6. The angle between #; and the exit angle 65 is
the deviation angle §. Using geometric relations (Equation 1.8) and Snell’s law, § can be

determined from 6y, the exit angle 65, and « of the prism as shown in Equation 1.9.

5:91+02—OZ (18)

d = 6, — a + arcsin [n sin {a — arcsin (sm 91)” (1.9)

n

The minimum value of ¢ is referred to as the minimum deviation angle d,,;,. When

dd

= 0, 0 becomes equal to d,,;,. n can then be determined using d,,;, and « of the prism

through Equation 1.10.

sin (—5mig+"‘)
sin (%) ’

(1.10)

n =

Therefore, we first optically measure « of the prism with precision exceeding the mechan-

ical processing accuracy. Then, we find d,,;, by varying 6;.
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1.7 The Purpose And Outline Of This Thesis

This study has two issues. First, there are no actual measurements of n of CdZnTe
at cryogenic mid-infrared temperatures, and it is highly indefinite. Second, there is
the absence of a measurement system to measure n at cryogenic temperatures at the
wavelength of mid-infrared.

Therefore, this paper has three objectives. First, to measure n of CdZnTe at cryogenic
temperatures in the mid-infrared wavelength region with Ang,, < 107%. Second, to
produce a high-precision cryogenic mid-infrared refractive index measurement system to
perform the above measurements. Finally, to verify the impact of the measurement results
of this study on the design of CdZnTe immersion gratings.

This paper consists of five sections. Following the introduction in Section 1, Section
2 describes the experimental setup. Section 3 presents the experimental methods and
results. Section 4 discusses the findings of this study. The conclusions are summarized

in Section 5.
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Chapter 2

EXPERIMENTAL SETUP

In this chapter, we explain the a gonio-type refractometer GMR-1 which is the founda-
tional component of the measurement system, along with the main optical system, cooling
system, and motorized rotation stage system. Additionally, we describe the novelty and

originality of the measurement system. For other components, refer to the appendix.
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2.1 Angle measurement system
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Figure 2.1: Gonio-type refractometer GMR-1 (Shimadzu Corporation)

We customized a gonio-type refractometer [33], the GMR-1, an initial model of high-
precision angle measurement stage from Shimadzu Device Corporation’s GMR series
produced by Kalnew-Iida Works (Figure 2.1). At the center of the refractometer, is
a rotating sample stage where a prism sample is placed. There are two platforms for
placing the optical system: one is a fixed stage, and the other is a movable stage. The
movable stage can rotate coaxially with the rotating sample stage. It is equipped with a
precise angle encoder (angular resolution of 10~ degree), which can measure the rotation
angle of the movable stage. Moreover, it allows the rotation of the movable stage to be
synchronized with that of the rotating sample stage. In this case, when the movable
stage rotates by Opsta, the rotating sample stage rotates by Ops./2. This function enables

precise measurement of the rotation angle of the sample stage .
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2.2 Optical system

We constructed a visible light measurement system for angle calibration and apex angle
measurement and a cryogenic infrared measurement system for deviation angle measure-

ment.

2.2.1 Visible Light Measurement System for Angle Calibration

and Apex Angle Measurement
Light source

The light source for the visible light measurement system is a wavelength of 635 nm diode
laser (Thorlabs, CPS635R). The beam size is 2.9 mm in diameter, and its power stability
is within 2% over 8 hours. This beam is focused by a lens (Thorlabs, LA1131-A) and

introduced into a fiber with an aperture diameter of 105 pum (see the optical fiber).

Optical fiber

The apex angle measurement of a prism in this refractometer is achieved by illuminating a
collimated beam perpendicularly to the prism surface using the auto collimation method
(see section 3.3). At this time, the beam from the light source and the beam reflected
back from the prism surface travel the same optical path, so the returning beam is
usually introduced to the detector via a beam-splitter. To simplify the optical alignment
procedure, an optical fiber coupler (Thorlabs, TM105R552B) was adopted. The aperture
diameter of the coupler is 105 pum, and the numerical aperture (NA) is 0.22 £+ 0.02.
The core material is Low OH, and the wavelength range between 400 and 2,200 nm.
Additionally, the coupler has a 50:50 coupling ratio, allowing for even distribution of
light.

We will explain the light branching process. As shown in Figure 2.2, for example,
when light enters port 1 of this fiber, it is output from ports 3 and 4 in a 50:50 ratio.
This splitting ratio remains the same regardless of which port the light is introduced

from.
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Figure 2.2: The coupling ratio of the optical fiber coupler
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Figure 2.3: Schematic setup for auto-collimation measurement using the fiber coupler,
illustrating the light branching by the fiber coupler

Using this property, in this study, the fiber is used in place of a beam splitter to
simplify the auto-collimation measurement. Figure 2.3 shows a schematic setup for auto-
collimation measurement using the fiber coupler, illustrating the light branching by the
fiber coupler. The light emitted from the laser is focused by a lens and enters port 1 of
the fiber coupler. The light entering the fiber (shown by the blue arrow) is split into a

50:50 ratio at the branching point of the coupler. The split light is transmitted to ports
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3 and 4, and after being emitted from the fiber ends, it is reflected by the OAP mirror
(see section 2.2.1) and becomes collimated light. The collimated light is reflected at the
side of the sample, and then reflected again by the OAP mirror, entering ports 3 and 4
(shown by the green arrows). The light entering ports 3 and 4 is transmitted through the
fiber and is split again into a 50:50 ratio at the branching point. Half of the split light is
transmitted to port 2, where the light is detected by a PD (see section 2.2.1) .

In this way, auto-collimation measurement is achieved without using a beam splitter.

For the method of measuring « using auto-collimation, please refer to Section 3.3.

Off-Axis Parabolic Mirror (OAP mirror)

} Thickness -]

Collimated beam

/
Diameter ;‘/ <:>
[
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\/_~ Point light source

Fiber end diameter
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Figure 2.4: OAP mirror (Thorlabs, MPD019-M01) [34]

To collimate the measurement beam incident on the sample, an OAP mirror was used.
By adopting a mirror system instead of a lens system and placing an SMA connector at
the focal point of the OAP mirror, the optical systems for visible light and infrared light
were unified. The OAP mirror has a parabolic reflective surface. As shown in Figure
2.4, this mirror achromatically (without chromatic aberration) focuses collimated beam

or collimates a point light source. The off-axis angle between the focused beam and
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the collimated beam is 90°. However, in the actual measurement setup, the light at the
focal point of the OAP mirror is not a point light source but light with the diameter
of the fiber end face. Therefore, the collimated beam generated by the OAP mirror is
slightly expanded. To address this, an aperture was placed approximately 40 mm from
the mirror to restrict the collimated beam. This helps to reduce the field of view seen
from the mirror. Additionally, a 0.5 mm pinhole is placed in front of the fiber end face.
The end face of the fiber for visible light is sufficiently small, but the end face of the fiber
for infrared light is large, with a diameter of 1 mm. These two measures help to suppress
the spreading of the collimated beam.

The focal length f of the OAP mirror (Thorlabs, MPD019-M01) used in this study is
24.5 mm. The diameter of the collimated beam Rpeamn was found to be 10.89 mm based
on the following Equation 2.1. Since the CdZnTe prism to be measured has a size of 10

mm square, the collimated beam was narrowed to a diameter of 5 mm using an aperture.

Rpeam = 2 X NA X f, (2.1)

Furthermore, the OAP mirror is coated with gold, and its reflectance at the measure-
ment wavelengths of 635 nm and 10-17 um is over 90%. This OAP mirror is also used

in the cryogenic infrared measurement system for deviation angle measurement.
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Figure 2.5: Visible light detector unit

Figure 2.5 shows the visible light detector of this measurement system. The light emitted
from the optical fiber coupler is focused by the BK7 lens (LA1074-A-ML, Thorlabs)

2 sensor through a 3 mm hole in

and reaches the detector surface of the 2.4 x 2.8 mm
the aluminum box. The sensor uses a photodiode (Hamamatsu Photonics, S1133-14) as
shown in the right part of Figure 2.6. There is a red LED above the photodiode, but
it is not currently in use. By turning the variable feedback dial shown on the left of

Figure 2.6, the feedback resistance can be adjusted from 10 k2 to 447 MS2, allowing for

gain adjustment.
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Figure 2.6: Inside of Visible light detector unit

2.2.2 Infrared Measurement System for Deviation Angle Mea-

surement

The CdZnTe prism is MCT detector
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Figure 2.7: 3D configuration of the cryogenic infrared refractive index mesurement sys-
tem. The red arrow indicates the direction of the measurement light. How this system
is used in the apex angle measurement and the deviation angle measurement is shown in
Figure 3.3 and 3.5, respectively.

On the fixed stage, a filament light source (the black body at approximately 1200 K), a

collimator, and an orifice that generates collimated light with a diameter of 5 mm are
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placed. Additionally, the fixed stage is equipped with a focusing system that guides light
into a fiber, which transmits the light to a detector. There are two types of fibers and
detectors: one for visible light and one for infrared light. In front of the infrared detector
(MCT), a band-pass filter (BPF) is placed to select the measurement wavelength. A
vacuum shroud and a mechanical refrigerator were added to the sample stage (details are
explained in the next section). This measurement system allows n to be measured over a
wide range, from visible to mid-infrared light (635 nm to 10.6 um), and at temperatures

from cryogenic to room temperature (4 to 300 K).

Light source

d24.9

$33.4 44,45

Figure 2.8: Design drawing of infrared light source (IR system, IRS-001C) [35]

The light source for the infrared measurement system is a filament light source (IR system,
IRS-001C) (Figure 2.8). It operates at a voltage of 5 V, and the source temperature is
approximately 1,200 K. Figure 2.9 shows the emission spectrum of the light source, which

was approximated as a blackbody source.
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Figure 2.9: Emission spectrum of infrared light source (IR system, IRS-001C) [35]

Additionally, the infrared light source stabilizes after approximately 40 minutes, with
a temporal stability of 1%. The filament size of the light source is approximately 5 mm x
3 mm, and a 500 pum pinhole is placed 5 mm in front to create a pseudo point light source.
Since the light is incident on the entire surface of the OAP mirror with a focal length of
25.4 mm, the diameter of the collimated beam R} Was approximately calculated to be
12.7 mm. This is the diameter of the OAP mirror. As with the visible light measurement

system, an orifice was used to reduce the collimated beam diameter to 5 mm.
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Infrared fiber

'Glass tubing

“Dielectric

Figure 2.10: Stracture of hollow optical fiber(DOKO Engineering, IRS) [36]

We used a hollow optical fiber (DOKO Engineering) as shown in Figure 2.10 [37]. This
fiber has a hollow core, with the inner wall coated with a silver mirror coating, allowing
light to propagate through reflections inside the tube. The inner diameter of the fiber is
1,000 pm, and the outer diameter is 1,600 um. The length of the fiber is 2 m, and the
specified transmission wavelength range is 2-15 pm. However, our measurements indi-
cated that the fiber transmits infrared light up to 19 pum. The transmission efficiency,
for a straight length of 1 m, is 65% at a wavelength of 10 pym. According to our measure-
ments, for a curved length of 2 m, the normalized transmission efficiency at 10 pm was

10% at 17 um and 3% at 19 pm.
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Figure 2.11: Transmission spectrum of hollow optical fiber

Band pass filter (BPF)

Figure 2.12: Narrow band pass filter wheel

To select the measurement wavelength, we used a narrow BPF. Figure 2.12 shows a

photograph of the narrow BPF mounted on the filter wheel. This filter wheel is placed
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in front of the detector and rotated to match the desired measurement wavelength.

In general, optical property measurements of materials are often performed using light
sources with finite wavelength bandwidths (BW) rather than monochromatic light such
as lasers. In our setup, the transmission wavelength characteristics of the BPF aipeasure(A)
were measured by a Fourier spectrometer. By the following procedure, we calculated the
effective central wavelength (CWL) of the BPF. In this measurement, four BPFs are used.
As an example, the calculation for 17.1 pm BPF is shown here. For the other BPFs (10.6,
11.4, 14.0 pum), please refer to Figure A.1 — A.3 in Appendix A.

The effective transmission characteristics of the BPF ay,,¢(A\) were calculated using

the following Equation 3.1:

abpf<>‘) = Llr(/\) X aﬁber(/\) X O‘measure(/\) (22)

e Li(N\): Emission spectrum of a filament light source approximated as blackbody

radiation at 1,200 K (Figure 2.13),

o agper(A): Wavelength-dependent transmission characteristics of the hollow optical

fiber (Figure 2.14),

e Qpeasure(A): Measured transmission wavelength characteristics of the BPF using the

Fourier spectrometer (Figure 2.15).
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Figure 2.13: Emission spectrum of a 1200 K blackbody light source L. (A). The spectral
intensity is normalized by the peak intensity and plotted.
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Figure 2.14: Wavelength-dependent transmittance of the hollow optical fiber agpe ().
The blue dots represent the measured points, while the red dashed line represents the

fitted curve using an exponential function.
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Figure 2.15: Wavelength-dependent transmittance of the 17.1 ym bandpass filter (BPF)
measured with a Fourier spectrometer apeasure(A)-

Using the Full Width at Half Maximum (FWHM) of aype(A) (Figure 2.16), the follow-
ing Equations (2.3, 2.4) were used to determine the effective central wavelength (CWL)
and bandwidth (BW), and Table 2.1 shows other CWL and BW of BPFs:

FWHMShort + FVVI—H\/ILong

L:
CW 5

_ FWHMypong — FWHMgpor

B
W 2

o FWHMgpot: Shorter wavelength at the FWHM,

o FWHMi,one: Longer wavelength at the FWHM.
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Figure 2.16: Effective wavelength-dependent transmittance of the 17.1 pm BPE agpe(N).
The red dot represents the effective central wavelength (CWL) of the BPF. The blue line
shows app, the orange dashed line shows cmeasure, the red dashed lines indicate the full
width at half maximum (FWHM), the green dashed line represents the FWHM short
wavelength, and the purple dashed line represents the FWHM long wavelength.

Table 2.1: CWL and BW of BPF

CWL (pm) | BW (um)
10.6 0.5
11.4 0.4
14.0 0.4
17.1 0.3
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Mercury Cadmium Telluride detector (MCT detector)

/ Liquid nitrogen dewar

| Detector

f2
fi

N\

\ Elliptical mirror

Figure 2.17: (Left)Schematic diagram of the MCT detector. (Right)Photo of the MCT
detector.

The MCT detector is an infrared sensor that uses a semiconductor composed of mercury
(Hg), cadmium (Cd), and tellurium (Te), characterized by ultra-high sensitivity and
ultra-fast response (Figure 2.17). An MCT (IPH48) installed in the Fourier spectrometer
BOMEM DAS was removed and used as the infrared detector for this study.

As shown on the left side of Figure 2.17, this detector includes an elliptical mirror.
Diffuse light from the exit aperture of the hollow optical fiber located at the focal point
f1 is reflected by the elliptical mirror and focused on the detection surface (1 x 1 mm?) at
the focal point f,. To minimize the influence on the uncertainty of angle measurements,
it is necessary to minimize a gap between the hollow optical fiber and the MCT detector.
For this reason, the elliptical mirror is used to create a room to place aBPF wheel between

the fiber and the detector surface.
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Table 2.2: Specifications of MCT Detector [38]

Optical range 500 to 5,000 cm™t (2 to 20 um)
D* greater > 1 x 1010
Detector size 1 mm?

Operating temperature | 77 K
Dewar hold time 8 h

2.3 Cooling system

Cooling \ |
system

OAP mirror ‘ | Vacuum shroud

stage

Angle encoder

Precision Spectrometer

Figure 2.18: Inside the yellow dotted line is the cooling system on the sample stage. The
left side is a picture and the right side is a schematic diagram. The red wavy line is the
measurement, collimated beam.

The cooling system is explained in this section. As shown in Figure 2.18, the cooling
system is fixed to the central sample stage. Figure 2.19 is a block diagram of the cooling
system and shows that this cooling system has temperature control. We used a helium
circulation-type mechanical refrigerator (model PS11SS; Nagase Techno-Engineering Co.)

to cool the sample for refractive index measurement to cryogenic temperatures. This
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system is based on a 4 K-class GM cooler (Sumitomo Heavy Industries, RDK-101D) and
provides the first-stage cooling capacity of 100 mW and the second-stage cooling capacity
of 3 W. This allows the sample (sample holder) placed on the cold work surface with a

diameter of 3 cm to be cooled to below 5 K in approximately 2.5 hours under no-load

conditions.
Heater control
\ He
Temperature . Refrigerator
controller » | compressor
T - ]
Temperature / Power supply
sensor
Refrigerator dispressor
OAP mirror Vacuum shroud

Movable L— 1 Fixed

stage stage
Sample

Angle encoder Stage

Precision Spectrometer

Figure 2.19: Block diagram of the cooling system

The cold work surface is equipped with a heater and a Si temperature sensor, providing
temperature control functionality. The temperature of the cold work surface can be
controlled to any desired temperature up to approximately 200 K with the stability of
+0.2 K (Figure 2.21 left). Hereafter, the temperature of the cold work surface measured

by the Si sensor is referred to as the “Cold head temperature.”
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Figure 2.20: Schematic diagram of the inside of a vacuum shroud. The left side is a top
view and the right side is a side view.

In order to cool the sample to cryogenic temperatures, measures are taken to prevent
heat influx to the sample. As shown in Figure 2.20, there is a vacuum inside the vacuum
shroud. The vacuum shroud is at room temperature to eliminate heat inflow to the sample
due to air convection. In addition, if the sample is cooled to cryogenic temperatures while
the shroud is filled with air, the important sample will be frosted and the windows will
fog up, making it impossible to perform the measurement. Next, the sample is covered
with a radiation shield to prevent heat radiation from the shroud at room temperature.
The hole in the radiation shield was designed to a size sufficient to allow the deviation
angle measurements described in later section 3.4, while minimizing thermal radiation
as much as possible. There are no windows in the holes on the sides of the radiation
shield. Although a window would have prevented the heat inflow, we decided not to add
it due to the feasibility of the measurement. The light source for mid-infrared in this
measurement system is very weak compared to lasers and other sources, so we did not
use it to prevent the loss of light caused by the window. Finally, the sample holder is in
contact with the 4 K cold head only to prevent heat conduction due to contact. With
these measures, the sample temperature reached 12.57 + 0.14 K (See section 3). The
reason the sample temperature did not reach 4K was the presence of thermal contact

inflow from the temperature sensor leads.
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Series of Belleville
Springs (Steel)

Cernox
Sensor
Plate (OFHC)

Figure 2.21: Sample holder. The sample temperature is measured by attaching a Cernox
temperature sensor to the upper surface of the sample as shown in right Figure. The
sensor is affixed to a copper plate, which is then pressed against the sample using a
Belleville spring. (Note: the orientation is opposite to that of Figure 2.7, with the top
and bottom reversed.)

The appearance of the sample holder is shown in Figure 2.21. The holder is made
of oxygen-free copper (OFHC, RRR100), which has a high thermal conductivity >
678Wm L1 K=! at 4 - 70 K. To ensure good thermal contact between the prism and the
cold work surface via the sample holder, a Cernox temperature sensor plate is pressed by
a Belleville spring. Hereafter, the temperature measured by the Cernox sensor on this
plate is referred to as the “Sample temperature.” This is because the Cernox sensor is in
contact with the sample, allowing it to measure the sample’s temperature. The sample
holder and prism contract as they cool to cryogenic temperatures. The reason for using a
Belleville spring is to provide sufficient spring contraction, greater than the contraction
of the sample holder when cooled from room temperature to cryogenic temperatures, in
order to maintain good thermal contact between the prism and holder (Figure 2.21 right).
The pressure at the contact surface is approximately 0.70 MPa. Although the fracture
strength of CdZnTe is unknown, assuming it is similar to that of CdTe (22 MPa), this

design provides a significant safety margin.
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2.4 Customization

This measurement system is an improved version of the refractive index measurement
apparatus developed in the previous study by Yamamuro et al. (2006) [29]. As shown in
Table 1.5 in section 1.5, the wavelength range of Yamamuro et al. (2006) [29] was 0.365—
3.5 pm, and the cooling system using liquid nitrogen allowed the sample to be cooled to
80 K. This system was customized to extend the wavelength range to 17 um and to lower

the sample temperature to 4 K by using a helium circulation-type mechanical refrigerator.

2.5 Novelty and originality of the measurement sys-
tem

There are several instruments that can measure absolute refractive indices using the
minimum declination method (Table 1.5). This study represents the first successful de-
velopment of an instrument capable of measuring the absolute n across a temperature
between of 12.57 and 300 K and a wavelength range of 10.6, 11.4, 14.0, and 17.1 pm.

In this section, we focus on the novelty and originality of the measurement system,
which can be summarized in the following three aspects: 1) realization of a highly efficient
optical system, 2) construction of a cooling system that achieves cryogenic temperatures,
and 3) establishment of a minimum deviation measurement method using a single-element

detector.

2.5.1 Realization of a highly efficient optical system

In the mid-infrared wavelength range above 10 um, strong light sources (such as COs
quantum cascade lasers) are not so available. Therefore, it is necessary to minimize optical
losses and relatively weak, thermal (nearly black-body) light sources, as the measurement
light. Additionally, because mid-infrared light is invisible, the optical system must be
designed so that the optical axis aligns with visible light to ensure proper alignment.

To generate collimated beam, an OAP mirror was chosen instead of a lens. This is
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because OAP mirrors with gold coatings maintain high reflectivity between visible and
mid-infrared wavelengths, enabling the unification of the optical systems. Optical fibers
were employed to allow for easy switching between the visible-light system for apex angle
measurements and the infrared system for deviation angle measurements. Since these
systems use different light sources and detectors, the flexibility of fiber positioning makes
it optimal for these adjustments.

However, commonly used PIR fibers for mid-infrared light have poor transmittance
beyond 14 pm. Therefore, in this study, a hollow optical fiber capable of transmitting
light up to ~ 20 um was adopted. Nevertheless, the key characteristics of this fiber,
such as NA and the effect of bending on transmittance, had not been fully understood.
This study is the first experimental evidence to demonstrate that the infrared angular
profile with the hollow optical fiber exhibits a Gaussian-like profile for unpolarized and

non-coherent light, similar to conventional fibers.

2.5.2 Construction of a cooling system that achieves cryogenic

temperatures

To ensure efficient cooling, the sample size was minimized to 10-mm square, despite the
challenge of reducing the beam width and maintaining sufficient light intensity. To cool
the sample to cryogenic temperatures, the sample must be held in a holder with high
thermal conductivity. Additionally, OFHC (Oxygen-Free High Conductivity Copper)
was used in the holder to ensure adequate thermal conductivity. The sample holder was
carefully designed (see Figure 2.21) to prevent damage to the CdZnTe sample.
Furthermore, the relative position between the windows on the vacuum shroud and
the sample holder was designed by predicting d,,;, in advance. To minimize heat inflow
from the outside, the sizes and positional relationships of the holes in the vacuum shroud

and radiation shield were calculated with precision.
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2.5.3 Establishment of a minimum deviation measurement method

using a single-element detector

The conventional method of the GMR-1 refractometer allows for relatively easy detec-
tion of dy,;, at visible wavelengths; however, it is challenging to apply the same method
to invisible, mid-infrared wavelengths. Since it is difficult to readily procure an array
detector capable of detecting mid-infrared light, a method for measuring d,,;, using a

single-element detector was established. For details, please refer to section 3.4.

2.6 Expandability of the measurement system

The light source and detector of this measurement system are located outside of the
shroud. Therefore, n at 2-10 pum can be measured simply by adding a BPF in front of
the detector. In addition, since there are fiber ports on both the light source and detec-
tor sides, the light source and detector can be changed without alignment adjustment,
allowing measurements at various wavelengths.

Furthermore, the addition of a window in the shroud enables measurement of ae at

low temperatures, making it possible to measure n of a sample more accurately.
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Chapter 3

MEASUREMENTS AND RESULTS

To calculate n, the values of d,,;, and we have « are required, as shown in Equation 1.10.
In these measurements, we determined n of CdZnTe between a wavelength of 10.6, 11.4,
14.0, 17.1 um between cryogenic temperature and room temperatures by following the

procedure outlined below:

1. Angle calibration measurement
2. Apex angle measurement at room temperature

3. Deviation angle measurement from cryogenic temperatures to room temperature

The following sections explain the procedure of each measurement and its data anal-
ysis.
The following sections show the CdZnTe sample measured firstly, and then explain

the procedure of each measurement and its data analysis.
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3.1 CdZnTe sample

. 30.01°(spec.) | >/ g
1 10.0 mm B

. T

- 9.8mﬁ1'. e | .

Figure 3.1: (Left) CdZnTe sample and (Right) Schematic view of a sample [39]

In this section, we describe the samples used for measurement. To determine the tem-
perature and wavelength dependence of n of CdZnTe, we prepared a CdZnTe prism with
a 10 mm square and a of 30.01° (spec.) (see Figure 3.1). The sample is a single crystal
of Cdy.g6Zng o4 Te manufactured by JX Nippon Mining Metals Corporation. Based on
previous research [40] indicating that high-resistivity n-type crystals with resistivity >
1x 107 Q-cm are optimal for mid-infrared immersion gratings, we measured n of a crystal
with similar resistivity values in this study.

CdZnTe ingots were made by the vertical gradient freezing (VGF) method, with the
manufacturer controlling conductivity and cutting 10 mm square substrates from the
ingots. The substrates were then polished into the prism shape by Kogakugiken Corp.
to create a sample meeting the specifications shown in Table 3.1. « was set to 30° to
ensure that the refracted light at d,,;, would pass through the vacuum shroud window
and radiation shield hole (lease refer to 2 for details.) and remain within the rotational
range of the movable stage. The surface roughness of < \/4 (A = 632.8 nm) was required
to achieve sufficient autocollimation during apex angle measurements, and the actual

polished surface roughness reached this requirement.
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Table 3.1: Specifications of the CdZnTe Prism. The surface roughness was measured at
A = 632.8 nm [39].

No. | a (mm) b (mm) | ¢ (mm) | d (mm)
100 +0.1 | 10.0+0.1 | (10) | 4.0+0.1
1 10.01 10.00 9.80 4.02
Surface Flatness < \/4 6 (degrees) Resistivity
A B 30.0 £ 0.1 >1x10"Q-cm
/11 /6 30.01 >1x10"Q-cm

3.2 Angle calibration measurement

In the angle calibration measurement, the reference point of the movable stage is deter-
mined and aligned with the origin of the angle measurement. This measurement is done
every time the light source or fiber is changed. Each measurement was performed three
times.

Figure 3.2 shows the setup for the angle calibration measurement. This setup includes
two rotating components: one is the central sample stage, and the other is the movable
stage. Both stages share the same rotation axis, which is centered on the sample stage. In
this measurement, the central rotating sample stage is left empty, with no sample placed
on it. Diffused light from the light source is focused by a lens and enters an optical fiber.
The transmitted light is then reflected by the OAP mirror on the fixed stage, forming
a collimated beam with a diameter of 10 mm. Next, the collimated beam is reduced
to a 5 mm diameter using an orifice. The beam then propagates straight through the
rotation center of the sample stage. To capture this collimated beam, the movable stage
is rotated, directing the beam towards another OAP mirror. The OAP mirror reflects
the light, which then enters another optical fiber. At the opposite fiber end, the light is

diffused, refocused by a lens, and finally detected by the PD.
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Figure 3.2: Schematic diagram of an angle calibration measurement setup. This diagram
is for angle calibration measurement with a visible light source. For angle calibration
measurement with an infrared light source, change the light source to an infrared filament
light source.

Due to the characteristics of the optical system, the detector voltage as a function of
the rotation angle 0,4, of the movable stage exhibits a Gaussian-like distribution. There-
fore, the exact angle of a given beam was determined by fitting the obtained measurement
profile with a Gaussian. The peak value of the Gaussian is defined as the calibration angle
0y for a and the deviation angle measurements. This procedure is applied to subsequent
angle measurements as well.

Table 3.2 shows the results of the angle calibration measurements with visible and
infrared light. Using the results of visible light, which allows easier alignment, as a
reference, it was found that the results for infrared light were consistent within 0.4%.
Furthermore, no significant difference was observed in the angle calibration measurements
with and without the vacuum shroud for infrared light. Although the calibration values
are not identical for each measurement due to recalibration, the visible light measurement
results were used for « calibration, and the infrared light measurement results without

the shroud were used for the minimum deviation angle measurement.
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Table 3.2: Calibration of angle 6, in visible and infrared light measurements

Light Source Calibration angle 6, (degree)
Visible light source at 635 nm 23.415 4+ 0.001
Infrared light source at 10.68 pm 23.338 £ 0.003
Infrared light source at 10.68 pm with shroud | 23.340 + 0.007

3.3 Apex angle measurement

The apex angle a of the CdZnTe sample is measured using autocollimation measurements
on the two surfaces adjacent to the apex (Surface A and Surface B). Autocollimation
is a high-precision angular measurement technique that utilizes the reflection of light.
This measurement was conducted at room temperature and atmospheric pressure. Each

autocollimation measurement was performed three times.
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Figure 3.3: Schematic of an apex angle measurement setup

Figure 3.3 illustrates a schematic diagram of the setup for apex angle measurement.
As described in the angle calibration section, both the sample stage and the movable

stage rotate around the central rotation axis of the sample stage. In this measurement,
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the prism is placed at the center of the sample stage. Light from a visible laser source is
focused by a lens and enters the optical fiber coupler (details of the optical fiber coupler,
refer to Section 2.2.1). The light is then split into two paths at a branching point: one
path is transmitted to the fiber end on the fixed stage, while the other is transmitted to
the fiber end on the movable stage. The light exits each fiber end as diffused light, which
is then reflected by an OAP mirror to form a collimated beam with a diameter of 10 mm.

Then, the collimated beam is reduced to 5 mm in diameter using an orifice.
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Figure 3.4: The autocollimation measurement results for Surface A (left panel) and

Surface B (right panel) of the sample. Each measurement was repeated three times.
The peak values for each measurement were fitted with a Gaussian function, and the
autocollimation angles 0,1 and 0,,12 were determined.

First, we describe the autocollimation measurement on the fixed stage. The colli-
mated beam produced by the OAP mirror is incident on Surface A of the prism and is
reflected. As the sample stage angle Ogmple is gradually rotated, the collimated beam
striking Surface A is precisely reflected back to the OAP mirror. The OAP mirror then
reflects the light back into the optical fiber coupler, where it is transmitted through the
fiber and exits as diffused light at the opposite fiber end. This light is refocused by a lens
and detected by a PD. Due to the characteristics of the optical system, the detector volt-
age as a function of fsample follows a Gaussian-like distribution as shown in Figure 3.4 (left
panel). By fitting the obtained measurement profile with a Gaussian function, the peak
value is determined. The corresponding angle is defined as the autocollimation angle

O.ut1- Next, we describe the autocollimation measurement on the movable stage. The
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rotation angle of the sample stage Osample is set to Oay1 and fixed. As in the measurement
for Surface A, the collimated beam produced by the OAP mirror is incident on Surface B
of the prism and is reflected. As the movable stage angle 6,4, is gradually rotated, the
collimated beam striking Surface B is precisely reflected back to the OAP mirror. The
OAP mirror then reflects the light back into the optical fiber coupler, and the transmitted
light is detected by the PD in the same manner as before. The autocollimation angle
for Surface B is defined as 0,2 (see Figure 3.4 (right panel)). By using the optical fiber
capra, collimated light can be generated from the OAPs on both sides. This simplified
the optical system.

Finally, the difference between 6., and .2 gives «v of the prism (Equation 3.1):

o = 0aut2 - 907 (31)

As a result, a of the CdZnTe prism was found to be 30.033 4+ 0.001°. In the current
derivation of n, we assumed that o does not have temperature dependence.

However, it is possible that using a Gaussian function to determine the peak values
may not have been the optimal choice. The values of 0., and 6,2 may change slightly
depending on the fitting function used. This change can affect the determination of n.
To improve the accuracy of peak value determination, it is recommended to select only

the region near the peak and fit it with an upward convex function.

3.4 Deviation angle measurement

In this study, the deviation angle ¢ is measured for each incident angle 6y, and 0, is

obtained from the dependence of § on ;. Each measurement was repeated multiple times.
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Figure 3.5: Schematic diagram of the deviation angle measurement. The arrows represent
the direction of the measurement light. The 3D diagram is shown in Fig 2.7.

Figure 3.5 shows a schematic diagram of the deviation angle measurement setup. The
CdZnTe sample is placed at the center of the sample stage. A pinhole with a diameter of
0.5 mm is placed in front of the diffused light from the infrared light source to create a
pseudo point source. The light is reflected by the OAP mirror, forming a collimated beam
with a diameter of 10 mm. The beam is then narrowed to a 5 mm diameter using an
orifice. This collimated light passes through the vacuum shroud window and the radiation
shield hole, refracts through the CdZnTe sample, and exits through the radiation shield
hole and the vacuum shroud window. For details on the vacuum shroud and radiation
shield, refer to Section 2.3. The movable stage is rotated to capture the collimated beam
with the OAP mirror. The light reflected by the OAP mirror enters a hollow optical
fiber and is transmitted to the MCT detector. Due to the characteristics of the optical
system, the detector voltage as a function of Osmple follows a Gaussian-like distribution.
The hollow optical fiber used in this measurement has an aperture diameter of 1 mm.
With this large diameter, the angular profile becomes broader, and the accuracy of peak

determination using fitting becomes worse. Therefore, to restrict the width of the angular
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profile, a pinhole with a diameter of 0.5 mm is placed at the aperture of the optical fiber.
A filter wheel is placed in front of the MCT detector. This filter wheel contains four
bandpass filters (BPFs) with wavelengths of 10.6, 11.4, 14.0, and 17.1 pm. By rotating
the filter wheel, the measurement wavelength is selected.

Equation 3.2 represents the relationship between « of the prism and the refracted
angles ¢ and 0 (see Figure 1.10). Equation 3.3 corresponds to Snell’s law. By using
these, we obtain Equation 3.4, where the refractive index of vacuum is assumed to be
ng = 1.

When Equation 3.4 is plotted with 6; on the horizontal axis and the deviation angle
d(61) on the vertical axis, a curve like the one shown in Figure 3.6 is produced. When an
array detector is used, the turning point of d,,;, can be captured continuously. However,
with a single-element detector, it cannot be captured, so this measurement method is
used. The minimum value is obtained when 6; = 5, and this minimum value is ;. In
this study, d; was measured at various #;, and Equation 3.4 was fitted to the results to

determine Opip.

a=0]+0,, (3.2)

The Snell’s law shows the following

nosinf; = nsinf}, ngsinfy = nsin b}, (3.3)

Combining the Equations (3.2) and (3.3), we get the folllowng

0=0,+0,— =060, —«+ arcsin [n sin (a — arcsin (sm 91))} , (3.4)

n
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Deviation angle 6 (degree)

Incident angle 6, (degree)

Figure 3.6: Example of the relation between incidence angle 6; and §

We measured § at room temperature (29841 K) and 4, 20, 50, and 70 K, controlled by
the heater which is built inside the cold head. Figure 3.7 shows the cold head temperature
and sample temperature corresponding to each controlled temperature during the devi-
ation angle measurements. Table 3.3 summarizes the temperatures for each controlled
temperature of 4, 20, 50, and 70 K.

The temperature difference between the cold head temperature and the sample tem-
perature is attributed to external heat input from the room temperature environment
through the vacuum window, as well as thermal contact input from the Cernox temper-
ature sensor leads measuring the sample temperature. We believe that the latter can be

minimized in future setups.
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Figure 3.7: Measured temperatures vs control temperature in this experiment. The
sample temperature is stable within 0.1 K at 20 K and below; 0.25 K at 50, and 70 K
(control temperatures), respectively.

Table 3.3: List of temperatures in Kelvins

Control temp. | Cold head temp. | Sample temp.
70 69.97 + 0.05 70.57 +0.23
50 49.94 + 0.05 50.59 + 0.20
20 19.99 4+ 0.03 22.47 +0.06
4 4.43 £0.09 12.57+£0.14
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Figure 3.8: Results of deviation angle measurements at 22.47 £ 0.06 K for various
incidence angles shown in the legend. The horizontal axis represents €,4., and the
vertical axis shows the MCT output at that angle.

Figure 3.8 shows the results of deviation angle measurements at 22.47 4+ 0.06 K for
various 6;. The horizontal axis represents ., and the vertical axis shows the MCT
output at f,.. The peak values of each measurement’s data were fitted with a Gaussian
distribution to determine . Since d at each 0,4, was measured multiple times, the
weighted average of 9, obtained from each fitting was calculated. The fitting accuracy
of ¢, using Gaussian fitting is approximately 0.001 ~ 0.01°. The same procedure was
applied to deviation angle measurements at other temperatures and wavelengths.

In this study, Gaussian fitting was used as the fitting function. The fitting range
includes the tails of the measurement data. Therefore, the fitting accuracy near the peak
of the measurement data may be poor. As an improvement, it is recommended to limit
the fitting range to the vicinity of the peak value (approximately the top 10%) and fit
with an upward convex function (such as a quadratic function). Here, care should be
taken to ensure that the fitting range is chosen where it is clear that the measurement

data follow an upward convex function.
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25.4 mm OAP

F 3
L 4

Figure 3.9: Schematic diagram illustrating how the OAP mirror on the detector side
focuses the collimated beam refracted through the CdZnTe prism into a hollow optical
fiber

Figure 3.9 is a schematic diagram illustrating how the OAP mirror on the detector side
focuses the collimated beam refracted through the CdZnTe prism into a hollow optical
fiber. Each beam profile is Gaussian-like, and its Full Width at Half Maximum (FWHM)
is determined by the focal length of the OAP mirror (25.4 mm) and diameter of the
pinhole in front of aperture of the fiber (Equation 3.5). A smaller FWHM improves the
accuracy of fitting to determine the peak angle; therefore, a small FWHM is desirable.
To achieve this, a 500 pm pinhole was placed in front of the hollow optical fiber, which
has an aperture diameter of 1 mm. The calculated FWHM was 1.128°, and the measured

average FWHM was 1.02 4+ 0.07°.

Pinhole diameter (mm)
tan(FWHM?) =
an(FW ) OAP mirror focal length

3.5 Refractive index of CdZnTe

This section presents the results of refractive index measurements for CdZnTe. In this
study, n of CdZnTe was measured at wavelengths of 10.6, 11.4, 14.0, and 17.1 um, and at

temperatures of 4, 20, 50, 70 K (controlled temperatures) and room temperature. During
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the low-temperature measurements, the vacuum pressure inside the vacuum shroud was

averaged at (2.540.9) x 1073 Pa.

»: data, —: fitting curve
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L 57.251
(@)}
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© 57.00
9O
® 56.75
o
) 56.50 - 50.59 K
22.47 K
56.251 12.57 K
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Figure 3.10: The top panel shows the results of the deviation angle measurements of
CdZnTe at each control temperature at a wavelength of 10.6 pym, along with the fitting
curves based on Equation 3.4. The bottom panel shows the residuals for each fitting. o
is the fitting error obtained from the deviation angle measurements (e.g., Figure 3.8).

The top panel of Figure 3.10 shows the dependence of 4 on the incidence angle for
the CdZnTe sample measured at 10.6 pm wavelength under controlled temperatures of 4,
20, 50, 70 K and room temperature. The plots in Figure 3.8 were fitted using Gaussian
functions to obtain ¢ for each incidence angle. The colors of the symbols indicate the

different controlled temperatures. The solid lines represent the curves of Equation 3.4
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fitted to the results at each temperature, with n as a free parameter. The error bars for
each data represent only statistical errors. The bottom panel of Figure 3.10 shows the
residuals for each fitting, normalized by o (the statistical error for each data). And also,
Figure 3.11 shows the dependence of § on the incidence angle for the CdZnTe sample
measured at a temperature of 12.40 K and wavelengths of 10.6, 11.4, 14.0, and 17.1 pm.
The colors of the symbols indicate the measured wavelengths. The solid lines represent

the curves of Equation 3.4 fitted to the results at each wavelengths, with n as a free

parameter.
56.2 M i
‘J; \.—’R_’//
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Figure 3.11: The top panel shows ¢ of CdZnTe at 12.40 + 0.01 K for each wavelength,
along with the fitting curves based on Equation 3.4. The bottom panel shows the resid-
uals for each fitting. o represents the fitting error obtained from the deviation angle
measurements.

The bottom panels of Figure 3.10 and 3.11 show that the fitting residuals are large and
follow a pattern that depends on the angle of incidence. This suggests that unexpected
measurement errors may occur during declination measurements and that the model used

in Equation 3.4 may not be correct.
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The bottom panel of Figure 3.10 shows that the fitting at 298 K has smaller residual /o
values compared to other temperatures. The measurements at 298 K were taken without
the vacuum shroud. Thus, the larger residual/o values at 12.57, 22.47, 50.59, and 70.57
K are likely caused by the vacuum shroud. However, even at 298 K, a pattern is seen
in the residual/o. This could be due to the prism tilting relative to the rotation axis or
aberrations in the OAP mirror. Section 4.1 talks about the measurement uncertainties
in the system.

Table 3.4 and 3.5 summarizes the refractive indices of CdZnTe measured in this study.
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Chapter 4

DISCUSSION

4.1 MEASUREMENT UNCERTAINTIES

There are various effects in the measurement system that are not considered in Equation
3.4, and these effects could potentially contribute to the uncertainties of the refractive
index measurement. Table 4.5 shows the different factors contributing to refractive index
errors and their worst-case estimates. The sum of uncertainty was Angu, < 0.9 x 1073,

Below, the details of the evaluation for each factor are described.

1. An; caused by the lateral shift of the collimated measurement beam due to the

vacuum window.
2. Angy caused by the change in a due to the tilt of the sample prism.

3. Ang caused by the angular measurement error of the encoder.

Additionally, this section also describes the results of measurements for CaFy and N-
BK7, whose refractive indices in the visible light range are well known, to verify the
measurement accuracy of the apparatus.

The method for calculating the refractive index error An from the error in the mini-

mum deviation angle A is described in the Appendix ?7.
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4.1.1 Lateral shift of the collimated measurement beam due to

the vacuum window

(a) With window (b) Without window

Vacuum shroud

Radiation shield CdzZnTe
sample

CdZnTe
sample

N—

\ /
ZnSe window

Nznse = 2.403 @ 10.6 ym

Figure 4.1: Schematic diagram show the refractive index measurement of the CdZnTe
sample with (a) and without (b) the ZnSe vacuum window. The red line represents the
measurement beam in the absence of the window, while the orange line represents the
measurement beam affected by the ZnSe vacuum window.

First, we describe the refractive index error Any caused by the ZnSe vacuum window. As
shown in Figure 4.1 (a), during cryogenic experiments, 3-mm-thick ZnSe windows (with
a refractive index of nz,s. = 2.3950 at 10.6 um [41]) were used on both the incident and
outgoing sides. To investigate the effect of the ZnSe vacuum window on refractive index
measurements, experiments were conducted under the following two conditions. Both

measurements were performed at room temperature and atmospheric pressure:
 Refractive index measurement with ZnSe windows, as shown in Figure 4.1 (a).

 Refractive index measurement without ZnSe windows, as shown in Figure 4.1 (b).
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Figure 4.2: Squares represent the refractive index measurement results with the ZnSe
vacuum window, while triangles represent the results without the window. Each plot was
fitted using an Equation 3.4, and the order of the residuals was approximately the same
for both cases. Additionally, the color differences represent variations in the measurement
wavelengths.

n with the ZnSe window is n,, and n without the window is n,.

Figure 4.2 shows the results of each measurement. Comparing the results of deviation
angle measurements with and without the window, it is found that n is higher for all
wavelengths when the window is present. And Table 4.1 shows the corresponding fitting
results.

The refractive indices n, and n;, measured under atmospheric pressure, are relative
refractive index with respect to the refractive index of air n,;, (= 1.00027 [47]). Therefore,

the absolute refractive index n,,s were calculated using the corresponding Equation 4.1.

Mabs = Nair X MNmeasured in airs (41)
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And An in Table 4.1 represents the values considering only the statistical error.

The measurement results reveal that the systematic error in the refractive index

measurement caused by the presence of the window, derived from n, — np, is Anpea <

0.7 x 1073,

Table 4.1: Comparison of refractive index measurements with and without ZnSe window

(a) With window

(b) Without window

BPF (um)
Mg Na,abs An, np Mp,abs Any Mg — Ny
10.6 2.65688 2.65688 0.03 x 1072 | 2.65654 2.65654 0.14 x 1073 | 0.34 x 1073
11.4 2.65392 2.65392 0.04 x 1073 | 2.65325 2.65325 0.14 x 1072 | 0.67 x 1073
14.0 2.64645 2.64645 0.01 x 1073 | 2.64616 2.64616 0.13 x 1073 | 0.29 x 1073
17.1 2.63458 2.63458 0.04 x 1073 | 2.63397 2.63397 0.15x 1073 | 0.61 x 1073

To verify whether Anye, < 0.7 x 1073 is reasonable, I used Snell’s law and geometry

to formulate Equation 4.2 — 4.29. The refractive index outside the ZnSe vacuum window

is n.ir because of the presence of air, while the refractive index inside it is ng because of

the vacuum.

Here, na; —no = 0.27 x 1073 was assumed. Additionally, the difference between 6; near

the minimum deviation angle (—1° < 63 < 1°) and the angles 6, and 0 was evaluated

as the refractive index error. Note that the vacuum window is a parallel flat plate, Thus

although the collimated measurement beam may shift, it does not affect the angle and is

not included in the calculations here.
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Vacuum shroud

Radiation shield

Nout = Ngir

Figure 4.3: Schematic diagram of the measurement beam passing through the vacuum
shroud. The orange line Ly is refracted at the boundary of the vacuum window due to
the difference in refractive index between the vacuum and the atmosphere.

The refractive indices inside and outside the shroud are n;, and n.y, respectively.
The red line L; represents the measured beam when ny, = nqy, and the orange line Lo
represents the measured beam when ny, # gy in Figure 4.3.

To solve for the measurement beam L; using Snell’s law: When the measurement

beam enters the CdZnTe sample:

. . /
Nair * SIN 91 — NCdZnTe * SIN 01, (42)
. Tair - SIN Oy
sinf) = ————, (4.3)
NCdZnTe

0 = sin™! ( Talt . sin 91) : (4.4)

NCdZnTe

When the measurement beam exits from the CdZnTe sample:
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. 12 .
NCdzZnTe - SIN By = Ny - sin by,

: /
. NCdZnTe * S111 92
sin 0y = ,
Nair

. NCdZnT .
By = sin 1(#-sm9§ :

Nair

Additionally, the geometric relationship is given by:

a =6+ 05,

O = —04+ — — Oy + Opey.

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

Here, 6« is the interior angle of a regular hexagon, which equals 120°, and 64 is the

installation angle of the vacuum shroud and the prism, determined through measurement.

Variations in 64 of approximately +2.5° have no effect on the error in the refractive index.

To solve for the measurement beam Ly using Snell’s law: When the measurement

beam enters the vacuum shroud:

Nair - SN 63 = ng - sin 65,

. '9, . Nair - sin 03
sinfly = ——,
No
0 — sin-! Nair - SIN O3
3 —no

When the measurement beam enters the CdZnTe sample:

. . /
ng - sin 0,1 = Ncazare - SN0,
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(4.11)

(4.12)

(4.13)



sinf, = — -sin b, (4.14)
0., =sin™! (ncjzo - - sin 9*1) : (4.15)

When the measurement beam exits the CdZnTe sample:

NGdzaTe - SN0y = ng - Sin O,0, (4.16)
. NCdZnTe . /
Sin O, = -sin 6,, (4.17)
No
. —1 ( MCdZnTe . /
0.0 = sin ( . sin 6’*2) : (4.18)

From the geometric relationships:

=0, +0,, (4.19)
Oy = 04 + 0 — (180° — Oe) . (4.20)
01 = Ous + 04 — O — Opex. (4.21)

Finally, when the beam exits the shroud:

ng - Sin 0 = N,y - sin Gy, (4.22)
sin @, = —> - sin 6, (4.23)
Nair
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0, = sin™! ( "0 gin 04) : (4.24)
Nair

For the entry angle ¢”, and exit angle ¢, of the sample in Ls, they are expressed as:

07, = 0. + (65 — 03), (4.25)

0", = 0.y + (6, — 6,). (4.26)

Thus, the deviation angles 67,1 and dr5 for L, and Lo, respectively, are given by:

5L1 = 61 -+ 92 — Q, (427)

Finally, the difference in deviation angles Ady, is:

A8, =611 — 0o, (4.29)

a is 30.033°, the refractive index of CdZnTe ncgznte is 2.6625, the refractive index of
air ny; is 1.0003, and the refractive index in vacuum ng is 1. When 64 is 102.772°, the
error in the minimum deviation angle A < 0.033°. From this angle error, the refractive
index error Ane, was calculated to be Angy < 0.8 x 1073, This result did not change
even when ncgznre was adjusted by +0.02.

The refractive index error from the measurement, Anpye., and the error from the
calculation, Anc,, were of a similar magnitude: Ange, < 0.7 x 1072 and Aney < 0.8 X
1073, In this study, the experimentally obtained refractive index error, Anmpe,, is defined

as Anys.
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4.1.2 Angular measurement error of the encoder

The angular measurement error caused by the encoder, treated as a random error, is 6,3 =
+0.6 x 1072 degree. The encoder used is the Heidenhain RON806, and 6,5 is based on its

specifications. The error in the refractive index n,s is converted to An,s = 0.1 x 1073.

4.1.3 Change in the apex angle due to the tilt of the sample

prism

-

T b

>>

Horizontal plane of sample stage

Figure 4.4: Schematic diagram of sample tilt measurement

Moreover, we explain the angular error 6,4 caused by the tilt of the sample around the
vertical axis. When a tilt 6, occurs, a changes to « as shown in Equation 4.30. Since a
change in « affects the deviation angle ¢ in Equation 1.10, it introduces an angular error
as

, o

— . 4.30
“ cos Oyt (430)

When the 6y is less than or equal to 1 degree, the refractive index error is evaluated as
An < 0.1 x 1073 based on Equation 1.10. In practice, we confirmed that the tilt was less

than 1 degree using an auto-collimation measurement.
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4.1.4 The effect of the exit-side orifice on deviation angle mea-

surements

In the measurement system, as shown in Figure 4.5, orifices with an aperture of 5 mm
are installed on both the incident and outgoing side. The incident-side orifice is placed to
reduce the diameter of the collimated measurement beam to 5 mm. The exit-side orifice
would not pose any issue if the collimated measurement beam passes through the ideal
optical path. However, the presence of the ZnSe vacuum window causes the collimated
measurement beam to deviate from the ideal optical path, potentially resulting in the
beam being clipped by the orifice.

The movable stage can rotate.

Movable stage

Filter wheel

Pinhole

Hollow optical fiber Vacuum

% shroud

MCT

Radiation
shield

Optical

chopper CdZnTe prism

Infrared light
source

Fixed stage

Figure 4.5: Schematic diagram of the deviation angle measurement. The part enclosed
in the blue circle represents the exit-side orifice.

Here, to clarify the effect of beam Vignetting caused by the outgoing side orifice on
the refractive index measurement, deviation angle measurements of the CdZnTe sample
were performed under the following two conditions. Both measurements were performed

at room temperature and atmospheric pressure:

o The outgoing side orifice aperture of 20 mm
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e The outgoing side orifice orifice aperture of 5 mm

12000 Aperture diameter

20 mm
5 mm

100001

0]
o
o
o

6000

4000+

MCT output (mV

2000

32 33 34 35 36
Omsta (degree)

Figure 4.6: Measurement results of § with an exit-side orifice aperture of 20 mm (blue)
and 5 mm (red)

Figure 4.6 shows the results of deviation angle measurements with the exit-side orifice
aperture set to 20 mm (blue) and 5 mm (red). From these results, it was found that there
is no significant difference in the MCT output values between the 20 mm (blue) and 5
mm (red) orifice apertures. Figure 4.7 shows the results of fitting the deviation angle
measurements to the corresponding Equation 3.4. The residuals of the fittings were of
the same order. The refractive indices of the CdZnTe sample obtained from these fittings
are listed in Table 4.2. When the orifice aperture was 20 mm, § was larger than that
for the 5 mm aperture, with a difference of A§ = 0.047°. Considering only statistical
error Ang,, a significant difference in refractive indices was observed between the 20
mm and 5 mm orifice apertures. However, when systematic error Angys is also included,
no significant difference in refractive indices was observed. Therefore, the influence of

Vignetting caused by the exit-side orifice is negligible.
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Figure 4.7: The top panel shows the measurement results of § of the CdZnTe sample at
room temperature and a wavelength of 10.6 ym with an orifice aperture of 20 mm (blue)
and 5 mm (red), along with the fitting curves based on Equation 3.4. The bottom panel
displays the residuals for each fitting. Here, o represents the fitting error obtained from
the deviation angle measurements (4.6).

Table 4.2: Deviation angle and refractive index for different aperture diameters

Parameter 20 mm 5 mm
() 43.498 43.503
d(°) 57.005 56.958

n 2.65765 2.65651

Statistical error Ang, | 1.5 x 1074 0.8 x 1074
Systematic error Angys | 1.6 X 1073 ]1.6 x 1073
Sum error An 1.8 x 1073 | 1.7 x 1073

Additionally, for the case of the aperture diameter of 5 mm on the outgoing side,
no significant difference from the previous measurement results was observed within the
range of the statistical error Ang,, confirming the high reproducibility of the measure-

ments.
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4.1.5 Misalignment for calibration measurement

Outgoing side Incident side
' k¢ ‘
OAP mirror Rotation OAP mirror
center

Figure 4.8: The schematic diagram shows the misalignment for calibration measurement.
The red line represents the measurement collimated beam through the center, and the
orange line represents the collimated beam shifted & in the lateral direction. The colli-
mated beam is made by the OAP mirror on the incident side. The collimated beam is
then reduced to 5 mm in diameter by an orifice (omitted in Figure) immediately behind
it. On the outgoing side, there is the OAP mirror to focus the collimated beam.

The error to the refractive index caused by a misalignment for calibration measurement
are discussed in Figure 4.8. Due to the characteristics of the optical system, there is
no error in deviation angle measurement due to lateral shift k& of the measurement colli-
mated beam. Even if the collimated beam shifts k& from the center of rotation, the focal
point remains the same because the collimated beam is focused by the OAP mirror on
the outgoing side. Therefore, since the diameter of the collimated beam is 5 mm, in
principle, k£ can be shifted up to 2.5 mm without affecting the angle measurement. In
the measurement, k is about 0.1 mm, Therefore it does not affect the angle measurement

and does not cause refractive index errors.
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4.1.6 Deflection of the ZnSe vacuum window

The impact of the deflection of the ZnSe vacuum window is explained. Due to the
pressure difference between the atmospheric pressure and the vacuum level inside the

vacuum shroud, the window deflects inward as shown in Figure 4.9.

Atmospheric pressure Vacuum

bend inward

Figure 4.9: Schematic diagram showing the case where the inside of the vacuum shroud
is at atmospheric pressure (left) and in vacuum (right). In the vacuum case, the ZnSe
vacuum window bends inward toward the inside of the vacuum shroud.

ZnSe window

/

/

b

A J

r 3

Figure 4.10: The ZnSe vacuum window approximated as a square with a side length b
and thickness h

Although the window is actually circular, it is approximated here as a square with

a side length b and thickness h (see Figure 4.10). Using the Equation 4.31-4.33, the
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maximum inward deflection y,.« of the window is calculated. I represents the second
moment of area, and w represents the uniformly distributed load per unit length. And

Table 4.3 explains each parameter.

5wt N/m - m*
Yo = 37 [N/m2 ' mJ , (4.31)
o,
1=20 i) (4.32)
N
w=0bP {m E] . (4.33)
Table 4.3: Definition of Parameters
Parameter value Description
E [N/m? |6.72 x 107 | Young’s modulus of ZnSe
I [m? 45 x 10! | Second moment of area
w [N/m] 2026.5 Uniformly distributed load per unit length
[ [m] 20 x 107 | Length of the beam
b [m)] 20 x 107 | Length of one side
h [m] 3 x 10™% | Thickness
P [Pa] 101.325 | Atmospheric pressure
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Figure 4.11: Cross-sectional view of the ZnSe vacuum window when deflected by ymax

As aresult of the calculation, ymax is 1.4x107% m. As shown in Figure 4.11, the window
deflects, but ymax is extremely small compared to the window thickness of 3.0 x 1072 m

and can be neglected.

4.1.7 Verification of the measurement accuracy of the system

To verify the measurement accuracy of the apparatus, samples of CaFy and N-BK7 (Fig-
ure 4.12), whose refractive indices are well known in the visible light range, were measured.
For the CaFy and N-BK7 samples, calibration measurements, apex angle measurements,
and deviation angle measurements were performed using the same procedures described in
Chapter 3. These measurements were performed using a visible laser with a wavelength
of 635 nm, under room temperature and atmospheric pressure conditions without the
shroud. ngs for each sample, obtained from these measurements, is shown in Table 4.4.

And An represents the values considering only the statistical error.
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Figure 4.12: Photos of (left) CaFy and (right) N-BK7.

Table 4.4: CaF, and N-BK7 of o and refractive index n at 635 nm

Material Omea (°) Nabs
CakF, 59.969 £ 0.003 | 1.43397 + 0.0004
N-BK7 | 44.892 + 0.006 | 1.51654 + 0.0007

n of CaFy was measured by Douglas B et al [42]. They measured at a temperature
range between 25 K and 300 K and a wavelength range between 0.4 and 5.6 pum. The
uncertainty in their measurement at 295 K and 500 nm was 41.7 x 10~°. The deviation
between our measurement and the linearly interpolated value from Douglas B et al’s data
at 635 nm was 0.7 x 1073,

Additionally, the refractive index measurements of N-BK7 were compared with the
data sheet provided by SCHOTT [43]. Since the data sheet did not specify the measure-
ment uncertainty, we estimated it to be 0.3 x 10~* based on the significant figures. The
deviation between our measurement and the linearly interpolated value from the data
sheet at 635 nm was 0.5 x 1073,

From the above discussion, it is considered that the measurement accuracy of this
apparatus at room temperature and a wavelength of 635 nm is at most 0.7 x 1073.

In this study, measurements to verify the measurement accuracy at low temperatures

and in infrared region were not conducted. However, we estimate it based on previous
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discussions on uncertainty evaluation. Since the uncertainty increases due to the vacuum
shroud in measurements at low temperatures and in the infrared region, we estimate the

accuracy to be at most 1.4 x 1073,

4.1.8 Summary of uncertainties investigation

Table 4.5 shows a list of the various uncertainties examined in this section 4.1. The
temporal stability of the light source and detector was evaluated as part of the statistical
error by performing multiple measurements in this experiment. The sum of uncertainty
Ang,m was calculated by linearly summing the errors, resulting in a sum of error of
Angum < 0.9 x 1073, Adding the statistical error from fitting to this value, the total error
in refractive index is Angoa < 1.3 x 1073, This value approximately satisfies the required
measurement accuracy of Anyeq < 1073 for the system.

However, the following sources of error were considered minor and are not numerically

evaluated in this paper:

« Radiation cooling of the vacuum window causes a temperature distribution within
the window. This temperature distribution results in n distribution, which in turn

affects the collimated beam used for measurement, but the effect is small.

e Due to cooling, the prism contracts. The change in o due to this contraction
introduces errors in n. Since CdZnTe is a single crystal, it is assumed to contract

uniformly, and therefore, this error is considered to be small.

o Refractive index errors due to temperature stability: During measurements, the
temperature stability was at most AT ~ 0.2 K. The temperature dependence of
An

the refractive index is X7 ~ 0~4, Therefore the refractive index variation due to

temperature stability is An ~ 1075, Therefore, the effect is small.

» Refractive index errors due to vacuum stability: The vacuum level varies depending
on the measurement temperature. At room temperature and atmospheric pressure,

the error is +0.1 Pa; in a vacuum, it is £3.0 x 1072 Pa; at 50 K, it is +3.0 x 10~*
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Pa: at 20 K, it is £3.0 x 1073 Pa; and at 12 K, it is £0.3 x 107 Pa. A 1 hPa
change in atmospheric pressure causes a change of approximately 0.3 ppm in the
refractive index of air. Therefore, the impact of the vacuum stability error on n is

considered to be small.

Regarding the reproducibility and long-term stability of the angle measurement,
n under the same measurement conditions agrees with a precision of An < 1073,
Since the required measurement precision is satisfied, the reproducibility and long-

term stability of the angle measurement are good.

The alignment accuracy of the OAP mirrors and fibers is related to the collimation
of the measured collimated light. For visible light, a collimated beam with a diam-
eter of 5 mm will become 10 mm in diameter at a distance of 5 m. The behavior
for infrared light remains unverified. We consider the alignment to be matched by

machine precision.

The surface precision of the prism affects the refractive index measurement. The
Rayleigh limit, which assumes that if the maximum wavefront aberration of a lens
is less than %, the lens is considered ideal, is used as a criterion. The maximum

wavefront aberrations of the samples measured in this study are & on surface A

11
and % on surface B. Therefore, the impact of the prism’s surface precision on the

refractive index measurement is considered small.

The light emitted from the fiber is not a perfect point source, Thus there should
be aberrations. These aberrations affect the profile of the measured light, leading

to errors in the refractive index.

4.1.9 Comparison of measurement accuracy

In this section, the measurement accuracy of the present measurement system (see Figure

4.13) is compared with that of the measurement system described in Ymamuro et al.

(2006) [29]. He introduces two remarkable error sources leading to uncertainty in the
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measured refractive indices. Among the 20 optical materials measured, the refractive
index measurement error of KRS-5, which has the highest refractive index in the infrared

region, is compared.

e Optical Aberration
Coma aberration of the collimator and telemeter causes a shift in the intensity
profile on the detector. This shift leads to angular errors of approximately +20
arcseconds (about 0.005°) in o and ;. These two angular errors result in an

error of An < 0.3 x 1073.

o Deformation of the Detector Cryostat
Relative movement between the detector and the slit within the cryostat causes
angular errors. This angular error is estimated to be £12 arcseconds (about 0.003°).
When converted to the error in the refractive index gradient, it corresponds to

An(T) < 0.1 x 1073,

Thus, the error in refractive index measurements at low temperatures is An <
0.4 x 1073. In contrast, the error in this study is Ana < 1.3 x 1073, which is one
order of magnitude worse. The following two reasons are considered to account for this

discrepancy:

e In Ymamuro et al. (2006), prisms are symmetrically placed with respect to the
sample cooling cryostat window. Since the prisms are symmetric in shape, they
are easy to install. Unlike the method used in this system to derive d,,;,, a method
that directly captures 0y, is employed. At 6, 01 and the exit angle are equal.
Therefore, the symmetric arrangement cancels out the effects of the window. There
is no equivalent to the error due to the vacuum shroud window An;, which is the

largest error factor in this measurement system.

« Misalignment in the perpendicular direction to the rotation axis of the optical axis
plane and angular measurement errors are considered negligible in comparison to
the "two major error sources.” Therefore, there is no equivalent to Ans and Any

errors in this measurement system.
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In this way, if the refractive index error An; caused by the vacuum window, which is
the main error factor in this measurement system, can be eliminated, the refractive index
error would become comparable to that of Yamamuro et al. (2006). In this measurement
method, J is measured while varying #; to the sample. Therefore, it is considered that
An;y depends on #,. If this #; dependence can be incorporated into the fitting code, it is

expected that An; can be eliminated as an error factor.
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Figure 4.13: This diagram is the Measurement system of Yamamuro et al. 2006. Figure
3 in [29]

4.2 Temperature dependence of refractive index

In this section, we discuss the temperature dependence of n of CdZnTe. Figure 4.14 shows
the temperature dependence of the refractive indices of CdZnTe at wavelengths of 10.6,
11.4, 14.0, and 17.1 um. The temperature dependence of the refractive indices of CdZnTe
was obtained by linear fitting to the refractive indices at each wavelength (Table 4.6),

and it was found that the temperature dependence of the refractive indices of CdZnTe
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varies with wavelength, becoming larger with increasing wavelength. On the other hand,
when the temperature dependence is obtained by linear fitting to the refractive indices
from cryogenic to room temperature, the difference with wavelength is small. Therefore,
to obtain the temperature dependence of n with high accuracy, it is necessary to measure

n at many temperatures.
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Figure 4.14: The temperature dependence of n of CdZnTe at wavelengths of 10.6, 11.4,
14.0, and 17.1 um. The top panel shows the results of a linear fit (solid line) to n (dots)
only at cryogenic temperatures. The bottom panel shows the results of a linear fit from
cryogenic to room temperatures.
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Table 4.6: Temperature dependence of the refractive index of CZT at different wave-
lengths

Wavelength (pm) | Temperature range (K) %

10.6 12.4 — 70.6 (71£0.2) x 107°
12.4 — 292.8 (7.27 £ 0.01) x 107°

11.4 12.4 —22.3 (13.942.0) x 107°
12.4 — 292.8 (7.59 £0.03) x 107°

14.0 12.4 —22.3 (36.241.5) x 10~
12.4 — 292.8 (6.50 £0.03) x 107°

17.1 12.4 —22.3 (42.3 4+ 3.8) x 107°
12.4 — 292.8 (6.01 +0.07) x 107°

Figure 4.15 shows the temperature dependence of n of CdTe at a wavelength of 10
pm. The temperature dependence of n of CdTe in the temperature range of 20-80 K

was AX%T = (7.140.2) x 107°. Therefore, the estimated n derived from the temperature

dependence of CdTe includes an error of An as shown by Equation 4.34.

_ Anczr  Ancr
An—( AT AT)AT (4.34)

This result does not satisfy the required measurement accuracy of An < 1073 set
in this study. This result indicates that the refractive index temperature dependence of
CdTe and CdZnTe is different, and n at cryogenic temperature measured in this study is

important.
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Figure 4.15: The temperature dependence of the refractive index of CdTe at wavelength
of 10 pum

4.3 Comparison of measured and estimated CdZnTe
refractive indices

In this section we compare the refractive indices of CdZnTe measured in this study with
those of CdZnTe estimated from CdTe [48].

Assuming no wavelength dependence in the temperature dependence of CdTe, the

ATLCT

temperature dependence ={¢* = (7.1 £0.2) x 107°. at 10 pm is used. Table 4.7 shows

the refractive index errors at each temperature based on n at temperature of 292.84 K.
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Table 4.7: Temperature Dependence of Ancr

Temp. (K) | Ancr
12.40 -0.0138
22.347 -0.0133
50.59 -0.0119
70.57 -0.0109
292.84 0

These refractive index errors were used to offset from the room temperature n of

CdZnTe to obtain a curve of wavelength dependence at each temperature (Figure 4.16)
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Figure 4.16: Estimation of n at each temperature from the wavelength dependence of n
of CdZnTe at room temperature

From these curves in Figure 4.16, the refractive indices at the wavelength of 10.6,

11.4, 14.0, and 17.1 pum at each temperature were determined (Table 4.8).
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Table 4.8: Refractive Index of CdZnTe at Different Temperatures and Wavelengths

Wavelength (um) | Temp (K)
12.4 22.347 | 50.59 70.57 | 292.84

10.6 2.66926 | 2.66976 | 2.67116 | 2.67216 | 2.68306
11.4 2.66867 | 2.66917 | 2.67057 | 2.67157 | 2.68247
14.0 2.66512 | 2.66562 | 2.66702 | 2.66802 | 2.67892
17.1 2.65622 | 2.65672 | 2.65812 | 2.65912 | 2.67002

Table 4.9 also shows the difference between this estimated refractive index and the

refractive index measured in this study (Table 3.4 and 3.5 ).

Table 4.9: An for CdZnTe at Different Temperatures and Wavelengths.Blank areas are
no measured values

Wavelength (pm) | Temp (K)
12.4 22.347 | 50.59 | 70.57 | 292.84

10.6 0.03261 | 0.02973 | 0.03206 | 0.03146 | 0.02593
11.4 0.03593 | 0.03505 - - 0.02834
14.0 0.03870 | 0.03560 - - 0.03216
17.1 0.04158 | 0.03787 - - 0.03537

Thus, the difference in refractive index is An < 4.2x 1072, and n of CdZnTe estimated
from CdTe does not meet the required accuracy of Angeq < 1 x 1073,

n of CdZnTe in the mid-infrared region at cryogenic and room temperatures has not
been directly measured before this study. The results of this study are important in that
the refractive indices of optical materials for mid-infrared applications were accurately

measured at cryogenic temperatures.

4.4 Impact on the design of CdZnTe immersion grat-
ings

Finally, the impact of the refractive index measurements obtained in this study on im-
mersion grating fabrication will be discussed.

For GREX-PLUS, the target wavelength of observation is 17.754 pum, which can be
captured even in the inner region to identify the position of the snow line in the equatorial

plane of the protoplanetary disk. Since this emission line is extremely weak, we would
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like to design the optical system so that this emission line can be observed efficiently. In
other words, we want to design the optics so that the wavelength of the emission line is
as close as possible to the blazed wavelength introduced in the introduction section 1.3,
and to obtain a diffraction efficiency of 90% or higher. The accuracy of estimating that
efficiency depends on the accuracy of n.

Ultimately, we would like to consider the impact on immersion gratings to be installed
in GREX-PLUS, but the detailed optical system has not yet been determined. Therefore,
for the case study, we will take as an example the mid-infrared high-dispersion spectrome-
ter for ground-based observation, which is currently being studied under the leadership of
Nakagawa, Baba, and Hirahara. This spectrometer is designed to demonstrate CdZnTe
Immersion grating, and its specifications are shown in Table 1.4.

Assuming that the target wavelength is 13.5 pm and coincides with the brazed wave-
length, the relative bandwidth of the free spectral range A\ = 0.157 by Equation 1.5.
Baba’s initial study suggested that m=86 is a reasonable diffraction order for this spec-
trometer. Diffraction efficiency is maximum at the center of the free spectral range, and
efficiency decreases as it shifts from there. Since the brazed wavelength is proportional to
n, the accuracy of determining n is proportional to the accuracy of determining the brazed
wavelength. Thus, if the refractive index accuracy is approximately Angga < 1.3 x 1073,
there is a concern that the diffraction efficiency may drop to 75-85%. In the case of mount-
ing on GREX-PLUS, the influence is considered to be small due to the lower diffraction
order m and the wider free spectral range compared to ground-based spectrometers, and

the current accuracy of Angea < 1.3 x 1072 is deemed sufficient.
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Chapter 5

CONCLUSION

In this study, we developed a high-precision cryogenic mid-infrared refractive index mea-
surement system at wavelengths of 10.6, 11.4, 14.0, and 17.1 um between a temperature

of 12.4 and 300 K. The novelty and originality of this system are as follows:

» Realization of a highly efficient optical system
o Construction of a cooling system that achieves cryogenic temperatures

» Establishment of a minimum deviation measurement method using a single-element

detector

The wavelength range of Yamamuro et al. (2006) [29] was 0.365-3.5 pm, and the
cooling system using liquid nitrogen allowed the sample to be cooled to 80 K. This
system was customized to extend the wavelength range to 17 um and to lower the sample
temperature to 4 K by using a helium circulation-type mechanical refrigerator.

This measurement system has several sources of uncertainty. Among them, we quan-
titatively investigated the major systematic error factors, and the total uncertainty was
found to be Angm < 0.9 x 1073. Adding the statistical error from fitting to this value,
the total error in refractive index is Aniota; < 1.3 X 1073, This value almost meets the
required precision of An,, < 1.0 x 1073. However, the refractive index measurement

error was one order of magnitude worse than in previous studies [29].
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Two experiments were conducted to determine n of CdZnTe using the minimum de-

viation method (as shown in Table 3.4 and 3.5):
o Measurement of the apex angle of the prism using visible light autocollimation
o Infrared cryogenic deviation angle measurements
From the measurement results, we discuss the following:

e The temperature dependence of n of CdZnTe at low temperatures for each wave-
length was revealed. This indicates that the temperature dependence of CdZnTe
differs from that of CdTe.

o It was also found that the previously estimated refractive index of CdZnTe, based
on the temperature dependence of CdTe, does not meet the required precision of
Angeq < 1.0 x 1073, Therefore, we demonstrated the importance of measuring

refractive indices at cryogenic temperatures in the mid-infrared region.

o We examined the impact of the measurement precision of this system on the design
of immersion gratings. We assumed the adaptation of the optical system to a high-
dispersion spectrometer for ground-based demonstration of immersion gratings. As
a result, it was found that the diffraction efficiency could drop to 75-85%. In the
case of mounting on GREX-PLUS, the influence is considered to be small due to
the lower diffraction order m and the wider free spectral range compared to ground-
based spectrometers, and the current accuracy of Aniorar < 1.3 x 1072 is deemed

sufficient.

By measuring n of CdZnTe at cryogenic temperatures in the mid-infrared region,
we have contributed to the design of spectrometers equipped with a CdZnTe immersion
grating. Furthermore, the wavelength range of this mid-infrared refractive index mea-
surement system is unique worldwide, and it is expected that this system can be used
to determine the refractive indices of various materials at cryogenic temperatures in the

mid-infrared region.
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Appendix A

Calculation of CWL of BPFs

We calculated the effective central wavelength (CWL) of the BPFs.
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Figure A.1: CWL of 10.6 pm BPF
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Appendix B

Calculation of Refractive Index

Error

This set of equations quantifies how the angular error associated with the measurement
(the error between the apex angle and the minimum declination angle) affects the error

in n in prism-based refractive index measurements.

- a+f
2~ f(.5) (B.1)
2

n =

a: apex angle, #: minimum deviation angle

(n)? = (3_f) o + (%)2552 (B.2)

o B

af  n . (a+p 1 Q@

da 2tang e ( 2 ) ( sin” ¢ cos 2) (B3)
9/ ___n (B.4)

98 2tan otp
da: error in the apex angle, 05: error in the deviation angle
Note: In principle, 8 is used to represent the minimum deviation angle when ex-

pressing 0. However, to avoid confusion with 4, g is explicitly used here.
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