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Abstract

In the dense and cold atmosphere of Titan, the presence of C,H, haze has been confirmed by the observations

of spacecraft. In the present study, original cryogenic experimental equipment was developed to simulate the low-
temperature solid formation of C,H, in combination with in-situ infrared spectroscopic measurements. As a result,
out-of-plane bending vibration v; of solid-phase C,H, located at~10.5 um was successfully detected with high sensi-
tivity, and two-dimensional spectrographs of C,H, at low temperatures were obtained. The obtained spectra of C,H,
can be fitted to the double Lorentzian function with various heights, central wavelengths, and full widths at half

the maximum (FWHM) of the two-component Lorentzian functions. They were classified into three types using the fit-
ting parameters. However, their spectral shapes are different from the amorphous, metastable, and crystalline forms
obtained by the previous laboratory experiment in terms of the distance of two peak wavelengths and FWHM. The
results may link to understanding the spectral band properties of C,H, condensation in the haze component of Titan.
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Introduction

The atmosphere of Saturn’s largest moon Titan is a dense
layer of gases with~1.5 atm at the surface, which is the
thickest among all satellites. Titan’s lower atmosphere is
primarily composed of nitrogen (94.2%) and the simplest
hydrocarbon, methane (5.65%). Since the temperature
of the atmosphere is as low as~90 K (Mitri et al. 2007),
Titan’s atmosphere supports opaque haze layers block-
ing most visible light from the Sun. The first observation
of Titan’s atmosphere was conducted by the Voyager I
spacecraft (Smith et al. 1982). Titan’s atmosphere has a
complex system of atmospheric variability, especially the
asymmetric north—south haze has been intensively inves-
tigated (Lorenz et al. 1999). Further information about
the composition and character of Titan’s atmosphere is
summarized in Horst (2017).

According to the phase diagram of ethylene (C,H,) cal-
culated by Fray & Schmitt (2009) using thermodynamic
equations in their study of sublimation and condensation
of ice in planetary systems, it can be seen that ethylene is
solid at the temperature and atmospheric pressure con-
ditions of Titan. Roe et al. (2004) reported the spatially
resolved chemical abundance of hydrocarbon in Titan’s
atmosphere observed by the W.M. Keck I 10-m telescope.
They showed the seasonal change and significant accu-
mulation of C,H, gas in the south polar stratosphere.
Recently, the content of C,H, was found to be 3.91 ppm
in Titan’s atmosphere located at 1050 km from the sur-
face, using Cassini’s mass spectrometer (Magee et al.
2009). In other celestial bodies, C,H, was detected during
the New Horizon flyby at Pluto (Gladstone et al. 2016).

Haze particles dominated by C, hydrocarbon C,H,, C,H,
and C,Hg settle out on Pluto’s surface (Grundy et al.
2018). C,H, was also detected in the interstellar envi-
ronment of CRL 618 (Cernicharo et al. 2001). There is a
feasibility study that aims for future spacecraft missions
such as Europa Clipper to detect the hydrocarbon in the
Jupiter system (Teolis et al. 2017).

Previous laboratory experiments showed the condition
to form the various solid phases of C,H (Hudson et al.
2009). However, the processes of morphological changes
in solid C,H, are less clear than in C,H. Jacox (1962)
first observed the laboratory infrared vibration absorp-
tion spectra of solid-phase C,H, in low temperatures.
They found significant differences in the position, split-
ting, and linewidth of the absorption peaks at 4 K and
53 K. Rytter & Gruen (1979) conducted the matrix isola-
tion experiment at 15 K and annealing at 85 K to inter-
pret the data in terms of a monomer, dimer, aggregate,
and crystal scheme. They characterized a transformation
between two crystalline phases. The 823 and 1434 cm™
bands are assigned to a low-temperature form and 820,
826, and 1436 cm™! to a high-temperature form. Nes
& Vos (1979) determined the single-crystal structure
of C,H, at 85 K by X-ray diffraction method. They sug-
gested that there are two non-equivalent C,H, molecules
in the unit lattice. Molecules on the sides of the cube are
oriented in the same direction, only the molecular in the
center is not parallel to the other molecules. Later, Hud-
son et al. (2014) measured the bending vibration v, v,
and v,, of solid C,H, with a thickness of 1 um. They con-
cluded that the various vibration spectra are attributable
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to three solid forms. The crystalline C,H, ice was created
by a slow deposit (1 um h™) at 60 K and then cooled to
20 K. The metastable ice was created by a fast deposit
(60 um h™!) at 20 K. The amorphous ice was created by
a slow deposit (1 pm h™') at 12 K and then heated to
20 K. They also conducted the annealing experiment of
the amorphous C,H, sample from 12 to 60 K. The spec-
tral shapes changed near 35 K and again near 50 K, which
showed the amorphous phase changed to a high-temper-
ature crystalline phase. Especially, the small 822-cm™!
band was found to be a very sensitive indicator of phase
changes. Molpeceres et al. (2017) also measured the
physical and spectroscopic properties of ices of mixed
C,H, and CH,, which possibly simulated Pluto’s surface.
Spectra in the previous experiments were averaged
over an aperture range of a few mm or more, and it was
not possible to determine whether the spectra varied by
location on the deposited plate surface. In this study, we
measured the spatially resolved mid-infrared spectra of
solid C,H, in sub-millimeter for the first time. Accord-
ing to the model spectrum shown in Fig. 5 of Roe et al.
(2004), there are CH,, C,H,, C,Hs and C,H, whose
peak wavelengths are about 7.6, 10.5, 12.1, and 13.5 pm,
respectively. However, in this paper, we selected C,H,,
which is the most suitable target for measurement,
because the wavelength range of the imaging spectrom-
eter guaranteed by the manufacturer is 8 um <A <12 pm.
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Experimental procedures

An original cryogenic optical equipment was developed
for conducting laboratory simulation of low-temperature
C,H, solid formation with in-situ infrared spectroscopic
measurement, as shown in Fig. 1. The vacuum chamber
was fabricated using a 5-axis simultaneous machining
center at the Nagoya University Instrument Development
Center. The heaters were equipped at the bottom and top
of the chamber. The liquid N, cooling dewar bottle was
mounted on the upper part and directly connected to the
oxygen-free high-conductivity copper (OFHC) sample
holder with a center through hole of ~3 mm in diameter.
The sample holder adopted with the cold head was cooled
to~90 K. A 1 mm-thick ZnSe crystal plate was attached
to the OFHC sample holder and covered the center hole
for the infrared transmissive substrate. The stabilized
silicon nitride globar lamp unit (SLS303, Thorlabs Co.)
was used for the high emittance light source in the
wavelength range 0.55<A<15 pm. In the middle of the
cryostat, there was the vacuum bellow with six ports.
One of them is connected to the equipment including
the turbo pump, pressure monitor, and valve. Another
port was covered by a hermetic seal with four terminals.
It connected the Pt100 sensor near the ZnSe plate and
the electric circuit outside the chamber using the cable.
The resistance of Pt100 was read by the 4-terminal
method, and then, the temperature corresponding to the
resistance was calculated.
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T and P monitor ~<__

AADAANANNNNNS

chamber

Stabilized IR light source
(0.55 <A <15 pum)

Fig. 1 Schematic diagram of experimental setting seen from the side
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Fig. 2 Top view of a near-equivalent imaging optical system constructed by IR light source, vacuum chamber, and 2D FT-IR

As shown in Fig. 2, we constructed the near-equivalent
optical system between the sample plate and detector
by employing appropriate two ZnSe lens windows. The
distance from the chamber to the spectrometer can be
optimized by the movable optical bench. Transmittance
spectral measurements were conducted by employing the
imaging Fourier transform mid-infrared spectrometer
(2D FT-IR, NISSIN KIKAI NK-0812-TD-NU). The
operation principle of 2D FT-IR is a common-optical
path wavefront splitting-type phase shift interferometry.
It enables the easy acquisition of infrared spectral
images instantaneously by adopting the focal plane array
detector (Inoue et al. 2006). The interference-pattern
visibility is optimized by a suitable design of the multi-
slit array, which is based on the theories of Fraunhofer
diffraction and convolution imaging (Qi et al. 2015).
The input light is collimated and incident as a parallel
beam to the Fourier transform plane and then reflected
at a certain installation angle of the movable and fixed
mirrors to the focal plane array detector through the

Table 1 Summary of the experimental properties

objective lens. The detector mounted in the imaging
spectrometer is the bolometer camera (Boson, FLIR
Co.) operating in the ambient temperature condition, in
which the number of pixels is 640X 512 with a pixel size
of 12 um. The wavelength resolution of 2D FT-IR is ~ 70.7
nm, which corresponds to 7 cm™ at 10 um. The 800
frames IR image data set in the time domain are obtained
subsequently during the linear motion of the phase
shifter and then are Fourier-transformed to acquire
the frequency domain data by applying the fast Fourier
transform (FFT) method for each pixel data to obtain a
two-dimensional spectral image.

Table 1 summarizes the conditions of measurement
and Fig. 3 shows the procedure of the experiment. Before
the experiment, the inside of the chamber was heated
for 1 h to evaporate the remnant water and eject it. The
rotational stage and vacuum below were adjusted so that
the image of a 3mm¢ hole appeared in the field of view.
For the production of low-temperature solid C,H, before
the spectroscopic measurement, the vacuum chamber

Elapsed time from first gas Elapsed time from second gas Target Chamber pressure (Pa) C,H, input

input input pressure
(Pa)

- - BPF - -

- - ZnSe plate 0.24 -

1 min - ZnSe+C,H, 1200 700

10 min - ZnSe+C,H, 1600 700

26 min 1 min ZnSe+C;,H, 3000 1000

35min 10 min ZnSe+C,H, 3670 1000
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Fig. 3 Flow chart of the experimental procedure

was initially pumped out to reach~107> Pa using the
turbo-molecular pump (TSU-261, Pfeiffer Co.). A small
amount of ethanol was dropped into the hole of the
cold head. Then the liquid N, coolant was poured into
the dewar bottle. Approximately 10 min after filling the
coolant, the ZnSe substrate temperature was lowered
to~83 K. The temperature change was within 10 K
through the experiment. The valve which connected to
the pump was closed and the vacuuming was stopped at
this time. Then, the blank measurement was conducted to
acquire the reference spectra. Unfortunately, the natural
leak occurred with a leak rate of ~40 Pa/min. However,
the influence of absorption of the atmosphere was not
large, because the wavelength of major absorption of
atmospheric CO, is 14-15 pm, which is different from
that of C,H,. Twenty-five minutes later, the pure C,H,
gas sample enclosed in the spray can (GL Science Co.,
99.5% purity) was introduced into the pipe between two
valves. Then, it was introduced into the chamber at a 30°
angle from the ZnSe plate through the tube whose inner
diameter is 1.5 mm. The displayed value of the pressure
gauge increased from 500 to 1200 Pa at this moment.
C,H, input pressure inside the chamber is defined as
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this difference of 700 Pa. Immediately after the input
to the chamber, gas touched the cold plate and then it
condensed. 26 min after the first gas input, the gas was
introduced into the chamber repeatedly. The displayed
value of the pressure gauge at the second gas input
increased from 2700 to 3000 Pa. Therefore, the total
C,H, input pressure is calculated as 700+ 300=1000 Pa.
2D FT-IR measurements to acquire the sample spectra
were conducted 1 and 10 min after the first gas input, and
1 and 10 min after the second gas input (26 and 35 min
after the first gas input). Because the deposition rate of
C,H, was unknown before measurement, the pump
out of the chamber before the measurements was not
conducted in this experiment.

NISSIN KIKAI Co. provided the software Spectro-
Viewer which was used to obtain the spectrum from the
interferogram at each pixel. It is useful to acquire a quick
look at the measurement results but is inconvenient to
execute advanced spectral analysis such as baseline cor-
rection, creating a spectral map, and fitting. Therefore,
we referred to several papers about the application of 2D
FT-IR (Nogo et al. 2016, 2021; Qi et al. 2015; Qi 2016)
and the Japanese patent (Ishimaru 2012), and developed
the data analysis program to convert raw interferogram
data to a 3D spectral data cube. The summary of the algo-
rithm is shown in Fig. 4. The interferogram of each pixel
was shifted so that the maximum value is at the center of
the array, which is called a center-burst correction [e.g.,
Polavarapu (1985)]. Then, interferogram f{n) is multiplied
by Hamming window function w(n):

x(n) = f(mw(n) (1)

21n
N 1) )

where N is number of pictures. The number of elements
increased from N=800 to N’=4096 by adding 0 at both
ends of the interferogram. This operation, called zero-fill-
ing, is shown in Fig. 5. Finally, the interferogram is con-
verted into the array y(k) by fast Fourier transform (FFT):

w(n) = 0.54 — 0.46 cos <

N-1 o
ylk) =" e N x(m) (3)
n=0

The absolute value of the array y(k) is the relative inten-
sity spectrum. Zero-filling can increase the data points
of the spectra before linear interpolation. Although the
spectral resolution does not improve, it is useful to com-
pare the spectral shapes with each other.

Wavelength calibration was done in this experiment
to determine the install angle of the movable and fixed
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Fig. 5 (Left) Zero-filling of the interferogram. (Right) Spectra acquired by FFT of the interferogram with and without zero filling

mirrors ¢, using the technique of view angle correction,
which is shown in Qi (2016). The optical path length dif-
ference L of the light received by the pixel at the center
position of the detector can be represented as

L = 2M cos (¢ — 90°) (4)

where M is the moving distance of the mirror. When
calculating the phase difference for any given pixel except
for the center position of the detector, it is necessary to
calculate the view angle of the light incident on the phase
shifter. In case the pixel at the center of the detector is

taken as the origin, the x and y components at any pixel
(a, b) can be represented as

a= (ny— 320)5pix (5)

b= —(ny — 256)spix (6)

where #,, and #, are pixel numbers on x and y
coordinates, which are defined as the horizontal and
vertical direction on the imaging plane, respectively [see
also Fig. 1 of Qi et al. (2015)]. At the origin of the pixel,
n,=320 and n,=256. s, is the pixel size of the detector
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of 12 um. View angle on x and y coordinates can be
represented as

0, = tan~! (a/f) (7)

Oy = tan~! (b/f) (8)

where f=25 mm is focal distance of the imaging lens. The
optical path length difference after view angle correction
L’ can be represented as

L' = {2M cos (¢x — 0;) } / cos b, (9)

0; = 05 +90° (10)

For wavelength calibration, light from the same
source was transmitted in a narrow bandpass filter
(BPF) Spectrogon NB-9585-135 and a blank spectrum
was measured by 2D FT-IR. The known transmittance
data of this BPF is plotted as blue dots in the upper
left panel of Fig. 6. When the installation angle was
¢,=44.874°+0.016°, the relative intensity spectrum at
the center pixel (n,, ny)=(320, 256) shown as the red
solid line could be best fitted to the BPF transmittance
data. The right panel of Fig. 6 shows the spectrum
map with 7x7 bins of the light passing through BPF
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in the case of ¢,=44.874°. The spectrum of one bin is
averaged in the range of 35X 35 pixels. In bins where
the signals were detected, the peaks of the spectrum are
in the range of 9590-9620 nm. The difference between
the peaks is smaller than the wavelength resolution
of 2D FT-IR. Therefore, the wavelength calibration is
thought to be adequate.

Relative intensities at 0.01 pm intervals in the 7-14 pm
range are calculated by linear interpolation based on the
wavelength array determined by view angle correction.
The absorbance spectrum at each pixel can be repre-
sented as

(11)

Zref (112, 1y, 2) )

Z(le,”yrz) = logy, <Zsam(”x’”y’z)

Z. and Z, = are the relative intensity data cubes of
reference and sample, z is the number of images that
corresponds to the optical path length difference. Image
data cube of Z  and Z, obtained by 2D FT-IR are
explained in Fig. 2 of Nogo et al. (2021). The baseline
undulation was corrected to eliminate the influence such
as absorption of natural leaks and outgas from the frost.
As shown in Fig. 7, linear interpolations with zero-order
(linear), first-order, and second-order polynomials were

performed using the spectrum in the range of 7.0-9.8
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Fig. 7 (Left) Example absorbance spectrum (solid line) with baselines. The baselines using zero-order (linear), first-order, and second-order
polynomials are shown by dashed, dotted, and dashed-dotted lines, respectively. (Right) Spectrum after subtraction of the baselines

Table 2 Detected C,H, bands in the experiment

Wavelength (um) Band Vibration mode Baseline range (um) Peak
absorbance*

6.9 CHy vy (Byy) Out-of-plane 6.00-6.84, 7.07-14.00 04

104,106 GHyvy (B In-plane 7.00-9.80, 11.80-14.00 10

122 CoHy vio (Byy) In-plane 7.00-11.90, 12.60-14.00 003

“ 1 The data with baseline correction at the center of the aperture were measured 26 min after the first gas input

and 11.8-14.0 um. The absorbance of the first-order
baseline was larger than that of the linear baseline. It
shows the absorbance may be underestimated if the
linear baseline is used. In this study, the original spectra
were differenced at the second-order baseline. Finally,
we detected three C,H, absorption bands of the bending
vibration mode as shown in Table 2. We confirmed that
spectra below 7.0 um and above 12.0 um are obtainable,
even with the deteriorated signal-to-noise ratio (S/N).
It suggests the possibility of the measurements of other
important hydro-carbon frosts such as CH, and C,H, by
2D FT-IR in the future.

Results
Spectral maps of the v, band in 11 X 11 bins are illustrated
in Fig. 8, in which the 3 mm¢ aperture in the sample
holder is shown in the black solid circle of top spectral
images. The spectrum for each bin is the average of
the data in the range of 30x30 pixels, corresponding
to~400x400 pm on the detector. The untrustworthy
spectra of gray bins in the maps are removed since
they seem to be outside the edges of the aperture,
and therefore almost no light is transmitted. The two-
dimensional absorption spectra of C,H, in the out-of-
plane bending mode v, vibrational band at about 10 pm
were obtained in all measurements.

Initially, a single spectral line at 10.6 pm of v, band was
identified in all spectral bins without bottom edges of the
aperture when the C,H, partial pressure was~700 Pa.

After 10 min from the first gas input, the spectral shape at
any bin did not change and the peak absorbance slightly
decreased. The uniformity of the spectra indicates that the
IR absorption was mainly caused by gaseous C,H,. At the
same time, the absorptions of v;; and v;, bands were not
detected. After 26 min, when the C,H, partial pressure
was ~ 1000 Pa, the spectral map of the v, band showed a
significant change in spectral shape with two absorption
peaks except for the top and bottom edges of the aperture.
The ununiformed spectra suggest that the condensation
of the C,H, frost started at this time. On the other hand,
the spectral shapes of v, and v;, bands shown in Fig. 9
are single peaks regardless of the place. One possible
speculation for the reason for different spectral shapes
between the v, band and v, and v;, bands is that out-of-
plane bending is greatly affected when C,H, aggregates and
mi—1t stacking occurs. After 35 min, the spectral absorbance
slightly increased, suggesting the growth of the frost.
Hereafter we call the initial data “before condensation”
and the data after 26 min from the first gas input “after
condensation”

To understand the detailed properties of the spectral
shapes, the spectra before condensation were fitted to the
single Gaussian function f{x) shown in Fig. 10:

(x— > }

202 (12)

o =a-enf -
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Fig. 9 (Left) Absorbance spectral map of 6.9 ym C,H, v, band after 26 min from the first gas input. (Right) Same but 12.2 um C,H, v, band

where x represents the wavelength of the data point, and
fitting parameters a, and y represents the peak height
and peak wavelength, respectively. The full-width at
half-maximum (FWHM) is 24/2In20. The error of each
parameter is equal to the square root of the diagonal
component of the variance—covariance matrix. The area
filled between x-axis and a single Gaussian function is
defined as +/2mao. Error propagation was considered
to estimate the error of area. The correlation between a
and ¢ was not taken into account. The left side of Fig. 11
shows contour maps of peak height, peak wavelength,
FWHM, and area of the fitting function. The maps of
these errors on the right side of Fig. 11 show fitting
accuracy is high except for the left top and bottom edge
of the aperture such as the non-detection part of (i}, j,),
(i7,j11), and (ig, j;;)- The position of the maximum area is
(i5) jo), which is thought to be the center where the gas
is blown directly. Because both peak height and FWHM
are roughly correlated with the area of the Gaussian
function, spectral shapes are almost the same regardless
of the place of frost on the plate.

The map of spectra after condensation with fitting is
shown in Fig. 12. Because most of the spectral shapes are
double peaks, fitting to a single Gaussian function is not
suitable. Using the double Gaussian function, the accu-
racy of fitting to the spectrum after condensation is low,
especially at the wavelength of the steep gradients around
the peaks. Therefore, we fitted the spectrum to the dou-
ble Lorentzian function g(x):

a0
(x—m)* + o}

420

(x — u2)? + o
(13)

g;(x) and g,(x) are blue and red-shifted components,

respectively. x is the wavelength of the data point, o;, 0,

are the half of FWHM, and y,, 4, are wavelength at the

peak position (¢;<p,). Peak heights can be represented

as

gx) =g1(®) + L) =

g1(n1) = ai/oy (14)

& (u2) = az/os (15)

where a;, a, are the fitting parameters (a;>0, a,>0).
In the top of Fig. 12, the spectral peaks are negative in
the non-detection part of (i}, j,), (iy; j;), and (i, j;;). The
coefficient of determination of a fit is less than R*=0.9 in
the regions of (iy, j;) and (ig, j;;). In the rest of the regions,
the coefficient is greater than R?>=0.9, which shows the
fitting accuracy is sufficient. According to the maps of
fitting parameters in Fig. 13, the distance between the
peaks is large on the left side, and it is small on the right
side. The large difference in FWHM of the blue-shifted
component does not appear. However, that of the red-
shifted component is large on the top side compared to
the other place. It is the factor that the spectral shapes
on the top side are single peaks with gentle slopes in the
long wavelength direction [e.g., (ij,)] or double peaks
with different peak heights [e.g., (i3)j,)]. On the other
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Fig. 10 Absorbance spectral maps of the data measured before condensation. i and j correspond to the x and y coordinates of the bin. Dashed
lines are the results of fitting by a single Gaussian function. The red frame shows the coordinate which is shown in the text

hand, the spectral shape on the middle and bottom sides
are double peaks with symmetry height. The single peak
structure appears in the bottom edge of the aperture
such as (is)j;o). We considered the reason of the position
sensitive spectra is the different deposition rates between
the place that the gas directly collided and the place that
the gas spread after collision.

The frost thickness of C,H, can be estimated by
Beer—Lambert law, which is that the absorbance peak
(I/1,) is equal to the multiplication of the absorption
coefficient and light path:

L= (’)
al = —log, | —
Iy

where «a is absorption coefficient, L is light path, which
is equal to the frost thickness in case that the angle of
incidence is 90°. Hudson et al. (2014) calculated the

(16)

absorption coefficients of the v;, band to be 13,180 and
13,620 cm ™! under the Metastable phase. In the top and
middle regions of the map, peak absorbances of most
spectra are around 1. If their data are used directly, the
estimated frost thickness is ~ 3.3 um in these regions.

Discussion

Comparison to other experimental results

According to Hudson et al. (2014), both Metastable and
Crystalline appear to have double peaks and valleys
between them. In Crystalline, the distance between the
peaks is smaller and the depth of the valley becomes shal-
lower than in Amorphous. Referring to their study, we
classified the spectral map in Fig. 12 using a histogram in
Fig. 14 as follows:

1. In case either peak absorbance g1(i1) or g2(u2) is
below 0.1, the double gaussian fitting to the spectrum
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Definitions of the parameters are shown in the text. (Right) Maps of Errors of the fitting parameters

is failed (the background of the map is filled in gray).
If it is over 0.1, we consider the absorption of solid
C,H, is detected with sufficient S/N.

2. In case the FWHM of the red-shifted component o,
is over 390, the spectrum is categorized as “type 1”
(white)

If conditions 1 and 2 are not satisfied,

3. In case the distance between the peaks y,—; is over
335, the spectrum is categorized as “type 2” (green).
It includes the estimated center position where the
gas is blown directly (see Results).

4. In the case that p,—, is under 335, the spectrum is
categorized as “type 3” (blue).

Except for (i;, j;) and (is, j;;), three regions of white,
blue, and green colors are separated. The spectra of type
1, type 2, and type 3 are distributed in the top, middle
left, and the other side in the spectral map of Fig. 12,
respectively. In Fig. 15, we plotted the representative
spectrum at points (i, j,) of type 1, at (i, j5) of type 2,
and (iy, j-) of type 3 in this study. The spectra in Hudson
et al. (2014) are also superimposed. It is noted that the
wavenumber resolution of their study is 1 cm™Y, which
is 7 times better than this study. It can be seen from
the diagram that the line shapes of the spectra of type
1, type 2, and type 3 are roughly similar to Hudson’s
spectra under the phases of amorphous, metastable, and
crystalline, respectively.

However, it is clear that the distance between peaks
1 and 2 in this study is greater than that in Hudson’s
results, and there is some variation in the shape of the
peaks for Amorphous. In Hudson’s study, the out-of-
plane bending vibration v, of C,H, at wavelengths of
10<A <11 pym has only a single peak at about 10.53 um
in the case of amorphous ice. In the state of Metastable
ice, the peak becomes double at the wavelength of
10.52 ym and 10.63 pm, respectively. The difference
between the peaks is 0.11 um. When it becomes
crystalline ice, the distance between the two peaks
becomes smaller, causing the shape of the double peak
to change. The peaks change at 10.54 pm and 10.60 um,
respectively, with a difference of 0.06 pm. In contrast,
in this study, a single peak of the spectrum at point (i,
jo) of type 1 appears at the wavelength of 10.40 um. The
difference in absorption peaks at (i, j;) of type 2 and
(ig» j;) of type 3 are 0.39 um and 0.3 um, respectively.
The spectrum with a peak difference under 0.14 pm
is not found. The discrepancy in the peak separations
between Hudson et al. (2014) and the present study may
result from the difference in deposition temperature
and subsequent annealing. The possible reason for an
inconsistent distance between the bimodal peaks is a
gap at the temperature level. In Hudson’s experiments,
Crystalline was obtained by slow deposition of and
cooling the C,H, solid from 60 to 20 K; Metastable was
obtained by rapid deposition at 20 K; Amorphous was
obtained by heating the C,H, solid from 12 to 20 K. On
the other hand, the temperature for the experiments in
this study was constant at around 83 K. It suggests that



Koga et al. Earth, Planets and Space (2024) 76:31 Page 13 of 17
L L L L s 1 1 1y 1y Iy Iy
N ] ] ] ] .
3 A
> ¢ X LA X
o £37N <O RS I | |
1 T1 i | :
ANANIANLIL AN AN J2
0 __‘l_m AN R~ S0 N 2 NID “IN I CA TR LD i
“ NSNS
\:// 1] S :Vl v ! X Y
11 7 7 7 .
. AANLVAANL AN GNEY: QN 2 AN AR I AW AR AR R
14 e e 4 TZ 4 - 1 .
MMM A TA A M A I LA s
00 -= -3 ~-3 -2 -3 - S 2 =
)
C
© 11 1 1 1 1 1 1 .
Ko} \
3
<] 1 1 1 1 1 1 1 T3 1 .
1 E . . . g . . : . : .
N4 AN VAL A A (A A LA LA LA s
1, 4 4 4 4 4 4 4 4 -
o 2N ./}AL.A{LJ&I.\_ A _j‘L_‘["LA_ I Jo
J 1 LALLAL LA M LA Ls ito
1 i 4 —— Spectrum . 1
—--- Lorentzian .
04 | | --- Blue component | «£>> | Jll

—--- Red component

10000110001000011000100001100010000110001000011000100001100010000110001000011000100001100010000110001000011000
Wavelength [nm]
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the C,H, solid may have a different crystal structure in
20 K and 83 K environments.

Classical oscillator model of C,H,

The v, vibration spectrum of the solid C,H, measured
in this study can be described by the classical mechani-
cal spring model. In the Lorentz oscillator model, elec-
trons are bound to the atomic nucleus analogously to
springs of different strengths. In spectroscopy, the Lor-
entz model describes the shape of a spectral line that
is broadened by resonance or other mechanisms. The
electrical dipoles here are spring-bound positive and
negative charges and are regarded as harmonic oscil-
lators whose vibration resistance is proportional to the
speed of movement. In real molecules, the mass of the
nucleus is much greater than that of the electron, so an
approximation can be made by considering the electron

only as changing its position due to fluctuations in the
electric field. The complex dielectric function is

Noscq? 1
&r = €00 T oscd > = €1 + &
m €g (w(Z) _ w) + y2w2

(17)
€ro0c are short wavelength and long wavelength infinity
of &,, Nogc is number of oscillators per unit volume, g
is effective electric charge, m is effective mass, € is vac-
uum dielectric constant, y is damping factor, ® and w,
are the angular frequency and natural angular frequency,
respectively. The real component ¢, of ¢, is known as the
resonant component and the imaginary component &,
corresponding to the decay of the electric field is known
as the absorption component:
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NOSC 2 a)2 — a)2
£1 = &rp0 + 1 0 3 (18)
m €y (w% _ Cl)) + ]/2(1)2
_ Noscq? 14 (19)

meo (wk— w)Z + 202

Only the absorption component of the electric field can
be measured in this study. This equation can be approxi-
mated in terms of wavenumber v = w/27cq

1 Noscq? v
S~ ~ R 5 (20)
(2me)” meo (Vo — V) + (¥'/2)
14
/ —
v= 21C @1)

Finally, the damping factors in Fig. 16 are derived by
the fitting of the double Lorentzian fitting to the spectral
data with the horizontal axis converted to wavenumber.
In this experiment, the averaged factors of blue- and red-
shifted components where the fitting is succussed are
estimated to be 3.7x10'%, and 4.6x10'* s, respectively.
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They are larger than the coefficients derived by the
double Lorentz fitting of Hudson’s spectra, which are
estimated to be 3.1x10' and 1.5x10' s under the
metastable phase and to be 2.2x10' and 9.2x10 s
under the phase of crystalline, respectively. A further
experiment that realizes various changes in deposition
conditions and theoretical simulation (Ito et al. 2023) will
be needed to verify that the C,H, solid has a different
crystal structure and damping timescale of oscillation in
20 K and 83 K environments.

Summary

In this study, the authors used a self-developed cryo-
genic infrared optical device for performing laboratory
simulations of the formation and in-situ infrared spec-
troscopic measurements of low-temperature C,H, solids.
In this experiment, two-dimensional IR spectra of the
out-of-plane bending vibration v, and in-plane bending
vibration v,, and v;, bands of C,H, solid were obtained
by measurement at a low temperature of ~83 K. Vari-
ous spectral shapes are found such as the single peak in
the edge region, the double-peaked region with deeper
valleys, and the double-peaked region with shallower
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Fig. 16 Distribution of the damping coefficients of the blue-shifted and red-shifted components estimated in this study
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valleys. The double Lorentzian function was used to per-
form a least-squares fit to the obtained C,H, IR spectra.
Then, we tried to classify their spectral shapes referenc-
ing those of Hudson et al. (2014) under the phase of
amorphous, metastable, and crystalline. However, the
distance between the peaks observed in this study is
much larger than the previous study possibly because of
the difference in the sample plate temperature.
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