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Abstract

In this thesis, we will demonstrate the effectiveness of the CRDS(cavity ring
down spectroscopy) for isotopic measurement in planetary exploration. In Chapter
1 and 2, we introduce a significance of volatile element analysis on the planet
environment including Moon’s surface. Understanding of origin and dynamics of
volatiles such as H,O, CO5 and NH3 on the lunar surface is a crucial issue not
only for the Lunar science but also for practical use of elements essential for long-
term human life on the moon. For better understanding of the lunar volatiles,
We have developed an on-site CRDS for analytical equipment on board the Moon
Lander. CRDS is a useful tool for detecting trace levels of gaseous species due to
its long optical path. As mentioned in Chapter , direct observation of lunar water
and isotopic measurements using CRDS are expected in the LUPEX (Lunar Polar
Exploration) mission, which is planned by JAXA (Japan Aerospace Exploration
Agency) to launch in 2024 or later.

CRDS is characterized by its high sensitivity reaching the absorbance above
10719, The optical multiple reflections in CRDS allows for the detection of a trace
amount of absorber less than 1 ng of water molecules in a 15 cm? cell, for example.
More importantly for planetary use, significant miniaturization of CRDS can be
achieved by using this feature, which permits a long effective optical path length
that exceeds the cavity length, like several kilometers of optical path with a few
centimeter cavity.

In Chapter 3, isotopes in water vapor are measured using a miniaturized CRDS
with 5 cm cavity. We measured water standard samples with different D/H ratios,
then applied Voigt profile fitting to the absorption spectra. Finally, a calibration
line between the measured JD values and the literature values was obtained. The
signal to noise ratio (SNR) of HDO peak at 6D = -980 %o was 7.17, which was
enough higher than the detection limit of 30. By using our miniaturized CRDS
with high-sensitivity, we can identify HoO molecules due to solar wind, in which
D is depleted.

In Chapter 4, we developed a CRDS system with a cavity of 50cm for ammonia
isotopic measurements. Ammonia is a significant industrial and agricultural re-
source, and it can be utilized as a transport medium for hydrogen fuel and as the

fuel itself. Also, it is an important material in earth environment and outer plan-



ets. It has been studied spectroscopically for a long time, however, spectroscopic
data on these isotopes is limited for a few wavelengths, and even when searching
the HITRAN database, there is no comprehensive information. In this study, we
performed experiments taking into account this point and measured the ratio of
15N /YN in gaseous ammonia. First of all, we searched the absorption lines ex-
perimentally, using ?NH3 standard gas with the purity of 98 %. Three 'NH;
absorption lines near 1.5 ym were chosen for this study. Wavelength was scanned
by controlling the laser diode and we obtained absorption spectra for 1NHj, then
the spectra were compared with those of 1*NHj.

The measured spectra including absorption lines were evaluated using Allan
variance to know the stability of measurement. One of the absorption lines was
used to measure °N isotopic ratio in samples with different amounts of '>NHsj.
Beforehand, we set the value of precision in nitrogen isotopic ratio at least §!°N
+ 100 %o, considering the range of the isotopic ratio in the solar system. The cal-
ibration line we obtained from our measurements demonstrated a good agreement

within the precision, which is up to 1 %o at 100 %o fractionation.
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1 Motivation : Moon water and LUPEX mission

For more than a century, the water’s existence on the Moon’s surface has been
debated. In the 1960s, when the Apollo samples were studied, it was considered
that the Moon’s surface was completely dry. However, scientists have continued
to seek signs of water.

Until today, a large number of observation were attempted. The Clementine
Bistatic Radar Experiment yielded the first observations supporting the existence
of the Moon water [1]. Lunar Prospector added further evidence by detecting
neutron anomalies consistent with hydrogen deposits buried tens of centimeters
under the regolith [2]. A water signal in the polar region was also discovered in
the data from Cassini, which flew by the Moon in 1999 [3]. Deep Impact, of which
purpose was comet Tempel 1 exploration, also flew by the Moon in 2009 and de-
tected hydroxyl absorption signals strongest near the North Pole, consistent with
< 0.5 wt% water [4]. In the same year, it was announced that Chandrayaan-1 had
discovered a wide distribution of hydroxyl signals with Moon Mineralogy Mapper
(M?) [5], and the Lunar Crater Observation and Sensing Satellite (LCROSS) mis-
sion detected 5.6 + 2.9 wt% water in the regolith covering Cabeus Crater, located
in the south polar region [6].

Recently, the surficial hydroxyl signals from M?® data were more discussed by
Pieters et al. [5]. In 2014, researchers studying the Lunar Reconnaissance Orbiter
(LRO)’s findings suggested that 3 to 14 wt% water ice could account for the
anomalous reflectance observed in the permanent shadow of Shackleton Crater
[7]. The data from Lunar Atmosphere and Dust Environment Explorer (LADEE)
supported the existence of hydroxyl signals and implied an escape of water from
the moon surface [9]. Further, the Chinese probe Chang’e-4 went to the far side
of the Moon in 2020, and Chang’e-5 achieved in-situ observations using a lander
and collected a return samples [10][11][12].

However, most observations of lunar water were from circum or near Moon
orbit, but not on the ground. In addition, enough data to identify the isotopic
composition has not yet been obtained. As mentioned later, isotopic measurement
is necessary to identify the origin of the water. For the purpose, considering
contamination by earth samples, we should have an on-site device with high-

sensitive, simultaneously robust and light-weight. We propose that a spectroscopic



system is a good choice as a measurement method fulfilling the needs mentioned
above.

The Lunar Polar Exploration (LUPEX) mission has been prepared by JAXA
(Japan Aerospace Exploration Agency) and will be launched in 2024 or later. The
main purpose of LUPEX is to search for water resources in the region of the lunar
south pole. The moisture area on the moon is searched using a ground-penetrating
radar mounted on a rover that travels on the lunar surface, as well as infrared
vision and neutron spectroscopy. Next, the regolith at that location is excavated to
obtain water-containing samples, which are then heated and the vapor is supposed
to be studied by the CRDS and a time of flight mass spectrometer. The CRDS
planned for LUPEX is based on the model used in this thesis. A miniaturized
CRDS, which is described in the following Chapter 3, was designed during the
Space Innovation Hub study organized by JAXA through 2016-2019, with Sinei
Corporation, National Institute of Advanced Industrial Science and Technology,
Osaka University, Ibaraki University, and Kagoshima University. Actually, this
CRDS was designed as a trace moisture meter at atmospheric pressure at first.
Then water content at low pressure and isotopic measurements were examined
in this thesis considering the applications and use of this CRDS in the LUPEX

mission.



2 Introduction
2.1 Isotopic fractionation

At first, I would like to introduce useful tools for the isotopic analysis. There
are stable isotopes of Hydrogen (*H(H) and ?H(D)), Oxygen (1¢0, 7O and 180)
and Nitrogen (14N and '5N). These stable isotope compositions are expressed in
terms of delta values (6) in permil (%o), i.e., parts per thousand differences from a

standard. They express the proportion of an isotope that is in a sample as follows:

5DVSMOW _ ( (D/H)sample . 1> % 1000 (1)
(D/H)vsmow
517180 (7720/7°0) 1| x 1000 (2)
’ VSMOW = -
(17’180/16O)VSMOW
(15N/14N)

515N _ sample 1 1

<(15N/14N)standard > XA (3)

where (D/H)vsmow and (17180 /1%0)ysymow are the isotope ratios of VSMOW
(Vienna Standard Mean Ocean Water), generally used as the standard for water
isotopic ratio.

The molecule behavior considerably depends on the isotopic properties, which
can be divided into mass dependent and independent fractionation. In mass de-
pendent fractionation, according to reaction kinetics, the delta value of isotopic

species ™TA™X for ™X at time t is obtained as:

4[] = k- ["X] - dt (1)
kp, xm™ (5)
L GTHAMY — o AT:l” In ([[:;(]] ((é))> x 1000 (6)

Therefore, the relative variations in isotopic ratios scale with the difference in

mass of the isotopic species:

5m+2AmX
(Sm—l-AmX =2 (7)



2.2 Water isotopics

2.2.1 Origin of the Moon water

As plausible sources of Moon water, possibly contributing to the isotopic frac-
tionation, two possibilities are mainly considered: (i) Hydrogen derived from the
solar wind. Implanted protons from the solar wind would react with oxides in
the lunar regolith and form OH/H5O [8] [9]. The flux of protons on the Moon
surface is estimated to be on the order of 107 ~ 10% ecm=2s~1sr=t [15], [16]. (ii)
The micro meteorites with water components. These materials are considered to
impact the Moon surface with an accretion rate of (3.66 £0.44) x 10% kg yr=! [17].
Additionally, the contribution of comets or asteroids may be important, but it is
not determined quantitatively yet. Furthermore, Terada et al. (2017) reported
that biogenic terrestrial oxygen has been transported to the Moon by the Earth

wind (at least 2.6 x 10* ions cm™2 s™1) [25].

2.2.2 Source of water isotopic composition in solar system: hydrogen

When focusing on the hydrogen isotopes in lunar water, we especially need
to consider the contribution by (i). The éD value of the proto-solar nebula is
estimated to be —865.2 + 32.1 %o from measurements of the Jupiter atmosphere
and of (*He+D)/H in the solar photosphere [18]. Therefore, if the contribution
of the solar wind implantation is dominant, the hydrogen isotope ratio of the
lunar water would be significantly D-depleted. The LRO data suggested that
the hydrogen flux onto the surface of lunar polar craters reached ~ 10! m—2s~1
around the rim walls [19]. Further, §D value of -950 %o was obtained from grains
in a lunar sample, which was considered to be due to hydrogen injected by solar
wind [22].

In contrast, the D/H ratio of planetary and cometary components are higher
and widely distributed around the value of the earth [18], which the § D values
are 0 ~ 1000 %o and potentially still higher.

Thus, the hydrogen isotope ratio of lunar water will result in between the values
of solar wind and comet. Hence, enough dynamic range is necessary to analyze
hydrogen isotope. Hydrogen isotope ratio is easily fractionated because of the light

atomic weight. Therefore, it is not appropriate to discuss the small difference of
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Figure 1 Oxygen isotopic distribution in planetary components. (Cited from [23])

0. Required accuracy of 6D of + 100 %o is still reasonable to distinguish the solar

wind effect on lunar water.

2.2.3 Source of water isotopic composition in solar system: Oxygen

The range of variation in oxygen isotope ratios is relatively smaller, but their
distribution is more complicated because oxygen has three stable isotope species.
In a 6170 to 680 plot, the solar system materials show a trend along a 1-slope
line. This is considered the result of mass independent fractionation by the mixing
of components with different enrichment of 10 during the formation of the solar
system. While A7O (6170 deviation from the terrestrial mass-dependent frac-
tionation line, which the slope is ~0.52) of the solar wind is less than —20 + 4 %,
A values of primitive chondrites are distributed between the solar fractionation
line and the terrestrial fractionation line [21] [22]. Recently, 1"180O-rich (up to
500 %o) components have been discovered in meteoritic iron-oxides and organics,

which are probably potential counterpart end members of the solar composition
(23] [24].
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Figure 2 Distribution Diagram of 6*7**0O and §D of components in the solar system.

Thus, taking previous research into consideration, we set the required accuracy
of 6D and 617180 for isotopic measurement of the lunar water at + 100 %oand +

10 %o, respectively.

2.3 Ammonia isotopics

2.3.1 Ammonia on the moon and in the solar system

Ammonia is a significant industrial and agricultural resource. Haber—Bosch
process has been one of the most practical chemical reactions in a human history.
Also, it is an important material in earth and planetary environment, especially
as the raw material of various organic materials.

In 1972, the final space ship of t the Apollo mission (Apollo-17) with a humans
crews was launched to the moon, and several pieces were sent for scientific ob-
servation. The Lunar Atmospheric Composition Experiment (LACE) was a mass
spectrometer, a part of The Apollo Lunar Surface Experiments Package (ALSEP).
It detected mainly Argon, Helium and also an slight amount of ammonia [27] [28].

In 2009, this time an unmanned spacecraft, The Lunar Crater Observation and
Sensing Satellite (LCROSS) was sent to the moon. While it detected a sign of water
in the soil in the Cabeus crater using IR spectroscopic method, also ammonia was
observed in an abundance of 6.03 % relative to water.

In other cases of the inner region of the solar system, signatures of ammoniated
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Figure 3 Nitrogen isotopic distribution in planetary components. (Cited from [35])

minerals were observed on the surface of a dwarf planet Ceres [29] [30] [31]. The
origin of ammonia on the Ceres is controversial among scientists. Ceres might
be carried after forming at a location where ammonia ices were stable, or might
originate near the current location with an ammonia-rich environment [32].

The freezing point of ammonia is -77.7 °C, so ammonia is stable as a solid form
beyond the outer side of the asteroid belt. In addition, ammonia readily dissolves
in water, and has the effect of lowering the melting temperature of water ice [33].
This is an important property in a discussion of a subsurface ocean of icy moons.
Cassini Orbiter, encountered a gas plume ejected from Enceladus in 2008, and
detected ammonia at approximately 1 % in the water [34].

It’s known that ammonia originating in the outer region of the solar system has
a % N-rich isotopic ratio, especially in comets (6*°N ~ 1000 %o), while nitrogen
in the proto-solar nebula is estimated to be low (§'°N = -375 £ 80 %o) [35] [36]
[37]. Ny in Titan atmosphere is also ' N-rich [38]. Considering the ranges of these
isotopic ratio, we set the target value of precision in nitrogen isotopic ratios at
least 61°N £ 100 %.

2.3.2  Ammonia absorption lines in near-IR
The intensities of ammonia absorption lines are plotted in Figure 4. There are
high intensity area around 1.5 pym, 2.0 pm, 2.3 pm and 3.0 pm. The empirical

parameters of numerous “NHj3 absorption lines are available in the HITRAN
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Figure 4 Line intensity S (cf. Equation 19) in near-IR. The >NH3 data
around 1.5 pum are from B. Lins et al. (2010) [39], and others are from
HITRAN database [41].

database [41], however, 1°NH;3 data is not available in a wide range of near-IR
region, except around 2.0 ym and above 3.3 um. In a previous study, B. Lins et
al. (2010) reported line intensities in a region around 1.5um [39].

In the future exploration, it will be expected to measure ammonia-water ice.
Therefore, a wavelength range including both absorption lines of water and am-
monia will be better for a simultaneous observation. These molecules share the

absorption areas around 1.5 ym, 2.5 pm, and above 3.5 um.

2.4 Near-infrared absorption spectroscopy

Spectroscopy is the study of interaction of light and matter. When a molecule
absorbs light with optical frequency v, the energy of molecule is raised by hv (h
is the Planck constant). The increment of the energy corresponds to the energy
levels of molecular vibration in the case of infrared (IR). Absorption wavelength
and intensity depend on the species of the molecule, therefore we can get the
matter-specific information from the absorption spectrum.

The vibrational energy G(v) and the rotational energy F'(J) for gas phase

molecules are described by




Then, the absorption energy hv is given by

hv = G (v) + F (J)
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J Rotational
\ Quantum Number
V=3

v Vibrational
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Figure 5 A schematic diagram of potential energy of a molecule.
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where v and J are the quantum number of vibrational and rotational mode, v,
and I are the normal mode frequency and the moment of inertia of the molecule,
respectively.

A molecule generally has multiple normal modes. For example, HoO molecule
has three modes: symmetric stretching, asymmetric stretching and bending. As
shown in Figure 6, transition occurs when the corresponding mode changes the
dipole moment in the molecule. If the vibration is harmonic, transition only
satisfying Av = +1 and AJ = +1 is allowed. In higher energy region, typically
corresponding to near-IR, the forbidden transition occurs because of anharmonicity
of molecular vibration. This leads the overtone transitions in near-IR spectroscopy,
although it is low intensity. This means low absorption coefficient, therefore near-
IR spectroscopy useful for measurement that treats a long optical path length.
Additionally, there are a lot of useful optical components for near-IR where have
strong absorption lines of volatile molecule species (e.g., HoO, NHsz, CO9, CHy
etc.).

2.5 Cavity ring-down spectroscopy

For on-site molecules observation in space mission, mass spectrometry (MS)
methods were also generally employed. The history of onboard MS was started
from 1960s, adopted Wien filter for mass selection. Types of time-of-flight and
quadrupole mass spectrometer (QMS) are generally used in planetary exploration,
which the mass resolutions M/AM reach 100. NASA’s Mars Curiosity Rover
loaded a QMS, and performed isotopic measurement of °Ar/3¢Ar and §'3C [13].
However, MS sometimes encounter a problem of mass resolution. For example,

separation of 7O and 'OH, the mass of 16.9991 and 17.0027 respectively, require

10



M/AM > 5000.
On other hand, absorption spectroscopy enables to measure a spectrum includ-

ing an absorption peak of each molecule itself without destruction, while ionization
with destruction is necessary in MS. In absorption spectroscopy, a peak separation
is restricted by the temperature and the pressure, because these properties decide
the broadening of absorption peak. Typically pressure lower than 103Pa is neces-
sary to distinguish each peak of isotope species. This means isotopic measurement
with spectroscopic method needs sensitivity in absorbance around ~ 10719,

Cavity ring-down spectroscopy (CRDS), also known as cavity ring-down laser
absorption spectroscopy (CRLAS), is one of many types of laser absorption spec-
troscopy (LAS). Spatial coherence of laser light enables high collimation, yielding
low light loss.

To increasing the path length, cavity enhanced absorption spectroscopy (CEAS)
applies multi reflection system using a pair of high reflecting mirrors with the
reflectivity better than 99.99%. Laser light forms multi-pass in the space between
the mirrors, called “cavity”, which contributes to increase interactions of laser

light with molecules. Tunable diode laser absorption spectroscopy (TDLAS), a

high reflective mirror : 99.99%~

L.aser // \\ transmitted
light absorber gas light

Detection

Sample cell (cavity)

< >

Cavity Length : [

4 M =2l eshod
(<]
g 8 I, = I, exp(—B1)
I, §®T | B : ring-down rate
¢ 3
o Q

Laser OFF time(~10us)

Figure 7 Schematic diagram of the principle of CRDS.

11



kind of CEAS, was also employed in Curiosity to measure the isotope ratio of
water and carbon dioxide [14]. Integrated cavity output spectroscopy (ICOS),
detecting integrated intensity behind one of the cavity mirrors, is a derivation of
CEAS, which the sensitivity typically reaches ~ 10~7.

In CRDS, the cavity works as a Fabry-Perot etalon. The light intensity is
enhanced by optical interference when the laser wavelength and the cavity length

satisfy
mAin = 21 (10)

where m, Ay, and [ are natural number, wavelength of input light and cavity

length, respectively. The effective optical path length is defined as

l
L= 1R (11)
where R is the reflectance of the each mirror. The typical L reaches to several
kilometers. This feature enables CRDS to achieve the sensitivity above 10710,
The laser is turn off when the resonance conditions are satisfied, then the de-
cay of transmitted light is detected. The decay rate depends on the conditions
inside the cavity (e.g., gas species, abundance, pressure, temperature). Therefore,

absorption properties of a gas sample can be obtained without detection of input

light. The intensity of transmitted light is:
I (v) = Ipexp (—pt) = Ipexp {— [Bo — ck (V)] t} (12)

where c is speed of light. [ is decay rate, also called ring-down rate. Sy is the
ring-down rate without absorber, which obtained as:

c(l1-R)

fo = S

(13)

The optical frequency separation between intensity peaks of the transmitted

light is called Free Spectral range (FSR).

C
AVFSR = 2_l (14)

The full width half maximum (FWHM) of a single mode peak is obtained as

c(l1-R)

Av = —F 15
VI o VR (15)

12
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Figure 8 A schematic plot of a transmission from a Fabry-Perot etalon with

chaniging the optical frequency.

This means that a Fabry-Perot etalon with higher reflectance mirrors has higher
wavelength selectivity. This property allow a high wavelength resolution, while
the relation between an intensity and a wavelength resolution are trade-off in
continuous light spectroscopy. The finesse, a ration of FSR and the FWHM, is
given by

™R

F =
1-R

(16)

As the reflectivity of the mirror approaches 1, the finesse increases, and the

resonance becomes sharper.

2.6 Spectral calculation

When laser light I, passes an absorber gas with the optical path length L and
the intensity of the transmitted light I;, Beer’s Law defines the absorbance o at

optical frequency v:

a(u)zk(y)Lz—lnG;E’;))) (17)

The absorption coefficient k including absorption transitions j of target molecule

13



species is obtained by:

k() =Y Aj0; (v)
-~ (18)
/_ ¢ (v)dv =1

where ¢; (v) is a distribution function, determining the spectrum line profile.

Aj s, equals to the area of a spectral peak of the absorption transition, is given by:

)= Synxs (19)

where S; is the line intensity of the transition. n and x are the number density
of the whole gas molecules and the fraction of the target molecule species, respec-
tively. The total absorption is calculated by summation about all transitions j
and species s in the target wavelength range (Equation 18).

As a line shape function, generally Lorentzian Profile (LP) f; and Gaussian

Profile (GP) fg are took into account:

_ g

Jue (2) = ) (20)
1 x?

fap (z) = 5o exp <—W)

LP is explained by broadening derived from molecular collision, the HWHM ~
approximately proportional to p/T™, where p is the partial pressure of the molecule
species, T' is the temperature and n is the dependency coefficient. On the other
hand, GP is explained by broadening derived from Doppler effect depending on the
distribution of molecules velocity, the HWHM o is obtained by 1y ; \/W ,
where vg j, kg, m and c are optical frequency at the transition in vacuum, Boltz-
mann constant, the molecular mass and the speed of light, respectively.

Voigt Profile (VP), defined as a convolution of fip and fgp is useful to account

for the spectral line shape because of the computational simplicity:

for (@) :/_Oo fi (e — ) fo (1) dt

a [ ey
v (W —1,) = ﬁ;/_ (—dy (21)

m’—y)—aQ

a=7/V20, o' =-w;)/ V2o
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Figure 9 Voigt function plot at o of 0.01. Voigt function get close to Gaussian

function as the a approaches to 0.

Although above equations cannot be calculated analytically, approximate equa-

tions with the error function is available:
Re |e~* erfc (—iz)

fVP (V - VO:J') ~ U\/ﬁ (22)

v—1g,;+ 1y

o2

z =

Thus, « is expressed as:

2
SixspR Zierfe (—iz;
a(v)= kBTa\/_wZ i Xsp e[ erfe (—iz;)
o (23)
vV —1g,+ vy

o2

Thus, when we get spectrum including transition line j = 1,2, for example,

Zj:

corresponding to the isotopic species HHO and HDO, the isotope ratio in a sample

Rsample is obtained as

xupo  Si,HHOA2
R le ~ = — 24
P Xano  SenpoAi (24)

Given an average value for isotope ratio as Ry, a delta value 6D was defined as

§DcrDS = (R% - 1) % 1000 (25)
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3 D-depleted water isotopic measurement with a
miniaturized CRDS with 5 cm cavity aiming for

exploration of lunar water

3.1 Method

3.1.1 Apparatus

The mini-CRDS with a 5cm cavity was firstly developed in a study of Space-hub
research (2016 - 2019) organized by JAXA. H. Abe et al. (2021) already reported a
performance of the mini-CRDS as a moisture sensor for the trace level of water at
atmospheric pressure [26]. The moisture detection limit of 3.1 ppb was obtained in
nitrogen gas of 1 atm, which is less than 1 ng of water in the 15 cm? cavity. In this
study, we focused on isotopic measurements, especially for HDO, using another
model of mini-CRDS. The mini-CRDS used in this study is shown in Figure 10
and Figure 11. The mirrors (Japan Aviation Electronics Industry) had 99.9965
% reflectance, which yields the long effective optical path length (calculated as
L/(1— R) where L is cavity length and R is mirror reflectance) of 1.4 km with the

cavity of 5 cm in length.

Optical Fiber

Peltier
Module

Window

Mirror

Detector

NI¥3MOd  LNdlno O O

Figure 10 Photo (a) and illustration (b) of the mini-CRDS.
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As the most conspicuous feature, the body of the mini-CRDS sensor was smaller
than almost all the commercially available CRDS devices. The cavity with 5 cm
length, optical fiber mount (5-Axis Kinematic Mount; K5X1, Thorlabs) and the
avalanche photo detector (APD430C/M, Thorlabs) were fixed on an aluminum
base plate rigidly. Laser light was introduced to the cavity from a fiber coupled
distributed feedback (DFB) laser (NLK1ES5EAAA, NTT Electronics). The wave-
length of the laser light was enabled to scan 1360 nm to 1460nm with a current
controller (LDC202C, Thorlabs) and a temperature controller (TED200C, Thor-
labs). To obtain an absorption spectrum, wavelength of the laser light was scanned
over the range of approximately 7185.72 cm ™! to 7186.38 cm~! by a reverse saw-
tooth wave function at 10Hz, which was used as tuning signal of the laser. The
deviation from linearity on the wavenumber against the turning signal was less
than 2%. The signal from the photo detector was sent to a trigger unit and an
A /D converter (16 bit and 25MHz, TUSB-0216ADMH, turtle industry). The trig-
ger unit turned off the laser diode when the signal intensity exceeds a threshold.
The ring-down signals and the tuning signals of laser are simultaneously recorded
and ring-down signal was fitted by an exponential function, then the ring-down
rate was estimated.

In isotopic spectroscopy, it is necessary to distinguish adjacent peaks in an
absorption spectrum. Therefore, measurement at low pressure (< 100 Pa) was
performed to obtain a condition of narrow absorption line width. The both ends of
the cavity were sealed by ICF flanges with windows, and the cavity was connected
to a preparation chamber via valves. The whole system was able to be evacuated
using a rotary pump up to < 1Pa. Before introducing into the cavity, sample gas
was stored in a chamber that has a volume of 1000 cm?®. Since the volume of the
cavity was 15 cm?, 1.5 % of the whole gas was introduced to the CRDS cavity.

Peltier element modules attached on the outer surface of the cavity were used
to control the cavity length by the thermal expansion. As illustrated in Figure
12, FSR of 5 cm cavity does not have enough resolution to measure a narrow
absorption spectrum. In order to interpolate the gaps of FSR, it is necessary to
change the cavity length. The Peltier element modules were driven at 5 V and
repeatedly switched at +£ 200 mA with an interval of 10 seconds. Considering
the thermal expansion coefficient of steel (SUS-304) of 17 x 1076 (1 /°C), 4 0.4
°C temperature change is required to interpolate the gaps completely. Generally,

Piezoelectric element (PZT) is used to change the optical length in CRDS. The

17



Source Isolator Laser
Measure . —
TTr'gge" Unit . . Liadk
Optical Fiber
C 1 ] -
Current scan Peltier

Gas out 1 Module Laser
- Controller

o L ] -
;[j [[ 7 ﬁ[&ﬂ * Voltage
Mini-CRDS scan 1
Signal [——
l 'gha @ Z#Gas in { Function
Y

Generator

Gasout | Sample | Sample )
—<+ Chamber G- in i
1]
Signal e — ‘m
wo LI e 1

Trigger Convertor ]
Unit Trigger =

Figure 11 Illustration of peripheral equipment. (P) represents a pressure

gage. All gas outs were connected to a vacuum pump.

advantage of the PZT is the easy and quick control but the mechanical structure
is necessary. On the other hand, the advantage of Peltier modules is the simple
structure, which can be attached additionally to the cavity surface. It will result
in a robust optical alignment under the severe vibration supposed at launching of

a rocket.

3.1.2 Experiment

In this study, our aim is to determine a calibration line of D/H ratio using
the mini-CRDS. Before such experiments, we must estimate the influence of the
”sample-memory effect”, which means the effect of the previous residual sample
on the next. This effect has a serious influence on isotopic measurement. We
measured the remaining water in the mini-CRDS cavity during evacuation, us-
ing an absorption line at 7178.45 e¢m ™! with the line intensity of 1.44 x 1022
cm ™! /(molecule - cm™?2). First, the water sample of 100 Pa was introduced to
the cavity through the sample chamber appearing in Figure 11. After one hour,

evacuation of the cavity was started. Then, the change in absorption spectrum
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Pressure ~ 100 Pa

absorotion

— L~5cm =—— L~50cm

resonance: v=m/2L

Figure 12 A schematic diagram of comparison between an absorption spec-
trum and FSR for 5 cm and 50 cm cavity. Water vapor pressure of 100 Pa
is assumed. Resonance wavenumber satisfies v = m/2L where m is natural

number.

sample No.  §Dysmow (%o)
1 -188.8 £ 1.0
-143.1 =+ 1.0
0.082 £ 1.0
160.9 £ 1.0
479.3 £ 1.0
-987 + 19

S T = W N

Table 1 D/H ratios of the water standard samples.

was measured during the evacuation (Figure 13). The decay curve of the water
amount could be explained with a function including fast and slow components of
exponential. These could be decrement of the water vapor in the cavity space and
molecules adsorbed on the cavity surface, respectively. It took around 60 minutes
to reduce the water amount to 5%. According to the required accuracy of ~ 10%,
the evacuation time before starting each measurement was set to 60 minutes or
longer.

To determine the calibration line of the D/H ratio, we performed measurements

of 6 water standard samples with different dDygyvow. All the samples were already
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measured using a mass spectrometer by Shoko Science Co. The known dDvsvow
values of the samples are shown in Table 1. In all measurements, 10 uL of sample
water was vaporized in the chamber before introducing into the cavity, and then
the pressure was adjusted to 100 Pa. [ was measured 2000 times for a single
spectrum (Figure 14), and an average of 15 spectra were used for determining a
conclusive D/H ratio. The measured spectra were fitted with the Voigt profile and

0Dcrps was calculated according to the process mentioned in section 3.

3.2 Result and discussion

3.2.1 Absorption spectrum

The wavelength range in this measurement includes three absorption lines of
S5>10"25, shown in Figure 14, where peak-1, -2 and -3 correspond to 7184.10 cm !
(HH'®O), 7183.97 cm~! (HD'®O) and 7183.88 cm™! (HH!®O) respectively. In
addition, these three absorption lines were influenced by the tail of an intense line of
HH'%0 at 7182.95 cm ™!, with the line intensity being 3.77x 102! cm~!/(molecule

-cm™2). We used a quadratic function to evaluate this tail. This allows a reduction

1.0
— 001{
3 o - o
0.8 B Fiaiad M Antec ittt 2 .
()
< -0.011
0 20 * 40 60 80 100 120
£0.61 time [min]
5
C "
< :
0.41
02! \ 5% remain
‘ :\.M . A
0.0t : - St s b
0 20 40 60 80 100 120
time [ min ]

Figure 13 Decay plot of residual water in the cavity during evacuation. Anorm

is the spectrum area of absorption line at 7178.44 cm ™!

, normalized by the
value of time = 0. The red line is a fitted function including two components

of exponential (broken lines).
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Figure 14 (a) A spectrum of sample-6 with Voigt profile fitting. (b) the
enlarged view of peak-2 in (a). (c) The same spectrum as (a) with Lorentzian
profile. Horizontal axis F is the voltage output from a function generator
that controls the laser wavelength, corresponding the range of approximately
7185.72 cm ™! to 7186.38 cm~'. Peak-1, 2 and 3 correspond to absorption
lines that each the center is 7184.10 cm ™', 7183.97 cm ™' and 7183.88 cm ™!
respectively. Wavelength notations are adopted for the HITRAN database[41].

int the number of parameters compared to the Lorentzian. Reduction of the
freedom degree of a fitting model is important to prevent over-fitting. In the
condition of this measurement, at a low vapor pressure of 100Pa, Lorentzian profile
does not fit as shown in Figure 14 (c¢) & (d). That is because broadening by
collisions between molecules in a gas is not dominant in this pressure range but

due to Doppler effect caused by velocities of the water molecules, or mixture of

these mechanisms.

3.2.2 Hydrogen Isotopic ratios
The comparison and calibration line between the measured and known 0D is

shown in Figure 15 (a). Each éDcrps was calculated assuming the R of sample-3

equals to Ry (cf., Equation 25). Because the wavelength range in this measurement

21



includes two HHO absorption lines (peak-1 and peak-3 in Figure 14), we got two
0Dcrps values from peak-2/peak-1 and peak-2/peak-3 for a sample. However,
there were a few differences between them. The calibration lines between dDcgrps
and dDysymow were calculated by linear least squares fitting. The R-squared of
the calibration lines were 0.986 for peak-2/peak-1 and 0.981 for peak-2/peak-3.
The systematic error in the slope coefficient and the variance of Dcrpg from the
calibration lines were possibly caused by instability of the room temperature. Line
intensity includes temperature as the parameter of a function, so the calibration
line would shift if the temperature changed. Figure 15 (b) shows the calculated §D
deviation from the calibration line of é{Dcrpg using peak-2/peak-1, as a function
of temperature change. The §D shift caused by temperature change is non-parallel
to the calibration line because the HDO absorption line at 7183.97 cm™! is more
sensitive to temperature than the HHO line at 7184.10 cm~!. As shown in Figure
15 (b), The variance of the 6D can be explained by approximately +1 °C change
of temperature. Although the temperature change by the Peltier element modules

was estimated as 0.4 °C, but such variation would be averaged over the measuring

a - ) : b
( ) 500 peak-2/peak-1 ( ) 500 O
---- peak-2/peak-3
207 6 peak-2/peak-1 2501 °
8 o4 % peak-2/peak-3 8 0 &
= ’ = e
3 - =
o 2507 & 2501
O O
Q Q
W -500 W -500
-750 4+ ~750 /
% Adjusted R? 0:0.988, x: 0.984 o
-1000 A 2 —1000 1
-1000 -750 -500 -250 O 250 500 -1000 -750 -500 -250 O 250 500
6Dvsmow [%0] 6Dvsmow [%0]

Figure 15 (a) Calibration plots with water standard samples measured using
the mini-CRDS. The horizontal axis is the known éDvsmow of samples shown
in Table 1. The D/H ratio of sample-3 was used as the Ry of § Dcrps in Equa-
tion (25). The circle and cross symbol represent results from peak2/peakl and
peak2/peak3 respectively. The solid and broken line represent fitted lines of
peak-2/peak-1 and peak-2/peak-3 respectively. All lines were obtained by
linear regression with least squares. (b) Calculated D deviation from the
calibration line in (a) using peak-2 / peak-1, as a function of temperature

change. The red region indicate deviation with a range of +1 °C.
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Figure 16 Corrected SNR of peak-2. The red line was obtained by linear

regression with least squares.

time. While, room temperature change in the series of measurements was slow and
as high as 5 °C, so that the systematic error appearing in the calibration line is

strongly affected by the room temperature change.

3.2.3 Signal-to-noise ratio
Finally, we estimated the signal-to-noise ratio (SNR) of each sample for peak-2.

The SNR obtained from a single spectrum was calculated by

H ea.
SNR = —keakz (26)

Onoise
where Hpeako is the peak-2 height. opeise is a standard deviation of the spec-
trum noise. the noise corresponds to the residual of the measured spectrum after

subtracted by the fitted Voigt profile. Here, corrected SNR is defined as:

Amean
SNReorr = SNRunean —mcanall (27)

Amean
SNR ean is the mean of SNR for the 15 spectra measured for each sample. A can
is the mean of peak-1 area for the 15 spectra. Then, A, eanan is the average of
A ean for all 6 samples. The correlation between SNRo,r and dDysmow is shown

in Figure 16. SNR,,, for sample-6 was 7.17, which 3 is generally supposed as
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the detection limit. The adjusted R? of the fitted line in Figure 16 was 0.959.
Therefore, those SNRs were plotted nearly on the linear trend, indicating the
noise was constant through measurements and had little effect on spectrum fitting.
Thus, we can conclude the mini-CRDS has the ability to measure a D-depleted

sample with éDysmow as low as -980 %o without disturbance of the noise.

3.2.4 Oxygen isotopes

Additionaly we investigated oxygen isotopes. It was more difficult than the
case of Hydrogen isotopes, because we needed to seek spectral region including
absorption lines of three species, H1®O, Hi"O and Hi8O.

We measured sample-3 with the laser wavelength range near 1390nm (Figure
17 (a)). The measurement equipment and condition were the same as the mea-
surement of Hydrogen, mentioned above. This region included the whole species
we would like to look. However, a tail of a huge peak (Peak-9) interfered over
the measurement range. It was difficult to approximate the spectral profile of
all absorption peaks at once, therefore we divided the measured spectrum into
two pieces—spectrum-A including Peak-1~6 and spectrum-B including Peak-7~9.
Spectrum-B were influenced by a another huge peak (peak-10) located in the outer
region. Spectrum-A were primary fitted, then spectrum-B was subtracted by the
fitted profile of spectrum-A (Figure 17 (b) & (c¢)). We measured the spectrum and
repeated on the same sample over ten times. The pair plots of the estimated § val-
ues of sample-3 were shown in Figure 18. These d values were calculated with the
standard values same as the average ratio. These values distributed over a range of
40% with anomalies which. This anomalies likely to derived from the data points
measured when the sample was just after injected. Similar trends were observed
also in the Hydrogen and Ammonia isotopic measurements. If these anomalies are
excluded as the experimental biased data, though the variance of A7 don’t satisfy
the required accuracy of | 10 %o , we can recognize a correlation likely derived from

mass dependent fractionation between those values.
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Figure 17 (a) Raw measured spectrum including absorption peaks of Oxy-
gen isotopic water molecules. Horizontal axis E is the voltage output from
a function generator that controls the laser wavelength, corresponding the
range of approximately 1390.52nm ~ 1390.78nm. This region includes ten
detectable absorption peaks. (b) Spectrum-B, including Peak-7~9. Blue lines
represent the fitted profiles of individual absorption peaks, and a red broken
line represents the composite profile. (¢) Spectrum-A, including Peak-1~6. It
was subtracted by the composite profile of Spectrum-B. A black line equals
the subtracted tail line of Peak-9. A red broken line represents the composite
profile.
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Figure 18 Plot of delta values as the result of sample-3 measurement. These

values were calculated with the standard values same as the average ratio.

3.3 Conclusion

In this study, we show the measurement of D-depleted water isotopic measure-
ment using a mini-CRDS with a cavity of 5cm in length. Six standard water
samples, one of which was D-depleted ~ -987 + 19 %o, were successfully mea-
sured, and the D/H ratios were analyzed by Voigt profile fitting. We obtained
the calibration lines by comparison between measured and known values, and it
showed enough agreement to distinguish + 100 %owhich is the required accuracy
for hydrogen isotope measurement. In addition, we also obtained SNR for a HDO
absorption peak. Although the calibration lines included a systematic error and
an influence from ambient temperature change, the SNR for the most D-depleted
sample was 7.17 enough higher than the detection limit of 3.

While we adopted the Peltier module to tune the cavity length and it worked
well, we will able to choose a piezoelectric module for more precise and quick

resonance control. It will be a trade-off between robustness and functionality.
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We also challenged Oxygen isotopic measurement. We have yet to achieve the
required accuracy of + 10 %obecause of the difficulty in the analysis of the spec-
trum. However, we obtained the spectrum including the all oxygen isotopes suc-
cessfully, and confirmed that our CRDS can recognized at least the trend of mass-
dependent fractionation. In the future study, we need to develop an analysis
method robuster against the noise and the peak interference, or need to change
the wavelength range(for example 2.7 pm) and search absorption lines easier to
measure. Above all, the mini-CRDS in this study achieved remarkable downsizing
as a high-sensitive isotope measuring method. CRDS will be a useful choice for
mobile and in-situ measurement, not only for a lunar mission, but for every Earth

and planetary exploration.
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4 Ammonia isotopic measurement of using CRDS with 1.5

pum DFB-laser
4.1 Apparatus

To specify the wavelength range of the light source, we first studied about ab-
sorption line intensities (Look at Section 2.3.2). Taking the availability of appa-
ratus components into consideration, we selected wavelength region around 1495
nm for this study. The several examples of available mirrors around 1.4 and 1.5
pm are summarized in Table 2. Also, the DFB-lasers of 1.4 and 1.5 um have
been well developed because they are popular bands in optical communication.
Figure 21 shows line intensities around 1495 nm, corresponding to the tunable
zone with the laser package used in this measurement. Our CRDS system for
ammonia isotopic measurement consists of a 1.5um DFB-laser (NLK1S5EAAA;
NTT Electronics) with a tunable wavelength range is 1494 ~ 1496 nm, a 50 cm
cavity made of stainless steel, 99.995 % reflectance mirrors (Coastline Optics) and

m— X metal

pressure gamole — LAP elight  _  \ if ring
_gauge— |ipe \

F2g Mirror gasket

6] l,*' "_

collimator lens

(f=20cm)
/ rubber ring

Figure 19 (a) Alignment of the 1.5um-CRDS. (b) A cross section of the
mirror mount of cavity.

L
mirror

manufacture wavelength [nm| at reflectance >99.99 %

CRD Optics 1360 ~ 1420
CRD Optics 1450 ~ 1650
LohnStar Optics 1380 ~ 1680
Layertec 1290 ~ 1480

Table 2 The summery of available mirrors around 1.4 and 1.5 pm.

28




CRDS

' : 3
ki ©
NHsGas» E l: 5'

gas syringe(~100puL) E pump

1L

15NH; Gas
septum

Figure 20 Schematic diagram of sample line. (P) represents a pressure gage.

an InGaAs avalanche photo detector(APD430C, Thorlabs). All the system was
built and fixed on an anti-vibration breadboard (FBS-86, Herz). The principle
of trigger, wavelength tuning and signal acquisition were the same as Section 3.
The difference is a delayed pulse generator (DG535, Stanford Research Systems)
employed as a trigger unit.

As illustrated in 19(b), each mirror was fixed on a rubber o-ring with three-axis
screw adjusters. The mirror mount was connected to a cavity tube by ICF flange
with 70 mm diameter. The cavity tube, in which water repellent finish was applied
on the inside, was 35mm in diameter and 50cm in length, so the volume was 480
cm?. A belt heater was wound onto the cavity, and its temperature was controlled
around 30 °C. This also plays a role in changing the cavity length to interpolate
the gaps of FSR.

Figure 20 is an illustration of the sample line. NH3 gas and Ny gas were intro-
duced to a 1L tank from compressed gas cylinders. Whole the system including
CRDS was able to be evacuated up to 0.5Pa. To make variable mixtures of '*NHj
and '°NHj3, 98 % 'NHj3 standard gas was introduced through a septum from gas
syringe (up to 100 uL, 1710 Gastight Syringe, Hamilton co.). The specifications

of these gas samples were summarized in table 3.
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Figure 21 Line intensity S (cf. Equation 19) in an area around 1495 nm,
which corresponds to the tunable area with the setup in this measurement.
The '"NH; data are from B. Lins et al. (2010) [39], and others are from
HITRAN database [41].

content purity

NH;3 gas mixture of NHz and °NHj 99.9 %
I1>NH; standard gas 98 % '°NHj > 98 %
N, gas N, 99.999 %

Table 3 Summary of gas samples used in this measurement.

4.2 Result and discussion

4.2.1 Absorption line search

As mentioned in 4.1, We chose a wavelength range around 1.5um. There are
some options of absorption lines for isotopic measurement according previous re-
search, however, we found several inconsistencies between the result of the previous
research and the spectra measured with our CRDS. So, we searched the absorption
lines using '°NHj3 standard gas (Table3) with a purity of 98%.

The results are shown in Figure 22. The measurement pressure was 2 Pa, and
the spectral range corresponded to 1494.5 ~ 1495.5 nm. Seventeen peaks exceed-
ing SNR ~ 100 were observed. Finally, three peaks were picked up from these
candidates for isotopic measurement. We selected carefully according to the fol-

lowing two points: (i) there is a '>NHj absorption line close in intensity to the
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15NH3 absorption line, specifically, the difference in those intensities is smaller
than the dynamic range of this CRDS, and (ii) those peaks and the surrounding

peaks are separatable enough to recognize the peak centers.
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Figure 22 Absorption spectral of °NHj standard gas at 2 Pa. The Horizontal
axis correspond to the laser wavelength that the range is 1494.5 ~ 1495.5nm.
(@) ~ 3) correspond to Region-1 ~ Region-3 in 4.2.2, respectively, picked up

to measure in detail for isotopic analysis.
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4.2.2 Precision study

One of the purposes of this study is to verify the precision of this CRDS in
isotopic measurement. We performed, based on the point, measurement of the
above three ’NHjz absorption lines in detail. NHjz gas (Table3) was measured
continuously for six hours, and the variations were observed. To evaluate the

variance of the time series data, we defined a value based on Allan variance:

n—1

ST ((F BN i1 (tw) — (§PN)i (80)” (28)

1

T(SBN)2 (t,) = ST

avar

where n is the number of data and ¢,, is the time window to divide the time
series of ring-down data for calculating §'°N. When the whole measurement
time is 300 minutes and t,, = 5 minutes, for example, the § values are got as
(615N); (ty = dmin) : (§5N)q, (6¥°N)g, ... (61°N)go. Allan variance represents
the variance of the time series data within a time window, so can be used for
optimizing measurement time. In this measurement, the mean value of R was
used as Ry (cf., equation 25).

First, Region-1 includes the absorption line near 1494.2 nm (Figure 23). This
peak was slightly interfered with by a large saturated peak. B. Lins et al. (2010)
described this single peak, but actually it was double peaks that were close to each
other. This was supposedly coursed by the tunneling effect through the potential
barrier formed by the structure of ammonia molecule. When the three hydrogens
are labeled uniquely, the conformations with the nitrogen pointing up and down
are not superimposable. These two conformations form potential wells on each
side, consequently the absorption peak splits. Thus, to simplify the calculation,
we calculated 1°N / 14N by (Ap1. + Ap1p,)/2Ape with assumption that Spy, and
Sp1p is equal.

Second, Region-2 includes the absorption line near 1494.9 nm (Figure 24). A
large peak is dominant also in this region. There is a single > NH3 peak, however
these peaks interfere more seriously. Over-fitting in the area of the saturated peak
will have a direct influence on the estimation of the P1 shape. N / N was
calculated by Api/Aps.

Third, Region-3 includes the absorption line near 1495.8 nm (Figure 25). This
region includes only two peaks, and they also interfere with each other. The SNH;
peak is relatively smaller than the '*NHj peak, however, the fitting calculation is

simpler than other cases.
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O N time series of each wavelength region in the case of ¢, = 1.7, 8.3, 15.0
minutes are shown in Figure 26 ~ 28. In Region-1 and Region-2, over-fitting
occurred at smaller t,,. Its cause was over-fitting in the saturated area because
of a lack of ring-down data points. Whether there is a saturated peak or not
influence significantly on the spectrum analysis. In addition, the fluctuations were
sometimes observed near the start (e.g., Figure 26). This trend had a period of
several ten minutes, considered to be caused by diffusion of the injected sample.

Figure 29 ~ 31 shows the Allan variance at different t,, in each Region. oayar
decreased with ¢,, increasing, and converged at ¢,, around 10 minutes in all Regions.
This corresponds to about 1500 ring-downs for Region-3 with the setup in this
study. The wavelength region with the best precision resulted in Region-3, where

the oavar Was approximately 15%o.
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Figure 23 Absorption spectra at t,, = 10 minutes in Region-1. The Horizon-
tal axis is the input voltage to the LD controller, corresponding to the laser
wavelength where is 1494.2 nm at Vi,p = 0. The wavelength range is approx-
imately 0.03nm. Black and Red points represent the 3 values of NH3 gas and
15NH;3 standard gas samples. Blue lines represent each single peak fitted with
Voigt model, and a red line represents the summation of these peaks.
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Figure 24 Absorption spectra at t,, = 10 minutes in Region-2. The laser
wavelength is 1494.9 nm at Vip = 0. The wavelength range is approximately
0.0nm.
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Figure 25 Absorption spectra at t,, = 10 minutes in Region-3. The laser
wavelength is 1495.8 nm at Vip = 0. The wavelength range is approximately
0.015nm.
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Figure 26 Time series of 6'° N calculated from Region-1 spectra.
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4.2.3 Accuracy study

Another purpose of this study is to prove the ability in isotopic ratio, in other
words the accuracy. We prepared mixtures of NHj gas and ’NH3 standard gas as
isotopic samples before introducing them to the CRDS cavity, and measured with
different amounts of ?NHj standard gas input. We defined this input amount
as Isample- A schematic of the sample line is presented in Figure 20. First, Ny
and NHj3 gas was introduced to the tank with a ratio of 100 : 1. This is because
the typical abundance of ammonia in a planetary environment is 1 % according
to the previous observation [34]. Then the valve was opened and the sample gas
was introduced to the cavity. After that, pressure in the cavity was adjusted to
a measurable range, specifically 200 Pa in this measurement. After that, NHj
standard gas was introduced with a controlled amount using gas Syringe. Thus,
we obtained a calibration plot between measured §'°/N and Isample, assuming the
Ry (cf. Equation 25) to be R at Isample = 0 pL. Taking the precision study into
consideration, we measured with the time window of 10 minutes, then took an
average of five times of measurement in each lgample-

On the other hand, we measured an absorption spectrum of only the "NHj
standard gas at 7.7 Pa with the input amount of 100 uL (Figure 32). Now the

15NH3 amount in NH3 gas at Isample = 0 puL is known:

Aini
Ast

DPini = 7.7 % (29)

where Ajn; and Ay are the P1 area (cf. Figure 33) when Isample = 0 1L and of
the 'NHjs standard gas, respectively. Then finally the axis of the NHj standard

gas input in the calibration plot can be converted to true §'°N (Figure 34):

(Pini + Pada) / (200 — pin;)

5 Nipwe = i — 1] x 1000 (30)
Padd = 0.077 x Isample (31)
Dini
ini = g~ 2
R 200 + Pini (32)

The calibration line showed good agreement between measured and true values,
with a the slope of 1.01 and an R-squared of 0.9989.
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4.3 Conclusion

This study is the a new achievement as the isotopic measurement of NHg with
CRDS. We started from the exploration of ammonia absorption lines, and found
several candidates derived from '’ NHj3 in the region around 1595 nm. In the preci-
sion study, we confirmed that the measurement using one of the candidates, which
located at 1495.8 nm, achieved variance 7.5 %o in 6'°N. In the accuracy study,
we measured samples with different isotopic ratios, and obtained the calibration
line. It was in good agreement between measured and true values, where the R-
squared was 0.9989 and the residual at 100 %o fractionation was 1 %o. Considering

the range of §'°N in the solar system components is -400 ~ 1000 %o, our CRDS
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with 50cm cavity using 1.5 pum laser exhibited enough precision and accuracy for
ammonia isotopic ratio.

In the future study, it is expected the down-sizing of the whole system. Fur-
ther, measurement of deuterated ammonia should also be attempted. NHoD /NHj
observation in icy bodies might give a constraint on the origin of the Deuterium
Enrichment in the Solar System. Because of its light-weight and high-sensitivity,
we consider the CRDS to be an effective method of isotopic investigation in the

outer region of the solar system, where cost a lot to reach.

5 General conclusion and prospection

As the result of this study, we concluded our CRDS, even though it consists
of a small and simple measuring system with a 5cm cavity, has a enough ability
to measure an isotopic ratio with precision in the order of 10 %¢. We obtained
calibration lines of D in water and §'°N in ammonia, and these were in good
agreement between literature and measured values with a precision of up to 1 %o.
The CRDS showed high-sensitivity in a measurement of D-depleted water isotopic
ratio. The SNR of the HDO absorption peak used in this study was 7.17 with
-987 + 19 %oin 0D. Furthermore, the 6'°N measurement of ammonia is a new
attempt in the use of CRDS. We didn’t achieve precise measurements for oxygen
isotopes in water vapor that require an accuracy under 10 %o. However, as we can
be seen from the good agreement of ammonia isotopic calibration with the cavity
of ten times length, in which the accuracy was up to 1 %o, theoretically it must
be cleared in the future study.

Another achievement of our CRDS is the batch measurement system, but not
flow. Because the sample is entirely sealed between the measurement, it can
reduce a sample waste. This method will be a great advantage on the usage in an
environment with a trace sample amount, like the moon surface. In addition, a
relative measurement become available by carrying a few amount of the isotopic
standard sample, which is robust against the contamination biases.

In the future, it is expected to explore the outer region of the solar system,
especially icy bodies. The volatile molecules in this region potentially preserve the
end-members of the isotopic compositions, because they exist mainly in the solid

state. However, most of the isotopes are not observed directory yet. CRDS, which
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is compact and high-sensitivity spectroscopy method, can measure the isotopic
ratio of these volatile molecules without destruction, for example HoO, CO5, NHg,
CH4, HCN, etc. In this study, we proved the potential of the CRDS in H,O and
NHj3 isotopic measurement. In addition, CO, was already measured in The Mars
Curiosity mission. There are many absorption bands in infrared region which
include enough high-intensity transitions, and light sources are well-developed in
this region (Figure 35). We will be able to measure the isotopes of all the species
with high wavelength resolution and high-sensitivity, by carefully choosing laser
wavelength. If we use multiple wavelength bands, optical switching system is
available (MEMS, AOM, etc.).

Thus, we proposed CRDS is a useful method for in-situ isotopic measurement
of volatile molecules, particularly HoO and NHj. First in the future, let’s look at

the reveal of Hydrogen isotopic ratio in the Moon water by CRDS.
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Figure 35 Absorption line intensities in infrared region and available laser
light sources. (Cited from [40])
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