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Introduction:  Tunable laser spectrometers have
enjoyed a huge growth in capability for a wide rand
applications in scientific research, medicine, stdy
Earth and planetary space missions. Miniaturipatib
instruments resulting from development of room-
temperature laser devices has enabled the devetbpme
of powerful new instruments for space science: for
planetary missions to planets, satellites and pikieni
bodies; for the International Space Station (ISS)jirc
monitoring; and for In Situ Resource Utilization
(ISRU) including for the Mars 2020 mission.

Room Temperature Infrared Laser Develop-
ment: The first atmospheric measurements were made
in the 1980’s [1] using the newly invented lead-sal
tunable diode lasers that required liquid heliuralitgy
and produced only a few microwatts of output power,
and then in several modes (wavelengths). The BLISS
high-altitude balloon instrument weighed 1,500 kgl a
a single laser package (cryostat) weighed 70 ky. B
the 1990’'s when liquid-nitrogen cooled lasers were
available, several groups [2] from all over the Mor
were flying tunable laser spectrometers on a walé v
ety of aircraft to understand Earth’s ozone holencis-
try and dynamics. In the early 2000’s with Quantum
Cascade (QC) lasers available, the transition tonro
temperature operation began in earnest [3], solihat
2005 miniature laser spectrometers were being densi
ered for planetary missions such as the Mars Seienc
Laboratory (MSL) mission.
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Fig. 1. QC lasers (with integrated TEC's) for segsi
OCS and CO on Venus, developed at JPL's Microde-
vices Lab (MDL) at 4.82 um with either built-in gie
lens collimator (left) or without (right). Outpubprers

of >10 mW at 28C are typical for these devices.

(GSFC),

8800 rekn Rd., Greenbelt, Md., 20771.

Today, room temperature QC (Fig.1), Interband
Cascade (IC) and tunable diode lasers are availdple
over a large wavelength region, accessing moleafles
interest to planetary science not just at the shordar-

IR wavelengths but also accessing mid-IR wavelength
(Fig. 2) from HF (2.3 pm) to Ng&{10 pm).
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Fig. 2. IR bands of species of interest to plaryesai-
ence, in particular for Venus, Saturn and Uranaber
missions.

IR Tunable Laser Spectroscopy:Tunable laser
spectrometers are uniquely suited to making high-
precision gas abundance and stable isotope ratios b
cause of their ability to scan at ultra-high resolu
(0.0001 crit) over targeted individual rovibrational
spectral lines of the gas of interest without ifer
ences that can be of concern with mass spectrosneter

For light molecules at pressures below ~100 mbar,
IR tunable laser spectroscopy offers a direct, non-
invasive, unambiguous method for measuring stable
isotope ratios to sensitivities of ~1%. for plangtkmw-
mass (<5 kg), all-solid-state instruments. Tundder
spectrometers are well suited tg@{ NO, NQ, HNG;,

05, CO, CQ, NHz, SG, HCI, N;O and CH.

Success for this method lies in the spectroscopy of
the IR region (1-3Qum), in which most simple mole-
cules have several vibrational bands (3N-6 for non-
linear, 3N-5 for linear molecules) containing ~1@0
tational absorption lines from which key lines dam
chosen that are well separated and without intenfee.
High symmetry in simple molecules like tetrahedral
CH, can produce degeneracies and a complex ro-
vibrational line system, but linewidths for most Isxo
cules are typically <0.02 ¢t With a laser linewidth
1/20" of the molecular linewidth, high sensitivity is
achieved since there is no significant “instrunmfent-
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Fig. 3. Spectral scan regions used by MSL-SAM’s
TLS instrument for measuring isotope ratios inc4,
O. For the methane scan, the vertical axisi6H,
and CHD is multiplied by 100, 50(

Isotopic shifts between vibrational bands depend to
a first order on reduced mass differences; for HIO
H,O this is large, while fof*C this is more typically
about 11 cri (but varies). In methane at 3u8n, we
are fortunate that the 11-Enshift does not dump the
3CH, line group ontop of the adjaceR€H, group but
to the side (see Fig. 3).

and thereby reducemation and evolution of planetary bodies (planstd;

ellites and primitive bodies) including differertan
by retaining a fingerprint record of temperatuedia-
tion environment and sun-distance location through
equilibrium, disequilibrium, and variety of tempera
ture-dependent chemical processes. For stablepisoto
ratios in 3-isotope systems, departures from mass-
dependent (MD) fractionation have detailed a vgriet
of processes from ozone hole photochemistry (O) to
the emergence of life (S) and planetary migrati@)s
Carbon **C/**C isotope ratio. Biological processes
are well known to prefer the use BE (evaporation,
diffusion through leaf stomata, enzyme reactiong} a
produce depletions in deltdc that are typically 2.7%
for C; plants that use Calvin-Benson photosynthesis
pathway, and 1.3% for (plants using the Hatch-Slack
pathway [7]. This fractionation has been usedlin c
mate change studies to identify sources and sifhltseo
increasing atmospheric carbon dioxide since itsadel
3¢ values distinguish oceanic and biospheric sources
Oxygen isotope ratios. In the triple isotope plot
(Fig. 4) of delta¥’O vs. deltaO [8], lunar samples
fall on the mass-dependent (slope = 0.5) terréstria
fractionation line, evidence used that the Moomried
during the final stages of Earth’s accretion 4.5aGy
when Earth collided with another large body (Theia)
originating from the same region of the solar nabul

Unlike mass spectrometers, laser spectrometers arg9]. While some meteoritic classes join Earth, Moon

not dependent on the mass ratio dynamic rangesavut
be tuned to regions where both parent and miner iso
tope (e.g**C0O, and**CO, and/or**0CO) have absorp-
tion lines of similar intensity (see Fig. 8), imphog
precision. Because G@nd HO have numerous over-
lapping bands, this is readily done, a luxury rfédrd-
ed to the isolated Gtband at 3.3um, and we are stuck
with *3CH, lines that are typically ~90 times weaker
than those of°’CH,.

Stable Isotope Ratios:Stable isotope ratios in C,
H, N, O and S are powerful indicators of a wideietyr
of planetary geophysical processes that can igentif
origin, transport, temperature history, radiatiope@
sure, atmospheric escape, environmental habitabilit
and biology [5]. For the Allan Hills 84001 metderi
for example, the*C/**C ratio identifies it as a Mars
(SNC) meteorite; th&’K/*°Ar ratio tells us the last time
the rock cooled to solid, namely 4 Gya; isotopésat
in *He, *!Ne and®®Ar show it was in space (cosmic ray
exposure) for 10-20 million year§C dating that it sat
in Antarctica for 13,000 years before discoveryd an
clumped isotope analysis §10**C'®0 in its carbonate
that it was formed at 18+ in a near-surface aqueous
environment [6].

Isotopic ratios offer the key to unraveling the eom
plex dynamics and chemistry associated with the for

and Mars in slopes of 0.5 (although with differefft
sets and therefore reservoirs), at the big piotéifeig.

6, most solar system bodies (solar oxygen, choasdrul
molecular clouds and asteroidal water) lie on thigyu
mass-independent slope. The enrichmerif@n of the
Sun measured by Genesis and of calcium-aluminum
inclusions (CAIl) cannot be reconciled with conven-
tional MD fractionation, and a variety of explamais
have been put forward (e.g supernova injection, CO
self-shielding, fractionation in the protoplanetaligk,
and even heterogenous chemistry on interstellat) dus
[see the review of Dominguez, 2010 [8].
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Fig. 4. Reproduction of Fig. 2 in Dominguez (2010)
reference [], summarizing oxygen otope date




Clumped isotopes in C and O. As a further con- D/H ratio, Jupiter-family comets look more likely-d

straint on the environment of alteration procesdekn livery agents (see Fig. 5).
Eiler's group developed a method of clumped isotope
analysis of'®0"C'0 in carbonates to identify tem- 15 | _
perature of formation, used to suggest that cariesna ipra LS ruborim mer::;'jﬂ:f:;m
in Allan Hills 84001 were formed at 18£€ in a near- L 1L, ™
surface aqueous environment [6]. i i ) T'm

Sulfur *9*9S isotope ratios. In triple isotope e T Ca— -
plots, the A” value is used to quantify the difference | E™ J ot o st 3
(offset) of a delta-value from the mass-dependent g * ¢
slope, which for deltd®S vs. delta®'s would be a ___
slope of 0.5. Isotope ratios in S are very powetu L4 I EIEEC T IO
identifying sources and sinks for atmospheric sulfu 175 L‘#ﬁm*f@%#
and especially photochemical processes (e.g Eadh a | rg 5 The D/H for avar}"e“gg’f“s“g‘l’;;“;;;{;n badigig-
Venus sulfur cycles), and on Earth played a pivattd ure modified from Hartog [14] and Robert [15].

in recording the emergence of life some 2.2 Gya: |
the absence of QDstratospheric UV photolysis of $O
rained out surface sulfates with a large ranga™s
values, but once cyanobacteria became the maigesour
of surface sulfates, the observed spread was \ary n
row [10].

TLS in SAM on MSL'’s Curiosity Rover: The Tuna-

ble Laser Spectrometer (TLS) is one of three instru
ments (Fig. 6) that make up the Sample Analysis at
Mars (SAM) suite [16] on the Curiosity rover. Indid
Nitrogen “*N/“N isotope ratio. Planetary atmos- tion to atmospheric measurements, TLS analyzes the

pheric escape processes depend principally on masd2S€s evolved from pyrolyzing or combusting rock

differences, and lik&°C/C, D/H and®®0/0, the ni- ~ Samples acquired by Curiosity. _
trogen **N/“N ratio shows enrichment in the atmos- During its’ first two years in operation, TUsas

phere of Mars. Nitrogen is also very importantaas determined the abundance of methane on Mars [17]

potential biomarker, and as a discriminator inthey and its varia_bility at the Gale crater re_g_ion, as be
different physics of fractionation of molecularrojen updated during the workshop. In addition, both TLS

N, and ammonia Nk the latter being a significant and SAM's Quadrupole M_asg Spectrometer (QMS)
component of the ice giants. Unlike water, thelisub hz_;\ve measured atmospheric isotope ratios (see table
mation of ammonia ice into vapor and @§bs results in with references [18, 19, 20, 21]) at unprecedepted

little or no isotope exchange in nitrogen [11]. Thin cision that in comparison With meteoritic data] el
conjunction with D/H in water, th&N/“N ratio is a story of prolonged atmospheric escape that has been

powerful discriminator of transport across the %sho ongoing for nearly 4 billion years. _
lines of water and ammonia [11]. TLS has also been looking at the C, O andadd i

The D/H Ratio. The D/H ratio exhibits a wide [©P€ ratios in gases evolved from heating rock sasnp
range of enrichments and depletions compared with taken from Rocl_mest [22], John Kle|n_, and Cumbetlan
isotopic (SMOW) standards for two reasons: firdg-a samples. One m_1portant result [23] is m_easurer’nynt
ing a neutron to a light element has a larger effean TLS of the D/H in clays from Yellowknife bay, and
doing so to heavier elements like C, N, O, S; sdcon simultaneous measurement of the D/H in the same
water undergoes large fractionations during fregnin sample _by the QMS. The low value of the measured
sublimation due to the large differences in groatade D/H indicates that the mudstone was created long be
vibrational energy between HDO ang®i fore much of the atmospheric escape occurred.

On Earth, in partnership with deft¥o measure-
ments, the D/H ratio has been used to successadly
ord rainfall maps, detail cirrus cloud formatior2]1
identify water salinity, and record the long-tertir c
mate record [13]. For our solar system, D/H is o
erful tool for identifying origin, transport and @u-

TLS for Venus, Saturn, Titan and Uranus Probes:

In combination with the QMS, TLS is currently on

strawman payloads for Discovery and New Frontiers
missions that include atmospheric probes, for examp

for Venus, Saturn [24], Titan [25] and Uranus. In

tion. Until the recent observation of Hartley-2 Hgr- these applications in which a probe is descendery v

tog et al. [14] from the Herschel Space Observatory fast through the upper at_m_osphere, TI_‘S will be up-
the theory that comets delivered water to Earth was graded with fast, agile digital electronics thaivelr

guestionable since Oort cloud comets had D/H valuesseve_ral lasers simuIFaneoust o maximize_the data
three times that of terrestrial SMOW. With the tigh quality and return during these short but very intgt



missions. Target gases include CO, OCZD HCO;,
SO,, NH; and PH (Fig. 2) and a variety of important
isotope ratios. Requirements are typically 1-2% for
D/H, and 1 %o for the triples isotopes in O andin S

Table 1. Published results from SAM-MSL on isotoatos
of gases in the Martian atmosphere
Isotopes Mars value Instrument Reference

33Ar 310 £ 31 %0 QMS  Atreya et al. (2013, GRL in press)
50Ar 5419+ 1013 %o QMS  Mahaffyet al. (2013, Science)
313Cyppg 45112 %o QMS ‘ ‘
5N 572182 %0 Qms Wonget al. (2013, GRL in press)
8D 5,880 £ 60 %o TLS Webster et al. (2013, Science)

$Cyppg  46+4% LS : :
FOguow 48+ 5% TLS
50giow 24+ 5% LS : :
SBCH0 109+ 31 % TLS

= - — r r

Fig. 6. Photographs of TLS flight hardware as imple
mented on SAM-MSL. The complete spectrometer is
shown in the lower left panel.

TLS as a Combustion Monitor for ISS and on Mars
2020 for In Situ Resource Utilization:In addition to
developing TLS for future planetary missions, JBL i
building a 5-channel TLS for the International Spac
Station (ISS) that will serve as a cabin monitogwvid-
ing detection of CO, HCN, HF, HCI, and €@s an
early warning system of possible fire hazards (FFig.
For this application, NASA requires improved aceura
cy, response time and especially maintainabilitgrov
existing electrochemical sensors.

Finally, the recent announcement of the payload in-
struments for Mars 2020 included an experiment dime
at demonstrating in situ resource utilization (I9Rn
Mars; namely the Mars Oxygen ISRU Experiment
(MOXIE) instrument (Pl Dr. Michael Hecht of MIT)
that will be built at JPL. This instrument will place
O, and CO from CQ and use tunable diode lasers
from JPL’s Microdevices Lab (MDL) to monitor CO
and CQ during the conversion process.
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