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ABSTRACT: Rotational transitions are unique identifiers of molec-
ular species, including isotopologues. This article describes the
rotational detections of two laser-volatilized salts, NaCl and KCI,
made with a miniature Fourier transform millimeter-wave (FTmmW)
cavity spectrometer that could one day be used to measure solid
composition in the field or in space. The two salts are relevant targets
for icy moons in the outer solar system, and in principle, other
molecular solids could be analyzed with the FTmmW instrument. By
coupling the spectrometer to a collisionally cooling laser ablation
source, (a) we demonstrate that the FTmmW instrument is sensitive
enough to detect ablation products, and (b) we use the small size of
the FTmmW cavity to measure ablation product signal along the
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carrier gas beam. We find that for 532 nm nanosecond pulses, ablated

molecules are widely dispersed in the carrier-gas jet. In addition to the miniature spectrometer results, we present several
complementary measurements intended to characterize the laser ablation process. For pulse energies between 10 and 30 mJ, the
ablation product yield increases linearly, reaching approximately 10'* salt molecules per 30 m]J pulse. Using mass spectrometry, we
observe Li*, Na*, and K" in the plumes of ablated NaCl, KCl, and LiCl, which implies dissociation of the volatilized material. We do
not observe salt ions (e.g., NaCl"). However, with 800 nm femtosecond laser pulses, the triatomic ion clusters Li,Cl*, Na,Cl*, and
K,CI" are produced. Finally, we observe incomplete volatilization with the nanosecond pulses: some of the ejecta are liquid droplets.
The insights about ablation plume physics gleaned from these experiments should guide future implementations of the laser-

volatilization technique.

Bl INTRODUCTION

Exploration of remote environments such as the icy moons of
the outer solar system requires compact diagnostic tools that
are preferably specific and quantitative." Spectral signatures at
all wavelengths are exploited for such diagnostics; however, few
techniques accomplish the specificity generally achieved by the
measurement of gas-phase rotational transitions. Mass
spectrometry, when coupled with liquid or solid vaporization
techniques, has been the basic paradigm for specific character-
izations of remote in situ systems, but basic uncertainties about
sample volatilization and ionization dominate uncertainties in
the data analyses. Ideally, the detection of neutral or transient
species in the gas phase could also be done in situ and provide
complementary knowledge of the samples under test. Building
on recent progress in the miniaturization of millimeter-
wavelength (mm-wave) spectrometers that detect rotational
transitions of gas-phase species, this work shows, for the first
time, mm-wave spectra of laser-ablated solid measured using a
miniature mm-wave device. The detection demonstrates the
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complementary nature of rotational spectroscopy and mass
spectrometrmetry for in situ chemical analysis.

This article reports two findings. First, it describes laboratory
measurements of NaCl and KCI made by coupling a newly
developed mm-wave Fourier transform spectrometer to a
collisional-cooling laser-ablation source. Those measurements
advance the feasibility of doing laser-ablation mm-wave
spectroscopy to detect salts in situ on the icy moons of the
outer solar system where subsurface oceans in contact with
rock are thought to exist.” Second, the article reports a series of
measurements that characterize the ablation plume produced
when short laser pulses are focused onto a solid salt target.
That characterization establishes the baseline for improving the
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laser ablation source in the future. In principle, the instrument
we describe could be used to analyze other molecular solids
including organics on icy moons and other solar system sites.

The instrument we use for the NaCl and KCI detections is
novel—it incorporates a recently developed miniature Fourier-
transform millimeter-wave (FTmmW) cavity detector called
SpecChip.>~> Millimeter-wave frequencies correspond to
transitions between rotational energy levels and can be used
to unequivocally determine the composition of the analyte,
including isomers and isotopomers, based on the unique
arrangement of atoms in the vaporized molecules.’ Pulsed
carrier gas laser ablation sources like ours have been utilized by
other laboratories to volatilize parent molecules for spectro-
scopic characterization”® or to facilitate molecular synthesis by
ablating a metal target and seeding the carrier with a
reactant.””"" Such experiments are key for %uiding radio-
astronomical searches for new molecules,'”'® and our
measurements demonstrate that the same laser-ablation and
carrier-gas collisional cooling techniques are viable means of
volatilizing solids for in situ millimeter-wave spectroscopy. To
date, only pyrolysis sources have been used to do in situ
molecular measurements of solids in space.'*™'® A pulsed laser
ablation source would have the advantage of high spatial
resolution, which is beneficial for probing microscopic grains in
planetary exploration.'” A key aspect of the technology, which
we demonstrate in this paper, is coupling a synchronized
carrier gas isentropic expansion to the FTmmW cavity. The
carrier gas collisionally cools the ablation products to reduce
the rotational partition function and increase the line strengths.

The signal is proportional to the number of molecules in the
FTmmW cavity, so future improvements to the instrument
should focus on maximizing the volatilization yield from the
ablation source. To that end, we perform a series of
experiments to determine the properties of the ablation
plume. By leveraging the fast transit of molecules across the
small FTmmW cavity, we show the ablation products are
spatially dispersed inside the carrier gas pulse. We quantify the
volatilization yield for our nanosecond laser pulses using a
laboratory microwave cavity spectrometer. Mass spectrometry
without an auxiliary ionization source is done to identify
positive ions. We observe atomic ions and, with 800 nm
femtosecond pulse ablation, triatomic ion clusters. Scanning
electron microscopy (SEM) imaging of salt particles collected
on a coverslip shows that some of the material ejected from the
sample remains in liquid state, indicating that the target is not
fully volatilized. These characterizations of the ablation plume
properties and the FTmmW detection of laser ablation
products are important steps toward maturing the instrument
for deployment in space.

B METHODS

Figure la shows the experimental setup for the laser-ablation
FTmmW instrument. A photograph showing the small size of
the spectrometer can be found in our prior work.” Laser pulses
with 532 nm wavelength, 20 ns full-width-half-maximum
duration, and 5-Hz repetition rate are used to volatilize the
solid targets at pulse energies between 12 and 32 m]. The
calculated beam waist at the target is 150 to 250 um. The
ablation source consists of a rotating/translating salt pellet,
laser focusing optics, and a carrier gas valve with a 500-ys long
nominal pulse. Argon carrier gas is supplied to the valve at 650
to 1500-Torr absolute pressure and is synchronized to the
laser. The FTmmW cavity and electronics have been described
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Figure 1. (a) Miniature FTmmW cavity spectrometer and the
collisional-cooling laser-ablation source mounted in a vacuum
chamber. The target is rotated and translated by a mechanical
actuator to evenly ablate the surface. Pulsed carrier gas is used to
collisional-cool the ablation products. (b) Mass spectrometry. This is
done using a residual gas analyzer (RGA) operated in vacuum (uTorr
levels) without a filament ionizer, so ions produced by ablation are
directly detected. Ablation with both nanosecond and femtosecond
pulses is tested. The same setup is used to prepare samples for
microscopy; a coverslip near the ablation target collects ejected
particles.
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previously.” >"° Briefly, the spectrometer comprises an

amplifier/multiplier chain that generates mm-wave frequency
radiation, a high-speed pulse former that sets the excitation
pulse duration, a transceiver coupled to a semiconfocal cavity
with a 50 mm diameter mirror where molecules are excited and
radiatively probed, and a low-noise amplifier. The RF
synthesizer that feeds the multiplier/amplifier chain is locked
to a 10 MHz rubidium clock. The time-domain signal from the
FTmmW chip is Fourier transformed using an oscilloscope.
The lock-loop band is between 91 and about 102 GHz. The
center of the FTmmW cavity is positioned approximately 100
mm downstream from the laser ablation source. A delay
generator is used to control timing. The laser and mm-wave
pulses are synchronized relative to the pulse valve. The laser is
delayed about 430 s, and the 60 ns long mm-wave excitation
pulse in the FTmmW cavity is delayed nominally 560 us.
The laboratory-scale Fourier transform microwave (FTMW)
spectrometer used to quantify the ablation yields has been
described previously."” The ablation source in that setup is
nearly the same as the one used with the FTmmW device
except that the carrier gas is neon instead of argon and its flow
rate is regulated by a flow controller to approximately 15 sccm.
We find that the argon and neon carrier gases yield comparable
signals. Emission line measurements of 100 to 500 repeated
ablation cycles are averaged together. We calibrate yields using
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Figure 2. (a) Emission lines for Na**Cl and *K*Cl at the indicated vibrational states measured using the miniature FTmmW cavity spectrometer.
(b) Na**Cl emission line dependence on delay of the millimeter-wave excitation (at t,,,,) compared to the laser firing (at #*) with fixed carrier gas
pulse timing. The ] = 5—4 transition of the vibrational ground state of CH;CN tracer gas (0.75% in Ne) at 91987.09 MHz is shown for comparison
where t* is the time when the laser pulse is set to release. Fits of the signal decays, ™7, yield time constants of 120 ys for NaCl and 40 us for

CH,CN.

the 12,256.584 MHz transition of SO, (]K“K =205 — 1)

seeded at 0.5% in the carrier gas and using the relative
strengths of rotation lines to determine the rotational
temperature.

The mass spectrometry setup used to detect ions in the
ablation plume is shown in Figure 1b. The mass spectrometer
is a residual gas analyzer type with the entrance to the
quadrupole mass filter positioned within 100 mm of the target.
Positive ion spectra for both the nanosecond laser used in the
rotational spectroscopy experiments and also an 800 nm, 100
fs laser were recorded at 1-kHz repetition rate. To avoid
saturating the Faraday cup detector with ions, the laser fluence
for the mass spectrometry test is intentionally limited to about
2 and 1 J cm™ for nanosecond and femtosecond pulses,
respectively. The same setup is used to collect particles ejected
from nanosecond pulses for SEM imaging. A glass coverslip
overlaid with electrically conductive copper tape is positioned
about 50 mm from the ablation target. Material ejected from
the target lands on the copper, which provides an electrical
path to ground to mitigate charging while SEM imaging.

The targets for rotational spectroscopy and particle SEM are
prepared by compressing powdered salt (99% purity) with a

small amount of wax binder. For the mass spectrometry tests,
vacuum epoxy is used instead of wax to bind the salt.
Rotational transitions are inherently narrow, and we do not
observe any signal from the binder near the frequencies of the
salt transitions. Control mass spectra taken with only epoxy
show only minor peaks.

B RESULTS

Rotational transitions of laser-ablated NaCl and KCI detected
using the FTmmW instrument are plotted in Figure 2a. The
rotational constants for the salts have been characterized
previously.””*" The center frequencies (and widths based on
Gaussian fits) of the Na**Cl (J = 7—6, v = 0) emission line and
the K*CI (J = 12—11, v = 1), ¥K*Cl (J = 12—11, v = 0), and
¥K3Cl (J = 13—12, v = 0) emission lines are 91,169.9 (0.3),
91,680.6 (0.3), 92,246.5 (0.2), and 99,929.5 (0.3) MHz,
respectively. These center frequencies agree with catalog values
to the reported precision.”” In Figure 2b, the amplitude of the
Na**Cl and CH;CN tracer signals are plotted versus the mm-
wave pulse delay relative to time the laser pulse is set to release.
At a delay of approximately 130 s, there is an abrupt increase
in signal. After peaking, the signals of both tracer and ablated

https://dx.doi.org/10.1021/acs.jpca.9b10548
J. Phys. Chem. A XXXX, XXX, XXX—=XXX



The Journal of Physical Chemistry A

pubs.acs.org/JPCA

NaCl taper exponentially. The times for the signal to decay by
half are 120 and 40 s for the NaCl and CH;CN, respectively.

The yields of laser-ablated NaCl and KCl measured with the
laboratory FTMW cavity spectrometer are plotted in Figure 3.
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Figure 3. NaCl and KClI volatilization determined using the 13026.06,
127474 6, 15378.07, and 14940.91 MHz transitions for Na*Cl,
Na¥Cl, ¥K*Cl, and *K*Cl in the vibrational ground state,
respectively. This measurement is made using a laboratory FTMW
cavity spectrometer with an SO, calibrant. From the KCI FTmmW
measurement, the temperature of the expansion is known to be
approximately 6 K; error bars are yields determined at +3 K.

Using 100 to 500 averages, the threshold laser pulse energy for
the detection of both salts is approximately 12 mJ. Between 12
and 30 m], the vapor yield for each of the isotopologues
increases linearly. The ratios for Na**Cl/Na*’Cl and
¥K3Cl/*K¥Cl are 0.86 + 0.13 and 0.78 + 0.10, respectively,
compared with about 0.76 for the published natural abundance
of chlorine.”® These results depend on the rotational
temperature of the expansion. Comparing the integrated
intensities of the vibrational ground state rotational transitions
of KCl measured using the FTmmW spectrometer with a
simulation™ using catalog rotational constants By, D), and szs
we know the ablation products are cooled to about 6 + 3 K.
The uncertainty of 3 K in rotational temperature is based on
our prior experience with the carrier gas ablation source’ and
the differences between the sources used on the FTmmW and
microwave experiments. As a check, a similar measurement was
made using the FTmmW spectrometer by integrating the NaCl
and CH;CN traces in Figure 3. The result is also on the order
of 10" NaCl molecules per pulse.

The positive ion mass spectra are shown in Figure 4.
Although the rotational transitions of the main isotopologue of
LiCl are about 6 GHz below the bottom edge of the FTmmW
band,”” we include the LiCl ablation mass spectra as a matter
of interest. With nanosecond pulses, we observe the metal ions
for 7Li*, Na*, and both *K* and *'K*. The Faraday cup
detector currents are 17, 0.9, 0.3, and 0.06 femtocoulombs per
pulse, respectively. All three nanosecond spectra contain some
additional peaks: at M/Z of 17 for LiCl and 48 for NaCl, as
well as 24 and 48 for KCl. With femtosecond pulses, we
observe the metal ions °Li* and "Li*, Na*, and K" and *'K*.
The Faraday cup detector currents for femtosecond ablation
follow a reverse trend compared to the nanosecond ablation:
2.8, 8.4, and 11.0 for "Li*, Na*, and *’K', respectively. The

femtosecond spectra have additional features of interest: peaks
corresponding to triatomic ion clusters Li,Cl*, Na,Cl*, and
K,CI" as well as their chlorine isotopologues. The ratios of the
Li*’Li3°Cl*, Na*:Na3*Cl*, and *K*:*K3°Cl* peak heights for
the main isotopes are 160, 80, and 150, respectively.

Scanning electron microscopy images of nanosecond-ablated
material collected on a witness plate are shown in Figure 5.
Material from the NaCl and KCI targets have similar
morphology to one another and look like liquid droplets that
have resolidified after contact with the witness plate.””’ In
particular, some of the larger particles (Figure Sa, center)
exhibit thin wisps of splattered liquid salt emanating from the
middle. A control experiment with a target made of paraffin
wax showed no significant ejecta. Using a sample of about 100
imaged particles, the mean diameters of the splattered salts are
about 500 nm (Figure Sc).

B DISCUSSION

The center frequencies of the lines we observe agree with
catalog values,”””* and we do not observe significant pressure
or transit time broadening compared to what we have
previously observed for stable gases,”” which implies that the
ablation products collide with the carrier gas and then expand
together with it. Previous articles”'**" discussed the small
size and low power consumption of the FTmmW instrument
and how it could be used to measure volatiles or stable
atmospheric species in situ.””’' Our FTmmW detections of
laser-volatilized NaCl and KCl demonstrate that the instru-
ment can also be used to determine the molecular composition
of condensed phases. Such a capability is complementary to
mass spectrometry techniques, which are sensitive to ions, not
neutral species. Prospective space deployments of the
miniature FTmmW spectrometer could leverage existing
flight-qualified laser’” and pump'® technologies.

The NaCl and KCI species we use in our experiments are
themselves relevant to icy moons exploration as they are
proxies for subsurface oceans in contact with rock.”” In a future
mission to the surface of an icy moon, a laser-ablation
FTmmW spectrometer could potentially quantify salt isotopic
abundance, which would constrain the salt origin. Other
condensed-phase molecules might also be detectable provided
they have rotational transition within the FTmmW bandwidth
and are adequately polar.”

Salts and their byproducts have been observed at the moons
of Saturn and Jupiter. Na,(H,0)* and Na(NaOH)," clusters
as well as K" have been identified at Enceladus using in situ
mass spectrometry.”” Salt-containing particles emanate from
long-lived conduits in Enceladus’ south pole that are probably
shaped by tidal forcing.” Spectra of the plume material
sampled by the Cassini spacecraft suggest multiple processes
contribute to the ejection of salt-laden particles including
clathrate decomposition and evaporation from a large,
subsurface liquid—vapor interface. Particles associated with
the latter process lead to a salinity estimate of the subsurface
body of liquid: on the order of 1 mol NaCl per kilogram H,O.
While Cassini has been able to sample volatilized saltwater
particles, much of the ejected materials are thought to be
redeposited on the Enceledean crust,”® a hypothesis supported
by the absence of appreciable atomic sodium vapor in Saturn’s
E-ring.”” The redeposition of ejected salts motivates our
interest in developing techniques for sampling solids—
specifically laser-ablation millimeter-wave spectrometry. Meas-
urements of the types and concentrations of molecules on

https://dx.doi.org/10.1021/acs.jpca.9b10548
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Figure 4. Positive ion mass spectra for nanosecond pulses (at 2 J cm™, 10 Hz) and femtosecond pulses (at 1 J cm™2, 1 kHz) with (a) LiCl, (b)
NaCl, and (c) KCl targets. Both pulse types yield positive metal ions. The femtosecond pulses also produce triatomic ions as shown in the

highlighted insets. The vertical axis unit is femtocoulombs per pulse.
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Figure S. Scanning electron microscopy images of particles ablated from (a) NaCl and (b) KCI targets onto a coverslip after ablation by
nanosecond pulses. The splatter implies the particles are liquid, which means that not all of the ejecta are converted to vapor. Future improvements
to the ablation source should focus on more complete solid-to-vapor conversion since it is the vapor that contributes to the millimeter-wave signal.
(c) Probability distribution of the diameter of the splattered particles. 100 J cm ™ fluence, 3 X 107 Torr chamber pressure.

Enceladus’ surface could yield new information about the
ocean that is thought to have produced them. In particular,
stratigraphy of those molecules, which is only possible through
in situ probing, could inform us about how the ocean has

evolved over time. Surface deposits of salts, NaCl, KCI, and
MgCl, also exist on Europa, where there is a question about
whether the materials are evaporates”® from a European ocean
or radiolytically processed’ deposits sputtered from Io’s

https://dx.doi.org/10.1021/acs.jpca.9b10548
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volcanically derived atmosphere.”” Remote sensing of the
condensed-phase materials suggests that the materials are
indeed salts, but more specific characterization will likely
require in situ analysis.

The small size of the FTmmW cavity allows us to use the
delay of the mm-wave pulse to observe how the signal of the
ablation products varies along the carrier gas beam. Because
the NaCl is volatilized instantaneously, we know that the beam
takes on the order 130 us to propagate from the source nozzle
to the cavity. At the terminal speed of Ar gas expanding from a
room temperature reservoir into vacuum,”’ the crossing time
suggests the separation between the source nozzle and the
cavity is about 70 mm, which agrees with the setup geometry
although that distance was not precisely controlled during the
experiment. The comparison with CH;CN in Figure 2b
indicates that the ablated salt is distributed along the beam.
The argument for that conclusion goes as follows: The carrier
gas pulse is approximately 500 ps long. The CH;CN tracer
occupies the entirety of the gas pulse because it is premixed,
but the lifetime of its signal is just 40 us. The signal is probably
truncated by the increase in temperature for the trailing
portion of the gas pulse, which is an artifact of the finite
vacuum pumping speed. The partition function of CH;CN is
sensitive to temperature: an increase in rotational temperature
from 6 to 225 K reduces the signal by a factor of almost 300,
which is on the order of the change we observe in Figure 2b.
Compare this with a factor of 30 for NaCl over the same
temperature range.”” We observe a sustained NaCl signal with
an exponential decay (120 us) that is comparable to the
CH;CN one. The longer signal decay time for NaCl reflects
the lower sensitivity to temperature, which implies that the salt
vapor is dispersed in the carrier gas since the transit time
through the cavity is on the order of just 20 ys. That dispersion
could happen because the volatilization from the pellet surface
elapses over a finite time or because of diffusion in the beam.
To evaluate which of these situations dominates, suppose that
the salt vapor we observe volatilizes on the nanosecond time
scale and consequently is injected into a small region of the
carrier gas jet. The mean free path of ablated molecules
enveloped in the carrier gas would be less than micrometer, so
we do not expect dispersion due to the initial kinetic energy
distribution. For a nominal binary diffusion coeflicient of 1 X
10~ m? 57/, an instantaneous injection of salt molecules in the
carrier gas beam would be dispersed over about 0.5 mm during
the lifetime of the gas pulse, corresponding to about a 1-us
passage at the carrier gas speed, so diffusion also probably does
not explain the prolonged signal lifetime. Instead, we conclude
that the salt vapor is probably volatilized over a sustained
period of time from liquefied salt at the target surface or from
particles like those we show in the Figure 5 micrographs.
Ideally, the liquid would be converted to vapor to maximize
the rotational signal. The droplet size distributions are similar
for KCl and NaCl, which suggests the mechanics of their
nanosecond ablation are similar.

The volatilization yields of NaCl and KCl we measure for
nanosecond laser pulses are useful metrics. The yield
measurements are validated by the fact that the chlorine
isotope ratios are consistent with published natural abun-
dance™ within the experimental uncertainty. The linearity of
the yield with pulse energy further validates the measurement
since we expect the amount of vapor to increase with the
strength of the pulse. The yield falloff above about 30 m)],
which is particularly apparent for the Na*’Cl, *K*Cl, and

¥K¥Cl species, might be the result of marginal change in the
exposed surface area of the liquefied material from which the
salt vapor originates. Alternatively, the diminishing yield may
be an artifact of an increasing rotational temperature at larger
fluences, which could increase the average rotational temper-
ature of the ablation products. Though still within the
experimental uncertainty, the Na**Cl yield is consistently
lower than the K**CI yield across the pulse energies tested.
Disparate physical properties could explain the difference.
Another explanation is that the final temperature of the Na**Cl
molecules after collisional cooling with the carrier gas is
actually less than the 6 K temperature applied uniformly across
the experiments. The temperature (Tp) of the ablated species
after N collisions with a carrier gas at temperature T, is*

T(N) = T, + [T,(0) — T.Je ™' (1)

where k is a mass parameter, (m, + mp)z/(chmp). For an
expanded carrier gas temperature of 2 K and an initial
temperature of the ablated species of 10* K, which are
reasonable conditions for our experiment, K**CI cools to 6 K
after approximately 40 collisions. After the same number of
collisions, Na**Cl in the beam would cool to approximately 3
K, which would lower the calibrated yields for that species by a
factor of 3—8. If the lower Na**Cl temperature is confirmed
with a future measurement, that correction would account for
nearly all the difference we observe in Figure 2.

One reason for analyzing the ablation plume using mass
spectrometry is to determine if ablation produces species that
would complicate interpretation of the spectra. The positive
metal jons in the Figure 4 mass spectra imply that some of the
ablated material is chemically fragmented; however, these
species lack a dipole moment and therefore would not radiate
in the frequency range of our detector. The ion clusters
observed in the femtosecond ablation plumes are too sparse to
be detected rotationally. If we extrapolate the yields in Figure 3
to lower fluence, we find the ionization fraction for
nanosecond pulses to be 1077 to 107%. This ionization fraction
estimate is probably a lower bound because not all ions couple
into the Faraday cup detector. We do not observe salt ions
(ie, LiCl*, NaCl*, or KCI*) in the nanosecond nor the
femtosecond mass spectra. A possible explanation for the
absence of salt ions is that their ground state potential energy
curves do not contain a stable atomic spacing and therefore
dissociate upon ionization.” It is also possible that the ions
form by dissociation from a neutral excited state or by
collisional dissociation within the ablation plume.

The triatomic ion clusters Na,CI* and K,CI" that are seen
with femtosecond pulses are interesting because they suggest
that chemistry can occur during the ablation process. These
particular clusters have been observed previously by Chupka**
in mass spectra of molecular beams produced using an oven
source. Future development of the laser-ablation source for in
situ FTmmW spectroscopy should address the likelihood that
chemistry occurs in the ablation plume, particularly for larger
organic molecules. In the case of salts, the triatomic clusters are
in trace abundance.

Comparing the capability of a laser-ablation outfitted
FTmmW spectrometer to other techniques, we assert that its
greatest strength is the specificity with which it can identify a
particular molecule. Even with the modest 200- to 300-kHz
line widths we observe with our FTmmW setup, the precision
of our measurements is better than one part in 10* and can

https://dx.doi.org/10.1021/acs.jpca.9b10548
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easily distinguish molecules and isotopologues. NASA is
currently developing laser-ablation mass spectrometry for
flight deployment.” In general, mass spectrometry is
complementary to rotational spectroscopy. While mass
spectrometry is sensitive to a small number of ions, it is
typically not as good as rotational spectroscopy at distinguish-
ing different species. In general, in situ analysis of salts at icy
moons is preferable to existing remote measurements. To date,
fitting the spectral features of remote infrared reflectance
spectra for salts on the surfaces of icy moons has been
inconclusive.”®*® The laser ablation mass spectrometry and
rotational spectroscopy techniques would provide a localized,
definitive measurement of salt composition if performed on an
icy moon. In principal, the laser-ablation source lends itself to
standoft detection, which simplifies the sample handling
requirements; however, some future design work would be
needed to align the collisional cooling jet with the ablation
plume and FT cavity in a fielded instrument.

In addition to the salts, there are a number of sites
throughout the solar system where a laser-ablation-coupled
FTmmW spectrometer could be used to analyze condensed-
phase organic molecules, such as Saturn’s moon Titan and
comets.””" In future work with the FTmmW spectrometer,
we hope to detect polyatomic laser-ablated molecules
including organics.

B CONCLUSION

We coupled a new Fourier transform millimeter-wave
spectrometer intended for doing in situ spectroscopy in space
to a collisional-cooling laser-ablation source. Along with its
small size, a strength of the device is the specificity with which
it identifies the composition of volatilized species inside its
cavity. We show that the new device can be used to determine
the molecular composition of solids. We have demonstrated
that capability using NaCl and KCI targets, which are
interesting for their relevance to icy moons and the putative
subsurface oceans. Nanosecond ablation of the salts produces
metal ions and liquefied particles, which we hope to mitigate
with future refinements to the wavelength and pulse duration
of the ablation source. We plan to pursue detections of laser-
ablated organic molecules as part of future work.
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