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Abstract—Mass spectrometers represent progressive analytical
platforms for future in situ lander missions to explore the
surface chemistry of planetary bodies. Europa (as an
astrobiology objective) and the Moon (an extension of the
terrestrial system) are two primary targets for future NASA
missions to search for extraterrestrial life and potentially
habitable environments beyond Earth, further our
understanding of the timing and formation of the Solar System,
and identify potentially viable economic resources such as water
and/or valuable metal assets. The CORALS (Characterization
of Ocean Residues And Life Signatures) and CRATER
(Characterization of Regolith And Trace Economic Resources)
instruments are laser-based Orbitrap™ mass spectrometers
currently under development for prospective lander missions to
Europa and the Moon, respectively. We report on the
advancement of two compact, robust, and high technology
readiness level (TRL) ultraviolet (UV) solid state lasers that
serve as the sampling and ionization sources of these two
investigations.
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1. INTRODUCTION

The CORALS (Characterization of Ocean Residues And Life
Signatures) and CRATER (Characterization of Regolith And
Trace Economic Resources) investigations center on two
distinct laser-enabled Orbitrap™ mass spectrometers that are
being developed currently through the NASA ROSES
Instrument Concepts for Europa Exploration (ICEE 2) and
Development and Advancement of Lunar Instrumentation
(DALI) programs, respectively. The CORALS/ICEE 2
project is a two year technology maturation effort targeting
the build and demonstration of an instrument adapted for the
detection and unambiguous identification of biosignatures
embedded in icy samples for a prospective Europa lander
mission. In comparison, the CRATER/DALI project is a
three year endeavor to advance to TRL 6 (system-level
validation in a relevant environment) an instrument capable
of mapping mineralogy and major/minor element abundances
in lunar surface materials for a future lander opportunity.

One of the major differences between the CORALS and
CRATER instrument designs is the laser sources required to
meet the science objectives of these investigations (outlined
below). The CORALS laser generates >450 pJ/pulse energy
at 266 nm, a wavelength that maps to the Mars Organic
Molecule Analyzer (MOMA) instrument onboard the
ExoMars rover, whereas the CRATER laser generates >1
ml/pulse energy at 213 nm, a deeper UV wavelength to
augment photon-substrate coupling with geological phases
found on the lunar surface. Both lasers operate between 1-10
Hz pulse repetition frequency (PRF) with a 5 ns pulse
duration, variable energy attenuation between 1-100%, and
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controlled beam steering to raster across the sample surface
and provide 2D chemical imaging. The CORALS laser is a
side-pumped Cr:Nd:YAG laser oscillator with a fundamental
wavelength of 1064 nm and fourth harmonic generator to
achieve an output wavelength of 266 nm. The CRATER laser
is a side-pumped Cr:Nd:YAG master oscillator power
amplifier (MOPA) laser with a fundamental wavelength of
1064 nm and fifth harmonic generator to achieve an output
wavelength of 213 nm. Both lasers derive from heritage
systems, and each has been designed to minimize the Size,
Weight, and Power (SWaP) requirements for potential lander
applications. Here, we discuss the design, trade studies,
prototype performance, preliminary test and analysis results
of the CORALS and CRATER ultraviolet lasers.

2. SCIENCE OBJECTIVES

Europa (an astrobiology objective) and the Moon (an
extension of the terrestrial system) are primary targets for
near-term NASA and international mission concepts. Europa
represents a potentially viable world, and may host an extant
ecosystem in the subsurface ocean that could transmit
chemical signals to the surface via mass exchange facilitated
by ocean dynamics and ice tectonics. The lunar (sub)surface
provides a window into: chemical and isotopic fractionation
provoked by the Moon-forming event; the influx and
accumulation of prebiotic organic matter in the inner Solar
System; the distribution of potentially viable economic
resources, such as water and/or valuable metals; and, a
reference point for calibrating the crater counting record.

Both of these targets, which are of strategic value to the
science community, require highly capable instrumentation
to characterize the composition of surface and near-surface
materials in situ. Consequently, for the exploration of these
planetary environments, NASA has invested in the
development of two laser-enabled mass spectrometers:
CORALS (for the analysis of ocean-derived salts and ice
residues) and CRATER (for the analysis of regolith and
rock). Both instruments rely on an Orbitrap™ mass analyzer
that offers ultrahigh mass resolving powers up to m/Am >10°
(FWHM at mass 100 Da; [1]) and sub-ppm mass accuracy
[2], and can be integrated with a pulsed laser system for in
situ chemical analysis [3]. Laser desorption/ablation mass
spectrometry, as realized by these pioneering instruments,
provides an ideal way to characterize precious sample
specimens with high spatial resolution (limited only by the
beam diameter and angle of incidence) and specificity (via
controlled fluences), and without requiring contact with the
sample (reducing cross-contamination risks). Laser-based
sampling methods are particularly well suited for planetary
exploration as they consume only ng of material per shot,
versus traditional pyrolysis techniques that require upwards
of tens of mg of sample per experiment, such as those
conducted by Viking, Phoenix and the Mars Science
Laboratory (MSL).

During laser microprocessing, both positive and negative
ions are formed from the pulsed laser plasma. As opposed to

near infrared (e.g., 1064 nm = 1.2 eV/ photon) and visible
light (e.g., 532 nm = 2.3 eV/photon), the energies of photons
generated at ultraviolet (UV) wavelengths (e.g., 266 nm = 4.7
eV/photon) approach the band gap energies of many
planetary materials (> 4.0 eV; e.g., [4]). Further, only two UV
photons are required to access the 1% ionization energies of
nearly the entire periodic table (outside the halogens and
noble gases; [5]) and most organic molecules, such as
nucleotides [6], amino acids [7], and polycyclic aromatic
hydrocarbons [8]. Consequently, many commercial laser
desorption/ablation systems use Nd:YAG gain media
(emission at 1064 nm) and a series of frequency multiplying
nonlinear crystals to access ultraviolet wavelengths, such as
266 nm (fourth harmonic) or 213 nm (fifth harmonic). For
geological applications, shorter wavelengths also enhance
photon absorption by optically translucent/transparent
substrates [9]. Whereas low radiant exposures (i.e., fluences
< 1 J/em?) provide sufficient photon fluxes to ionize alkali
metals and volatile organic compounds, higher fluences (i.e.,
>1 J/cm?) are essential to analyze refractory organics and
geological phases that require multiphoton ionization. Access
to fluences in excess of the ablation threshold may also be
exploited to induce molecular fragmentation and promote
disproportionation reactions, enabling the derivation of
molecular structure by in-source decay (ISD; [10]).

The first laser desorption/ablation mass spectrometer flown
into space was carried on the Phobos-Grunt mission [11], but
a thruster malfunction prevented the spacecraft from
escaping low Earth orbit, resulting in an uncontrolled re-entry
and crash into the Pacific Ocean. As such, the Mars Organic
Molecule Analyzer (MOMA) instrument onboard the
ExoMars rover (scheduled to launch in 2020) will establish
the first laser-enabled mass spectrometer on another planet
(assuming successful deployment) [12,13,14]. The prime
objective of the MOMA investigation is to search for signs of
past or present life on Mars through a detailed chemical
analysis of the Martian surface. Although the instrument has
the capacity to measure inorganic compounds, the main focus
of MOMA is the detection and structural characterization of
organic compounds that may be present and preserved in
Martian near-subsurface samples over a range of molecular
weight. The laser desorption mode on MOMA was
specifically developed to enable detection and structural
analysis of nonvolatile organic compounds up to 1 kDa
[14,15].

The MOMA laser system, which represents a major step
forward in optical engineering, centers on a passively Q-
switched Nd:YAG oscillator coupled with a two-stage
frequency quadrupling that produces 266 nm radiation in 1.5
ns pulses with an output energy of 130 pJ that can be
attenuated via thermal tuning of the nonlinear crystals to less
than 10% of the maximum energy output [14,16,17].

Recently, a 266 nm laser (albeit a commercial system) was
interfaced directly (i.e., without an intermediary linear ion
trap or C-Trap) to an Orbitrap™ mass analyzer that has been
ruggedized for the rigors of spaceflight, thereby representing
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a proof-of-concept of the CORALS and CRATER instrument
designs. This prototype system has been shown to: i) detect
major elements (mineralogical indicators) and organic
molecules (potential biosignatures) with ultrahigh mass
resolution (m/Am > 105, FWHM) and detection limits down
to pmol/mm? levels; ii) quantify isotopic abundances with
<1.0% (20) precision; and, iii) identify molecular
stoichiometry via highly accurate mass measurements within
3 ppm of absolute values [18]. Thus, the next generation
CORALS and CRATER instruments supported through the
laser development effort described here represent potentially
game-changing payload options for exploration of Europa,
the Moon, and a host of other planetary targets.

3. UV LASER REQUIREMENTS

To support the efficient ablation of translucent minerals and
amorphous phases, the CRATER investigation requires a
high-power, solid-state laser that leverages the heritage
master oscillator power amplifier (MOPA) flown on the
Mercury Laser Altimeter (MLA) instrument but quintuples
the frequency to produce > 1 mJ of deep ultraviolet light (213
nm, equating to 5.8 eV/photon). The CORALS laser, on the
other hand, more closely resembles the 266 nm (4.7
eV/photon) laser system flown on MOMA, though the
CORALS design produces more than three times the
maximum output energy and finer attenuation control.

The CORALS and CRATER lasers have different UV
wavelengths and pulse energy requirements due to their
specific science objectives, but other parameters and features
are quite similar. Table 1 summarizes the two programs and
requirements. Both lasers leverage the use of high TRL and
proven laser designs for generating the fundamental
wavelength at 1064 nm to convert to the necessary UV
wavelengths and pulse energies. The following sections will
describe in more detail the design and approach for each laser
transmitter.

4. UV LASER DESIGN

The CORALS laser is a diode pumped, zig-zag Cr:Nd:YAG
slab passively Q-switched oscillator similar to the Lunar
Orbiter Laser Altimeter (LOLA) laser [19]. A similar
oscillator design was used on the Mercury Laser Altimeter
(MLA) [20], and the Geoscience Laser Altimeter System
(GLAS) [21], where amplifier stages were used to generate
higher pulse energy. The CORALS laser generates a
fundamental 1064 nm wavelength, and with fourth harmonic
generation (4HG) achieves an UV output of 266 nm. The
CORALS laser is capable of generating >450 pJ/pulse at 266
nm. This corresponds to three times the pulse energy of the
MOMA laser (130 pJ/pulse at 266 nm) [16]. The laser output
is focused to a 50 pm diameter focal spot size (though this is
a negotiable parameter that may be adjusted to meet mission
goals), and may be actively scanned across a 500 um
diameter sample area with a MEMS steering mirror. The laser
energy is variable between 1-100% to optimize the fluence at
the sample. Two photodetectors are located in the laser
enclosure for start pulse detection and triggering the
instrument measurement sequence, and energy monitoring. A
schematic of the CORALS laser is shown in Figure 1.
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Figure 1. CORALS laser schematic (flight design).

Table 1. Laser requirements for the CORALS and CRATER instruments.

CRATER CORALS

Program DALI ICEE 2
Period of Performance 3 Years 2 Years
Targeted Mission Moon Europa

Laser Baseline

MLA Master Oscillator Power Amplifier

GLAS/LOLA/MLA Master Oscillator

Mission Lifetime 1 MShots

10 MShots

Qutput Wavelength 213 nm

266 nm

Frequency Conversion

5" Harmonic of 1064 nm

4™ Harmonic of 1064 nm

DHMR / Radiation

Yes (115°C for 60 Hrs) / 20 krad

Yes (115°C for 60 Hrs) / 200 krad

UV Pulse Energy >1m) >450 W
Beam Spot Size (Diameter) 50 um 50 um

Peak Intensity 50 J/em? 20 J/em?

Pulse Rate 1-10 Hz 1-10 Hz

Beam Steering and Energy
Attenuation

Attenuation: 1 - 100% (in increment of 5% - objective, 1% - goal)

Beam Steering: YES, <:10¢;
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The CORALS oscillator uses two, 200W, single bar (Gl
package, Cutting Edge Optronics) laser diode arrays (LDA)
with center wavelength of 808 nm at 27°C operating
temperature to side-pump a Brewster cut, 26.8 mm long,
trapezoidal laser slab. A Cr**YAG with 0.46 optical density
saturable absorber is used to generate laser pulses of
approximately 5 ns (FWHM). The oscillator cavity uses a
Porro prism high reflector to minimize the sensitivity to
misalignment and a plano-mirror output coupler with 50%
reflectivity at 1064 nm. Risley wedges are used to align the
laser cavity and a wedge quartz rotator is used for both
alignment and polarization control. The LDAs are heat sunk
to an aluminum laser bench and maintained at a slightly
elevated temperature of 27 + 1°C to maintain active thermal
control in a Europa lander vault susceptible to thermal drift
over the range of -40°C to +25°C. The output beam of the
CORALS fundamental laser is TEMgy with a ~ 800 um full
width at 1/e? and an M? ~ 1.2.

The fundamental oscillator output wavelength is frequency
quadrupled to achieve 266 nm using non-linear optical
frequency conversion. A LBO (lithium triborate) crystal
converts 1064 nm to 532 nm, and a BBO (beta barium borate)
crystal converts 532 nm to 266 nm. Both the LBO (6=90°,
$=9.9°) and BBO (6=47.7°) crystals are designed for Type |
critical phase matching at an operating temperature above the
oscillator at 60°C to ensure active thermal control. Both LBO
and BBO crystals are radiation insensitive and have showed
negligible degradation after exposure to 200 krad total dose
based on a study led by the German Space Agency [22]. LBO
has flown on previous space laser instruments including
GLAS and ATLAS [21,23]. Two LBO crystals with
dimensions 3 x 3 x 10 mm?® are arranged for spatial walk-off
compensation with birefringence angles aligned 180° to each
other to maximize the conversion efficiency and beam quality
[24,25]. Four BBO crystals with dimensions 3 x 3 x 5 mm?
are arranged with alternating birefringence angles aligned
180° to each other for optimum walk-off compensation [26].

The CORALS laser energy must be tunable between 1-100%
with a resolution requirement of 5% (and a goal of 1%) to
achieve the optimal pulse energy for science measurements.
The active energy attenuation is enabled through the use of a
Pockels cell located between the LBO and BBO crystals to
control the incident 532 nm polarization orientation relative
to the nonlinear crystal optical axis and vary the conversion
efficiency to 266 nm. In order to achieve efficient second
harmonic generation (SHG) the polarization of the input laser
must be phase matched to the nonlinear optical crystal. By
rotating the polarization of the 532 nm laser prior to the BBO
crystal we change the phase matching condition and therefore
vary the conversion to 266 nm. The output laser energy is
attenuated as a function of the Pockels cell drive voltage
between 0-800 V.

The 266 nm output is separated from the residual 1064 nm
and 532 nm laser light with a CaF, dispersive prism, and
focused to a spot size of 50 pm at the sample. A MEMS
steering mirror (Mirrorcle Technologies, Inc) scans the

output beam over a 500 pum diameter area, enabling raster
patterns such as that shown in Figure 2.

500 microns

()9

A
¥

500 microns

<« 50 uym dia.

Figure 2. Raster scan pattern produced by MEMS
steering mirror of the CORALS UV laser at the sample.

A start pulse detector is located behind the Porro prism to
monitor the leakage from the oscillator and provide a trigger
pulse to the instrument to initiate the timing sequence. The
start pulse detector is a JQ5P quadrant Si-photodiode. An
UV-enhanced SiC-photodiode (JQAS) is located after the
dispersive prism to monitor the laser energy at 266 nm.

The opto-mechanical design for the CORALS laser is based
on heritage and lessons learned from previously developed
space-flight lasers at NASA Goddard Space Flight Center
(GSFC) including GLAS, MLA, and LOLA. The laser
enclosure and opto-mechanical mounts are made of
aluminum. The laser slab mount, LDA mount, and nonlinear
crystal mounts are all made of copper for improved thermal
conductivity. The laser bench is maintained at a temperature
of 27 + 1°C with resistive heaters. The non-linear crystals are
thermally isolated from the laser bench and maintained at an
elevated temperature of 60 + 1°C with resistive heaters. The
CORALS mechanical model is shown in Figure 3. The
overall dimensions are 18 x 8.1 x 3.6 cm®. The total mass for
the laser is 750 g. Due to the well-known risk of laser induced
contamination damage with UV lasers in space, as well as the
requirement for the laser to survive Dry Heat Microbial
Reduction (DHMR, e.g. 115°C for 60 hours), the use of
epoxies and other outgassing materials are limited in this
design [27,28,29,30,31,32,33,34,35,36]. Additionally, the
laser enclosure is back-filled with clean dry air (CDA) and
pressurized to >1 atm. The CaF» output window is welded to
a stainless steel flange using femtosecond laser welding. The
stainless steel flange and lid are secured to the laser enclosure
with mechanical fasteners and metal c-seals to create a
hermetic seal.
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Figure 4. CRATER UV laser design.

The CRATER laser is a high power Cr:Nd:YAG MOPA laser
based on the MLA laser transmitter, and with fifth harmonic
generation (SHG) achieves an output wavelength of 213 nm
[20]. A schematic of the CRATER laser is shown in Figure
4.

The master oscillator (MO) is a crossed-Porro optical
resonator with polarization output coupling, a Brewster cut,
Cr:Nd:YAG slab pumped by a single two-bar stack (G2
package from Coherent, Inc.) of GalnAsP laser diode array
(LDA), an air gap polarizer, a passive Q-switch saturable
absorber (Cr**YAG, 0.46 optical density), zero-order quartz
wave plates for polarization control, and fused-silica Risley
wedges for optical alignment. A thermoelectric cooler (TEC)
is used to regulate the temperature of the LDA, which is heat
sunk to the laser bench to keep the oscillator LDA at its
design temperature and aligned to the absorption peak of the
gain crystal. The 0.5% Cr** co-doping of the Cr:Nd:YAG
slab enhances the resistance to radiation darkening. The
nominal MO mode diameter is 1.0 mm, and its output energy
is 3.0 mJ in a 5-ns pulse [20].

The MO output beam undergoes a beam expansion (2X
magnification) and is amplified ~7% by double passing
through a power amplifier (PA) stage. The Cr:Nd:YAG PA
slab is pumped by two, four-bar stacks of GalnAs LDAs (2x
G4 packages). The injected MO signal is double-passed
through the PA to generate the required energy for the
instrument. The isolation of the amplifier output beam from
its input beam is accomplished by polarization. A 0.57-
retardation wave plate together with the Porro-prism reflector
provides a polarization change in the back-reflected beam to
the orthogonal linear polarization. The PA amplifies the MO
energy from ~3 mJ to a nominal laser pulse energy of ~20 mJ.

The 1064 nm output from the MOPA laser is converted to
213 nm using three non-linear optical crystals (1 x LBO and
2 x BBO) in series to generate the fifth harmonic. The 1064
nm is divided into two beam paths. The first beam path is
used for the generation of the fourth harmonic at 266 nm
using Type I LBO and BBO as in the CORALS laser
described earlier. The second beam path of the 1064 nm is
then mixed with the 266 nm in a Type I BBO crystal
(6=51.2°) to generate the fifth harmonic at 213 nm.
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Energy attenuation is achieved by placing the Pockels cell in
the second beam path of the 1064 nm. Analogous to the
CORALS laser, the output energy can be adjusted by
adjusting the input polarization state of the 1064 nm into the
BBO crystal.

Also, similar to the CORALS design, the 213 nm output is
separated from the residual 1064 nm, 532 nm, and 266 nm
laser light with a dispersive prism, and focused to a 50 um
diameter spot size at the sample. A MEMS steering mirror
(Mirrorcle Technologies, Inc) scans the output beam over a
500 pm diameter area raster pattern shown in Figure 2.

5. UV LASER PERFORMANCE AND ANALYSIS

We built a breadboard CORALS laser to demonstrate the
performance at 266 nm. The schematic of the breadboard
laser is shown in Figure 5.

Oscillator SHG FHG
High Dispersive Prism

" A2
Reflector “UMD.PMH

I
2 L

Wedge  Passive Q- Risker Output
Polarizer  Switch T Coupler

UV Qutput

Beam Block

Figure 5. Schematic of CORALS breadboard laser
currently in operation at NASA GSFC.

The breadboard oscillator is the same as the CORALS
oscillator design described in Section 4 except a plano/plano
mirror cavity configuration is used for ease of alignment and
testing. A Type II KTP (potassium titanyl phosphate) crystal
(6=90.0°, $=23.5°) operating at 27°C is used for SHG to 532
nm. A Type I BBO crystal operating at room (~25°C) is used
to convert the 532 nm to 266 nm. A dispersive prism
separates the 266 nm output from the residual 1064 nm and
532 nm light. The CORALS breadboard characterization
results are summarized in Figure 6. The performance of the
266 nm laser was measured at a pulse repetition frequency of
20 Hz, pump pulse duration of 200 ps, and LDA current of
115 A. The switch-out time for the Q-switch pulse was
approximately 180 us from the beginning of the pump pulse.
The measured pulse energy at 266 nm was 450 pJ
corresponding to a fourth harmonic frequency conversion
efficiency of 16%. The pulse width at 266 nm was measured
to be 5.2 ns.

Pulse width
=52ns

Pulse Energy = 450 pJ

_HWEZ-:

,9..,_
N .
N .
o
5
3

Far Field Profile

Figure 6. CORALS breadboard laser performance.

We tested the energy attenuation concept by manually
rotating a half-wave plate located between the KTP and BBO
crystals to rotate the 532 nm polarization relative to the BBO
crystal. At a polarization rotation angle of 0° the 532 nm laser
has an optimal polarization for phase matching to the BBO
crystal, and therefore the conversion to 266 nm is maximized.
When the polarization was rotated by 90° the conversion to
266 nm was minimized. The 266 nm laser pulse energy as a
function of 532 nm polarization rotation is shown in Figure
7.
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Figure 7. UV laser energy attenuation as a function of
input polarization. The solid line shows the modeling
results from Select Non-Linear Optics (SNLO) software
[37]. The red circles represent data taken using our
CORALS laser breadboard.

The CRATER laser is based on the MLA MOPA laser with
emission at 1064 nm and >20 mJ with TEMo mode and beam
diameter of 2.2 mm. The MLA laser transmitter has been
designed on the basis of the GLAS laser architecture. The
laser operated nominally throughout the MESSENGER
mission operations; after the spacecraft was launched in
August 2004, the MLA laser accumulated more than 30
million shots. The laser transmitter was designed, built, and
tested at NASA GSFC prior to delivery to the MESSENGER
project. The laser was environmentally tested prior to
delivery to the project for integration with the spacecraft.

The environmental tests of the laser subsystem consisted of
vibration and thermal vacuum (TVAC) testing. Vibration
testing consisted of three-axis random vibration to a root
mean square (rms) acceleration of 8.0 g (where g is Earth’s
surface gravitational acceleration) in x and y, and a rms of
10.7 g in z, with a full evaluation of the laser pointing, power,
and divergence before and after each test. The TVAC testing
involved a nonoperational warm soak at 40°C, and a
nonoperational cold soak at 5°C, followed by a cold start, a
hot start at 35°C, and four operational thermal sweep cycles,
all in vacuum conditions. During this testing the output
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power, divergence, beam pointing, and pointing stability
were measured continually [20].
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Figure 8. Output energy of the MLA laser versus bench
temperature, measured in vacuum [38].

The output energy of the laser subsystem is shown in Figure
8 over a temperature sweep between 10°C and 34°C. The
overall shape of the curve is due to changes in the output
wavelength of the amplifier LDAs and consequent changes
in absorption efficiency. The 0.8—1.5°C oscillations seen in
the data are likely related to the Fabry-Perot resonances of the
oscillator.

Taking advantages of the MLA design and the effort in
developing the fourth harmonic wavelength for CORALS,
we designed the CRATER laser with a layout as shown in
Figure 4. The nonlinear frequency conversion to the fifth
harmonic at 213 nm is done by mixing the fundamental at
1064 nm and fourth harmonic at 266 nm. We have modeled
the conversion efficiency and optimal crystal length for the
fifth harmonic generation (SHG) using a BBO crystal. Figure
9 shows the conversion efficiency of the fifth harmonic as a
function of the BBO crystal length.

6 60%

5 50%
=4 40% 8
E g

=
= i
oo [
@ 3 30% g
@ z
\'._:r; 213 nm Output %

{374
a2 SHUG Conversion Hfidenoy 20% S

1 10%

0 0%
0 1 2 3 - 5

1064 nm Input Pulse Cnergy [ml]

0.6

o © o
w IS "

©
N

Conversion Efficiency

©
=

0 2 4 6 8 10 12 14 16 18 20

BBO Crystal Length [mm)]
Figure 9. 213 nm conversion efficiency as function of the
crystal length.

Figure 9 is based on the SNLO model with input energy of 5
mlJ each for the 1064 nm and 266 nm, which is a reasonable
assumption considering that 20 mJ exits the MOPA laser at
1064 nm and we send 25% of this to the BBO for SHG
(second path as described earlier) and then using 15 mJ of
1064 nm to generate 5 mJ at 266 nm, that is equivalent to a
33% conversion from fundamental to the fourth harmonic.

Using the same model, we predicted the performance of the
213 nm output with varying 1064 nm input pulse energy to
mimic the use of polarization mismatch in the BBO for
energy attenuation needed by the instrument. Figure 10
shows the predicted SHG 213 nm output pulse energy and
conversion efficiency as a function of 1064 nm input pulse
energy, and the pulse energy attenuation as a function of input
1064 nm pulse polarization.
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Figure 10. (left) Output pulse energy for 213 nm as a function of 1064 nm input pulse energy while maintaining a
constant 266 nm input pulse energy of S mJ for the SHG process. (right) Attenuation of the 213 nm output as a
function of the polarization rotation angle of the 1064 nm input pulse polarization (0° is perfect phase matching).
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Unlike the 4HG conversion for CORALS, SHG requires that
the input pulses for the 1064 nm and 266 nm to be reasonably
synchronized in the BBO crystal. Figure 11 shows the model
prediction of the 213 nm output pulse energy for the case with
0.8 mJ of 1064 nm input pulse energy and 5 mJ of 266 nm
pulse energy. The maximum output pulse energy at 213 nm
is predicted to be ~1.6 mJ for well synchronized input pulses.
The laser will suffer a 12% reduction in output pulse energy
at 213 nm if the 1064 nm and 266 nm arrival time at the BBO
crystal is offset by 1 ns, which is approximately 0.4 meter in
optical path length (OPL) difference. We will design our
SHG system accordingly to match the OPL between the 1064
nm and 266 nm paths to minimize unnecessary losses.
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Figure 11. Qutput pulse energy for 213 nm beam as a
function of input pulse delay between 1064 nm and 266 nm
pulses.

6. SPACE-FLIGHT TESTING AND TRADE STUDIES

The CORALS and CRATER instruments will go through
environmental testing to raise the TRL in preparation for
future NASA lander mission opportunities to Europa and the
Moon, respectively. The current 2-year CORALS technology
development program (NASA/ICEE 2) will raise the TRL to
5 (system validation in laboratory environment). The 3-year
CRATER technology development program (NASA/DALI)
will raise the TRL to 6 (system demonstration in
representative environment). Both lasers will go through
shock and vibration testing, and DHMR bake-out at 115°C
for 60 hours to reduce the risk of contaminating targeted
planetary environments. Additionally, the CRATER
instrument will go through a comprehensive thermal vacuum
(TVAC) testing campaign.

One of the concerns for space-borne UV lasers is
contamination induced laser damage

[27,28,29,30,31,32,33,34,35,36]. Vacuum accelerates
outgassing of organic and inorganic contaminants from
polymerics and other materials used inside the laser
enclosure, which may lead to adsorption or condensation on
critical optical components, rendering them susceptible to
laser induced damage. Our laser design minimizes (with the
goal of eliminating) polymerics inside the laser enclosure.
Also, the laser cavity is pressurized with CDA. Under a
NASA GSFC funded internal research and development
program, we are developing methodologies and techniques to
use femtosecond lasers for welding dissimilar materials such
as glass-to-metal, glass-to-glass, crystal-to-glass, etc. For a
spaceflight laser, when opportunities arrive, we will apply
this process to the UV laser build. In addition, the use of CDA
will significantly lower the outgassing rate and the presence
of oxygen will reduce the adsorption of contaminants
(particularly organic species) on the laser optics.

Both the CORALS and CRATER lasers are based on
successful flight instruments — LOLA and MLA,
respectively. LOLA was launched in June 2009 and is still in
operation. The lasers has accumulated over 2.5 billion shots
and are still in flight operation.

The MLA instrument was launched as part of an instrument
suite on MESSEGNER on August 2004 and the mission
ended successfully on April 2015. This included a cruising
period of seven years from Earth to insertion in the Mercury
orbit. The MLA laser accumulated over 30 million shots over
the life of the mission. Both lasers were designed with margin
on the pump diode lifetime by derating. Proper procedures
and necessary steps taken to minimize contamination induced
laser damage will be key to the success of future missions.

7. CONCLUSION

We are developing two compact, robust, and high TRL UV
lasers for the CORALS and CRATER instruments. Both
lasers are based on heritage from successful previous space-
flight laser instruments. Initial breadboard performance
testing and analysis has been completed for the CORALS
laser to validate the design and demonstrate performance.
The engineering test unit (ETU) design for the CORALS
laser has been peer reviewed. Computer models and analysis
have been completed for the CRATER laser, and a
breadboard laser build and the ETU design are in progress.
The UV lasers are being developed for laser-based
Orbitrap™ mass spectrometer instruments for future lander
mission opportunities to Europa and the Moon.
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