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Highly miniaturized laser ablation time-of-flight mass spectrometer
for a planetary rover
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We report the development and testing of a highly miniaturized mass spectrometer and ion source
intended to be deployed on an airless planetary surface to measure the elemental and isotopic
composition of solids, e.g., rocks and soils. Our design concentrates at this stage on the proposed
BepiColombo mission to the planet Mercury. The mass analyzer is a novel combination of an
electrostatic analyzer and a reflectron time-of-flight design. The ion source utilizes a laser induced
plasma, which is directly coupled into the mass analyzer. Laser ablation gives high spatial resolution
and avoids the need for sample preparation. Our prototype instrument has a demonstrated mass
resolutionm/Am full width at half maximum in excess of 180 and a predicted dynamic range of
better than five orders of magnitude. We estimate that a flight instrument would have a mass of 280
g (including laser and all electronigsa volume of 84 crfy and could operate on 3 W power.

© 2004 American Institute of Physic§DOI: 10.1063/1.1711152

I. INTRODUCTION The mass and power constraints for the proposed Mer-
cury lander are severe—approximately 7 kg for the scientific
payload and just 400 W h energy for both the rover and its
scientific payload. For the rover a scientific payload of less
than 1 kg and a maximum power of 5 W are anticipated, so
any instrument must be very economical in its use of these
resources. The environmental conditions on Mercury are ex-
aH:eme with a surface temperature of up-@l70°C on the

The European Space Agenc¢iSA) is studying at the
moment various planetary missions, including the “Corner-
stone” mission BepiColombo to Mercury, and the “Flag-
ship” ExoMars mission to Mars. Within both these missions,
it was planned to include a lander and/or rover that will
investigate the composition and properties of the surface
selected Io_cation%? The instruments on lander a'.“?' TOVET day side and-180 °C on the night side. The preferred land-
would provide both “ground-truth” for the composition in-

; i the orbiti # and all high ing place is on the cold side with the possibility of tempera-
struments on the orbiting spacecratt, and allow a NIgner resqy, .o qnrg| using heat dissipated by the instrument electron-

Iution. e.m.d more detailgd anglyzis of the Hermean regolithl|qcsl Furthermore, an air-bag landing will be used resulting in
t_he vicinity of the landing site. Knowledge of the COMPOSI- ghqek loads of up to 200 g. Because of these challenging
tion of the crust of Mercury would allow us to estimate the conditions, we expect that an instrument designed for Mer-

composition of the planet’s interior, to distinguish betweenCury could be used on othéairless planetary surfaces with
models of formation, and also to develop an understandingttle or no modification

of the relevant geochemical differentiation processes.
In order to obtain appropriate measurements of the crust
we have developed a laboratory prototype of a mass spec-
trometer that could be incorporated into a rover of the small'- PESIGN
size envisaged for the Mercury mission. A mass spectrometer 14 design of this spectrometer is based on the experi-

is appropriate for such a mission because a single instrumegt, .o gained from a previous larger prototypehich was

will allow the measurement of both elemental and isotopicyesjgned for the landing unit itself. There we already used
compositions with a spatial resolutigfateral and vertical direct laser ablation of the surface, producing a plasma

better than. the expected regolith grain size, thus gllowing aBjume which can be coupled directly into a mass analyzer.
accurate picture of the modal mineralogy to be built up. Therpis technique allows a simple introduction of solid samples
high spatial resolution is of key importance as it will permit ;115 5 mass spectrometéMS), whereas other techniques

a detailed assessment of the individual constituents of th?equire preprocessing and preparation of the material to be

regolith _and the significance of particular analyzes to theanalyzed, e.g., acid dissolution for inductively coupled
global picture. It has been suggested, for example, that Mer[:‘)lasma(ICP)—MS, embedding in a conducting material for

cury’s surface may contain a significant component of meteglow-discharge or spark-source mass spectronfietiy:

s . - 3 . -
oritic origin®and that, as on the Moon, agglutmaﬁties and glas$hqygh the laser ablation ionization technique and the result-
will form a significant fraction of surface material. ing large energy spread of the ions produced may result in
elemental and isotopic fractionation effects, these can be
dElectronic mail: urs.rohner@phim.unibe.ch minimized by careful control of operating parameters, and by
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the calibration of matrix effects. A natural choice for a mass
analyzer to use with a laser ablation ion source is a time-of-
flight (TOF) instrument. TOFs are robust, allow ion-optical
correction of the large kinetic energy spread of ablated ions,
make optimum use of a pulsed source with a low duty cycle,
and are fast at acquiring specitgpically a few microsec-
onds for one spectrum and a few seconds for one measure
ment consisting of several thousand averaged speéiua-
thermore, we are able to capitalise upon our experience of
building the RTOF instrument on the ROSETTA comet ren-
dezvous missiohby essentially miniaturizing the existing
mass analyzer.

A. Laser ablation ion source

Several publications have shown that the laser irradiance
on the target must Pe Of_the order of 1 GW_C%”_O pro_duce FIG. 1. Cut-away engineering drawing showing the interior of the laser
a plasma plume with minimal elemental fractionation rela-mass spectrometétMS v2.0). (a) Laser focusing doublet lengy) ioniza-
tive to the true composition of the surfa®e® To produce tion region and acceleratiof;) modified Einzel-lens(d) electrostatic ana-
this high irradiance from a compact solid state laser require?e" (® field-free drift region (f) reflectron, andg) MCP detector.

a short-puls&-switched system, which is also advantageous ]
for coupling with a time-of-flight mass analyzer. For a min- ters, more shots, where the sample was not moved, give deep

iature mass analyzer with flight times of abouws, a tem- holes. There i; some evid.ence. of melting at the edges of the
poral ion pulse width at the detector of 10 ns is required for'0l€s, suggesting that the irradiance and/or beam shape could
a mass resolution of 250. Therefore, in practice the lasep® improved(The lasers used have a nearly Gaussian spatial
pulse width at the start should be of the order of 1 ns. Thérofile, which results in the periphery of the focused spot
laser wavelength is expected to be less important than irrgd!Ways having an irradiance below that required for abla-
diance or pulse length, but the physical properties of thdion.) The laser systems and heat sinks were housed within

laser-induced plasma do depend on all these parameters {3 Same vacuum system as the mass spectrometer and were
some extent. subject to standard bakeout conditions.

The low mass and power budgets of an interplanetary
mission, and the severe shock loads associated with tH@ Mass analyzer

rocket launch and planetary landing lead naturally to the  As a boundary condition for the design of the mass ana-
choice of a diode-pumped passiveyswitched microchip |yzer, ion-optic voltages were kept below 600 V, except at
laser; these devices have been described in detajhe detector. This was chosen to reduce the complexity of the
elseWheré.l Their SUItabIIIty for this application stems prin- power supp“es required and to allow the construction of
cipally from their small size, the monolithic nature of the small structures using standard mechanical techniques with-
laser cavity{in this case mirrors are coated onto the ends oyt having difficulties with electrical resistances or discharge

a Nd:yttrium—aluminum—garnetYAG) gain medium and effects at higher pressures. Another severe constraint on the
Cr:YAG Q-switch which together form a single crysfaand

the simplicity of passiveQ-switching(no extra components
or control circuitry. Additional advantages include good
beam quality(allowing the laser beam to be focused to a
small spot, or readily frequency doub)ednd the fact that
output pulse energy is approximately independent of the
pump power.

In this work we report results obtained using either green
laser light at 532 nm or infrared laser light at 1064 nm. Both
systems were obtained from Northrop Grumman Space
Technology-Synoptics. The 532 nm MegaChip deVigk-
00039 produces 4uJ pulses at 7 kHz with a pulse width of
0.66 ns, whereas the 1064 nm MegaChip de(i¢e-00040
produces 12.J pulses at 7 kHz with the same pulse width of
0.66 ns. The laser was focused obliquely onto the target us-
ing a 25.4 mm focal length doublet lefidewport PAC0O16
after 5 cm of free propagation to produce slightly elliptical
spots of approximately 1mm diameter. The placement of FIG. 2. (a) Microchip laser system in a TO-3 package with housing re-

; ; ; ; ; :moved. This is a commercially available passiv@yswitched laser operat-
the focusing lens can be seen in Fig. 1, the microchip laser I%]g at 532 nm(Synoptics ML-0003® (b) Craters from laser shots into a

sh_own in the inset. _Of Fig- 2. Figure 2 also .ShOWS the CaPapiece of aluminum moved across the focus of the laser béarmagnified
bility of depth profiling: single laser shots give shallow cra- image showing a laser-drilled hole with a diameter of aboujis
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FIG. 3. A detailed engineering study of the flight version of the laser mass

spectromete(LMS) so that it can be placed on a roueimensions in mm FIG. 5. Our laboratory prototype of a cigarette-box sized laser mass spec-
The size of the mass spectrometer corresponds to our laboratory prototypeometer(LMS) (version 2.0. The oversized power connector, lens holder,
(see Fig. 5. and mounting board would be eliminated for a flight version. The ruler scale

is in centimeters.

design was the small volume available within the proposed ) ) )
rover—ijust 7 cm by 3 cm by 4 cm for each scientific instru- cal potentials. The reflectron acts to time focus the ions at the

ment. Figure 3 shows how the mass spectrometer togethdftector. The detector, which is shown in Fig. 4, consists of
with its electronics will be accommodated into a paonadtWO chevron-mounted microchannel plates and an impedance

compartment. The compartment is so small that a Simp|énatched anode, which is essentially a miniaturized version
miniaturization of our earlier axial ion-optical desf’gwas of the detector described in Ref. 13. The active area of the

not possible. For this reason, we chose a nonaxial desigf€tector is 4 mm, necessitating specially cut microchan-
with a unique combination of both an electrostatic analyzef€! PlateS(IMCPs. By varying the voltages in the reflectron,

and a reflectron. Figure 1 shows an engineering drawing df’® Position and orientation of the time focyghich is usu-
the interior of the mass spectrometer. ally a plane perpendicular to the drift tubean be changed.

Positively charged ions produced at the entrance are ad-his allows the optimal usage of alternative and more robust
celerated towards the Einzel-lens and focused onto the ef€tectors such as a channeltron or a discrete-dynode detector.

trance of the electrostatic analyzéESA). Between the The whole mass spectrometer is built on a printed circuit
Einzel-lens and the ESA the ions are in a field-free regionPoard allowing the connection of ion-optical elements to

The electrostatic analyzer acts as a shaped ion-optical mirrdp€ir respective potentials in a very small space and the
to guide the ions into the reflectron. However, the ESA nofmounting of both active and passive electronic components
only focuses the transmitted ions in space and fifnieyt directly onto both sides of the board. Fig. 5 shows the real-
also acts as an energy bandpass filter for the ions passifgfd Prototype instrument, which has already the final dimen-
through it. The reflectron is built as a grid-free ion mirror SIONS. In the present version, this printed circuit board is

with seven metal rings and the backplate at separate elect!2r9er than it would be in the final, e.g., flight, configuration.
Most of the ion-optical parts are geometrically shielded

or far away from the ion plume—therefore surface contami-
nation of the ion-optical elements or insulators by ablated
material can be neglected. This has been verified with our
laboratory prototype, which has been exposed to much more

TABLE I. lon-plume parameter dependent mass resolution calculated from
detailed simulations usingimion v7 and 222 000 ions. An angle of 0° for
a,, o, implies all the ions move perpendicular to the target surface.

Plume parameter m/Am at
Oy ,0y,0; 0,,0, OE Trans.
(um) (deg (eV) (%) 50% 10% 1%
a 0.1 20 100 1.90 555 309 136
b 10 20 100 1.69 530 226 123
c 20 20 100 1.26 403 194 100
d 50 20 100 0.55 226 113 68
e 100 20 100 0.20 143 75 43
FIG. 4. Miniature microchannel plate detector with a time resolution of 0.33  f 10 180 100 0.07 520 226 104
ns. The two thin cables are for the power supply, the thicker one is the signal g 10 0 100 6.09 1015 522 208

cable. The ruler scale is in centimeters.
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potential contamination than we expect from a limited dura-nanosecond laser pulse, it is expected that the plasma jet

tion mission. does not travel a significant distance in the time it takes for
the plasma to cool, and thus for the Debye length to become
C. lon-optical simulations large and the plasma to become *“transparent” to electric

. I . . fields. The choice of angular and energy dispersions was
Following the initial selection of geometry and approxi- Lided by theoretical and measured valse€and is ius
mate dimensions, all voltages and positions of the ion—opticaqJ y J

elements were optimised using the computer progsaoN tified by our results as described latsee Sec. )l and in
v74in conjunction with a set of macros and C-prograina. ~ R€f- 5. o

merit function was constructed to optimize the transmission ~1aPle | shows the calculated transmissions and mass
and mass resolution within the constraints imposed on thEesolutions for different ion-plume parametémsansmission
voltages and overall dimensions. To estimate the transmidS defined here as ion-optical transmission from the origin of
sion and mass resolution obtainable, we assumed that tfiRe ions to the detector entrance; ionization efficiency and
laser-produced plasma consists of a plume of i@msl elec- detector efficiency are not includedThe voltage settings
trons with an initial position described by a three- Were automatically optimized for the ions with start param-
dimensional Gaussian distribution with widtes, oy, o,  ©ters given inrowg) using an objective function which was
centered on the symmetry axis at the entrance of the spe& Multiplication of transmission and resolution with suitable
trometer. The initial direction distribution of the ions was boundary conditions. In row@—(e), the initial spread in the
modeled as a Gaussian distribution normal to the target suion’s start position was increased from 0.1 to 10 (this

face with angular widths ofr, and o, (p=azimuth angle, means in the last case that approximately 68% of the ions
p=elevation angle The energy distribution of the ions was started in a hemispherical volume with a radius of 100
assumed to be a half-Gaussian with cutoff at 0 eV and amaround the cent@rThe resulting transmission decreases by a
energy width ofog. The effects of plasma shielding were factor of 10, whereas the mass resolution only decreases by a
neglected entirely because with these parameters and a subetor of 4. In row(f), a (physically implausiblg plume is

10000
g
|
L
32 amu E
1000 — Gaussian fit
- -
2
.E 100 FIG. 7. Simulated mass spectrum for
° mass 32 with 222 000 ions using pa-
2 rameter setg) of Table I. The histo-
§ graming time step is 1.0 ns.
=
10 i
£
g
2
E
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2,70 2,71 2,712 2,73 2,74 2,75

time of flight [ s ]

Downloaded 27 Apr 2004 to 130.92.9.55. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



1318 Rev. Sci. Instrum., Vol. 75, No. 5, May 2004 Rohner et al.

F

E

FIG. 8. Some simulated ion trajectories of ions using parametefbsetf
Table I. They are generated in poii) and detected at the detectg). The
ion-optical elements are labeled like in Fig. 1.

h . hich fthe i initiall i FIG. 10. Prototype high voltage electronics mounted on two boards. In
shown in which most of the ions are initially traveling to- ggyre versions, the two boards will be combined in one single board using

wards the surface and therefore only 0.07% reach the detegvo-side mounting.
tor. In row (g), all ions are initially moving perpendicular to
t_he target surface and towards_thg spectrometer. The .relg'pectrometer flight prototype had to be custom built. Power-
tively low values for the transmission are due to the wide

. . . management and laser-driver electronics, high voltage
spread of the energy distribution of the ions resulting from : o .
. ! - power-supplies, and data acquisition electronics have all
the laser ablation process. Figure 6 shows the energy distrj- . - L
. ; . 2 een developed to demonstrate their sufficient miniaturiza-
bution of all 222 000 simulated ions and the energy dls:trlbu-tion (see Figs. 3, 9, and 10
tion of the ions with plume paramete(s) and (g), which gs. s %
reached the detector. In Fig. 7, a simulated mass spectrum for
mass 32 is shown, using the plasma paramétprd he next
mass peak witthm/e=33 would be well separated arriving
41 ns later than the peak wittn/e=32. Mass resolution The pump laser diode of the microchip laser needs a
could be increasetat some penalty to transmissjolny us-  regulated drive current of1.4 A at a voltage of 1.83 V. In
ing additional apertures at suitable locations to remove thaddition, the diode laser needs to be operated at a fixed tem-
tail of slower ions, which are at the right side of the peakperature with an accuracy of approx.0.5 K during one
outside the Gaussian envelope. Figure 8 shows a schematizeasurement time of 1-4 s for an efficient pumping of the
drawing of the spectrometer and some ion trajectories of iondld:YAG crystal. Therefore, the diode will be heated up to its
which hit the detectofg). The ions started in point B with operation temperature which is then regulated with a Peltier

1. Laser electronics

start parametergh) of Table I. element. This element works at 1.22 V and has a temperature
. dependent current consumption of 0—2 A. The nominal volt-
D. Electronics age supplied by the rover for a payload instrument is 3.3 V

Due to the severe limitations in the available space andVith @ maximum current of 0.8 A. To deal with the higher

power in the proposed rover, all electronics for the mas®OWer and current demands of the laser system and tempera-
ture control, we make use of local energy storage in large

F’ : capacitors to allow laser operation at the full repetition rate
‘ for a short time, e.g., 1-4 s. In Fig. 9, the prototype laser

FIG. 11. Schematic view of the measurement setup in the laboré&tthiy
FIG. 9. Prototype laser control and power-supply electronics for the microvacuum: (1) laser mass spectrometgMS v2.2), (2) microchip laser with
chip laser, including temperature controller. One of the capacitors used foholder for neutral density filter¢3) sample holder, e.g., fa 1 in.electron
local energy storage is also shown in the foreground. microprobe standard block, arid) xy table.
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electronics can be seen, which are in use to drive and controler than the coil transformer. The prototype high voltage
the microchip lasers and their peltier elements. board utilized a custom-made doubler space qualified in a
number of missions which will be replaced by a HM402N10
doubler from VMI Inc. if the latter can be qualified. Figure
10 shows the fully functional prototype capable of generat-
) ing all voltages needed for the mass spectrometer. The pro-
voltages in the range of100 to —600 V and the detector totype went successfully through thermal cyclifig40—
voltage of 2.0 to —3.5 kV have to be generated. The re- g o) meeting the specifications. Although it is at this
ql.“red dete_ctor voltage depends on the type O.f de_tector usegfzage made out of two stacked boards, the use of double-
with the mlcrochannel-pl_ate de_tector shown in Fig. 4'_ oM sided mounting and further miniaturization will eliminate
—2.0 kV are needed. Asingle high voltage supply provides %ne of them to give a shallow package. The constraints on

base voltage which is serially regulated by photo metal—length and width are already satisfied
oxide—semiconductor relays for voltages below 1 kV and by '

AMPTEK HV601B optocoupler for the detector voltage. The o )

regulation accuracy is 256 steps for each range that is suff: Data acquisition electronics

cient for this application. The base supply in the prototype  To record the spectra, the data acquisition electronics
uses a common coil transformer which will be replaced by anust digitize the detector signal for g with a time reso-
economic flat desigiEFD) one to fulfill the requirements lution of 1-5 ns to avoid degradation of the mass resolution
for height. The EFD transformer has the same electrical chaiin the sampling process. If electrical power consumption per-
acteristics but while slightly larger in area is two times thin- mits, it is foreseen to sample every 2.5 @80 Ms/3 using

2. High voltage electronics
On the high voltage board, six individually controllable

0,05 -
I 18
E Mg 1z
0,04 12
I e
- 0,03 F n
= [ a
S B i FIG. 13. Single shot mass spectrum
= - . of a magnesium target acquired with
& 0,02 the Tektronix digital oscilloscope
@ L ] TDS7404(1064 nm laser
i 1:
ol 25 26 5
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TABLE Il. Comparison of measured and tabulated isotopic ratios of theyyhich used a 5@) feedthrough and cable. After closing the

interference-free mass peaks of the spectra shown in Figs. 13 and 14. chamber, no adjustment of the laser focus was possible ex-
Sample Measured Standard  CEPt by chan.g.ing the position of the samp!e. o

For acquiring single shot spectra, an eight-bit digital os-

25 24
mg %mg;”‘mg g'igg g'igg cilloscope(Tektronix TDS 7404, 4 GHz, 20 Gsg/wvas used.
NBS 479 53C1/52Cr 011 0114 For the acquisition of averaged spectra at the full laser rep-
NBS 479 SFePFe 0.028 0.0239 etition rate of 7 kHz, an Acquiris Averager AP200 was used.

A Hamamatsu high-speed photodio@&@8376 was used for
recording the laser pulse and triggering the data acquisition.
4096 channels in time and 256 channels vertieaht-bi. In Fig. 12 a mass spectrum from an aluminum alloy
Otherwise, the time resolution will be scaled down to 5 nssample is shown, demonstrating the single shot mass resolu-
(200 Ms/s. The overall acquisition rate of the electronics tion of mM/Am=t/2At=2720 ns/X 3.363 ns=404. In this
should ideally match the 7 kHz repetition rate of the free-case, the 1064 nm laser was used. This represents the maxi-
running laser, although the possibility exists of not triggeringmum mass resolution of the ion-optical system, which fits
on every laser shot in order to conserve electrical power andrell with the expectations from the ion-optical simulations
computional capacity. The data will be accumulated in apresented earlier. After averaging many spectra the resolu-
simple 24-bit histograming proce&®quiring 64 kilobytes of  tion degrades since laser ablation-ionization process has fluc-
storage at 5 ns or 128 kByte at 2.5 ns time resolytittns  tuations on the nanosecond time scale. The limitation of the
planned in the actual design to use a field programmable gat@aximum mass resolution by the detector’s time resolution
array(e.g., Actel AX500 for this purposeif the chip can be  of 0.33 ns(full width at half maximum pulse width for a
qualified for space applicatiopsbut the data acquisition single ion hitting the detectpris approximatelym/Am
electronics are still in the design stage. =4000, and by the signal digitisation process with a time
step of, e.g., 0.5 ne/Am=2700 (both for mass 3

Figure 13 shows a single shot mass spectrum from a
pure Mg sample. The three isotopes are clearly separated

Figure 11 shows the laboratory setup used for the fol{€ven though the mass spectrometer was not tuned to optimal
lowing measurements. The entire mass analyzer and lasegerformancgand even their amplitudes agree well with the
system were placed in a large ultrahigh vacuum chamber thagbulated isotopic abundancesee Table )i. This demon-
could be pumped down toX10 ' mbar. In front of the strates that the laser ionization process produces enough ions
laser, there was a holder for neutral density filters to alter théo justify data acquisition via an analog-to-digital system,
laser intensity. In front of the fixed mass spectrometer was arather than the simpler peak countiftgne-to-digita) tech-
xy table holding the target block which allowed samples tonique. Furthermore, we expect to increase the dynamic range
be changed without venting the systéand the simulation from two decades for the single-shot spectrum to six decades
of deployment from a rover at varying positionsnd also  upon signal histogramming of $Gpectra, e.g., data accu-
the distance between target and mass spectrometer entrarmoalation for about 1 s.
to be varied. All electronics were placed outside the vacuum  Figure 14 shows a section of a mass spectrum from a
chamber and electrical connections were made through higliNational Bureau of StandardBlBS), now National Institute
voltage feedthroughs except for the signal from the detectoof Standards and Technology steel san{plBS 479. Again,

IIl. MEASUREMENTS
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s FIG. 14. Mass spectrum of a NBS
= 1x10™ steel target acquired with the Tek-
= = tronix digital oscilloscope TDS7404
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the individual isotopes of Cr, Fe, and Ni are clearly resolvedcent isotopes when used with laboratory data acquisition
and their abundances agree well with the tabulated valudsardware. Of course, the flight data acquisition electronics
(see Table . No correction factors for isotopic instrumental will be designed to not compromise the mass resolution of
mass fractionations have been applied in this analyzis. Conthe instrument. The performance of the prototype, summa-
parison of the measured elemental abundances with thézed in Table IIl, is in good agreement with our ion-optical
known sample composition reveals significant elementasimulations and is more than sufficient to answer questions
fractionation(e.g., by the plasma ionization procesghich  about the elemental and isotopic composition of Mercury’s
has to be corrected with suitable calibration factors. Alsosurface. For example, the present element resolution and dy-
inhomogeneities of the elemental composition of the NBShamic range is superior to the performance of the famous
sample on a scale length of the laser sampling spot sizAPXS instrument of the Mars Pathfinder mission, which re-
(@~15 wm) cannot be excluded. turned exciting data on the composition of Martian rocks and
Figure 15 shows a mass spectrum of a pure uranium foisoil 12 However, investigations to determine the optimal laser
sample(natural uranium from Goodfellow with 99.98% pu- power density and the magnitude of any matrix effects are
rity) demonstrating the capability of the instrument to detectongoing.
also the heavy elements. In addition to tf8J mass peak, Based on our prototypes, we estimate that a flight ver-
peaks are also observed due to the uranium—oxide coverirgjon of this instrument would have a mggsthout any mar-
the surface(and its oxygen fragment This surface oxide gin) of 280 g comprised of: structure 100 g; laser control and
signal disappears when drilling with the laser to largerinterface electronics 50 g; high voltage power supply 80 g;
depths. and data acquisition electronics 50 g. It will consume about 3
W average power while making measurements and have a
volume of 84 cm including all electronics. It is anticipated
that data compression and transmission will be performed by
The results of our laboratory prototype laser mass spedhe central computer on the rover or lander.
trometer are very promising, with dimensions, laser source,
and electronics being all plausibly “flight-like” in the con- AckNOWLEDGMENTS
text of ESAs BepiColombo mission to Mercury. The demon-
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