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1. Overview

The restricted mass and power budgets of landed science missions present a challenge to

obtaining detailed analyse,; of planetary bodies. In situ studies, whether alone or as

reconnaissance for sample return, must rely on highly miniaturized and autonomous

instrumentation. Such devices must still produce useful data sets from a minimum of

measurements. The great desire to understand the surfaces and interiors of planets, moons, and

small bodies had driven the development of small, robotic techniques with ever-increasing

capabilities.

One of the most important goals on a surface mission is to study composition in many geological

contexts. The mineralogical, molecular, elemental, and isotopic content of near-surface materials

(regolith, rocks, soils, dust, etc.) at a variety of sites can complement broader imaging to describe

the makeup and formative history of the body in question. Instruments that perform this site-to-

site analysis must be highly transportable and work as a suite. For instance, a camera,

microscope, spectrophotorneter, and mass spectrometer can share several components and

operate under a parallel command structure. Efficient use of multiple systems on a small rover
has been demonstrated on the Mars Pathfinder mission.

The most capable instrument type for composition at the elemental and isotopic level is the ion

mass spectrometer. A single peak is obtained for each isotope and detection limits and sensitivity

can be excellent, even for miniature instruments. The ion mass spectrometer extracts and ionizes

atoms and molecules from an analyte, which are separated and detected according to their mass-

to-charge (m/z) ratios. (On bodies with significant atmospheres, the use of ions, rather than

photons, requires sample acquisition and evacuation steps.) Several methods are available for

sampling, including bombardment by atoms, ions, neutrons, or electrons, laser

desorptionlablation, and thermal evaporation. For the direct analysis of unprepared solids, the

laser has several advantages: it can both desorb and ionize, it can be small and low-power, it

avoids target charging, anc it can be used by other instruments in the suite. In addition, a pulsed

laser provides the ideal "st.lrt pulse" when coupled with a time-of-flight (TOF) mass

spectrometer. The TOF technique does not require magnets (which are heavy) or mass-scanning

(which is data-intensive), making it very desirable for the types of surface missions described

above [Meyer et al., 1996].

The Laser Ablation Mass Spectrometer (LAMS), previously called the Reflectron Mass

Spectrometer (REMAS) fcr this grant, under development in our laboratory, combines such a

laser-TOF technique with a microscopic imager into a single instrument. As reported

[Brinckerhoff et al., 1998b; Brinckerhoff et al., 2000], LAMS (Fig. 1) uses a miniature pulsed

Nd:YAG laser to ablate anJ ionize a volume of approximately 2x103 lam 3 (1 ng at 2 g cm3). Ions

are detected at times proportional to the square-root of their mass-to-charge ratios. Each laser

pulse produces a full mass spectrum, typically 60 Ins in duration for total elemental coverage.

There is no high-voltage source extraction in LAMS, meaning that ions are not accelerated away

from the target surface to r,zduce their energy spread, unlike most TOF-MS instruments. This

permits LAMS to be used in a totally contactless, or standoff, mode, minimizing the risk of



contamination.This modeisespeciallydesirableon missionsto airlessbodies,suchasasteroids
andmoons,becauseit doesnotrequiresampleacquisition.Theion kineticenergydistributionis
insteadfocusedwith atwo-stagereflectron(Fig. 1).Thereflectrontemporallyfocusesionsof the
samemasssufficientlyto distinguishall elementsandisotopes.
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Figure 1 - Schematic of Laser Ablation Mass Spectrometer (LAMS).

The laser and micro-imager systems in LAMS share the main focus objective, and the instrument

is coaxial with the optical path. That is, the laser passes through the back of the reflectron and

hits the target at normal incidence. This design provides highly reproducible spectra, maximal

imaging and laser spatial resolution, and a highly compact instrument. The imager is used to

select a region of interest, and the laser then probes that region with 30-50/am lateral and - 0.1

!um depth resolution. Due to this geometry, a flight version of LAMS is potentially only 15-20

cm total length and - 2 kg total mass.

2. Progress

During the third year, we have made significant strides in the analysis and calibration of LAMS

with multiple target materials. We have also reported on these advances in articles, abstracts, and

oral presentations in the planetary science and mass spectrometry communities. The technical

background of LAMS, and miniature laser TOF-MS in general, as well as some of the sample

analyses conducted this year, have been summarized in an article [Brinckerhoff et al., 2000] that

has recently been published in Review of Scientific Instruments. The manuscript, entitled "Laser

Time-of-Flight Mass Spectrometry for Space," is included herein as Appendix A. This Progress

Report will extend the results reported there and go into more detail on the specific protocols

proposed for in situ measurements on planetary materials.

2.1 Sample Studies and Protocol Analysis

We have successfully analyzed a group of standard reference materials (SRM) from NIST, as

well as several other terrestrial and meteorite samples, to determine the expected behavior of
LAMS with unknown materials in situ on a landed mission. Detailed studies of NIST SRM



C1154astainlesssteel,a tungstencarbidestandard,andaterrestrialdesertbasaltarepresentedin
thereprint(AppendixA). Fheseanalyseshavegivenusagoodsenseof thelevelsof quantitative
andqualitativeinformatio_lthatcanbeobtainedwith adirectIR laserprobeof unprepared
targets.Essentially,wehavelearnedthatfor mostmaterials,bothgrainscaleandbulk elemental
abundancesarestatistically"accessibleto within 15%,andin severalcasesto within 10%,abovea
verylow detectionlimit of approximately10- 20ppm-atomic.By "statisticallyaccessible"we
meanthatthenumberof lasershotsneededto getgoodstatisticsis lessthanthenumber
sufficientto ablatethrougharelevantmineralogicalregion.Thespotsize(30- 50 lamdiameter)
andnetcraterdepth(0.5- I lam)arewell within theobservedrangeof spatialheterogeneityin
thesamples.This implies fhatcomplementarychemicalandmineralogicalinformationcanbe
producedbyLAMS. Grair-scaleanalysiscansupportmineralidentificationbothfrom elemental
abundancesandfromthesimplepresenceor absenceof keyelementsin asequenceof shots.
Bulk abundancescansupportmeteoriticclassificationthroughsequencesor averagingof grain-
scaleanalyses.In addition,all LAMS spectragiveisotopicabundancesthatareaccurateto within
5% on average. It is this combined capability (bulk semi-quantitative elemental and isotopic

ratios, plus high-sensitivity qualitative microprobe anal)sis) that gives the LAMS technique its

real power.

The progress in methods fi)r analyzing various target materials is briefly reviewed in Sections

2.1.1 and 2.1.2. Initial results from a second meteorite sample and the relationship between

elemental micro-analysis and first-order mineral identification are discussed in Section 2. 1.3.

2.1.1 Energy Spectra and Abundance Analyses

LAMS operates in a windowed mode which produces high-resolution mass spectra with a two-

stage reflectron [Brinckerhoff et al., 1998b; Brinckerhoff et al., 2000]. The window passes ions

within a band of kinetic energies defined by the voltages (VaVz), where Va is the voltage on the

analytical grid in front of the detector, and V2 is the voltage on the grid at the rear of the

reflectron (Fig. 1). While all ions with energies up to V2 are repelled by the reflectron and are

incident on the detector, only those with energies above - 0.8 V2 are separated with sufficient

resolution to analyze unit-mass isotopes (R > 250). Therefore, the analytical grid assembly serves

to "reject" ions below this range.

By setting Va ---0.8 V2, only a fraction of the energy distribution is detected, introducing an

instrumental abundance frzctionation. Elements are ablaled with a range of kinetic energies, and

this distribution varies sigrificantly between elements at ablation irradiances. A general trend we

have studied is the increase of the mean energy with mass, for fixed irradiance. As such, a

window of (80,100) V may capture only the upper-energy tail for carbon (C), while sampling the

center of the iron (Fe) distribution. Several possible approaches to handle this fractionation have

been studied, including (1) Determining relative sensitivity coefficients (RSC) for each element

based on a single "standarc" window; (2) Determining RSCs from a linear combination of a

fixed set of windows; (3) Using a fixed ratio of Va: V2 anti scanning the window from V 2 = 200 V

to Vz = 33.6 V in a sequence of nine windows, with several shots per window; (4) Using a set of

medium-to-wide windows followed by several calibrated narrow windows; and (5) Focusing a

broader range of energies i_l each shot with a higher-order reflectron.



Formosttargetmaterials,approaches(3)and(4) haveprovedthemostreliablewith thecurrent
instrumentdesign.Althoughapproach(1) is theleastdemandingon resources(fewestlasershots
andstoredspectra,fixed voltages),andwouldbetheleastdestructiveanalysis,reproducibility
within onewindowhasnotbeensufficient.Themainreasonfor this is likely thevariabilityof
thekinetic energydistributionfrom shotto shot.Thelaser-targetcouplingcanvarysomewhat
with surfacemakeupandmorphology.In therangeof GWcm_irradiances,thepreciseshapeof
thekineticenergydistributioncanvarysignificantlywith thiscoupling.With afixedwindow,
severalelementswill onlybesampledin their tails(aboveor belowtheirmeanenergies)which
aremostsusceptibleto thisvolatility. Approach(2) is astepin theright directionto capturethe
missingsignals,but it still fails to equallysampleelementswith varyingenergydistribution
widths, which have been observed for C, Co, and W in a standard carbide target [Brinckerhoff et

al., 2000]. By systematically scanning a wide energy range with a contiguous sequence of

windows, and determining a standard deviation for each window, as in Approach (3), the

fluctuations in energy distribution widths are averaged out and reproducible abundances are

recovered. The trade-off in this method is that it required a large number of laser shots (> I00),

and is thus essentially a bulk analysis. However, it is the least demanding of "standard curves"

for RSCs and is thus appropriate for such analysis.

To obtain reproducible abundances with fewer laser shots (and less scanning) for some samples,

we have also studied Approach (4). This approach works in materials that are somewhat more

homogeneous than typical rocks - as may be the case in more primitive solar system materials.

Wider windows (V a < 0.8 Ve) capture a larger fraction of ions with each laser shot, at the expense

of mass resolution. This cost can be tolerated if there are a few key elements/isotopes in every

spectrum that are spaced more than 1 amu apart, ideally with no peaks between them. While the

peaks from such elements are strongly tailed, their areas (and derived abundances) are

reproducible. The data from a few wider-window laser shots may act as an in situ calibration for

subsequent higher-resolution measurements. This approach has the significant advantage of using

far fewer laser shots than Approach (3). The intrinsic limitation of this approach is the width of

the window that can be used in the calibration step: for Va < Vt = 0.6 V2, some of the ions hitting

the detector do not penetrate into the second stage of the reflectron, and are thus much more
scattered in TOF.

Scanning of voltages can be largely avoided by employing a higher-order reflectron (Approach

5). We have modeled N-stage reflectrons, up to N=6, and have implemented one variation of the

N=5 reflectron in hardware. Generally, introducing more stages into a reflectron should increase

both the mass resolution and the energy range that is focused [Cotter, 1997]. Just as in the

simplest N=2 case, optimal mass resolution is obtained for ions in the high-energy end of the

distribution. That is, ions turned back in the second stage are focused as in a 2-stage reflectron,

those turned back in the third stage as in a 3-stage reflectron, etc. To realize such a scheme in

LAMS, the positions and voltages of the various stages must be chosen from a range of options,

representing the family of focusing curves for a given N. We have looked at those options that

would not significantly increase the length of the instrument. One way to do this is to keep the

free-flight distance the same as in the two-stage case. This method would maintain the long and

surface roughness-tolerant working distance of the two-stage LAMS reflectron. Increasing the

number of stages, in a computer model with this geometry, produced mixed results. The energy



range of focusing was indeed increased, provided the grid positions of the higher-order stages

were in exactly correct positions. However, if the reflectron length was also kept constant, some

of these grids had to be slzaced very close together to define the subtle potential variations

required. In the case N=6, some grids were only separated by a mm or so. Tolerances on these

spacings (across the whol,: grid surface) were quite close, possibly beyond the feasibility limit for

remote operation. In addition, while the resolution with the multi-stage reflectron does increase

somewhat in theory, the gains cannot be fully realized in practice. The laser ablation event

produces ions that form at a range of times and positions. This range sets an average lower bound

on peak widths of about 40 ns in LAMS. As such, the model narrowing of TOF dispersion from

say, 50 ns to 10 ns, has liraited use. A second model permitted the extension of the reflectron,

from 4.0 cm to 8.1 cm, but with the free-flight distance still constant. In this geometry, the grids

were spaced by no less than 1 cm each, giving an energy window of Va = 0.27 V 6, for the six-

stage model.
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Figure 2 - Configuration of tested five-stage reflectron

compared with standard 2-stage LAMS design. Vertical

dashed lines denote grid positions.

One higher-order reflectroa (N=5) with a shorter free-flight distance was implemented in

hardware. This model was chosen because it only required a simple modification to LAMS,

without extending the overall length (which would have required a longer vacuum chamber).

Two additional grids were placed in the region between the detector and the previous reflectron,

dividing this region into three field segments of 4 cm in length (Fig. 2). When these grids were

grounded, the instrument was equivalent to the original two-stage LAMS configuration, allowing

direct comparisons. We ar,: continuing to analyze this modification, but initial results indicate

that for targets with widely-separated elements (such as the Co-W carbide mentioned), strong

peak tailing, observed in wide-window spectra with the two-stage reflectron, can be substantially

improved with the additional grids (Fig. 3).
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Figure 3 - Wide-window (0,150) V single-shot LAMS spectra of Mo-W carbide target.

Low- and high-gain signals differ by a factor of 10. (a) Two-stage reflectron (other grids

grounded), including ions below V I = 90 V. (b) Five-stage reflectron, with grids at 0, 32,

63, 89, 115, and 150 V, above the detector (additional grids spaced by 4 cm).

2.1.2 Sample Type Variations

The purpose of analyzing a range of sample materials with LAMS is to determine the matrix

dependence of individual elemental and isotopic yields, and to establish the capabilities for grain-

to-grain analysis in heterogeneous samples. In ideal (model) conditions, a high irradiance laser

pulse incident on a flat, highly absorptive surface produces a plume of singly-charged atomic

ions with abundances in proportion to those in the material sampled. For materials fine-grained

enough for a single pulse volume (50 lam diameter x 0.5 lain depth, or ~ 10 .9 cm 3) to sample the

bulk, it would be sufficient to record a single, representative sequence of spectra.

In real sample materials, several factors contribute to variations from ideal behavior. Paramount

among these is the dependence of the ion signal on the sample type itself. We have analyzed pure

metals, metal alloys, carbides, and ceramics, all in solid form. We have also examined both solid

and powdered/granular forms of glass, rock, soil, and meteorite samples. LAMS has an optimal

operating mode for each type of sample, and the determination of the parameters and

reproducibility of these modes has been one of the major advances in the development of LAMS

toward eventual analyses of unknown materials in situ.

Primarily metallic materials in solid form (disks and foils) produced ions with higher kinetic

energies than other targets, on average. These materials also showed the strongest mass-

dependent fractionation (with higher mass sensitivities increased up to 20-fold in energy

windows above 150 eV). In addition, metals required a longer equilibration period than other

types - the intrinsic steady-state reproducibility was attained only after several dozen laser shots

in place at low-to-moderate irradiance. In energy windows above 150 eV, metal target

reproducibility was rather poor, partly due to the highly-variable sensitivity there. However,

between 80 and 110 eV, for approximately 1 GW cm -2 irradiance, reproducibility in NIST SRM
steel standards was excellent, with standard deviations below 5%.

Spectra from solid rock and meteorite samples were also fractionated toward higher masses,

though the relative sensitivities were more reproducible, and isotopic precision (from relative

variations in neighboring masses) was significantly improved over metals. A clear example of

this improvement was demonstrated with a terrestrial desert basalt. Figure 4 shows a typical



narrow-windowspectrum.and Ti isotope data for 22 laser shots. The minor Ti isotopes were

accurate to within 5%, with a clear sensitivity trend increasing with mass. Energy spectra with

rocks and meteorites were comparable to, but slightly lower on average than those for metals. In

these much more heterogeneous targets, we found that distinct compositional regions could be

identified simply by observing the abundance ranges of several elements. Most distinctive were

the rapid onset of Fe/Ni-rich mineral grains within a carbonaceous meteorite• LAMS detects total

Fe atomic abundance, and is not likely to be biased toward either Fe oxides pure Fe metal at

ablation irradiances. As such, Fe was seen in nearly all spectra, but within the "grains" the Na,

Mg, A], and Si peaks were highly attenuated, while S, Fe, and Ni abundances were high and

reproducible. Such grains were "burned through" in dozens laser shots, which at 0.1 - 0.3

pm/shot is consistent with grain sizes of tens of microns. The presence of troilite grains (nearly

stoichiometric FeS) is a characteristic of meteorites, and a possible indicator of sulfide deposits.
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An importantthirdclassof sampletypesanalyzedwereloosepowdersandsoils,and/orpellets
pressedfrom those.Dueto thesensitivityof the laserablationmethodto surfaceroughnessand
possibleproblemswith voidson thesize-scaleof thelaserspot,it wassomewhatsurprisingthat
reproduciblespectrawereobtainedfrom loosetargets.Initially, weobservedthatthesesamples
gaveveryweaksignalsin thenormalenergyrange(above100eV).Quantitativemeasureswere
impossiblein thisrangebecausethehighlaserpowerrequiredto getenoughsignalalsoproduced
copiousdoubly-ionizedpeaksandextensivepeaktailing.Eventually,we foundthationswere
formedreproducibly,butwith muchlowerkineticenergiesthanobservedin solidsamples.Mean
energiesrangedfrom 30to 50eV, dependingon thesample.At theselowerenergiesin soilsand
powders,the laserpowerneededfor goodsignal-to-noiseratiospectrawaslower thanwith solids
(rockor metal)in thesameenergyrange.Bulk analysisis thusmorereadilyachievedwith these
targets,bydefocusingthelaser(to 100-200pm diam.)to averageoverseveralgrains,ratherthan
relyingsolelyonshotsequences.This behavioris veryencouragingfor in situ reconnaissance,

where rapid assessment of bulk elemental abundances at low power can help decide whether to

spcnd more resources to study the sample at smaller scales.

A single-shot (74,85) eV spectrum from the Mars soil simulant JSC Mars-I (provided by C.

Allen of Lockheed-Martin Corp., Houston TX) is shown in Figure 5. This sample contains a

distribution of oxides similar to compositions derived from Viking and Pathfinder studies [Allen

et al., 1998]. It has been quite valuable for analyzing LAMS prospects with pertinent soil

samples. Fluctuations between compositional regions were less distinct than in solid targets, but

spectra could be broadly categorized into low and high (Ca+Ti)/Si regions. (Figure 5 is high.)

This behavior is consistent with independent XRD data showing the presence of two particle

types, one of which is dominated by both Ca-feldspar and Ti-magnetite [Allen et al., 1998].
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ash Martian soil simulant, recorded after 10 shot "warmup" on fresh surface.



A comprehensivecomparisonbetweenthebehaviorof solidandpowderedtargetmaterialsand
theprospectsfor broadclassificationof extraterrestrialrocksfromelementalanalysesis ongoing,
andwill bedescribedin ar upcomingarticle.

2.1.3ElementalAnalysisandMineralogy

Whetheronacomplexworld like Marsor Venus,or onanundifferentiatedsmallbodywith no
atmosphere,compositioninformationat theelemental,molecular,andmineralogicallevelswill
bedesiredfrom anin situ probe. These three areas of information are crucial to begin to

understand the geological and organic (possibly biological) processes that the body has

undergone. They are also critical to determine which samples will be cached for return to Earth.

Complete robotic analysis of a macroscopic sample on all three levels is very difficult, however.

Just the sample preparation step to access unweathered rock materials, or core samples, and to

find, prepare, and load the sub-parts of those containing the desired minerals is trouble enough.

Once a sample, say a cleaved rock chip obtained by a drill, is obtained and positioned in an

instrument, it would be extremely useful to get a rapid, broad, "first-order" characterization of

various parts of the chip surface. This would permit us to assess whether the sample is similar to

previous samples, and to dzcide whether to expend precious further resources to do a complete
characterization.

The LAMS device can fill this role very effectively in a suite containing a range of chemical and

mineralogical tools, including APXS, GRS, neutron, Raman, and XRD/XRF. The APX, GR, and

neutron activation spectroraeters can do bulk chemical analysis of many elements on a sample

before it is extensively handled (or loaded into a vacuum chamber). This type of analysis

represents the centimeter-s,cale end of chemical composition studies on scales ranging from a few

centimeters to a few kilometers. These instruments have performed capably in the past (e.g.,

APXS on Mars Pathfinder) and are carried on missions currently flying (e.g., NEAR X/GRS).

Bulk measurements, particularly coupled with spectral reflectance, can provide important

insights into the mineralogy of a planetary object. They are not, however, capable of directly

determining the mineralogy and, by inference, the petrogenesis of a planetary rock or body. A

striking example of this is 1he S-free rock composition determined by the Mars Pathfinder APXS.

While the calculated bulk composition is similar to that of the volcanic rock andesite, the lack of

high spatial resolution measurements of the mineralogy and composition of these rocks severely

limits our ability to determine the genesis of this rock.

To obtain chemical analysis that is correlated with grains seen in an imager FOV, the laser probe

capability of LAMS is then required. While mineralogy is ideally determined by examining the

crystal structure of a mineral by X-ray diffraction, in practice, the chemical composition of the

mineral is diagnostic of the mineralogy. In this mode, chemical analyses of individual minerals

using TOF-MS is equivalent to determining the mineralogy of a meteorite using the electron

microprobe. The key question is whether the TOF-MS has both the spatial resolution needed and

the ability to determine the key elements for mineralogical analyses.

The 30-50/3m spatial resohztion of LAMS is more than adequate for the analyses of all but the

finest-grained extraterrestri d materials (e.g., cosmic dust, some carbonaceous chondrites, and



somecometarymaterials).Grainsizesof metamorphosedchondrite,partially-meltedasteroidal
rocks,asteroidaibasalts,andMartianmeteoritesareall onthescaleof 100micronsormoreand
areeasilyanalyzedwith LAMS. (Forexample,a 1cm sectionof theMartianmeteoriteZagamiis
shownin Figure6.) To distinguisharangeof mineralslikely to occurin asteroidalandMartian
rocks(not thesoils,but thebedrock),thekeyelementsincludeSi,AI, Ca,K, Na,Mg, Fe,P,S,
Ni andO. This could yield identification and compositions of plagioclase (Ca,K,Na,A1,Si,O),

pyroxenes (Ca,Mg,Fe,Si,O), olivine (Fe,Mg,Si,O), phosphates (Ca, P, O), metal (Fe,Ni) and

sulfides (Fe,S). By creating surface element maps at the scale of grains, within the current

accuracy limits alone, LAMS can reveal the probable identity of each grain and the contextual

relationship to other grains, which can limit the range of formation mechanisms of the sample

rock. It can also probe the interiors of calcium-aluminum inclusions (CAIs) and chondrules.

kcr ¸'

Figure 6 - Magnified surface view of the Martian meteorite

Zagami. The width is 1 cm and grains are > 100 ym across.

The small centered dot is a simulated 50 lam laser spot

Work with whole rock samples, as described above and in previous reports [e.g., Brinckerhoff et

al., 1998b], has demonstrated, in a preliminary way, the ability of LAMS to use both bulk
elemental data and shot-to-shot fluctuations to characterize extraterrestrial materials in situ. We

have continued this analysis with a new meteorite provided as a sample blind into the LAMS

vacuum chamber. The sample, which was only viewed through the LAMS optics, was a

powdered or granular matrix of uniform, light color. A distribution of grain sizes was evident

across the loosely-packed surface in the sample holder. The elemental distribution in the mass

range m/z 12 - 65 was quite different than the previously-analyzed CM2 chondrite [Brinckerhoff

et al., 1998a]. The sample clearly contains a wider variety of distinct compositional regions, most

of which are marked by a higher ratio of transition metal to silicon abundances. Whereas the

CM2 chondrite contained a reproducible "matrix" with minor Ni/Fe-rich inclusions, the new

sample contained a Mg-Si and Ca rich phases punctuated by sequences of shots with almost

entirely S and Fe, and by an additional rare component with Cr, Fe, Ni, and Cu. These

observations must of course be taken in the context of the homogenization of the sample by the

powdering process (the laser may sample several grains at once).

10



Example spectra from these types are shown in Figure 7 Spectrum (a) is typical of the Si-Mg-Ca

type, with a minor S contribution and higher Mg:Si than seen in the CM2 chondrite. In (b), the S

abundance is dramatically higher, and the Ca signal has almost disappeared, relative to Si. In (c),

the spectrum is dominated by Fe and S, while the (now minor) Mg:Si ratio remains

approximately the same as in (a). Spectrum (d) shows an example of the rarer "metal-rich"

spectrum in which Cr, Fe, Ni, and Cu (and minor Na and K) made up nearly the entire ion flux.

The appearance of these grouped elements seemed to be anti-correlated with the presence of S.

Cu in particular is a minor element in many meteorites, but its occurrence in this group and at

this level may be consistent with a chondritic material. Further work will help determine if this

consistency bears out.
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Figure 7 - Single laser shot LAMS spectra from powdered meteorite sample

blind, loosely packed into sample holder. (a) Typical of high-Mg,Si,Ca; low K,S

shots. (b) Similar to (a) but with stronger S peaks and vanishing Ca peak. (c)

Typical of spectra dominated by Fe and S. (d) Rarer type of spectrum dominated

by transition metals from Cr to Cu, and containing some Na and K.
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2.2 Instrumental Analysis

In addition to analyses of various samples with LAMS, we have also examined some aspects of

the instrument design and operation, with an eye toward eventual improvements in performance

and reductions in size and mass. We mention a few here for their pertinence to the current state

of development and an understanding of intrinsic performance limits, noise, and design options.

2.2.1 Reflectron Modeling

A simple, two-dimensional model of LAMS in SIMION has permitted us to test the basic

characteristics of proposed ion optical modifications before they are implemented in hardware.

The model has reproduced the major characteristics of LAMS quite faithfully in terms of the

reflectron focus, the lateral ion velocity fractionation, and the dependence of resolution on the

free-flight distance. Figure 8 shows the paths of ions of masses 100, 101, and 102 amu emitted

with a range of kinetic energies between Va and V2. Trajectories for ions with two different initial

angles from the center axis are shown. Spatial positions of ions at 2 ps intervals are indicated for

clarity. The clear spatial separation of masses into distinct packets is evident as the population

approaches the detector.

r
!

..__._.

#

i

I I

Figure 8 - SIMION model showing 2 las snapshots of ions with masses

100, 101, and 102 amu emitted with different initial angles and velocities.

The additional lens element centered over the detector aperture (left side)

was introduced to test enhancements from collimation and beam steering.

One effect seen in this model that was missed in one-dimensional calculations is the effect of the

spaced-reflectron rings on ions as they slowed and reflected. Ions with greater lateral velocities

approached the rings more closely and were proportionately more disturbed by non-uniformities

in the electric field. This led to those ions being more dispersed in TOF at the detector. We are

currently examining what possible fractionation could arise from this via mass effects in the

initial velocity distribution and in the lateral forces in the reflectron. We have also been able to

examine the fate of particles with energies too low to pass through the analytical grid. lons with

12



small initial anglescanactuallysurvivethroughtwentyor more reflections between the grids in

the flight tube before they collide with the side of the tube. These "rejected" ions represent the

vast majority of particles :n the flight tube, and they are likely fractionated toward lower masses

due to the intrinsic kinetic energy distribution of ablation. As such, the possible interference

between these ions and thase within the energy pass band has been of some concern. We are

currently adapting the model to calculate the impact factors between incident and reflected ions,

to determine the magnitucEe of this interaction. A simple model modification that reduces the

number of reflections was to introduce a slight angle in the analytical grid, sloping away from the

center axis. Reflected ion,. are given a finite lateral velocity component, while transmitted ion

trajectories are mostly corrected by the symmetrical nature of the 0-VA-0 assembly.

Unfortunately, this modification is not so simple to implement, but may be worth pursuing if the

numerical studies prove significant.

2.2.2 Grid Effects

Another small but significant interfering effcct related to reflected ions was initially mistaken as

evidence for spurious aplwarances of trace element and/or molecular cluster peaks. However,

these peaks were diffuse a_ld did not usually fall on unit mass numbers. A detailed analysis of

these "echo" peaks revealed that they arrived at a constant multiple (1.77) in time from certain

base peaks. Figure 9 shows the effect for hydrogen in the window (18,25) eV, for which is was

most reproducible. The hydrogen and deuterium peaks occur at the expected positions and in the

expected ratio. The diffuse peak at approximately 14.2 ps represents a signal approximately 104

times the ]H peak, or slightly less than 2H, although this ratio varied somewhat when observed

for other elements, and would be a limitation on abundance sensitivities. This is because the

extra peak may interfere with small peaks nearby, and because the signal cannot be "assigned" to

the abundance of a known element.

LAM$ $ $¢llru_ i m 0_/|3/1999 SCI_|ES GHOT 009 (r_)

.... .............. , y.,. ,_,_9 ......tOI

3

"_ i ........... 1 ............... ,............... ! ........... _ ........... r ............. i

.... /it

; /l , :
Figure 9 - Examph; of a spurious "echo" peak in the signal of atomic hydrogen.

The use of the term "echo" is somewhat leading, of course, as we eventually determined that a

small fraction of ions withi,_ the energy pass band can still be reflected nearly elastically by the

wires of the analytical grid. After their return trip through the reflectron, these ions still have
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sufficientkineticenergyto passthroughto thedetector,butwill havebeendefocused.This
second"tandem"passisequivalentto aTOF-MSwith ashorterfree-flightdistance.Whenthis
hypothesiswastestedin a ID model(Figure10),thereturningionsarrivedat thedetectorat the
originalTOF timesa meanfactorof exactly 1.77. Current work on this effect is seeking to

understand its seemingly element and/or energy dependent appearance. We are also studying a

type of gridless analytical grid assembly that has the potential to eliminate this "parasitic" effect.

From another vantage point, we may also be able to use this result to design a "quasi-tandem"

instrument wherein the analytical grid is pulsed at a given time to send ions back for second,

third, or further passes through the reflectron, increasing the flight distance and possibly the

resolution.
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Figure 10 - Model of ions reflected elastically from the analytical grid and returning
to the detector at a later time and with lower resolution. The calculated resolution of

the reflected ions is equal to that at the point where the ions initially passed through the

detector aperture. By lowering the focus voltage V/, the second-pass resolution can be

increased by a factor of ten, at the expense of the first-pass resolution.
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2.2.3 Alignment

Another effect we have observed is more of a diagnostic tool to understand the sensitivity of the

reflectron is misalignment with the LAMS axis. During periodic reassembly and mounting of the

flight tube, we noticed that small changes in the angle between the plane of the reflectron grids

and the detector plates could be observed in the shapes of peaks, which occur over the 50 ns time

scale of the flight-path difference introduced by the angle. For a relative tilt of 0degrees, the

flight-path difference between the edges of a MCP with diameter d cm would be dsin O(about 1.7

mm for d = 5 cm and O= 2"). The difference in flight times across this diameter would be

dsin0 /--

ATOF = ---_-- vm,

where Eand m are in eV (i.e.,m = 931.5×106/c2A, with c in cm s _ and A in amu). Ford= 5 cm,

O= 2 °, and E = 100 eV, we have ATOF = 12 A _c2ns, which ranges from 12 ns forA = 1 to 120 ns

forA = 100. This scales linearly with angle for small angles, so O= 4 ° will produce a range of 24
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nsto 240ns,etc.In additionto producingthis linebroadening,thetilt will alsointroduceanotch
in thepeakbecauseof theMCPcenterhole(andsurroundinghighly-wornregion).In other
words,thedouble-peakis animage of the plate. This effect is shown in Figure 1 I, and the

correction in the alignmer t restores the performance (Fig. 1 ib).
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Figure 11 - Beha,, ior of LAMS spectra (a) before and (b) after reflectron alignment.

3. Future Directions

At the present stage, LAMS can provide vital composition data in situ on planetary and small

body missions. Elemental and isotopic abundance data that are correlated with a magnified image

of the sample in question can greatly enhance our knowledge of rock, soil/regolith, and ice

composition and mineralogy without expending great resources. To maximize this potential,
further measurements on s_andard and meteorite materials must be conducted, and certain

instrument modifications are worth pursuing in the instrument development.

Incorporating an Einzel ler_s (or other ion lens) will increase the throughput via collimation. In

LAMS the position and voltage range of lenses must be carefully adjusted to avoid complications

due to the plasma plume. Similarly, a pulsed ion gate will permit the selective suppression of

certain TOF regions, to mi3imize any ion interaction difficulties and increase sensitivity. It too

must be reexamined for miniature instrument use. The size limitations in planetary exploration

also restrict the flexibility in reflectron design. Tests are currently underway with ideal, or

nearly-ideal reflectron designs that correct the TOF over a much wider energy range than the

two-stage LAMS unit. Itiga-order correction in LAMS demands component positions and

electrostatic parameters be highly precise and robust.

We are also testing devices similar to LAMS with an ultraviolet (UV) Nd:YAG tripled (355 nm)

or quadrupled (266 nm) laser that may increase the sensitivity to various species, including

molecular compounds. Shcrter wavelengths may also produce a smaller and more-reproducible

crater. However, any imprcvement with UV must be weighed against the increased complexity

and fragility that may be required in a flight unit. The IR laser was originally chosen to test the

simplest LAMS that can pr3vide useful results on future missions.
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We describe a miniature _-eflection time-of-flight mass spectrometer for in situ planetary surface

analysis. The laser ablation mass spectrometer (LAMS) measures the elemental and isotopic
composition of regolith m:_terials without any sample preparation or high-voltage source extraction.
The small size (< 2 X 103 (:m 3) and low mass (_2 kg) of LAMS, due to its fully coaxial design and

two-stage reflectron, satisfy the very strict resource limitations of landed science missions to solar
system bodies. Microscopic surface samples are obtained with a short-pulse laser focused to a spot

with a diameter -30-50 /zm. Coupled with a microimager, LAMS can interactively select and
analyze a range of compositional regions (with lateral motion) and access unweathered, subsurface

materials (with repeated pJIses). The mass resolution is sufficient to distinguish isotopic peaks at
unit masses, and the dete_tion limits are on the order of a few ppm. The design and calibration

method of a prototype LAMS device is given, including the development of preliminary relative
sensitivity coefficients for major elemeut bulk abundance measurements. © 2000 American

Institute of Physics. [S0031.-6748(00)00602-X]
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I. INTRODUCTION

As the exploration of the solar system expands in depth

and scope, the demand for miniature, yet fully capable, ana-
lytical instrumentation for space will increase. Mass spec-

trometers in particular, which can pnovide a complete chemi-
cal composition of all phases of mailer, will continue to play
a central role in orbiting, t descent. 2 and landed 3 planetary

missions. Several types of mass spectrometers for space, in-

cluding sector, quadrupole, and time-of-flight (TOF) instru-

ments, have been successfully flown or are under develop-
ment. One of the major challenges _'or mass spectrometry in

the next generation of landed missiJns to planets and small
bodies will be the necessity to robetically analyze materials
from a range of geological contexts. This in situ requirement

will call for instruments with simple, robust design, little or
no sample preparation, highly sensitwe detectors, and a wide

mass range. This last factor will be especially important for
bodies such as Mars, Europa, and ce_-tain small bodies, where

the detection of organic molecules may be a key scientific
goal.

TOF-mass spectrometry (TOF-MS) is a particularly

promising technique for in situ science. Gas-phase ions are
detected with minimal attenuation compared to mass filters.

Mass resolution and sensitivity are, in principle, independent
of mass. The mass range is boundcd only by the limits of

detectability and recording time. Additionally, TOF-MS is
ideal for analysis of solids due to its ow sample usage, rapid,

multichannel detection, and natural coupling with pulsed de-
sorption. These features reduce thc problem of elemental

'_Electronic mail: w]lliambnnckerhoff@jhual,l.edu

fractionation observed in mass-scanning techniques. How-
ever, before the 1980s, the power of TOF-MS was limited by

a broad temporal spread of ion formation (i.e., lack of a good

"zero" time) and slow electronics. With the advent of short-

pulse lasers and high-speed transient digitizers over the past

two decades, these major limitations have been mostly over-

come and TOF-MS is experiencing a renaissance in the ana-
lytical community. 4's The development of miniature

TOF-MS for space applications has thus entered a period of
optimistic growth.

TOF-MS instruments detecting energetic ions and neu-

tral atoms have flown on several missions, but have yet to be

successfully deployed for surface analysis. The Russian

PHOBOS mission carrying LIMA-D, a TOF-MS designed to
study the surface of Phobos from a hovering distance of

30-80 m, unfortunately failed to reach its objective. 6 Current

efforts, such as use of the laser ablation mass spectrometer

(LAMS) described in this article, primarily focus on lander

or rover deployment scenarios. In the LAMS technique, the
spectrometer is positioned over a microscopic field of view,

chosen mteractively with an optical imager, and a small vol-

ume of surface material is then evaporated and ionized with

a pulsed laser. On atmosphereless bodies such as asteroids,
no sample contact is required and forward contamination is

eliminated. On bodies with an atmosphere, a minimal inter-

action i_ required to bring material into a vacuum chamber,

but no further contact would be required by LAMS.

Following a description of the LAMS instrument and its

operation in Sec. II, we present results for some different

target materials, and discuss the process of abundance cali-
bration for in situ quantitative analysis.

0034-6748/2000/71(2)1536/10/$17.00 536 © 2000 American Institute of Physics
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FIG. I. (a) LAMS shown in orientation for in situ sampling, with a cutaway
showing the internal design. (b) Instrument schematic. An _8 ns pulse from

the Nd:YAG laser is expanded, collimated, and directed through a focusing
objective into the flight tube. The laser passes through the grids of the
two-stage reflection, the free-flight region, and the hole in the center of the
analytical gnd/detector assembly to a focused spot of interest on the surface
Positive ions travel up through the same hole, are repelled by the reflectron.
and strike the active surface of a microchannel plate at a sequence of times

proportional to the square root of their mass-to-charge ratios.

II. EXPERIMENT

A. Laser ablation and ionization

The sampling method of LAMS is straightforward (Fig.

1). A Q-switched Nd:YAG laser, with infrared wavelength

h= 1064nm and pulse duration z=8ns, is focused to a

30-50/zm diameter spot on the target surface in vacuo. In

the laboratory system, small chip or pressed powder pellet

targets (-2 mm across) are mounted on the end of a coaxial

linear/rotary motion feedthrough (MDC K075-BRLM). The

nominal operating pressure is 2 × 10 -_ Torr. The position of

the spot is chosen visually with a high-resolution camera that

shares the laser's objective lens. A variable attenuator 7 is

used to control the irradiance I, normally between 0.5 and 5

GWcm-2. In this range, the primary sampling process is

ablation, wherein material is evaporated and ejected from the

target surface at a high rate, forming an expanding plume.

During ablation, molecular structures are dissociated into

their atomic constituents, and these vaporized atoms are sub-

sequently ionized as they leave the surface during the laser

pulse. 8 Ionization occurs with varying efficiency and degree

at ablation irradiances. It is desired to operate with a maxi-

mal, uniform ionization fraction (occurring at higher I)

across all elements to best represent the abundances in the

analyte. 9-]_ However, for the same reason it is also desirable

to minimize production of multiply ionized atoms (also in-

creasing with /), which can cause isobaric interferences in

the time-of-flight detection. For instance, doubly ionized iron

_rFe2+ will interfere with singly ionized silicon 28Si +. This

trade-off is not unduly restrictive. Empirically it has been

found that laser irradiances of 1-2 GWcm -_ generate

mostly singly charged ions with reproducible efficiency and

sensitivity throughout the periodic table. 9

Ablated ions leave the target surface with a distribution

of kinetic energies ranging up to hundreds of eV. This dis-

tribution naturally depends on the laser power density and

material composition, but is expected to remain constant for

a given ionic species in a given specimen under fixed condi-

tions. (The meaning of "fixed conditions" is discussed be-

low.) In contrast with most laser time-of-flight instruments,

LAMS does not "extract" ions from the target region by

pre-accelerating them through a high potential difference.

The purpose of extraction in other instruments is to increase

the number of ions reaching the detector (via collimation)

and to increase resolution by decreasing the relative spread

of ion kinetic energies with respect to their mean energy. For

example, in matrix assisted laser desorption/ionization

(MALDI), the target backplate is set at a several kV positive

potential with respect to a nearby grounded grid to extract

low-abundance, high-mass species] 3

In LAMS, the plasma plume generated at ablation irra-

diances tends to shield external fields from the ion source

region, which would reduce the intended benefits of any

pre.acceleration]4-J6 Furthermore, pre-accelerated ions have

shorter flight times that can strain the temporal resolution

requirements in a miniature instrument. It is also generally

desired to avoid high voltages and related design complexi-

ties and restrictions to permit laser ablation of unprepared

surface materials in a direct, flexible fashion. LAMS is there-

fore designed to accept the natural kinetic energy distribution

arising from the plume, and approaches the mass resolution

issue solely through the use of ion energy focusing and win-

dowing (see below). Low-energy analysis of the kinetic en-

ergy distribution of ablated ions under various conditions has

proven to be useful for the understanding of matrix effects,

selective fractionation, and ion interactions. Such informa-

tion is vital for determining the optimal operating procedure

for unknown specimens on remote missions, where high ef-

ficiency is required.

Ions with trajectories within approximately 3" from ver-

tical pass through a hole in the center of the detector assem-

bly and enter the LAMS flight tube (Fig. I). These ions

continue up in a field-free region until entering a coaxial

reflectron (described next), where they experience a repel-
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ling field due to grids at fixed electrostatic potentials. A frac-
tion of the ions are turned arout_d and impinge upon the

active detector surface. The comp._cmess of LAMS is partly
due to this "fully coaxial" design That is, the optical path

of the laser and camera goes along the flight axis, through

the reflectron grids, and through the centered hole in the
detector assembly, normal to the t;rget surface. The interac-
tion between the defocused laser aid the grids of the reflec-

tron is negligible.

B. Energy focusing and windowing

The configuration of LAMS is similar to that of the
LIMA-D and LASMA instrument_, j4 Ions travel from the

target surface through a time-of-flight region and are de-
tected by a dual microchannel plate (MCP) assembly at a

sequence of times proportional to the square root of their
mass-to-charge ratios. That is, TOFx (mlz)Ja for a given ion

with mass m and positive charge z "]'he constant of propor-
tionality depends of course on the initial energy of the ion

and the particular path it takes throttgh the spectrometer. It is

generally desired to arrange for thi'; constant to be the same
for a given mlz over a wide range of energies, so that ions
with the same mass arrive at the detector simultaneously.

LAMS achieves such energy focu.,.ing with a second-order
electrostatic ion mirror, or reflectrort. As shown in Fig. 1, the

reflectron consists of a stack of rings that define the above-

mentioned repelling field. Mesh grids across three of these

rings serve to divide the reflectron into two constant-field
regions. The lowest grid is at ground, while the upper two

are set at adjustable potentials V 1 and V 2.
Now, whereas in the field-free, or free-flight, region the

TOF varies with energy as E- la, in the reflectron region the

TOF varies as E + ,a. By tuning the tield profile in the reflec-

tron via the grid voltages V t and V z, the time-of-flight dis-

persion at the position of the detector can be nearly elimi-
nated over a wide energy range. Specifically, ions with

higher E penetrate more deeply into the repelling field of the
reflectron, and the extra time they spend in the reflectron
permits lagging, lower-energy ions to "catch up" by the

time the entire packet reaches the d_tector. The presence of

the first stage grid V l simultaneously permits a wider range
of energy focusing and allows the reflectron to be signifi-

cantly shorter than the free-flight tel,ion. This means a min-
iature instrument can accommodate laser focusing over a
rough surface and maintain high pedormance. The minimum

free-flight distance is actually set by the necessary separation
between the reflectron and the detector. In the LAMS labo-

ratory development system, the reflectron length is only 4

cm, while the free-flight distance is 14-22 cm. As part of the
free-flight distance is external to the flight tube, a flight ver-
sion of LAMS is estimated at <20 (m total length.

The mass resolution R is determined by the temporal

width of the arriving packet of ions with a given mass, rela-
tive to the time interval before arrival of the next mass.

Equivalently, it may be expressed as R=m/Am =tl(2At),
where At is the temporal width (say, at half maximum) of
the ion packet and t its mean time of flight. To achieve

"unit" mass resolution, where peal, s at neighboring mass

numbers do not interfere, 17 R should be in excess of 250

(achieved by LAMS). For free flight only, this would trans-
late into a restriction on initial kinetic energy width of
AEIE< 1/500 but, with its two-stage reflectron, LAMS im-

proves this to AEIE <. 1/4.
In practice, LAMS samples an energy band from the full

distribution that is narrower than this theoretical limit. This

is accomplished with a discrimination, or "analytical" three-
grid assembly placed in front of the detector. The top and

bottom grids are grounded, and the voltage VA on the center
grid is set such that V t _<VA_< V 2, defining an acceptance

window between VA and V 2. As such, only ions that reach

the second stage of the reflectron ( V> Vj) are detected. This
windowing is desired to prevent unfocused ions from reach-

ing the detector. In the present geometry the optimal focus is
found at approximately VI_O.6V 2 (see below), below the

range where the reflectron TOF versus energy curve varies

significantly.
Spectra are recorded by digitizing the current output of

the MCP as a function of time after the laser pulse. TOF

spectra are automatically converted into mass spectra using a
scale coefficient calculated from the instrument dimensions

and grid voltages. Neglecting the initial temporal and spatial

spread of ions, as well as interactions between them, the
LAMS TOF-to-mass scale for a particle with mass m and

initial kinetic energy z V is given by

2=) 'tz Lt+L 2 4d,_- t= -Fr-_ + --_ [ v'_- (v- v , )tl2]

4d 2

+ v__v_ (V-V,)'a

2(al +a2) [ V,,2_+ (V- VA) _a]
VA

2a3 VIt2],
+ _ [(v- vo) '_- (l)

where l.i and L 2 make up the total free-flight distance (sur-
face to reflectron, reflectron to detector), d 1 and d2 are the

lengths of the two reflectron regions, a I and a 2 are the dis-
tances separating the analytical grids, a 3 is the distance from

the lower ground grid to the upper MCP, and V o is the
(negative) potential across the MCP. The accuracy and re-

producibility of this scale are sufficiently high that calibra-
tion corrections are not required.

Neglecting the last two terms, as (al+a2)/V A and
a3/IVol are small, and writing c= V I/V 2 and p= V/V 2 , the

TOF expression may be approximated by

VIe2 ,, 1 + (p_c)la] +__c(p_c)l/z,:2 r"L"=_ff2 4SI[PtrZ--C
482

(2)

where r=(2zlm)ll't, L = LI + L2, &l =dl lL, and &2

=d2/L. Figure 2, which plots Eq. (2) as a function of c for
various p > c, demonstrates the presence of a high-order fo-

cus at V)-_-0.6V z. This point has been experimentally con-
firmed to high accuracy by LAMS. A small, reproducible

correction for the time spent in the analytical grid region
may be added to obtain elemental peak assignments that are
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FIG. 2. Approximate one-dimensional model of the scaled TOF in LAMS as

a function of c = V t IV 2 for various p= VIV 2 . Since ions with V< V_ are

rejected by the discrimination grids (see the text), only those with V> V,_

> V t , penetrating into the second reflection region, are shown.

reliable enough for autonomous operation. An example one-
dimensional plot of ion trajectories (height y vs T) is shown

in Fig. 3. The ion energies in the plot range linearly from VA

to V 2 in 5 eV steps for clarity. A realistic distribution of
trajectories would show a density of lines varying according
to the window ( VA , V2) on the instrinsic ion kinetic energies

(often modeled as a modified Boltzmann distribution for ab-
lation).

C. Detection and sensitivity

The microchannel plates are operated within the "cur-
rent mode" range 1.6kV_<lVo[_2 kV. The output current
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FIG. 3. One-d_mensional model of the ion position as a function of scaled

TOF for LAMS Each trajeclory represents an ion with a particular initial

kinetic energy between V,,t and Vz. The energy step size shown in 5 eV for
clarity.
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as a function of time is digitized as a voltage by two chan-
nels of a Tektronix TDS 744A oscilloscope set at different

gains. Signals exceeding the 8 bit range of the high-gain
channel are stored as a low-gain value to give a net signal

capability with a wide dynamic range. An entire spectrum is

recorded in under 60 #s. Shot to shot intervals are limited by

data processing and the laser duty cycle. (Currently, LAMS
records spectra at 0.1-0.2 Hz.)

The average transmission and sensitivity of LAMS may
be estimated by working forward from the sample volume
and backward from the measured MCP signal. _8For a rocky

sample material of 2 gcm -3, approximately 10 t3 atoms (1

ng) are ablated from the target surface. However, an average
moderate-irradiance, narrow-window curent versus time

LAMS spectrum on a terrestrial basalt sample integrates to
_5 × 10-9C, or _3x 10 t° electrons. At the gain and effi-
ciency of the MCP, this corresponds to _ 105 ions detected

over the TOF. The eight-order difference between ablation

and detection is accounted for by the ionization efficiency
and the transmission. The transmission attenuation is due to

three factors: (1) the acceptance angle of the MCP hole, (2)

the transparency of the grids, and (3) the energy window. We
estimate the MCP aperture introduces a factor of _10 -3

based on the 0.05 rad opening half angle and the expected
forward plume bias. Approximately one order (i0 -t) is

caused by collisions with and scattering from the grids. The
energy window factor is between 10 -2 and 10-t for narrow-

window spectra. Therefore, the transmission is 10 -6- 10 -5 .

The average ionization efficiency is then approximately
10 -2-10 -3. (The ionization efficiencies for particular spe-

cies may vary, but they are expected to approach unity as the
irradiance is increased above _ 1 GW cm-2.) In conventional

units, the sensitivity is _5 C g-].

III. RESULTS AND DISCUSSION

Our assessment of the quantitative capability of LAMS
has involved measurements of a range of standard and un-

known target materials of scientific interest (metals, rocks,
clays, etc.). From standard materials, we can determine the

relative sensitivity of LAMS to specific elements within a
range of energy windows, and variations between matrix

types. Unknown targets, presented as blinds, provide the best
tests of the ability of LAMS to distinguish major subtypes
(as in petrology or meteoritics) and of the limits of inferen-

tial mineralogy (probabilistic norms), All materials can be
used to study isotope ratios. We present here results for the

National Institute of Standards and Technology (NIST) stan-
dard reference material (SRM)Cl154a steel (19Cr-13Ni

stainless), a Co-W carbide, and a terrestrial desert basalt.

A. SRM Cl154a steel

The known elements in SRM C1154a, as provided by
NIST, are C, N, Si, P, S, V, Cr, Mn, Fe, Ni, Co, Cu, Nb, Mo,

Ta, and Pb, and all but P, S, and Pb were detected within a
few laser shots. In addition, the elements H, B, O, K, Ca, Sc,

Zn, and As were regularly observed in well-defined energy
ranges in both surface and at-depth spectra. We analyzed the
relative elemental and isotopic sensitivities with a simple
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TABLE I. Compansonof NIST and LAMS measuredatol_c abundancesforSRM C115.1a in vanous energy windows.Aslensks denotesums excluding the
isobaric ralz peaks (50), (54), and (58): V* =(51), Cr*=(50)+ (52)+ (53), Fe* =(56)-_ (57), and Ni* =(60)+(61)+(62)+ (64). NIST percentages with

parentheses are not certified. Table entries with ..... "' did not have sufficient data to be calculated

NIST (.",5,45) (45,55) (55,65) (65,80) (80, It0) (It0. 150) (150,200)

Element (wt. %) (at. %) _ o" ._ o- _' o- ._ o- E a ._ a X o-

B 0 0 0.06 0.03 0.07 0.05 003 0.02 0.00 0.00 ..................
C 0.100 0,457 0.07 0.04 0.26 0.20 ............ 0.05 0.l I ............

N (0.077) (0.302) 0.03 0,02 0.04 0.02 ..............................
O 0 0 0.13 0.07 0.27 0.34 0.32 0.46 0.42 0.86 0.15 0.29 ............
Si 0.530 1.035 0.94 ... 0.63 "- 0.34 0.10 0.00 0.06 ..................

P 0.060 0.106 0.015 0.009 ....................................

S 0.051 0.087 ..........................................
CI 0 0 0.02 0.02 ....................................
K 0 0 0.14 0. II 0.03 0.04 ...... 0.08 0.08 0.01 0.08 0.35 0.20 0.90 0.65

Ca 0 0 0.05 0.03 ........................ 0.69 0.33 2.14 0.97
Ti (0.004) (0.1)05)
V* 0.135 0.145 0.27 0,15 0.85 0.27 0.45 0.13 0.21 0.07 0.13 0.11 0.17 0.13 0.37 0.37

Cr 19.310 20.373
Cr* 19.888 1281 4.52 17.82 3.43 16.92 2.89 15.49 3.23 19.22 3.64 13.62 2.76 13.08 5.37

(54) 4.146 459 0.31 4.23 0.72 4.10 0.40 4.02 034 4.05 0.43 4.26 0.42 4.86 0.69
Mn 1.440 1.438 2.27 1.01 4.68 1.34 2.66 098 1.56 0.49 1.70 0.56 1.73 0 82 2.21 1.44

Fe 64.043 62.908
Fe* 59.039 63.22 3.87 58.01 1.77 63.97 4.16 62.83 5.09 62.69 4.15 6015 3.39 60.90 10.24

(58) 8.502 9.63 1.51 764 1.58 7.74 1.46 8.25 1.27 7.99 0.88 8.86 1.17 8.99 1.80
Ni 13.080 12.224
Ni* 3.934 4.60 0.86 394 0.88 3.67 0.67 4.02 0.75 3.73 0.78 5.33 0.89 6.57 1.56

Co 0.380 0.354 0.65 0.16 I.(Y) 0.40 0.87 0.35 0.58 0.15 0.43 0.11 0.60 0.11 0.78 0.24

Cu 0.440 0.380 0.43 0.08 0.44 0.12 0.38 0.14 0.45 0.15 0.29 0.23 0.74 0.21 1.01 0.56
As 0 0 0.11 0.03 0.05 0.04 0.00 0.13 0.05 0.05 0.08 0. II 0.55 0.20 1.09 0.69
Nb (0.220) (0.130) 0.10 0.26 0.43 0.31 0.52 0.94 2.08 3.41 0.45 0.25 1.65 0.74 2.93 2.39

Mo 0068 0.039 ..........................................

Ta (0.045) (0.014) ..........................................
Pb 0.017 0.005 ..........................................

Mean TDY 59.90 37.04 27.46 29.02 33.82 40.47 42.34

protocol as follows. First, the reftectron voltages were set to

a particular energy band-pass window, beginning with high-

est range of (VA ,V2) = (150,200) V. The sample height was

adjusted so that the surface was slightly below the laser focus

(minimum beam waist diameter). With the detector voltage

at a fixed Vo= 1.8 kV, the laser pov, er was varied until clear,

reproducible spectra were observec. This "working" laser

power was set between the points where the singly and dou-

bly ionized peaks were just visible _bove the background. In

SRM C1154a, the dominant _6Fe + leak was always the first

signal to appear at low power and among the first peaks to

appear doubly ionized at higher pov, er. (Recognizing spectra

where S6Fe2+ interfered with 285i+ was not a problem, as the

isotopes of Fe and Cr were obserw.'d to doubly ionize as a

group, producing a different peak proem than that of the Si

isotopes.) A series of 50 TOF spectra were then recorded,

mass scaled, and integrated, and the procedure repeated for

each of the seven windows: (VA,V2)=(150,200), (110,

150), (80, 110), (65, 80), (55, 65), (45, 55), and (35, 45) V.

Spectra below 35 V required a sigr, ificant decrease in laser

energy and contained many broadened and asymmetrical

peak shapes. These could not be _malyzed in equal terms

with the other windows and were neglected in this initial

study.

Table i compares the measured LAMS signal in the

seven energy windows to the value_ provided by NIST for

this tart,et. In the first column, elements denoted by asterisks

(V, Cr, Fe, and Ni) exclude the isobaric isotope peaks m/z

(54) and (58). The values for these shared peaks are com-

pared to (54)=54Cr+_4Fe and (58)= 58Fe+58Ni using stan-

dard terrestrial isotopic abundances. In the case of mlz (50),

the small fraction (3.5:< 10 -6) due to V was neglected. The

NIST weight and atomic percentages are given in the second

and third columns, with uncertified values in parentheses. As

the LAMS signal is a current proportional to the number of

detected ions, measured values should be compared to the

atomic percentage. The Table 1 entries are averages of raw

signal integrals as ratios of the total detected ion yield

(TDY). The TDY is the raw signal integral over the entire

TOF ra_lge, above a fitted baseline. It may be considered an

empirical proxy to the output of the complex ablation and

ionization processes in LAMS. Entries denoted as ".-," de-

note insufficient data and/or failed peak detection.

The results in Table I are from the subset of the 50 laser

shots v, ithin the range 10<TDY< I00. Below TDY_ 10,

only the" major peaks of Cr, Fe, and Ni were observed, and

quantitative results were extremely sensitive to baseline fit-

ting. Above TDY_ 100, the major peaks tended to saturate

the low-gain channel of the oscilloscope, precluding a major-

to-minor element comparison and any absolute percentages.

The number of spectra averaged thus ranged from 31 to 45.

As ,nay be inferred from Table i, relative elemental sen-
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FIG. 4. LAMS results for NIST SRM C1154a steel. (a) Net ion signal vs

kinetic energy window midpoint for B, C, N, O. Si. As, and Nb. The B, C,

and O points are scaled for clarity. (b) RSC calculated as the ratio of mea-

sured 1o expected atomic abundance for Cr, Fe. and Ni. Major isobaric m/z

values 54 and 58 are evaluated separately using standard terrestrial isotopic

percentages. The points are positioned at energy midpoints, and Ihe window

endpoints are shown as ( VA, V2).

sitivities and abundance precision depended strongly on the

ion kinetic energy range. The lowest-mass elements (B

through P) were only found in the lower-energy windows.

Individual-window abundances for C, N, Si, and P fell sig-

nificantly below their known bulk values. This observation is

in agreement with results from another NIST steel sample, t9

and with the expectation that lower-mass ions generally have

lower mean kinetic energies in laser ablation. 2° The total

LAMS signals (abundance weighted by mean TDY) for

seven elements are plotted as a function of energy window

midpoint in Fig. 4(a). B, C, and O data are scaled for clarity.

Interpreted as kinetic energy spectra, the signals for C and O

correspond to distributions with means of _<50-70 and

-50-80 eV, respectively. These means are upper bounds, as

they assume that the behavior below (35, 45) eV is a simple

extension of the observed trends. In fact, there is preliminary

evidence 21 for a large increase in carbon ions below 30 eV in

NIST steels. The total carbon integral is thus expected to be

closer to the expected value than the limited energy range

data presented here. Similarly, the signals for B and Si in-

crease for lower energies, implying spectra with means be-

low (35, 45) eV.

Heavier elements (K through Nb) were detected across

the entire energy range measured. The highest-mass elements

observed reproducibly (As and Nb) were increasingly preva-

lent with increasing energy, as expected [Fig. 4(a)]. In the

(35,45) eV band, 93Nb was emitted with an approximately

accurate atomic abundance, but it increased to more than 20

times the expected value at the highest energies, in agree-

ment with the behavior of the neighboring element Mo in

another NIST steel. 19'z2 This increase may be due to more

than individual window fractionation alone. Within thc en-

ergy range scanned, the "total" relative resistivity coeffi-

cients (RSCs) (from the signal summed over all the win-

dows) for the heavy elements were also anomalously high.

The major transition metal elements V through Cu were

directly accurate to within 5%-20% in several energy win-

dows. The ratios of measured to expected atomic percentage,

or RSCs, for the major elements Cr, Fe, and Ni are plotted as

a function of the energy window midpoint in Fig. 4(b). The

error bars correspond to one standard deviation. The ob-

served RSC values for these elements suggest flatter energy

spectra than those seen for the minor elements. Of particular

note is the enhanced accuracy and precision for these ele-

ments in the band (80, 110) eV. The best average accuracy

for the minor transition metals V, Mn, Co, and Cu (not plot-

ted) also coincided with this window, where all four ele-

ments exhibited broad minima in their TDY-weighted sig-

nals. This energy spectrum minimum, which follows from

the mean TDY variation (Table I), may be an intrinsic fea-

ture of laser-ablated metals, exhibiting "thermal" (_ 10 eV)

and "accelerated" (-100 eV) energy peaks. 9"23

In Table II, the measured minor isotopic abundances are

compared to standard terrestrial values. Ratios were taken

TABLE 11 Comparison of standard and measured minor isotopic abundances in SRM C1154a for various energy windows.

(35, 45) (45, 55) (55.65) (65, 80) (80, 110) (I 10, 150) (150, 200)

Elements Std % • tr .v o" ._ tr _ tr ,_ tr ._ o" ,_ o"

I°B 18.98 20.19 4.91 21.38 6.43 ..............................

13C I.II i.28 0.76 1.14 0.06 1.20 0 18 1.28 .....................

ZgSi 4.71 5.53 0,04 5.73 0.30 555 018 ........................

_°Si 312 2.97 0.42 3.86 1.12 272 0 17 ........................

)Tel 24 23 24.48 1.85 ............ 24.99 0.40 ..................

"°Cr* 4.40 4. I I 0.38 3.73 034 3.72 0 38 3.78 0 39 3 28 0.40 4.39 I 18 6.73 197

'_3Cr* 9.78 10OI 2 10 13.67 3.79 1100 2 79 9 75 2.83 8.69 1.48 9.90 2.30 12.90 2.67

STFe* 233 4.02 0.89 7_74 1.68 392 0 99 306 0.86 2.67 1.01 3.03 0.58 4.05 I. 16

61Ni* 3.70 6.37 1.28 867 1.79 8.72 2 32 5.15 104 4.45 1.72 5.54 1.82 6.30 205

62Ni* 11.38 12.31 1.71 11.58 1.86 1266 2 20 12.73 206 1150 0.90 13.24 194 15.63 260

_Ni* 336 4.31 059 4.09 104 408 I 17 390 I 21 2.84 065 482 204 546 2.78

6SCu 3091 32.23 697 3032 622 31 26 941 3095 690 2934 4.88 31 07 308 2972 236
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with respect to the total elemental detected yield (EDY), or
for elements with isobaric interfelences, the unambiguous

subtotal (as introduced above). Performance without any
standardization or elemental envelope adjustment was very

good. Ratios for t°B, 13C, 37C1, 5°Cr, 62Ni, and 6_Cu had an
uncorrected average accuracy of less than 7%. Energy-

dependent isotopic fractionation is not expected to be as sig-
nificant as it is for elements, but some marked anomalies did

occur in the (45,55) and (150,200) eV range. It was discov-

ered that, in these cases, the nmrber of spectra in which

isotope measurements could be reliably made was reduced.

Increasing counting statistics for averaging will probably
smooth the observed sensitivity trends. Isotopic abundance

accuracy for these elements increa,;ed with separation from
the dominant 56Fe peak, implying that baseline and peak

shape sensitivity introduced system_tic errors. A striking ex-
ample of this effect is the 65Cu/Ct_ value, with an average
standard deviation of 2.4%. The total Cu content of C1154a

is only 0.38 at. %, but the absence of any broadened neigh-

boring peaks permitted a highly reproducible measurement.

Isotopic accuracy for the minor eler _ents also increased with
EDY, as expected, given the constat_cy of the baseline noise.

For those spectra in the top 10% ,)f the EDY range for a
given minor element, sub-l% errors were regularly observed

(although insufficient data were obtained in this range to

calculate o').
The single-shot detection limit n SRM C1154a was es-

timated as 18 ppm atom by the detection of 3"_Swith a signal-
to-noise ratio of 2. Due to the high reproducibility of the

peak positions, automated averaginl, of spectra should pro-
vide improvements approaching the N-'/2 dependence with

random noise. The average resolution for most peaks in the
low-mass range was miAmi200 using the half-width at
half-maximum definition.

The overall performance with this standard steel was

quite encouraging, given the modest number of spectra aver-
aged and the ability of the small laser spot to sample the

heterogeneity of the target. The elemental and isotopic accu-
racy equals or exceeds that of other aser mass spectrometric
methods when no standards are used. II The middle energy

range of high reproducibility indicat,-'s that a LAMS calibra-
tion can be obtained for accurate me_.surement of "neighbor-

ing" elements within a single energy window, reducing the

overall energy scanning. The narrow-window view works
well here for absolute abundances because this neighboring

element sequence comprises the vast majority of atoms in the
solid. More generally, such a calibralion would be most suit-

able for nearby-element ratios (e.g. to Fe), which are not
sensitive to absolute fluctuations of the considered mass

range.
To better understand the fractionation behavior of low-

energy ions in LAMS, we performed a separate analysis of a

Co-W carbide target. Due to the simpler stoichiometry of
the carbide relative to C1154a, we wt:re able to obtain repro-
ducible elemental yields to below 10 eV, with 5 eV win-

dows. A sensitivity much closer to the total RSC could thus

be obtained by integrating the entire energy range. A simple
scan was recorded from a fresh surface for each of two

incident laser irradiances, /i =0.77GWcm--' and 1:
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FIG. 5. I,)n kinetic energy spectra for C, Co, and W in a carbideLAMS
target.Th,:energy range was scannedin 5 eV steps foreach of the two laser
irradiances (ll = 0.77GWcm-2 and 12= 1.0GWcrn-_).

=l.0GWcm -2. Figure 5 shows the raw distributions ob-
tained fi)r the three elements C, Co, and W. These elements

are well separated in the TOF spectra (mean m/z = 12, 59,
and 184 amu/e), and their low-energy spectra were unam-

biguously integrated. The plots demonstrate the sensitivity of
ionization to the species and the laser power density. As

expected from the NIST steel studies, C was found almost
entirely below 50 eV. The total carbon signal increased by

only a factor of 1.11 from I I to 12 (from 295 to 327), while
the Co and W signals increased manyfold (2.86 and 7.29
times, respectively). When compared to the certified atomic
abundance ratios (C/Co 1.36, C/W i.29), there was a large

relative excess of C (C/Co 3.38, C/W 2.91) at low irradiance,

but W/Co was accurate to within 10%. At high irradiance,
there was a relative excess of W, but C/Co agreed to within

3% (C/Co 1.31, C/W 0.44).
The irradiances used here are near the lower end of the

"hot plasma" range, 9 in which the ionization efficiency is

fairly uniform and near 100%, and the ablation mass is pro-
portional to It_21mTM. For a given laser shot in this range,

higher-mass atoms are ablated less efficiently (although
weakly so). However, Co and W also have lower ionization
potential_ than C. At irradiances below _1 GWcm -2, the
fractions of ablated Co and W atoms that are ionized will be
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enhanced, countering the ablation mass trend. (Above -1

GWcm -2, the dependence on the ionization potential
dissipates.)'* Thus the irradiance regime used may host com-

peting fractionation trends, with total RSCs that are quite

sensitive to fluctuations in laser coupling and sample hetero-

geneity. The increases in Co/C and W/C with ! may indicate
that the "hot" range is attained for Co and W at lower irra-
diance than for C. This trend is consistent with the anoma-

lously high total RSCs for higher-mass elements seen in

other targets. The high-irradiance W ion energies also exhib-
ited a double-peaked distribution, with means of _40-50

and -1 i0-120 eV. The complexity introduced by the sensi-
tivity to irradiance and by possible multimodal energy
spectra 25 indicates that any autonomous operation of LAMS

should include a general scan of a wide energy range, in

addition to sequences of shots within select narrow windows
as described above.

B. Terrestrial basalt

As a more realistic targel for future in situ s{udies, we

have begun to examine a terrestrial desert basalt sample with
LAMS. The specimen was presented as a "partial" blind

(the exact origin and mineralogy have not been disclosed),
and the subclassification analysis is ongoing. Preliminary

studies of the basalt have already been quite helpful in as-
sessing the reproducibility of elemental and isotopic yields,

as well as the ability of LAMS to probe into the subsurface
layers of rocky materials.

Detected elements were H, C, O, Na, Mg, AI, Si, P, K,
Ca, Ti, V, Mn, Fe, and a few rare earths at trace levels.

Spectra were clearly distinguishable between surface and

bulk types and between "high Fe" and "low Fe" within the
bulk. Sequences recorded at a fixed location, but at varying

depths, changed between high-Fe and Iow-Fe types within a
few shots, similar to the behavior seen in a carbonaceous

chondrite target, t9 Figure 6(a) shows an example single-shot

bulk spectrum from the basalt target in the energy window
(65, 75) eV. It is typical of the high-Fe bulk regions (atomic

Fe/Si>3, vs the _0.2 expected) observed in approximately
1/3 of the spectra in this range. The low-Fe spectra compris-

ing the remaining bulk measurements were clustered around
Fe/Si-1. Averaged abundance ratios therefore reflect the

strong fractionation bias (in this narrow energy range) to-
ward higher masses as seen in other targets. Similarly, the

spectra were markedly low in O (atomic O/Si<0.5 versus
the -3 expected).

Isotopic ratios were more accurate and reproducible in
this target than in any of the metal alloys examined. The

minor isotope abundances in the Mg-Ti series agreed to
within 5%, the maximum observed standard deviation of raw

signal ratios. Figure 6(b) shows Ti isotope data for 22 laser
shots. The increase in relative sensitivity from -5% to +5%

may reflect an intrinsic bias toward higher masses, as was
seen in SRM C1154a. but over a much narrower mass range.

This trend was slightly modulated according to the baseline
fitting method, but the overall errors were stable. Highly re-

producible and accurate isotope ratios in this mass range
were also observed in a carbonaceous chondrite meteorite, t9
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FIG. 6. Terrestrial desert basalt results from LAMS. (a) Sample single-shot

spectrum from a "dark" bulk region in the energy window (65, 75) eV. (b)

Measured isotopic abundances for Ti compared to expected terrestrial values

in basalt. Standard percentages are shown below the isotope masses. The

error bars correspond to one standard deviation for 22 laser shots.

The potential to distinguish mineralogical regions with
LAMS has led to a focus on surface layer analyses. Surface

layers on rocky materials are known to arise from various
processes reflective of the interaction of the material with its

environment over time. By microscopically studying a rock

from its surface inward, we may infer the history of aqueous,

wind-borne, biogenic, and other processes in the vicinity of
the exposed surface. This analysis is of particular importance
for in situ probes, which must access material within and

below a weathered surface, to properly determine the rock
type and geological context. The basalt target (observed
through the LAMS imager) had a mottled surface indicative

of weathering. We examined a sequence of 150 spectra in a
(140, 150) eV window from a fresh surface to see if a rock

varnish z6 could be detected from LAMS spectra. The raw
atomic Mn/Fe, (Na+K)/Si, and AI/Si ratios were monitored

in real time and plotted (Fig. 7).

Nearly every spectrum contained Mn and Fe, while ap-
proximately 20 out of the 150 shots did not generate suffi-

cient signal to measure the Na+K and AI ratios, giving those
plots a more decimated appearance. The Mn/Fe ratio began
at a high, constant value (>1), then dropped precipitously
after _70 shots to a value more in line with lerrestrial ba-

salts. With the estimated 0.2-0.3 #m per shot, the detected
layer was -15-20 ,u.m thick. This is the expected behavior
for varnish layers, which are known to be high in Mn due to

the presence of a manganese oxide known as birnessite. 26
Due to the usual inclusion of Na and K atoms in this mineral,
the atomic ratio of (Na+ K)/Si was also of interest. From the

plot, it clearly had similar behavior to Mn/Fe. Since the Si
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FIG 7 Monitored total element atomic ratios in basalt as a function of laser

shot number from an unanalyzed weathered surface. The vertical scale is

logarithmic. The ablated (crater) depth is ;pproximately 0.2-0.3 /.tin per
shot.

abundance was constant, within experimental precision, over

the entire sequence, the transition is between regions of high
and low Na+K. The "bulk" valu_ of (Na+K)/Si_0.07 is

lower than, but comparable to, the expected range for basalts
(-0.1 !-0.13). 27The third ratio mo'fitored, AI/Si, shows the

same qualitative behavior, with a hiyhly reproducible varnish

layer value of -0.4, but with a less _ronounced drop into the
bulk phase than the other two ratio'.;. We are not aware of a
high aluminum oxide characteristic of rock varnish, and this

is the only other element ratio that sllowed a significant layer

transition. (Conspicuously absent was a variation in C. High
C from magnetotactic bacteria disctssed in some theories of

rock varnish would be expected to drop in the bulk phase.
However, almost no C was detected in the high energy win-
dow used here.)

C. Instrument outlook

The results for LAMS thus far are very encouraging for

high sensitivity and quantitatively based in situ classification
of major rock and soil types. The hi;hly miniaturized design

of LAMS also permits its use in a multicontext mission.
where several samples are taken flora a wide area. The depth

ability with the basalt demonstrates LAMS access to bulk,
unweathered material. The degree o: accuracy and precision

in science return from a mission including LAMS will de-
pend both on the overall instrument suite (the complementa-

rity of multiple detectors), and on a priori knowledge of the
intrinsic relative sensitivities in LAMS. The initial calibra-

tion of RSCs on standard and unl,nown targets has been
described in this article. A much wid_-r range of experimental

Brinckerhoff et al

conditions and materials is currently under investigation, and

should lead to a "flight-ready" approach for unknown in situ

samples.
Determining the empirical relationship between the

LAMS detector output and the elemental and isotopic abun-

dances within the analyte is the goal for assessing quantita-

tive ability. The relative sensitivity coefficient is, in general,
a function of the laser-target coupling, the target composi-

tion, aE_dthe LAMS ion optics and detection parameters. A

good RSC calibration clearly depends on understanding the
reproducibility of experimental conditions. 2s The ion optics

and detection setup generate a fractionation that is expected

to be small and reproducible for any material. Further, for

bulk averages, the use of laser irradiances slightly above -1
GWcnt -2 gives high, uniform ablation and ionization effi-

ciencies across many target types. However, the variation in

laser-target coupling may lead to irreproducible experimen-
tal conditions in some cases. In particular, surface morphol-

ogy fluctuations can change characteristics of the plume
from shot to shot, and thus ablation is often viewed as un-

predictable. For appropriately defined averages, though, re-

producibility may be restored and an "intrinsic" instrumen-
tal RSC may be observed. For instance, abundances within

small _rains may be obtained by averaging enough spectra to
detect all variations from the bulk, but few enough to remain

within the grain. As such, the specific requirements for quan-

titative analysis with LAMS may depend on the composition
information desired.

All analyses use a common energy windowing and fo-

cusing method based on _he instrument description above.

Normally, several windows (V A , V2) are used to sample the

kinetic energy distribution of emitted ionized species. The
peak energies and widths of these distributions generally in-
crease with mass, laser irradiance, and degree of ionization.

For a fairly constant irradiance and single-stage ionization,

spectra can be recorded and single mass peaks integrated
assuming a fixed energy distribution.

Important low-mass ions such as C +, N +, and O + are

concentrated at kinetic energies below 50 eV. It is expected

that special window modes, such as calibrated combinations
of narrow- and wide-window spectra, will be required to
achieve the precision and sensitivity needed to address in situ

science goals. In the laboratory prototype of LAMS, these

elements may be present in the residual vacuum chamber
gas. The redeposition of these elements following a laser
shot can increase their effective detection limit. We are cur-

rently investigating this process with a variable-delay
double-pulse laser that first removes surface contaminants

and then analyzes bulk material before significant redeposi-
tion can occur. 29 Such "pre-cleaning" may allow closer

simulation of the conditions of in situ analyses.

In addition to understanding the behavior of the current
LAMS instrument with a range of target materials, efforts are

underway to improve the sensitivity and resolution of LAMS
itself, htcorporating an Einzel lens (or other ion lens) will

increase the throughput via collimation. In LAMS the posi-
tion and voltage range of lenses must be carefully adjusted to

avoid ct_mplications due to the plasma plume. Similarly, a
pulsed i,3n gate will permit the selective suppression of cer-
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tain TOF regions to minimize any ion interaction difficulties

and increase sensitivity. It too must be reexamined for min-
iature instrument use. The size limitations in planetary ex-

ploration also restrict the flexibility in reflectron design.
Tests are currently underway with ideal, or nearly ideal, re-

flectron designs that correct the TOF over a much wider
energy range than the two-stage LAMS unit. High-order cor-

rection in LAMS demands that component positions and
electrostatic parameters be highly precise and robust.

Finally, we are testing LAMS with an ultraviolet (UV)
Nd:YAG tripled (355 nm) or quadrupled (266 nm) laser that

may increase its sensitivity to various species, including mo-

lecular compounds. Shorter wavelengths may also produce a
smaller and more reproducible crater. However, any im-

provement with UV must be weighed against the increased
complexity and fragility that may be required in a flight unit.

The infrared (IR) laser was originally chosen to test the sim-
plest LAMS that can provide useful results on future mis-

sions. We plan to provide a quantitative comparison of UV
ablation (as found in some commercial instruments) and UV

desorption (such as in MALDl-type systems) in LAMS with
the IR results in a future report.
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