ELEMENTAL COMPOSITION FROM GAMMA-RAY SPECTROSCOPY
OF THE NEAR-SHOEMAKER LANDING SITE ON 433 EROS

Lary G. Evans'*, Richard D. Starr?, Johannes Briickner 3, Robert C. Reedy?,
William. V. Boyntor?, Jacob |. Trombka®, John O. Goldsten’, Jozef Masarik®®,
Larry R. Nittler®®, and Timothy J. McCoy™°

Science Programs, Computer Sciences Corporation, Lanham- Seabrook, MD 20706 USA
%Physics Department, Catholic University of America, Washington, DC 20064 USA
3Max-Planck- Ingtitut fir Chemie, D-55020 Mainz, Germany
4MS-D436, Los Alamos National Laboratory, Los Alamos, NM 87545 USA
®Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721 USA
®Laboratory for Extraterrestria Physics, NASA Goddard Space Flight Center, Greenbelt, MD
20771 USA
" Applied Physics Laboratory, Johns Hopkins University, Laurd, MD 20723
8Present Address: Department of Physics, Komensky University, Mlynska dolina F/1,
Sk-842 48 Bratidava, Sovakia
%Present Address: Department of Terrestriadl Magnetism, Carnegie Institution of Washington,
Washington DC 20015 USA
19Department of Mineral Sciences, National Museum of Natura History
Smithsonian Ingtitution, Washington DC 20560 USA

*Correspondence author’s e-mail address. |arry.evans@gsfc.nasa.gov

Submitted to Meteoritics and Planetary Science, August 3, 2001.
Revision submitted: October 3, 2001.

ABSTRACT — Elementd composition and composition ratios derived from gamma-ray
measurements collected by the NEAR-Shoemaker spacecraft while on the surface of 433 Eros
arereported. Performance of the gamma-ray spectrometer (GRS) during cruise and orbit is
reviewed. The best gamma-ray data were collected on the surface of Eros after the spacecraft's
controlled descent on 12 February 2001. Methods used in spectra anadlys's, to convert pesk areas
to incident photons, and photons to eemental composition are described in some detail. The
elementd abundance of K and the Mg/S;, Fe/Si, SI/O and Fe/O abundance ratios were
determined. The Mg/Si and S/O ratios and the K abundance are roughly chondritic, but the

Fe/S and Fe/O ratios are low compared to expected chondritic values. Three possible
explanations for the gpparent Fe depletion are considered.



INTRODUCTION

In February 1996, the Near Earth Asteroid Rendezvous (NEA R- Shoemaker) mission was
launched into space on a planned three-year cruise to the near- Earth asteroid, 433 Eros. The
NEAR spacecraft, thefirgt in the Discovery program to be launched, was built by the Johns
Hopkins University, Applied Physics Laboratory (APL). The spacecraft was designed to orbit
Eros for one year and carried a group of remote sensng insruments including X-ray and
gamma-ray spectrometers (XGRS) to measure elemental composition (Trombka et d., 1997).
Due to a problem with firing of the main rocket enginein December 1998, the rendezvous was
delayed until February 2000. The NEAR spacecraft was the first spacecraft to orbit abody as
gmadl as Eros, which isabout 33 km X 13 km X 13 km.

Reflectance spectroscopy of 433 Erosindicatesthat it is an S-type asteroid, the most common
typein the inner main belt and the near-Earth population. The S asteroids are an agglomeration
of bodies with different geologic histories, ranging from primitive, chondritic bodiesto partialy-
differentiated agteroids (Gaffey et d., 1993).  While the linkage between this range of geologic
processes and S-type asteroids appears solid, deciphering the history of any particular S asteroid
has been difficult. Further, it has been impossble to link specific meteorites, which are known
to be samples of asteroids, with specific asteroids. As the most common type of asteroid in the
inner belt, many authors have argued that S asteroids should be parenta to ordinary chondrites,
the most common type of meteorite faling to Earth today (Wetherill, 1985). One of the prime
mission objectives was to obtain the elemental composition of 433 Eros. This determination,
with sufficient accuracy to alow comparison with mgor meteorite types, would sgnificantly
enhance our ability to make asteroid-meteorite linkages.

The sdection of an X-ray spectrometer (XRS) and a gamma-ray spectrometer (GRS) for this
mission was based on their ability to determine spatialy-resolved dementa compostion of the
asteroid. XRS measurements were expected to give eementa composgtion resultsfor Mg, Al,
and S, and depending on composition and solar conditions, resultsfor S, Ca, Ti and Fe.
Gamma-ray measurements can determine the abundance of dementssuch as O, S, Fe, Ca, Ti,
Mg, H, K, Th, and U depending on the actud compostion. Resultsfor the XRS and GRS
overlap in determining the compostion of eements such asMg, S, and Fe. However, the results
are complementary in that the GRS measures compaosition down to depths of 10s of cm with very
broad spatid resolution while the XRS results are for athin layer of surface materia and better
gpatid resolution than the GRS.

An early orbit plan (October 1996) for the mission had scheduled some 158 days of orbit at or
below 35 km from the asteroid center-of-mass including 67 days a 25 km orbit. It was known,
that the asteroid would not fill the field-of-view (FOV) of the GRS even at that lowest dtitude
where the average solid angle was about hdf the FOV. Thus, it was important to accumulate as
much time as possible a low dtitudes to achieve the desired uncertainty in the GRS results.
However, the late arrival at Eros and operational consderations required the orbita plan to be
changed so that less than 60 days of orbit at 35 km could be achieved.



GAMMA-RAY SPECTROMETER

Gammea-ray photonsin the energy region 0.1-10 MeV are emitted by excited nuclel and have
discrete energies characteridtic of that ement. The excitation of nuclel can come from the
radioactive decay of very-long-lived radioisotopesin planetary materias, such as*°K, 238U, and
232Th. For other dementsin space, excitation is provided by cosmic-ray bombardment. Except
for periods of time during and immediatdly after mgor solar particle events, this excitation is
caused mainly by gdactic cosmic rays (GCR) (Evans et d., 1993).

GCR are nuclear particles, mainly protons and helium nucle (apha particles), with abroad range
in energy, (typicaly of order aGeV) and anearly isotropic flux of about 2-3 particles/(crf-s).
These particles generate nuclear cascades on striking dense matter. The cascade particles most
effective in generating gamma rays are neutrons.  The high-energy neutrons produced in this
manner can undergo further nuclear collisons. They may excite sable nucle to higher energy
levels by indadtic scatter. The resulting de-excitation of the nucleus can result in the emission of
agammaray and istermed an inelastic scatter reaction; (n,n’'g). Neutrons may adso lose energy
by dastic scatter until their energy is comparable to the therma energy of anucleus a a given
temperature. These therma neutrons can be captured by a nucleus and the resulting decay to the
ground State of this new isotope, can produce a capture gammaray; (n,g). Theintengty of
gamma rays emitted by a particular eement and for a particular process depends on the
concentration of that element, the reaction cross-section for the process, and the number of
neutrons available with the appropriate energy. Theindlagtic scatter reactions have alarge cross
section for dl common nucle at energies above the reaction threshold energy. Therefore, dl the
most abundant dements give auseful yidd of gammarays from this process. Thermd neutron
cross sections vary by orders-of-magnitude, and yields for neutron capture gammarays for the
most abundant dements dso vary widdly (Evanset d., 1993). Materid containing large
concentrations of elements with large neutron capture cross-sections can dter the thermd flux
and can lead to aflux depresson of neutron capture gamma-rays (Reedy, 1978).

The neutron cascade penetrates into a planetary surface to adepth of hundreds of g/en?, afew
meters into the regolith on an object like an asteroid with no atmosphere. Gammarays are
scattered (with loss of characteristic energy) or absorbed on a distance scale of tens of g/cn.
Thisindicates that only those gamma rays generated in the first tens of g/ont can be identified
on the surface or from orbit, and the important part of the neutron equilibrium distribution in the
planetary bodly is that near the surface. The moderation and thermdization of the neutrons
depend strongly on the composition of the near surface materid, particularly on the hydrogen
and carbon content, if any. Gamma-ray detectors on the surface or in an orbiting spacecraft can
measure the discrete energy gamma rays and determine the e ements that emitted these gamma
rays (Boynton et a., 1992, Boynton et ., 1993, Trombka et a., 1997).

Besdes the characterigtic gammarays emerging from the asteroid surface, there will be a
number of other sources of gammarays that will be abackground from which the gammarays of
interest will have to be separated. Some of these sources of background produce discrete lines
and some gppear as part of a continuum. Based on previous spaceflight experience, the mgjor
background components measured in orbit are: partid energy deposition in the detector
(Compton effect), cosmic-ray activation of the detector and materias surrounding the detector;



characteristic gamma rays emitted from the surface materia, but scattered before emerging from
the asteroid; cosmic-ray activation and natura radioactivity in the spacecraft; and gamma
emission from astrophysical sources (Bidefeld et d., 1976).

Mogt current gamma-ray detectors are utilize either inorganic scintillation materid, such as

sodium iodide (Nal) or bismuth germinate (BGO), or semiconductor materia, such as high

purity germanium (Ge). The Ge detectors have sgnificantly better energy resolution than
scintillation detectors and are generdly favored for laboratory measurements. For example, the
typica energy resolution (expressed as the full-width a half-maximum, FWHM, of the peek) for
aGe detector is 2 keV measured at 1332 keV from a®°Co cdibration source. A similar FWHM
for aNal detector is80 keV at 1332 keV. In addition, the Ge detector has a much better peak-to-
Compton ratio, typicdly about 50 compared to 2 for aNal detector (Knoll, 1989). These two
factors give a Ge detector a decided advantage in resolving pesks close in energy and detecting
peaks in the presence of sgnificant continuum.

While Ge detectors improve detection capability, they aso require operation a cryogenic
temperatures (typically <100 K) and suffer serious degradation in performance when exposed to
cosmic radiation over long periods of time (Briickner et a., 1991). Typicaly Ge detectorson
planetary missions (such as Mars Odyssey 2001) are designed with anneal capability to offset the
expected resolution degradation during spaceflight. These limitations of a Ge detector dong with
the added cost and complexity reduced some of the advantages that might be expected for a
gpace misson. Anayss during the preliminary design phase of the NEAR misson indicated

that a scintillation detector could meet the science objectives of the mission (Evans et d., 1995).
Experiencein both U.S. and Russan planetary missons and in the oil well-logging industry have
shown that good results could be obtained using scintillation detectors for such dementsasK,
Th, O, H, Mg, S, Ti, and Fe. In addition, proposed design changes were expected to improve
detector performance over scintillators that have previoudy flown in space. Nal was chosen as
the scintillator for NEAR because it has the best energy resolution of common scintillation
materias in combination with a photomultiplier tube (PMT). These systems are rugged and have
been used successfully on space flight missions for many years (Evanset d., 1993).

The pulse height spectrum obtained when monoenergetic gamma rays are detected has a shape
determined by the gamma-ray energy and the characteristics of the detector. Importart factors
are (1) the relative magnitude of the photoe ectric, Compton, and pair- production cross-sections
asafunction of energy, and (2) the satistica fluctuations and losses involved in collecting the
sgna generated in the detector (Knoll, 1989). A measurement reflects the amount of energy that
islogt in the detector and transferred as kinetic energy to electrons. At energies where the
photod ectric absorption dominates, the kinetic energy imparted to a secondary eectronis equal
to the gamma-ray energy minus the dectron binding energy. Thisenergy can bereclamed, ina
sense, by the absorption of the X-rays produced by photoe ectric absorption. At higher energies,
when Compton scattering becomes more important, the gammaray may lose part of its energy to
the detector and escape the crystal or may then be photo absorbed. The gammaray will lose all
or part of its energy in the detector and possible escape with diminished energy. This generatesa
continuum that adds to the background up to the energy of theinitid gammaray minusthe
minimum scattered energy.



At energies above 1022 keV, dectron-positron pair production becomes possible. The eectron
produced will eventudly lose dl its kinetic energy in the detector while the pogitron will
annihilate with another eectron producing two 511 keV photons. The energy of these photons
can either be absorbed in the detector or can escape. Therefore, three peaks will be created (1)
pair production with eventua absorption of both 511 keV photonsto give apesk & theinitia
gamma-ray energy, (2) pair production with the absorption of one 511 photon and the escape of
the other giving apesk a theinitid gamma-ray energy minus 511 keV, and (3) pair production
with the escape of both 511 keV photons giving apeek a theinitid gamma-ray energy minus
1022 keV.

Cogmic-ray interactions in the spacecraft produce gamma-rays characteristic of the spacecraft
materids. These gammarays conditute an unwanted background signd that could degrade the
science return of the misson. Gamma-ray detectors of previous missons have often used a

boom to move the gamma-ray detector away from the spacecraft, reducing substantially the
spacecraft background. On Mars Odyssey, for example, the gamma-ray detector is mounted on a
boom that can be extended to 6 meters from the spacecraft. The NEAR detector had to be body
mounted on the lower deck aong with al the other insruments. This required some other

method of reducing the spacecraft background.

Pladtic scintillators are very effective charged- particle shidds, but higher density materias are
needed to shidld gamma rays. Passve shidlding is not practica because of the large volume and
mass of material needed to absorb the cosmic rays and the secondary radioactive products
produced in the shield. An active collimator is used to reduce the charged particle, spacecraft and
cosmic gammea-ray backgrounds as well as the Compton continuum. Charged particles or
photons that interact in the shield produce a corresponding output Signd. Thissigna can be used
to trigger an anti- coincidence system to regject any countsin the central detector that arein
coincidence with the shield within some time window. BGO (bismuth germinate, BisGesO12)
was chosen for the NEAR shidld. It hasadensity of 7.13 g/cn, which makesit especidly
effective for gammaray interactions. However, the presence of alarge mass of BGO near the
centra detector has some negative aspects due to possible activation of the BGO by GCR.

As useful asthe NEAR shield would be to reduce the detector background, significant
information on the gamma-ray flux from the asteroid would be logt if only the anticoincidence
gpectrum was collected. The first and second escape peaks produced in the central detector will
be mogtly diminated in the anti- coincidence spectrum. For asmal centra detector like the
NEAR design, this loss would be unacceptable since the escape peaks would have many more
counts than the full-energy peak for many energies of interest. For example, a 6 MeV,
cadculationsindicate that 85% of dl the counts would be in the escape peaks and only 15% in the
full-energy pesk. The NEAR design recovers these peaks with two additional Nal spectra; one
in coincidence with 511 keV and one in coincidence with 1022 keV energy deposition in the
BGO shield. Cdibrations with the NEAR detector indicate the effectiveness of this design for
reducing the continuum and capturing the escape peaks (Evans et d., 2000).

A radioactive source for energy cdibration was not included in the NEAR design. It was
expected that enough discrete lines from background sources would be measured in the spectra
that the energy cdlibration could be monitored. The strongest of these would be the 511 keV line



due to éectron/positron annihilation in the spacecraft and materias surrounding the detector.
Other gammarays from cosmic-ray interactions in the scintillation materials would be expected.
Measurements taken during the cruise portion of the misson confirmed these predictions and
will be discussed below.

A description of the GRS detection scheme is given in Goldsten et d., 1997 and will be briefly
summarized here. An incoming photon is absorbed by the detector materid and produces an
output signd proportiond to the energy absorbed. The detector signd is amplified, filtered, and
its pesk vaue measured using an analog-to-digital converter. A data processor collects the
measurements and bins them according to the energy absorbed into a pulse-height spectrum.

Five 1024-channd spectra are collected smultaneoudy. These are: the Nal raw spectrum, with
no coincidence or anti-coincidence rgjection; the BGO raw spectrum; the Nal spectrum measured
in anti-coincidence with the BGO; the Nal spectrum messured in coincidence within awindow
around 511 keV in the BGO detector; the Nal spectrum measured in coincidence within a
window around 1022 keV in the BGO detector. In addition two 21-channed spectra are collected
from the BGO detector in coincidence with the Nal and in the windows specified around the 511
keV and 1022 keV energies.

Temperature and voltage stability are extremely important to maintain systlem performance. The
light outputs of the Nal and BGO detectors vary sgnificantly with temperature. The detectors
are thermaly isolated and wrapped with operationa heeters to stabilize the temperature to within
0.25° C. Thesignd gains of the PMTs are not particularly senditive to temperature, but are very
sengdtive to voltage variations. The XGRS uses an externd feedback control system to produce
ultra- gable high-voltage outputs from the onboard high-voltage power supplies (Goldsten et .,
1997). No gain changes due to temperature or high-voltage variation were observed during the
misson.

ORBITAL MEASUREMENTS

The GRS was turned on a number of times during the four-year cruise period. Long term
background measurements were accumulated and analyzed. Numerous gamma-ray peaks from
activation of the centra detector, of the BGO shield, and of materid in the spacecraft were
observed and tentatively identified. This information isimportant as count rates measured while
in orbit around Eros have to be corrected for these background counts. A mgor change observed
during the cruise phase of the missonwasthat the gamma-ray count rate decreased
ggnificantly starting sometimein 1999. The generd background was fairly congtant from 1996
to 1998 but decrease by about a factor of 2 when measured in May-June 1999. Subsequent
measurements in January 2000 before the spacecraft entered an orbit around Eros, showed a
further reduction of afactor of 1.5. The GCR flux decreases around thetime of solar maximum
due to the high solar activity and the stronger magnetic fields carried by the solar wind.

Tentative identifications of gamma-ray peaks analyzed in the cruise data were reported in Dyer

et a. (1998). Unfortunately, many of these peaks are at the same energies of lines expected from
Eros and a careful anadlyss of the orbita detais required to prevent gammarays identified in the
gpectrato be attributed to Eros that actualy come from the background. The most prominent
lineidentified in the background spectraisa 2.6 MeV and is due to activation of bismuth in the



shidd. Thisisthe same energy usudly used to identify Th from a planetary body.. The gamma
ray a 2.614 MeV from Th comes from the daughter product 2°®Tl and is the strongest line in the
Th decay chain (Reedy, 1978). The background activation line comes from 2°°Bi that can
produce 2°8T1 or excited >°®Pb by a number of different mechanisms. A complete understanding
of the energy and magnitude of these background emissons will be necessary in order to fully
andyze the low-dtitude orbita data.

The firgt chance to make GRS measurements from the 35 km orbit occurred in July 2000. The
spacecraft entered the 35 km orbit on July 14, 2000, for 10 days. On that same day avery large
solar particle event occurred on the sun that resulted in alarge flux of charged particles hitting

the GRS a short time later. The flux of charged particles was large enough to cause the detector
to enter a safe mode (as it was designed to do). It was not until July 18 that the detector was
turned on again. Ingpection of the GRS spectra from that day through the rest of the 35 km
orbital period showed strong activation of the detector materids. Fig. 1 shows spectra of the
detector both before the solar particle event and two days following the turn on. Because of this
high background, no usesble asteroid data were obtained during the July 2000 35 km orhit.

The spacecraft again entered a 35 km orbit near the end of the mission in December 2000.
During much of the next 6 weeks asteroid data were collected by the GRS. The average solid
angle of the asteroid made with the GRS was about 0.2 steradians compared to the field-of-view
(FOV) of the detector of about 0.6 steradians. Corrections to the spectra taken with the asteroid
inthe FOV are needed to reduce the background from the spacecraft and the local materials.
Two possible means of correcting the spectra for the background were investigated; using the
gpectra taken with the asteroid not in the FOV (FOV=0), but close in time to spectra taken with
the asteroid in the FOV or spectrataken in the high dtitude orbit where the solid angle of the
agteroid was very small. 1t was determined that the latter method was better, as the BGO shied
in the FOV=0 case was less effective as a shidd for higher energy gammarays (e.g., >3 MeV)
that were of great interest for analysis.

Examples of spectra taken during the 35 km orbit while the GRS was pointed at the asteroid are
shownin Figs. 2 and 3 for the anticoincidence and second escape spectra, respectively. These
spectra were taken during December 2000 and January 2001 and represent an accumulation time
of about 24 days. Also shown are spectra taken during the 200 km orbit in November and
December 2000 with about 17 days accumulation. The spectra are time normalized and the
difference between the 35 km spectrum and the 200 km spectrum are shown inboth alog plot
and alinear plot. It can be seen that the difference spectrum in each case contains little structure
that would indicate a srong gamma-ray peak. Gamma-ray lines that should be the strongest
from the asteroid, such asthe 6.129 MeV line from oxygen, do not show up in the difference
goectra This seemsto indicate that the spectrum, whether near or far from the asteroid, is
dominated by the loca materia and spacecraft backgrounds which were higher than expected.
The combination of asmall central detector and the mounting directly on the spacecraft gave a
sggnd to continuum ratio that was too small for the required sensitivity. A discusson of this
sgnd to noise problem for the NEAR GRS s given in Trombkaet d, 2000. Accumulations for
longer time periods did not change thisresult. It is possible that refinements on data
accumulation by, for example, summing spectrawith the same GCR fluxes or by amore
gystematic andysis of the background, might improve this Stuation. However, so far, no strong



discrete line gammarays that are unambiguoudy from the asteroid have been identified.
Fortunately, an unexpected opportunity presented itsdf that gave agamma-ray sgnd that was
definitey from the asteroid.

SURFACE MEASUREMENTS

At the end of the one year orbit of NEAR around Eros, it was decided to attempt a controlled
descent to the surface of the asteroid. The principa god was to obtain extremely high-resolution
images of the surface as the spacecraft descended.  After a dramatic descent to the surface,
telemetry ceased, but indications were that the spacecraft had survived the landing. Based on the
find highresolution images, the spacecraft appears to have landed (Veverkaet d., 2001b) inside
asmdl crater with a“pond” (Veverkaet d., 20018) of smooth, fine material. NASA decided to
extend the mission for another two weeks and dlow the GRS to accumulate data while Sitting on
the surface. Subsequent anadysis indicated that the GRS was pointed toward the surface, about
18 degrees from the norma to the surface.

Thefixed high-gain antenna on the spacecraft was not pointed towards the Earth so the omni-
directiona low gain antenna had to be used for telemetry. This severely limited telemetry rate to
about 10 hitsy/s. Only spectrawere transmitted with little engineering or ancillary deta. Thefirgt
two days of data were used to calibrate the detectors as the temperature had changed
sgnificantly from the orbita measurements. Adjustments to the high-voltage and thus to the
energy gain were made to insure that the escape-pesk spectrawould bevaid. After that
adjustment, spectrawere accumulated over the next seven days. Spectra taken with the GRS on
the surface are shown in Fig. 4. The escape peak spectra are divided by constants for better
visudization. The broad festure extending to about 2 MeV in the anticoincidence spectrum was
not seen in the orbital measurements. L aboratory measurements using the engineering modd of
the GRS showed that this feature was due to the activation of 128 | (hdlf-life of 25 minutes) in the
centrd Nal crysta by thermal neutron capture. All the spectra shown in Fig. 4 were corrected
for differentid non-linearity and the raw Nal spectrum and the BGO spectrum are corrected for
roll-overs due to the long accumulation times on the surface. The Nal anticoincidence and
escape pectra and the BGO spectrum form the basis of the subsequent andlysis for the
composition of Eros from the GRS.

In order to determine composition from the GRS data, three steps are necessary; (1) analyss of
the spectra to determine peak aress, (2) conversion of the peak areas to photons using the
efficiency of the detector, and (3) conversion of the photons to composition using caculations of
gamma-ray production for different compositions. Each of these stepswill be discussed in some
detall asthe method and assumptions are important to understand the results.

Spectral Analysis

The spectrd andyses of the measured pulse-height spectrawere carried out in aniterdive
procedure using calculated elementa response functions. These response functions duplicated
the method used to collect the anticoincidence and escape spectra with the detector system. The
cdculations incude the Compton continuum reduction in the anticoincidence spectra and the
capture of the escape spectra with coincidences around 511 keV and 1022 keV between the



centra crystal and the BGO shield. Comparisons of calculated responses with measurements
taken during detector cdibrations indicate that these response functions give a reasonably
accurate representation of the shape of the measured responses. 1n the following analysis, the
ca culated response functions were assumed to have no uncertainty directly attributed to them
compared to other uncertainties in the andyss.

A mgor step in the analysisis to separate the measured spectrum into a continuum and a set of
discretelines. A mgor area of uncertainty in the anadyssis to determine accurately the
continuum that underlies the discrete line spectrum as the continuum is expected to be a
sgnificant component of the total sgna. On Apollo the discrete lines from the Moon
represented only about 10-15% of thetotal signd (Bidefdd et d., 1976). Theratio of Sgnd to
continuum for the NEAR GRS should be better than for Apollo, snce Apollo had no Compton
suppression in the anticoincidence mode nor any escape modes.

The spectrd unfolding procedure was smilar for each spectrum, though each was done
separately. The response of each element expected in the spectrum was used to fit the measured
gpectrum aong with afirst estimate of the continuum. The escape spectrawere only used for
high-energy gammarays (> 3 MeV) asthe efficiency for lower energiesissmdl. The spectra
were assumed to have an energy calibration that was linear, Since the response functions were
generated with that assumption. This seemed to be true for the energy range of interest in the
escape spectra. The anticoincidence spectrum was andyzed in separate parts (for energies< 3
MeV and for energies> 3 MeV) asalinear energy cdibration would not work over the whole
gpectrum. Theresultsfor the first estimate of the discrete line intensities were used to subtract
from the measured spectrum, and the difference was used to caculate a new continuum by fitting
agpline through the difference spectrum. This resulting spline fit was then used to subtract from
the measured spectrum and the difference used to caculate the second approximation to the
discrete line spectrum.  The response functions werefit to the discrete line spectrum by a matrix
inverson technique smilar to that used in the Apallo andysis (Bidefdd et d.1976, Trombka et
a.1979,). Theiteration was carried out again and the results compared to the previous results.
When the discrete lines and continuum did not change appreciably after an iteration, the
procedure was terminated.

The gammarays originating from naturd radioactivity, from neutron indlastic scatter reactions,

and from neuron capture reactions are each considered separately. The response functions for Fe
capture, Feindastic, O indagtic, S indlastic, Si capture, Mg indastic, and “°K were used in the
fits. Anexample of acaculated response function isshown in Fig. 5. In addition some other
monoenergetic response functions existing in the background spectra were added to the fit for
each spectrum. For example, aprominent pesk a 2.6 MeV isevident in the cruise, orbital, and
surface spectra. Andysis of this pesk in the surface spectra showed that the intensity did not
change appreciably from that in the orbital spectra.

The results of thefitting procedure for the low and high energy portion of the Nal
anticoincidence spectrum are shown in Figs. 6 and 7 and for the results for escape peak spectra
areshownin Figs. 8 and 9. The top portion of each figure has the measured spectrum, the fina
splinefit, and the difference gpectrum. The bottom portion of each figure shows the fit of the
response functions to the difference spectrum. The results of each fit are the counts in the pegks



for each ement used in thefit. To convert these countsin the detector to photonsincident on
the detector requires knowledge of the efficiency of the detector.

GRS Efficiency

Theintrindc pesk efficiency of agamma-ray detector is defined as the number of countsin a
peak per photon incident on the detector. Preflight calibrations of the NEAR GRS were made to
determine the efficiency of the Nal and BGO detectors as a function of energy and angle (Evans
et a. 2000). Radioactive sourcesranging in energy from 320 keV to 6.129 MeV were used. In
addition, a#>2Cf neutron source was used to irradiate H, Si, and Fe targets that produce lines at
2.223, 4.934 and 7.631+7.646 MeV, respectively. Measurements were taken at angles ranging
from O degrees to 90 degrees with respect to the long axis of the detector. For orbital
measurements the efficiency at O degreesis adequate to describe the response of the detector.
However, on the surface of Eros the GRS detects gamma rays from the asteroid at angles up to
90 degrees, corresponding to anearly 2p geometry. With the spacecraft resting on the surface of
Eros, the angle of the GRS with respect to the surface norma was determined to be 18 degrees.

To calculate the detector response on the asteroid’ s surface we did a weighted average of the
measured efficiencies as afunction of angle and energy. The 18 degree offset from the surface
normd isincluded, but in fact has only asmall effect. Such atilt angle would only become
important if it exceed the haf-opening angle of the Nal, which is about 25 degrees.

Totd efficiencies were calculated for the Nal photopeak, first escape, and second escape spectra
and are shown in Fig. 10. The photopesk efficiency is Sgnificantly lower than that givenin

Evans et d. (2000) at O degrees, though the shapes of the curves are Smilar. The decreaseis due
to theimpact of the BGO shidld. As explained above, on the surface of Eros the viewing
geometry isnearly 2p steradians. However, the opening angle of the BGO collimator
corresponds to just 0.6 steradians, so about 90% of the surface gamma-ray flux passesthrough
the shield before being detected by the Nal. On the surface of Eros, the Nal “sees’ the asteroid
mastly through the BGO shield, thus reducing the totd efficiency. The BGO efficiency on the
surface was caculated in asmilar manner.

Theor etical Gamma-Ray-Flux Calculations

To convert the measured gamma-ray-flux ratios to abundance ratios, a series of caculaions were
done. These gamma-ray-production caculations were done in the same way that gamma-ray
fluxes were cdculated for Mars (Masarik and Reedy, 1996) and Mercury (Briuckner and
Masarik, 1997). The firg cdculations used the LAHET Code Sysem (LCS) to numericdly
gmulate the interactions of gdactic-cosmic-ray (GCR) particles with the surfaces of asteroids of
various compositions and the subsequent production and transport of the neutrons and protons
that make gamma rays. The flux of GCR particles averaged over a solar cycle was used. These
particle fluxes then were used to cdculate the rates for producing gamma rays as a function of
depth. The cross sections for nuclear reactions producing gamma rays by indadtic-scattering
reactions and intendgties of gamma rays made by neutron-capture reactions were those used
earlier for the Moon and Mars (Reedy, 1978). The gamma rays made in the asteroid’'s surface by
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these particles were then transported to the agteroid’'s surface. Only the fluxes of gamma-ray
lines that escaped the surface without undergoing an interaction were considered.

Cdculdions of gamma-ray productions were done for a variety of meteorite compostions,
induding compostions of individua meteorites that were chosen to span the range of
compositions expected, particularly for iron These compositions were taken from the meteorite
database (Nittler et a., 2001a). An assumed density of the meteorites (about 3 g/cnt) was used,
dthough severd calculations done with adensity of 1 g/ont®, which is about that expected for the
surface of an agteroida regolith, gave the same results. The averaged lunar composition of Reedy
(1978) was also used for comparisons with previous gamma-ray-flux calculations (Reedy, 1978;
Masarik and Reedy, 1996).

The surface was assumed to be of uniform composition both vertically and horizontaly. The
meteorite compositions used in the caculations assumed no H or C, which can rapidly

thermalize energetic neutrons and significantly increase the fluxes of gamma rays made by
neutroncapture reactions (Masarik and Reedy, 1996). The assumed compositions also excluded
such neutron-absorbing elements as Cl, Sm, and Gd that can reduce the fluxes of neutron-capture
gammarays from other elements (Reedy, 1978). In some cases (e.g., C in urelites), these
abundances were included in the data of Nittler et d. (20018) and intentionaly excluded from the
caculations. In other case (e.g., Sm Gd), abundances were not known. The mgor neutron-
capture gamma rays expected from Eros are the 7.646 and 7.631 MeV gammarays from Fe and
the 4.934 and 3.539 MeV gammaraysfrom Si.

The fluxes of gamma rays made by indadic-scattering reactions, such as those at 0.847 MeV
from Fe, 1.779 and 6.878 MeV from S, 1.369 and 2.754 MeV from Mg, and 6.129, 6.917, and
7.117 MeV from oxygen are only weskly affected by the bulk compostion. High concentrations
of eements with larger atomic masses, such as Fe, result in higher fluxes of the fast neutrons that
make such indadic-scattering gamma rays (Gasnault et a., 2001). The flux of the 1.461 MeV
gammaray made by the decay of naturally radioactive *°K was aso calculated.

The agreement with previous cdculations done using LCS is good, and these cdculations are
consgent with earlier work. As noted in Masaik and Reedy (1996), gamma-ray-flux
cdculaions done with LCS differ dightly from those done using other modds for GCR
interactions, such as those of Reedy (1978).

As the flux of GCR particles a Eros was low and not well known during the NEAR- Shoemaker
misson, raios of gamma-ray fluxes to ratios of dementd abundances were cadculated for the
cosmogenic gamma rays. For two gamma rays that are both made by the same type of nuclear
reections (inelastic scattering or neutron capture), eg., the ratio of the fluxes of the 0.847 and
1.779 MeV ineadtic-scattering gamma rays to the Fe/S abundance ratio, such trend lines are
very linear. There is some atter about the trend line for the ratio of the 7.631 MeV Fe capture
gamma rays to the 6.129 MeV oxygen indadtic-scattering gamma ray as a function of the iron to
oxygen abundances in the meteorite models. The compostions that were the farthest from the
trend line were those for the Moon that had sgnificant amounts of the neutronabsorbing
eements Ti, Sm, and Gd. In those cases, the flux ratios were lower than the trend line.
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Fig. 11 shows two examples of results from these cdculations. The upper plot shows the
relaionship between the ratio of the Fe capture line at 7.631 MeV to the oxygen indadtic line at
6.129 MeV compared to the ratio of iron to slicon in the meteorite models and a fit to the data
This ratio is particularly important as it can be determined independently from each of the four
goectra  The lower curve shows the rdationship between the ratio of the Fe indagtic line a
0.847 MeV to the S indadic line a 1.779 MeV and the ratio of iron to slicon in the meteorite
models and a fit to the data. Caculations for one lunar (Reedy, 1978) and two Mercury
compostions (Brickner and Masarik, 1997) are included for comparison. These curves are then
used to convert the measured photon ratios to composition retios.

RESULTS

The results for the dementd ratios determined from the gamma-ray measurements are given in
Table 1. Theresultsfor theiron to oxygen ratio using the Fe 7.631 MeV capture line and the O
6.129 MeV indadtic line as derived for the four spectra are shown. The results for the sllicon to
oxygen ratio using the S 4.934 MeV capture line and the O 6.129 MeV indadtic line are shown
for three spectra. The other composition results are derived from the andysis of the
anticoincidence spectrum. These include the iron to silicon ratio from both indadtic lines, the
magnesium to silicon ratio from the indastic lines, and the potassium concentration from the *°K
line. Inaddition theiron inglagtic to iron capture photon ratio and the silicon indadtic to dlicon
capture photon ratio can be derived. These do not contain any useful geochemica results, but
are an indication of the hydrogen content of the sample. The gamma—ray cdculationsdl assume
zero hydrogen content and derive the iron and silicon inglagtic to capture photon ratios on that
bass. Comparison with measurements should indicate the validity of that assumption. Smaler
vaues of the indagtic to capture ratios would indicate the presence of hydrogen, even if it could
not be detected by the neutron capture line from hydrogen. Typical calculated values for the
ratio of the iron indadtic line (at 0.847 MeV) to the iron capture line (at 7.631 MeV) for many
meteorites are around 1.8, though values can range to over 3 compared to a derived vaue of 2.9.
Typicd caculated vauesfor theratio of the slicon indagtic line (at 1.779 MeV) to the slicon
capture line (at 3.539 MeV) for many meteorites are about 10.5, though values can range up to
13 compared to a derived value of 11.9. The high vaues for these ratios are typicdly for iron
nickel rich meteorites (e.g., mesosiderites). Because these ratios are derived from alow energy
gammaray and a high energy gammaray, these ratios are dependent on the accuracy of the
cdculated efficiencies. Considering these uncertainties, the two derived vaues for theindadtic to
capture ratios are both in reasonable agreement with the caculated vaues and indicate the
assumption of zero hydrogen isvalid.

Redligtic uncertainties for these derived compogtions are difficult to estimate. The Satigtica
uncertainties can be derived from the measurements and the background subtraction. These
datistica uncertainties tend to be smdl, typicaly between 5 and 10 percent. Another source of
uncertainty is due to the response functions that may not be linearly independent and the spectra
shapes can interfere with on another in fitting the data (Reedy et d., 1973). Another uncertainty
isin the caculation of the detector efficiency. While efficiencies for gammaray rétios closein
energy are probably vaid, those far gpart in energy have an additiond uncertainty associated
with the result. Perhaps the best measure of the uncertainty in determining the eementd ratiosis
the spread in the result for the same ratio. For the iron to oxygen ratio there are four values
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caculated independently ranging from 0.16 to 0.44 with amean value of 0.28 and a standard
deviation of 0.12 (40 %). The other result that has multiple valuesis the silicon to oxygen ratio
with amean value of 0.61 and a standard deviation of 0.05 (8%), but without a vaue from the
BGO spectrum. Because of the energy resolution, the BGO spectrum is more difficult to analyze
and only the results for the highest energy lines were determined. As a conservative approach,
we assume that this 40% uncertainty gppliesfor dl the GRS results.

DISCUSSION

Two of the mgor goas of the NEAR misson are to relate 433 Eros to known groups of
meteorites and to decipher the geologic history of Eros though both andlysis of returned data and
comparison with meteorites. Before trying to address these questions, it isfair to ask whether
Eros can or should be compared to meteorites. While we know that most meteorites originate
from agteroids, there isno a priori reason to assume that we have a sample of Erosin our
collections. Erosis not currently in alocation dynamicaly favorable for ddivery of meteorites
to Earth (Zappaaet d., 1998; Michd et d., 1999). However, we also know that near-Earth
asteroids are dynamicadly unstable over the lifetime of the Solar System and are dmost certainly
replenished from the main belt. In the case of Eros, remova from the main belt into the near-
Earth population may have occurred within the last 200 million years (e.g., Bottke et d., 2000),
possibly with a source from the Mariafamily of asteroids (Zappaaet d., 1997). Thus, Eros
probably originated in alocation favorable for delivery of meteorites to Earth and, athough we
may not have a piece of Erosin our collections, we probably have smilar materid.

In comparing the chemica composition of Erosto thet of agteroids, the first question we might
ask iswhether Eros has the same composition as an ordinary chondrite, given the abundance of
both S-type asteroids and ordinary chondrites. Almost al meteorites have S/O ratios in the
range of 0.35-0.6 so while the GRS reaults are within this range this ratio cannot give us much
information concerning meteorite comparisons. Fig. 12 plotsthe Mg/S vs. K for awide array of
meteorite types, as well as the GRS-derived value for 433 Eros (with the 40% uncertainty
dlipse). Wefind that the composition of Eros overlapsthat of H, L and LL ordinary chondrites,
athough the error dlipse would dso dlow other types of chondrites (carbonaceous, endtetite, R)
and primitive achondrites (acapul coites, brachinites, winonaites). Most meteorites from fully-
differentiated bodies (e.g., howardites, eucrites, diogenites, aubrites) are excluded.

The finding of a chondritic compostion from the GRS-derived Mg/S and K vauesisin close
agreement with compositions derived from the XRS, MSl and NIS experiments, dl of which
point to a chondritic composition.  Indeed, the Mg/S ratio derived by XRS and GRS are amilar.
It isinteresting to note that K is gpparently not depleted in the GRS composition  The marked
S'S depletion noted by XRS has been explained by surface depletion of this volatile eement
during micrometeorite bombardment and sputtering (Trombka et d., 2000). It was thought that
the volatile dement K might show a smilar depletion, though this would not necessarily appear

in the GRS reaults.

While the match between XRS- and GRS-derived Mg/Si ratios is noteworthy, the picture

becomes somewhat more complicated if we consder Fe/S and Fe/O ratios. Fig. 13 plotsMg/S
vs. Fe/Si for the X-ray and gammaray derived valuesfor 433 Eros.  While the XRSvaueis
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smilar to H chondrites (as well as some carbonaceous chondrites and primitive achondrites), the
GRSratiosincude LL and L chondrites, some primitive achondrites, angrites, diogenites and
howardites. Note that thereis no overlap of the Satistical uncertainties between the XRS and
GRS derived vaues.

The mismatch becomes even more gpparent if we examine aplot of Fe/S vs. Fe/Oin Fig. 14.
Onthisplat, virtualy al meteorites define agtraight line. The only notable exceptions are
hydrated carbonaceous chondrites. The gamma-ray derived vaues of 433 Eros plot, on average,
dightly above the line with an error dlipse that includes howardites, eucrites, diogenites,

urellites and angrites, but not ordinary chondrites.

There are three possible interpretations for the apparent mismatch between the XRS and GRS
derived vaues. Firg, the mismatch might result from errorsin the calculation of dementa
compoasitions from raw spectra of either the XRS or GRS experiment. The gamma-ray lines used
for Fe, S and O are dl at relatively high energies and any uncertainties associated with the
caculated detector efficienciestend to cancel out when taking ratios. In addition, theiron and
oxygen lines should be among the strongest lines in the spectra and, thus, should have the

greatest degree of confidence in the results of the spectrd andyss Thus, we think it unlikely

that the mismatch results from incorrect analysis of the GRS spectra.

If we recdl that the XRS and GRS measurements sample at both different depths (tens of cms
for GRS vs. tens of micronsfrom XRS) and spatia scae (submeter for in situ GRS vs. severd
kmsfor orbita XRS), the other two interpretations become gpparent.  The second explanation is
that 433 Erosredly is partidly differentiated, with the scale of mdting being somewhere
between the meter scale of the GRS and the few km scale of the XRS. We find this scenario
improbable, dthough we cannot dismissit completely. Our skepticism arises both from our
understanding of the geologic processes that create the differentiated meteorites and the required
scade of differentiation. Howardites, eucrites and diogenites are thought to be products of near-
total melting at agloba scale. On 433 Eros, we can be confident that global meting did not
occur, owing to the chondritic Al/S and CalSi ratios derived by the X-ray experiment (Nittler et
d., 2001b). It isunclear whether melting on a smaller scale could actualy produce these
lithologies. More importantly, extensve differentiation, even on asmdl spatid scae, should
produce dramaticdly different lithologies, including basaltic, dunitic and metdlic. Ye, the

multi- spectra imager experiment, which has spatia resolution on the order of tens of meters, did
not detect the type of lithologic heterogeneity inferred by thismodd. Thus, we consder such a
scenaio highly unlikely.

The third, and much more probable, scenario isthat processes occurring within the regolith of
433 Eros produced the anomaoudy low F&/O and Fe/S ratios. Veverkaet d. (2001b) have
made compelling arguments that the regolith on the surface of Eros may be up to several meters
thick in some areas. Thisregalith is the end product of a history of bombardment that might
extend back millions to hillions of years. The landing Ste of the NEAR- Shoemaker spacecraft
was particularly smooth and may have been at the end of a“pond” deposit  flat materid that
infilled existing lows and could have formed by avariety of mechaniams. It isworth consdering
whether this materid might differ from known meteorites and whether physical processes
occurring within the regolith might explain the discrepancy.
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In answer to the first question, meteorites are undoubtedly a poor sample of modern asteroid
regolith (McKay et d., 1989). Even meteoritic regolith breccias, which contain solar wind gases
and must have been exposed at the surface of the asteroid, may only contain a smdl fraction of
the optical regolith and may have been indurated billions of years ago. Thus, thereis no reason
to assume that we have adequately sampled the regolith of any asteroid, let alone 433 Eros.

The second question is more difficult to answver. To explain the lower Fe/S and Fe/O ratios of
the in stu GRS measurement relative to a chondritic bedrock, a marked depletion of iron must
occur. Such adepletion points to separation of the metd and sulfide (FeS) from the sllicates.
Several mechanisms exist to produce such a separation. Robinson et d. (2001) have argued that
electrodtatic migration may play akey roleininfilling ponds.  Such a mechanism may operate
differently on conductive metal compared to non-conductive silicates. Metdl and slicates would
differ dramaticaly in dengity (8 vs. 3 g/cc) and, possibly, size (due to differencesin

brittle/ductile behavior) within the regolith of an asteroid. This could lead to preferentia

migration of metd reldiveto slicate. It isunclear whether metd would rise (e.g., the Brazil nut
effect) or ank asareault of these differences, but either might explain a surficid enrichment or
depletion of metal. We have also considered whether the low Fe/O and Fe/Si ratios derived by
GRS can be explained by depletion of meta from a chondritic bedrock.  The dlicate portion of
an H chondrite would have a Fe/S ratio of 0.4 and aFe/O ratio of 0.2. These results suggest that
incomplete remova of metd and sulfide from an H chondrite could explain the composition of
433 Eros. Such remova would have no effect on the Mg/S ratio or K abundance. Interestingly,
the sameistruefor LL chondrites, which have less metd to remove, but lower Fe/'S and Fe/O
ratiosin bulk. These results suggest that meta (xsulfide) migration in the regolith of 433 Eros
might explain the discrepancy between the XRS and GRS results. As noted by Nittler et d.
(2001b), they aso suggest that it may not be possible to point to a single, unambiguous
meteoritic andog for 433 Eros. An attempt to define such an analog combining the XGRS and
MSI/NIS resultsis presented by McCoy et a. (2001).
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