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The X-Ray spectrometer onboard the Near Earth Asteroid Ren-
dezvous spacecraft will measure X-rays from the surface of 433 Eros
in the energy region 0.7–10 keV. Detection of characteristic Kα
line emissions from Mg, Al, Si, Ca, Ti, and Fe will allow the de-
termination of surface abundances of these geologically important
elements. Spatial resolution as fine as 3 km will be possible for
those elements where counting statistics are not a limiting factor.
These measurements will make it possible to relate Eros to known
classes of meteorites and reveal geological processes that occurred
on Eros. The calibration measurements and analysis procedures
presented here are necessary for the reduction and analysis of the
X-ray data to be collected during one year of orbital operations at
Eros. c© 2000 Academic Press
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The Near Earth Asteroid Rendezvousmission (NEAR) was
successfully launched on 17 February 1996.NEAR was the
first launch under NASA’s Discovery Program, an initiative
small, low-cost planetary missions. As the first spacecraf
orbit an asteroid, theNEARmission will address fundament
questions about the processes and conditions relevant to p
tary formation.

The X-ray/gamma-ray spectrometer (XGRS) is one of s
eral instruments onboard theNEARspacecraft that will study
Eros during one year of orbital operations beginning in Febru
2000. The X-ray and gamma-ray spectrometers that com
the XGRS are independent, but complementary experimen
this paper we focus on the X-ray spectrometer, its calibrat
8
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operation, and procedures for interpretation of the measurem
to be made at Eros.

The X-ray spectrometer (XRS) will measure character
X-ray emissions induced in the surface of the asteroid by
incident solar flux. The Kα lines for the elements Mg, Al, S
Ca, Ti, and Fe will be detected with spatial resolution on
order of 3 km when counting statistics are not a limiting fac
These measurements can be used to obtain both qualitativ
quantitative information on elemental composition.

The X-ray spectrometer on theNEARmission is a nondis
persive spectroscopic system. In this approach, the inco
X-ray photon is absorbed by the detector material and a s
proportional to the absorbed energy is measured by the de
as a voltage pulse at the detector output. An analog-to-d
conversion is then performed and the count is binned by “p
height” or energy loss, and a spectrum is obtained and tel
tered to Earth. From an analysis of the pulse height spect
elemental composition can be inferred.

The choice among various types of X-ray detectors
strongly influenced by the constraints of the NEAR miss
The detectors were chosen for their sensitivity in the energ
gion of scientific interest, while also being consistent with
cost, mass, power, and reliability constraints of the mission

X-RAY REMOTE SENSING

The most prominent fluorescent lines for the major elem
Mg, Al, Si, Ca, Ti, and Fe are the Kα lines (1–10 keV). The
strength of these emissions from planetary surfaces is stro
dependent on the chemical composition of the surface as
as on the incident solar spectrum, but is of sufficient intensi
allow orbital measurement by detectors like those on theNEAR
spacecraft.

In addition to line fluorescence, solar X-rays also can be
herently and incoherently scattered from a planetary sur
contributing an unwanted background signal. Astronomica
ray sky sources, which could be sources of background
eliminated at Eros, because the XRS is collimated to a 5◦ field
of view, and the asteroid completely fills the field of view wh
the spacecraft is below 100-km altitude.

The solar flux from 1 to 10 keV, the energy region of int
est, can be modeled with several prominent lines superpos
a continuum described by a fourth- to sixth-order power
(depending on the level of solar activity). In modeling the s
output for theNEARmission the best estimates of solar out
anticipated near solar maximum have been used and range
approximately B1 to M1 levels. The solar intensity decrease
three to four orders of magnitude from 1 to 10 keV. Fluores
lines as well as the scatter-induced background, therefore,
greater intensity at lower energies. As the level of solar act
increases, relatively more output occurs at higher energies

slope of the spectrum becomes less steep, and the overall m
tude of the X-ray flux increases. This process is called harden
LIBRATION 499
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Solar output is highly variable and can typically change by
order of magnitude or more within minutes. Higher solar activ
will yield better statistics, shorter integration times, and he
higher resolution maps, especially for heavier elements suc
Fe. Because of its variability, the Sun’s output must be monito
in order to be able to obtain quantitative results. An introduct
to X-ray remote sensing techniques for geochemical ana
can be found in Yinet al. (1993).

INSTRUMENT DESCRIPTION

Detectors

The asteroid-pointing detector package includes three la
area (25-cm2) sealed gas proportional counters with thin (25-µm)
Be windows. The large area provides the necessary sensi
to achieve the desired spatial resolution and the Be wind
absorb the lower energy X-rays (below 1 keV) that would oth
wise dominate the detector count rate. The fill gas is P-10 (9
argon and 10% methane). The Be window is supported by a
angular Be support structure. The detector housing is steel
a Be liner to absorb Fe line emission from the housing (Gold
et al.1997).

The sealed gas proportional counters chosen for this ex
ment are improved versions of instruments previously flown
Apollo 15 and 16. The energy resolution of current gas prop
tional counters is improved over those of the Apollo days,
is still not sufficient to resolve the low-energy Mg, Al, and
lines. As with the Apollo missions it is necessary to use b
anced filters to resolve these closely spaced lines (Adleret al.
1972a,b,c). Two of the detectors have thin absorption filt
approximately 9µm thick, mounted externally. A Mg filter on
one detector attenuates the Al and Si lines, and an Al filte
the other detector attenuates the Si line. The very steep ab
tion edges of the filters make the separation of the lower en
lines possible. The third detector has no filter. The energy r
lution of these detectors is about 14% at 5.9 keV (Trombkaet al.
1997).

Two sunward-pointing X-ray detectors positioned on the f
ward deck of the spacecraft monitor the incident solar flux. T
solar monitors experience very strong X-ray emissions dire
from the Sun, especially during solar flares, so the active
for a solar monitor needs to be only about 1 mm2. One monitor
is a proportional counter identical to the three asteroid-poin
detectors, but with a specially designed graded shield tha
duces its effective area to about 1 mm2 (Clark et al. 1995).
The other solar monitor is a small Si-PIN photodiode. T
solid-state detector is mounted on a miniature thermoele
cooler in a hermetic package 15 mm in diameter. A 76-µm-
thick Be window rejects the intense solar flux below 1 keV. T
Si-PIN solar monitor achieves an energy resolution of 600 e
5.9 keV.
agni-
ing.

During each integration period the XRS collects four 256-
channel pulse height spectra: one for each of the three asteroid-
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pointing detectors and one from either the proportional cou
or the PIN solar monitor. The two solar monitors may both
powered on at the same time, but telemetry limitations for
a design that allows only one of the solar monitors to be pu
height analyzed at a time. Additional details of the detector
sign can be found in Goldstenet al. (1997).

Collimator

A collimator is used to restrict the X-ray spectrometer fie
of view to about 5◦. In a 50-km orbit (on average about 40 k
from the surface of the asteroid) this results in a spatial re
lution of about 3 km. The collimator is also useful in reduci
the cosmic X-ray background. The collimator uses a hon
comb design made of copper with 3% Be. The K, L, and
X-ray lines excited in the collimator by solar X-rays, cosm
rays, and asteroidal X-rays do not interfere with the surface
emissions.

Calibration Sources

Three Fe-55 sources, mounted on a calibration rod, ca
rotated, one at a time, into the field of view of the three aster
pointing detectors to establish the energy calibration of the X
Knowledge of the energy calibration of the XRS and how
changes over time is necessary to sum spectra obtained
the same region of the asteroid, but collected at different tim
during the mission. The statistics in any one spectrum (typic
about a 100-s accumulation) are insufficient to perform deta
analysis.

DETECTOR CALIBRATIONS

In order to interpret the data collected by the XRS, a deta
understanding of the detector response is vital. Efficiency
energy resolution as a function of energy, angular response,
transmission as a function of energy, and rise-time rejec
efficiency are most important.

Asteroid-Pointing Detectors

One advantage of using an older, but well-known detec
technology is that the characteristics of the system have b
extensively studied and are well understood. The efficiency
resolution of gas proportional counters like those onNEARhave
been measured many times. A detailed description of the
sponse of proportional counters can be found in Knoll (1989

The gas proportional counters onNEARhave a chamber di
ameter of 42 mm and are filled with P-10 gas, a mixture of 9
argon and 10% methane, to an absolute pressure of 1200 m
The anode wire is gold-plated tungsten and has a diamet
13µm. Figure 1 displays the detector efficiency versus ene
calculated for this type of detector. The sharp features in the

sponse of the Mg- and Al-filtered detectors at 1.30 and 1.56 k
respectively, are the filter K-edges. The very sharp feature see
ET AL.
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all three detectors at 3.20 keV is the K-edge in argon, the prim
constituent of the proportional counter fill gas. This feature co
plicates the response of the proportional counters for ener
above the absorption edge, because the resulting K X-ray, w
is 2.97 keV for argon, may escape the detector. A correspo
ing escape peak will then appear in the spectrum that lies be
the full-energy peak by an amount equal to this characteri
energy. This can be seen in Fig. 2, which is the response o
Mg-filtered proportional counter to an Fe-55 source which em
the Mn Kα and Kβ lines at 5.899 and 6.490 keV, respective
The fit to the measured pulse height spectrum (solid line)
quires four peaks (dashed lines); one for the Kα line, one for the
Kβ line, and one for each of the two escape lines. The full ene
peak for the Kα line is seen in channel 150.6. The correspon
ing escape peak is in channel 75.4. From the energy calibra
provided in the table in the upper left-hand corner of Fig. 2, t
implies an energy difference of 2.97 keV, as predicted.

The energy resolution of gas proportional counters varies
versely as the square root of the energy,

0 = 2.35

(
W(F + b)

E

)1/2

,

where0 is the full-width at half-maximum (FWHM) as a frac
tion of the X-ray energy,W is the energy required to create a
ion pair,F is the Fano Factor,b is a parameter that characterize
the avalanche statistics, andE is the energy in keV. (See, fo
example, Knoll, 1989). This equation represents the statist
limit for a gas proportional counter, which is the best respo
one can expect. For P-10 these parameters areW = 0.026 keV/
ion pair, F = 0.17, andb = 0.50. The above equation the
becomes

0 = 0.310E−1/2,

At 5.9 keV this would imply an energy resolution of 12.8%
0.753 keV. The energy resolution at 5.9 keV for the Mg-filter
detector as shown in Fig. 2 is 0.824 keV, or about 14.0%, wh
is typical for all the proportional counters onNEAR. An increase
of about 10% over the statistical limit is expected for these
tectors due to electronic noise and nonuniformity of the an
wire.

The response of a proportional counter to six different X-r
lines is shown in Fig. 3. The pulse height spectra were g
erated by using anα particle excitation source on targets
Mg (1.254 keV), Al (1.487 keV), Si (1.740 keV), S (2.307 keV
Ca (3.690 keV), and Ti (4.508 keV). The fractional energy r
olution of each of these six X-ray lines, plus the 5.899-keV li
from Fe-55, is plotted versus energy in Fig. 4. The fitted line i
power-law function in energy with a slope of−0.5 and a constan
eV,
n in
of proportionality of 0.340. The energy resolution for Ca and Ti
is 17.7 and 16.0%, respectively. The energy of the Fe Kα line
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FIG. 1. Detector efficiency versus energy forNEARXRS proportional counters. The effect of the Mg and Al filters at low energies is clearly seen. The break
enuates the lower energy X-rays.
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that will be emitted from the asteroid surface is 6.40 keV,
the resolution at this energy is 13.4%. While there will be so
overlap of these lines in the spectra collected from the aste
the energy resolution of the proportional counters will still
sufficient to resolve them.

A collimated Fe-55 source, positioned in a plane perpen
ular to the detector face, was used to map the response o
detector over the entire window area. This result is show
Fig. 5. The FWHM of the detector response with the collima
in place is 3.2◦. The full-width at tenth-maximum (FWTM) i
5.5◦. The radial response of the detector is isotropic.

As described above, it is necessary to use thin filters in f
of two of the three proportional counters in order to sepa
the three low-energy lines of Mg, Al, and Si. Figure 6 sho
the response of the unfiltered, Mg-filtered, and Al-filtered
proportional counters to these three X-ray lines. The Mg fi
significantly reduces the Al and Si line intensities relative to

Mg line. The Al filter reduces the Si line intensity relative to th
others. Using this method, the three overlapping lines of Mg,

Si-
nd
me
oid,
be

ic-
f the
in

tor

ont
ate
ws
as
ter
he
e

and Si can be separated. The details of this technique for
separation are discussed later.

The effectiveness of the rise-time discrimination circuitry
displayed in Fig. 7. An in-flight spectrum taken with the Fe-
calibration source in the detector field of view is shown. T
rejection efficiency for gamma rays and charged particles
determined to be∼70% by comparing the background coun
above channel 51 with and without rise-time discrimination
abled. A comparison of the counts in the Fe-55 peak shows
only about 5% of the Fe-55 X-rays are removed by the ri
time circuitry. Rise-time discrimination is disabled below abo
2 keV (channel 51). Below this energy, the rise time of X-ra
gamma rays, and cosmic rays is not sufficiently different to al
efficient rejection of the background without loss of a significa
amount of valid X-ray events.

Solar Monitors

TheNEARXRS has two solar monitors. One is a solid state

Al,PIN diode, and the other is a gas proportional counter identical
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FIG. 2. Response of Mg-filtered proportional counter to an Fe-55 source. The fit to the spectrum (solid line) is accomplished by including the Kα (5.899 keV)

and Kβ (6.490 keV) Mn lines in both the full energy and escape peaks (dashed lines) plus a polynomial for the background (dashed line). The fit for the full energy
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Kα line gives a FWHM of 824 eV.

to the three asteroid-pointing detectors, but with a specially
signed graded shield. The gas proportional counter is the prim
solar monitor. The PIN detector was added as an enginee
test of this new technology. For the PIN detector the efficie
is easily calculated. It is a Si detector 300µm thick with a 76-
µm-thick Be window and a 200-nm dead layer. The result
this calculation is shown in Fig. 8. The impact of the Be wind
on the efficiency at low energies is evident. The efficiency of
Si-PIN detector at 5.9 keV was measured using an Fe-55 so
of known strength, placed on axis at a fixed distance from
detector. The result was 0.95± 0.04, which is in good agree
ment with the calculated value of 0.96. The error reflects
statistical uncertainties, only.

Figure 9 is a pulse height spectrum of the Si-PIN with
Fe-55 source in the field of view. The Kα and Kβ lines merge,
but are separated by the fit. The FWHM of the Kα line (5.9 keV)
is 0.60 keV or 10.2%. Low-energy electronic noise is seen be
channel 42 or about 1.7 keV.
As with the proportional counters, the energy resolution of t
Si-PIN varies inversely as the square root of the energy. Us
e-
ary
ring
cy

of
w
he
rce
he

he

n

ow

the measured resolution of 0.60 keV at 5.9 keV to determine
proportionality constant gives the FWHM as a fraction of
X-ray energy:

0 = 0.247E−1/2.

The gas proportional counter solar monitor is identica
the three asteroid-pointing detectors, but with the addition
a graded shield (Clarket al. 1995). This shield is designed
restrict the effective area of the detector to about 1 mm2, and
also to attenuate more of the lower energy flux from the S
in order to enhance the response of the detector at the h
energies. The response of the gas solar monitor is show
Fig. 10, along with that of a bare proportional counter a
the Si-PIN diode. The effectiveness of the shield can be s
by the comparison of the two proportional counter respo
curves.

A comparison of solar spectra from the proportional coun

he
ing
and Si-PIN solar monitors is shown in Fig. 11. The solid traces
are the gas proportional counter and the dashed traces are the
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FIG. 3. Monoelemental pulse height spectra generated with anα particle source exciting targets of Mg, Al, Si, S, Ca, and Ti. Argon escape peaks for the Ca
and Ti targets can be seen. The energy calibration used here corresponds to a channel width of 5.74 eV.
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FIG. 4. The energy resolution of a gas proportional counter as a function of energy. The fit to the data points is a power law in energy and agrees well with

c t of
the expected value.

Si-PIN detector. The lower two traces show spectra collec
during a quiescent period. Note the significantly lower ba

ground in the solid-state detector. The upper two traces showthe graded shield in “hardening” the detector response to solar

arly
spectra collected during a solar flare. The predominant line nearinput. At low energies the response of the two detectors is ne
FIG. 5. Response of collimated gas proportional counter to an Fe-55
detector is collimated to 3.2◦ FWHM and 5.5◦ FWTM. In the radial direction, th
ted
k-
channel 170 indicates strong Fe X-ray emissions (∼6.6 keV).
The proportional counter spectrum clearly shows the effec
source located in a plane perpendicular to the detector face. The field of view of the
e field of view is isotropic.
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FIG. 6. Response of gas proportional counters to Mg (top), Al (midd
and Si (bottom) Kα X-ray lines. The effect of the Mg and Al filters is shown. T

Al X-ray is effectively eliminated by the Mg filter, and the Si line is removed b
both the Mg and Al filters.
LIBRATION 505

e),
e

the same, while at higher energies the gas solar monitor resp
is significantly greater than that of the Si-PIN.

INSTRUMENT OPERATION

Understanding how the XRS operates is essential to redu
and analyzing the data it returns and ultimately extracting
surface compositional information for Eros that is the goa
this mission. The following sections describe the more impor
operational considerations for theNEARXRS.

High Voltage and Temperature Stability

The four XRS proportional counters each operate at volta
close to 1165 volts. The high voltage control circuitry mainta
the voltage on the proportional counters to within about 0.5 V
the commanded value (Goldstenet al.1997). This is importan
because small changes in high voltage can produce signifi
changes in detector gain. On the other hand, the proport
counters are relatively insensitive to temperature change
other than keep-alive heaters, no effort is made to contro
temperature of the proportional counters. The result is that
several thousand hours of XRS operations during cruise, no
nificant gain changes have been observed due to voltage or
perature changes.

The bias voltage of the Si-PIN is 30 V. This voltage is co
trolled by the same circuitry as that used by the proportio
counters. The Si-PIN must be cooled to temperatures b
−20◦C in order to operate properly. This is accomplished by
miniature thermoelectric cooler. The temperature is mainta
within allowable limits by on-board control, and the gain of t
Si-PIN has also been quite stable throughout cruise operat

Energy Range

Each of the five XRS detectors generates a 256-channel
height spectrum. The nominal width of each channel is ab
40 eV, giving an upper level energy of about 10 keV. The lo
end of the energy range depends upon the setting of the l
level discriminators (LLD). For the proportional counters t
is typically channel 15 which corresponds to∼0.60 keV. For
the Si-PIN the LLD is set to channel 37 because of electr
noise, so its pulse height spectrum measures down to a
1.5 keV.

Live Time

The live time of each of the five XRS detectors (including
nonactive solar monitor) is available with each science rec
These are simply calculated from two counters associated
each of the detectors: valid rate and raw rate. The raw rate is e
count registered in a detector above the lower level discrimin
The valid rate represents all counts processed by the X

y
live time.
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FIG. 7. Response of Al-filtered X-ray proportional counter to Fe-55 source. The solid curve is rise-time discrimination off and the dashed curve is r
discrimination on. The break in the dashed curve at channel 51 is the valid rise-time discriminator threshold.

FIG. 8. Efficiency of Si-PIN detector versus energy. The 76-µm-thick Be window strongly attenuates the lower energy X-ray flux from the Sun that wo

otherwise dominate the detector.
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FIG. 9. Response of Si-PIN detector to an Fe-55 radioactive source. The Kα (5.90 keV) and Kβ (6.49 keV) lines overlap, but their separate contributions c
be seen by the fit and its two components. The FWHM of the Kα line is 600 eV.

FIG. 10. Response of a bare proportional counter (no filter), PIN solar monitor, and gas proportional counter solar monitor. The curves for the pro

counter and PIN are the same as those in Figs. 1 and 8, respectively. The effect of the graded shield on the low-energy response of the gas solar monitor can be seen.
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FIG. 11. A comparison of spectra collected in flight from the proportional counter and Si-PIN solar monitors. The solid traces are the gas pro
counter and the dashed traces are the Si-PIN detector. The lower two traces show spectra during a quiescent period (10 January 1998). Note the signintly lower
background in the solid-state detector. The upper two traces show spectra during a solar flare (15 January 1998). The predominant line near 6.6 kecates

strong Fe X-ray emissions. The proportional counter spectrum clearly shows the effect of the graded shield in flattening the detector response to solar input. All
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One correction needs to be made to this simple relation
When the bismuth-germanate (BGO) shield in the gamma
spectrometer detects a very high-energy cosmic ray its pr
plifier saturates, which causes cross talk in the asteroid-poin
proportional counters. The spectra are not contaminated
cause whenever a high-energy event is detected in the B
the X-ray channels of the three asteroid-pointing detectors
cleared, but the raw rate is a hardware counter and cannot b
crimented. A correction must be made to the raw rates usin
cross-talk counter, which is one of the 41 rate counters avai
in the XRS science records. Based on laboratory and in-fl
measurements, the following equations for live time are use
the three asteroid-pointing detectors:

Unfiltered Detector Live Time

= UNF VALID EVENTS

UNF RAW EVENTS− 0.037× XTALK COUNTER

Mg-Filtered Detector Live Time

= MG VALID EVENTS

MG RAW EVENTS− 0.025× XTALK COUNTER

Al-Filtered Detector Live Time
= AL VALID EVENTS

AL RAW EVENTS− 0.031× XTALK COUNTER
.

hip.
-ray
am-
ting
be-

GO,
are

e de-
the
ble

ight
for

The two solar monitor detectors are unaffected by BGO sat
tion events because their preamplifiers are located on the o
site side of the spacecraft from the gamma-ray electronics.
these two detectors no cross-talk correction is necessary. Ty
live times for the asteroid-pointing detectors are about 97%.
proportional counter solar monitor live time varies significan
with solar activity. During quiescent periods it is typically ov
90%, but will drop below 60% during large flare events. T
Si-PIN live time is generally higher than that of the proportion
counter, usually better than 90% even during large flares.
difference is due to the very fast rise time of the electronic pu
in the Si-PIN.

Rise-Time Discrimination

The gas proportional counters are subject to a large num
of background events from cosmic-ray and gamma-ray inte
tions in the detectors. Rise-time discrimination can be use
reduce this background component, because the rise time o
electronic pulses produced by the proportional counters du
these interactions is longer than that for X-rays. Rise-time
crimination circuitry employed on the XRS rejects up to 70
of these background events. The rise-time threshold can be
justed by ground command. The nominal setting for all fo

proportional counters is 135, which corresponds to a rise-time
threshold of 0.5µs.
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Below about 2 keV, pulse rise-time differences between
X-ray signal and the various background events are no lo
large enough to be easily separated by the rise-time logic
a result, it is necessary to disable rise-time discrimination
low 2 keV in order to prevent the rise-time circuitry from d
carding too many valid events. This, of course, results in m
higher background in this energy region. This rise-time v
threshold can be adjusted by ground command for each o
gas proportional counters. Setting this threshold to 0 or
turns rise-time discrimination off for all channels. The no
inal setting is channel 51 for the asteroid pointing detect
The effect of rise-time discrimination can be seen in Fig
The valid rise-time channel setting for the proportional cou
solar monitor is 255. Rise-time discrimination is not routin
used on this counter since solar X-rays dominate even
ing solar quiescent periods and cosmic-ray background is
nearly as significant a factor as it is for the other proportio
counters.

The Si-PIN is not subject to any of these high-energy ba
ground components because the energy deposited in the de
by a cosmic ray or gamma ray is much higher than the u
range for pulse height analysis—about 10 keV. No rise-time
crimination is used on the Si-PIN detector.

Instrument Safing

The X-ray detectors may be damaged by very high count r
For this reason, flight software was designed to remove high
age from any detector whose count rate exceeded a preset
Normally, this level is 30,000 counts/s, but may be adjusted
ground command. If this threshold is exceeded, the high v
age is turned off for one hour (adjustable by ground comma
After one hour the voltage is increased slowly (about 100 V
ery 20 s). If the count rate exceeds the safing threshold the
voltage is again reduced to zero. Up to six retries (adjustab
ground command) are attempted. After this, high voltage ca
restored only by explicit ground command.

DATA REDUCTION AND ANALYSIS

Introduction

The XRS measurements must be corrected for a numb
factors in order to determine the incident photon flux from
asteroid. Once the incident flux is determined, both qualita
and quantitative geochemical information can be inferred
order to obtain elemental composition from the measured p
height spectra, it is necessary to adjust the spectra to a com
energy scale, normalize for solar activity, correct the spect
for geometric factors (e.g., variations in altitude), correct
surface substrate matrix effects, and correct for the chan
angles of incidence and emission. Finally, the individual spe
may be summed and background subtracted. At this poin

is then possible to convert the spectrum from pulse heigh
photon flux, and then from photon flux to elemental compositio
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Detailed discussions of these processes can be found in C
(1979), Trombkaet al. (1979), Yinet al. (1993), and Clark and
Trombka (1997).

A shape model of the asteroid, developed using data from
NEARimager (Veverkaet al.1997) and from the laser altimete
(Zuberet al.1997), will be used to determine the accumulat
regions (bins) on the asteroid. Bin sizes will be selected base
the instrument viewing footprints and integration times requi
to obtain statistically significant results. The incident solar
ray spectrum is measured with the solar monitors and st
as part of each record. A correction is made for the varia
in angle of incidence of the solar flux, and asteroid spectra
normalized by taking into account the shapes and intens
of the associated solar spectra. The local altitude is also st
with each spectrum, and solid angle corrections due to cha
in altitude are determined. Once the various corrections h
been applied to the spectra, they then can be summed.
basic procedure was developed for the analysis of the sp
obtained during the Apollo program and was used success
(Trombkaet al.1979).

The X-ray background that is not rejected by the rise-ti
discrimination circuitry can be attributed to coherent scatte
of solar and sky X-ray sources from the surface of the aster
The magnitude and shape of the sky component can be d
mined from measurements made on the dark side of the aste
During the Apollo missions, it was found that this compon
was constant, so that the dark-side background could be
tracted directly from the pulse height spectra measured on
sunlit side (Trombkaet al.1979).

For X-ray measurements, given a number of samples with
same elemental bulk composition, X-ray intensity will depe
not only on the elemental composition, but also on the phys
state of the sample material (e.g., particle size and distribut
This matrix effect is very similar for X-ray lines that are close
energy, so substrate matrix effects can be significantly redu
by taking line intensity ratios. These ratios also cancel out m
other geometric factors, since they are only weakly energy
element dependent (Adleret al.1972a,b,c).

Methods for performing transformations from pulse hei
to photon energy space have been developed for data from
struments similar to theNEARXRS such as the Apollo X-ray
spectrometer (Trombkaet al.1979). A number of methods ma
be used to perform these transformations including least-squ
analysis, spline techniques, peak search, and simple matrix t
formations. Several different methods will be used on the s
spectra to confirm the analysis.

The final step in the data interpretation process is the in
ence of elemental composition from an analysis of the pho
intensities detected in orbit. Laboratory and field calibrations
conjunction with theoretical calculations, are required in or
to obtain photon-to-elemental composition conversion fact
The approach developed for the analysis of the X-ray spectr
t to
n.
eter data is described in Clark (1979) and Clark and Trombka
(1997).
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LEVEL 0 DATA PRODUCTS

The level 0 data products are just the raw data returned b
XRS. The XRS produces four X-ray spectra and 41 rate coun
every integration period. All spectra contain 256 channels. S
tral bins contain 16 bits. Rate counters are 32 bits. The spe
correspond to the unfiltered proportional counter detector,
Mg-filtered detector, the Al-filtered detector, and the active
lar monitor. Both solar monitors may be on at the same ti
but spectra from only one of the solar monitors may be retur
for any integration period. Rate counters include raw event r
and valid event rates for each of the five X-ray detectors. In
dition, for the four proportional counters, rise-time reject, t
rise-time reject, false rise-time reject, and cross-talk rates
also provided.

The X-ray data set also includes both science and engine
housekeeping. The science housekeeping data set conta
parameters and the engineering housekeeping data set co
162 parameters. These two data sets contain the 41 rate
ters as well as engineering information such as high volt
lower level discriminator settings, temperatures, location of
Fe-55 calibration rod, and many other engineering parame
that allow the experimenters to evaluate the status of the in
ment. A few of the more important housekeeping parameter
discussed below.

Mission Elapsed Time

Every science record returned by the XRS is time tagged
the spacecraft mission elapsed time (MET). Data proces
uses MET to access the SPICE kernels to return position
the Sun, Earth, and the spacecraft in the asteroid body
coordinate system. SPICE is a data system that contain
geometric and other ancillary information needed to corre
individual instrument data sets with data from other instrume
spacecraft ephemeris, attitude information, and other rele
geometric and timing parameters.

Data Quality Index

One of the parameters returned as part of the science ho
keeping records is DQI or data quality index. This param
is zero if all of the data packets for a science record have b
received at the APL Science Data Center (SDC). DQI is se
one if any packets are missing.

Integration Time

The integration time of each spectrum is included with e
science record. During orbit this time will most often be 100
There will be some cases when integration periods will
shorter. One example is if a command is sent to the XRS
immediate execution. So as not to corrupt the current rec
the integration period is terminated prematurely, the comm
is executed, and a new 100-s integration period begins. Ea
the four returned spectra has its own integration time that

normally the same, but in some unusual circumstances may
ET AL.
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fer. For example, each channel of the four 256-channel spec
16 bits. If the number of counts in any channel of a spectrum
ceeds 65,535 during an integration period, accumulation s
for that one detector (though channel rollover and contin
detector accumulation can be permitted by ground comma
This has happened occasionally for the solar monitors du
periods of intense solar activity. Count rates exceeding 30
per second will cause detectors to safe themselves as desc
earlier. Here again, the integration period will be termina
early. This too has been observed during cruise, usually fo
solar monitors. They recover autonomously when the count
drops below 30,000 per second.

LEVEL 1 DATA PRODUCTS

The level 1 data products are the raw data records with s
tral gain corrections, spatial parameters, and other derived
rameters added to each record. Beginning in February 2
theNEARspacecraft will spend about one year in orbit arou
433 Eros. The XRS will accomplish most of its highest qua
observations during the 175 days in low orbit—50 km or le
Assuming 100-s integration periods during most of this time
plies 864 records per day and over 150,000 records for jus
low-orbit portion of the mission. Each one of the science reco
returned by the XRS contains four 256-channel spectra, 53
ence housekeeping parameters, and 162 engineering house
ing parameters. Added to this information are all of the deri
geometric and spatial parameters, which include spacecra
cation, altitude above the asteroid surface, instrument-poin
vector, asteroid solid angle, the portion of the asteroid in the fi
of view, the portion of the asteroid that is illuminated, and so
angles of incidence and emission. Finally, because the ast
surface may be highly irregular, it is possible that regions of
surface that might otherwise be illuminated and visible to
XRS will in fact be shadowed or occulted. All of these facto
must be accounted for before spectra can be properly nor
ized and summed. For normal solar activity levels, it is expec
that approximately three to six hours of observations may
necessary in order to obtain good counting statistics for any
region of the asteroid. This means normalizing and summ
100 or more spectra that may have been taken weeks apa
under very different observing conditions. Producing just
level 1 data products for the XRS is a monumental bookkee
challenge. The following sections describe how corrections
made to spectral data to produce the level 1 data products
tails of the normalization process can be found in McClana
et al. (1999a,b).

Gain Correction

Before spectra can be summed, the energy scale of each
trum must be determined and adjusted to a common scale
the three asteroid-pointing detectors this may be accompli
in two different ways. First, as described above it is poss
to rotate Fe-55 calibration sources into the field of view. T

dif-will be done periodically throughout the mission. During every
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24-h period of orbital operations, about 8 h will be spent with
the high-gain antenna pointed at the Earth to return the pr
ous 16 h of accumulated data. During this tracking period
asteroid will most likely not be in the field of view of the XRS
and it is therefore a natural time to conduct these calibratio
During the three years of cruise, several thousand hours of
have been collected by the XRS, and the gain has been rem
ably stable. (There is an exception to this that will be discus
below.) This is largely due to the high-voltage control circuit
described above and in more detail in Goldstenet al. (1997).
Therefore, the calibration sources will be used no more t
once or twice a week during orbital operations. The location
the calibration rod can be determined from an engineering
rameter (XRAYCALIB MOTOR POS) whose value is 0 if the
sources are in the home position and not in the field of view of a
of the detectors. The value of this parameter is 75, 100, or 125
pending upon whether the Mg-filtered, unfiltered, or Al-filtere
detector, respectively, is viewing the Fe-55 calibration sourc

The asteroid-pointing detectors will, of course, also obse
lines of known energy from the surface of the asteroid. Wh
counting statistics make it possible, these lines too can be u
for energy calibration. While it may be necessary to sum sev
hours of data to obtain well-defined spectral features, this is
a useful exercise, because any significant gain changes du
these times will be detected as line broadening.

The solar monitors cannot be calibrated by either of th
methods, and must therefore rely on solar line flux for e
ergy information. Solar flares have, on numerous occasions
ing cruise, produced X-ray lines from Fe and Ca of sufficie
strength to be observed in solar monitor spectra. In addition,
the asteroid-pointing detectors, both the proportional counter
lar monitor and the Si-PIN solar monitor have been extrem
stable throughout cruise, so gain correction is not a serious is

Every level 1 data record will include the gain and zero of t
four returned X-ray spectra. Since a single 100-s integrat
even with the Fe-55 calibration source in the field of view, w
not provide sufficient statistics for a reliable energy calibratio
summing of spectra will be necessary. One to two hours of ac
mulation time, at a minimum, will generally be necessary. T
gain and zero for these summed spectra will be plotted in a t
series that will then be fitted with a polynomial function. On
this fitting function is defined over a long enough period of tim
to ensure no significant changes as newer data are collected
gain and zero for each of the four spectra in every level 1 d
record can be determined.

While the gain of the proportional counters has been quite
ble in most circumstances, gain changes have been observed
ing two different operational situations: following high-voltag
turn-on and after large solar particle events. These effects h
been simulated in laboratory measurements and are believ
be due to space charging (Floydet al. 1998). Following appli-
cation of high voltage to the proportional counters (typica
about 1165 V) the gain, as determined by measurements o
Fe-55 calibration sources, drops by about 4% and the norm

Gaussian-shaped line peaks develop a low-energy tailing
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shown in Fig. 12. The effect is at its worst within about 24
after high voltage is applied. The proportional counters take
proximately four to six weeks to completely recover. Figure
shows the response of the Mg-filtered proportional counter to
Fe-55 source over a six-week period. The four plots repres
a time progression following high-voltage turn-on on 17 Mar
1999. The progressive recovery from the space charging e
can be seen.

A similar effect was observed following a large solar partic
event such as occurred in November 1997, but the time c
stants are somewhat different. The degradation develops m
more slowly—taking about two weeks to reach its peak levels
and then recovers in about the same amount of time. The l
of degradation never reaches that seen following high-volt
turn-on.

The XRS will be off during orbit insertion in February 2000
Following orbit insertion the instrument will be turned on an
high voltage applied. There are no plans to remove high v
age again during the one year of orbital operations. Of cou
a spacecraft safing event will remove power from all scien
instruments onNEAR. Several of these have occurred durin
cruise. High voltage may also be turned off because of dete
safing. For this reason, in addition to simple gain correction
will be necessary to monitor line tailing. Where tailing occu
care must be taken in summing spectra.

A tailing parameter will be included with every level 1 da
record. This parameter will be calculated as the ratio of
counts in two-channel (energy) regions of the X-ray spectr
when the Fe-55 source is in the field of view: channels 95–1
(valley) and channels 135–155 (peak), as indicated in Fig.
Because the Fe-55 source viewed by the Mg-filtered prop
tional counter is strongest, this detector will be used most o
to determine tailing. Experience with cruise data has shown
all the proportional counters respond to space charging in a s
ilar fashion. The tailing parameter is larger when low-ener
tailing is greater. It may be as large as 0.6 about 24 h a
high voltage is turned on. When there is no low-energy tail
present, this parameter will be close to 0.2. For the four cur
in Fig. 12, the tailing parameters are 0.51, 0.42, 0.26, and 0
for 03 18 19, 04 01 99, 0418 99, and 0502 99, respectively.
The tailing parameters at four weeks (0418 99) and six weeks
(05 02 99) are the same. This indicates that the low-energy t
ing is gone, but there is still a residual effect. At four wee
after high-voltage turn-on, the peak of the Fe-55 line is loca
about two channels lower than where it ultimately ends up t
weeks later. Also, the energy resolution has not yet returne
its nominal value of 824 eV. The Fe-55 Kα peak is broadened
by about 15%.

One other issue regarding the solar monitor detectors sh
be mentioned. The Si-PIN detector has failed briefly on sev
occasions, usually following intense solar activity. Based on l
oratory tests, it is believed that this effect is due to a cha
buildup in the 200-nm silicon-dioxide surface layer of the S
PIN that results in increased leakage current. The leakage
, asrent increases until the bias on the FET causes the preamplifier
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FIG. 12. Response of Mg-filtered proportional counter to Fe-55 source. The four plots represent a time progression following high-voltage turn-o
March 1999. The progressive recovery from the space charging effect can be seen. The valley (channels 95–115) and peak (channels 135–155) regd to
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calculate the amount of tailing are indicated.

to saturate and effectively turn off the detector (Starret al.1999).
Removing high voltage from the detector for 24 to 36 h corre
this problem.

Solar Activity

Each XRS science record returns three spectra from
asteroid-pointing proportional counters and one from the
tive solar monitor. The active solar monitor is the detector
is pulse height analyzed during an individual integration per
This selection is made by ground command that also all
the selection of active solar monitor to alternate every inte
tion period—a so-called “ping-pong” mode. It is this ping-po
mode that will be implemented during most orbital operatio
This is a complicating factor when normalizing spectra, but e
of these detectors has its advantages. The energy range
proportional counter solar monitor is identical to that of
asteroid-pointing detectors. The proportional counters ca
measure down to about 0.6 keV, while the lower level discrim
tor on the PIN is set at about 1.5 keV because of electronic n
On the other hand the energy resolution of the PIN is superi
that of the proportional counters—600 and 824 eV, respecti
at 5.9 keV—which simplifies solar modeling. Also, the PIN
not subject to the same resolution degradation described a
for the proportional counters.

A constant quiescent Sun throughout orbital operations w
greatly simplify analysis of XRS data, but an active Sun can
duce orders of magnitude more X-rays for minutes and so

times hours, thus greatly improving counting statistics and s
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ence return for the XRS. In order to take into account la
changes in solar activity for normalization of asteroid spec
10 levels of solar activity, labeled 0 through 9, have been
fined depending on count rate in the solar monitor detect
The definitions are different for each of the two detectors, t
ing into account their different response as described in Tab
The 10 levels of solar activity have been defined so that wit
these ranges there is little change in the slope of the solar s
trum. This allows simple summing of asteroid spectra collec
while the solar X-ray input is within the same intensity leve
Summing of asteroid spectra collected while solar X-ray in
varies more widely requires corrections for the changing sh
of the solar spectrum. This is accomplished by solar mod
ing which takes into account changes in effective temperat
emission measure, and X-ray line contributions at various
lar levels. This process is discussed in some detail by C
and Trombka (1997). A separate summation is made of aste
spectra collected while the gas proportional counter is activ
opposed to the Si-PIN detector. While the two solar monit
have been intercalibrated, the summed spectra normalize
the two different solar monitors are not summed at level o
processing.

Solar Angles of Incidence and Emission, Shadowing,
and Occultation

The XRS experiment is not possible without the solar X-ra

ci-that excite the atoms in the surface of the asteroid, but even with
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TABLE I
Solar Level Definitions for Si-PIN and Proportional Counter

Solar Monitors

Solar level Si-PIN Detector Proportional counter

0 0< SL< 3,500 0< SL< 16,000
1 3,500≤ SL< 5,000 16,000≤ SL< 32,000
2 5,000≤ SL< 7,000 32,000≤ SL< 63,000
3 7,000≤ SL< 11,000 63,000≤ SL< 100,000
4 11,000≤ SL< 20,000 100,000≤ SL< 105,000
5 20,000≤ SL< 40,000 105,000≤ SL< 120,000
6 40,000≤ SL< 80,000 120,000≤ SL< 140,000
7 80,000≤ SL< 200,000 140,000≤ SL< 180,000
8 200,000≤ SL< 1,750,000 180,000≤ SL< 1,900,000
9 1,750,000≤ SL 1,900,000≤ SL

Note.

SL= 300
256∑

i

Solar Spectrum(I)

× SunDistance2

Cos Angle Sol Mon·Solar Live Time·Actv Sol Mon Integ Time·D2
0

wherei = 32 for PIN, 19 for Gas andD0 = 1.4AU

constant solar flux other solar-related issues need to be acco
for when normalizing spectra. Both the angle of incidence
tween the Sun and the asteroid surface (α) and the angle of emis
sion between the asteroid surface and the detector boresitβ)
will vary. Both of these angles are defined with respect to the n
mal to the asteroid surface so small angles or large angle co
are preferred. These angles are important not only for geom
normalization, but are also part of the mass absorption correc
as described by Clark and Trombka (1997). When the prod
of cosine(α)∗cosine(β) is less than 0.25, data are excluded fro
routine summations.

A detailed shape model of Eros will be used to define
geometric and spatial parameters including angles of incide
and emission. Naturally this model may change as more ima
and laser altimetry data become available. Two important iss
in this regard are shadowing and occultation. In shadowin
portion of the asteroid that would normally be illuminated
the Sun is in darkness because another feature of the aster
shading it. X-ray data collected from a region that contains s
a case would not provide any information on the shaded reg
and factors such as effective area of the surface being sam
must be corrected. Occultation presents a similar problem
shadowing. In this case a region that is illuminated and nomin
in the XRS field of view cannot be observed because ano
surface feature is in the line of site of the XRS. Again correctio
to effective area must be made.

Spatial and Geometric Factors

Proper normalization of X-ray spectra requires careful att
tion to a number of geometric and spatial factors. An import
part of this normalization procedure is the representation of
asteroid shape as a virtual surface made up of triangular pl
The plate model that the XRS will use to describe the size
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shape of Eros is made up of 8200 plates, each about 0.5 to 1.0
on a side. Superimposed on this plate model is a bin mod
that sums plates into near equal area spatial units. The bin s
is chosen based on the spatial resolution of the instrument—
little bit less than the size of the footprint at 50 km, or abou
3 km in diameter. Bins, therefore, include about 8 to 10 plate

As mentioned above, the MET provides a link to the SPIC
kernels that provide Sun, Earth, and spacecraft position. Co
bining this information with the plate model allows, for each
science record, calculation of instrument boresight, average
cidence and emission angles, footprint area, total illuminat
area, total visible area, total effective area, and total effecti
solid angle. Each level 1 science data product will include all
these derived parameters.

A field-of-view status flag (FOV status ) will also be at-
tached to every record. Its purpose is to describe the applica
ity of the level 1 science record to different science and missio
planning activities. A set of five possible values has been spe
ified for each level 1 science record as described in Table
Category 0 data will be used for cosmic background measu
ments. Categories 2 and 4 will be used for asteroid backgrou
determination. Categories 1 and 3 will be used for processi
fluorescence spectral data.

Bad Data Records

As described above, the DQI is 0 if all of the data packe
for a science record have been received and 1 if any pack
are missing. In addition, team members review all data recor
received by the SDC to scan for “bad data” records. Exampl
of bad data are those records with corrupted spectral or hou
keeping data due to transmission problems, where one or m
detectors have entered safing mode, when high voltage is outs
of the nominal range, or any other anomaly that may result
a degraded summed spectrum. A bad data flag is included w
each record; it is zero if data may be used without reservatio
and one if data are suspect. Brief explanations for bad data fla
are also included.

LEVEL 2 DATA PRODUCTS

The NEARXRS level 2 data products are summed spect
and peak areas extracted from the summed spectra for the X-

TABLE II
XRS Field-of-View Status

FOV status XRS field of view

0 Completely off the asteroid
1 Completely filled by the asteroid and at least

part of the footprint is illuminated
2 Completely filled by the asteroid

and is completely dark
3 Partially filled by the asteroid and at least

part of the footprint is illuminated
4 Partially filled by the asteroid and is completely dark
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lines of interest. These summed spectra include all of the
malization factors described above for the level 0 and leve
data products. The number of spatial units (bins) will vary w
time. Early in the mission only global results will be possib
the number of bins is just 1. As theNEARmission progresse
and more data are collected, the result will be improved statis
for previously defined bins or, if statistics permit, rebinning
the asteroid surface that will provide finer spatial resolution

Peak Area Extraction above 2 keV

Above 2 keV, the X-ray lines that are of interest for ge
chemical purposes are Ca (3.692 keV), Ti (4.511 keV), and
(6.404 keV). The first step in extracting these peak areas
identify the background. The cosmic-ray background com
nent can be determined from XRS measurements collected w
neither the asteroid nor any sky X-ray sources are in the fiel
view (FOV status = 0 ). Measurements of the dark side of th
asteroid will contain coherent scattering of sky X-ray sour
from the surface as well as a contribution from cosmic ra
(FOV status = 2,4 ).

Peak area extraction is accomplished by fitting peaks
background simultaneously. Background may be subtra
first, leaving just the peaks for fitting, but generally speaking,
ting the background and the peaks at the same time will prod

more reliable results. The fitting procedure uses the previou
determined background shape and intensity and the response

If N is the number of counts in each of the three detectors in
the energy region 1 to 2 keV,S is the signal from the asteroid,B
FIG. 13. Fe/Si intensity ratios versus solar activity level for three differ
10−5 Wm−2.
T AL.
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function of the proportional counters at the appropriate energ
Many fitting methods are available, and in most cases differ
methods will be used on the same spectra to confirm the a
ysis. The spectra from all three asteroid-pointing proportio
counters can be summed to enhance the signals from the C
and Fe lines.

Peak Area Extraction below 2 keV

Below 2 keV, the X-ray lines of interest for geochemical pu
poses are Mg (1.254 keV), Al (1.487 keV), and Si (1.740 ke
Analysis of these three X-ray lines is complicated by the fact t
they cannot be separately resolved by the proportional coun
The energy resolution of the proportional counters at these
ergies is nearly 30%, far too great to observe any separatio
these lines. This is the reason for including the Mg and Al filte
The sharp K-edges of these two filters preferentially allow diff
ent amounts of the three X-ray lines to be detected by the M
and Al-filtered detectors. The response of these two detec
and the unfiltered detector are identical, except for these filt
Combining the spectral measurements from the two filtered
tectors with that of the unfiltered detector makes the extrac
of peak areas possible. The problem reduces to one of matri
version or solution of simultaneous equations—three equat
and three unknowns.
ent meteorite classes. Solar levels are B1, 10−7 Wm−2; C1, 10−6 Wm−2; and M1,
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FIG. 14. Mg/Si (top) and Fe/Si (bottom) intensity ratios (for B1 sol

is the background, andf is the filter factor (detector efficienc
at the specified energy), we then have

Unfiltered detector:
Nunf = funfSiSSi+ funfAl SAl + funfMgSMg + Bunf,
ity level) versus concentration ratios for 12 different meteorite clas

Mg-filtered ditector:

NMg = fMgSiSSi+ fMgAl SAl + fMgMgSMg + BMg,

Al-filtered detector:
NAl = fAlSi SSi+ fAlAl SAl + fAlMg SMg + BAl .
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FIG. 15. Mg concentration versus Si concentration for different meteorite classes. Very distinct patterns can be seen for achondrite, chondrite, and two different
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Solving the above set of simultaneous equations for the t
unknowns,Sunf, SMg, andSAl is straightforward. Table III gives
the nine filter factors. Those for the unfiltered detector are
culated. The actual filter thicknesses have been determine
X-ray transmission measurements, and they are 9.2 and 9.µm
for the Mg and Al filters, respectively.

LEVEL 3 DATA PRODUCTS

The level 3 data products are the final results of the X
analysis. They will include line intensity ratios, elemental co
centrations, and classification(s) with known meteorite group
A detailed description of the method for calculating the X-r
fluorescence for the Kα line for each element, as well as th
coherent and incoherent scatter in the vicinity of the line
given in Clark and Trombka (1997). Using the parameters
equations described in Clark and Trombka (1997) along w
the geometric factors and normalizations described here in

TABLE III
Detector Filter Factors

Detector Si line Al line Mg line

Unfiltered 0.600 0.439 0.264
Mg filtered 0.008 0.001 0.116

Al filtered 0.000 0.165 0.059
ree

al-
by

S
n-
(s).
y

e
is
nd
ith
re-

vious sections, elemental abundances can be calculated from
XRS spectra. Beyond this basic step, however, using line ra
and relating these ratios to various meteorite compositions
confirm the abundance calculations and is a powerful techn
for evaluating the XRS data.

Line Intensity Ratios and Elemental Concentrations

Line intensity ratios are a valuable analysis tool, especia
in the early stages of XRS investigations. Matrix effects th
could result from gross physical and compositional variation
the regolith are significantly reduced and most of the geome
corrections described above also cancel out.

Models of surface X-ray spectra production have been
veloped in order to generate theoretical spectra for a variet
targets and to predict the relationship between elemental
intensity ratios and concentration ratios under anticipated s
conditions. These models must take into consideration not o
the anticipated solar flux, but also the anticipated range of
emental concentrations in the target. Line intensity ratios a
particular level of solar output will show the same relationsh
as long as the slope of the solar spectrum has been corr
modeled for a given level of solar activity. This is true even
the integrated solar flux is not measured with absolute accur
Figure 13 shows calculated Fe/Si line intensity ratios as a fu

tion of solar flux for three different classes of meteorites. These
predicted intensity ratios can be compared to measured intensity
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FIG. 16. Mg versus Si concentrations for achondrites (top)

ratios obtained for the same area on Eros, but at different t
in order to verify the normalization for solar variation. Of t
various line ratios measurable by the XRS, the Fe/Si ratio is
sitive to changes in solar flux because these two X
widely separated in energy. As the solar spectrum h
nd chondrites (bottom). Separation of various subclasses can be seen.

es
e
the

ens during larger flares the intensity of the higher energy Fe
increases relative to the lower energy Si line.

Unlike the Apollo XRS experiments from the Moon, groun

-ray
ard-
truth samples will not be available from Eros. Instead, initial
measurements of its bulk composition will be used to try to
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relate Eros to a particular meteorite class. Figure 14 shows p
of Mg/Si intensity ratios versus Mg/Si concentration ratios a
Fe/Si intensity ratios versus Fe/Si concentration ratios for sev
meteorite classes, calculated assuming a B1 solar level. E
bars indicate the 1σ standard deviation observed in laborato
analyses of different meteorites of a given type. Such plots
be used to determine a likely meteorite analog for Eros.
using several such plots of different element ratios, meteo
class and in some cases even meteorite subclass may be re
established.

Surface maps of line intensity ratios will reflect changes
surface chemistry. Line ratio maps made with respect t
constant abundance element preserve a direct relationshi
tween the ratio data and the abundance data for the var
element. If preliminary measurements indicate that Eros m
closely resembles, for example, a basaltic achondrite, whe
abundances do not vary significantly with subclass, then sur
maps of line intensity ratios with respect to Si may be genera
If Eros more closely resembles a stony-iron meteorite wher
concentrations can vary significantly depending on the rela
amount of metal and silicate locally present, then surface m
of line ratios with respect to Si are less easily interpreted,
still useful. In either case, these maps represent an interme
step. Ultimately, the goal of the XRS measurements is to dev
surface maps of absolute concentrations for the various m
elements, but the ratio maps should provide useful consiste
checks on elemental abundance calculations.

Comparison of various elemental concentrations will pro
bly be the most sensitive way to distinguish between the var
possible meteorite class analogs of Eros and to identify pa
ular geological processes that have occurred on the aste
Figure 15 displays a plot of Mg concentration versus Si c
centration generated from a large library of meteorite labora
measurements compiled and organized by the XRS team.
tinct patterns can be seen for HED achondrites, ordinary ch
drites, and two different classes of stony irons. Figure 16 sh
data for just the achondrites and chondrites where separa
of subclasses can be clearly seen. Comparing measured
dances of the asteroid to this library of meteorite composit
data should permit us to associate Eros with both meteorite c
and subclass.

Comparisons with Other NEAR Instruments

XRS results will be enhanced by comparisons with obs
vations from otherNEAR instruments. The extent of surfac
heterogeneity on a scale of kilometers to tens of kilometers
by implication, the degree of differentiation and the nature
processes in the early Solar System can be determined b
XRS experiment. Correlation of XRS measurements with
servations from the multi-spectral imager (surface expressio
geochemical terrains), theNEARinfrared spectrometer (miner
alogy), theNEARlaser ranger (vertical extent of terrains), a

the magnetometer (orientation during formation) will further th
characterization of these heterogeneities.
T AL.
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The depth and extent of dust cover on asteroids is a
troversial issue. Differences between Fe data, derived from
XRS and gamma-ray spectrometer experiments, should be
to differences in near-surface stratigraphy, and could put
straints on the thickness of a surface dust layer. Fluores
X-rays are generated at the very surface (in the top¿1 mm),
whereas gamma rays are generated at depths of 10 to 2
When spatial resolutions for the two results are made comp
ble, any differences in Fe concentration measurements cou
the result of differences in the composition of the top laye
the asteroid.
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