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ABSTRACT

A knowledge of the composition of planets, satellites and asteroids is of
primary importance in understanding the formation and evolution of the solar
system. Gamma-ray spectroscopy is capable of measuring the composition of meter-
depth surface material from orbit around any body possessing little or no atmos-
phere. Measurement sensitivity is determined by detector efficiency and resolution,
counting time and the background flux, while the effective spatial resolution de-
pends upon the ficld-of-view and counting time together with the regional contrast
in composition. The advantages of using germanium as a detector of gamma rays
in space arc illustrated experimentally and a compact instrument cooled by pas- ’
sive thermal radiation is described. Calculations of the expected sensitivity
of this instrument at the Moon and Mars show that at least a dozen elements will

be detected, twice the number which have been isolated in the Apollo gamma-ray data.




OBJECTIVES

Given the necessary capabilities and suitable characteristics, well-planned
orbital missions provide the opportunity of examining the ertire surface of a pla-
netary, satellite, or asteroidal body. The contrasting interpretations of the sur-
face history of Mars derived from the Mariner 9 orbiter and the preceding flyby
missions of limited coverage illustrate the iwportance of a coirprehensive
global survey. From among the measurables, a knowledge of composition is one of
the most important parameters with which to characterize thc nature and eveolution

of a planetary body.

A gamma-ray spectroscopy experiment for the purpose of measuring the cou-
position of surface material can be undertaken from an orbit around any planect
or satellite body possessing little or no atmosphere,and where the instrument
is not situated within a trapped radiation belt characterized by intense fluxes
in the MeV range. The effective sampling depth is on the order of hal. a meter.
Atmospheric thicknesses greater than 50-100g/cm2 will absorb too much of the
surface gamma ray flux; it'may be notea that the Martian atmosphere is an order
of magnitude more tenuous than this.

A flux of gamma rays originates at the surface of any condensed object in
the solar system from the decay of the primordial radioactive nuclei as well as
the interaction of matter with cosmic rays and their secondary products. Since
a portion of this gamma-ray flux will consist of discrete lines which are charac-
teristic of the emitting nuclei, measurement of the energy spectrum over a range of
0.2-10 MoV with adequate energy resolution will yield concentrations of elements
for which this characteristic emission is sufficiently intense and upper limits
for elements whére it is not. The principal agents for the production of induced

gamma ray lines from cosmic rays arc secondary neutrons. Fast and thermal neutrons



undergo inelastic s attering, capture and activation reactions, whose radioactive
products decay with a range of half-lives. Duriag solar flares, the great enhance-
nent of encrgetic solar particle “luxes will result in activation reactions, some
with half lives sufficiently long to be observed subsequent to the flare when

the solar background has diminished. A solar cowponent will be observable during
wissions lasting on the order of months, particularly at Mercury, where the solar
particle fluxes are incrcased (as the inverse square of the distance) by proxi-
mity to the Sun. A fuller discussion of these mechanisms can be found in Reedy

and Arnold, (1972), and Reedy, Arnold, and Trombka (1973).

The bulk composition of a planatary body can be determined directly from
its surface composition only if the body has accumulated uniformly and remained
undifferentiated, a pattern of development vhich now appears ualikely {or any
body of significant size. However, as terrestrial and lunar studices have
demonstrated, a knowledge of surface rock materials permits conclusions to be
draim not only about bulk composition, but also wiih regard to the naturce ol
the differentiation process the object has undergone and the resultant distri-
bution of elements between crust, mantle and core. The Apollo orbiting garma
ray spectrometer and x-ray spectrometer experiments have demonstrated how
regional variations of rock type can be mapped from orbit on the basis of elerent

concentrations and correlated with surface morphology (Trombka et al. 1973, Adler

et al 1972). By measuring the compositicon of various bodies in the solar systom,
it will be possible to learn how the rclative abundances of many volatile and
refractory elements vary with distance frowm the Sun. These comparisoas will serve
as indicators of the conditions vhich prevailed in the clouds of dust and gas of
the solar nebula from wvhich thesc bodics accreted.

Based on contemporary knouledge and the aaticipated capability of gamma ray

spectroscopy (vhich will be discussed in some detail below), we can summarize



o~

4=

some of the major objectives for possible future orbiting experinents. Car-

ried on a lunar polar orbiter, a gamma ray spectrometer would map the whole

of tle lunar surface with greater sensitivity than the 207 of the surface

covered by the Apollo experiment. The experimeant would search for provinces
containing possibly unreccognized major rock types, establish the woon-wide
distribution of presently known rock types such as KREEP, relate composition to
other local parameters such as morphology, albedo and clevation, and lock for
primitive volatile constituents which possibly exist at the poles. On a Mars
pola orbiter, a gamma ruy spectrometer would study the volcanic shield and
plains materials, determine if the surface rocks were rich in the wore volatile
elerments, look for compositional contrasts between the heavily cratered and rela-
tively smooth areas, try to determine the nature of the eolian deposits, and
investigate both the composition and seasonal variatious of the polar caps.

The surface of Mercury raises questions of comparative composition with the

lunar highlands, the nature of the tectonic processes which appear in Mariner 10
photographs, and the partitioning of elements with depth in this planet of high
specific grovity. Leoking teward mere distant missions, recent evidence indicates
that significant compositional variation exists among the satellites of the
outer planets, the knowledge of which will bear on the environment for condern-
sation and the evolutionary sequenc. in the outer portions of the solar nebula
(Fanale, Johnsoa and Matson, 1974). Asteroid and comet missions have also been
contemplated, where gamma-vay spectroscopy may be used to explore an cvidcpt
diversity of compositions, a prire objective being to determine which objects
may be parent bodies or otherwise related to various meteorite classes (Chapman
and Salisbury, 1973). These smaller bodies are probably not extensively differen-

tiated. If this is true, the surface cowposition will represent the bulk. This
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investigation might also contribute to recognizing the source or sources of
objects which heavily bombirded the Moon, and apparcntly Mercury and Mars as

nHt

well, during the first 0.6 Gy of the Solar System.

SPATIAL RESOLUTION

The spatial resolution of a gamma-ray spectrometer in orbit will be deter-

mined by a combination of two factors, the field-of-view and counting statistics.

Field-of-View

Figure 1 illustrates iti:e angular dependerce of the rosponse of an omni-
directional detector at an altitude of 100km above the surface of the Moon. For
a given detector-source distance £, photons striking the detector are emitted
at a fizcd angle B from the normal at the source, and strike the detector at an
anzle ¢ with respect to the line connocting the detector aznd the center of the

¥
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moon. ‘The limiting distance, Lmax’ is the horizon distance, equal to (ZAh}hz) .

For a height of 100km above the moon surface, Lmax is 59%8kan.

By integrating the intensity per unit source area at the detector over the
radius of the region viewed and the moon's surface area at cach radius, one
can calculate the flux at the detector originating within a circle of radius p
centered at the subsatellite point on the Moon's surface. The calculations shown
in Figure 1 were done for four sources of gamma rays: an (n,y) reaction
(the 4.936 McV line from Si(n,y)), an (n,xy) reaction, (the 1.369 MeV from
Mg (n,ny)), a source uniform with depth (any natural radioactive decay line),
and a solar cosmic ray (SCR)-pruduced radionuclide (the 1.809 MeV line of Al26
produced by protons on Si). The difference among these cases is the distribu-

tion in the first few photon mean [ree paths of the surface; gamnma ray pro-

duction increcases considerably with depth near the surface for the (n,y)




reaction, increases somewhat with depth for the (n, xv) reaction, and de-

vreases rapidly with depth for the SCR case. The relative fractions of the flux
at an isotropic de.cctor 100km above the lunar surface, are given in the figure
for a point source, inside a circle of uniforam distribution, and beyond a boundary
ior each of these four cases.

For the source uniformly distributed with depth and a detecter altitude of
100k, the distance p where If‘falls te half the value of the point source at the
subdetector point is 73km. From a source uniformly dieribuLcd'in area, half
tt f[lux a! the detector originates inside a circle of radius 118km. At 68km
fron a great circle boundary. 75% of the field-of-view is occupi 1 by the region
below the de~ctor and 25% by the region beyond the boundary. Corresponding-
distances for the SCR case are considerably greater than these. For the (n,xy)
znd {n,v) cases thesc distances are about 907 and 80%, respectively, of thosc
of the uniform case. The galactic cosmic ray-produced radionuclides vary be-
tween the uniform case and the (n,xv) case depending on the excitation function

for the reaction.
The Apollo gamma ray results for the western maria areas, wvhere there is a well

defined distinction in thorium concentration with the surrounding highlands, have
confirmed the calculations shown in Figure l. Where the conitrast in concentration
is significant, a spatial resolution on the order of 60k (2”) at an altitude
of 110kn has been oétained.

The field-of-view can bz narrowed by providing an active anticoincidence
collimator around and in front of the central detector but the weight requirement
is substantial because of the increasing penctration of gamma rays up to several
MeV. 1In addition, by limiting the field-o view, the counting time required to
acquire satisfactory statistics over a particnlar area is proportiounally in-

crrased. The appeal of a collimator increases with increcasing altitude in orbit,



and with the ircreasing availability of data gatheriag tine,

Counting Time

The concentration of an element is derived frem the pulse height spectrum
generated by the interaction of its emitted lines with the detector, usiug
cither the full functional response or its photop-:ak. 1In ecither case, since
thie counting process is statistical, an adequate number of events nust be detected
in order to determine the fraction due to a particular reaction in the presence
of many oth -vs and above a strong, featureless continuum. The latter is gene-
rated principally by cosmic ray cascade processes in the lunar or planetary
surfacce but processes of Compton scattering and bremsstrahlung also contribute.
Local intcractions and the cosmic gamma ray flux are additional background
compenents. It is necessary, therefore, tu accumulate data for 2 minimun ol
0.5-1 hour over each unit of spatial resolution to obtain sufficient statistics
for a r..usonably complete analysis. Meaningful determinations can be made of
several elements with less counting time, while others requirce longer periods to
achieve sensitivitics of geological significance . All benefit from longer
periods of sampling.

'Thc relationship between .the effective field-of-view and counting
statistics which dctcrmi;es the actual spatial resolution can be illustrated by
the following exawple. If six months of data, gathered uniformly over the
luna:r surface at a mean altitude of 110km with an orbit period of 2 hr is assumed,
the spacecraft will make 2190 orbits while acquiring data, and the average tim?
per 60kmx60km area units of effective resolvability (ignoring the effect of
latitude) wil! be about 1500 sec. ‘But for a spacccraft in polar orbit, the
higher the latitude of observation, the greater the measurement time obtained.

Specifically, the time over a 60km x 60kn polar unit will be 24 hours, compared



to 470 sec for amn equatorial unit of the same size. It will thercfore bLe
necessary to group several equatorial units to obtain sufiicient statistics

for a nominal analysis. The experiment would then be time-limited in spatial
resolution to roughly 5° at the equator and 330 at 60° latitude, but [icld-of-
vi¢co-limeted towacrds the pole. 1t is noteworthy that at lower latitudes, six
ments of uniformly distr’huted operations will not exhaust the point of useful
data return. A< the orbital altitude is decreased, the ficld-of-view is dimi-
nished and therefore the spatial resolution will improve, but only over those

regions for which sufficient counting time is available.
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INSTRUMENT DESIGN

The Apollo gamma-ray specty «ter (AGRS) consisted of a 7cmx7cn cylindrical
RaI(T1l) detector surrounded by a plastic scintillator to reject charged particle
events. Five hundred and twelve channels of pulse height conversion were used
to span a nceminal energy range of 0.2-10 MeV (Harrington et al, 1974). The
encrgy resolutions of the NaI(T1) detectors were in the range of 7.5-8.5%
for the 0,66 MeV gamma ray line of Cs-137. ‘This is close to the best reso-
lution which can be achicved with scintillators and,in a sense, is a culmination
of their application to lunar gamma ray speciroscopy, which began with a CsI(T1)

detector in the Ranger gamma ray spectremeter having a resolution of 12,5-137,

followed by the Russinsn expeciment on Luna 10 which first detected gamma rays
from the Moon in the mid-60s using a Nal(Tl) detector with a resolution of

about 107 (Vinogradov et al, 1967).

The direction of substaatial improvement beyond the performance of the
Apollo inst: at lies in the use of germanium (Ge) detectors. Germanium
detectors are capable of an energy resolution some 40 times greater than the
Nal scintillators used to date. The advantages of superior resolution which
lead to a more sensitive compositional analysis take two forws, 1) the ability
to better discriminate a gamma ray peak from the background flux and, 2) the

ability to distinguish gamma ray lines which are closely adjacent in energy.

These characteristics are illustrated by an experimental comparison between the
response of the Apollo Nal detector and a 28cc Ge(Li) detector showm in Figures 2

and 3. Figure 2 illustrates the comparative response to the p-incipal thorium

line at 2.61 MeV. The Nal detcctor experiment was set up to duplicate the peak-
to-background ratio observed by the Apollo gamma ray spectrometer for the average

lunar spectrum at 2.61 McV, where the featureless continuum under the characteristic
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gamma ray line makes up about 857% of the total flux detected. The CGe(Li)

test was subsequently run with the same geometry. 1t is seen that in the Ge
detector spectrum, the photopeak is much more recadily distinguishable from the
background. Figure 3 compares a portion of the same spectrum around 1.4 MeV,
The Ge detector demonstrates the capability of resolving gauma ray lines due

to Cu-60 (1.332 MeV) and an unidentified line at 1.43 MeV associated with the
C£-252 source, neither of which con be distinguished from the dominaut 1,46 beV

K-40 background line in the response of the Nal detector.

The advanced gamma ray spectrometer will utilize a single intrinsic
(high purity) Ge d:cector with a minimu. volume of 50cc, corresponding to an
efficiency of at least 15% of a 7.6cm (3") Nal detcctor to a 1.33 MeV ganma ray,
and hopefully as large as 100cc, a size vhich has alrecady been fabricated. The
detector will be hermetically scaled to avoid contamination. The use of an
intrinsic detector removes the requirements for continu;us cooling and allows
a passive thermal radiator system, modeled after designs which have been success-
fully employed for infrared detectors on sat2li tes, to be used to provide the
necessary cooling during operation. Use of a passive radiator rather than a
mechanical cooler or a refrigerator system, will allow the weight and volume
of this spectrometer to be comparable to that of the Apollo instrument. To
take advantage of the improved resolution offercd by the Ce detector, at least
4096 and preferably 8192 channels of pulse height analysis are requiced.

The avoidance of inherent sources of detectable radiation on the space-
craft is essential, An RTG represents an extreme cxample. Insofar as it is
practical, the proximate use of materials which will undergo induced reactions

leading “o the same characteristic lincs as those being measured from the

planetary body should be miaimized.

SRS
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The design of this systen is proceeding, It ic inteonded that this instru-
ment be applizable to an exporiment at Mars as well as the Moon. Since @ Mars
orbiter would be constrained to altitudes on the order of 1000 ki due to plonet-
ary quarantine, a collimator vhich would reduce the spatial resolution by a
factor of &4 in area night be & desirable addition. The intention is o providc
this possibility a: an option. ‘lhere is 21so reason to helieve that this sare
systea may also be used in orbiting Mercury by placing a sun shade over the

instrument, @ concept which proved atself in the Mariner 10 mission. A closer

look at this latter possibility is planned.

EXPERLMENRTAL

A program of cxperimentsl studics to supplement calculations of exzpected
performance and te examine the prope-tics of intrinsic Ge detectors has
begun. ‘The experirents make uvse of a C{-252 neutron svurce to initiate the
inclastic neutron scattering and neutron capturc reactions leading to character-
istic gamme ray emission. The Cf-252 source also produces a backgrouad used in
simulating the featureless continuum arising from cosmic ray cascade processes
vhich will underlie any gamma ray line spectrum observed in orbit. The data of
Figures 2 and 3 were obtained with characteristic lines derived from a Th-228
source plus residual laboratory background. The proper Th/continuum ratio ,

which duplicated the Apollo lunar data, was established by a suitable separation

between the Cf-252 source and the Nal detector.

/. preliminary cxample of the induced 1line spectra produced by the Cf-252
neutron flux incident on an Fe target is given in Figures 4 and 5. 1In this
- experiment the Fe target was placed in close proximity to the source, both being

within a container filled with water and lined with borax. This has the effect
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of emphasizinz the ti-rmal component of the neutron flux; some measuremeats

have also been made without the water moderator but the fast neutron flux is

still depleted relative to cosmic ray secondary production and a sct cf experiments
are planned with a fast neutron source. The detector used in these expeviments

is

™

high performance intrinsic device with a volume of 50cc, an efficiency reiative

R
<
o

7.6cm (3") Nal detecter at 1.33 HMeV géu;tur than 15% and 2.0 keV rescluticon.
1t was grown and fabricated at the Lawrence Berkeley Laboratory (see, for example,
Pchl, Cordi and Goulding, 1972).

The spectrum of Figure 4 contains all the significant neucron capture lines
expscted. The multiplicity of characteristic lines which can be observed en-
honces the case of identifying a given element. This is particularly true for
the first and second escape peaks which lie precisely 0.511 MeV and 1.022 MeV
respectively below the photopeak energy. By using the combined statistics of all
the major lines, the seasitivity of detection is increased. Compared to the lMoon,
the continuum underlying Figure 4 is a factor of 2-3 greater at low energies and
lower at high energies. This difference is casjly taken into account when using
the laboratory results tuv predict those expascted for the flight cxperiment; a
greater challenge is the nced to either reproduce in the laboratory the spectrum
of secondary neutrons calculated for and observed at the lumar surface (Lingen-
felter, Canfield and Hampel, 1972; Burnett & Woolum, 1974) or to normalize the

laboratory spectrum accordingly.
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CALCULATED RESPONSES

It is possible to mak: & more quantitative comparison of the relative
responses.of the Nal and Gz=(Li) detectors to the 2.61 MeV Th line shown in
Figure 2. While this fcature is recognized much more readily in the Ge(Li)
spectrum, the relative efficiencies of the !~ tectors, which will be reflected
in the total number of counts detected, must also be considered. if Ct is
the total number of counts in the peak interval, Bt the background count in

the peak interval, and N the net (peak) count in the peak interval, then

T t (1)

and
MDL _ = nvC (#3)

where MDL is the minimum detectable limit and n is the statistical significance
which will be set at 30. Since the counting times were the same in this experi-
ment, a reduction to rates is not necessary. Inspection of thz flat, broad

peak response for the Nal detector indicates that it extends over 7 channels
with N(NaI) = 2150 counts and Bt(Na ) = 30,600 counts so that from Eq. (2)

the MDL = 3 x V30600 = 0.24 parts of whatever concentration was being detected

(0] —
2 2150
in this measurcment. By comparison, the Ge response shows a net peak and back-

ground total over the two principal channels of 99 and 249 counts respectively

so that for the Ge detector the NDL30 =3 K.£Z€2 = 0.48 parts of the same
99

concentration that was measured with the AGRS detector. The ratio of detecta-
bilities shows that the Nal detactor is a factor of 2 morc sensitive in this
case, but it must be remembered that the Ge(li) detector is only 28cc in volume
and 50cc is considered the minimum acceptable size. Furthermore, this assumes

an accurate determination of both backgrounds, but as can be seen from the
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figure, separation of the continuum from the total response is much more
difficult for the Nal detector than the Ge. This separation has, in fact,
been the most formidable aspect of reducing the Apol'o lunar gamma ray data
(Metzger, et al., 1974).

Turning to the detection of gamma rays from the Moon, the (30) minimum
detectable flux Fﬁin can be calculated approximately from

= n BAE %

Ge (E)& At

3)

where €(E) equals the phot peak efficiency at energy E, A is the effective
area of the detector, t is the time of measurement, B is the background flux,
AE is the full width half maximum (FWHM) of the photopeak,  is the lunar
geometry factor, dependent on altitude, and G is the Gaussian factor which
represents the fraction of the photopeak flux which falls within the FWiM of

the detector's response. From Fm znd S, the source function of characteris-

in
tic gamma rays for a given reaction emitted through the lunar surface and

. 2 . " .
measured in Y/cm -s per unit ccncentration of element Z, it is possible to

compute [Z]t30 MDL’ the 30 MDL of element Z for a given data accumulation

time, from

t =
[Zl3 o = ngﬂ (%)

Values of S have been tabulated as fluxes from a semi-infinite plane based
on a uodel of the cosmic ray interactions and gamma ray production mechanisms
(Reedy, Arnold and Trombka, 1973). For the Th line at 2.6l MeV, S is 1.92):10-2
Y/cmgs-ppm wvhile the background flux B at this energy is taken from a 7 hour

Apollo average. With A = 44.9 cm2, €(2.61) = .094, G = .76, § = .87 at an

R T



alritude of 110 km and 4E = .105McV over the FWHM of the peak, we comput.

for 1 hour of counting (t=1 h):
B=2.17 x 10-2 c/cmzs, Fm

and
1lh

(Th)3dHDL

= 0.90 pra

which is consistent with what has been observed in the analys: s of Apollo data.

Applying the same considerations to the case of a Ce detector of approxi-

mate size 80cc, for which we take €(2.61) = 0.02, A = 27 cmz and E = 3.6 kthO?J?:gzs

with the Apollo-derived “ackground scaled tce reflect both the narrower peak ‘.’;;f;;;

width and lower detector efficiency, the calculations yield (Th);u;DL =0.60 ppn,tgf:f)

507 more sensitive than the AGRS detcctor. . " IL 5!'73
iz =0,

The type of calculation just described has Leen extended to a ser of
elements to determine detectability with a single, large (approximately 80cc)

X
intrinsic Ge detector. The energy resolution was taken to vary as (E) 2

with
energy, a rclationship which is substantiated by laboratory measurcments from
0.4 - 9 MeV. Correction factors were applicd to take ccgirizance of the increase
in detectability resulting from the presence of additional lines of significant
strength relative te the prime line of ecach element, and from the contribution
of the first escape peak over the energy range where the pair production process
has a significant cross section (see Figure 5). The guidelines for developing
this correction factor werve:
1) Consideration was limited to two characteristic lines per element, the
additional line being the second stroagest which could be used.

2) A second line of equal intensity will increase the sensitivity of detection

by Y2 and lines of less intensity in proportion.
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3) The first escape peak will ircrease sensitivity by a factor of 1 (no
improvement) below 4MeV, V2 from 4-6 McV, and 2 above 6 MeV.
For example, the 0.911 MeV gamma ray was chosen as the secondary line for
thorium. Considering its yield relative to the 2.61 MeV line, detection effi-

ciency, and the underlying continuum gave an enhancement factor (EF) of 1.15
1h

35MDL
lines of Fe are almost equal in intensity (Figure 5) so the line EF is v2.

bringing (Th) to 0.60/1.15 = 0.52 ppa. In contrast, the two strongest
Each of these lires is above 6 MeV providiang an escape peak EF of 2/2, s> the
cosbinad EF of both lines is v2(2¥2) = 4. Interforences between lines, includ-
ing both first and sccond escape peaks have also been considered and no lines
within about two resolution widths of ecnergy and possessing a relative inten-
sity within an order of magnitude have been used.

The background flux for each characteristic encrgy has been derived from
Apollc data, normalized to the FWHM energy widih and efficiency of the Ge
detector. The ability to remove the spacecraft-produced line component as an
interference to the spectrum from the planetary body will be greater if mea-
surements can also be made at large distances from the planetary body (e.g. in
cislunar space) than if this corr;ction must be computed theoretically. The
following calculations assume this ability.

The results for the Moon are given in Table 1, together with an average
soil analysis at three Apollo landing sites which are dominated by different
rock components. The_30 MDLs are calculated for altitude of 110 km, but the
geometric factors for the moon and proportion of cosmic gamma ray flux contri-
buted to the background vary over only a few percent at these low clevations.
The analysis of Apollo data has yiclded, for regional accumulations, on the
ordcf of ona to several hours, results for Th, K, Fe, Ti, Si, 0, and Mg

(Metzger, et al., 1974); beside the same complement of elements with increascd



—~—~

-17-

sensitivity, use of the Ce detector will add U, Al, Ca, Na, Mn, and Lu.

The ability to determine U independently of Th will make it possible to track
possiblc.variations in the Th/U ratio in regions of moderate to high radio-
activity (Silver, 1974). Both Al and Ca are important in distinguishing
amonz highland rock assemblages while the increased sensitivity for Ti will
be particularly helpful in studying the degree of mixing at highland-mare
interfaces. Other clemznts such as H, Ni, Cr, and Cl could be detected ii
regions o£ high concentration exist. Thzre is a possibility of H in perma-
frost in permanently shadowed rezions near the lunar pole;

Thoriuwnm and uranium together provide a special case in that the numerous
lines of these elements domirate the characteristic spcctrum'below 2.75 McV.
Calculations show that the sensitivity of the integrated flux over a energy
range froo 0.55-2.75 MV is 5.6 times greacer than the 2.61 MeV  photopeak
alone. This has been vtilized to calculate the distribution of radioactivity
on a two degrees regional scale from Apolloe data (Trombla, et al., 1973).

A sinilar set of calculations is shown in Table 2 for the case of a Mars
orbiter. The 30 MDLs arc above tlose of the lunar case becausce of the higher
assuned altitude (1090 kn), to which both the Mars and cosmic gamma ray hack-
ground have been adjusted, and include the cilect of atmospheric absorption,
brsed on ¢ coon surface dens’Ly of 7 mb. Collinmated and wvacollimated values
eve piven; in the furcer cace fewer gar=a roys are seen per wnit tice boeause
of the redaced ficlt-ol-vice., With collinicion, more grovping of areca wnits
of “ the eguater wonld be reguired to rench sultable Jovels of senvitivity dor
covtain elewents in exclange for the ot atope of frproved spatinl resolution.
Gbe fact that sany peolosic repfons Cre suech Yaepedr Chan the resalvable area

wedta et g e peaninafel te conrldor of ccrving periods on the order of 100
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hours as applicable well aw.y from the poles. This consideration applies to
a long-live orbiting experiment on the Moon or Mercury as well as at Mars. In
the case of Mars, the detectability of H and C is of prime importance because
of the desire to determine both the compositioﬁ and thickness of the polar
caps and the possible presence of permafrost in adjacent regions.

The values of Tables 1 and 2 are appropriately conservative in that the
MDLs are presented at the 30 level, and by incorporating only two lines per
element and ignoring the second escape peak of energetic gamma rays, only
limited use has been made of the multiline associations available in the spec-
tra of many of the elements. These calculations will eventually be repeated
with updated values of detector efficiency, detector response characteristics,
source functions, enhancement factors, etc., but the results presented here

are believed accurate to a good first approximation.

SUMMARY

A gamma ray spectrometer of greater sensitivity and more straightforward
in data analysis than the Apollo instrument is being designed around the use
of an intrinsic Ge detector. This instrument will be capable of detecting
more than a dozen elements, most of which are of prime geochemical significance.
1t is expected that the same basic instrument can be used at the Moon, Mars
and Mercury. Calculations of sensitivity in terms of a 30 MDL presented here
arc consistent with results from the Apollo gamma ray spectrometer, which used
@ Nal scintillation crystal, and with initial data from a progrém of experimen-—
tal studies with a Ge detector. A satisfactory mission can be accomplished in
3-4 wmonths, although operating periods on the order of a year are needed to
fully ilize the capability in an orbit which covers essentially 100% of the

Junar sucface.
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FICURE CAPTIONS

Figure 1

e tep dianram shows the angles (B and 8) and distances for a detector at an
altitude h above the Moon relative to a point source cn its surface. The graph
shows the relative fluxes at an isotrcpic detector from a point source (I'),
from inside a circle, and from beyond a great circle boundary as a function of
the distance along the surface of the Moon from the subdetector point. The
fluxes are for an altitude of 100 ka above the Moon (R, = 1738 km) and for
four different profiles for y ray source intensity versus depth.

Yerforimauce comparison in the detectjon of tnorium gamma rays using the
Apollo gamma ray spectrometer and a 25 cm” Ge(Li) detector in identical labora-
tory cxperinents.

Fipgure 3

Performance comparison in the detection of potassium as in Figure 2.

Fignre &

Garaa ray spectrum using Ci-252 ncutrons in water to irradiate an Fe
target. The error bars indicate the cnveiope of flucruations around the hand
fitted mean.

Figure 5

Datailed regions of Figurce 4 showing the resolved lines at 7.6 MeV and the
two sets of escape peaks. Also showa is an example of a low intensity line at
7.281 MeV vhich can be identified using the escape peaks.
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OPBITING GAMMA-RAY SBECTROSCOPY

LUNAT

SENSITIVITY LIMITS WITH

LARGE GERMANIUM DETECTOR

OBSERVING TIME

LUNAR SOiL TYPES

ELEHENT ! hr. 10 hr. 106 hr.  HIGHLAND KREEP  #ARE
3uMDL 3oMoL 30MDL (A-16) (A-14) (A-11)
Th Pott 0.52  0.17 0.052 2.1 1.0 2.1
U PPM 0.12 0.039  0.0'2 0.55 4.00 6.55
K % 0.028  0.0087  0.0028  0.035 0.430  0.115
Fe % 1.5 0.47 0.15 k.00 8.00 12.3
Ti % 0.60  0.19 0.069 0.34 1.00 k.6
si % 3.4 1.1 0.34 21.1 22.5 20.0
0 % 6.5 2.1 0.65 55.0 L4.2 k1.6
Al % 5.5 1.8 0.55 144 9.2 7.10
Mg % 3.0 0.95 0.30 3.3 5.60 h.60
Ca & 13 4.0 1.3 1.2 7.60 8.60
C ¢ 5.k i.7 0.5h - - -
Hoo% 0.50  0.16 0.050 0.0015 0.00k 0.057
Mo % 1.0 0.32 0.10 0.350 0.470  0.32
Mm% 1.2 0.37 0.12 0.054 0.100  0.16
NP 0.79 0.25 0.079 0.045 0.040  0.024
tr % 2.7 0.86 0.2 0.075 0.13 0.195
s % 4.9 1.5 0.49 0.060 0.10 0.10
cl % 0.17 0.054 0.017 0.0012 0.010  0.603
Lu PPM 1 3.5 1.1 0.5 3.2 1.6
cd ppi 250 80 25 7.00 35.00 17.00



Table 2

ORBITING GAMMA-RAY S. cCiROSCOPY
MARS SENSITIVITY LIMITS WITH LARGE
GERMANIUM DETECTOR

SENSITIVITY (30)

APOLLO 11
ELEMENT BASALT UNCOLY IMATED COLLIMATED
(MEAN) hr. 10 hr. 100 hr. 1 hr. 10 hr. 100 hr.
Th PPA 2.1 1.5 0.5 0.15 2.7 0.9 0.27
U PPM 0.55 0.9 0.3  0.10 1.7 0.5 0.17
K % 0.12 0.11 0.03 0.011 0.19 0.050 0.019
Fe % 12 2.9 0.9 0.29 5.8 1.8 0.58
Ti % 5 1.2 0.4 0.12 2.4 0.8 0.24
Si % 20 " 3 1.1 22 7 2.2
0 3 42 13 y 1.3 27 8 2.7
Al % 7.1 - 9 2.9 - 16 5
Mg % 4.6 . ho o 1.2 “ 7 2.2
Ca % 8.6 - - b.b - - 8
(o (30) = 12 b 1.2 - 8 2.4
H% (5)= 1.6 0.5 0.16 2.8 0.9 0.23
Na % 0.3 - 3 1.1 - - 1.9
Ma % 0.2 - 0.7 0.23 - - 0.5
i 2 0.024 - 0.5 0.15 - 1.0 0.30
S 32 6.10 - 3.0 1.0 - - 2.0
1% 0.003 - 0.11  0.035 - - 0.07
Lu PPM 2 - - 17 - - 29

Cr, Sr, Ba AND Gd MAY AL50 BE DETECTABLE AT THE LCNGER OBSLRVING TIMES

*PROJECTFED POLAR CAP CONCENTRATIONS FOR MARS

Dt o L
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