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ABSTRACT

Additional dafa obtained from the Apollc-16 and ~17 migsions, fogether
with collateral calculations on background radiation effects, have enabled an
improved subtraction of unwanted backgrounds from the diffuse cogmic gamma-
ray data previously reporited from Apolio-15. As a result, the 1~ to 10-MeV
gpectrum is lowered significantly and connects smjothly with recent data at
other energies. The inflection reported previously is much less pronounced
and has no mozxe than a 1.5-¢ significance. Sky occultation by the Apollo-16
spacecraft shows the bulk of the 0,8~ to 1-MeV radiation to be diffuse, The
analysis of spurious backgrounds points to important improvements for future
experiments designed for this spectral region.

Subject headings: gamma rays -- celestial diﬁ;use radiation




I. INTRODUCTION

The results of an analysis of the meaéurement of thé cosmiec gamma-ray
gpectruru in the range from 0.3 to 27 MeV obtained on Apollo-15 were reported
earlier (Trombka et al., 1973). Since that time', further in-flight dat_é obtained
from Apollo-16 and data from an identical crystal carried and refurned on
Apollo~17 (Dyer et al., 1975a) and Apo]lo-Soyﬁz (Trombka et al., 1976) have
been analyzed and show additional background effects, Furthermore, an im-
proved caleulation of spallation has been developed MDyer et al,, 1975a). The
purpose of this paper is to reassess the previous resuiis and present our best
egtimate of the differential energy spectrum of the total cosmic gamma-~ray
flux in the energy region from 0.3 to 10 MeV.

A number of features which had earlier presenied difficulties has now
heen explained. An enhanced counting rate of apprdximately 15 percent from
Apollo-16 compared with Apollo~15 can be explained by bremsstrahlung effects
due to electrons of enevgy 1 to 20 MeV. A high level of activation observed in
a crystal returned on the Apollo—-17 mission has been attributed fo a signi_fiqant
flux of SErzondary neutro s produced in the heavy spacecraft. Tn a_d_diﬁqn, a
flux of discrete lines has been carefully subtracted. These are ai:tribu’_cable to
nuclear interactions in local materials. Finale, correction nas been made for-
the sttenuation and energy‘degradaﬁou of the incident gamma-ray flux by the

material surrounding the detector.



| 511 ehanne1s and were tra.nemltted ai: a maxm:zum rate of 3'70 counts 5~

...3...."
The shape of the cosmic gamme—-ray spectrum ig of great intereat in d1s-
cuggions regardmg the aetrophysical and ceemologieal ongin of the radxaﬁon. |

Theee resuli:e are also agmfmant because of the conelderabie disPanty in the

- resulis presented 1:0 daﬁe with respect to the - ..ature and magmtude of the ob-

served gpsctrum,. The reanalysis has orovided a greater underet‘anding;ef
backgrounds affecting such meeeufements and should also aid in tﬁe deeigh R
and anaiysis of future experiments. | e |
I IlNS'I‘RUMEN"fA'fIVON-

The Apollo gamma~ray spectrometer eompneed a'l. Oucm .d1ameter by

7.0-cm long Nai(T?) scmtﬂlatiou eryetal coupled to a 7. 6u~cm photomultxpher,

- a plastic mantle for the anticoincidence rej ertion of eharged pari:icles, and anv
' eheieéétowdigiﬁ'al (A/D) 'c'éo.x'w'ert'er .'giving 511 ch'aueele of avnalv,';rsi‘sv.‘v VV'I“he :iv-em‘
.' thmk plaetm scmhllator sh1eld eurrounded the eentral erystal completely ex-

.cept at the photomulhpher end The anheommdence system had a th:reshold of

about 1.0 MeV for generahng an: antlc'omcudence pulse when mtez aetmn oceurred_ :
in the most ophcally unfavoz:able Iocatlon. 'I‘he shleld rate, the comc1denee

rate, a.iﬂ the 11ve tlme were transmﬂ:ted every 0 328 s. 'I‘hose central detee— -

'bor evente, havmg no el:neld anﬁcommdenee, were analyz.ed bsr pulse-height mto S

The spectrometer and assomated electromcq ‘were enclosed ina thermal

shleld and moun’ced ona boom whmh couid be ex’cended from one si&e o‘f the

-'Apollo Serviee' -mo.dulea -.'The _deplo‘y.ment of ‘the d’eteetor .waeunde;: asrronaut
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eontrol T 1ts fully deployed poeltmn the detector was 7.6 m from the space-
craft surface. In‘cermedxate dlstances were also.aoh1eved by uemg stopwatch
hmmg durmg deployment The components carrzed on t‘he boom shielded the
cry‘stal by ~7. 6 g cm"2 averaged over a]l dlrectmue except in the boom dlrec—_ |
tmn where ~20 g cm 2 was presented Detalla of the spectrometer des1gn andl
Operatlon can be found in I-Iarrmgton et al (1974) | o |
1418 BACKGROUND CORRECTIONS |

| In order to infer the shape and magnitude of the ooem_ic- _galoma-ray_spec— ,
trum from the observed energy—loss spectrum, unwanted background compo-
nente muet be eubtracted A brief deecmp’mon of those 1dent1f1ed in the Apollo
expemment 15 gwen below, Because of thelr 1mportance to meomm energy
gamma«-ray astronomy, a fuller deseription of thelr 1dent1f1cat1on and computa—
hoii is in preparaﬁon. Further detaﬂe may be found in Dyer et a1. (19-’{_-5'a-and

1975b) and Trombka et al {1976)

(a) Dlrect Charged—partmle Detector Ccunts

An actlve charged-partmle sbleld was, used to elimmate thls component of

g the background. The effect of the actlve elneld was described m detaﬂ in. |
'Trombka e’c al (1973) In the region up to 10 MeV, the charged-—par’cmle mter-v
forence is neghgible compared Wlth the magmtude of thn coennc gamma—ray
"spectrum However, above about 12 MeV, the anﬁcommdence I'E] ection effi-

_ ciency has now been found to be msufflcwnt to adequately remove the charged— |

partlcle background. . 'I‘hus, our present analys1s 1e hxmted to i:he energy- “egion “

below 10 MeV.
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Although the shield was founrd to be highly efficient at all positions when
mapped with a beta source, the~0.5~percent inefficiency could result from
occagional unfavorable particle paths from which insufficient light is trans-
mitied to exceed the shield threshold. Alternatively, the open end of the plas-
tic shield may allow a small fraction of the charged-particle flux to stop in the
crystal without triggering an anticoinecidence pulse.

(o) Natural Radioactivity

The magnitude of the natural radioactivity in the spacecraft was determined
by preflight surveys of the Apollo-15 and Apolio-16 Command and Service
Modules. The results of the survey can be found in Metzger and Trombka
(1972). The contribution of this source is much lower than the cosmic-ray-
induced radiation and is included as part of the spacecraft component, which
is described in the following paragraph. In addifion, a small {race of 401{ was
found in the glass used in the seal between the Nal(T#) crystal and phofomulti-
plier tube. The line from this source is included in the removal of local radio-
activity, as described in paragraph (g).

(c) Spacecraft Component

Cosmié-—ray primary and secondary interactions in the spacecraft and the
natural radioactivity of spacecraft materials provide a major background com-
ponent, - Thls component can be extracted from in-flight data obtained at vari-
ous boom positions on both Apollo-15 and -16. . The expected dependence of the

spacecraft component on boom extension was caleulated theoretivally as a
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function of energy assuming the spacecraft to be a cylinder of aluminum in -

which the source of gamma radiation is uniformly distributed (Seltzer,.1976). -

Two important results were obtained from these caleulations. First, the varia- -

tion of the spacecraft component of the gamma~ray flux with distance is nearly

independent of energy forthe boom extensions and energies applicable-to.the.

Apollo missions, a fact which eliminated the need to make any 3 priori assump-

tions about the spectral shape of the spacecraft component. 'Secondiy, the boorn-
length dependence differs by as much as 55 percent from a simple inverse-
square law over the range of the Apollo boom extensions due to the size of the
spacecraft, -

A least-squares analysis was performed on the channel~by-channel count -
‘rate obtained ai varioﬁs boompdsition's between 0.6 and 7.6 m, assuming that
the cogmic gamma-ray flux, plus the background due to effects in the local
matter, are independent of hoom pogition while the spacécraft component varies-
ag calculated. - The spectral shape and magnitude of the spacecraft contribuﬁou :
at 7.6 m is shown in Figure 1 for Apollo~16.. A 0.511~-MeV line cccurs in'hoth -
the spacecraft and the local-plug-cosmic components, whéreas the Aiin:efs at-0, 65
and 1.4 MeV geem to be associated with the local-plug-cosmic component.
T?é»épacecraft component is dominated by an electron-pﬁétbn--eascéde .éohtin-. '

uum with the assoeiated annihilation line, although diserete lines due to nuclear

_ reactiong-are glso present.. The discrefe lines in the local-plus-cosmic dom~ -~ -

poneat can be ascribed to activation in the detector and in materials surrounding



the detecior. These components will be considered later. The spacecrait
contributions obtained for Apolio-15 and ~16 agree to within thres percent.

(d) Electron Bremsstrahlung

The pulse-height spectra measured on Apollo-15 and Apollo-lﬁvare com-
pared in Figure 1 and show a 15-percent difference. The calculation described
gbove indicated that the enhancement in the observed Apollo-16 spectrum was
associated with the local-plus—cosmic component. A number of possible con-
_tributing gsources was investigated and the following was tha only successiul
explanation of the magnitude and spectral shape of the difference between the
two obsexvations.

At the time of the Apollo-16 mission (April 1972), there was a quiet~fime,
low-energy eleciron increase, possibly of Jovian origin (Teegarden et al.,
1974). Data obtained from the IMP-5 detector (Van Hollebeke, private com- .
munication) shows the 3~ to 12~-MeV eleetron flux to be enhanced by a factor
- of 1.9 £ 0, 2 hetween the timegs of the Apollo-15 and -16 missions, Using a
power law with a spectral index of ~1, 75 for the description of the differential
~ electron energy spectrum (Teegarden et al., 1974) and a thickness of . _
T.6g cm™~2 of aluminum surrounding the detector, the magnitude and shape of ‘
the‘ énergy-_loss spectrum due to electron bremsstrahlung were obtained by

means of an approximate calculation based on the results of Berger and Seltzer

(1968). The calculated spectrum maiches the qullo_—-lﬁ increase relative to

- Apcllo-15 o within 1G percent over the enfire 0.3--fo 10-MeV energy range, . '
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The smoothed difference between the Apollo-15 ard Apollo~16 data was usgd
directly with the observed eleciron increase to caleulate the bremsstrahlung
contribution for each mission, and the result for Apollo-16 is plotted in
Figure 1. Identification of this component provides a major difference between
this analysis and that presented previously (Trombka et al., 1973).

(e) Cosmic-ray-induced Radioaciivity in the Central Crystal

One of the major uncertainties idenﬁﬁed in our previous aﬁalysis ‘was lack
of knowledge of t_he spallation-induced activity., To obtain the previous results,
the estimates of Dyer et al. (1972) and Fishman (1972) were somewhat arbi-
trarily halved in order o obtain a cosmic gainma-ray spectrum without major
discontinuities. These estimates considered only isotopes of hali-life greater
than 1 min for which energy losses in excess of 4 MeV are negligible. However,
in the Apollo detector, all half-lives greater than 10 pg can contribute. Light

12]3, and 161\1, which have half-lives in the range

fragments such as SLi, 9Li,
milliseconds to seconds, can deposit up to 15 MeV in the crystal avd have a |
total production cross section of about 40 mb in Nal according to the estimates
of Silberberg and Tsao -(1.9‘7'3),'

Since our original analysis, a compﬁfaticin scheme has been establighed
:Wh.ich'. uses tﬁé best available nuclear data .to caleulate decay rates and energy-
loss spectra of radioactive puclides ingide _detec’;or mate_ria'ls (Dyér_*ét al.,
1975a; Seltzer, 1975). So far, responée functions have been c’om[jutéd' for

' 70 radioactive nuclides for which the -'c-,ross‘sect_ibﬁs exceed 10 mb for 1-GeV
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proton irradiation of Nal, This list ia éuﬁicient to predict only -about one-half
of the cosmic-ray~produced radioactivity. Aﬂowance has been_ made for the
contribution of missing species by dbubling the éoﬁtinuum below.é MeV. Re-—_ _
sponge functions have also been computed for all significant 1__i__gh_t _fragments__
and their contributions have been calculated, Clearly, the exact contributions
of missing species and light fragments require further experimental ip&esﬁga.—
tion. |

The results of the new calculatidns of the b.ackgrounrl 3118 to -c.os;xiic—-.:.ca.y—‘ |
induced activify in the detector for Apollo-16 are shown in Figure 1.

At energies below 4 MeV, the new esfimate of this spallation component is
about 2/3 the level caleulated by Dyer et al, (1972). Most of this change, in
fact, results from a corrected value for the average path length of isotropic
cosmic rays in the crystal. Above 4 MeV, inélusion of a hard ﬁomponent re-
sulting from light fragments accounts for part of the ;iifferengg. _be;twegn ihe\ B

present analysis and our earlier calculation of the cosmic gamma-ray spectrum.

{f) Secondary Neutron-induced 'Radioactivity in the_ C_entrs.,_l. Crystal = -
Resulis of measurement of induced activity in identical crystals after re- |
turn from the 'Apd‘l'ld—-l'fand Apollo-Soyuz miss_ions'.(l)fye? et ali, -19"1_'5'9;'_; T ST
T_rombka et al., 1976) indicate a significant level of neutron activatiqn of the |
éentral detector.: Activation effects riue to passagé .thro_ﬁg_lli the radlatlon belts o
- onlaunch were considered in this analysis and found fo be negligible. .:Usipg__ e

-~ the observed-lévels of the seconda_ry'ﬁeqtron products from the Ajgollp-'—_i'? _' '



~-10=
returned crystal together with the boom extension history, the decay rates of
species with hajf_-lives down fo several hours were caleulated for the in-flight

‘measurements. These give the energy-loss spectium shown in Figiire 1.

. The .CeractneSS of the exti'apolated neutron—ind_uch Spec'._trum_ can he . L

inferred from the successful removal of the 600~ to 700-keV feature on sub- -
: 126

* traction from the obse’i-tr‘edeﬁergy—ﬁ[oss spectram.'- This feature is due to =T . .

and 124‘[ The 1eve1 of Na actwatmn is conflrmed from a 15-hour half—hfe

| decay component observed after boom extensmn from the stowed p051t10n. The

- 1n—f11rrhr. data were selected so that there was no s1gmf1c-.ant contrlbutmn from |

shorter half~lives produced by secondaly neutrons which Would have been
- missed in the returned crystal.

(g) Rad1oact1mty in Materials Surroundmg_the Detector

’I‘he remammg background due to natura.l and mduced radmactxmty in-
matemals surroundmg the detector produces dzscrete lmes ancl was removed
durmg the spectral unfolczmg proceSS as dlscussed in the nez:t sectlon.- Any

cosmm lmes were algo reioved in thls procedure. SRR

S Pigure 2 shows the magmtude a.nd spectral shape of 'the Separated dlscrete '

h '11ne conﬁnbuhon in energY—loss space. S e

Table 1 gufes ’she derlved photon mten&ties for the dzscrete hnes 1dent1ﬁed SR

_in the data. Dﬁerences in the mtensmes between Apollo-iﬁ and Apollo-iﬁ are :

- not slgniﬁcant--'and-are mdmatlve of the BTTOLS. . These lmes arg mos{:.likely:

| ascr1bable to nuciear 1nterachons in the steel, alunnnum, ancl plastm surround—_:'; R

o mg the deteetors._ The' aumhﬂatmn hne at 0 ;511 MeV is apprommately a factor Sl

SO P DRC SR S R U
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) H.—Iiw'
80 more mtense than the cosmm mtens1ty measured by I-Iaymes et al. (19'75),

whlle lines at 1.6 MeV and 4,4 MeV are respectlvely factors of 5 and 2-—-to~3

" more mtens_‘e ‘than featur,esa reporl:ed at epproxmately;the_se energies by the -

same group (Hall et al,, 1975).

W"I:ule 11: 1s possﬂole tnat the carbon tine at 4. 43 MeV represents 4 cogmic

' ‘nuclee,r gamma-ray 11ne, we feel it 1s much more I1ke1y to be of local ongm.
}‘J:L wew of the mtensfcy of these gamme.—ray hnes, Whmh are produced locally |
in me.te_na_]s_common_to_a_ll g.?lete_.ctor-_systems, itis clear thet cou_szderable .

- caution must be exercised in ascribing to them a cosmic origin.

: (h) Su.mmarz

The contrlbuhons of the various background components to the measured

.' energ‘y-—loss spectra for Apollmlﬁ and Apolio 16 are presented in tabular form""
o for a number of euergy mtervals in Table 2

o IV . DETERMINATION OI' EQUIVALENT PHOTON SPECTRUM

(a) T.TmoIdmg Procedure

The measured energy—-loss spectrum xs uot in one-to-one correspondeuce N

o "Wlth the photon spectrum, but must be unfoIded usmg i:he response functmus
o _,_-_descrlbmg the mteractmn of mcldent photons mth the detector. , A we1ghted

= lleast-squares 'matmx mve:r:smn method wh1ch has beeu deve}.opel to perform o

S 'lt”ms trausformahon, 1s descmbef‘ 'by Trombka and Schmadebeck (1968)

4"'basr :'.of the. me*chod 1s that the energy—loss spectrum p. can be related to ’che
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equivalent photon spectrum E: as follows:

where
B A | [Ji = the.e.l-jse.x.'vec{m-lﬁﬂ:aef .o_"f energylosses ‘in the energy interf&.ailai
N _' _gb‘eut. _i_-,: . |
| F] = tﬁe'nuinber of incideut ehoi:ons fin energy intervel Aj. a‘b'qutrj, and
L Si] = the detector response as a function of iandj.
Informatmn theory shows that equahon 1 may he used to deseribe a con-
tmﬁoﬁs dletrlbutmn if S is chosen such that the chscrete set of ;|’s be sepa—

‘.rated by no moxre f.han one-half the resolutmn for the gwen energy under con~

o sz.derahon. The mtervals of i are set by the A/D converter used and must also

-‘b’e‘ 1ees than haJ:E the '-res'olutio'n width. Because of--th-‘ese- re‘quirements, th‘e
- measured energy—-loss epectrum must. be an overdetern:uned sys;em with respact

_'to the ] euergy 1nterva.ls. 'I‘hue, equatmn 1 mustbe solved for E (the equwalent :

_.photon spectrum) utﬂlzmg a method sueh as Ieast—squares ana1y51s. 'I‘he solu—-

':‘t10n obtamed caL be wrltten in matrlx form as follows

. Whe:ce
Qo E | -the veetor descrlbmg the equlvalent photon energy spectrum, '

‘ S = the mx n matnx of the detector response func.,mn,
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8§ =the transpose of S,

w = the diagonal matrix of the weighting function for each of the i
intervals. (In terms of our measurement and.error aunalysis proce-

dure wy = 1/0'12 where O’iz

is the variance of the measured energy-
loss spectrum), and |
p = the vector of the energy-loss spectrum io be transformed.

The detector response function (S matrix) depends on the characteristics
of the detector and, for non-spherical detactors, on the angular distribution of
the incident gamma-~-ray flux. The extensive stochastic calculations previcusly
done for the response of a 3-by-3-in. Nal detector (Berger and S:alizer, 1972)
were repeated for the 7-by-7-cm Apollio detector. The results, adjusted fo
account for an igotropic photon flux simply attennated by the average 7.6 g em™2
of aluminum surrounding the crystal, were cast in a parameterized form to
facilitate the interpolation necessary to construct the S matrix. The S matrix
so obtained is not only used in the unfolding, equation 2, but also provides, via
the simple matrix multiplication of equation 1, for the rapid refolding of any
incident energy distribution. This feature was particularly usefnl in the
jterative process outlined below.

When the incident spectrum is a mixture of a continuum component with a
discrete-line component, the transformation obfained using equation 2 will.

contain discontinuities or oscillations in those regions where there are discrete

lines. In order to separate the itwo components, the derived distribution was
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smoothed through the digcontinuities to give a firat estimate of the photon con-
tinuum, which was then transformed through equation 1 to yield the equivalent
energy-los.t spectrum, This was then subtracied from the total, and the lines
were identified by peak searching and their intengities determined by using the
transformation (equation 2) {o photon space. Transforming the line compo-
nents back to energy~loss space and gubtracting from the original data gave
a second estimate of the contintum. This was then inverted to photon space,
smoothed and subtracted, and the process repeated, until after two or three
iterations, no significant change occurred in the itwo components.

The discrete line background cbtained by this method is shown in Figure 2.
The points represent the difference between the final smoothed continuum and
the original datz and the solid line is the unfolded spectrum of discrete lines.
In Figure 3, the poinis represent the final continuum portion of the data and
the solid line is the energy-loss transformation of the final continuum-~photon
coraponent of the cosmic gamma~ray flux.

(p) Degradation of the Photon Spectrum by the Material Surrounding the

Detector
The simple attepuation factor, incorporated in the response matrix, is the
probability that an incident photon is transmitted with no change in energy by
the ~7.6 g cm? of aluminum surrvounding the central crystal, but it does not
account for the photon being transmitted with its energy reduced by seattering

events.  Thus, the unfolded spectrum is not only the cosmic gamma-ray.
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gpectrum, but also includes a scatiered component, The scatfered compdnént,
characterized by a large buildop of low-energy photons, depends on the shape
of the incident primary gamma~ray spectrum and the details of the complex’
geometry of material around the detector. | However, .correctioﬁ factofs in
the form of the ratio of primary fo fofal phofons were egtimated for
appropriate power-law primary specira using results of photon-transport cal-
culations and were used to transform the unfolded spectrum to the cosmic
gamma~ray continuum specirum. As expected, the corrections are large in
the low-energy region, the factors used being, for example, 0. 38& 0.‘13,
6.58 £ 0.13, 0.80 + 0,08, and 0.96 + 0,02 at 0.3, 0.6, 1.5, and 10.0 MeV,
respectively. |

(¢) Error Analysis

The least-squares analysis can also be used to determine the standard
deviation in the derivation of the equivalent ‘photon spectrum. If the weighting
function w used in equation 2 is equal to the inverse of the variance for each
energy-loss interval (channelj, then each diagonal element of the Bwsyt
matrix will be equal to the variance in the derived photon intensity in that
channel (Trombks and Schmadebeck, 1968)., The variance calculated for each
channel of the cosmic gamma~ray energy-loss spectrum, p;, must include the
error in each of the bﬁckground components. After the spectrum is unfolded,
the errors obtained must be corﬁpounded with the error involved in correcting

for attenuation. Thus, the standard deviation quoted includes errors in the
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magnitude of the background components, effects in performing the transforma-
tion from energy loss to photon space, and finally errors in corrsction for local
mass absorption effects,

The errcr in the spacecrafi component involves bofh statistical errors in
fitting the channel-by-channel count rate {o the geometric model and errors in
the model. The former was obtained directly from the least-squares analysis
and is typically approximately two percent. This was compounded with a
generous estimate of the error in the geometric model obtained by determining
the change in the magnitude of the spacecraft component that resulte from using
a simple inverse-square law dependence insiead of the corrected version for a
homogeneous cylindrical distribution. This gives a combined uncertainty of
10 percent.

The variance in the bremsstrahlung estimate was obtained by compounding
the statistical error in the difference spectrum with the error in the measured
electron increase. The resulting channel-by-channel error in this component
varies from 23 percent at low energies to 53 percent at 10 MeV for the Apollo-
16 level.

Errors in the neutron activation estimate result from errors in the meas—

urement of isotopes in the returned detector, and exrors in extrapolating o

the in-flight contribution. This is estimated to be approximately 60 percent,

which ig probably generous in view of the ability to fit in-flight line features.
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The error in the cosmic-mayﬁnducéd gpallation component is more subjec-
tive at this stage, pending a planﬁed seriés of controlied monoenergetic irradi-
ations. Compaxisons of the results of the calculatiop technique employed with
the available limited data, togefther with the agreezﬁent of this with previous
estimates, lead us fo suppose that a 60-percent channel~-by~channel uncertainty
is a reagonable estimate at this time.

The accuracy ﬁth- which line features can be iderntified and removed from
the gpectrum depends on the total number of counts. To a good first approxi~
mation, the channel-by-channel variance will be twice the total number of raw
counts in that channel. The total raw counts used in the Apollo-16 analysis
were 11698, 10337, 4984, and 1150 for the energy baands of Table 2.

The uncertainties in the shielding and scattering effects are important at
low energies where, as indicated in the previous section, they are estimated
to be as large as 35 percent.

{(d) Results

Figure 3 shows the residual continuum energy-loss spectrum for Apollo-16
after all background subtréctions, and the standard deviation is indicated every
25 or 50 channels. In Figure 4, the squivalent photon spectrum is plotted within
an envelope defining the one standard. deviation erfor dbfainéd- as ﬁesc.z.;ibéd
above, This e:norvenvelope was constructed to smoothly enclose fh‘?_ _V_lar_ge__st
error bars in any region. A similar analysis has been earried out for Apollo-

15 and the same distribution and errvor band have been obtained. In order to
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aid other investigators in comparing data, representative values are given in
Table 3.
V. DETERMINATION OF FLUX ISOTROPY

A determination of the isotropy of the cosmic gamma-ray ﬂpx can be an
extremely sensitive test of cosmological origin and, in addition, may provide
a measure of the strength of galactic gamma-ray emission in the 0.3~ to
10-MeV energy region. The iransearth coast period of the Apollo mission pro-
vided an opportunity for a study of the astronomical sources of gammma radia~
tion, using the opadque spacecraft and the anisotropic mass distribution c;f the
instrument to occult possible source regions. For this purpose, the boom
length was fixed at 2 m. As the spacecraft rotated at approximately three
revolutions per hour for thermal control, various regions of the sky became
occulted. Changing the spacecraft spin-axig direction caused the plane of oc~
cultation to vary., Preliminary results show a modulation of approximately five
percent in the integral energy-loss spectrum up to 1 MeV, atiributable to dis-
crete sources primarily in the galactic plane. Once allowance is made for the
levels of the varicus backgrounds, this modulation indicates that the equivalent

cosmic photon spectrum shown in Figure 4 may have a contribution of approxi-

mately 20 percent from these galactic sources in the energy region up fo 1 MeV.

Stafistically gignificant results for higher energies have not as yet been ob~

tained,
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VI. DISCUSSICN

In Figure 4, comparison is made hetween the Apollo data and the latest
data available for the 0. 1- to 0.2-MeV and 30- to 10_0-MeY energy regions,

The specira can be seen to connect smoothly and there is some indication of a
flatter slope in the 1- to 5-MeV region. MHowever, the significance of such an
excess component over a smooth power~law connection of low~ and high~energy
data is now only approximatelv 1.5qg.

In Figure 5, many sources of data for the 0, 1~ to 100-MeV energy range
are presented. Where a particular experimentai method or analygis has been
repeated, only the latest estimates ave given, except for the case of Apollo
where the original estimate is inecluded for comparison. As a greaier realiza-
tion of potential background problems develops, the data are {ending to converge
to a considerably lower estimate of the 1~ to 20-MeV radiation. The particular
difficulties in other techniques will not be discussed here, but the reader is
referred to a recent review by Horstman et al. (1975) and recent papers by
Schonfelder et al. {1975) and Daniel and Lavakare (1975).

There has been much interesting theoretical speculation concerning the
ghape of the diffuse cosmic gamma-ray spectrum. A single power-law spec-
trum would favor a single-source mechanism, for example, the Compton
scattering of electrons on the 3 K background radiation (Felten and Morrison,
1963; Brecher and Morrison, 1969). At the same time, a significani excess in

the 1~ to 20-MeV region could indicate a compenent due to red-ghifted n°-decay
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resulting from cosmic-ray interactions (Stecker, 1969) or matter-antimatter
annihilation (Stecker et al., 1971). The lowering of fhe 1- to 2‘0—Me.V egtimates
again makes a gingle-source mechaniam possible,

Clearly, measurements must he made which will reduce fhe error bars
across the entire spectrum and enable subtraction of point sources before
definitive statements may be made as to whether the spectrum reflects more
than one source mechanism, The analysis of the Apollo data suggests many
improvements that can be made in the important region from 0.3 to 20 MeV.
Heavy spacecraft produce a hard photon coniinuum and secondary neutrons
which are difficult to shield against without compounding the probie.n, In the
Apollo detectors, these effects were reduced by extension on a 7. 6-m boom
for long periods. For a crystal stowed in such a gpacecraft, prompt neutron
effects and short-lived induced radioactivity would make the:neutron contribu-
tion far worse. Also, it can be seen that a very efficient anticoincidence shield
against charged particles is required to perform measurements above 10 MeV,
while unshielded materials are a source of bremsstrahlung, Many lines that
are of potential cosmic importance can also be produced in materials that are
commonly useu in detector housing and spacecraft components. We believe
that the most favorable signal-to-noise ratio for this speciral band can be
achieved using a lightweight spacecraft in interpianeta:cy space., Useof a
“ particle anticoincidence mantle surrounding the entire spacecraft would remove

all prompt effects and leave a cosmic gamma~ray signel about twice the level



-21-
produced by local activation due to cosmie rays. The latter component can be
caleulated, estimated from laboratory calibrations, and/or monitored in flight.
Discrete gamma-ray line fluxes can be reduced by the careful selection and
location of materials and angular distributions investigated using an anisotropic
central crystal (Trombka et al., 1974).
VI, ACKNOWLEDGMENTS

C. S. Dyer wishes te acknowledge an NAS/NRC resident research associate-
ship held during the majority of this work, and support at the University of
Maryland under NASA Grant NGL-21-002-033. R. H. Parker, R. E. Parker,
and E. MacMillan of the Jet Propulsion Laboratory (JPL) prodiiced the mass-
distribution profile of the gamma-ray spectrometer. D, Gilman at Cornell and
R, H. Parker at JPL have been pursuing the analysis of the spacecraft occulta-
tion modes. A. E. Metzger is pleased to acknowledge a fruitful conversation
with E. C. Stone of the California Instifute of Technology (Caltech). Work at
the Jet Propulsion Laboratory of the California Institute of Technology was

carried out under NASA Contract NAS 7-100.



Energy
{MeV)

0.48 £ 0.02
0,51+ 0,02
0.74 +0.03
0.84 £ 0,03
0.98 % 0.02
1.1+ 0.04
1.87 % 0,04
1.46 £ 0,04
1. 684 + 0.05
1,78 £ 0,05
2,28 = 0.06
2,75 % 0,07

4,40+ 0,08

Table 1

Contribution of Digerete Lines

Intensity in Photons g1

Apollo-15

0.91%£0.13
1,43 £ 0,14
0.32 £0.11
0.30 £0.11
0,14+ 0,12
0.21 £ 0,17
0.36+0,19
0.81+£0,16
0.48 £ 0.15
0.42 £0.15

0.09£0,10

10,20 % 0,09

0.19 £0.056

Apollo-16

1,12+ 0.10
1,87+ 0,11
0.22 £0.08
0.28 + 0.08
0.23 + 0.09
0.29+0.12
0.66 + 0,13
0,72 £ 0.12
0.60 % 0. 12
0.57+0.12
0.30 £0.13
0.28x 0,11

0,06 £0.07



. Table 2

Composition of Apollo Spectrum (Percenfage Coniribution)

Brems- -
strah- Cosmice- - Discrete
Erergy  Spacecraft Tung Neutron ray " Lines Cosmic

(MeV) AI5* A16* A15 Al16 Al5 Al6 AL5 A16 A:ts’ Al6 Al5 Al6
0.4- 0.8 18 15 12 19 12 11 12 11 15 i6 31 27
0.8-2.0 15 138 14 23 9 8§ 28 2¢ 11 12 22 20
2,0-50 20 17 1 S8 6 5 33 20 3 3 19 17

5,0-10,0 490 33 26 42 0 0 11 10 0 0 23 16

*A15 ~ Apolle-15
A18 - Apolio-16



" Table 3
Cosmic Gamma-Ray Confinmum -~

 Energy . Totemsity
@) (photons Mev-T enm 2 g~ sy

s oo+ oom
05 0.039 = o001
0.6 - 0.027:'# 0.008

0.8 0,017 % 0,005
1.0 0.018 + 0,005
1.5 ” _0._0086 i | 0.0038
2.0 o © 0.0055 = 0.0031

3.0 |  0.0025 % 0.0013

40 . 0.0013 * 0,0006
5.0 0.00070 % 0,00028
6.0 | 0.00042 * 0.00018
8.0 0.00018 = 0,00011

10,0 0.000095 * £.000060
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Figure Captions

1.

4.

The total energy-loss spectra obhserved at full (7. 6-m) boom extension on
Apollo~15 and Apollo-16 are compared with the calculated levels of various
backgrounds digeussed in the text., The latter are shown for the Apollo-16
measurement, The only component to change significantly is the electron
bremsstrahlung, which, at the time of Apollo-15. was approximately half
the value shown.
The energy-loss spectrum {+} of the discrete line background for the
Apollo~16 measurement is compared with the fitted line spectrum (solid
line) obtained by the iterative unfolding procedure,
The energy~loss spectrum (pointe) of the cosmic gamma-ray component
obtained after the subtraction of all backgrounds is compared with the energy-
loss equivalent (solid line) of the unfolded photon spectrum. Error bars are
plotted every 25 or 50 channels and include the effect of statistics and the
uncertainties in the subtraction of backgrounds,
The unfolded photon specirum from the Apolio data is shown by the line
within the £l¢error band. Comparison is made with the recent high- and
low-energy data. Hatched area is the SAS-2 Measurement (Fichtel et al.,
1975):

+ Dennis et al. (1973)

—+— Horstman-Movretii et al. (1974)



5. The diffuse cosmic gamma radiation observed by several experiments.

Some convergence of the data has occurred as awareness of apurious

background has increased.
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Hopper et al. (1973)

Bratolyubova-Tsulukidze et al. (1971)

Share et al. (1974)

Herterich et al. (1973)

Parlier et al, (1975)

Kuo et al, (1973)

Trombka et al. {1973), (earlier Apcllo estimate)
Schonfelder et al. (1975)

Daniel et al, (1972) and Daniel and Lavakare (1975)
Vedrenne et al, (1971). For sake of clarity a typical error bar is
shown for only one point,

Mazets et al, (1975)

Fukada et al, (1975)



10000.0

=T T T T T T 7 11 s B T o s e T e R e B I S IO O L R L =
= =
- . e
_* -
L, i
+
1000.0}= %u{ =
= :
- 3
n N, _
3N Sy
1 100.0f ,, Tl TOTAL APOLLO 16 -
£ — S~ TOTAL APOLLO 15 .
5 ™,
1 — Vo, g, -
T ha -% .
Y 10.0= *%ﬂ% BREMSSTRAHLUNG =
- SPALLATION—/ e '*' -
e MY S -\‘-l- ~ -+ + —]
= {NEUTRONS) _— ¢ ,,ﬁ* “Wﬂ» i,
N W -!q,b,-\' 4. g:
Lok SFACECRAFT-—/ S STy e Y
S M s
n SPALLATION—/
| (COSMIC RAYS)
S T N 0 T I T T B W I A O I N T T T T O O |
0. 0. 100. 153. 200. 250. 30a. 3303, 4Dl;!. 4350. 500.
CHANNEL
| i I 1 | 1 | 1 ! 1
0 1 2, 3 4 5 6 7. 8 9

ENERGY (MeV}

Fig. 1




1800.00

=Tl 111 rrrrrirrTl rT 1T T T i1 1T T i T T T il I RN EEEEE
100.00 = =
[ 18.001= =
N E =
T ¢ =
E |— -
N | -]
5
. i B T
T
E Y 1.ﬂ3 i =
' [ P
.‘; s +
E _
; ’ 0. 10= =
" = + -
3 = 3
0.01 [ N T T T O T YO N 0 R TR VPO N P I T e T L T 1O T Ot I Y v o !
o. 25. S50. 73, 100- 125. 130. 173. 204a. 225. 250.
CHANMEL.
l ] ] { —
0 1 2. 3. 4

ENERGY (MeV)
rig. 2




10000.4

= T T T T T T T T T P T 3T T T T i i T I T TFri T I irTrTrrTerTrTri i Tt irreii i ris
3 - -
1000.0f= =
[ 00.0p= -
N - .
T — -
E — 7
4 N - —
o 5
! I -
b T
¥ oojs =
8" — 3
— —
1 - .
- . |
+
e H
1.0 he ~+
= s
t _ —
3 I~ 4]
1 - S
|— A +
s +
+ + +* + 4
gl L ¥ L1111 |00 Y N N N O 5 S T T P S S O v o i.ILJAIJ._l 1 P P P IO 3 |
a. a. 100. t50. 200. 230, 300. 330. 400. 430. 300.
CHANNEL
| | ] ] } ] i I l !
0. 1 2, 3. 4. 5 6. 7 8. 8.
ENERGY (MeV)




Fig. 4

o
vt 120 S B B LA AL BN T T T T [T T RN AR Mw
. ]
o)
- T e
] R
r £
L -4 >
[L]
L o
(1]
=
ot
3 ] i
8 W -
_—..H- W m____ L1 1 1 #q-___ 13 L 1] —-.-—_ 1 1 ] _____ 1.1 i 1 _—__—- 1 i 1 —w_-_ l L 1 —-.__ L1 ] l
* — - o [ T g ) o
1 ) ] t 1
Q (=] o o f=] o
- - T~ i — —

(AGIN ¥3LS 23S ¢WD) 7 SNOLOHd



PHOTONS / (CM2 SEC STER MeV)

;— 1 | S L] 1 | LA ] UL ll’ll.{
W' ¥
107 E
107 E
10"42—

10‘55—
10‘6;'
l— { 111 baall ! ] sl 11ttl
0.1 10 i0 100

ENERGY (MeV)

Fig. 3



