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SUMMARY

The Apollo Gamma Ray Spectrometer which was part of
the sclentific instrument module aboard Apollo 16 oktained
more than 20 hours of astronomical data near the end of the
transearth coast phase of the mission, During this time
the vehicle was maneuvered so that every part of the sky as
seen by the spectrometer was eventually occulted by the apaca-
craft, providing a valuable data base for gamma ray astronomy
in th 20 keV to 5 MeV spectral range,

Much information is available but full analysis has
aweited funding. This report discusses analysis schemes
classified according to the underlying assumed source dils-
tribution., It is known that there ls at least one point
source, the Crab, and it can be seen in the data., In addi-
tion one may expect a distribution arocund the Galactlc plane
such as Uhuru found in the 1-10keV energy region, and one
may expect a distribution of diffuse gamma-radiation outside
the galactic plane,

The sensitivity function of the space-craft-spectrometer
occultation telescope has not been determined yet. The pat-
tern of count rate as a function of the position of the Crab
suggests that the occultation pattern is 110° wide (as 1f the
spectrometer were only O,46m (1,5 ft) from the space-craft).
while the nominal pattern is 62° wide (assuming the spectro-
meter were the nominal 1.84m (6 ft) away from the vehicle).

Methods for data analysis are shown in section IIT.

In one method looking only for point sources, some pre-



liminary results concerning tre Crab nebula are presented
which confirm previous measurement of the strength of that

gsource,




I. Introductlon

A, The Apollo Gamma Ray Spectrometer

For the Apollo J-Series missions, Apollo 15 and
Apollo 16, a Scientific Instrument Module (SIM) was pre-
pared end installed in the Service Module (SM) to take ad-
vantage of the lunar orbit platform available for lunar
research during Apollo missions. The J-Serles SIM included
a gamma-ray spectrometer to study lunar surface composition
by measurements of nuclear radiloactlivity, both natural in
origin and induced by cosmic rays,

The Apollo Gamma Ray Spectrometer (AGRS) consisted of
a detector, anticoincidence mantle, electronics, and e ther-
mal shield mounted on an extendable boom, The detector was
a 7Tem X Tem evlinder of thallium activated sodium lodide
[Na(T£)] viewed by a T.6cm photomultiplier tube while the
anti-coincidence mantle, a 0.8 cm thick plastic scintillator
covering all sides but one face of the detector, provided
an efficient veto pulse for cosmic rays penetrating the
detector., The electronics were located toward the space-
craft from the detector, and the entire assembly was encased
in a thermal shield which added approximately 50 kg m™e
(5e cm_e) between the gnti—coincidence mantle and space
(Harryington, et al,, 1974). The boom could be extended to
a distance of 7.68m(25 ft.) from the space-craft to reduce
background and was fully deployed for most of the lunar
orbit phase of the mission,

The nominal energy range of the instrument was 60 keV



to about 7 MeV, although gain drifte in both misslons

changed these limits somewhat, During Apollo 15, for

instance, spectra were acquired up to 30 MeV, The geain drift

was quite a bit less for Apcllo 16, Energy loss spectra

conglsted of 512 linearly spaced channels of accumulated

pulse-heights, Instrument live~time was accumulated, trans-

mitted, and reset once every 0.3%28 s as were the numver of

shield counts and the number of coincidence counts accumulated

in that data frame. Except during the transmission of

these data and the frame sync code, the telemetry sampled

the output register for a pulse-height once every 2,56 ms.
Princlpal investlgsior for the AGRS is Dr, James R,

Arnold of UCSD, 'Co-investigators are Drs, Albert Metzger

of JPL, J. I. Trombka of GSFC, and L, E, Peterson of UCSD.

It was with their help that the present work was done.

B. AURS Astronomy

Foix lunar surface studies the cosmic gamma-ray sources
comprise a background which can be neglected in the fir~t
approximation but which is worrisome enough to deserv: in-
vestigation. For gamma-ray astronomy, though, the Apollo
J-Serles mlssions provided a unique opportunity to fly a
large detector wlth good spectral resoclution sensitive to a
relatively unexplored region of the spectrum, Two advan-
tages of being part of a manned vehilcle were the virtually
unlimited telemetry capacity and a chance to cbserve far from

the earth and 1ts trapped radliation belt, For astronomical



purposes the lunar contribution is background, and one does
better astronomy far from the moon, lMosti of the astronomical
results will come from anal . the Trans Earth Coast (TEC)
data,

Three results in low energy gamma-ray astronomy based
on the AGRS data have already been published, The flrst 1s
a measurement of the spectrum of cosmic gamma rays deduce”
by Trombka et al, (1973). The second is part of the Apoll.,
16 Preliminary Sclence Report (Arnold, et al,, 1972) showing
the effects of space-craft occultation of the Crab and Galactlc
Center in the detector count rates, The third published
result is a report of the gamma-ray transient source of 27
April, 1972, first discovered in the AGRS data; see Metzger,
et al, (1974) and Trombke, Schmadebeck, et al. (1974).
Other possibilities include a search for gamma-ray micro-
brusts, a search for periodic X-ray sources includlng the
Crab pulsar, and a sky survey using the occultatlion astronomy
data.

Occultaticn astronomy is an especially challenging
and interesting part of the AGRS astronomy potential.
Usually in astronomy an instrument is sensitive to a suf-
ficiently small portion of the sky that it can be treated as
a flat area, using rectangular coordinates, The analysis
of the occultation data will depend on the roundness of the
sky in an essential way, and hence requlre spherical co-
ordinates. PFurthermore, there is no axis about which the

sensitivity function is symmetric., This means that the



combination of regions occulted 1s not simply determined by
where the detector was pointed; rather, all three dimenslons
of attlitude are needed to determine the exposure of the
detector to the sky. There has been discussion of mapping
the gamma rey sky in just such a way, using a detector which
18 sensitive to nearly all of the sky and taking advantage
of its anisotropic response to separate components 1ln the

sky (Trombka, Vette, et al., 1974). Apollo 16 offers a good
dace set for a try at this approach, and much wlll be learned

in doing the occultation astronomy.

C. QOccultation Astronomy Data Base

During the Apollo 16 mission an effort was made to
supply a data base for occultation astrciiomy. For the last
33 hours of the mlssion the AGRS was only partially deployed
on its boom, nominally at a distance of 1,84m (6 f£t) from
the vehicle, Four Passlve Thermal Control (PTC) rolling
modes were performed in the hope of occulting every part of
the sky in at least one of these maneuvers, In addition,

a series of polinting modes, with the space-craft in fixed
attlitudes, were executed as required by other experiments in
the SIM. Altogether about 20 hours of lire-time were acquired
with the AGRS at a filxed distance from .: space-craft,

The four PTC modes form the primary data set. The
modes and theilr spin axes were

1. Ecliptic PTC (EPTC), +x at A = 6.0%, D = -66°"

*A 1s right ascension, D is declination. See the Appendix on
Coordinate Systems, Sectlion VII,
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2. Super Galactic Auxill'ary PTC (SGAPTC),
+x at A = 6.8", D = +15°
3. Ecliptic Auxilliary PTC (EAFPTC),
+x at A= 9.48, D= 440
4., Super Galactic PTC (SGPTC), +x at A = 18,60, D = +15°

SGPTC has approximately 8 hours of live-time, EPTC has 4,
EAPTC and SGAPTC have 2 hours each, The counting rates be-
tween 0,072 and 0,200 MeV as a function of roll angle for
each PTC mode are presented in figures 1-4, The error bars
ere typical lo values, The radial scale 1s labelled in
counts per second, Ncte that the center of the figure

represents 7% cps not zero,
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II., TForms of the Gamma Ray Brightness Distribution

A. Components

There are four source components that are likely to
contribute to the counting rate in the detector, an
invariant background, a set of a few bright point sources,

a line source distributed in the Galactlc plane, and an
anisoctropic diffuse component, The lnvariant background is
made up of conuoributions from the space-craft, intrinsic
detector background induced ty cosmle rays, and an isotropic
cosmic gamma-ray background, It dominates all the other
componants,

The bright sources can be expected to include the Crab
nebula, which is likely to be responsiblelfor 3% of the
flux when it is not occulted, Cypnus X-1, M87 of the Virgo
cluster of galaxies, and the Galactic center,

The results of SAS-IT at energles above 50 MeV show
the Galactic plene to be the dominant source cf gamma rays,
but ‘n the X-ray range (<< 1 MeV) the dominant source seems
to be tne diffuse extragalactic component, It may be that
the strength of the so-called line sou ~ in the Galactic
plane will begin to be a major component of the source
distribution by 0.5 MeV. It is known that the Galactic center
source region at MeV energies 1s extended rather than point-
like,

Finally, there may be an anisotropic diffuse component

from extragalactic space, due perhaps to an asymmetry in the

local super cluster or the Compton-Getting effect whereby




a Doppler shift gives the lsotropic cosmic component a small
cos 6 dependence about the velocity vector, The isotropy of
the diffuse component can have important cosmological impli-

cations; see, for instance, Wolfe, 1970.

B. FPForms of the Gamma Ray Brightness Distributions

These four components combine in several possible
ways depending on their relative strengths, but in any case
there will be the invariant baskground and there will be
the Cradb nebula, The possible diatributioné to be con:ldered
are

1, A few point sources + invariant background,

2., A few point sources + a line source + Invariant

background,

3. A few point source + anisotropic diffuse component

+ Invariant background,
4, A few point source + a line source + anisotropic

diffuse source + invariant background,



III. The Sensitivty Function

A. Occultation Pattern and Boom Position

Depending on the distance between the devector and
the space-craft, the occultation pattern will vary from a
solid angle of 0,234 steradians to a few percent more than
2r steradians., Untll the boom is extended past 2.76 m
(9 ft) the Command Module (CM) is visible only through the
SM, and assuming the SM is optically thick, the occultation
pattern will be that of a cylinder 3,94%m (154 in) in diameter,
extending 3.8%m (149.6 in) above the AGRS boom anchor point
and 0,69m (27.1 in) below it, The assumption of a large
optical depth through the SM is valld at low energles
(~ 150 keV) but may not be so good abcve 0,5 MeV, The mean
density of the SM is 1,3+10° kg m™> (0.13¢g cm'3), but the
mass 18 known to be distributed in a clumpy way.

The boom length 1s known in principle by timing how
long the command plilot held the boom extend swltch closed,
Limit switches closed to indlcate fully =xtended or inboard
positions, but intermediate extenslions were reckoned from a
stopwatch, Unfcrtunately, the position taken for the occul-
tation astronomy rollowed a %equence of timed extensions and
retractions without knowing any of these intermedliate posi-
tions with precislon. It is also known that the boom deploy
mechanism falled at some point because it was not possible

to bring the AGRS inboard at the close of the mission.



TP L S M b

A recount of the time spent in the assorted extend and
retract commands preceding the occu. ation astronomy position
indicates a nominal position of 1,23m (4 ft) rather than the
1.84m (6 f£t) position the flight directors thought they had,
Other indirect methods for determining the hoom length have
been tried, including studying the flux of charged partlcles
measured as colncidence events between the shield and the
detector which varied from 330 coincldences per data frame
fully retracted to 265 colncidences per data from fully
deployed. The colncidence rate seen at the occultation
astronomy position was consistent wlth an extension of 0.61 n
(2 ft). Also, the shileld rates were consistent with the
rates seen when the AGRS was stowed., These indicate that
the detector was very close to the space-craft, but they have
a fundamental flaw in the credibility; the shleld PMT was
known to be nolsy before the start of the mission.

Another indirect method 1s to compare the gamma-ray
fluxes in a fixed energy interval of twn known extensions
with the flux at the occultation astronomy position, Using
the fully inboard and the fully deployed fluxes and assuming
that the flux due tc the space-crart is proportional to
the solid angle, a boom position of 1,84m# 0,30m (6 £t * 1 ft)
has been determined, which is consistent with the timing
data if one grants that the retraction mechanism falled while
the boom was being retracted from 2,46 m (8 £t).

These various results are ambigucus, and in light of

the work done here at Cornell on the subject (Section III.D.),



10

one cannot say thet the boom position has been reliably
determined, The outline of the space-craft in look-angle

coordinates is given in Fig, 5 for a few boom positions,

B, The Effe. ; of Mass Located Around the Detector

A significant amount of mass surrounds the detector
itself and it is far from lsotropically distributed. One

contribution comes from the thermal shleld which is more or

2 2y o

less isotropic, contributing about 50 kg m = (5gcm

absorblng material. However, thire is nore than 250 kg m"2

(258 cm'e)

the view in back towards tlre space-craft,

of electronics and supporting structure obscuring

R, H. Parker of JPL computed the column density of
absorbing material, seen from the certer of the detector
volume, in a clrcle through the top of the detector system,
His results are reproduced in Figure 6, 180° is the direction
toward the spacecraft while 270o 1s the direction of the top
of the AGRS, The absorber in the direction 270o 1s the
shield PMT,

It is significant that local mass is not likely to be
responsible for an occultation pattern much wider than +25°
in the direction of the space-craft, Direct measurement

57

with the detector prototype and a Co source have confirmed

thls conclusion,

RETSL Ml
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C. The Projected Area of the Detector

At the nominal position of 1,84m (6 ft) the space-
craft occultation pattern 1s 62° wide and therefore one
expects that the local mass wlll not play a significant role
in the overall sensitivity function. Another factor that
can be important, though, is the geometric one for a detec-
tor in the shape of a cylinder, When the detector is thick,
as is the case for the AGFS, especlally at a few hundred
keV, the geometric sensitivity function is proportional to
the projecied area of the detector, For the 0.0Tmx 0,07m
(7T cm x 7 cm) detector in the AGRS, the projected area is
a function of the angle { from the axis of the cylinder:

0,07
T-m

A(L) )2 |cost| + (0.0Tm)asing

7(

il

3.7.10'3m2 |cost| + 4.9'10'3m251n§
(= 37 cm? |cost| + 1&9cm2 sint).

A(f) has 1ts maximum value at 53° from the axis where
A(53°) = 6,1+10"7m® (61 cm®) and 1ts minimum at ¢ = O°
where A(OO) = 3.7°lO{3m2(37 cme). The detector geometric
factor, the average projected ares, 1s 5.7-10'3n@ (57 cmg).

A plot of projected area vs { is shown in Figure 7.
It is clear that this will have an effect fex bright sources;
the ratio of minimum to maximumprojected area is 0,61,

The local detector senslitivity function should be
easy to find in the lab, and there are plans to do the tests

in early 1976. Until these are completed and analyzed, .the
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projected aree local sensltivity function 1s likely to be

adequate for low energy gamma-ray astronomy.

D, Rate as a Functlion of Look Angle to the Crab

It 1& almost certain that the Crab 1s the birightest
point source in the sky at ~ 150 keV during Apollo 16 TEC.
The spectrum of the Crab in this energy region is well fit
by the spectrum

-2.2 -, - -
Egg@l = 3.5:1077 (Iﬁ%v) photons om? sec”tMev?

which can be integrated between 0,067 and 0,200 MeV to show
that 3.6 photons sec'l in this energy range are incident on
the AGRS when the projected area ls 5.7-10'3nfg(57 cma). For
a mean energy of 100 keV in thils band, half of the photons
wlll make it through the thermal shield and anticoincidence
mantle to react with the detector, Therefore, one expects

a decrease in the counting rate of ~ 1.8 counts sec'l when
the Crab is occulted.

Fig. 8 is an array of counting rates and their errors
as a functlon of look angle to the Crab 1In the vicinity of
space-craft occultation, The 6 ft, 4 ft, and 1.5 ft outlines
are also drawn in, This picture suggests that the boom was
out 0,46m (1.5 ft), which is consistent with the coincidence
and shield rates,

We have tried to explain the surprisingly large width
by essuming the occultation pattern was really that of a

1.84m (6 £t) boom extension and tried to solve for a second

Lt e b s b




- . o

‘uoTqeqINO00 3JBI0-30vds JO LJTUTOSTA QU3 UT

qexs ayz o3 9T18ur HOOT JO UOT3OUNT ¥ SB 938l Futqunon °Q °*ITd
saaubop * g a1buy oo
074} obi 091 08t 022 0ce 19,44 092 082 00t 974 (0,74 (o)
T —r——T—T7T1T 171 T 1 T 1 1 1.1 1t °t 1T T°"1 o8t
- —091
| ) 1 | 1
2y R TR e Vic bzs 7 LI
" Xa42=0084 3320|109 1adng oss oo |
— ..ﬂom-
- —001L
1 [ 1 (2209510 1 1 1 1 L 1 i | £50)
2 CR _ 85 _mm. | P QT- sofl et ee v.mmm. sw tze lge “%%E. sal
andid3 o8
vosoy g pezoy g\ h azo —1°°
e LA CAY Y AN AL A A LA A A EA AN mm EX A N
fomumy audyoy  OP° oss
L. -0
¥ y 1 1990y 60%) 1 267 102
p Rl_d.u_xm_mu.mu-mm_wm_mu.
— XN0J=006 o%IE ooz 7
'] A L 1 1 (] 1 .ﬁhuﬁ_u-lﬂq OthO—Umv ._._@Qﬂ-m 1 ] 4 1 ] 1 1 (] O

T s T Tt e et

saalbap * D abuy %007

T




125

source which might account for just the width in EPTC.

This procedure failed, The evidence from Fig, 8 leads one
to the conclusion that the sensitivity function of the AGRS
at the occultation astronomy boom position is as though

the boom were deployed only O,46m (1.5 ft)., It might be
that the patteyn is actually due to local mass, and if this
is so, one erpucts to find this out in early 1976 when the
local sensitivity function of the AGRS is mapped.
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IV, Methods for Data Analysls

This has been the main focus of the research done at
Cornell under this grant, although other areas already
mentioned in thils report have necessarily also been con-
sidernd, The methods of analysis can be categorized by the
source distribution expected to be significant in the gamma

ray sky,.

A, A Few Point Sources and Invarliant Background

If the brightness distribution 1is made up simply
of two Or three bright point sources and an invariant back-
ground, data analysis has a partlcularly simple form. Any
significant change in the counting rate as a function of
roll angle in any PTC implies the exlstence of & source
along some edge of the occultation pattern at that roll
angle, Every decrease in the rate as a function of roll
angle must then be mirrored in an increase of the saﬁe
magnitude at & roll angle advanced by no more than the charac-
teristic width of the occultation pattern., For examnle, 1if
the occultation pattern is due to the space-craft and if
the boom length is the nominal 1.84km (6 ft), then the occul-
tation of a source can be for no more than the characteristic
width of the pattern, 62°, Tnhe source may be occulted for
less than 62° but only if it is occulted by the top or
bottom of the outline of the cylinder; in the nominal 1.84 m
(6 £t) example, the limits on lcok angle u are 25.6° < a < 40,4°

(top) or 102.0° < a < 112.2° (bottom),
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Thus for each PTC a locus of possible source locations
occurs for esch signlficant fluctuation, and a comparison
of these loci and thelr assoclated source strengths will
give the point source positions, As an example, suppose
that. the occultation patitern is due to the ' pace-craft and
the AGRS was only 0.46m (1.5 ft) out on the boom, Then the
decrease in rate vs, roll angle at cdux = 750* in EAPTC
implies that there 1is a bright source along line A in
Figure 9., The decrease at cdux = 260° in EPTC implies that
there 18 a bright source along line B, They lntersect very
close to the position of the Crab, and a study of the rate
vs, roll angle behavior of the SGPTC and SGAPTC as other

portions of the loci A and B were occulted in these modes

is likely to rule out any other possible source configuration,

This procedure was carried cut under the assumption
of a 1.84m (6 ft) boom position, and 1t was founa that
the decrease in rate vs, roll angle in EPTC for roll angles
270o < cdux < 10° cannot be due to any confilguration of
point sources., The conclusion 1s that the occultation
pattern has a characteristic width of +55° at least at look
angles a ~ 90° and o ~ 55° (see Fig, 8), If the space-
craft is responsible for this occultatlon pattern, this
implies a boom extension of 0,46 m (1.5 ft) or less,

*odux measures the amount of roll executed by the space-
craft, See the Appendix on Coordinate Systems, Section
VII.
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B, A Few Point Sources + Line Source + Invariant

Background

By a line source we mean in this report a source of
gumma~-rays confined to the plane of the Galaxy., One expects
that it will not be a uniform distribution around the plane,
and two methods for determining this distribution have been
formulated,

The direct method 1s to divide up the Galactic plane
into source regions, and accumulate counts and live-time for
particular configurations of sensitivity to these source
regions, To illustrate, suppose we take the 18 source
regions shown in Fig. 10, Numbering the regions by i
(L =1, 2, «v.s I = 18), poesible point sources by k
(k =k, ..., K< 10), distinet vehicle attitudes by J
(J =1, 2, «svy J> I+K+l), and letting

f(1) = flux from reglon i in the energy interval of

interest, photons cm'esec'l,

f(k) = flux from source k,

s(1,J) = AGRS sensitivity tosource or regloni inezttitude J,

R = counting rate due to the invariant background,

rd = counting rate in attitude J,

e, = rms error in measuring rate rd,

J

one may write down an over-determined set of linear eguations

k I
R+Zlf(k)sm,j) +iZlf(i)s(i,:j) = rJ:teJ, J=1ye..,d,

These may be solved for R, the f(k) and the f(i) by the

- Ve o AT e e
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method of welghted least squares, which minimizes the x2

of the solution to the data, It is expected that if the
brightness distribution has a measurable component which is
not one of the point sources and which is not in the Galactlc
plane, x2 for the solutlon will be poor, Likewise if the
sensitivity function depends strongly on the boon position,
and the wrong boom poslition 13 assumed, X2 for the solution
will also be poor,

The second method of analysis is the Pourlier method,
although one willl see that the method does not use strict
Fourier analysls., Conslder the Galactic plane brightness
distribution function after one has subtracted away the bright
point sources, If this distribution is very nearly uniform,
or if it is dominated by the first few Fourier components,
the coefficlents of these components wlll be significant
in their own right. It ls clear that under these conditions
the coefficients can be more reliably determined from the
data itself than from the solution by the direct method.

Assuming that the resldual Galactic plane brightness
distribution (bright point sources removed) has no Fourler
components above some cutoff I, let

T(1) = (complex) coefficient of the ith Fourier

component of the residual Galactic plane bright-
ness distribution,

5(3,3) = (comwplex) coefficient of the 1% pourter

component of the AGRS sensitivity function
in the Galactic plane in attitude j.

f
;
]g
i’
%
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Then one sees that the over-determined system of equatlons

K I
R +1;1f(1c)s(k,:}) +izl?(1)’§(1,,1) =Tyt ey,

J = l,...,J > I=K=lu

can be solved, agaln by the method of welghted least squares
yielding R, f(k), (k=1,...,K), and (1) (1 = 1,...,I) which
minimize x°. Again, if the assumed cutoff I is too low, if
there is a measurable anisotrory in the diffuse component,
or if the sensitivity function is incorrect, xe is likely
to be bad.

Programming the Fourler approach would not be any more
difficult than programming the direct method, but one does
have to worry about the uncertalnty introduced by having

subtracted polnt scources that are in the Galactic plane,

One should consider these as & functions on the Galactic

plane distribution and note what an uncertainty in the bright-

ness of the Crab, say, does to the first few Fourier compo-
nents of the Galactic plane. The reason for keeping track
of the rate from Crab separately is that high frequency
components are present in the sensitivity function which
are important for the point sources but not for the assumed

residual Galactic plane distribution,

C. Anlsotropic Diffuse Component

Assuming that the major extragalactic gamma ray sources,
if there are any, are entered as point sources, the only

other term to be fit in the brightness distribution of the
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sky 1s anisotropy in the diffuse component, The isotropic
part of the diffuse component is a term in the invariant
background,

The analysis of the Apollo 16 occultation astronomy
data should start with a direet approach, similar to that
taken in Section B above., A choice of areas in the sky has
been made to emphasize the Galactic plane and the way occul-
tation occurred, see Fig, 11, If the areas are labelled

by i, then the system of equations
K I

R +‘Zlf(k)s(k,3) +izlf(i)s(i,3) =1yt ey, =l 0

By putting the likely point sources in the middle of their
area, one can treat them as each having an area, ascrlbing

to the point source any excess over neighboring areas,
I
R-+£§lf(i)s(i,3) = Ty ES €y J=l,...,0.

At low energy (~ 150 keV) one expects approximately
8 areas to be occulted at one time since in any case the
occultation pattern has been found tc be 110° wide and must
have a solid angle on the order of 3 steradians, Once the
sensitivity function 1ls known a natural definition of distinct
attitude will be available; two attitudes will be said to
be distinct if they occult a different combination of areas.
Since the diffuse component is known to be very uni-
form, it makes sense to ask about the coefficlents of the
anisotropy expanded in spherical harmonics. The Compton-

Getting effect transforms an isotropic distribution into a

;
;
1
]
h-
4
;
3
:
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sum of an £ = O component (lsotropic) and a very small

£ = 1 component (o¢cosé from the direction of travel), This
is related to the 12 and 24 hour anisotropy often sought for
in such nearly isotropic distributions as the microwave
background and high energy cosmic reys. For any real distri-
bution which 1s expressed as a linear combination of J = O
and £ = 1 terms, an axis can be found such that the function
is the sum of an lsotropic component and a component o¢cos6
from that axis. Thus one may search for the 12 and 24 hour
anisotropy of the diffuse component by solving equations

of the form
I 1

Y £(1)s(L,3) +

K
R +¥Zlf(k),s(k,d) *+

~ Hee
lblm sim(d) =

=rjiej, 321’2,l|o’J>K+I+J‘+

where the sum indexed by k is over point sources, tThe sum
indexed by 1 1ls over the areas in the Galactic plane, and
finally élm(J) is the coefficient of the l,m component of
the sensitivity function in attitude j, a complex number,

The b are then the coefficients of the best fit 12 + 24

im
hour anisotropy of the diffuse component.

Hlgher order spherical harmonics may be added to the
equation, giving one in principle a beam solid angle of
Mv/ﬂz. The interference from point sources and a line source
to the determination of the coefficients of anisotropy are

easlly computed, and generally 1t is clear that this pro-

cedure determui.aes these coefficients with greater sensitivity
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than one would achleve hy fltting a cosf dependence to the
results of the direct method., Again, the reason for including
the point and line sources separately 1s that they have a
considerable amount of power in high £ values as does the

sensitivity function,
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V. An Analog Model-Testing Procedure

As part of the work done under ‘the grant, a method of
testing brightness models by hand wlth a glven sensitivity
function was developed, TFlgure 12 shows the sensitivity
function of the system to 100 keV X-rays assuming a boom
extent of 0.46 m (1.5 ft) and a projected area sensitivity
function under 60 kg m™° (6{;cm'2) of absorbing material,
This is similar to a Mercator projection, and it has the
nice property that a rotation about the space-craft spin axls
is expressed as a simple translation of the sensitivity func-
tion, Figures 13-16 show the Galactic plane in look angle
coordinates for the zero roll attitude of each PTC. The
sensitivity to each part of the sky in an arbitrary roll
angle during a particular PTC can be found by overlaylng a
transparency of Fig, 12 over the appropriate PTC figure, and
translating the transparency until the fiducial marked
CDUX lies over the desired roll angle. The roll angle axis
is the same as the look angle p axis at zero roll,

The count rate predicted by the source model can be
computed for any roll angle in any PTC in minutes, and com-
paring these with the observed rates allows one to calculate
xe for the model in a few hours. The real usefulness of the
procedure, however, is that 1t allows one to quickly assess
the merits of a particular model,

Graphs like Figures 13%-16 can also be made for the
polinting perlods, and graphs like Flgure 12 can be made for

any assumed sensitivity function, The method is quite general

and useful,
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VI. Conclusions

There are two primary conclusions to the work mentioned

in this report. First, the Crab nebula and a source near
the Galactic center are clearly visible in the Apollo 16
occultation astronomy data, and evldently much other astro-
nomical informatlon 1s there also, Second, the sensitivity
function of the detector durlng the ocsultation astronomy
portion of TEC 1s not satisfectorily known, The detector
count rates and the timing of boom extensions and retrac-
tions imply the detector was the nominal 1,84 m (6 ft) from
the space-craft while the occultation pattern of the Crabd
and the coincidence counting rates lead one to think the
detector was 0.46m (1,5 ft} out on its boom,

However, glven the correct sensitivity function one
expects Interesting astronomlcal results in this important

energy region,

R L A
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VII. Appendix on Coordinale Systems

A. Three Inertial Coordinate §ystema

Directions in the sky are usually identified as points
on a sphere with two reference points given, a pole and a
point on the equator, A latitude 1s measured relative to
the point on the pole and a longitude relative to the point
on the equaetor, and when these reference poilnts are fixed
relative to the distant stars, they are sald to be inertisal,

Three inertial coordinate systems are useful in gamma-
ray astronomy from the Apollo space vehicle, The flrst is
the famliliar equatorlal coordinate system which has the
spin axis of the earth as a pole and the direction from the
earth to the sun at the vernal equinox (defined to lie on
the equator of the earth) as the reference point on the
equator, Due to a slow wobble of the earth on its axis,
this coordinate system 1s not quite inertial, but In this
report the coordinate system of 1950.0 1ls the same as that
of 1972.0, The coordinates of the equatorial system are the
longitude A called right ascension and measured in hours
(lhr = 15° on the equator) and the declination D which is
0° on the equator and +90° at the north pole,

The second useful coordlinate system 1ls called the
second Galactic coordinate system, The pole is taken as
the north pole of the plane of our Galaxy, and the zero of
Galactic longitude is the Galactic center, Galactic longi-

tude is denoted £ in this report and 1s measured in degrees
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as 1s Galactic latitude b, defined so that +90o is the north
Galactlc pole.

The third system was adapted for the convenlence of
the Apoilo 16 mission and uses the ecliptic plane as its
equator, The attitude of the vehicle was measured relative
to this inertial system by the Inertial Measurement Unit,
giving the coordinates their name, the IMU system. This
system 1s defined }n terme of the equatorlal system, and does
not usually have a lattlitude and longitude assocclated with
it.

Another way of specifying a directlon in the sky is
to give the three components of the unit vector having that
direction., Again, this requires the definition of two
reference directions, which become axes x and z, the direc-
tlons of longltude reference and lattitude reference, respec-
tively, Axls y is defined by the cross-product y = z+X to

give ¢ right handed syistem., For the equatorial system

X cos(4A)cos (D)
y | =| sin(A)cos (D)
2/q sin(D)

while for the Galactlc system
| b cos(4)cos(b)
y\ =| sin{4)cos(b)
Z/Gal sin(b)
The relation between two coordiﬁate-aystems may then
be given by a matrix M which has the prcperty that its inverse

is simply its transpose, Mfl = MT,




To give a speciflc useful example, the matrix G in the

equation
X X
y 1= Gl ¥
z2foq Z kg
is given by

E.o67o31, -.872717, -.483602
G = [0.492723, -.450521, O,744543

-.867601, -,188375, 0,460200
- -

The inverse equation is

cos(A)cos(D) -.0670%Z1, 0.492723, -.B67501| fecos(£)cos(b)
sin(A)cos(D) | = |-.872717, -.450421, -,188375|( sin(Z)cos(b)
sin(D) -, 483602, 0,74454%, O,460200 sin(b)

Finally, the matrix R giving 1MU system in terms of the '

equatorial system,

X X

¥y = Rl ¥ ’

A

is called the REFSMMAT for REFerence Stable Member MATrix,
It is changed during different phases of the misslion but
during the time that the baslic AGRS astronomy data base was
acquilred

. 342020, -.862128, -.373841
R = {-.939693, 0.313789, 0.136067
_9.0, 0.397833, -,917458 :
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B. Space Vehicle Coordinate Systens

Since the Apollo Command and Service Module (CuM)
is basically a figure of revolution, its x axis 1s chosen
to be the axis of symmetry, and 1ls called the roll axis, The
z, or yaw, axis is defined by a bench-mark on the CSM to
be In the direction of the seated astronaut's head, Making
a rigﬁt-handed system the y, or nitch axis, is defined
by the crogs product

Yy = ZAX .,

The direction to celestial objects in terms of the
instantaneous vehlcle axes glves another coordinate system in
the sky which ig a functlion of the attltude of the vehicle,
The latitude and longitude coordinates of the space-craft are
called look angles a and B respectively, but they are defined
in a peculiar way for the convenlence of the astronauts.

The look angle a of a celestial obJect 1s defined as the
angle between the vehicle roll axis (+x) and the object,

and one sees that objects in the directlon of the roll axis
have a = 0° while objects in the vehicle equator have a = 905.
Look angle B measure longitude from the vehicle -z axis which
is in the direction of the seated astronaut's feet. The
center of view for instruments in the Scientific Instrument
Module (SIM) was o = 90°, p = %7.75°, In general, the unit
vector in vehicle coordinates of a given line of sight is

\
related to the louok angles by

syt bt e i F
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X cos(a)
y | = {sin(B)sin(a)
2z fepn  \-C08(B)sin(a)

The attitude of the space-craft ls expressed as 1if 1t
were performed in the sequence of pitch, yaw, and roll,
The gimbal angles of the gyros in the inertial measurement
unit are telemetered from the Control Display Unit (CDU)
and are identified as CDUX, the roll angle, CDUY, the pitch
angle, and CDUZ, the yaw angle, When CDUX = CDUY = CDUZ = O,
the vehicle axes define the Carteslan axes of the IMU sys-
tem, and one may relate look angles to equatorlal coordinates

by the transpose of the matrix R,

X X
vy] = RYvy
Zeq ZAMy

In an arbitrary attitude

x X
y] = [CDUX]-[CDUZ]* [CDUY]| ¥
Z veh 2 IMU

where the matrices

1 ) 0
[CDUX] = |0 cos(CDUX) sin(CDUX)
0 -sin(CDUX) cos(CDUX)

cos(CDUZ) sin(CDUZ) O

[CDUZ] = | -sin(CDUZ) cos(CDUZ) , and

0
0 0 1
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cos (CDUY) O -sin(CDUY)
[CDUY] = 0 1 0

sin{CDUY)} O cos(CDUY) .
Calling the product matrix M = M(CDUX,CDUY,CDUZ)

M = [CDUX]. [CDUZ]* [CDUY] ,

one relates vehicle and equatorial by

x x

y = MR{ V¥ , and
*Yven %'ea

X p.d

y = RTMIII y .
z eq Zven

In speclilfying the look angles to a celestlal obJect,
the origin of the vehlcle coordinate system need not be given,
but £ r a discussion of points in and near the space-craft,
the origin is taken to be on the roll axis 25,6 m
(1000 inches) below the bottom of the heat shield.
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