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ABSTRACT OF THE DISSERTATION

The Spatial Distribution of the Diffuse

'i Component of Cosmic“XFrays
by
Daniel Alan Schwartz
Doctor of Philosophy in Physics 3 ‘7
University of Caliernia, San Diego, 1969

Professor Laurence E. Peterson, Chairman

The Third Orbiting Solar Observatory (0SO-III) carried an X-ray
detector collimated to a 23° full width at half maximum aperture, and
sensitive'to‘photons bétweean.T and 210 keV. I have analyzed the data

in five‘logarithmically spaCed energy channels bétWeen 7;7 and 110 keV

to study the spectrum and angular distribution of the diffuse compo-

nent of cosmic X-rays. (I use the term "diffuse," although this
experiment cannot eliminate the possibility that the X-rays actually
emanate from numerous discreteksourééé;) Because4thi§méiﬁgle instru-

ment has scanned almost the entire sky, I can confidéntlyflook for

 relative angular variations even in the presence of systematic errors.
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point or a line source.

~component arises from inverse Compton scattering in intergalactic

I subtract the following sources of backgrbund from the raw
count rates: phototube noise, counts due to cosmic ray induced y-rays,
énd counts due to y-rays associated with the B-decay of Nazh. At 10
keV about 98 percent of the counts represent diffuse X-rays; at 85 keV
only about 25 percent remain after background correction. The programs
eliminate a large portion of the data because of possible contamination
by charged>particles, albedo X-rays, solar X-rays, and X-rays from the
discrete galactic soﬁrces.

A program compiles counts within 300 of the galactic poles to
study the energy spectrum. Considering photon counting statistics and
estimated errors in the background correction, the four lowest channels
have standard deviations from 1.5 to 3 percent, and 1k percent for the
65-110 keV channel. A pcwer law with a consténtrindex cannot represent
the data. Considering the detector efficiency and resolqt;on; the
lowest three channels fit a power law'of index 1.7 * O.i with a nor-
malization constant 16.7 photons (keV)O'7 (cm? sec ster)-l. A
discontinuity of 0.6 to 1.5 in the index between 32 and L6 keV can
then fit the two highest channélsm

After’avoiding a1l known galactic discrete sources, only
20° strips around longitudes 150° and 230o remain on the galactic
plane. These areas have an excess emissioh in thelowést éhdﬁﬂel;Pf
0.012 + 0.00k4 photons’(cm?'seq rad)™t at 10 keV, ifrinferpreted sis

a line source. 'The present experiment cannot diStinguishmbétWeen a

No' other anisotropies appear in the data.  Whether the diffuse =

Coxii o
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space, or from the integrated effect of individual galaxies, sources

at distances of the order of the Hubble radius must contribute signifi-
cantly. Limits as low as five percent to inhomogeneities or to a
12-hour periodic component apply to much of the sky. The limit of

one percent to the 24-hour period in any direction corresponds to an
upper limit of 800 km/sec for the earth's resultant velocity relative
to any rest frame in which the X-rays appear isotropic. The lack of
lumpiness sets a lower limit of lO5 to the number of necessary discrete
sources in the sky, if discrete sources produce the measured diffuse

X-rays.
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I. INTRODUCTION

Many experiments have shown the existence of a diffuse,
apparently isotropic component of extraterrestrial X-rays in the
energy range 0.25 to lO5 keV. The data between 0.25 and 100 keV have
resulted from rocket-bofne counters, most effective below 15 keV, and
balloon-borne counters, most sensitive above 30 keV. The absence of
anisotropy, to roughly 20 percent limits, strongly suggested that
these X-rays have extragalactic origin. Because of the inadequacy
of local sources to provide the measured diffuse X-ray strength, and
because of the transparency of the interstellar and intergalactic
media above a few keV, a substantial contribution}to the X-ray
intensity at earth must originate at redshifts z = AA/A > 1. This
thesis presents measurements of the angular structure and energy
spectrum of diffuse X-rays between 7.7 and 110 keV. A single X-ray

telescope successfullykoperating for a year aboard 0S0-III has

provided data with an order of magnitude greater accuracy than

obtained on previous individual experiments. The X-ray telescope
scanned most of the celestial sphere in that time, thus a study of
the‘angularvdependence provides information on the isotropy and

homogenelity of the universe over the entire sky. Although seVeral

different theories might explain the diffuse component, the measure-

ment of the spectrum can provide some constraints, and gives values

for physical parameters on a cosmological scale if one assumes a

given emission mechanism.
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A, Diffuse Cosmic X-rays

Electromagnetic quanta cén travel along straight lines through
space, preserving the direction of their emission. In the optical
and radio range this property includes the penetration of the atmos-
phere. X-ray and gamma ray astronomy, suggested as a valuable source
of data by radio and cosmic ray evidence for high energy processes
in galaxies [Morrison (1958)] and by explosive events in stellar
evolution [Savedoff (1959)7, had to await the development of vehicles
for carrying detectors above the earth's atmbsphere.v Sounding rocket
observation of solar'ultra-violet and soft X-rays in 1948 {Burnight
(1949) ], and balloon observation of hard solar X-rays during flares
[Peterson and Winckler (1959)], showed the feasibility of detecting
extra—ﬁerrestrialvX—rays. On Juné‘18, 1962, American Science and
Engineering (ASE) rocket-borne Geiger counters sensitive to 1.6 to
6.2 keV X-rays, detected é strong source of such X-rays in the

galactic center region, superimposed on a sky background which seemed

isotropic within the statistical accuracy of roughly 20 percent

[Giacconi, et al. (1962)]. Since then many rocket experiments have

detected a total of about 25 localized cosmic X-ray sources [Friedman,

et al. (1967)]. These sources appear as point objects to a detector

with spatial resolution of lO,  .he Crab Nebula does have an angular
extent of about one arc minute [Bowyer,;et'al; (l96h);dea, et al.
(l967)]; no meaSuremeht has shdwh finite Size:for any oﬁhef discrete,
objecﬁg and’an uPPer limit of 20'arc~Seéoﬁds‘eXists for'ScQ‘X;l s

[Gursky, éﬁ:al; (1966)].
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experiments provided evidence for a diffuse component of X-rays inci-

In all these experiments the count rate did not become zero
for any part of the sky, even after subtracting background due to
charged particles. This background may consist of direct counting of
cosmic rays or geomagnetically trapped particles, or of X-rays pro-
duced by cosmic ray interactions in the detector vehicle or in the
earth's atmosphere. The relative importance of these background
components depends on the exact vehicle and detector configuration,
thus preventing detailed intensity versus celestial position compari-
sons between different experiments.

To establish an apparently iSoﬁropic background count rate as,

due to cosmic X-rays required much indirect evidence. Balloon-borne

dént on the atmosphere [Rocchia, et al. (1966); Hudson, et al. (1966);
Bleeker, et al. (1968)]. Figure 1 Schematically shows count rates as
a function of the residual atmospheric depth for an X-ray detector.
X-rays in the atmosphere result from electron—phdton degradation of
the primary cosmic ray energy. The photons show a transition maximum
at about 90 gm/cm?, and then decrease at higher altitudes. Howéver,
within a few mean free paths of the top of the atmosphere the count
rate again increases, and with the depth dependence‘éxpected due'to
attenuation of aﬁ'extra-térrestriél source. Ffom the total count rate

Rl at ceiling;'dne subtracts an extrapolation R

2 |
X;rays; and the true detector background Ré'(the count rate with the N A

of the atmospheric

aperﬁure blocked) and divides by the average atmbspheric absorption:
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Fig. 1 Qualitative picture of count rates of a vertically mounted,
w1de-apertuﬂe telescope. Diffuse X-rays cause the turn—up
: : of the "aperture open" curve. One must estimate the atmos-
o , pheric contribution (dashed llne) to deduce the diffuse
"QE 3 ‘ : | = intensity. : :




R (cosmic X-rays at top of atmosphere) = (Rl-RE-RS) eT, (1)
T = average X-ray optical depth at ceiling.

'f 3 Any effect due to cosmic rays should show a latitude depend-
ence. A Leiden-Nagoya group flew identical X-ray telescopes from
balloons at geomagnetic latitudes 53ON and ZSON [Bleeker, et al.
(1968)]. These had a NaI(Tl) scintillation counter detector, sur- | .
rounded by a passive collimator and a plastic veto scintillator. A
rotating collimator periodically blocked the aperture to give the
background estimate. The deduced diffuse intensities, in the range
30-150 keV, agreed very well within the estimated accuracy of about
20 percent. For comparison, their data show a factor of 5 higher
flux of 20-40 keV atmospheric X-rays aﬁ T gm/cm? at the northern
latitude.

A Tokyo-Nagoya group constructed a rocket-borne proportional

ot

counter with a rotating collimator having three different apertures

g e

[Matsuoka, et al. (1968)]. They found a portion of the count rate

fefecam ot Ak NS

directly proportional to the aperture solid angle, and therefore due

e
AL

to a diffuse intensity entering the aperture.

A : The Ranger-III gamme ray’ experiment [Arnold, et al. (1962);

Metzger, et al. (1964)] provided key evidence that the diffuse com-

ponent originates outside the earth. The rates of a scintillation

- counter, pulse height analyzed between 70 keV and»about 1 Mev, with

| ~phoswich rejection of.chargedparticles;.did nqtzvary’from the outer

”vvradiation belts to about 60 earth’radii.. Gamma, rayé prpduCed in the
spacecraft plus any difque comfonent‘should thns accoﬁnt for the

- observed rates. ,In‘mid-flight a boom~extended thé'deteétor 6 feet




from the satellite, so that the solid angle of the satellite subtended
at the detector decreased by a factor of 13. Count rates decreased

by less than factors of 2 and 3 at 0.2 and 1 Mev. After eliminating
local radioactivity or the Sun as contributors, the experimenters
concluded that an extra-planetary component provided most of the counts
in the extended position.

A Lawrence Radiation Laboratory group [Seward, et al. (1967)]
combined data from a proportional counter rocket flight and a scintil-
lation counter flight and classified counts as high galactic latitude
([bl>ho°) or low galactic latitude (|b|<ﬂ00, and including the plane).
The two spectral intensities between 4 and 4O keV differed by only the
10 percent statistical accuracy, thus giving a 20 percent upper limit
to a galactic emission. This indicates that the diffuse X-rays must
originate within a sphere of radius the order of the scale height of
the galactic disk, about 100 pc, or originate in metagalactic space.
The complete transparency of the interstellar medium to X-rays above
a few keV [Felten and Gould (1966)] rules out the former possibility
because then special emission processes would have to take place only
in the solar neighborhood. 1In faet, no likely méchanism.can explain
the total diffuse intensit& in terms of emission within our galaxy

or halo {Gould (1965); Gould and Burbidge (1965); Felten and Morrison

(1966) 1.

- Gould (1967) compiled the spectral measurements of many
observers, and fit a power law N(E) = K 523 4o the differential
number spectrum between 1 keV and 1 Mev. Synchrotron orfComptbn

effect emissibn’by a power lawkspectrum'Of relativiSticyélectrOns
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(the term "electrons" includes positrons) can give such a power law
spectrum of high energy photons. The scatter of data obtained in
different experiments and caused by large systematic errors allowed
this single power law fit. Individual experiments, over perhaps one
decade or less energy range, often resulted in a smaller spectral
index. Recent experiments [Henry, et al. (1968); Gorenstein, et al.
(1969); Boldt, et al. (1969); Bleeker and Deerenberg (1969)] have
suggested a discontinuity in power law index of from 0.5 to 1.0,
occurring between 10 and 60 keV. I discuss these other measurements

further, together with the present results, in Chapter III.

B. Theories of the Diffuse Component

Currentlykthe two theories most discussed explain the diffuse
component as the observation of unresolved point sources in individual
galaxies, or of Compton scattering of high energy electrons by an
ambient intergalaétic photon gas, namely the measured microwsave radia-
tion attributed to a 30 K blackbody. As recent reviews have pointed
out [Gould (1967); Morrison (1967)], the diffuse component then con-
tains information about energetic processes in galaxies, or about
intergalactic space. For either theory sources at distances'bf the

Hubble radius, R, = c/H ~*1028cm, must contribute significantly,

H
therefore the spectrum and the inténsitykalso carry information on
evolutionary effects and the angular distribution provides information'

on the large scale structure of the universe. I discuSs'ﬁhe theorieS 

basically to see what angular structure they predict.
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Considering both the diffuse and discrete cosmic X-ray
sources, Gould and Burbidge (1965) reviewed processes that can produce
a continuous X-ray spectrum: electron bremsstrahlung by Coulomb inter-
actions or by synchrotron radiation, and Compton scattering of high

energy electrons by low energy photons. The spectral photon intensity

an, photons _ 141, 1 4P )
T . -] “E & B = TE & 4 (2)
| cm  Sster sec keV A

where I(E) represents the spectral energy intensity, dP the power lost
into the energy interval E to E+dE by interactions in a unit volume of
space, and 1/47 converts a total flux to a directional intensity under
the assumption that, averaged over a large volume, the local high
- energy electrén intenSity appears isotropic and the target particles
or fields do not have any preferred direction. In practice, the inte-

gration extends only over some region in which the process of interest

takes place. The calculations generally use a power law representation

3 | of the high energy electron spectrum:

electrons

“n(y) 5|= X v (3)

(interval of v) cm

With v the ratio of fotal'to rest mass energy. The spéctral-iﬁdex m
mayvdepénd ohvthe range df Y under consideration. This;shape‘agrees
with direct observaiionsvof'cosmic-ray electrons [FanSélOW'(1968)],;Wiﬁh;
the synchrotron explanation of the powerylaw radid emission from ga1;  
axies, and with the calculated électron spectrum‘due’tdfsécondafy
kgroduction'from.the.obsérved Qéwér'law sPécfrum,of cosmic ray protons

[Gould and Bufbidge (1965)];
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where Sx(y,E)dE gives the rate at which an electron of energy y loses
energy into (E, E+dE) in an arbitrary process denoted by x. The
smearing of the exact spectral loss Sx(y,E) by the power law electron
spectrum generally allows the approximation that the total power

emitted by the electron,

5,0) = 800

occurs at some characteristic photon energy EX, of the order of the E
for which Sx(y,E)’has a maximum:

s,.(7,B) = 8 (7) 6(E-E).

SX(V) now depends on the cross section for the process x,
and. the parameters of the'target. Gould and Burbidege (1965) give the
average loss rates

« () o o 320 o2
,SB(Y) = Mvmoq r @ ngy In(1/¢), By =mcTy

for bremsstrahlung ih,an'aVerage local hydrogen density s

8(7)——cr sz, =hv',2

for synchrotron7radiation’ih the presence of a magnetic field of’mean"

~ square strength H?. Felten and Morrison (1966) give




2
5,(7) =% (-g-r r ) cpr”, E, = 3.6 KTy

8 2
for Compton scattering by a blackbody distribution of photons with

energy density p and temperature T. The classical electron radius

T, = = 5 = 2.8 x lO-l3cm, o = 1/137, and the Larmor frequency

m C
6]

. e |
L~ 2mmec
o

The intensity of the various processes depends on the dr

integration in the given direction: —

2 oo 2\ m
B O i -y K ndr for B>m ¢, (k)
dE - 2 I Oy or moc ’
B mTm ¢
O~ (@]
o 1 +m

2 3-m
an . 2cro (EHmOC) 5 K 2 e (5)
d.ES“12n/E he Em72 ?

o)

. : . m..3
@) S f ko 7 2 L3:68) " | (6)
dE/, 18/E e

Rigor@usly,'K, M, Ty H, p, and T all depend pn'position in‘space,‘
varying with r and also with the angular coor&iﬁates. Except for‘éome
measuremenﬁs of'galactic hydfogen; one has no détailed'infbrmatioh on
sﬁaﬁiairstructure; and values for the,parametéfé fepresent an average
in some volumé. Then,:independenﬁly of thevprgdu¢tibn me¢haﬁism,

angular variations depend on
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dr = R___(9) ,

R (e
J‘ max
o max

the distance viewed from earth through some astronomical structure.
Gould and Burbidge (1965) discussed the electron spectrum in detail,
and showed that bremsstrahlung or synchrotron radiation either within
the galactic halo or metagalactic space fall at least five orders of
magnitude short of the 10-100 keV diffuse intensity. Felten and
Morrison (1966) showed that metagalactic Compton scattering of T = 3°K
blackbody photons can give the required diffuse intensity strength.
Their model requires a 100-fold larger metagalactic electron flux than
derived by straightforward estimates of halo electron leakage or in-
jéction by radio galaxies; but they suggest either the presence of more
electrons than implied by équipartition arguments in radio gala&ieS'

or even a primordial universal electron flux. The Compton model seeﬁs
attractive because it can explain the spectral shape between 1 and

105 keV by relation to a single elecﬁron spectrum. This model also
-gives information about maghetic fields. Normalizing the electron
densityvto the Comptoh X-rays, the,observed (or upper 1imit) synchro-

tron radio emission constrains H throigh equation (5).

In considering complex models of angular variations, note that

. a measured value of a total number or total energy;density of eleetfbns;

- correlates any Variation of K and m. Also, because thekambientjmag;f'3"

netic fiéld, photon, and gas densitieS‘determine the equilibrium-

electron speétrum,~their,associated parameters cannot Vary strictly ’“ ‘

"independéntly of K and m.

11




If metagalactic Compton photons produce the measured diffuse
component, cosmological effects deserve consideration and the dr inte-
gration in equation (6) replacement by an integration over the red
shift parameter z = AK/K from z = O to some 2 o where the X-ray opti-
cal depth becomes greater than unity. The observed spectrum has the
emitted spectral shape for a positive index (decreasing) power law
[Felten (1965)], (except below a cutoff which must occur at some low

energy). The received intensity at a given energy then depends on

m-3

2 -
p TO KR(Q:QP)) (7)
with_po and. To the observed 3OK blackbody energy density and tempera-
ture. 1 have formally incorporated the angular dependence into the
effective radius R(6,9) in the direction (6,¢), which may vary by a
factor of 2 or 3 from the Hubble radius depending on the cosmological

model [Gould (1967)]. To account for the diffuse magnitude, the
” _

: average'ﬁ = jtmax K(z) dz must include evolutionary effects which

R o

increase the totalamount of energy in relativistic electrons a£

early stages of the universe. (The function K(z) must also include
red shift and time dilation effecfs.) In a homogeneous isotropic
universe, equation (7) gives an isotropic diffuse intensity, except
for a possible 2h-hour component caused by a Doppler shift due to the

earth s motlon relative to a statlonary reference [Stewart and 801ama

(1967)]

The 1ntegrated effect of numerous dlscrete sources [Gould and |

Burbldge (1963)] can account for the d]ffuse component An average

12




volume density n, of sources of kind x, times their average spectral
emission JX(E)[photons/sec-keV] at some energy E, gives an observed
differential number intensity

o 1
=(E) [Phgtons == I (8) n_R(6,q). (8)

cm  sec keV ster

Estimating the distance of the measured discrete galactic sources to
obtain their intrinsic X-ray luminosity, guessing their total number in
our galaxy, and assuming the resulting Jx(E) represents an average for
normal galaxies give estimates roughly 10 percent of the observed
intensity [Gould and Burbidge (1963); Hayakawa, et al. (1966); Friedman,
et al. (1967)]. Considering the uncertainties, such agreement estab-

lishes the plausibility of a discrete source model. Silk (1968)

showed how evolutionary effects could increase the iﬁtensity due to
‘normal galaxies. |
| One might associlate nx with any special class of objects.
For ekdmple, Gould (1967) compared the ratio of the measured X-ray to
"178 MHz radio background to the ratio of measured X-ray to 178 MHz
fluxifrom the strong radio galaxy M87. These agreed within a factor
of 3, so strong radio soufces might emit most of the diffuse X-rays.
The above discrete source models have the Weakness that they
do not predict any spectral shape. Rees (1967), and Bergamini, et al.
(1967), have discussed;the X-ray spectrum produéed by Compton scatter-
ing in‘strong'fadib sources‘ét’large'z."Competition for the elQCtTOn |
energy‘lbss.from synchrotron emiésion‘in the magnétic fieids éSsumed

 in the radio source model, pfbVidés the most stringent_CQnstraint for

13
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the X-ray production. Felten and Rees (1969) have sketched a model -
incorporating radio source evolution to illustrate the possibility of

distant radio galaxies producing the measured spectrum of diffuse

X-rays, including the spectral break, and the constraints then placed

on such models by the X~ray observations.

Ce Experimental Objectives

Professor Laurence E. Peterson designed the UCSD X-ray tele-
scope for an Orbiting Solar Observatory (0S0) as an instrument to
survey the unknown X-ray sky. The necessity for contract specification
and extensive instrument qualification before launch ffoze the design

~ in September, 1963, when very few measurements of cosmic X-ray intensi-
~ ties existed. The instrument has proved to have sufficient dynamic
range to give excellent data on‘diffuse X-rays, as well as on X-rays
from the sun [Hudson, et al. (l967,kl968a, b, ¢, 1969b, c)], the earth
[Schwartz, et al. (1968b)], and discrete sources [Schwartz, et al.
(1967, 1968a); Peterson, et al. (1967); Hudson, et al. (1969a)l.

I use fhe 050-1IT1 data to preparé a mapkof the X-ray sky in
five energy chaﬁhelé between 7.7 and 110 keV., The UCSD X-ray tele-
scope provides'daté from the entire celestial sphere for the first
time by a single iﬁstrument.' This ehables the detection of angular
Variations én ordér of magnitude smaller thaﬁ possible in pre#ioﬁsv
X#ray'experiments, even with some unknown errbr in a constant back—

. ground correction. Currenﬁ'microwaye’bbServatiQthhéVé;abbp£ O;1}
-'berqen@,relative accuracy [Paftfidge,and Wilkiﬁsqn.(196T)é'0§nkiin and

Brécewell (1967); Conklin (196955 ?eﬁziés,~et7al;u(l969)j but éovér
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only a limited region of the sky, at most a constant declination circle.
The present diffuse component study thus provides the first information
on the isotropy of the entire celestial sphere at cosmological dis-
tances. I eliminate all contributions from the known discrete galactic
sources in order to study just the diffuse component. The one year

of orbital operation used in this study provides enough photon counts
from most of the sky to allow systematic investigation of a connection
between the diffuse component and various observed or postulated struc-
tures such askthe galaxy, a galactic halo, or the local cluster and
supercluster. T also look for small (12o radius circles) anomalous
areas of X-ray emission. This thesis stresses presentation of the

measured X-ray data, rather than deriving a continuous function

representation of a "true" diffuse intensity.

o f I omit most details of the many‘computer programs and their
checkouts written to convert some 300,000,000 bits of OSO-IIT data
into a few physically meaningful numbers. These details will appear
along with the submission of reduced data to the National Space Science

Data Center, and as part of the OS0O-III Contract Final Report.

Ly
it




IT. THE X-RAY TELESCOPE ON THE THIRD ORBITING SOLAR OBSERVATORY

A. The X-ray Telescope

The Ball Brothers Research Corporation (BBRC) of Boulder,
Colorado, constructed the telescope and performed many of the check-
outs [Hicks, et al. (1965)]. A cylindrical NaI(Tl) scintillation
counter, 0.5 cm thick with 9.57 cm? end area, serves as the central
detector. A co-axial cylindrical cup of CsI(Tl) scintillator provides
active collimation (Figure 2).

1. Telescope Properties

Figure 3 illustrates the efficiency of the shield as a
function of X-ray energy. In an isotropic intensity of unit strength

the number of photons incident on the central detector equals the

f telescope factor T,

T = jj‘dﬂ (cose dA)

L with the dA integration carried out over the entire crystal surface
and the dQ integration carried out over all soiid angies acceséible
to the elément dA. For photons entering through the aperture the‘

- telescope factor Ta = 1.35 cm? ster; for photons at any other incident

angle (through the solid angle occupied by the shield), Ts = 76.0 cm?

ster. 1In an isotropic intensity,
76 P(E) = 1.35 R

With7§(E) that average probability for shield penetraﬁion at ehergy E
s : kwhiéh givesythe ratio R of‘leakage counts to counts entering the

- forward aperture.

16
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B(m) = o KEL,

with k(E) the CsI absorption coefficient per cm at E, and 2 an average
length through the shield. Even with the minimum length'z = 1.95 cm,
R = .01 at 132 keV, 0.1 at 152 keV, and 1.0 at 184 keV. With a more

realistic 4 = V@EZL.95 (h5o incidence to the shield surface), R = .01

at 150 keV and R = 1.0 at 215 keV. Thus the collimating property of
the shield breaks down at about 170 keV, still within the highest
energy channel. Note that the shield still absorbs half of the nor-
mally incident photons at 620 keV, and half of the 45° incident photons
up to 1.0 Mev. |

The CsI phototube charge pulse can trigger’two different

~anti-coincidence pulses. Nominally, a 100 keV energy loss triggers a

T p-sec "lower level discriminator" (LLD) pulse, and a U4 Mev energy
loss triggers a 200 p-sec "upper level discriminator" (ULD) pulse.
A minimum ionizing cosmic ray loses 16 Mev passing normally through
the 1.95 cm CsI wall.. The discriminator level calibrations occurred
with a source parallel to the central detector, position S in Figure 2;
because of’poor light collection a photon inﬁeracting near the aperture
must lose about twice the nominal energy to trigger the same levels.
A long term~gain’deterioration of thekphotomultiplier tube had increased
the effective énergy thresholids by’about,a factor of 3 at the end of
oneryear in orbit. | |

A .02 inch (92 mg/cmg) befyllium Window covers ﬁhe fa¢e of the
Nal crystal. For X-rays the optical depth T = 53.6 B3, so the window

has a slightkeffect in the case of a steep spectrum, where 5 keV X-rays

19
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may trigger the channel two threshold, due to the broad resolution.
The window attenuates a minimum ionizing particle by about 180 keV,
but allows electrons of energy 280 to 390 keV or protons of energy
about 7.6 Mev to penetrate with a residual T.T to 210 keV. Such
charged particles thus appear identical to X-ray events.

The pulserheight analyzer for the Nal phototube consists of
seven threshold discriminators, providing six logarithmically spaced
differential energy channels between T.7 and 210 keV (according to
prelaunch calibration), and two integral channels for all events above
each of those energy limits (Table 1). The last three columns of
Table 1 give factors which multiply the count rate to give the differ-
ential Spectrum of a point, line, or diffuse source,’assumed to have
a power law spectrum of index 2.0. These factors change about 1 percent
for a 0.2 change in the spectral index.

X-ray interaction occurs with 98 percent probability below
the upper edge of channel 6, but falls off to 45 percent probability
at the upper edge of channel 7. I calculate the telescope properties
for photons below 115 keV by assuming an opaque shield and equal
detection of all X-rays incident at any angle on the Nal faCe; For .lr
concentric cylindrical detector and collimator, the detector radius/r-

S

the collimator radius r2, and the distance h between detector face and

top edge of the collimator determine the angular response I use the f:l |

values reported on the final machine draw1ngs, and shown in Figure 2.,,c'
The area of‘the detector perpendicular to a broad parallel

beam at an angle © to the cylinder axis equals cos® A(@),kwhere A(Q)

equals the area 1llum1nated by the beam, A(@) fj.dx dy T
- illuminated ares




Table 1

Nal Analyzer Channel Assignments and Conversion Factors

k-

Integral = 210

: ' _— : . . dn -2
Channel Function  Energy (keV) Conversion of Count Rate to Average Spectral Density for-aﬁ.Oc B
Number o : Point Source Line Source Diffuse Source
o (photons/cm? (photons/cm? (photons/cm?
sec keV) sec keV rad) sec keV ster)
1 Integral = T7.7
2 Differential 7.7 - 12.5 .0226 .0565 .160
3 Differential 12.5 - 22 - .0116 .0290 .0822
h Differential 22 - 38 .00687 0172 .0l86
5 Differential 38 - 65 .00L06 .0102 .0288
6 Differential 65 - 113 .00229 .00573 L0162
T Differential 113 - 210 .00115 .00288 .00814
8
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Figure 4 shows the exact calculation of cosé A(S), compared with the

approximation o
o
1 0 <o, = 4.6
g = gl
= - — . <9 <
cose A(8) = cose 9.57< 1 3, 6, <6 <lhe (9)
0 %lie,

and with laboratory measurements on the prototype version of the
detector. The laboratory calibration consisted of measuring spectra

5T

with a Co radioactive source, (y-ray energy 123 keV), about 10 feet
from the aperture at various protractor measured angles, and subtract-
ing a background spectrum obtained without the source. The three agree
very well; I will generally use the trapezoidal approximation.

As Bracewell and Roberts (1954) discussed for the case of
recovering a true distribution from an observed radio‘brightness_
distribution,‘one can measure those‘(spatial) Fourier components of
the true distribution for which the Fourier transform of the telescope
response function does not vanishft»The slope diScontihuity‘where A(e)

becomes zero (Figure 4) implies that the Fourier transform approaches

‘zero only asymptotically. Thus with precise knowledge of the telescope

optical axis position, sufficient coﬁnting statistics, and good back-
ground elimination one could obtain information on very rapid angular

variations'even‘with-thet23o full width;atchelf:maXimumyaperture.

Photon countingfstatisticS,sets the limitingtresolutiontof 6° attempted i

in the present work.
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5 Flg 4 Relative response to a p01nt source vs. angle from the source
to the telescope axis. The trapezoidal approx1mat10n :
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agrees very well with both measured and calculated re-
sponses, and has the same telescope factor as calculated

' from the exact response function
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The telescope factor for photons entering the forward aperture
m -
T = [ cose a(e) aq = enbl' cose A(8) ‘'ine de.

The integrals simplify if we first integrate over solid angle, and

then over projected detector area.

T = [ [ cose aq aa.
illuminated accessible
Nal surface solid angle
vz,
Neglecting terms less than 127 .,
h
r 2r 2 /
T = =2 = 1.35 en”- ster. ' (10)
a 2 2, 2
h +rl +r2

2. Spectrometer Properties

If an X-ray of energy EO intefacts in the Nal crystal, the
charge pulse presented’tobthe analyzer will correspond to an energy E,
.reléted tovEO by the pfobability of’completé energy loss, light col-
lection efficiency, and statistical photomultiplication. Scintillation~
counters transform:the‘enefgy which charged pariicles give‘tp crystal

excitations into optical photons. Only about 8 pefcént'of the‘particle

“energy appears as optical energy, but the light~0utput'variés fairly
linearly with total energy loss [Birks (1964)]. An X§ray'thus must

first give its energy to an electron, via photoélectrié‘dbsorption,

or COmpton;scattering. The probability density of enérgy loss E' by

. a phOﬁbn ofkenergyiEd,

2

.
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P,(E)) [(1-2(8,))8(E'-B ) + £(E ) 8(E'- (E- E))] + P (B, B)),

with PA the probability of photoelectric absorption of the incident
photon, f the fraction of photoelectric events which result in the
escape of an iodine K-shell X-ray, of mean energy'EK = 29,4 keV, and
Pc the probability density’thét Compton scattering of the photon of

energy"Eo ultimately results in an energy loss E'.

P, (E)

(B (probability of interaction) x (fraction of

photoelectric to total interactions)

(1 - ™) (/)

with t = 0.5 cm the crystal thickness, pp and u the photoelectric and

- total linear absorption coefficients for Nal at the energy EO. Because

of the approximate ZL'L dependence of up on atomic number, one need only

consider the photoelectric absorption by the iodine atoms. Liden and

Starfelt (1954) derived the formulas

. (B [ g u(E,)
fl(Eo) =2 W 5K'—E(§;7 1- GIE;7 in (1 + i ),
and '
| | na u (E )
£,(E ) = 5w, b exp(- u(E )t)- Hpﬁ—)q— N

for the fraction of incident photons resultihé in escape of a Késhéll

o5




of incident photon energy.
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X-ray from the illuminated face and rear face respectively, for a
crystal of large radius and thickness compared to the mean free path
l/uK==l/h(EK) ~ .04 cm of the K-shell X-ray. They gave the values .8k

, and .80 for the fraction b, of the

for the K-fluorescence yield Wy

photoelectric processes involving a K-shell electron. Thus,

f (B ) + fg(EO)
£(8,) = . OPA(EO) .

To calculate Pc one must follow the Compton scattered photon to see if
it undergoes further Compton or photoelectric interactions. I calcu-
lated Pc numerically using the Monte Carlo method of Jacobson (1968).
Below about 300 keV, the Compton scattering primarily adds counts to
the photo and K escape-peaks, and to the "plateau" fegibn éorrespoﬁding
t0 energies below the maximum possible energy loss Eé in a single

Compton interaction. I thus approximate
! — r 1. -
P(E', E) = a)(B) 8(B'-E)) + a (E ) 6(E'-(E_-E.))
- IR
+ a3(EO) H(Ec E'),

where H(x) =<{O~ x <0
o 1 x=20,

and thelCompton edgé‘

[keV].

Figure 5 shows‘the calculated Qbefficients a1, az,'and a  as fqn¢tions 
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e ; The optical photons eject a few electrons from the RCA type
‘ 4461 photomultiplier tube cathode, and these electrons undergo 10

stage multiplication, by a factor of 4 or 5 at each stage. Fluctua-
tions in the number of photons collected at the photocathode and in
the electroﬁ multiplication at the first few dynodes result in a
distribution of charge pulse heights for a fixed energy loss E'. TFor
a charge pulse resulting from the sum of an indefinitely large number
N of independent interactions, one expects the probability distribution
of equivalent pulse height energy to approach a normal distribution
with mean E' ahd variance 02 < N «E'.s Generally, other effects

' ”?é% degrade the reéolution.\ Pulse height distributions measured at BBRC

| with a L0O channel'anélyzer showed several y-ray sources with normal

shaped peaks about their mean energies. Figure 6 shdws the standard

deviations, ob‘tained from the pulse height graphs by o = .42ke(full

width of peak at half maximum). From Figure 6 I use o(E) = O.65EO'67.

The resolution probability density that an enefgy loss E'

results in a charge pulse equivalent to E,

P(E, B') = —=——¢ | ;

JgﬁjcﬁE')

The independence of the energy loss processes and the resolution
‘effects implies that the probability density for meaSuring an incident
photon of energy E, to have energy E,

Bo

o

’P(;E",: E_) < i PR(E,TE:)PL(E;, Eo‘)‘ dE, SR gy |
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Fig. 6 BBRC measured niggal shaped peaks for the 5.9 keV Fe55 X-ray,
~ the 32 keV Ba -ray, and the 123 keV CodT X-ray. -
These measurements of the flight instrument occurred on
June 29, 1966, (open circles) and June 30, 1966, (solid
circlesj. e : , , P : o
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Figure T shows the probability

p(E)=[ P B) aE (12)

that a photon of energy EO entering the detector results in a count in

channel k which has energy limits E . to E Figure 8 compares the

k1l ku®
total interaction probability to the total detection probability, as a

function of incident X-ray energy. Table 2 gives the ratios

Reln) n

J { Pk(Eo) Eo dEo’

with Rk the expected count rate in channel k caused by the number

spectrum-%g(E) = JE ° photons (keV sech)'for sevéral values of n.
The numerical integrations used a 1 percent accuracy criterion in the

calculation of Rk'

B. The O0S0-IIT Satellite

 Pigure 9 shows the 0SO-III satellite. It consists of a nine-
.compartment, 22—inchvradius wheel from which three 2l-inch arms extend,
énd-a.éz;inch radius Sail structure ("Experimenter's Mamial S-57
OrbitingvSolar Observatory,” BBRC ™ 63-1). The UCSD X-ray telescope
occupies half of a wheel compartment. The wheei section spins at
sbout 30 REM, to provide a stableAplatfgrm for the Sail;’;Duriﬁg the

"

sunlit portion of the orbit, ”orbit'day, ‘a motor drives ﬁhé_sail .

againstythe wheel so that the sail locks’on'the solarrdireétion.

Ground commanded firing of‘gas from the extended arms or energizing
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Fig. 8 The dashed. line gives the probability for the occurrence of

any interaction in the detector. The solid line gives the
probability per incident photon that the analyzer will
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energy between 7 T a.nd. 210 keV. : ,
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Orbiting Solar Observatory

Fig. 9 Photograph of an 0S0 satellite. The wheel drum and arms

revolve constantly; the semicircular

"s5il1" remains pointed

at the sun during orbit day. The UCSD X-ray telescope

occupies half of a wheel compartment.
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of a magnetic torque coil keeps the wheel plane within 30 of the sun.
Thus as the earth moves about the sun, the gpin axis position changes
an average of lO per day, and in six months the great circle cut by
the rotating wheel sweeps out almost the entire sky. The telescope
misses about 10° around the celestial poles since the spin axis oscil-
lated between -150 and -350 declination, instead of precessing along a
great circle.

A Thor-Delta rocket launched OSO-IIT on March 8, 1967, into a
nearly circular orbit at 550 km altitude and 33° inclination. Thus,
it has an orbital period of 95.6 minutes. One of two on-board tape
recorders stdred all telemetry for 90 minutes, and read out- the PCM to
FM in five minutes upon command from s NASA Minitrack station at
Pt. Meyers, Florida, or on the west coast of South America. In
practice, this gave us about 90 percent total data retrieval from
launch until the second ﬁape recorder failed on June 28,11968.

OSO-III has a 400-bits-per—second rate; the 0.64-second main
frame contains 32 eight-bit words. The UCSD experiment fills one word
each main frame. Three other main frame words contain subcommutated

information of interest. The "wheel analogue subcommutator" contains

a measurement of the spacecraft line voltage, the high volﬁage supply

to the Nal photomultiplier tube, a rough (1 percent accuracy) spin

 rate, and various spacecraft temperatures. The "sail analogue subcom-

mutator" contains a pitch angle measurement. These analogue subcommu-

tators have a 48 main frame (30.72 seconds) period. The "digital

sub-multiplexed” (DSM) word contains data needed for the aspect

solution, and has a 4O main frame (25.6 seconds) period. Appendix A
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contains a description of the orbit and aspect calculations.
0S0-I1T performance far exceeded the lifetime design of six

| ! months. Failure of the second tape recorder on June 28, 1968, ended

‘ complete data retrieval after almost 16 months. Real time data after
that date indicate that the satellite systems and UCSD experiment still
functioned properly. Spacecraft temperatures remained stable between
150 and lTOC; the spacecraft line voltage and the detector phototube
high voltage remained stable within the % percent digital féédout |

? error. The spacecraft magnetbméﬁer and sun sensor systems usually
gave sufficiently good data to calculate the aspect with 1° to 30

confidence.

C. Data Reduction

1. Telemetered Data

Table 3 shows the UCSD subcommutation scheme. The experiment
has two basic modes: the "sun count” and the "sector direction" meas-

urements. During orbit day a photocell generates an enable pulse 00

before the telescope axis points at the sun. A clockvpulse ends the
enable gate between .225 and .262 séconds later,vdr about 30O past the
sun. During that,intervél counts accumulate in Qne’of the eight ehergy
channels@ Readout occurs every three main frames, l.92'seconds,.and“
fills two main frame words.' The third word contains é,seétbr direction
reading in,one-of tpe six differential energy’channels; ,Only‘one»ener-v
éykchéﬁnel can ever ?eceive counts at any given timé; thé‘suh energy’
subcommutatof’advances evéry‘l.92 seconds, and the secfor’ehérgy évery

122.88‘seconds; The fact that;l.92;seconds~exceeds the”spinkperiod,f"
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- Table 3

X-rgy Telescope Data Subcommutation

AN

- cycle

upper and 3 lower level anticoincidence rates

el Period Number of
- Data Unit 7 Spacecraft Data Contents
s : (sec) . v
Main Frames
Main frame word 0.6k 1 -1 synch bit, 1 energy identifier bit, 6 data bits
. Sun energy channel 1.92 3 Accumulated sun counts in one energy channel; one sector
R : ' direction count
UCSD synch pattern 3.84 6 (Minimum unit of usable data)
Sun energy frame 15.36 2L 1 complete 8-channel sun gate spectrum
v¥ Seétor'enérgyf 122.88 192 8 complete sun gate spectra; 60 sector direction counts in
~+ channel T one energy channel; total number of counts arriving in
o L that energy regardless of direction; one anticoincidence
» shield rate
 Comp1éte,eXperiment AT37.28 1152 One complete 6-channel direction count accumulation; 3

LE



of about 1.6 seconds, complicates the analysis since the telescope
may pass the sun (or any point on the scan circle) either once or
twice, and even if only once the large half angle can result in any
fractional exposure between 1.0 and 2.0 (cm? sec). One bit in each of
six successive words forms a synch pattern, and one bit in each of
three successive words alternately identifies the sun or the sector
energy channel. The logic which detects orbit night enables the sun
gate contimiously (between readouts) so that it accumulates counts
from the entire scan circle.

Every two minutes the upper or lower level anticoincidence
discriminator rate and the total counts received during the previous
180 maiﬁ frames (115.2 Seconds) preempt four sector direction words in
the telemétry. The sector direction measurements provide the data for
studying the spatial distribution of X-rays. Wé thus have a telemetry
capacity for ME,OOO X-ray counts per day; low count rates in the upper
channels reduce this to about 30,000 received, and’considering only
counts from the sky with the satellite outside trapped radiation areas
results in about 7600 total counts per day in all the differential
channels. 7

The Goddard Space Flight Center provides finali data tapes
whose files,each contain all the UCSD telemétry‘words in one satélliﬁe
pass,-tdgether with the analogue and DM words éf interest.u'The first
data'redugtion computer prbgram reads in theseIWOIQS, decodes sun and |
sector éounfs into decimal numbérs,‘groups“thém iﬁto,two-minute sector b
energychannels,,calculates the time of telemetry wbrds, aﬁd:calculates

~ relevant orbit;and aspect datavarathe’passr'
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Even without a parity bit, loss of synch pattern or sun or
sector identifications which do not agree with the expected commutator
sequence indicate areas of poor data. Such areas often consist of
several consecutive passes of the satellite over one particular track-
ing station, or occur with high frequency in a data tape made by GSFC
during one particular analogue to digital decommutation run. Other
areas of data have synch errors at a rate of less than one bit error
in 10,000 for several consecutive days.

Figures 10 and 11 show sdme of the orbit and aspect data
available after the first data reduction step. In geographic coor-
dinates, the subsatellite poini traces out an approximate sine wave
of 330 latitude amplitude, which precesses about 250 westward in longi-
ﬁude each orbit. Figure 10 shows corresponding traces in B-L space.
'.Péss 277 illustrates a typical, complete orbit. About eight successive
- orbits every day carry OS0-II1I into the South Atlantic anomaly region
of trapped radiation. ?ass 282 shows such inner radiation belt
penetration, which may last up to 10 minutes. Figure 1l shows scan
circles’traced oy the wheel plane on the celestial sphere. The shaded
area around the 12 May scan represents the detector half respdnse;
note iﬁs width compared to the séparation'df discrete Xkréy‘sources.
The scan éhénges a negligible amoﬁnt in one day, and approximately
repeats affér.sik months. At thié Stage of analysis T divide the'scén~-
circle into 60 bins or "sectors” for convenience; later I consider the
fact that the information provided ‘b'y, the sampling scheme varies ffony

42 to 49 sectors.




— o~
o
- 1
- 1<
o o~
g i
7] p—
- e =
<t <t
= =
o
o X
~ Q R
o -
o <t
S L
L = =
Ll
s 0
T -
= @
= —_— =
7] e,
F¥) <X |
L g Q-
T =
= =
- <
S o
(] =
- -~
| o~
—
- o
o w0
v -
o o

P

P

Fig. lO The heavy dashed line contains the region of B-L space swept ;

out by 0S0-III. The light dashed line represents the v
‘upper boundary to the "trapped electron" region of NASA '
map AE2 [vette, et al. (1966)] ;
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Figures 12, 14, and 15 show physical quantities derived from
the first stage of analysis. Figure 12 shows shield ULD and LLD rates
versus time, along with the L parameter calculated for the satellite
position at the same time. The shield rate curves generally follow
the L cuyve, reflecting the latitude variation of cosmic rays. Least
squares fits of shield rates to ALx give x = 1.95 * .08 for the ULD and
x = .8 * .2 for the LLD. The coefficients A, and the exponént for the
lower level rate, decrease gradually over one year, as shown in Figure
13, indicsting a gain deterioration. This loss of shield effectiveness
kcauses a corresponding increase in the Nal background rate. Cosmic ray
verticél éutoff rigidities depend on 15.96 L-2 [ Smart and Shea (1967) 1.
Use of the Freier and Waddington (1968) integral proton spectrum Jp(>R)

= 4500R™1*3

for rigidity R>3 GV} predicts a rate 22L2'94counts per
second for the ULD. The remainder of the shield count rate must
result from locally produced and from earth albedo gamma rays.

The heavy line at the bottom of the graphs indicates passage
through the South Atlantic trapped particle anomaiy (defined as a
rectangle -9OO < east longitude = +5OO, latitude < QO for convenience
in plotting). Figure 12 shows saturation counting rates due to trapped

particles, and the decay with 25-minute half life of 1128

[Peterson
(1965)]. Typical activation corresponds to .4 disintegrations pér
'(gm.;séC), with values up to 2;Okobtained on some @asses;

f kFiguresrlM‘and 15 show rates derived frdm the total counts
received durihg a 115.2 séCond,energy channel. Variatidns in these -
rates reflect the mony sources of‘the counts in our’détector, as

labeled in the figure. Note the day-night modulation'in Channél 2 due

L2
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to solar X-rays, sporadic events due to electron precipitation at the
satellite or in the atmosphere, and saturation when in the Squth _
Atlantic trapp;& radiation. The total count rates afford the é?eatest
statistical sensitivity for detection of such anomalous events,
although one usually needs directional intensities or other evidence
to reveal the nature of each event.

- The sun position corresponds to sector 3.7 (Appendix B).

Because of the variability of solar X-rays, further analysis does not

use éhannel 2 sky counts from sectors 1 to 9 or sector 60. Each higher

energy channel n uses counts 1in these sectors only if the sun gate
gaVe no statistically significant flux in energy channel n-1l. I
consider this a very safe criterion because we observe that solar

- X-ray events have thermal type speéﬁra.[Hudson, et al. (1969b)], much
~steeper than the diffuse component. When é sun event exceeds about
3000 counts (cm? sec)"l above T.T keV, saturation and pile-up effects
may begin to disturb the amplifier levels. The analysis program
rejects the data from such times. |

2. True Count Rate

The second stage of data analysis assigns an arrival sector
for every count, and calculates the live time for the sectors. The
122.88 second "sector energy channel" during which up to 60 counts

arrive in a fixed energy channel forms the basic unit for analysis.

Live sampling,startskat a defined telemetry word relatiVe to the UCSD
 synch pattern.ffThe aSpeét-solution connects this time to a point on

the celestial spherej(Appendix A). A SCaler then'counts‘the number of

37.5 millisecond intérvalS‘until the arrival of a count, whereupon the

&
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sector direction mode becomes dead until telemetering of the scaler
reading. The logic telemeters a zero if no qount arrives during the
entire sample period, which alternately lasts 1.9 and 1.26 seconds.
The scaler number gives the arrival time, then knowing the spin rate
; gives a wheel angle for the arrival direction of the count. A 37.5 ms
clock advances the scaler, but the sun or magnetometer pulse resets it
to 1 each revolution. No integral multiple of .0375 second equals the
spin period, so a scaler reading of 1 represents an imprecise exposure
time between O and 37.5 ms. This causes a 37.5 ms slip uncertainty in
| the position of all sector readings.
525 ’ Knowing the approximatevaverage true rate during one sector
ﬂ;: energy channel from the total counts, T derive the normalized proba-
bility density functions for the exact arrival diieétion of the X;fay
given the scalér reading (Appendix B). I then smear the count among
~ the (three or four possible) sectors in proportion to the density H

function integrated over the sector. The computer reduction prbgram

randomly samples the distribution function to assign an arrival time
to the nearest 2.5 ms within the 37.5 ms scaler step for the purpose

of assigning live time to the sector bins. The program ¢orrects for

ULD shield dead time’by a factof (1 - .0002 A LE)-l, where A équals
bthe least squareskfit douht rate of the ULD at L = 1, and L equals the
avéragekvalue during the two-minute’energ& chanhel.

» ‘I classify each sector bin as fsk&“, ”earth",'of~"hdrizon”
dufing each‘tWOeminute sector energ& channel. ﬁSky" (or "earth"),means

that the X-ray telescope pointed at least 20° outside (or inside) the -

{?g_ ? ~actuél:edge,of the earth for thisféntiré:sampling,time.' "Horizon"




sectors thus contain an irregular mixture of counts from the sky, the
earth below, and the layer of atmosphere which forms the actual horizon
between them.

Figure 16 shows true count rates obtained in the lowest energy
channel. Counts between 288o and 90O accumulated during times with the
earth in the position shown, thus only during orbit night. 1In other
directions accumilation bf counts occurred when exposed to the sky.

The areas marked by A indicate sky count rates used in studying the
diffuse component. The area B contains earth albedo X-rays. The area
around 3OOO shows the transition from the diffuse to the terrestrial
X-rays at one horizon. At the other horizon, around 66°, precipitating
particles caused an auroral type X-ray event on 19 April, 1967, which
produced a peak count rate over 100 sec-l, and which thus raised the
average count rate for this four-day stretch of data. The disérete
source SCO XR-3 appeared near the scan plane at 15003 the résulting
peak in the count rate also contains ccunts from SCO XR-1.

3. Background Corrections

To decide what fréction of the true count rate:represents
cosmic X-rayé one can only try to imagine every possible background
SOurce and estimate its magnitude. The telescope's 0.1l5 ster aperture
divides thé sky into about 100 patches)'so 365 days of data would give
a 1.5 percent tounting Statistics limitatidn’forféach patch,in each
energy channel. ‘This percentage becomes the target forsdetermining

background. I care above all about determining any anisotropies in

the background as aCCurately'as possible.‘fI cqnsider the following

possible sources of backgfound: ‘terrestrial‘Xérays, COSmiC'ray effectsﬂi'
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COMPOSITE SCAN OF EARTH AND SKY
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Fig. 16 Count rates along a flxed scan c1rcle, corrected for aead
time, but with no background corrections. The data
accumuilated when the earth blocked the sun, as shown.
The programs select only areas such as marked A as free
from earth and discrete sources, for dlffuse component
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induced radioactivity, phototube noise, and magnetospheric particle
effects.

Charged particles precipitating in the earth's atmosphern cause
X-ray events which can produce count rates in our telescope 100 to 1000
times the diffuse component count rates [Schwartz, et al. (1968b)].

The analysis program rejects sector energy channels with a horizon
count rate greater than 10 times the sky count rate, and redefines
"sky" to 40° away from the solid earth for the purpose of diffuse
component analysis. The 40° ensures that even with the 37.5 milli-
second sector slip, the atmosphere falls completely outside the
telescope response pattern (less than 1 percent response).

Cosmic ray protons striking an OSO satellite produce secondary
'gamma rays similar in spectrum and intensity between .1 and 5 Mev to
the secondary gamma rays they produce in the atmosphere [Peterson
(1968)]. Photons of several hundred keV have reasonable (of the order
of a few percent) chances of penetrating the shield, Compton scattering
in the Nal with a total energy loss between TeT and 210 keV, and then
escaping the shield without depositing enough energy to trigger the
shield anticoincidence. Such a "Compton plateau' background component
should have a very flat differential number spectrum.

A balloon-borne expéfiment verified‘this spectraiishape and
measured its intensity at 12.6 gm/cm? in the atmosphere. Jacobson and
Peterson ( in preparation) pei-fbmed that experiment on th'e 0S0-IIT
prototype deteétor by blocking.the.éperture With’a'qu'E"'NaI crystal
placed in active anticoincidence aibng with the’régular CsI activef

shield. Table 4 lists the measured count rates in the actual OSO-iII:/" 

Ty




Table 4

Cosmic Ray Induced Background

Measured Rate at 12.6gm/cme

Predicted Rate on

Upper Linit from

Correction Coefficient

“Chénnel (counts per second) 0S0-III at L = 1 080-TIT Used

) [Peterson and Jacobson.( in Measurements (Counts per second at
o ___preparation)] L =1)

2\ 0.005 0.10 0.003

3 0.036 0.011 0.15 0.009

I 0.06 0.018 0.10 0.015
-5 0.10 0.029 0.12 0.023

6 0.18 0.053 0.13 0.043

T | 0.0 0.12 0.15 0.095
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channels, (assuming a flat extrapolation of the background spectrum
below the 15 keV lower energy threshold of the balloon flight). To
predict a background in orbit at L = 1 I divide by 2, the ratio of
atmospheric gamma rays at 12.6 gm/cm? [Peterson and Schwartz (in pre-
paxwation)] to the lower level shield rate at L = 1 soon after launch,
and assuming the same production dependence on L as observed in the
lower level shield rate, divide by 1.7, the approximate L value of the
balloon measurements.

All cosmic ray effects must increase with the L value. TFigure
17 shows channel T sun gate rates plotted against the mean L value of ;
the sample period. (No solar X-rays appeared in the lower channels at
these times.) From the Ranger III measurements [Metzger, et al. (1964)]
diffuse gamma rays do not contribute more than 0.1 counts per second.
Radioactivity and trapped particles contribute strongly and sporadi-
cally to these rates, and allow the absence of any L dependence. From
examination of many such chanhel T graphs I conclude that 0.2 counts
per second limits the excess ét L = 2.3 over that at L = 1. Similar ;
plots for’the other energy chahnels result in the upper limit column
of Table L. N | | | ST

I estimate a correction from least squares fits of the total
'counfs rate (after making the-radioactivity_correétion described
“below) tO'J AL +‘Bk’
for’eéch channel k (Figuré 18).‘ This usually,gave an unacceptablé fitr
(A orB negative,’oi much’larger fhén-prévious diffuse X—ray méasure-

,ments); I used each acceptable valué.as a‘normalization of the speétmmlf
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Fig. 17 Dots represent channel 7 sun gate rates at an L value aver-
aged over two minutes. Plus signs represent the average
rate in the given range of L, the straight line results
from a least squares fit. No count rate increase with L

R P value appears. Particle contamlnatlon causes the bulge
i TR around L=1.3. :
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Fig. 18 Least squares fit of total count rates to L value, after

radioactivity correction. The fit here gives marginal
significance to A; (the coefficient of L), while allow-
ing B to agree withethe rate expected from previous

o diffuse X}ray measurements.
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measured in the atmosphere, to derive the correction coefficients of
Table 4. I place a #50 percent error on these coefficients, since the f
data does not statistically eliminate Ak = 0,
In the South Atlantic trapped particle anomaly, proton fluxes
of the order of lO?’(c:mgsec)_l may generate neutrons by nuclear inter-
actions in the satellite. The sodium or iodine of the detector can
. el 128 p - :
capture these neutrons to form Na  or I , which B decay with 15-

hour ard 25.6-minute half lives. BEach disintegration appears identical

to an X-ray'event, gince most electrons will lose all their energy

‘before escaping the Nal crystal. Table 5 gives the ratios to channel T

count rate predicted for each charnel from the calculated B-decay g
electron spectra with endpoint kinétic energies 2.12 Mev (1128) and |
1.39 Mev (Nagu) [(Blatt and Weisskopf (1952)]. Plots of channel 8 sun
gate rates against time elapsed since in the radiation belts give the
upper limits to 1128 contamination shown in Table 5. To reduce the

1128 limit a factor of 2, to eliminate possible fluorescence effects,

‘and to account for some uncértainty in defining the location of trapped
protons, the analysis program does not accept data for 30 minuteé after
the satellite leaves the radiation belt. |

Because periods of ti@e'in which the satellite orbit misses
and periodéiduring which it penetratés the South Atlantic ancmaly both
compars with the 15-hour half life Qf Naeu,‘éndvsince the 10-minute
,méximum spent i; the belts each 96-minute orbit does nqtalloW the
acﬁivation ﬁé;beCOme saturated, ﬁhe;Nagu’conééhtration Shouid take_mahy ¥
half‘lives tb build up to a maximnﬁ,énd tﬁen oscillate betWéen thaf.~.: ‘

value and about half that maximum.value.} From the channel 8 sun gate,




Table 5

Radiocactivity Corrections

Electron B-Decay Spectrum.

- Upper limit

Average Measured 1\Ta24

Contamination

rChanne} Predicted Count Rate 128 Coefficient [counts per sec,
Energy . to L . . .
| Ratio to Channel T . . at maximum activation ]
(keV) ~ Contamination
0] 128 2k -1
S I Na [sec-1]
T.7-12.5 . 0.036 0.023 0.0 * .07
12.5-22 - 0.073 0.049 0.16 + .03
2238 0.126 0.093 0.005 0.55 + .02
- 38-65 0.22)4 0.182 0.01 0.43 £ .01
- 65-113 0.43 0.39 0.02 0.65 = .02
113-210 1.0 1.0 0.05 1.04 % .03
>210 0 19.T 10.9 0.5
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the same limit would apply to Nazu as well as 1128 activation. Yet a
definite, large 15-hour decay appears in plots such as Figure 15. If
the reaction A1Z( (n,ct)l\laglL takes place throughout the satellite then
the 2.75 and 1.37 Mev gamma rays from the daughter'Mggu could produce
background counts by the same mechanism as cosmic ray induced gamma
rays. The increase in count rate during ths first month of satellite
operation (Figure 26), while the shield LLD degraded rapidly, supports
this mechanism. Because of this I eliminate the first two weeks in
orbit from diffuse component analysis.

Figure 19 shows a least squares fit of the total counts to

B+ &y o[- HE (b-ty)] (1)

with t-tB the time in hours since in theranomaly. I determine Ak fbr
eééh 5 to 8-day accumulation of data on one magnetic tape. Here, about
one-third of the data gives unacceptable fits. I average the coeffi-
cients from acceptable fitsrin each energy channel to report the
correction of Table 5. The error reported equals the standard devia-
tionrof the'mean, estimated from the scatter of the individual Ak'
Hicks, et al. (1965) reported a phobtotube noise count rate of
.0.05 per second in the”loWesﬁ channel, at a temperature éf EEOC, (but
not on the flight instrument),' A,meaéufemgnt df.the,fiight telescope
‘in a lead hut several months-before,launchgave'a,total}count rate 0.1k
sgcfi in channel 2. Because tube'noise hés a veryvsteep'éqﬁivalent

energy spectrum, with e- foldlng energy about 1 keV noise w1ll contri--

~ bute negllgibly to any hlgher channel but Wlll contrlbute to channel 2
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with a sensitive dependence on the precise lower energy threshold. I
obtain an upper limit to the tube noise from the channel 2 count rates
when the earth fills the telescope aperture. This count rate varies
greatly in time, presumably due to sporadic production by trapped
particles precipitating into the atmosphere. However, a fairly well
defined minimum rate of .10 * .05 counts per second exists; I take
.07 £ .035 as the PM tube noise contribution. Because of the indepen-
dence of the PM noise counts and the telescope direction, this must
contribute a completely isotropic background.

Charged particles associated with the geomagnetic environment
proVide by far the most damaging source of background. An intensity
of only lO-br electrons (cm? sec keV ster)_l between 300 and 400 keV
would contribute about 1 percent of the apparent X-ray counts. Such
an intensity falls far below the sensitivity of measurements made by
any experiments studying the trapped particle environment. Although
our experiment cannot directly distinguish charged particles from
X-rays, channels 2, 3, and L definitely count diffuse X-rays because
sometimes tﬁe'sky rates, away from the sun or known discrete sources,
exceed the earth,rates measured at the same time by facﬁors of about
20,‘8, and 3 respectively, even though the telescope views parts of
the earth andksky at the same angle relative to the magnetic fieid.

We observe the particle contamination to vary in time through-

~out the region of B-L space covered by the satellite. Figure 20 shows

channel 5»count rates, meaSﬁred,by the total counts monitor during a -

two-minute interval, on a B-L map. Below the solid line the 12-bit

total counts scaler always overflows (rate > 25 secfl), and penetration
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of that line serves as the definition of "in South Atlantic anomaly"

for making the radioactivity correction in equatioh (14). Above the

dashed line a stable minimum count rate prevails. The analysis program
only used data from the B-L region above this dashed line. I have
deliberately selected certain contamination events to illustrate their
dynamic range, so Figure 20 overemphasizes the true relative frequency
of large events.

Figure 21 plots some two-minute directional count rates versus

angle to the magnetic field line. Although the angular count rate
distribution often has peaks perpendicular to the field, enhanced
count rates sometimes appear in the loss cone. Many other experiment-
ers have reported widespread electron precipitation [Freden (1969)
gives other references], so I assume that electrons cause most of these
particle effects. The dependence'of these count rates on magnetic
vfield direction eStablishes this contamination as charged particles
rather than some kind of time VaryingvX-ray activity.

Figure 22 shows differential count rate spectra of large
precipitatiOn events obtained from the sun gate readouts at night.
‘These spectra agree qualitatively with the prédicfions obtained by

calculating the ionization energy loss in 92 mg/ém2 of beryllium (but

without taking éccount of'straggling) of steep incident.spectra of
electrons. Thé count rate decreases in each lower energy channel.
Figure 23 shows the channel 2 to channel 8 count rate ratibs for many
large events versus thekchannel 8 fate. ;Thekchannel 8 sun gate rate

has poor statistical accuracy because it receives only two seconds

‘ ekposure for day or 16 secondsbfof night during a two-minutekséctor'f
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Fig. 21 Pitch angle distributions during four fairly -small contam-
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rate due to diffuse X-rays and radiocactivity. The excess
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v”no more than 10 percent of the total channel T counts, this channel

- Thus it could lead to an apparenﬁ anomalous,emission at‘certain dis- lied

’ __ination,to’Vary>much more continuously 0ver'the'3kya"1n discuSsing B E
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energy channel. It has a minimum count rate of 1.5 * .5 per second.
As an empirical criterion to attempt to limit particle contamination,
the analySis program only accepts a sector energy channel with a
channel 8 count rate less than 3.0 per second during orbit day, and
less than 2.0 per second during orbit night.

In Figure 24 I plot frequency of occurrence of a two-minute
total counts rate agaianst the rate, for about one month of data. I
try to fit such plots by normal distributions with the standard devia-
tion expected for the two-minute counting interval. In all cases at
least the lower portion appears as statistical fluctuations about a
fixed mean, with various contaminations resulting in too many high
count rate occurrences. As another criterion to limit charged particle
contamination, the analysis program rejects data for which the total
count rate exceeds by two standard deviations the mean of a normall« X . ?
distribution as determined by plots similar to Figure 2k,

Because the diffuse count rate contributes least to channel 7,

serves to check to what extent any background can show up as an arti-
ficial angular structure. The most important sources of background
vary in time, ahd thergfore vary in apparent‘celestial position since

less than half the scan circle receives full SKy exposure at any time.

Charged particle contamination lasts at most 10 minutes, although it ; , o

may repeat near a given location during several successive orbits.

crete points of the sky. I expect differences in radibédtivity'contamr,f

B
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results, I accept any measured isotropy because of the unlikelihood of
anisotropic background just balancing a true cosmic anisotropy. How-
ever, any measured anisotrdpy in the cosmich-rays requires further
investigation.

The data reduction, as described so far, has avéraged the
number of cosmic X~-ray counts corrected for background and the corrected
live time in each 6° scan sector over a four- to eight-day period. A
single magnetic tape contains these along with the time averaged posi-
tions of the scan sectors. Actually, the programs generate and store
several complete sets of counts and exposure times selected with some-
what different background criteria, in order to study any effect of
these selection criteria on the diffuse X-ray distribution. The program
"stores separately data obtained during satellite daylight and eclipse,
to compare for consistency.

L. Verification of Operation

All evidence indicates that the UCSD X-ray telescope functioned
properly'duriné the first two years in orbit. On a large time scale | ?
the SthHronizatibn,venergy subcommutation, and interruption for anti-

coincidence rates patterns have continued unbroken. A very strong

assurance comes from the ability to interpret the solar X-ray data : : i‘

[Hudson, et al. (i969b)], as well as the general consistency of the
~cosmic X-ray data S£udied‘here.

| One error_has appgafed in the_inst:umént logic; Fofthe di;;‘
 rectﬂxuﬂ_mode‘the nominal channel 2 always accépts freéiy counts from

both channel 2 and channel 3. This shows up during moderate sun or

charged particle events which produce enhanced sun gate count rates o  1"

T s
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only in channels 2 and 3. At such times the channel 2 total counts
rate equals the sum of the channel 2 and chgnnel 3 sun gate rates., The
number of counts during these events suffices statistically to eliminate
other possible explanations for the disagreement between the channel 2
sun gate and channel 2 total counts rate. I can attribute this to the
failure of a single diode in the sector energy selection matrix, which
must have occurred before our first sun event, 12 minutes after turning
on the experiment in orbit. To report spectra I generally subtract the
channel 3 rate first and use the nominal energy channels. ‘HoWever, for
studying the angular distribution I treat channel 2 as a T.7 to 22 keV
band.. |

BBRC calibrated the energy thresholds prior to launch by meas-
uring the ratio of channel 6 to channel T count rates produced by a
0057 source, which has a line at 123 keV. This ratio, compared with
the same Spectrum measured in the Nal crystal by a multichannel analyzer,
established the channel 6 and 7 energies. The previously measured
amplifier gain ratios then determined the energies of the,othér'edges.
Two firm limifs bracket the‘possible absolute gain change; The upper
limit of 0.2 counts per second for channel 2 when lboking‘aﬁ the earth,
prohibits a gain increase loWering the channel 2 thréshold to 6 keVQ
above whiéhkenergy the prélaunch measurements of §hotbtube noise pulses
would predict a rate of at least 1.0 counts per second}v Figufe 25

shows the atmospheric X}fay spectra measured on OSO-IIT and measured at.

}'3-gm/éﬁ?’withrthe prototype 080 telescope mounted at 90O to the zenith

' [Jac6bsonfand-PetefSoh*( in preparation)J. The atmospheric spectrum

turns over below aboutv307kev because’of'photoelectric absorption by
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nitrogen and oxygen. The nominal 22 keV channel 3 upper edge cannot

exceed 29 keV or the measured channel 3 intensity would have exceeded
the measured channel 4 intensity. (This 0S0-III earth spectrum does

not contain the background corrections discussed‘above.)

As shown in Figures 26 and 27, the relative gain over one year
remains more accurately stable. Figure»26 shows four- to eight-day
average sky intensities away from the galactic plane (but susceptible
to SCO XR-1 in May and June),'corrected for live time but with no back-
ground corrections. The minimum trend remains stable, with many areas
of apparent contamination. This figure shows the buildup of radio-
activity in the first weeks of orbit. Day and night rates can differ
becéuse of different exposures to the celestial sphere, and because
the géographic location of particle contamination canksystematically
occur either in the Sunlit or the eclipsé portion of orbit. The
abscissa in these plots actually represenfs the reduced magnetic tape
number; thus the real time has some slight distortions.

Figure 27 shows the same quantities, but with the background

S
corrections described above. Evidently, channel 6 has too much radio-

activity correction prior to mid-May. The error corresponds to 0.05

per second in channel 6, and‘therefore less in the lower channels

according to the last column of Table 5. Even in this plot individﬁal 3
points stand Sevéral standard deviations abOQe the generélVQVeragesf’
These could,‘x_-e_flécﬁ true diffuse angular variations, but I first com
: pare the parts‘of‘the’giVén scén that oVerlapiwith other:scans; it

'.the areas of sky in’common show the same significant,difference, I
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ITI. RESULTS

The procedures de?cribed in Chapter II result in the acceptance
of about 25 percent of the data for cosmic X-ray analysis. A magnetic
tape now contains counts and live times at celestial points whgch
represent an average over solid angle of 6O along a scan circle and
the precession of this cirecle during four to eight days. (The scan
circle precesses an average of lo per day.) To prepare the contour
maps of Figures 28 to 33, a computer program sorts these counts into

bins of 60 in galactic latitude, and approximately 60 in galactic

longitude, with the exact longitude width chosen so that an integer

number of bins spans 360° at the midpoint latitude. From the rates in
each bin, I drew the contour lines freehand by linear ihterpolation

between adjacent bins. This gives contour positions to about o° accu-

‘racy; greater precision than the data Jjustify. I chose the lowest

level contour about ten percent ebove the mean rate at high galactic
latitude, and other levels somewhat irregularly to display the data.
As the count rate decreases from chahnel 2 to channel 6, this lowest
level corresponds roughly to from 2.5 to 1 standard deviations of the
count rate in aksinglekbin. (This explains the mere extended contour

lines in channel 6.) The discrete galactic sources provide the main

features of these maps. The lowest level contours outside the galactic

.plane do not correspond well in the‘different energy ranges.

Channel 7 (Figure 33) does not contain any background correc-

tions, to illustrate what anisotrOpiee_baekgfound may display. The

- majority of the sky does not appear affected. The highest'channel T

- 15




o DISCRETE SOURCES (AT FEW KeV)

e

7.7-22 KeV -

CONTOURS OF MEASURED COUNT RATE
CHANNEL 2

Q HALF RESPONSE APERTURE

)
[
®

Fig. 28 Contours of constant measured count rate, plotted in galactic
, coordinates. The detector did not scan the shaded areas
“around the celestial poles. The half-response aperture has
approximately the same size throughout the map. See Table
1 for conversion of counts per second to flux or intensity.
Average count rate at the poles equals 3.8 per second.
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DISCRETE SOURCES
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CONTOURS OF CONSTANT COUNT RATE
CHANNEL 3
125-22 KeV

HALF MAXIMUM
RESPONSE APERTURE

wum. 29 mmsw as mHmsﬂm mw wow energy channel 3, corrected for dmowu
ground. ><mﬂm.mm rate at the galactic poles equals 1. 76
counts per second. Friedman, et al. (1967), and Chodil,
et al. (1967), reported the m.pmou.m&m source positions
shown on dwmmm maps . ; ,




w3 T OISR 2T br.i. i > oy *
w
ud
(&}
R)
- >

@D
S =
w =
—
L L
o

—
(&
bt
[
®

CONTOURS OF CONSTANT COUNT RATE
CHANNEL 4
22-38 KeV

wJ :
n ;
= H
S :
a !
o Wl i
w a ¢
Rw :
W o i
< Q. i
..... T <t :
{

m_wm. wo Same as Figure 28, for energy o:mbnmu. L, Anwrage rate at
&wm galactic wowmm equals 1.19 counts per mmoosm.




0 sténbe soTod oT90®TES QU3

H
O
21
o
=
[0)
4
Q

&g

o B

o.M

g

5w

m e

v

(0]

H

UJ‘

a

(]

g

=

‘gc 2an3Tg se sweg TE °*ITd

qe 99BI 95BISAY

HALF RESPONSE
APERTURE

CONTUOURS OF CONSTANT COUNT RATE

CHANNEL 5
38-65 KeV

* DISCRETE SOURCES
(AT FEW KeV)

6.

et e

L R



spuooas gad SqUNOD 612-0 sTenba gatod O;qoeteﬁ‘an

qé 99eI 93BIOAY

g Touueyo AFasus I0J ‘gz °anITd se ouwes € *ITI

CONTOURS OF CONSTANT COUNT RATE

CHANNEL 6
65-110 KeV

* DISCRETE SOURCES
(AT FEW KeV)

"HALF RESPONSE
APERTURE

P

08

RIS
)




S PRGN L S PRGN « DI A S A P Ya. e w O R IE I ' AP RIE ST VIRV SRS B 3 AN S . A T a1 . . ‘ . - »

81

i
o
L
Wuv\..,
=2
O x
@ =
Ly
= 0
_.r._l
&=
by
o
[ ]
78
-
<
o
—
=
>
m ;
=
= ~ e
zZ ==
w
— Nm
2 =«
S T/
o
S 52
[N
o
w
@
U 2
)
— :
= g
0 .
o g
i
¥

HALF RESPONSE
APERTURE

O

°
=
x

Fig. 33 Similar to Figure 28, for energy channel 7, but with no
background corrections. The contours primarily represent
statistical and background fluctuations. Average count
rate at the galactic poles equals 0.852 counts per second.




contour corresponds to 0.35 excess count per second, which from Figure
22 would correspond to about 0.07 count per_second contamination in
channel 2. Such a two percent effect begins to exceed statistical
errors, but still allows a serious analysis of the angular distribu-
tion.

I emphasize that these maps present measured average count
rates with the X-ray telescope pointed in a given average position.
Not only the telescope response of 230 full width at half maximum, but
also the telemetry sampling scheme, which can smear a discrete source
720 along the scan circle, severely distort the contours. Clearly,
to study the diffuse component, T must first carefuliy eliminate the
effects of discreﬁe sources.

But T only wish to eliminate galactic sources, since the
diffuse component may well result from the integrated effect of extra-
galactic discrete objects. I consider the list of discrete sources

reported by the NRL group [Friedmamn, et al. (1967)], plus Vela XR-1

~and CEN XR-2 [Chodil, et al. (1967)]. TFor the 23° FwHM telescdpe the

source positions need have no greater than 30 accuracy. For this lisﬁ
a computer program cémpiles count rates when the average telescope
position, accordiﬁg fo caiculation; pbinted within TO of the reported
S§ufce pbsition,vcérféspohding to the 80 percent telescope response

circle. Subtracting the count rate obtained at galactic latitudes

'fmofeVﬁhan 60o'butsidé'thé plane, giVes an upper limit to a source

strength. 1In genéral this'uﬁpervlimit'exceeds other measurements of

the source because of contamination by nearby sources. However, for

the isolated source TAU XR-1, Figure 3l shows that the 0SO-ITT spectrum
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Flg. 3h Comparlson of the deduced spectrum of the Crab Nebula w1th
1 other recent results gives confidence in the 0SO-III .
X-ray telescope calibrations, and data analysis. The

reported errors in the "best fit" lines of Jacobson (1968) L\ 
~and Haymes, et al. (1968), could bring these lines within

~the OSO-III error bars.
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gives results in excellent agreement with previous measurements. This
gives added confidence in the aspect calculation, and in the detector
geometry factors. Considering the telescope angular response, and the
smearing inherent in the sector sampling scheme (Appendix B), the
analysis program eliminates all sectors to which a discrete galactic
source emitting at the determined upper limit rate could possible
contribute as much as 1 percent of the total count rate. Most further
discussion refers to X-rays after this discrete source elimination.
However, T do also examine the data with a less conservative discrete

source elimination, letting the telemetry Jjitter extend only one 6°

"bin past the 1 percent telescope response for all sources except SCO

XR-1, TAU XR-l; and CYG XR-1l. This weaker source rejection gives
at most a few percent increase in count rates. In some places measured

rates decrease with the additional photon statistics.

A.  The Spectrum of the Diffuse Component

Although the 0SO-III telemetry only provides six, fairly wide
channels of spectral information, thése points have greater statisti-

cal accuracy than any previous measurement, and cover an energy range

which no single experiment has'spanned. An analysis program lumps all

counts taken within 300 of the‘galactic poles to calculate the differ-
ential spectrum. To conétruct Figure'35, I merely divide the count
rate by the telescope factor and the channel energy width, and plot

the point'at the midpoint energy. This figure shéws,threé stages»in

the derivation of the'spectrum: the rawbéount rates, the rates cor-

‘rected’for background, and the ¢orrected fatéS‘tékén:ohly ﬁhen the
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telescope pointed within a local magnetic field line loss cone. More
stringent criteria for selection of data do not produce any lower
count rates. Channel 7 does not contain a significant flux after
correcting for background; the upper limit corresponds to 99 percent
confidence based on the standard deviation calculated as the square
root of the sum of the variance due to the original total counts plus
the estimated variance for the (approximatély equal) calculated number
of background counts. The error bars on the intensities include the
uncertainty in background corrections. In the highest four channels
the varying charged particle contamination becomes increasingly impor=-
tant. I estimate charged particle contamination by noting the differ-
ence in count rates'compiled outside and inside the loss céne defined
by the earth's magnetic field. The difference represents an upper
limit‘to the average stable trapped electron intensity. I assume that
the average stable precipitating electrons do not exceed the trapped
intensity, to derive lower limits to the true diffuse X-ray intensity.
Table 6 shows'the number of counts used in constructing this spectrum,
and the estimates of errors. The histogfam in Figure 35 giveskthe
predicted‘count rates due to a power law SPectrum.with number index
1.7. Such a flat index obviously cannot f£it all the channels, but
noté thatvthis steep an index already eiceeds the best fit 6f channels
‘3 and 4. Thusla power law with a single index cannot represent thé
spectrum. | |

Figure 36 Showé'reCeﬁt“measurements of the diffﬁSéfcoﬁponeﬁi,
which have suggésted the'preseﬁce of a "break,“ ‘Rdcket—bérne experi-

- ments have usually led to a suggeSted'brgak abové theixr méaSured




Table 6

Diffuse Component Spectrum

, o7

Channel 2 3 L 5 6 e
Energy (keV) T.7-12.5 12,5-22 22-38  38-65 65-113 113-210
A1l Datas:
Uncorrected Rate 2.001 1.845 1,589 .972 Bkl 852
Corrected Counts 15594 26750 23790 16140 923k  -128
Rate (sec'l) 2,156 1.758  1.194 645 319
Data in Loss Cone Only:
Corrected Counts 6802 11190 okak 5803 2656  -1040
Rate (sec'l) 2.0k4 1.68 1.11 569  .202
Upper Limit to _
Contamination (sec ) .05 .08 .09 076  .096
Standard Deviations:
From Raw Counts ;
(sec-1) | .030 .016 013 .009  .007  .008
From Radioactivity R |
Correction (sec-1l) .013 .020 .015 .010 .01k  .019
From Cosmic Ray Back- |
ground Correction .
(sec~1) .002 .006 .009 .01k .027 .062
Midpoint Energy (keV) 10.1 17.2 30.0 51.5  89.0 162
Net Avérage Intensity ‘
[Photons/(cm® sec ~ S ‘ -3 -3
keV ster) ] © 0 .315 131 .051k L0156 3.43x10 < 1.2x10 -
"Standard,Deviatioh - .007 .002 .0010 .0005 48x1073 5.1x10’“




SPECTRAL NUMBER INTENSITY [PHOTONS/(cm’ sec KeV ster)]

~ Pig. 36 Present results compared with other recent diffuse X-ray
intensities between 1 and 1000 keV.
points because of overcrowding.) The OSO-III points agree
‘well with other measurements, but contradict some pre-
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viously inferred spectral representations.

(I have omitted a few
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as large or;largef than that arising from the experimental data ri, for

89

energy range, and balloon-borne experiments to a break below their
measured energy range. If a single power law spectrum of electrons
produces the X-rays, then a discontinuity in the X-ray spectral index
implies a change in the electron power law index of twice the X-ray
index change. On the other hand, the break may merely arise as a
numerical artifact of the luminosity function of discrete sources.

I try to estimate the parameters K, m EB’ and m, in the

2

l’

differential number spectrum

|
%‘g =1, Moy -~y s - (35)
Ke® B OB 2By

£

(The straight lines drawn by hand in Figure 35 give K = 15.8, m, =

1.69, Ey = 42 keV, and m

5 = 3.09, but these do not contain any detector

response corrections.)

If one wants a connection between the measured data and various
physical parameters of the X-ray source, one néeds some test of the
data as a function of the parameter values as to how likely they repre-
sent the true values. The "chi-square" test provides a widely used
criterion [Gorenstein, et al. (1968); Jacobson (1968)]. This test asks

the probability of measuring a value of

T, - D,
2 -y i iy2
X" =1 ( 5, )

the predicted true'rates'pi;‘which have variances‘ci. Galculation of

the probability~density'fuhction of x2~depends on the assumption that
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each r, has an independent normal distribution with mean Py and vari-
ance 0? [Guest (1961)]. In the applications, r, usually represents a
sum of many counts or other independent data, so that the central limit
theorem does.predict a normal distribution. Not knowing Gi exactly,
thus provides the most serious obstacle for application of this test.
Probability theory gives the variance due to a Poisson distribution of
counts, but one can only estimate the contributions from systematic
errors.

Because of the unknown error in the calculated response coeffi-
cients, I use the x? test only to eliminate inconsistent values of the
parameters rather than to select a "best" fii. I assume a 1 percent
error in the calculated energy response, and reject sets {.ml, Ty EB5
K } for Which the measured x2 has less than a 2 percent probability of
océurrence.v The x2 test uses the north and south pole data in each‘

energy channel independently, and thus has 6 degrees of freedom. I

conclude that 32 < Ey < bk, 0.6 = mg-ml’s 1.5, and 1.55 = m; = 1.75.
(Of course, EB, m and m,y cannot vary independently within these

ranges.) The normalization of the 0S0-IIT points in Figure436 useé
parameter vaiues giving a x? in_the middle of acceptable x2 values:
Ep = 36 keV, m
ster)—l.

1= 1.7, m, = 2.63 and K = 16.7 photons (keV)'7 (cm2 se@

’In the Felten and Mérriéon (1966)fthéory, equation (6), this
X-ray épectrum wéuld imply”an'elecﬁrOn'speétrﬁm‘bffindéx ﬁ = é;h,
éhéngiﬂg shéfply at 3.4 Gev 0. an index m :lhaQw’The normalization
éonstantvof equatién (3), K =2.9 x 10-15, and K = 2.3 X lO-ll' |

'._’elédtrons/(cm3”kev) below and above 3.4k GeV, respectively;,;Theusldpéj_up;
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4.2 exceeds the values derived from cosmic ray electron and from radio
observations. I do not consider this serious because of the possible
"overcorrection" of channel 6 (Figure 27), énd because the X-ray energy
range 7.7 to 110 keV corresponds roughly to an electron range of only
1.5 to 5.9 GeV. If the electron spectrum did continue up to 8000 GeV
with slope 4.2, then equation (5) would require a magnetic field
H=>2x 10_3 gauss before the synchrotron mechanism could produce half
the 10 keV X-rays.

The OSO-III measured intensities do agree well with most 1-100
keV results; however, several experimenters have fit their data fromk
1 to 10 keV to a spectral shape flatter than allowed by the 0S0-IIT
data. The satellite data analysis has revealed the presence of sporad-
ic 10 keV albedo X-rays and of Widespread electron precipitation,
which contradict assumptions used in deriving true detector background
for many earlier rocket-borne experiments; The ASE experiment which
discriminated against charged particles [Gorenstein, et al. (1969)]
gave a spectral index 1.7 * 0.2 between 1 aﬁd 13 keV. Extrapolations
of equation (15) fall below other measurements, prediéting about 75
Vpercent of the Wisconsin measuremenﬁ‘at 0.25 keV [Bunner, et al.
(1969) ], and only 10 percéht of the 0S0-III 100 Mev measurement [Clark,
et ai. (1968) 7. |

The accuracy of ﬁhe present data justifies a more detailedi,
calculation~of*the*diffuse7spectrum, especially.to-obtain‘a.better
understanding of the’tranéitioh_to the intensities measured outside
the 10-100 keV r,a,nge.-_ Bx_’e.c_h_evr and Morrison (1969) _héVe jp_e_rférmed such

a calculation, assuming that the electron spectra ofiradiQ sources have




an intrinsic break, corresponding to observed breaks in the radio spec-
tra. These authors conclude that such electron spectra will diffuse
into intergalactic.space at a sufficiently rapid rate to explain the
measured X-ray intensity. Their calculated spectrum, based only on
radio observations, agrees very well with the 5 0S0-ITI déta points, and
curves above the power law of equation (15) at low and high energies.
Note that if the X-ray luminosity of normal galaxies does provide about
10 percent of the diffuse intensity, then the measurement or calculation
of this component of the total spectrum becomes important for interpret-
ing measurements having the accuracy ogtained in this experiment.

For the purpose of this thesis; the spectral study establishes
that, even considering the minimum of all previous measurementS’to give
the diffuse X-ray intensity, most of the 0S0-III counts in the five
lowest channels do represent cosmic X-rays, and the study of at least
the relative angular distribution can proceed with confidence. Also of
importance, the channel 7 total count rate must contain at least 90
percéht backgfound,’and thus the channel 7 map shows the limit to

which background can cause apparent anisotropies.

B.  Galactic Component of Diffuse X-rays

I search for a possible diffuse galactic compoheht. Clark, et
al. (1968) haVe repofted a linevSOurce in the galactic plane abovekk
100 Mev, and'COOKe;Vef_al.i(;969) havevreported'a‘galactic;plaﬁe com-
ponent in ﬁhe“2;16 keV”fange; in Figure 37 I plot‘the:loweétﬁthree
channels, sortea intq_Eiﬁs 69vWide in galactic latitudé.v Becéuée of‘~

the discrete éource removalvpro¢edure, latitudes'Within’l5Q'of'thexv '
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galactic equator only contain galactic longitudes EII = 130O to 1600,

and in =.220O to 2&00, with higher latitudes including a gradually
wider longitude range.

Only channel 2 shows an excess associated with the galactic
plane. The excess channel 2 count rate within * 120 of the plane
equals 0.22 £ .06 counts per second. In the lowest four channels the

. = 150O and around £II = 230O agree statistically;

areas around Ei
apparently about .08 counts/sec contamination increases the channel 6
and T count rates around 2300 longitude. The expected associated
channel 2 contamination would not exceed .01l6 counts/sec. I base the
channel 6 limit only on the higher count rate data around 2300.

Figure 38 shows the OSO—III galactic plane limits'(interpreted
as a line source), together with the MIT (at z;l = 240°) and Leicester
points normalized to a -2 power law spectrum. The solid line repre-
sents the slope drawn by Cooke, et al. (1969). I also plot the upper
limit points determined from the ERS-18 satellite measurement [Vette,
et al. (1969) ] by assuming that the entire excess of the ERS-18 count

rate over the rate predicted by a power law extrapolation of the

© Ranger III [Metzger, et al. (1964)] .07 to 1 Mev data results from

a uniform line source. A power law extrapolation of the 100 Mev data
must have anjindex flatﬁér than 1.7 to évoid conflict with the 10-100
kéV limits.‘ionkthe othef hand, the flat,spedtrum measured at a few keV
must'break steeplykat 10 keV. The‘ERS—l8~daﬁa Would‘represént an 
excesskemission,if galacfic;in origin;" o | |

As far as the-OSO-III data can direcﬁly:determine, thé galaéﬁic

component may merely represent a single discrete source in each region,

SO NUC AP SRR OO
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or several sources near the region each of which could contribute part
of the count rate through the edges of the aperture. A 2m source of
the measured channel 2 strength would imply a galactic luminosity at

10 keV of J 4= 2 X 10" photons (keV sec)-l assuming a crude mean

distance T kpc to the emitting regions. This would contribute negli-

ko (keV sec)_l

gibly to a galactic luminosity of the order of the 3 x 10
extrapolated from the estimates of Gould and Burbidge (1963), Hayakawa,
et al. (1966), and Friedman, et al. (1967), based on known discrete

3Q photons/(sec keV)

sources. We Observe a peak emission about 5 x 10
at 10 keV from the sun, so all stars radiating constaﬁtly at the solar
rate cannot explain the galactic sources. Irnow elimiﬁate channel 2
data within 12° of the galactic plane from further analysis.:

I search for a possible galactic halo component by a least

squares fit of the form

R(ZII,‘bII)

R(180°%, 07)

1T

¢ (2, bII) = A+ B (16)

to determine values of A and B from the measured count rates C in a
direction LII, bII that looks through a distance R of the assumed
galactic héib. I considefaénly éﬁhérical halos concentric with ﬁhe‘
“gaiaky; ahd_do'hot find a sigﬁificant value for B. The upper limits

bf Tablé'f réport'tWiCe the standard deviation of B, calculated by the
least squares Fit [Guest (1961)], divided by the previously cietermined ;;

average count rate at the galacticupoies.
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\ﬂﬂ Table T

Limits on Galactic Halo Emission

Upper Limit Percent Halo Emission in Galactic Anticenter

O Halo Radius Direction

ol [kpe ] |
A Channel 2 “Channel 3 Channel U

10 0.3 0.3 | 0.k
16 0.8 0.8 0.9
20 1.3 1.4 1.5
2l 1.8 | 2.0 2.1
28 | 2.4 ~ 2.5 : 2.7
32 2.9 3.2 3.3
36 3.5 3.8 k.0
4o ko TR 4.6

Iy hes 5.0 0.2




C. The Angular Distribution of the Extragalactic Diffuse Component

I find no further angular variations. In Figure 39 1 present
a celestial coordinate map of the measured count rate in the 22-38 keV
channel. I drew the contours from the rates in 6° x 6° bins, as in
Figures 28 to 33. The solid lines represent the number of standard
deviations from the mean of all the data, and the dashed contours
represent 10 percent measured variation from this mean. (These two
kinds of contour do not coincide because of the different exposure
times to various parts of the sky.) Galactic sources or lack_of expo-

sure exclude the regions outside the dotted lines. The telescope

aperture yetains approximately the constant size shown, throughout

the map. No evident structure stands out from the statistical fluctua-
tions. Photon statistics alone enter the standard deviation used here,
thus I cannot consider even the two standard deviation contours as a
real feature. Chahnel L provides the best map since :discrete source
contamination would affect the lower channels more, and electron con-

tamination the higher channels. Considering this contamination, no

 features stand out in any of the energy'channels.

1. Discrete Structure

I consider three possible physical causes of inhomogeneity in

the diffuse X-ray data: statistical fluctuations in the angular den-

sity of discrete sources, considered as the source of the diffuse
component; individual discrete sources, characterized by an excess
emigsion with an arbitrary (but decreasing with energy) spectrum; and

large 5cale:inhomogeneities in the metagalaxy [Sachs and Wolfe (1967);
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B . Wolfe (1969)], characterized by either enhanced or decreased emission
| with about the same spectrum as the general diffuse compbnent. To
examine the diffuse component for lumpiness I sort the rates into
exclusive square bins approximately 12° once, and then 200, on a side.
The exact size and shape of the bins differ by a few degrees because
the discrete sources block out the sky in an irregular manner, and of
;1 course because squares cannot exactly map a spherical surface. One
cannot treat the 12§ bins as independent. I treat the 20° bins as
independent because they have about the same area as the half maximum
response circle.l For further examination I require a bin to have at
least 100 counts.
oo For the 12° bins I £ind the rate in 66 percent of the 186

channel 2 bins within one standard deviation (1o, based on photon

counting statistics only) of the overall mean, and 9T percent of the
rates within 20. None exceed 2.6 deviations from the mean. For the
20° bins 55 percent of the 67 channel 2 bins fall within 1o of the

mean, 90 percent within 20, and none exceed 3 deviations. 1 assume

that the deviations in channels 6 and 7 as large as 4o or 50 arise

from particle contamination, and thus total events from channels 2

through 5 ohly in Eigure 40. The X-ray statistical counting fluctua-
tiohsvcanvexpiain the distribution of rates.

Consider a model in which discrete sources with a Poisson
‘distribution of average density N péf sﬁeradian produce the observed : é?
aiffuse intensity. The observed varilance of count rates in the 400
squaré degree (.12 Steradian)’resoluﬁién.eléménts provides.a lower

1limit to N. The lowest N results from assuming all the discrete

LS




DISTRIBUTION OF COUNT RATES, CHANNELS 2-5

1 ¥ I 1 I | ] I 1 1 | I {

20° BINS

12° BINS

NUMBER OF OCCURENCES PER INTERVAL OF SIGMA

’ 1‘:‘ L Y N
- -30-25-20-15-10 -5 0 +5 10 15 202530
NUMBER OF STANDARV‘D?_ DEVIAT»l,QNS, FROM MEAN

: rlg. 4o The hlstograms show the number of occurrences of a standard :

deviation in a given 0.lo interval. The smooth curves
give the predicted numbers, considering only countlng
statlstlcs to cause deviation from the mean.
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sources have the same emissivity, € photons per second, and same
spectrum. Let A equal the number of discrete sources in a single bin.
For a fixed A, the actual count rate observed in the bin will have a
Poisson distribution with mean and variance Jx A, where Jx = €Xt, and
t = exposure time in the bin. Folding that distribution over thev

distribution of A (mean and variance .12N) gives the estimates
. 2 . .
n =g (.22m), s = g, (.12m) (5, + 1) (17)

for the number and variance of counts observed in an arbitrary bin.
The mean rate rk in a given energy channel k gives the estimate

.121\re'X = r . In equation (17) the term J ( 120) = (z, t) 2/(.12m)
gives the variance due to the lumpiness of the discrete sources. Cal-
culating the variance in each bin by adding a 3 percent spatial
fluctuation results in a dispersion pf:the bin count rates narrower
than predicted. Thus, (.03) =1/ /12N, or N > 9000 per steradian.
The probability that the highest of M identical, independent
méaéurements exceeds a value Yy, Fﬁ(y) =M py(l - py)M-l, where L
equals the probability ﬁhat a single measurement exceeds y. The rate

measurement differs somewhat from bin to bin because of different expo-

sure time. I restrict attention to bins with greater than 400 counts

“to reduce this effect. I set P (y) < F = degree of confidence, (there

_exists no more than a lOOF percent a priori chance of measuring a

value hlgher (or lower) than actually observed), and find the corre-
spondLng maximum py from blnomlnal tables [Welntraub (1963)] Thls
maximum pyAlmplles a'mlnlmumtnumber of standard‘dev1atlons_T '

;2;’ ? ax e
= Féﬁ’£»@ dx s




W
5

103

by which the measured bin rate r must exceed the mean rate. The vari-

o
ance of rate equals Sg/tL, therefore from equation (17)

t(r - T )|t r
T < k , or N 2 kE_ D

. \/ s T,-fg I
3, (a12m) (3, + 1) 1 [( ) 1]

To 99 pércent confidence I find N > 5900 from the minimum rate in
charmel 4, and to 90 percent confidence N > 10,600 from the maximum
channel 2 bin.

The bins do not really provide good data for discovering
individual discrete sources, beéause the stringent requirements to

3 I

minimize particle contamination only result in from 10° to 3 x 10
(cm? sec)-exposure in a bin. Considering the fact that the background : %
count rate increases with channel number, and that all known X-ray
sources have a number spectrum which decreases at least as Tast as thé
reciprocal of the_energy, I only look for.a positive excess in channei
2; I find none as_great as three standard deviations, and set 95
percent confidencerlimits of from 2 x 107° photons/(cmg sec kéV) at
10 keV for a source atvéll = 2340,_bII = 12°, down to 3 x lOf3'photon$/ :
'(Cm? seé keV) forva source at ot _ lh6o, bt = 60°. or courée, thésé~
limitS'do-not apply to.thé blank areaS‘in'Figuré,39;' |

‘I accumulate cbunts with the telescope axis within TO,of the
Andromedas, Nebula (M3l), the HI maximum of each Magellanic_Cloud.[Bdk
(1967)],‘and M8T. Comparing these rates with the rate at the galactic
'pole opposite to thé~given.$ource doeé 1ot give a'signifiéant flux,

considering'abpossible low level particle contamination as'wellkas the"b

e
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photon counting statistics. Hudson, et al. (1969¢c) and Peterson (1969)
have reported better upper limits on M37 than obtained here. Table 8
compares the upper limit (taking the larger of three standard devia-
tions of the excess count rate, or two standard deviations plus a
measured excess) Fluxes and emissivities of M3l and the Magellanié
Clouds ﬁith the emission required by equation (8) for normal galaxies
to provide the measured diffuse intensity. Andromeda, with four times
the galactic mass, falls just short of the required emissivity. The
Magellanic Clouds emit at no more than one percent of the needed rate;
hdwever, they have only about one-tenth the mass of our’galaxy, which
in turn emits only at one-tenth the required average rate. Mark, et ai.
(1969) have made Such conclusions from the finite few'keVVflux they
measured From the Large Magellanic Cloud.

I search for a large scale inhomogeneity which might arise from
spatial variation,'either positive or negative, in the parameters 02
TO,‘K or R ehtering equation (T). As formulated in equation (6), the
spectral shape would not change. A program averaged the.percentage
deviations from the mean of all data iﬁ}three lowest energy channels,
Weighﬁed inversély with the-varianCe. Adding or subtracting two
sﬁandard deviations from this 3-channél éverage gives an upper‘limit
anOmély’lB percent above the mean for avZOO X 200 bin centered at

gt = 64°, pit = 40°, and 20 percent below the mean at g - 64",

ptl - _ko®. Statistics in sbout half the bins suffice to give an

upper limit as low as plus or minus Ut percent deviations.

- If one asks about larger anomalies, the errors become smaller.

For.example,athé measured difference ih channelv3i¢Qunt rates'cdmpil@d

104k
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Table 8 P

Limits on Extragalactic Sources

Emission Required Maximum Emissivity

o . \ v 2 , ;
Energy to Explain Upper Limit Flgx (photons/cm sec keV) (photons/see keV) g
Diffuse Component ' M31 IMC : SMC M31 IMC SMC i
[photons/(sec keV)] : :
7.7-12.5 35107 | .011 013 .009 b 55107 b0 3x10™
12.‘5-'22 _ :L.sxlol+7 .0026 i .06‘22; .0025 10”7 7xlOm'L 8x10mL Cee T
e2e38 exw*® .001k .0013 L0013 6x10* a0 b0
38-65 o100 .0066 .0006 .0005 2. 4100 oo™t 1.5t
65-113 hx10" .0003 .0002 .0002 1070 5x1043 leol‘LS m
l__l
O
\J1
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within 3OO of the north and the south galactic poles equals 1.7 + 1.1
percent, and within 60° of each pole .6 * .8 percent. I have not
examined very large, arbitrarily irregular regions.

Ignoring the existence of discrete sources, this experiment
still provides anisotropy limits slightly better than previously
measured, and with the advantage of covering the entire sky. For
example, Figure 31 shows no 50 percent variations outside the Crab,
Cygnus, and Galactic center regions, and no 10 percent excess
variations over most of the sky.

2. Continuous Structure

Given any prediction F(e,9) of an angular structure, a weighted

least squares fit of the count rate
c(e,9) = A+B F(0,q) (18)

makes use of all the data to calculate A and B. The computational
procedure gives an unbiased estimate of the variaﬁce and covariance
of A and B lGuest (1961)]. Basically, I consider all the results con-
sistent ﬁith isotropy; the data allows B = O for any function F.“i

thus want to set an upper limit on B. If the calculated A and B give

the correct average rate over the whole sky, and if 2 VvarB = B, I

2MvarB

n as the upper limit fractional variation ( I nor-

mérely report

malize F to make it dimensionless). Otherwise, I try a ¥° test and

define an "allowed" value of B as the one percent possibility level.

I group large numbers of countsvtOgether fOTVSuch tests,kSO‘that the
kresulting 25 to 75 degreQS‘of freedom.do represent independent'measure-

ments. With B ='O, an X? test occasionally reports less than one
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percent probability of consistency between the measured data and iso-
tropy for a single energy channel. I attribute this to charged particle,
or perhaps discrete source, contamination and make no conclusion for
the asiociated B value. In general, I consider the three lowest energy
channels separately, and take the lowest B value from them.
DeVaucouleurs' (1953, 1958) model of the iocal supercluster
pictures the galaxy on a 15 Mpc semimajor axis, 11 Mpc from the center
of an oblate spheroid with semi-minor axis 3 Mpc. I let F equal the
fraction of the minimum possible distance from the galaxy to the

spheroid surface. I find a limit to B of 1.4, 1.5, and 2.0 percent in

- the three lowest channels. These‘channels each give a 95 percent confi-

v dence limit of 1.h percent for a'supergalactic plane component.

The least speculati?é source of variation would arise from the
motion of the earth with a velocity v = Bé relative to a frame in which
an observer would measure an exactly isotropic intensity IO. If this

intensity has a power law number spectrum

IO(E) - kg ? [photons/(cm2 sec keV ster)]

then for B << 1, fhe observed differential number intensity
I(E) = K& = [1 + (2+n) B cos @] y (19)

with © the anglefbetwéen v and the direction of observing I(E) [Compton

and Getting (1935); Gleeson and Axford (1968) 7. An analysiseprogramk‘

takes a grid of trial directions‘spaced about 120~apart.“ The’least’

1quuares fit, or the direct averagé of B ¢al¢ulated:by.létting A equal

the mean for the entire sky, gives limits of about one percent, or




since n = 1.7, a velocity of 800 km/sec. This limit applies to the
resultant velocity in any direction, because of the large sky area
covered by the telescope. A x? fit of the cos® amplitude to counts
sorted in 30, 6°-wide bins gives a 1limit of about 600 km/sec to 90
percent confidence., The 30 microwave measurements have far greater
relative accuracy, about .1 percent, but for the blackbody number
spectrum n = -1 in equatibn (19), and also the radio experiments which
only scan a declination circle cannot give the velocity componenﬁ
perpendicular to that plane.

Differential expansion of the universe along one axis would
resulﬁ in one plane of symmetry, and two perpendicular planes with a
maximum amplitude 12-hour component. T fit the difference between
couht rate measured in any direction and the mean ovér the sky to
A cos(2w + B) for counts within 30° of the equator (w = longitude} of
an array of poleg spaced 120 apart.' I disregard directions in which
the equétor has gaps.pf Qho or more (due to areas blocked out by
discrete squrces);' I find an upper limit amplitude of about 5 percent.
(Use Figure 39 to see for whichvgreat civeles thif limit applies.)
Again, although individual microwave measurements héve given limits_
aniOrder Of magnitude more sensitive, fhe presént results~apply more
widely on the celestial SPhere. The X—fay results also have importance
sihce avgiVehkphysicél anisotropy need not produce the same 12-hour
, amplitude in lo-syevyphotons~as inkthe 104 ev phétoné.
‘f; Consider a crude modei in which ﬁhe distanée‘R, in equation (7),
.v‘lies on the surfadé of a épheroid, with semiaxés a, a; and‘b; kI assume

trial directiOns'for b and.compare'the averaée*within 300 of the poles
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with the average within 300 of the equator. For most trial poles I

find .97 S-g S 1.03, which corresponds to an eccentricity € = .02.

. 4
JNCILNE D SR

D. Summa.xry

The first satellite cosmic X-ray telescope, an instrument far
surpassed by current balloon-borne experiments, has provided signifi-
cant information on the diffuse component of cosmic X-rays. Results
discussed in this thesis include:

‘i}iﬁ 1) accurate intensity measurements in five energy

‘ channels between 10 and 100 keV, establishing a
spectral break;

2) upper limits to an extended galactic plane com-
ponent, and a measurement at 10 keV if' such a
component proves real;

3) upper limits of about two percent to the fraction
éf the diffuse component emitted by a galactic
halo, or from the local supercluster;

&) upper limits of about 800 km/sec for the result-
ant velocity of the earth in any direction rélativev
to a framé in which the diffuse X-rays appear

isotropic;

5) upper limits in soﬁe detaii for ppssible_inhdmos
genities in differgﬁtgpgfts'bf_about halfythe;sky;> _,

6) with the assumption that ﬁhekdiffusé component” |
arises as the integratéd éffect éf‘disérete sources,

p)

‘& lower limit of 10° for the‘totalfnumberZOf such’
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sources;
7) an upper limit to the flux from M31 Just at the
level requifed for the emissivity‘of normal gal-
axies to explain the diffuse component;
8) an upper limit of five percent for the amplitude
of a l2-hour component on some great circles, or
of two percent eccentricity for a crude model with
the Farth as the center of an ellipsoidal universe.
The meéhanism of X-ray production does not enter the derivation of these
results. The broad resolution of the detector also makes the results
(except item 6) independent of whether the diffuse component arises from
discrete sources, or continuously throughout intergalactic space.

The 0S0-III satellite operation also provides the design
requirements necessary to greatly improve a future 080 diffuse X-ray
experiment. One must directly detect and reject charged particles,

" gnd reduce and directly monitor the gamma ray background due to induced

- radioactivity of Nagn. This thesis based most of its conclusions on
341,700 extragalactic X—ray counts. Yet during the one year of data
used;,some 1.57x 108 diffuse X-rays between 7.7 and 110 keV actually
interacted in the central detector. The higher bit rate currently
available on 050 satellites, and‘akbetter measurement of the telescope
position on the wheel plane toyréduce the lafge zones of’avoidance , | R § 
around the éarth~and discréte sources, would increase the data rétrieva,
al a factor of lO;v Expérimentally, at least,‘diffusé kaays‘éan4fulfill

1"

the hope of Morrison (1967) to prbvidé, o « o« One of the most fruitful

- channels of data about the largest scales of the universe, . . ."




APPENDIX A

ANALYSIS OF AN OSO-ITT WHEEL EXPERTMENT

1. Orbit Calculation

Six constants, any independent functions of the three compo-
nents of initial position and initial velocity, specify the solution
for the motion of a point object in a given potential field. The
Kepler ellipse solution for motion in the field of a sphere motivates
the constants, called orbit parameters, generally used ih describing
the motion of satellites in the Earth's gravitational field- The orbit
parameters a (semi-major axis), € (eccentricity), i (inclination of the
orbital plaﬁe), Q (right ascension of ascending nodé),‘énd w (argument
of perigee) specifyvthe shape and orientation of therellipse at an

arbitrary time To (time of epoch). The satellite moves around this

ellipse with angular frequency
n = \/GM/a3 (radians per second), (20)

'-with‘G the universal gravitation constant and M the mass of the earth.
For the sixth parameter I use o (mean anomaly), the angle on the

- ellipse from perigee to the satellite at time of epoch. Following

the treatment of Escobal (1965), define the true anomaly v as the §~c

angle at the center of the sphere from perigée to the satellite posi-
tion on the ellipse, =nd eccentric anomaly E as the anglé from pefigee
to the projection pérpendicular to line,df périgee‘bf'the,satellite

position onto the circumscribing circle (Figuré/hl). The equations-

i
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“Pig. 41 Definition of the true anomaly v and the eccentric anomaly E,
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tan v = ) (21)

E - € sinE = no(t-to) + o (22)

parametrically determine the position of the particle on the ellipse at

time t. Then the distance from the center of the earth

_ a(l+e22

T 1+e cos v’ (23)
the latitude ©= arcsin [sin i sin(v + w)], (24)
and the right ascension @ = O + arctan [cos i tan(v + w)]. (25)

Expand the potential of the azimuthally symmetric earth:

(<~}

P (sine)
~ GM n
V(r,0) = - _Zf"(l +§: Jn~—T-),
‘ r
n=2

with v in units of earth radii a_. Kozal (1964) used

GM = 3.986032 x 1020 cm3/sec2, a, = 6378.165 km, and obtained J_ to

n = 14 by least squares fit to observations of'tbe‘mOtion of nine

satellites. He reported as the best solution:

Jy = (1082.6L5 * .006) x 1of6
J3‘z (-2;5u6 i .020) x 107 |
5, = (-1.649 + .016) x 10“6
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J5 = (-0.210 % .025) x 1076
Jg = (0.646 * .030) x 10'6.

The Kepler ellipse approximates the orbit because

1>>7J, >>J22 = Js = g, .

Many authors [Brouwer (1959); Kozai (1959); Garfinkel (1959); Escobal
(1965) ] have used perturbation theory to calculate the effects of the
J2, J3, and Jh terms. In this theory the orbit parameters still speci-
fy a Kepler ellipse solution at any time, but the parameters vary in
time linearly (secular terms), periodically with v (short period terms),
and periodically with w (long period terms). The parameters a, €, and
i have no secular variation. For these 1 use the values given by the
Goddard Space Flight Center predicted world map which the flight opera-
tions group calculates about a week in advance based on all previous

observations of the satellite. To order J,, Escobal (1965) gives the

2)

formulas P

=0 %0 t,

W= w, + o t,
and Q= QO + 0 t, (26)
where . ngésez .

o= 3/2 Iy, 553 (1 - 3/2 sin” i)
a~(1-¢

-n

' O .2,

w =,3/2 J2,—§-—-——2—-§ (2 - 5/2 sin® i)
a“(1-€

J. n cos i
2 0o

2 (1-c5)2

O
1

= - 3/2
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For the 0S0-III orbit a = 1.087, € = 0.0022, i = 33° so
§ = 0.3, & =0.6, andrﬁ > 20.4, in degrees per orbital period. The
presence of € as a factor allows the neglecf of other first order per-
turbation terms for the nearly circular orbit. Because of the nearly

circular orbit I can solve equations (21) and (22) by

2 .
E=4+e€sin g+ f§-§i9—§£ + 0o(e3)

IO €2

E+ ¢ sin E + — sin 28 + 0(e?)

<
H

2+ 2¢ sin g + 5/4 ¢ sin (22) + 0(63):

]

where

LG t+co
(o}

The predicted world maps supplied by Goddard Space Flight Center

give satellite latitude, longitude, and altitude at every minute U.T.

I use equations (23), (24), and (25) to update o, w, and Q once each
orbit. For convenience I take the time of northbound equator cross-
ing, so the altitude gives 0 via equation (23), © = 0 gives w, = -V

in equation (24), and converting the world map long tule A into right
ascension gives Qo. By definition Q =a=8+T (1.00273791) + A,
where S equals the angle from the first point of Aries to the ol ur
line (called mean sidereal time at oP UT) and depends on the day of
year, A equals the geographic longitude’in hours east‘of,Greenwich,

and the numerical factor converts universal time UT into sidereal time.
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I calculate w and {2 according to equation (26). 1Ignoring G has no sig-
nificant effect on the accuracy. Instead of calculating n_ from
equation (20) above, the computer program uses a period determined

by averaging the times between a northbound equator crossing and the
next arrival at the same right ascension. These periods differ by
less than nine seconds so the true anomaly error

dv = tdnO =1t S% s -E%%§ < ,0016 radian, a negligible angular

difference evei for an entire pass.

The accuracy with which one can determine the Earth's magnetic
field as a function of position in space, and the spatial rate of
change of the magnetic field vector, define the accuracy requirements
for the orbit calculation. For magnetic'field calculations I use the
INVAR package of routines by A. Hassitt and C. E. McTlwain (1966).
These routines give the magnetic field direction to an accuracy of 10.
I have the orbit calculated by the data reduction spot checked against
predicted world maps and find the differences < lO longitude, < %Q
latitude, and < 20 km altitude in magnitude. I ran a series of test
programs about a grid of positions every 30O longitude, every lOo lati-
tude between -30, and +3OO, and at 550 km altitude. I varied one of
the spherical coordinates in each program: the altitude by 10 km
between 530 and 570, the latitude by 0,50 between +1O and --lO from the
central value, and the longitude by lo between +2° and -2° from the
central value. I found that the orbital uncertainty led to maximum
changes of the magnetic field direction from the direction at the grid
position of 1.20 and maximum changes of 1 percent in the magnetic field

magnitude and % percent in the MeIlwain L. parameter.
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I consider a count of celestial origin only when the aspect
solution puts the center of the telescope at least 200 from the edge
of the solid Earth. Thus a 1° error in the position of the Earth still
cannot give a .1 cm? exposure to albedo X-rays.

2. Aspect Solution

The reduction routines must know the direction in which the
telescope points at any time. The solution and terminology used here
follow a draft of the BBRC aspect reference manual (1964) whieh I have
revised and corrected as necessary. I assume a constant spin axis
position for an entire orbit. The épin axis direction actually changes
slowly, about 1° per day as the wheel plane follows the sun around the

sky. At any universal time t, I can calculate the angle © in the wheel

plane by
O=w(t-to)+90 (27)

with w the known, constant (for the usable data) 0SO-III spin frequency.

A spacecraft function measures the time to when the instrument points
at the reference angle GO. A spacecraft sun pulse generated by a solar
sensor rotating with the wheel provides the reference during orbit day.
At night a magnetometer pulse generated by the increasing null of the
earth's magnetic field provides a reference, which the 99 coefficient
Hendricks and Cain (1966) model of the earth's magnetic field connects
to an angle fixed in space. BBRC (1966) measured 6, = 18.02° for the
angle between the spacecraft suﬁ sensor and the UCSD optical axis, and
9°= 89.190 for the angle between the magnetometer reference and UCSD

optical axis. The final orbit tapes provided by GSFC give the universal
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time of telemetry words. A scaler then determines to in universal time
within 2.5 ms by counting the number of hOO'cps clock pulses between
the first word of each DSM frame and the next reference pulse.

An analogue spin monitor provides a rough spin rate, to about
1 percent. During orbit day the wheel analogue subcommutator contains
the state of a 32-step counter advanced by each revolution past the
sun. We determine this rate from the listing of the quick=-look main
frame data, in advance of the reduction runs. This gave us day spin
periods of 1.55 to 1.62 seconds between March, 1967, and May, 1968.
During orbit night the sail structure rotates with the wheel, increas-
ing the moment of inertia and therefore the spin period by a factor of
1.13. In the data reduction programs, knowing the spin period T within
a few percent, welpan use the data determining t_ in equation (27) to
give a highly accurate spin rate every 25.6 seconds. Let tl and t2
(measured to 2.5 ms) equal the times from the start of successive DSM
frames to the next reference pulses. Then in 25.600 + t2 - tl seconds
the wheel has made N = N’ = greatest integer in (25.6/T) revolutions,

N’ + 1 revolutions if t. > t,. At night the wheel

if t, <t., or N

2 1 2 1
has made N +<§3% revolutions with A the change of magnetic null

direction in the wheel plane during the time from tl to t2. This

change may vary from 0° to TO, but usually 40 =~ 1%, The period

250600\4"" t2 - tl

number of revolutions

(]

T =

o

L
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The relative time error

~ 002 22‘ ","'

and the relative errcr in the number of revolutions

_1%/360° 1
N 1k 5000

E = 2x10-u at night

due to error in magnetic field direction, and less than

o

E3%66 = 0.2x10"
due to error in triggering the solar sensor during day. Thus the rela-
tive rms error in the period,
ET s .01 to .03 percent.

When the satellite enters the sunlit portion of the orbit,
torque motors lock the sail structure to the sun and within about 90
seconds the wheel plane spins up to a stable day period. At night
the motors merely stop servoing the sail, which gradually spins up
due to friction in the bearings. Thus it requires about six minutes
for the wheel to spin down to a stable night period. I do not analyze
direction counts while the spin rate changes.

I calculate the direction of the spin axis in the "ecliptic"
coordinate system. These cartesian axes originate in the spacecraft,
with xe-axis pointing toward the sun, ze-axis pointing north perpen-

N

dicular to the earth's orbital plane (ecliptic plane), and &e = 2, X .

¥

One obtains the transformation to celestial coordinates by a rotation

about ie through minus the angle S of the sun in the ecliptic plane

b SRR T b L ORI
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past the line of Aries, a known function of time, and then about the
new Xx-axis through minus the inclination € = 23.h5° of the ecliptic

plane to the equator. One obtains the "spacecraft system" from the

ecliptic system by a rotation about ie of ¢, called the roll angle,

followed by a rotation about &s of T, called the pitch angle.

Thus the pitch angle equals the angle between the said plane
and a plane perpendicular to the solar direction, positive when the
actual sail structure tilts away from the sun. One calculates pitch
angle by the measured difference in output of a pair of solar cells
which receive different amounts of sunlight as the sail is tilted out
of the ﬁe - ﬁe plane. The spacecraft logic digitizes the voltage range
corresponding to % 5.20 into 256 steps, and telemeters a reading once
every 30.72 analogue subcommutator period. The flight operations group
at GSFC energizes a magnetic torque coil by ground command into one of
three states depending on the average orientation of the spacecraft
and earth's magnetic field over a period of the order of two weeks.
When necessary they command a gas jet in the arms to fire, so that the
magnitude of the pitch angle remains less than 30. BBRC (1964)
reported errors in the pitch angle determination of less than .15o due
to the analogue to digital‘conversion, plus possible long term change
in sensor gain causing systematic error of 5 to 10 percent of the
pitch angle.

I use the known sun and calculated magnctic field directionms,
and the measured angle Gm in the wheel plane between the magnetometer
increasing null and the sun pulse, to determine the roll angle. During

orbit day, the number Nc of 400 cps clock pulses from a rising zero
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N
_2n ¢
crossing to the next sun pulse measures Om +.hrough Om =T 500 + 90,
with T the known spin period and Oo.the fixed angle in the wheel
between the magnetometer and the sun sensor. BBRC (1966) measured
o
90 = TLlelT W
Let the magnetic rising null vector have components
N = (nl, D, O)s in the spacecraft coordinate system. Then
n, = cosOm and n, = -sinOm (Om measured positive from N to xs). From
the definition, one obtains the components of a vector in spacecraft

coordinates from the components in ecliptic coordinates by matrix

multiplication by PR where

(1 o o ]
R=¢O cos® sinp)

0 -sing coscpJ

and

rcosTl 0 -sinﬁ
P=40 1l 0 !

LsinT] 0 cosT|

J .

Thus the components of N in ecliptic coordinates:

r) r

n, cosT 0] sin cosOm
N-rtp? n,t = {sinfl cosp cosy -cosT sinp | -51ine p
0 -5inT) cos® sing cosT cosp | | 0 )

. P \

r 3

cose cosT)
m

g

= qcose sinT] sing - sing cosyp

-cos6 sinT cosy - sin@ 51n¢J

\ L

1f H represents the magnetic field vector in ecliptic coordinates,

H+N=0 gives an equation for o:

—




O = h, cosé cosl + h, (cos@m sinfl sinp - sin® cos®)

+ h3 (-cosGm sinl] cosy - 8ind sin®) =

sin® (h2 cose sinl} - h3 sinOm) + cos® (-h3 cose sinT - hasinem)

+ h, cose cosTl,

or C = A sin® + B cosey,

where A= h2 cosOm sinT] - h3 sinem
B = h3 cosOm sinT) - h2 sian
C = hl cosOm cosTl.

I solve this by letting

cos y = . - ’
“A? + B2
and
sin y = —B ’
Va2 + B2
since then
C

= singp cos y + cos® sin y,

\a? + B2

or

l sin(ety)
sin(p-p-y)

so that we have the two solutions:

p=T- sin-l[———il—-]- ta.n-l (B/A), and

VA® + B°

(28)
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-1 C -1
¢ = sin [———] - tan = (B/A).
,/Az . B2 ,

R RS v .
e MM e n w s Taec s vos

The pair of equations (28) uniquely define tan T (B/a), but

~+ VA% + B2 both solve equation (28). The two solutions arise, as

shown in Figure 2.3 on page 2-6 of the BBRC Aspect Manual (1964),

because reflection in a plane defined by H and is gives another possi-

ble wheel plane and preserves the angle between the magnetic null

vector and the sun line of sight with the sense of the spin reversed.

As the satellite moves about the orbit the magnetic field direction
ié, and thus the mirror p.ane change. 1 choose the correct roll angle
solution by the fact that the true spin axis direction does not change
and thus the mirror spin axis changes position twice as fast as the
magnetic field direction.

The geometrical relationship of the magnetic field and sun

L et - S
L N o o
T8t vt SafimeadWe G Pt Lt e e T

directions greatly influences the accuracy of the roll angle solution.

R
SR

For example, with zero pitch angle, H perpendicular to the sun line

o4
wE

implies that the null vector lies along the roll axis and the wheel

angle 9m= O or = nm for any roll angle ¢. For i perpendicular to the

E'i sun line the wheel angle 9m= n/2 for any ¢. In general for small
errors in Om,ﬂ, or the magnetic field direction, one can estimate the

error in roll angle by

dcp=-g-gd9m+a d'ﬂ+39 o + X ag -

m




The angles @ and B represent the azimuth and polar angle of ﬁ in
ecliptic coordinates:

h, = cosB, h, = sinB sin @, h

3 - = sin B cos @
“

1

Note that errors in direction due to @ and B depend on each other; if
dY¥ represents the angle between H and H + dH, then (d.‘!’)2 = (dB)- +

o] o~
sin B (d&)g. The directior error dY = lO, 50

dp = 1 degrees and do = — degrees.
VE- vﬁg sin B

For favorable configurations, approximately 15 of about 150 magnetom-
eter to sun measurements each pass give an acceptable roll solution.
For acceptance I require that the foll angle differs by less than 10°
from the previously determined roll, and that the absolute values

o

= eaal < 1.0.

o e o} )
&l = 1.0, IRl = 5.0, I5E] = 1.0, |
m

We compared the spin axis position with that calculated by the MIT 080
Group [Clark (1968)] using a least squares fit to an assumed position.
When the BBRC method yields a solution, it generally agrees with the
MIT position to better than 30. I use the MIT solutions for periods
of data that do not yield a solution accofding td the above criteria.
One can now easily determine the celestial coordinates of the
look direction defined by any angle © in the wheel plane. In matrix

notation:

12k

(P
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X 0 0 cos S -sin S 0
S yy = cos€ =-sine } { sin S cos S O ¢
z sine€ cose€ 0 0 1l
\ 4 . L J
r Y r 1 9
1 0 0 cosT| 0 -sinT] cose .
< 0 cosy -sin® 0 1 0 > sine )
0 sineo cos® sinT| 0 cosTl 0 J
\ J \ P \

gives the components x, y, z in celestial coordinates of a unit vector
in the wheel plane at an angle © past the »nrojection of the sun direc-
tiomn.

3. Timing

Each STADAN station records about two minutes real time data
from 0S0-III before or after playback. By the DSM frame count, the

Goddard data reduction programs provide universal time T of a first

mf
word of main frame every 96 main frames, approximately one minute.
The spacecraft clock varies from 400 e¢ps by about one part in 5000, or

about one second per pass. I use the éverage main frame rate R calcu-

lated each file, instead of the nominal .64000 seconds per frame.
Telemetering of the California word occurs .l4 seconds past the start

of a main frame. ’The equation

T =T + NeR + .14

cal mf

gives the universal time T
cal

of the California word appearing in the
Nth main frame after the time measurement.
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APPENDIX B

EFFECT OF SAMPLING PROCEDURE ON ANGULAR RESULUTION

In this discussion I distinguished between the sector of the
scan circle defined by one scaler step of 37.5 milliseconds or
(360)(49§Z§) degrees, where T = spin period in seconds, and the sector
of the sean circle defined by the 6° bins into which the analysis
program accumuiates counts. I refer to these as a "step" and a '"sec-
tor" respectively. 1 take the independent variable as time, rather
than angle along the scan cirecle; 3 = 360<% converts a time t seconds
into an angle of 6 degrees. The origin of either occurs at the tele-
scope optical axis position at the time the sun gate or magnetometer
pulse resets the step number to one. For both day and night data, I
take the origin of the sectors at the day step reset, thus the sun
position always corresponds to sector 3.7. The lack of synchronization
of the steps with the spin rate causes the complications dealt with
in this appendix.

Let N equal the greatest integer in T/.O375. (In a common case,
T = 1.606 and N = 42). The step N always receives the full .0375 second
exposure, step N + 1 receives partial or full exposure every spin, step
N + 2 never receives full exposure and msy have none at all, and step 1
receives zero to a maximum .0375 seconds. I thus treat steps 2 through
N the same, a "normel" step, and steps 1, N+ 1, and N + 2 as special

cases. In general, the telemetry sampling logic becomes available to

- receive a count before the start of a given step, and would not tele-

meter until after the step has ended. I treat separately‘the-ease when
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the step may have started before the sample scaler became "live." This
oceurs for high counting rates A(.0375) = 1n(2), or A 2 18 sec-l. Such
a condition may prevail due to the sun, the strongest discrete sources,
or the presence of charged particles.

The conditional probability density that a count arrived at the
precise time ©, given that a count does occur in the step, equals the
integral over all possible times t at which the step may have started
of the probability density that the step did start at t multiplied by

-A(Q-
the conditional probability density Ae (e-t)

P
o

at time t the first count would arrive at time €. Po = the probability

that if the step started

that a count does occur within a step, thus PO =1-e +0375A for a
normal step. I consider that A = true count rate does not vary during
a step. This assumption holds because the full width telescope aper-
ture for half maximum response spans about three step angles, and
because the density functions turn out to depend only weakly on A for
A =10 sec-l.

I assume a uniform probability density PS for the time t at
which a step starts over the time period in which it can possibly start.
For a two-minute stretch of data this fails because the clock syste=~
matically displaces every step by (T - .0375 N) or [T - .0375 (N+J.)] |
seconds on each successive spin. I can use the assumption because the
telemetry accepts no more than one count per spin period, and because

it holds true on the time scale of lO5 seconds over which I average

~diffuse X-ray data. Thus for a normal step PS =<%, where w = 0375

seconds.
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A normal step n starts between (n-2)w seconds after reset (for
step one very short) and (n-1)w seconds after reset (step one the full

.0375 seconds). Measuring 6 from (n-2)w we have

min(e,w) Mo
p_ (8) = 2 e Mo-t) gy
max(0,6-w) l-e"xw
- _if;_ "1 ifO SO sw
w(l-e”") ehw-ek(g-w) if w S0 5 2w,

The lower limits of integration reflect the fact that the step could
not have started before time zero or more than w seconds before the
count arrived; the upper limits that the step must have started by
time w or by th@ time the count arrived.

Let T = T - .0375N seconds. Step N + 2 starts between .0375 N
and T (given that it occurs at all), so P, ='%. However, N + 2 only

lasts T - t seconds, with t the start time measured from Nw, so

P =1- e'(T't).
0
0 -A(e-t)

_ 1 Adt

Thus oy, »(6) - T 1~ MT-t)
(e]
J1 oMo o deeT
= ~Ty -
T Y )

Step N+l definitely starts at some time between (N-1)w and Nw,

therefore P_ = 1/w. Measuring times from (N-1)w, if N+l starts before

T, (t = 7), it lasts w seconds and has a probability P = 1 - e~V for
: ’ o .

receiving arcount. If N+1 starts after T, (t 2 T), it lasts a time
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w+ T-tandP =1- e'xwe'A(T't). Using the Heaviside symbol
| 0 if x<0
H(x) =
1 if x =20,
min(T,0) “A{6-%)
1 e MUY
pN+l(g) - w l_e-kw At
max(e-w,0)
min(e,w) \
-A(O=-t
+ H(e-T) € ( )hdt
W -A(wtT) At
o 1-e e
(
.1 if0O<@ =T
-8
- QMo 1P TSSO <vw
w(l-e-kw)
L XT-e Me-v) ifwsSsesw+T
[0 ifesT
[ 1 e-)\W
+ 9 log - if T<Q sSw
20 l-e-l(w+"l')e)\0
e eA(w-ﬁ-T) .
\ v 1 -}\w
log =4z ifwsesw+ T
. 1l-e

Step one definitely starts at time zero, therefore I integrate
over the time t at which it might turn off. I use % for the uniform
probability density of turning off. The probability of receiving a

=A . :
count, PO =1=-e t. If a count arrives at time ©, then © st s w,

and - ‘
-}\O -KW
f 1 Ae Tdt _ A -Mo 1 l-e .
Pl(g)fw——.ﬁ-we [ w-6 + 3 log —=x5 |
3 l-e l-e
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" For computer analysis I use the distribution function

X
F(x) = [ o(0) a0
o]
and solve for x in
F(x) = RANF(-1). (29)

The UCSD Computer Center function RANF(-1) provides uniformly distrib-
uted pseudo-random numbers between O and 1. These distribution
formulas consider x measured from the minimum time at which the given

step could have turned on:

x+ % (e~M1) iFOSxsSw
1
.- BN A (30)
w(l-e ) whe" w(% + wex) - % " (x-w)
if w sx s 2w
where 2 s n s N;
Fx) = 1-e”%(1- %) + X (1M 1 ‘——Tl'e'm (31)
A T w wh V€ og 1 X 3
for 0O sx sw;
Foo(x)s —2—— [x+3 (e%1)]
N+l (l_e-)\w )\.
ifO<sx=171;
or
K(w-i-'!‘)
- T -
- l-}\w [T - %_. e )\X(e}\ -l)] + -9___-_— {xe hx
w(l-e )

-
l-e"W

- Te-A(W:T) +f% (e-kx'- e 5A(W+x)) log [e-hx-e'h(W+T)]:}

if T<sx Sy,
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or
A(w+T) «AT
_ e -AX -)\(w-f-'r) l-e 1
= - (e - ) log —]--—-:m + 1 - -
1

+

w(i_e-kw) (T - e'Aw (x@w-'%) -~% e-l(x-T)] (32)

ifwsx swtT

AT _=Ax l-e-k'r -Ax eAT
Fep (%) = [(e77'-e™™7) 1log e i Axe ] v (33)

for 0 =xsT,

Note the normalization, P=O for x =0, and F = 1 for x 22w, w, w + T,
or T, the respective maximum times at which the count could occur.
When the step could begin before the telemetry became live,
then Ps, Po’ and the limits of integration all depend on the possible
live exposure time of the step. I derive and use the distribution
functions for the seven different possibilities. These functions
depend very weakly on A. When the aspect solution reveals that a
step in which a count occurred might not have received full exposure
befére telemetering, then another special set of probability density
functions apply. For simplicity, I assume that the step did receive
normal exposure, since with A = 1,0 to 3.0 the probability of not
receiving a count until the end of the telemetry sampling pericd does
not exceed 1.0 to .0l percent, and because in this case the live time
of 1.26 or 1.90 seconds greatly exceeds the.maximum possible timing

error of .0375 seconds.
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For each count the computer routine generates a random number.
It then solves equation (29 using the appropriate distribution function
by incrementing x in .0025 second intervals until F 2 RANF(-1). I then
assign x as the arrival time of the count. For the usual case normal
step, equation (30), I approximate the density by a discontinuous triangu-
lar density
@9 if 0 =56 sw

o' (6) =
B (2w-0) if w = © = 2w,

I choose @ and B for normalization,

2w

1= ,ro o‘(8) ao ,

and so that p' gives the same expectation value for live time within

the step,
2w W 1 W 2w ‘
<t > = J{‘ tpn(t) dt =-2-+.X-T = J‘ tp (t)dt.

o) e =1 o
These imply

-2 =1 (3 3 1

¥ == - Band B = 5 (XG i rraiy ).
w w e -1

This approximation transforms equation(29 to a quadradic equation, with
an exact solution for x. Figure 42 illustrates the validity of the
triangular response for A < 10 sec-l.

An ambiguity exists for counts arriving in steps which oceur
within (1..90-T) seconds after the telemetry becomes live. For A :ﬂl.Q,
the telescope had a reasonable chance of making one complete spin scan

before receiving the count. I treat this as any other count, but also

T e e L s e e e S
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Fig. 42 Probability density for the exact arrival time as a func-
tion of time past when the scaler step might have started.
Points represent the exact calculation; solid line repre-
sents the approximate function used in date analysis.
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add(T/6O)(l-e'kT) seconds to every sector.

For the direction of arrival I smear the count over all sectors
included in the step by adding the difference of the distribution
functions at the times corresponding to the end and beginning of the
sector.

Generally, I simply take A equal to the total counts received
divided by the 115.2 second energy channel time. Duriné a sun event I
use a different A for each of the first seven sectors, based on the
sun gate rate and the effective solar exposure for the sector. For
the remaining sectors I either correct the total counts for the solar
contribution, possible only during small events, or merely use a fixed
A based on the diffuse component count rates determined for each energy
channel during some preliminary analysis runs.

In the presence of charged particle fluxes greater than 36
sec-l the routine uses the rate determined by the sun gate for the
given energy channel, since the total counts will overflow the 12-bit
register in 115 seconds. When A = 20 sec-l the errors in solving
equation (29) and the breakdown of the assumption of a constant A within
a step cause systematic overestimation of the live time.

I calculate the expected live time and variance for each sector
energy channel, assuming A gives the true time average counting rate.
In the two minutes there occur 30 samples which may last 1.90 seconds

and 30 which may last 1.26 seconds.
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30[1.2 dt]
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% [& - 30 (e'lo9h + e'lo26)\)];
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c
]
A

ct

Y
'
A

Cf
Y
i

L [60 - 60r (1.96719 4+ 1,2671+20%)
A

. 30(e-zk(:L.9) '+ e-2A(1.26))].

The analysis program rejects sector energy channels for which the
deduced live time varies by more than 30 from <t >,

Figure 43 illustrates the discrete source contamination prob-
lems. The bottom line gives the fixed sector positions, the middle
line a set of step intervals. At various times a given step may start

-

anywhere within its own interval, thus ending anywhere in the next

interval. Thus steps k, k + 1, and k + 2 all contribute counts to
sector j. A discrete source on the scan plane 18o away from a step
ag’ edge can contribute 2 percent of its strength to that step. Thus, a
i strong source at point A can contribute to step k, and a source at C
to step k + 2, s0 a 760 band along the scanvplane must be free of

sources to assure that sector j has less than 1 percent contamination.
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Fig. 43 One percent of the counts from B may accumulate in scaler
steps k-1 or ktlh, and thus become smeared from bin j-i
to bin j+5. Sources A or C can contribute one percent of
their count rate to bin J. , , :
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