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ABSTRACT

Gamma-ray astronomy provides an opportunity to obtain information directly
related to the physical processes taking place within celestial objects; processes
that may also give rise to the energetic charged particle cosmic-rays. The de-
tection of celestial gamma-ray point sources may shed some light on the origin of

cosmic-rays.

The study of high-energy photons is necessarily a very new field of astro-
physics, because the short path length of the quanta in air makes it necessary to
place the observing instruments above the atmosphere. No y~ray point source has
been detected for certain; however, several significant upper limits to possible
sources have been obtained. One of the most likely sources, the Crab nebula, was
chosen for investigation in this experiment.

The detector developed for this investigation is a digitized spark chamber,
mounted in an oriented gondola and flown by balloon above all but a small amount
of the earth's atmosphere. The detector is triggered by a scintillation-counter
Cerenkov-detector charged-particle telescope, in the event that no charged par-
ticle has passed through the anticoincidence scintillator that surrounds the entire
detector.

Analysis of the data consists of examining each event recorded during the flight
for the pair-production events. The celestial arrival direction of each gamma-ray
is estimated by the bisector of the pair. The construction of the chamber with
many thin plates alternated with the spark modules allows a determination of the
gamma-ray energy in the 30- to 250-Mev energy range by the multiple scattering

technique.

Though no celestial source of gamma-~rays was detected, upper limits of 2.3
and 1.8 X 107* c¢cm™? sec were obtained for photons from the Crab nebula with en-
ergies 30 <g <100 andE > 100 Mev, respectively. The differential and integral
energy spectra of gamma-rays produced in the atmosphere at a depth of 3 g/cm 2
were obtained in the 30-250 Mev energy range.
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CHAPTER |

INTRODUCTION

Until recent years, ground-based observations in optical and radio astronomy provided the
bulk of available astrophysical data, but these observations give only very indirect information rel-
ative to the thermonuclear processes of energy release. Without an observable neutrino signal of
cosmic origin, it is impossible to obtain direct information on such processes. In 1958 Morrison
suggested another class of energy-releasing processes, important to stellar evolution, that might
be accessible to direct observation via primary cosmic-rays and energetic gamma-rays (Morrison,
1958). Because of the well-known isotropic nature of primary cosmic-ray charged particles re-
sulting from the interaction of the charged particles with the interstellar magnetic fields, observed
processes cannot be identified with a particular source region. Therefore, the study of energetic
cosmic gamma-rays—the detection of their sources and measurement of their spectra—offers the
best clue to the nuclear processes that take place within celestial objects and possibly give rise to
the energetic charged particle cosmic-rays.

In addition to point sources, there is undoubtedly a diffuse background of gamma-rays, as has
already been established for X-ray energies (Oda, 1965, p. 68, and Rossi, 1966, p. 383). The meas-
urement of such diffuse intensities (which would arise from mechanisms similar to those for point
sources) should provide important information about conditions in interstellar space.

Only recently has it become feasible to study energetic cosmic photons, since the interaction
length for high-energy electromagnetic interactions is approximately a radiationlength 40 g/cm™2
of air, corresponding to a height above sea level of about 80,000 feet. This makes it necessary to
make these photon observations from balloons or satellites, to avoid masking the events to be
studied by the interaction of primary gamma-rays within the atmosphere and (more important) by
secondary gamma-ray production by nuclear interactions of charged cosmic-ray particle primaries
within the atmosphere.

*Submitted to the faculty of the Graduate School of Arts and Sciences Of The Catholic University of America in partial fulfillment of the
requirements for the degree Doctor of Philosophy, 1967.



From known but rather uncertain parameters for conditions within the possible source regions,
we can predict the flux of gamma-rays to be expected at the earth's surface, from the various the-
oretically possible production mechanisms. For most mechanisms in the gamma-~ray energy range
above 30 Mev chosen for this experiment, the Crab nebula (Taurus A—a remnant of supernova
1054 A.D.) appears to be one of the likeliest sources to yield an observable flux; this source was
chosen for observation. High-energy (220 kev) X-rays, recently observed in the direction of the
Taurus A region (Peterson et al., 1966), promise a view of the more energetic gamma-rays. Pre-
dictions of the probable fluxes will be discussed in the next chapter.

Many experiments, using a variety of detection techniques, have been performed to search for
gamma-rays with energies greater than 30 Mev from several possible discrete sources (see
Perlow and Kissinger, 1951; Bracessi et al., 1960; Danielson, 1960; Cline, 1961; Klarmann, 1962;
Kraushaar and Clark, 1962a and 1962b; Cobb ef al., 1965; Fichtel and Kniffen, 1965; Kraushaar
et al., 1965; Duthie e¢f al., 1966; Frye et al., 1966, Frye and Smith, 1966; Frye and Wang, 1967;
Fazio and Hafner, 1967; Fazio, et al., 1967; Fazio and Helmken, 1968; Delvaille, ef al., 1968;

Frye and Wang, 1968; and Fichtel, et al., 1968), but no unambiguous positive results have been
obtained. In recent years the search has continued with detectors of increasing sensitivity, but
ultimately it will be necessary to perform the experiments on satellites., The background of sec-
ondary gamma-rays produced in the atmosphere in nuclear interactions induced by energetic
charged particle cosmic-rays sets a rather stringent limit of about 1075 photons cm™2 sec™ on

the observable point-source flux limit for photons with energies greater than 30 Mev in balloon
experiments, and makes a measurement of the diffuse intensity extremely difficult if not impossible.
No attempt was made in this experiment to measure the diffuse intensity. Many types of detectors
have been used in gamma-ray astronomy; Greisen (1966) has made a comprehensive review of the
techniques and problems encountered. The detector used in this experiment herein described is a
digitized wire-grid spark chamber that is placed in an oriented gondola and suspended from high-
altitude research balloons. Chapter III discusses the many advantages of this type of spark chamber

for gamma-ray studies in space.



CHAPTER 1l

GAMMA-RAY PRODUCTION MECHANISMS

1. Introduction

This chapter discusses the various production mechanisms by which gamma-rays with energies
greater than 30 Mev might be produced in source regions. On the basis of known physical param-
eters in the Crab nebula (Taurus A), estimates can be made of the flux levels from such a source
that might be observed on the earth. The possibility of observing the predicted flux levels will then
be discussed.

The mechanisms that may produce gamma-rays above 30 Mev (7 X 102! Hz) are well-known
nuclear and electromagnetic processes and have been reviewed by various authors in the context
of gamma-ray astronomy (see Morrison, 1958; Savedoff, 1959; Dolan and Fazio, 1965; Hayakawa,
et al., 1964; Garmire and Kraushaar, 1965; Ginzburg and Syrovatskii, 1965) Gould and Burbidge,
1965; and Fazio, 1967). The most important processes expected to occur within the Crab when
emitting gamma-rays at these high energies, appear to be: the decay of #°-mesons produced by
nuclear collisions within the source, bremsstrahlung radiation emitted by electrons traversing the
matter within the source, Compton radiation resulting from the collision of energetic electrons
with low-energy photons, and synchrotron radiation emitted by energetic electrons spiraling in
magnetic fields within the source region. The best estimate of the flux of gamma-rays that might
reach the earth will be considered in the following sections for each of these mechanisms.

2. 30-Mev Gamma-Rays from Synchrotron Radiation

Observations of electromagnetic radiation from the Crab nebula have been made in the optical,
radio, and X-ray energy regions; both the radio and optical spectral fluxes can be adequately ac-
counted for by synchrotron emission from energetic electrons traveling under the influence of mag-
netic fields within the source region. This explanation is supported by the strong polarization ob-
served in the optical continuum emitted by the Crab, and to a lesser extent in the radio emission
where polarization measurements are more difficult. However, unless energetic electrons are
produced or accelerated locally in great abundance, this is not a likely source of X-rays, much less
y=rays.

The energy radiated by an electron moving in an orbit of radius r; = E, /eH , is given by

(dEe> 2 84H12 Ee 2
dt /) ne 3 m2ct \m,c? ’ (2.1)




with a larmor frequency v, = el/2mm_ c. The energy spectrum peaks at a frequency

E, 2
i

<
144

(2.2)
E 2
~ 1.26 x 10° Hl(me C2> . (2.2v)
(See Ginzburg and Syrovatskii, 1964, pp. 366 and 367.)
Assuming a source intensity of electrons
_ - -
n, (E.)dE, = K _E, °dE, cm 3 , (2.3)
we can calculate the energy flux of synchrotron emission observed at the earth:
1 5]
F(v) = 47 J’f n, (EE)P(V, Ee)dEe drdQ ergs cm™? sec™! Hz7! , (2.4)
source Ee":h'l—’
vol.

where P(v, E ) is the energy radiated per second by an electron of energy E_ in a frequency inter-
val dv centered about . We may approximate P(v, E_) by

P(v, E,) = (ii)y SE -0.44v, (i;)i’ ' (2.5)

Inserting Equations 2.1, 2.2, 2.3, and 2.5 in Equation 2.4, we obtain

F vy = — jf_”m KE“F{2 e4H<Ee >2J5[ 0.44 <E ﬂd}z av
v - 3 v - v
¥,sync 47 52 e e 3 3 2 ; L 2 e SV
s source Ee=hu me ¢ mec ¢

me
vol.

K.V, H(reﬂ)/i (6. 26 x 1018>(r’-'—1)/2

v

= 1.98x 10723

52

ergs cm™ 2 sec™! Hz7! | (2.6)

where Vv,

is the source volume and H? ~ (2/3)H?. The essential feature of this result is that obser-

vation of a spectral flux at the earth of the form F, = ¢ v implies an electron source spectrum of
the form

n, = K E (7% (2.7



Consequently, if it can be assumed that such a spectrum continues to higher frequencies, an extrapo-
lation over several decades of energy will provide an expected X-ray and y-ray flux. However, the
probable lifetimes of the source electrons indicate that such an extrapolation may not be justified.

If field strength = 3 X 10+ gauss, (Shklovskii, 1960, p. 339), Equation 2.1 gives

dE E
= E 8.82 x 1071 ————
dt sync, e : (m C2)2

(3.37x 1071°E, ) /sec

1 .
7 sync (2.9)

For a given frequency of emission, Equation 2.2' gives

E. = 0.0262 yv Mev , (2.9)

€

which may then be inserted in Equation 2.8 to give Teyne Table 2.1 summarizes the results over
the major frequency ranges of observed fluxes, Table 2.1 shows that, under the assumptions made,
radio and possibly optical emission (within the errors of the estimates) may be due to emission by

Table 2.1

| I I A A | LI

Lifetime of Crab Nebula Electrons
Against Synchrotron Emission.

Category Radio Optical X-ray

Frequency (Hz) 1x 10° 6 x101%) 6 x 1017

OPTICAL OBSERVATIONS

sync (sec) 3.6 x 102 [ 4.6 x 10° | 1.4 x 108

LOG F, w m2hz")

energetic electrons produced at the time of the
supernova (913 years or about 3 X 101° seconds
ago). However, X-ray emission would have
depleted the supply of 2 X 1013 Mev electrons; — -
local production and/or acceleration of elec-
trons within the source region would be neces- 8 10 12 14 16
sary to have maintained X-ray emissionsince LOG »

the year 1054. Figure 2.1, depicting the break Figure 2.1—Plot of the log of the observed differential
in the power-law component of the observed intensity vs the log of the frequency. This graph is taken
spectral emission just below the optical from the work of Gould and Burbidge (1965).
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frequency, gives support to the numbers and
assumptions used to obtain Table 2.1, assuming
that the electrons giving rise to the lower-

. energy photons were generated at the time of

the supernova. Possibly, then, the break in the
spectrum at about 1014 Hz (which implies a
break in the electron spectrum at about 2.6 X 101*
ev) indicates the point at which energy losses
have severely depleted the primary electrons
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and second-generation electrons become impor-
tant. Since o, = 0.28 below 10'* Hz and about
1.09 above this frequency, this implies a change
in the slope I'_ of the electron spectrum from
1073 1.56 to 3.18.
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It is, of course, impossible to predict the
electron spectrum at higher energies; hence,
the most reasonable procedure is to extrapolate
FROST ET AL _| the observed photon spectrum to higher fre-
TT-T quencies or energies over the shortest possible
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energy interval. To do this we use the Crab

T
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-

X-ray measurements of Peterson, ef al, (1966)
in the 16- to 120-kev range. His results, shown
‘0_5] ! '““]lo B ']'(l,o b Ill]lOIJOO in Figure 2.2 along with other Crab X-ray ob-
PHOTON ENERGY (kev) servations, may be expressed as dNy/dEy = 3.7
E-1°! + 0.08, which extrapolated to higher en-

energies yields a predicted flux of photons, with

T

Figure 2.2—The measured Crab nebula differential X-ray

spectra and upper limits from the work of Peterson, et al. ] N -
(1966), Bowyer, et al. (1964), Clark (1965), and Frost, ~ energies greater than 30 Mev, of 4.4 X 107% cm™2

et al. (1966). sec™ !, The observed slope indicates a further

steepening of the photon spectrum at the higher
energies. The extrapolated flux requires a source of electrons with energies greater than 3 X 1014
ev (assuming a 3 X 107* gauss field). It is unlikely that electrons are available within the source at
these energies at a sufficient intensity to explain the observations by synchrotron emission.

3. 30-Mev Gamma-Rays from Bremsstrahlung

To estimate the special flux of photons emitted by the bremsstrahlung radiation of relativistic
electrons as they penetrate the matter in the source region, we will use the approximate expression
for the effective differential cross section (Fermi, 1955, p. 47) o, (E,, E ) dE, - (nm/X)dEy/Ey,
where m is the mass of the atoms in the gas, n is their density, and X is the radiation length. Then
the photon number flux to be expected at the earth is

_ e [ T, om
F%bf (EV) B 47 S2 E Ke Ee EyX Ee VO (2.10)
Y source
vol.



is the spectral flux of emitted photons. Thus

-
kK, ME, ®

F’y.br(E'y) = 47152)((1—:-—8—1) , (2.11)

where M denotes the total mass within the source. The cross section and Equation 2.10 show that we
are concerned with electrons with energies in the region 230 Mev, which by Equation 2.2' emits
photons of 10¢ Hz and above. This is in the region of radio emission; hence, by using Equation 2.6
and the observed intensity of radio emission, we may obtain K_. Using a radio emission flux density
of 1.7X1072% w m~2 Hz"! at 10% Hz (Ginzburg and Syrovatskii, 1964, p. 112), a source distance of
1.1 kpc, a field of 3 X 107* gauss, and with ' | = 1,56, we obtain K, = 9.45 X107° cm™3 ev™! In-
serting this value in Equation 2.11, with M equal to 2 X 1032 grams (Ginzburg and Syrovatskii, 1965)
and with X equal to 52 grams ¢cm~2 (Garmire and Kraushaar, 1965), the observed integral gamma-
ray spectrum at the earth should be 8.4 X108 Ey“°~56 photons cm~? sec™! for E, in Mev. This yields
a flux greater than 30 Mev of 1.3 X 108 photons cm ™2 sec ™!, well below the sensitivity of existing
detectors and measurements.

Sartori and Morrison (1967) have presented an argument in favor of the thermal bremsstrahlung
mechanism from a dilute and very hot plasma in the remnant supernova shell, to explain the ob-
served Crab X-ray intensities; the mechanism is not considered here, since unreasonably hot
plasmas would be required to produce photons in the hard gamma-ray energy region.

4. 30-Mev Gamma-Rays from Compton-Scattering

The importance of the collision of cosmic~-ray electrons with thermal photons in galactic space
was first pointed out by Feenberg and Primakoff (1948). More recently Felten and Morrison (1963)
have considered this mechanism as a possible source of galactic X-rays and gamma-rays. The
process can also be applied to point sources such as the Crab nebula.

The well known Compton-scattering formula for the interactions of an energetic photon with an
electron which is initially at rest is

€
, _ r
€ =

i 1+ (er/mecz)(l—césxr) (2.12)

in the rest frame of the target electron where y, is the photon scattering angle. In the earth's
frame

61' = '}’e 6,{7, (1 —/Be COS@) ’ (2.13)

where B_ is the velocity of the electron, y_ = E_/m_c?, and 7 -6 is the angle between the direction
of the primary electron and the direction of the photon before scattering.



Also, of course,

e = v.eq (1—,3e cos@’) , (2.13")

where 7 -6 is the angle between the direction of the scattered electron and photon, For isotropic
photon emission, and electron distribution,

For v, (eg/m, c?) <1, the Thomson cross section is applicable (Heitler, 1954, p. 35) and the dif-
ferential cross section is given by

1
dop = zr2(l+cos?y,)dn . (2.14)

The total cross section is therefore

2
87 8 e?
o = jdo.r = ?r2 = ‘3‘( 2> = 6.65 x 10725 cm?

ES = e - = 3 (2.15)

The longitudinal momentum of the electron is given (Ginzburg and Syrovatskii, 1964, p. 144) by

J— Z do
P' = < (1-cos8) 5—
T

1

€
T,
—_—
C

(2.15")



hence, the transformation to the laboratory frame yields for the mean energy transferred to a
thermal photon:

beg = = v (B <8, P))
_ €. E,
~ T Ve CPrI = - 2 (if ﬁe =1 and Er « me 02)
mec
E, 2
ST (me cz) ' (2.16)

Recall that ¢y and E_ are the photon and electron energies prior to scattering, in the laboratory
frame. Finally, then, for this case

1t

2.7 x 1072 ¥2 Mev sec™! | (2.17)

where th is the average photon number density and o, is the energy density of the photon field
which scatters the electrons.

For the case where v, (c;/m_ c?) <« 1, we obtain (Feenberg and Primakoff, 1948) - Ac; ~E,, and
the asymptotic form of the Klein-Nishina cross section

m, c? 2, 1
T\ €, In ;necz t 3 (2.18)

is applicable. The Compton energy losses by the electron are then

Q
]
ool

- (5 X con,, E, . (2.19)

To estimate the flux of photons expected from this process we use the procedure analogous to the
case for synchrotron emission discussed in Section 2. This gives

v
L) _ r.-1 —\[.-3/2 -(I,+1)/2
Fycome (Ey) = T3 Pon (1.8x 1071)(2.5x 103) x (<) KEEV(
= 3.6 x 10"71«:7"(11”)/2. (2.20)



where E,, isin ev, o, the photon energy density in ev ecm™3 is taken to be 1.7 (Garmire and
Kraushaar, 1965), ¢; is about 2 ev, and the remaining units and constants are the same as before,
For I', = 1.56 this yields an integral spectrum of 5.4 X 1078 E "%-28 cm™2 sec™!, where E,, is the
photon energy expressed in Mev. The resulting photon flux above 30 Mev at the earth would be
2.1 X 1078 ¢cm~2 sec™ !, again below presently detectable levels.

Equation 2.16 shows that Compton processes are more efficient when the average photon
energy is higher, as in the hot plasma region suggested by Sartori and Morrison (1967) but the
assumed Maxwellian distribution of electrons at a temperature of 40 kev is not enough to produce
photons efficiently by the Compton process in the gamma-ray energy region, unless a much higher
temperature plasma is invoked.

5. 30-Mev Gamma-Rays from Pion Decay

The production of pi-mesons in the high-energy nuclear interactions when energetic cosmic
ray particles traverse matter is awell known and studied phenomenon. It is precisely this process
occurring within the terrestrial atmosphere that led to the discovery of the pion. The process also
occurs within such sources of relatively high-density matter as the Crab nebula, giving rise to both
charged and neutral mesons. The uncharged mesons constitute roughly one-third of the pions that
are produced and that decay by the process

0y by,

where each of the gamma-rays carries off 67.5 Mev in the rest frame of the #° and an energy be-

tween 67.5 y(1-5,)/(1+ 8,) and 67.5 y(1+ 5, )/(1-4,) in the laboratory system; 3, is the velocity
of the »°.

The pions result primarily from nucleon-nucleon collisions; therefore, in order to estimate
the pi-zero decay contribution to gamma-ray flux, we must know the energetic nucleon spectrum
within the source region as well as the matter density. Unfortunately, there is no direct way to
estimate the nucleon spectrum for the Crab nebula; an indirect method must be used which gives an
upper bound to the expected flux at the earth. This approach necessitates assuming that the syn-
chrotron electrons now observed have been continuously produced since the time of the supernova
by nuclear interactions that also formed neutral pions. The observed radio emission may be used
to estimate the electron spectrum and (through the particle kinematics) the pion spectrum.

The electrons arise through the decays

and

pf—'e*+2v.

10



In the pion decay the muon carries off only 4 of the available 30-Mev kinetic energy; hence
we can make the approximation E, & (m,/m ) E,. In the muon decay, the electron rest mass is

negligible compared to the available energy; hence, the electron and neutrinos behave alike kine-
matically, allowing the approximation

._.
|
wl =
N
al 2
*®
S——
at11

E %jEﬂ_

e

-r
Thus, given a pion production spectrum X E_ " dE_ /T, we may obtain an electron production spec-
trum from

where the 2/3 factor occurs because of the requirement for charged pions. Function f(Ee, E, )may
be approximated by

resulting in

- 8 Ut T
K.E °dE, X 3K, (4 ° E, °dE, . (2.21)
Therefore K_ and K, are related by
K
e 8 -.-1
X, -3 ) (2.22)

If the pi-meson production spectrum is given by q,, (E,,) =K, Eﬂﬂr"/f with the neutral pions de-
caying into two photons, we may approximate the resulting photon spectrum by assuming that one-
third of the pions are #°'s, which decay into two gamma-rays, each with energy E,/2. This gives
a photon production spectrum of

1 T,- -r
a,(E,) * (2 ° 'K, E, "/T : (2.23)

where 7 is the age of the nebula. These assumptions lead to a predicted differential flux at the earth
of

-1
V, K, (2) ¢ r
0 e
O(E ) = 5 a (E = - E e (2.24)
Y 4 s YAy 16m2 s2r Y
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Using the same values for the parameters as before, this gives a differential flux at the earth of
1.9%x107* E "% cm™? sec”! Mev "', The integral flux is thus 3.5 X 107% E"°'5¢ cm™2 sec™! giving
an integrated flux above 30 Mev of 5.2 X 107° cm™ sec™!. It must be stressed that this is an upper
limit to the flux estimate from this process, since the lifetimes given in Section 2 indicate that
there may be a major contribution to the electrons within the Crab nebula from electrons formed

during the initial explosion.

6. Summary

To establish whether the flux estimates obtained in these considerations are detectable within
the present state of technology, it is necessary to define a detectable flux. The minimum detectable
point source flux may be approximated by using the formula given by Greisen (1966), where the
limit is given by

I b 0172
F oo = NU[-%—] : (2.25)

where I, , is the diffuse background gamma-ray intensity, At is the area-time factor for the
detector, o is the efficiency of the detector for gamma-ray detection, (2 is the solid-angular resolu-
tion of the detector system, f is that portion of t during which the detector is live, and N, is the
signal-to-noise factor required to define a detectable flux. (Equation 2.25 assumes a nearly perfect
anticoincidence system for discriminating against charged-particle cosmic-rays.) Letting N_ equal
5 and using the values for the detector system discussed in Chapter IIT (and typical of those applying
to present day balloon detectors) gives

= 1.6 x 107° cm™2 sec™! . (2.26)

Fy,min

From the possible production mechanisms discussed, only the extrapolated observed power law
spectrum and the 7°-decay contribution seem likely to provide a detectable flux as summarized in
Table 2.2. Unfortunately, it is these mechanisms that are the most likely to be overestimated,
possibly by a substantial amount. How-
Table 2.2 ever, these flux estimates should not be
Predicted Gamma-Ray Fluxes from the Crab Nebula. taken too seriously, since the estimates of

— i the electron spectrum, field strengths,
hani Predicted F (E, > 30 Mev) . .
Mechanism (cm~2 sec-1) source distance, photon energy density,
- - and all other parameters required in the
Extrapolated X-ray spectrum 4.4 x107% calculations are based on very indirect in-
Bremsstrahiung 1.3 x 10-8 formation and, if different assumptions
Compton scattering 2.1 x 10-8 were made concerning conditions in the
Neutral pion decay 5.2 x 10-5 source region, could greatly alter the es-
. timates. Admittedly, the prospect of
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locating a detectable source is discouraging, with existing levels of detector sensitivity. Never-
theless, the search for a gamma-ray flux should go on, with such increasing sensitivity as the
technology allows, This is because of the importance of astrophysical data that can be obtained
only through this mode of radiation. Furthermore, the possibility always exists that unexpectedly

intense flux levels might be encountered.

,—gﬁ—éﬂ%’
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CHAPTER Il

THE DETECTOR

1. Introduction

In the gamma-ray energy region chosen for examination, E > 30 Mev, the dominant process
lending itself to the detection and study of energetic photons is pair-production (Figure 3.1). The
measurement is to be made in a veryhigh back-
ground of charged particles as well as a signi-

U L] T v Tt e T T v rrT

INTERACTION COEFFICIENTS FOR GOLD

ficant background of neutral induced events and 1.0 Ny= Nge** (x in radiation lengths) .
albedo gamma-rays; this requires a picture- 08k u PAIR
type detecting apparatus, to identify the pair-

0.6 4

production event and study its properties. At
. . . p PHOTOELECTRIC
present there are four types of imaging devices

INTERACTION COEFFICIENT

0.41 -
that might be considered: the cloud chamber,

bubble chamber, nuclear emulsion, and spark 0.2r 4 COMPTON i
chamber. 0 n L LT v el L aoan

1 10 108 103 10
GAMMA-RAY ENERGY (mev)

The cloud chamber and bubble chamber are
Figure 3.1—Gamma-ray interaction coefficients for gold.

not adaptable to space flight (though one cloud The data are taken from Rossi (1952, pp. 77-86).

chamber electron experiment has been flown

successfully on balloons—Earl, 1961). Both are

heavy and bulky and extremely sensitive to the environmental extremes encountered in space flight.
Worse still is their excessive dead time and the bubble chamber's lack of trigger capability. The
nuclear emulsion has been used with some degree of success in gamma-ray astronomy in several
experiments (Rossi, 1952, pp. 77-86; Svensson, 1958, p. 347; Bracessi and Ceccarelli, 1960; Klar-
mann, 1962; Fichtel and Kniffen, 1965; and Frye, Reines, and Armstrong, 1966) but this device
lacks time resolution, being continuously sensitive from the time of manufacture until develop-
ment. This results in a large background of both charged particles and gamma-ray-induced pairs,
making the nuclear emulsion suitable only for searching for point sources and then only when ac-
curately oriented so that the solid angle subtended at the emulsion by the source is small. Though
emulsions offer good spatial resolution, this technique has reached its useful limit for balloon flight
experiments except when used in conjunction with some device to provide time discrimination. For
satellite experiments, in addition to the need for recovery, emulsion experiments must cope with
the very high background accumulation from trapped radiation as the spacecraft passes through the
belts.
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The remaining imaging detector now available for application to space research is the spark
chamber. In principle, a properly designed spark chamber can meet all the requirements of a good
gamma-ray detector: to provide a pictorial image of the pair production (a protection against
phenomena with a false resemblance to gamma-rays); to give reasonable angular resolution of in-
coming gamma-rays; to offer a large solid angle to detect ambient radiation over large regions of
the sky; to provide energy resolution by observing the pair opening angle and multiple scattering
of the electrons; and to give accurate time resolution. For these reasons a spark chamber was
chosen for the detector in this experiment.

As explained later, it will ultimately be necessary to practice gamma-ray astronomy from
satellites. Since most scientific satellites are non-recoverable, photographic chambers are es-
sentially eliminated. Of the remaining types of spark chambers, a direct digital readout device
requires the least amount of on-board data handling and thus is more reliable, weighs less, and
takes up less room. Also, a digital device does not need an optical path between the plates through
which to view the sparks; this allows narrower plate spacing. A narrower gap has several ad-
vantages. Spark formation needs less applied voltage, and need not have the energy to provide a
photographic image; this means lower power requirements and less electrical noise. More spark
modules may be stacked in a given height; this gives more track information for a given opening
angle of the detector. For these reasons, a digitized wire-grid spark chamber was chosen for this
balloon experiment—which is to serve as a first-generation phototype for an eventual satellite

experiment.

The digitized spark chamber has several other advantages over photographic types, even in
balloon experiments. There is no need to carry large amounts of film. There is a built-in fiducial
system; this does not require the careful attention that must be given to alignment of mirrors when
installing a fiducial marking system, as with optical-type chambers. Finally, there is little
"spark robbing," a phenomenon that often occurs in optical-type chambers when an electron pair
is recorded. Such robbing occurs when more energy is dumped in one spark (presumably the one
which reaches breakdown first) than in the other, rendering the latter unobservable by optical

imaging.
The following sections deal with the stages of development that led to the adoption of the final
flight configuration of the digitized wire-grid spark chamber.

2. Module Development

The basic element of the spark chamber is the spark module. The early development of the
spark chamber to be used for this experiment began with a detailed study of the operating char-
acteristics of the individual module. The original concept as pictured in Figure 3.2 had a six-
inch-square active area consisting of a wire-grid anode on either side of a negatively pulsed
cathode plate, with a plate~to-wire separation of 2.36 millimeters.

The wire grid consists of 128 parallel 0.18-mm beryllium-copper wires, separated by 1.1 mm.
Each wire is held under 20-ounce tension and is ultrasonically welded and soldered to copper pins
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imbedded in terminal strips epoxied to both ends
of the frame. The frames are machined from
glass-bonded mica, which was chosen for its
low-outgassing properties; this was to minimize
gas contamination for long-term operation with-
out the need for flowing gas. At one terminal
strip the wires areterminated at the pins; at the
opposite terminal the wire continues past the
pin, is passed through the ferrite memory core,
and is attached to one side of a resistor, R,. A
lead passes from the other side of the resistor
to a common ground strip. The core readout
scheme will be discussed later in this chapter;
basically, the core is set when a spark occurs
and current flows from ground through the core
and the spark to the plate. This occurs on both
sides of the plate and, since the grids are ortho-
gonal, both an x and y coordinate track location
are obtained for each module.

Figure 3.2—Preliminary design of spark module, with
) ) . one plate sandwiched between two grids. Sparks occur
needs a brief review of the spark discharge pepyeen grids, at ground potential, and plate at high

mechanism. An energetic charged particle negative potential.

passing between the plates of the chamber will

produce, by ionization along its trajectory, N, p electrons per centimeter, where N is the number
of electrons produced per centimeter at 1 atmosphere, and p is the number of atmospheres. These
electrons are then accelerated in the applied field Vp/ff",, producing additional electrons at a rate
given by Townsend's first ionization coefficient (Meek and Craggs, 1953, pp. 11-12), per centimeter,
until, at a distance x from the point of the original electron, e’ electrons have been produced.
Since the electrons move much more rapidly in the applied field than the ions, a space charge field
E, is created. According to Raether (1964, pp. 78-79), and Meek and Craggs (1953, pp. 255-257),
with a sufficiently high applied field this process continues until the space-charge field (which aug-
ments the applied field in the region of the avalanche head) is comparable in magnitude to the ap-
plied field. At this point, the field at the center of the avalanche head is significantly reduced, and
recombination due to the high density of electrons and ions present at that point leads to secondary
photons. The photons produce photoelectrons in the gas surrounding the avalanche; this leads to
more avalanches, particularly along the axis of the original avalanche where the field is enhanced.
In this manner a self-propagating streamer occurs with sufficient ion-electron density to maintain
current flow until the applied voltage is removed. The number of secondary electrons N = e“T"c re-
quired to produce a streamer seems to be of the order of 10 °% hence o x_~ 20. This value of N re-
quired is extremely uncertain and depends to a large extent on the parameters of the particular
spark chamber, but o, x_is quite insensitive to N and may be considered a constant. The quantity
x_, as defined above, is termed the "critical distance' for streamer formation and must be less

To discussthe choice of sparkgas mixtures
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than £, the gap width, if a streamer is to be formed. In fact, it is the excess of € over x_that de-

termines the spark efficiency given by
= 1 - eNOP(’E-xC) )

Clearly, to obtain maximum efficiency it is necessary to maximize N, and p and minimize x_.
Since x_ = 20/a,, a gas should be chosen with maximum o, but, for a spark to occur at all o,
must be greater than 20/4. For small gap separations such as the 2.36 millimeters used in this
chamber, a gas must be chosen with the maximum possible a.. Fortunately a Penning mixture
(Druyvesten and Penning, 1940) of neon with one percent argon has an o, of about 200 cm™ or
more (much higher than the 42 cm™! of neon alone), providing reasonable spark efficiencies in the
present chamber with peak applied voltages of the order of one or two kilovolts. Because of the
availability and cost, a mixture of 90-percent neon and 10-percent helium is used in place of pure
neon. Testing various gas mixtures has failed to improve upon this mixture except for an addi-
tion of one-half to one percent ethanol to suppress spurious (non/particle-track-associated) spark-
ing by absorbing stray photons.

Figure 3.3a shows the simplified pulser circuit used for pulsing the plate. The development
program consisted of operating the basic modules while varying the gas mixture; the applied high
voltage; and components R, Ry, R, and C,~—to obtain optimum spark characteristics. The desirable

characteristics include high single and multiple

——T—J'\ ———w— f spark efficiency, low spark spreading (spread-
Co
Va $
<

ing refers to the number of cores set per spark),

. 4 v high x-y efficiency (sparks where at least one x

/ Y > Ro T Ce i and one y core are set), and low spurious spark-
l L ing. Analyzing the circuit in Figure 3.3a gives a
reasonable approximation to the high voltage-

() Charging circuit time profile appearing on the plate:
VA 1 ayt —a_t)
- _ L Vp(t) = Cprﬁ a_-a, (e e
=Co Ro Ve :F Cp $Rw
+ +
l where
RL<< Ry _1 Rzt R . 1
Oy 2 (\R, Ry C, " Ry C,
(b) Discharging circuit
Ry + R
Figure 3.3—Simplified charging and discharging circuits " /<LT° ;1 ) 4
with V, the opplied high voltage, C; the charging ca- Ry R Co " R2 G Ry R, G, G,

pacitor, R, the charging resistor, Ry the tuning resistor,
C_ the module capacitance, R, the wire termination
resistance, and V, the resultant voltage appearing across
the spark gop.

and resistances are in ohms, capacitances in
farads, and time in seconds. V, is the high

18



LN T T B B |
VA= 2500 VOLTS, Cp =175 pf

voltage applied to the anode of the pulser tube, 2000
v, the resultant voltage appearing on the plate,
and C, the measured capacitance of the module. 1900 Re=150 .

Figure 3.4 shows some calculated voltage pro-

1800 Ry= 450 ~

files for typical operating parameters. The
actual voltage pulses vary somewhat from the

1700 .
curves because of stray inductances. For the
most part this results in slightly longer rise 1600 -
times than calculated, and in some ringing.
7 15001 ~
The circuit parameters shown in Figure 2
3.3a were chosen so as to optimize the voltage > 1400(] .
profile appearing on the plate. The nature of the 1300
circuit is revealed more clearly by analysis for
Ry = 0. This gives 1200 4
C, e/ Ry (CotC 1001 i
Vo 7 VA<C0+CP>e 0 (Fo7%)
1000 ~
Thus the circuit acts simply as a capacity volt- 900 Ll

- . . c s 0 20 40 60 80 100 120 140 160 180 200
age divider; since Ry is rather small, this is not

a bad approximation for Ry # 0. Sincec, is

fixed (specifically measured to 400 pf for the Figure 3.4—V, vs time for three typical sets of
circuit parameters.

T (nanoseconds)

module described above) it is advantageous to
make C, as large as possible relative to C,
consistent with fast rise times. A value of 1000 pf is used. This is perhaps somewhat low for the
module considered here but, as will be seen, modules are now being used which have a still lower
C,. C, must, of course, be large enough to give the spark enough energy to set the cores; 1000 pf
easily satisfies this criterion, since only about 0.003 joule is required to set a core. Ry (never
more than a few ohms) is used to tune the circuit for the desired voltage profile and peak voltage,
once the other parameters have been selected on the basis of the other given factors. Figure 3.4
shows how V, is affected by changing Ry, the other parameters being constant. The value of R, is
chosen so as to allow the voltage pulse to remain on the plate for a long time compared with the
spark formation time (about 60 nanoseconds), but if R, is too large, spurious sparking, spark
spreading, and edge breakdown will be enhanced (150 ohms has been found quite satisfactory).

The simplified pulser circuit does not show R, since 128 of these resistors in parallel have
very little effect on the voltage pulse shape; but they play a very important part by increasing
multiple spark efficiency once a spark has occurred. The problem of multiple spark efficiency
exists because of jitter in the spark formation time due to statistical fluctuations in the
avalanche formation. Such a jitter causes one spark breakdown to occur before another, even
when the primary ionization is produced simultaneously, as in the case of an electron pair.
Schneider (1963) has calculated this time jitter for various numbers of ion pairs produced in
the gap. Observations have shown that, for the module considered here, the maximum efficiency,
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given by n = 1 - eN"p{, is about 85 percent. This gives N, p as about 8 ions per centimeter. The
average number of ion pairs formed in a gap, 4, is given by (n.) = N, pl~ 2. Schneider's results
give A7/7 = 0.15, where 7 is the average normalized spark formation time defined by 7 = tsf/to.
Here t_, is the actual spark formation time, which according to Fischer and Zorn (1961) is about
60 x 107° seconds for this case, and t is the mean time between ionizing collisions. Hence A7

= Atsf/to; therefore At_, ~0.15 (60 x1079) seconds = 9 nanoseconds. The discharge circuit in
Figure 3.3b, if Ry <<R , gives

Ry R,
Discharge time = 7, = (C0+Cp) m :

Table 3.1 gives values of At_, for different values of C, and R, (with ¢, = 1000 pf, and R, = 150
ohms). For the module under consideration, C, = 400 pf, so R, should be at least 56 ohms to give
a long voltage decay time as compared with the 9-nanosecond multiple-spark jitter time.

The module design so far discussed did not give a reasonable x-y efficiency, no matter what
circuit parameters were chosen. Because of the jitter in spark formation time, the spark that
forms first on one side of the plate tends quickly to drain the charge in the vicinity of the spark,
effectively reducing the field on the opposite side of the plate. In practice, this severely reduces
the probability of spark formation on the opposite side. The maximum x-y efficiency obtainable is
about 60 percent. For this reason a module
using wire planes for both the anode and the
cathode was developed.

Figure 3.5 shows a wire-grid to wire-grid
module constructed in the same manner and
using the same frames as before, with the two
grids strung orthogonal to each other onopposite

Table 3.1

Mean Difference in the Spark Formation Time for
Two Simultaneously Produced Tracks.

Cp R, At ¢
(picofarads) (ohms) (nanoseconds)
400 10 14
400 56 57
400 100 84
175 10 11
Figure 3.5—Wire-wire spark module with core trays
L 56 48 mounted along two sides. Spark discharge occurs be-
175 100 70 tween wire planes. The planes consist of 128 parallel
wires, orthogonal to wires on the opposite side of the
C, = 1000 R, = 150 frome.
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sides of one frame, giving a 2.24-mm spark plane separation. A problem immediately arises: the
high voltage must now be carried to the high-voltage grid by leads that pass through the ferrite
memory cores. As will be discussed in the section describing the readout scheme, two additional
leads at ground potential that connect to the readout electronics must also pass through the 0.76-

mm-diameter core orifice. The high voltage must not appear in the electronic circuits, or component

failures will result. Using Nyclad insulated wire and carefully potting the core orifice with sili-
cone potting compounds appears to be sufficient to prevent such breakdowns, even in a neon en-
vironment. Another possible mishap is the false setting of cores as the high voltage is applied to
the grid; fortunately, the 0.1 ampere flowing through a given core for the 15-nanosecond pulse rise
time is well below the threshold for setting a core (about one ampere flowing for one microsecond).

The attractive feature of this type of module is that the spark current flows from the ground
bus, through a core on the grounded grid to the high-voltage rigid, through a core on the high-
voltage side to the high-voltage bus. Thus the spark current is continuous through cores in both
decks, which ensures a 100-percent x-y efficiency. With this problem eliminated, R, can be
made large enough to ensure a high multiple ef-
ficiency, though the tendency for increased

100 —_
spreading limits the value to about 100 ohms. A/é:

. . . 90| -_
Figures 3.6 and 3.7 show results obtained in o/%—
module testing at a series of applied voltages 80~ / o

and pressures, with R, equal to zero and 100 70

ohms, respectively. In both cases the gas mix- sol-

0 a

ture consists of 89.5-percent neon, 9.9-percent

helium, 1.0-percent argon, and 0.5-percent a 25 Psl

EFFICIENCY (percent)

alcohol (by pressure). For a given pressure, 40— Q 22 psi

the applied voltage should be maintained slightly ol © 147 Bl

above the efficiency knee at the beginning of the sl

plateau, since spark spreading reaches no such

plateau, at least within the range of applied 10

voltages tested. Figures 3.6 and 3.7 show that oM s s ey e TS 2

the highest efficiency and lowest spreading are PEAK APPLIED VOLTAGE (kv)

obtained when R, = 0; however, as already ex- (a) Efficiency

plained, 100 ohms is used to maintain the high

multiple spark efficiency needed for observation é o 4

of electron pairs. i%@ 3 _
"
g& 2 _—o° .

The circuit parameters applicable to the 3 —O0 Q=R

1

{ i
7
wire-grid to wire-grid module are c, = 1000 1.2 1.3 14 1.5 1617 1.8 1.9 2.0 2

pf, ¢, = 175 pf, R, = 100 ohms, R, = 150 ohms, PEAK APPLIED V(_)‘-TAGE (kv)

and Ry = 22 ohms. Thus the applied voltage (©) Spreading

profile and spark formation time jitter may be - 3.6—Effici g gi functi ;
. . igure 0= 1iciency and spreading as g tuncrion o

obtained from Figure 3.4 and Table 3.1. The peak applied voltage for a module with no wire termino-

175-pf C, applies to the case where gold plates tion resistors.
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areplacedon either side of the module, 2.36 mm 100
. . . AA/—
from the grids, and left floating electrically. 90— b
This is the situation in the assembled detector, %0 R o
as described below. / ©
70 /EI
3. Detector Assembly 8 b o D/
< a

The spark-chamber assembly consists of a ; 50—
stack of 30 individual wire-grid two-coordinate G | S
(x-y) modules. Because of the obvious ambi- E a 25 PSI
guity of properly associating two or more x 30~ O 22 psl
readings with the proper y readings, two of 20— O 14.7 PSI
the modules contain wires arranged at 45 de-

; . . . 10—
grees with respect to the wiresin the remaining
[4 I i 1 1 I 1 !

modules. The 45-degree grid module consists M s e T e T 7o
of a grid-plate module, in preference to the
wire-grid to wire-grid modules used on the 30

PEAK APPLIED VOLTAGE (kv)

o

x-y grids.

IS

N4
=
Between each module is placed a pair con- %%g 3 o/ //
verter consisting of 0,02 radiation length of gold géi 5 D/D’AA
plated on a structural layer of 0.18 mm (0.002 % o e”
radiation length) aluminum. Using many thin 1 /’]"2 ]_‘3/ ; ;’?f;ﬂ " ].‘7 ]fg e 50
converters allows observation of the created PEAK APPLIED VOLTAGE fkv)
pair near the apex, before their passage through
large amounts of scattering material. This ar- Figure 3.7—Efficiency and spreading as a function of

rangement retains a maximum of information on peak applied voltage for a module with R, = 100 ohms.

the arrival direction of the gamma-ray, together
with enough high-Z material to provide pair conversion. Furthermore, once the pairs are formed,

the plates may be used as scattering cells to obtain information on the electron momentum and
hence the energy and arrival direction of the parent y ray. The next chapter will discuss the
quantitative details of the scattering.

The total of 32 active spark modules and 30-pair-converting plates is divided into two identical
spark chamber units of 16 spark modules and 16 plates, each with a 45-degree grid on the bottom.
The two units are stacked one above the other and separated by a thin (4.78 mm) 15.24-cm square
Pilot B plastic scintillator, which is used as one element of the triggering telescope. A quartz-
faced Cerenkov tube, 12.7 cm in diameter, is placed beneath the bottom chamber to complete the
telescope. The photo cathode of the Cerenkov tube has a radius of 10.2 ¢cm which defines the area
of the bottom element of the telescope.

Figure 3.8 shows the assembled detector. Many of the support components to be described in
later sections are mounted on the side of the detector. These include the high-voltage pulsers,
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magnetic core trays, central scintillator light
pipe, and the sense amplifier and shift register
circuits used in the readout. Mounted beneath
the detector is most of the readout electronic
circuitry.

The entire chamber (excluding the Cerenkov
detector and the electronics below it) is her-
metically sealed within a stainless-steel cylin-
drical container with a hemispherical dome.
The spark gas is confined within this shell,
which is designed to withstand pressure differ-
entials ofup to at leasttwo atmospheresbecause
of the near vacuum at balloon-flight altitudes.
A thin (0.508 mm) aluminum port, 12.7 cm in
diameter, in the bottom plate provides a window
through which the Cerenkov detector may view
the chamber area. In addition, two hermetically
sealed bulkhead connectors provide for inter-
connecting electronic leads through the inter-
face. Finally, a port in the bottom bulkhead
plate provides for evacuating and filling the in-
ternal chamber with spark gas.

The entire chamber and container are sur-
rounded by a Pilot B plastic scintillator dome,
16-mm thick, which is viewed by six phototubes.
The output of the dome is placed in anticoinci-
dence with the coincidence telescope to guard

against incoming charged particles. Figure 3.9
shows schematic view of the detector assembly
with the anticoincidence dome.

Figure 3.8—Assembled spark chamber.

Several kinds of events might falsely trigger the anticoincidence-coincidence conditions. The
most likely is the possibility of a leak in the anticoincidence dome, allowing charged particles to
pass through the telescope and trigger the chamber. The anticoincidence counter must have ex-
tremely high efficiency, since the ratio of the charged-particle intensity to the gamma-ray intensity
at typical balloon altitudes and latitudes is of the order of 10°. Laboratory tests have shown the
efficiency for anticoincidence to be at least 10 %, and flight data have shown it to be better than
that. Other false triggers might be provided by: (1) electrons resulting from the decay of muons
whose lifetime exceeds the anticoincidence gate, (2) downward scattering of low-energy electrons
penetrating upward through the bottom which is unprotected by anticoincidence, and (3) neutral in-
ducted interaction secondaries—charged particles and gamma-rays—produced within the anticoinci-
dence shield. All of these contributions can be eliminated by careful analysis of the pictorial
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spark-chamber presentation. The

main necessity is to minimize false

triggers and hence maximize detec-
~ GUARD SCINTILLATION  tor live time. The most serious con-

\, —{opening angle) -/
A

CUTAWAY OF- - COUNTER tribution to detector dead time is the
UPPER SPARK -
PR o type-(3) event.
{wires not to
scale) SCINTILLATOR AND The energy and direction of ar-
LOWER SPARK— LIGHT PIPE HOUSING ; i
rival of the incident gamma-ray that
CHAMBER LIGHT PIPE 4 the ob g a-ray .
 PHOTO-MULTIPLIER produces the observed pair are ob-
TUBE HOUSING tained by analyzing the vector momen-
tum of the pair. It is necessary to
B know the pair production efficiency of
PHOTO-MULTIPLIER - L I ?S;)ETO‘MULT'P‘-'ER the detector, the mean angle of scat-
TUBE e | : .
L | LERENKOV COUNTER tering of the electrons, and the dis
] HOUSING tribution of energy in the two elec-
trons. These processes and their
Figure 3.9—Complete detector assembly. measurement will be discussed in the

next chapter. It will be shown that
each of these combines to reduce the angular resolution and detection efficiency as the energy of
the primary photon is reduced. However, since energy can be at least roughly determined, these
effects may be separated into energy bins, where the sensitivity and accuracy of the measurements

increase with energy.

4. On-Board Data Handling System

The data system consists of a buffered memory readout system, a housekeeping data handling
system, and a tape mulfiplexer and recorder. Each of the 30 wire-grid decks contains 256 cores;
also, each of two 45-degree grids contain 128 cores. This makes a total of 7936 cores to be read
out. Each core is threaded by three wires: the spark wire, previously mentioned, which carries
current to set the core; a reset wire, threading 32 cores, one per module, and carrying current to
reset the core; and a sense wire, threading all 256 cores of one module, and sensing a core change
of state. Figure 3.10 shows the three-dimensional readout scheme.

Each of the current sources provides a 0.8-ampere, 1-microsecond pulses through one of 16
columns of cores selected by the grounding-circuit select system. Hence, by means of one selected
current pulser and one selected grounding circuit, the contents of a column of 32 cores are coupled
to their associated sense wires. These sense wires are, in turn, transformer-coupled to 32 sense
amplifiers which detect the 0.5-volt output pulses from the set cores as they are reset. The output
of the sense amplifiers is then transferred to a 32-bit shift register.

The readout is initiated by an output from the anticoincidence-coincidence telescope. A mil-
lisecond delay allows the spark transients to die away; then all scalers are set to zero, the shift
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register is cleared, the first reset wire is fired, %

and the outputs of the first column of cores is 16 PULSE SOURCES p
loaded into the shift register. As depicted in D____B _____ 7
Figure 3.11, shift pulses are counted until a set \ore: - /
core is found; at this point, counting and shift- ﬁi'g%LEEQS%m%NN 128 x wires [
ing are inhibited until the core address is re-  BUSES NOT SHOWN, A i =
corded. After 32 shift pulses, the second wire _ 5/ 1 77
is fired and the outputs of the second column of | Litees T/ &
cores is stored in the shift register. The proc- 7 P ,ﬁ;ﬁ\ //
ess repeats until all cores are examined. The o i _' p ,3/2/"0 < of
shifting occurs at a rate of 8192 cores per sec- | SE;‘\ISEE feores -1 - - wire—\t’vireD
ond, and on the average an additional 1/28 second | 128 ;'TN"“[;?S‘
is required to record the address of a set core. } == &
Hence the total time required to read out an im 7
event in which n_ cores are set is (1 + n_/28) Lg“:g \$§5” 724
second. In a typical event in which 84 cores f:g \,{b’k ///
might be set, 4 seconds would be required to E ‘/{%‘ — =i ///
read out and record the event. Ej  ones # "/_/_ . i///
_ i
During the readout time, the chamber is in- e |

hibited against further coincidence signals until E[}E:F _____ 4J__F £
the entire core array has been read out and re- 16 PULSE SINKS

corded. Thus readout time represents deadtime
Figure 3.10—A three-dimensional representation of

for the chamber. Since the neutral-particle the core readout scheme.

event rate at ceiling is about one count per sec-

ond, the live time is only about 22 percent of the

elapsed time; a somewhat low but acceptable value. The live time for future flights will be in-
creased as follows: the solid angle of the coincidence telescope will be restricted so that parti-
cles entering the detector opening angle are accepted but particles resulting from neutral parti-
cle interactions in the side walls are rejected. Also, excess material at the top of the detector,
which might produce such unwanted neutrals, will be eliminated.

It is also desirable in aiding the analysis to record other peripheral data, herein called '"house-
keeping' data. Table 3.2 lists the 16 housekeeping parameters recorded, together with the associ-
ated accuracy. Both digital and analog data are recorded. The system provides eight channels of
digital pulse counting and an eight-position analog multiplexer and analog-to-digital converter.

The binary accumulators are 8 bits in length, providing counting accuracy of one part in 256.
In three rates, digital prescalers are provided to scale down counting rates so that the accumula-
tors will not overflow during the counting interval. One of the accumulators serves as a live-time
counter, which counts elapsed time but is inhibited while the detector is being read out. The analog-
to-digital converter is also accurate to one part in 256; monitors voltage transducers for the tem-
perature and pressure functions.
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Table 3.2
Spark-Chamber Housekeeping Channel Allotment.

Maximum Rate
(rates)

Channel Number | Subcommutation Number Parameter
Accuracy (analog)
(counts per second)
0 A Counter rate 65,536
1 B Counter rate 1,024
2 C Counter rate 1,024
3 A . B rate 256
4 A.B- Crate 256
5 B . C rate 256
6 A . C rate 256
7 Detector live time
8 Course magnetometer
<
9 Fine magnetometer ‘.;
10 Jet time (on-time) 3
el
<
11 0 A-dome phototube temperature S ES
1 Ambient temperature >q
2 Chamber temperature o i
3 Electronics temperature ®
n ®
12 Pendulum magnetometer § 2‘
9 g
13 Rate gyro g :
=SS
14 Orientation gas pressure s B
an
15 0 Spark chamber gas pressure 7.3 g
1 Battery voltage g 8
2 Heater voltage - “
3 Heater current < 8

Data is logged in parallel into a special 16-track data recorder developed for balloon-flight
work at the Goddard Space Flight Center. The recorder runs continuously at 0.355 inch per second
and carries enough tape to handle 14 hours of data collection (recorded on the tape at 32, 16~
character words per second). For 3 seconds, spark-chamber memory-core data are recorded
alone; during the fourth second, the system alternates housekeeping words and data words so that
a full set of the housekeeping data is recorded every fourth second. Table 3.3 gives the format in
which the data are recorded. The core words are 14 bits in length, 13 being for core address and
1 for a scan-ready mode indicator. The housekeeping words are 14 bits in length, including 8 data
bits, 4 bits of channel address, and 2 bits of subcommutator indicator for the 2 channels that re-
quire less frequent intervals of recording and hence are subcommutated. Figure 3.12 is a simpli-
fied block diagram of the entire data handling system.
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Table 3.3

Spark-Chamber Tape-Track Allotment.

Track No. Housekeeping Spark Data
1 Data 2° Column No, 2°
2 Data 2! Column No. 2!
3 Data 22 Column No. 22
4 Data 23 Column No, 23
5 Data 24 Column No. 24
6 Data 25 Column No, 2°
7 Data 26 Column No. 26
8 Data 27 Column No. 27
9 Identification strobe -

10 — Identification strobe
11 Chamnel No. 2° Wire indicator
12 Channel No, 21! Row No. 24
13 Channel No. 22 Row No, 23
14 Channel No, 23 Row No. 22
15 Subcommutation No. 2° Row No, 21!
16 Subcommutation No. 21 Row No. 2°
GUARD !— SAMPLE. _l|
COUNTER | ELEMENT |
{ DlGITIZED }
| SPARK '

CHAMBER

]

HV
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Figure 3.12—Simplified block diagram of the entire data handling scheme.




When a flight tape is obtained, it is run through a data processor and a buffer system to con-
vert the data to seven-track, odd parity, high-density tape suitable for input to an IBM 7094 com-
puter. Computer programs then provide a pictorial display of each spark event, including the time
of the event. In addition, a complete listing of the housekeeping data is obtained. Figure 3.13 is an

actual printout of a typical gamma-ray event, obtained from the computer output. Chapter IV de-
scribes the data analysis.

The data system is completed by a compact ground station that allows readout of housekeeping
data and spark event, in real time on the ground and from magnetic flight tape in the field. This
station checks the proper functioning of all components of the system before a balloon {light.

TINE 213 7 08 8 ELAPSED TIWE ~ 17 LIVE TINE 101
X=ARRAY

T 32 seeccccccscsscssccncesccssccnae

Figure 3.13—Spark chamber computer printout
the x and y projection. The vertical axis is
zontal axis.

of a typical gamma-ray event, including the readout of
compressed by a factor of 5.05 with respect to the hori-

5. Coincidence Telescope and Logic Electronics

As previously stated, the coincidence telescope consists of a scintillation counter separating
the upper and lower chamber, and a Cerenkov detector beneath the lower chamber. The central
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thin scintillator is viewed from one edge by an RCA. C-7151H photomultiplier through a light pipe
made from six strips of plexiglass, which are heated and individually formed into a right-angle
below, then bonded to the scintillator. Such a light pipe was found to be twice as efficient for light
transmission as a one-piece "adiabatic" light pipe. The Cerenkov tube is an EMI Type 9530QS
photomultiplier, 12.7 cm in diameter with a quartz face one centimeter thick which acts as a
Cerenkov radiator, and a ruggedized dynode structure for protection in the rigorous environment
of balloon and space flight. The quartz face of the tube is coated with Lux-sorb to absorb upcom-
ing light from the quartz radiator and thus provide discrimination against upcoming charged par-
ticles in the region not protected by the anticoincidence dome. The bell-shaped anticoincidence
dome is loosely wrapped with aluminum foil before a light seal of black epoxy is applied to its
surface; it is viewed from the bottom by six gain-matched RCA C-7151H photomultipliers, whose
output charges are summed to provide the anticoincidence signal

Each of the photomultiplier tubes described above has its own compact and self-contained
high-voltage supply, making it unnecessary to rout high-voltage leads throughout the detector sys-
tem. In each case the tube and power supply are placed in a hermetically sealed container to pre-
vent corona. The only input required is a 28-vdc power source and a return ground path.

For the anticoincidence dome, with six phototubes, this ensures so that the failure of one
power supply will not seriously affect the signal output.

Figure 3.14 is a block diagram of the coincidence circuit. The output charge signals from
each element in the counter telescope are amplified and fed into an amplitude discriminator. The
output of each discriminator generates a gate signal 100 nanoseconds wide. An additional

GUARD SCINTILLATOR (A)

A
DEFEAT
[—”_ A
THRESHOLD| |300-ns | noOR
DISC. MONO
csa - ' ' MEMORY
SCAN
ELECT. READOUT BUSY
8 INHIBIT {T)
CENTRAL SCINTILLATOR (B) DEFEAT
A-B-C-T|
| D I THRESHOLD/ _| 100-ns 100-ns B INHIBIT || HY [
DISC. MONO[ | DELAY GATE PULSER | |
CSA .
32
OUTPUTS
v ...COINCIDENCEL_
CERENKOV COUNTER (C) C GATE
DEFEAT 2.=200ns | BC
j | l,: | THRESHOLD | |100-ns
—* DISC. [TIMONO

CSA

Figure 3.14~Block diagram of the coincidence circuit.
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100-nanosecond delay is applied to the central scintillator output to compensate for the long delay
time of the large C counter phototube. The B and C outputs are then placed in coincidence with a
27 (200-nanosecond) resolution time, chosen short enough to prevent chance coincidences but long
enough to compensate for transit-time jitter in the c counter phototube. The B - C signal is fed into
an inhibit gate where either an A counter signal, or a readout busy signal, I, inhibits the genera-
tion of an A - B - C - T signal to trigger the high-voltage pulser and initiate the readout electronics.

The B and C counters were calibrated on ground-level cosmic muons; when placed in coinci-
dence they provide excellent separation of signal from noise for relativistic singly charged parti-
cles. To test the anticoincidence dome efficiency, a small concidence telescope with a relatively
narrow opening angle was placed inside the dome. Cosmic-ray muons were then analyzed to de-
termine if any charged particles were detected by the telescope after not being recorded by the
dome. I was found that less than one count in 10 % escaped detection by the dome.

6. The High-Voltage Pulser

Every two modules of the detector are driven by an Eggerton, Germeschausen, and Grier
KN-2 Krytron driven by an avalanche transistor circuit common to eight Krytrons, as shown in
Figure 3.15. Each module has its own discharge capacitor to minimize energy robbing between
modules. The 2N2087 avalanche transistors provide a fast 800-volt trigger pulse to the grid of
each Krytron. A 300-volt converter supplies both the avalanche circuit and a 150-microampere

3 5

FROM HV
rec ONVERTER

FERROXCUBE 21v i
266-T125/3E2A
+21vdc J
iy
21v

Figure 3.15—Spark-chamber pulser circuit schematic.
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140 ' ' ' " ]| keep-alive current for each KN-2. This current
120 Va =2.0KV 7 reduces the delay time between the application
100 - 41 of the coincidencetrigger andfiring of the Krytron
E”T 80 - AGED TUBE 4 on about 50 nanoseconds (Figure 3.16) with a
g 70 | ] rise time on the plate of about 15 nanoseconds.
g ol | The totaldelay from the time of charged-particle
o passage to the formation of the spark is about
S0k NORMAL TUBE T . .
300 nanoseconds, as detailed in Table 3.4. To
“or 7 minimize interaction between the high-voltage
or , , , ) 71 pulser circuits and low-signal-level circuits,
0 100 200 300 400 500  the grounds are separated by 1kilohm. In addi-
Ik a (microamps) tion, all high-current grounds use large-
diameter bus wire to main low inductance. This
Figure 3.16—Krytron pulser delay as a function of application of the spark chamber needs no clear-
keep-alive current. ing field. The mean time between charged-

particle passages through the detector is about
a millisecond at balloon altitudes. On this time

Delays in Triggering the Spark Chamber. scale, recombination and impurity attachment
- suffice to clear out the residual ions. The de-

Table 3.4

. . Delay R

Circuit (nanoseconds) tector system contains two pulsers of the type

shown in Figure 3.15, Each is hermetically

Phototube 125 sealed, with its self-contained high-voltage
Coincidence circuit 75 power supplies, in a pressure-tight box pres-
Krytron pulser 50 surized with dry nitrogen; this prevents high-
Spark formation 50 voltage breakdown and corona within the pulser
. its. in. the i . _

Total 300 circuits. Again, the inputs require only low

voltage power and the low-level coincidence

trigger pulse.

7. Flight Gondola and Orientation System

The scientific balloon provides a cheap way to carry detector payloads of a few hundred pounds
above 99 percent of the terrestrial atmosphere. Though the secondary photons produced by cosmic-
ray interactions in the atmosphere are important even at these altitudes, they are insignificant in a
point-source search as will be shown in Chapter V.

For flight, the detector is placed in a gondola that provides orientation with respect to the geo-
magnetic field. Figure 3.17 shows the detector installed in a gondola equipped for flight. The op-
posite end of the gondola contains an electronics box that houses batteries, the flight tape recorder,
that portion of the electronics not required near the detector, and the electronics associated with
the orientation control system. For flight, the gondola is suspended from the balloon load line
through a low-friction swivel above its center of mass.

The one-axis orientation system consists basically of two reaction-control jets, supported on
booms from either end of the gondola, which receive their error signal from a Schonstedt MND-5C-25
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fluxgate magnetometer. Figure 3.18 is a block
diagram of the system. After being amplified,
the magnetometer signal is summed with a rate
loop signal whose output is proportional to the
rate of change of position of the rotating gondola.
This combined rate plus position signal then
activates the switching amplifier, which in turn
energizes the reaction control jets if a pointing
error greater than about a half degree is pre-
sented. The rate loop, consisting of a rate gyro,
a demodulator, and a dc amplifier, provides
critical damping in the orientation correction.

Should the orientation duty cycle become too
high, causing excessive use of gas, the variable-
deadband loop is activated;this reduces the gain
of the magnetometer output, effectively increas-
ing the maximum acceptable error signal. Thus
the duty cycle is reduced until the disturbance
causing the increase is removed. Since the

orientation error is known from the recorded

Figure 3.17—The spark chamber installed in its orienta=
tion gondola before balloon flight launch.

magnetometer output, this does not destroy
orientation information, but does significantly
reduce the rate of gas consumption of exces-
sive gas usage caused by turbulence in the atmosphere during ascent of the balloon, the orien-
tation is not turned on until the balloon reaches ceiling.

DIST. TORQUE
POSITION c ; AMPLIFIER SOLENOID
k- - + SWIVEL
DEMODULATOR
AND RATE GYRO
DC AMPLIFIER
VARIABLE »
DEADBAND

CONTROL SYSTEM BLOCK DIAGRAM

Figure 3.18—Block diagram of the orientation control system.

33

. }%é%gg%"



The weight of the entire gondola prepared for flight is about 350 pounds with an inertia of about
12 slug-feet about the orientation axis. It is found that 0.2 pound of thrust with a 5-foot lever arm
allows initial acquisition in about 2 minutes. With the gas-saving features mentioned above, 0.5
cubic feet of nitrogen at 3000 psi at 273°K is more than enough to maintain orientation for a 10- to
12-hour balloon flight. The gas is stored in a 12-inch-diameter spherical bottle mounted beneath
the gondola. From the bottle the gas passes through a regulator, where the pressure is reduced to
130 psi, and then passes directly to the solenoid valves that control gas passage through the jets.

Because of the temperature extremes encountered in a balloon flight, the entire detector and
orientation system must be built to operate over a wide temperature range. To accomplish this,
all electronic systems were designed and tested to operate between -20°C and +50°C. However,
certain mechanical tolerances within the structure of the spark chamber itself do not allow the
expansion and contraction that would result from such a wide temperature range. Therefore,
thermostatically controlled electrical heaters were installed within the spark chamber, and all
parts of the system were insulated with styrofoam. Testing of this entire system within an en-
vironmental chamber showed that all components of the system were operational over a typical
balloon-flight time-temperature profile.
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CHAPTER IV

DATA ANALYSIS TECHNIQUES

1. Event Analysis

The first step in the data reduction was the analysis of individual events of the type shown in
Figure 3.13. The data were reduced by both hand and computer analysis since this was the first of
a series of balloon and satellite flights. Eventually the entire analysis will be handled by com-
puters, with full use of the digital data format.

Initially, each recorded spark event was printed out (Figure 3.13) with separate views of the
two orthogonal planes as well as the 45-degree grid information, giving a three-dimensional view
of each event. The manual analysis was performed directly on these displays. The type and qual-
ity of each event were studied in detail. Both clear pair-production events and other possible
events were selected for further analysis. The latter type of events could be either unresolved
pairs or some kind of single neutral-induced track. Most of the unacceptable events are {racks
coming from the side walls of the spark chamber —presumably caused by secondaries arising from
the interactions of neutral particles with the matter of the support structure and accessory equip-
ment in the spark-chamber walls. The top grid was used as an additional anticoincidence device,
to eliminate from analysis, in particular, those pairs that were produced in the hemispherical
dome of the stainless-steel cover. Any remaining events were retained for further analysis.

Measurements were made on each retained event to determine the arrival direction and open-
ing angle of the electron pair and the multiple scattering of each electron. The chamber arrival
direction was then folded together with the time, aspect, and location information to give a celestial
arrival direction for the incoming gamma-ray, assuming that it came from outside the atmosphere.
The method of obtaining the arrival direction and the analysis of the opening angle and multiple
scattering data will be discussed in Sections 2, 3, and 4.

The data were processed automatically by machine, except that at one point a human interface
was used to confirm the accuracy of the computerized gamma-ray analysis and, if necessary, reject
an obviously erroneous event. The events were automatically examined, categorized and, if ac-
cepted, fitted by the least-squares method to a photon trajectory in chamber coordinates; aspect,
position, and time data were then automatically used to determine the celestial arrival direction of
each photon, and sky maps of the photon flux were constructed, all within the same program. Fig-
ure 4.1 shows two examples of (a) the digital display of an event as it comes directly from the data
tape, (b) the display of an event after a process is applied to reduce apparent spark spreading and
eliminate completely spurious sparks, and (c) a display of the fitted trajectory in the top half of the
chambers.
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EXAMPLE 1 EXAMPLE 2

(c)

(b)

“ p

Figure 4.1—Two examples of a digital display of an event (a) as it comes from the data tape, (b)
after a process is applied 1o reduce opparent spark spreading and to eliminate spurious sparks, and
(c) a display of the fitted trajectory in the top half of the chamber.

The event analysis program consists of a search moving downward through the chamber for a
fit either to an inverted v or to a line segment at the beginning of a spark pattern. It rejects auto-
matically those events that give sparks in the top grid, those that enter through the chamber wall,
and those that have too few sparks to treat reliably in the beginning of the pattern or throughout the
entire pattern. Comparison with the manual analysis of the several hundred accepted events shows
the program reliability to be better than 99 percent for retaining good events, although some of the
retained evenis had to be discarded manually. The random occurrence of spurious sparks and the
existence of a complete spectrum of neutral induced events makes an ideal analysis program, ap-
proachable only asymptotically. The uncertainty of photon identification therefore increases as the
observed pair-production event appears less like an inverted V—as may be the case for low-energy
gammas where the electrons scatter profusely after pair formation,

The pair-production events obtained as described above were used to obtain both point-source
and atmospheric-background fluxes and to obtain the background energy spectrum. The next three
sections will describe the basic measurements used in extracting the required information from
the observed events, with the results presented in Chapter V.

2. Energy Estimate Based on Opening Angle

The study of the opening angles of the created electron-positron pair provide two basic pieces
of information. First, the bisector of the angle formed by the pair gives the best estimate of the
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arrival direction of the gamma-ray, Section 4 will discuss this problem in detail. Second, the
opening angle gives an estimate of the energy of the incoming gamma-ray. This problem has been
discussed by Olsen (1963); only the applicable results will be considered here. Olsen has con-
sidered the kinematics of the three-body decay involving the electron pair and the recoil nucleus.
Because of the three particles, the relation between opening angle and gamma-ray energy is not
unique, but the most probable relation is given by

1.6
Ey(Mev) = g (4.1)

where ¢ is the measured opening angle in radians and E, the estimated photon energy in Mev.

This result accounts only for the kinematics of the interaction, whereas for the spark-chamber
application the pair opening angle is dominated by the multiple-coulomb interactions of the electron
and positron following this formation. Olsen (1963) considers this problem also; and the effects
combine to give an energy estimate

E, = 2a [1 + (4n 2a2 + 1.29)/432]/9 , (4.2)
where a?/2 is the mean-square lateral deflection of one electron. The scattering calculations of
Pinkau (1966) for a multiplate chamber show that for relativistic single charged particles

412B, 8

2 A o, (4.3)
X, [in (1832,779)] n, 02

5. = l:%( 2 4 %) + (n": 1> A2 d:| (4.4)

B e = 6.68 x 10 o, dC (4.5)
d

(z,+1)2,!7*
Y (1+3.34a2) (4.6)

X, = radiation of the scattering material
Z_ = atomic number of the scattering material
a, = Z_ /137 (for relativistic electrons)
p, = density of scattering material (g cm™3)
d = thickness of scattering plate (cm)
A= 2a +d

2a = distance separating the plates (cm)
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n number of plates through which the particle has passed

P

atomic weight of the scattering material.

A

5

Olsen also found the confidence limit in obtaining the energy, using Equation 4.2:

AE AE
C(‘E—:) Y —E—y . (4.7)

Y

Hence the error in the energy estimate is quite large—about one part in two for 50-percent con-
fidence. For this reason, below 500 Mev, where the scattering signal becomes measurable, the
electron scattering technique provides a more trustworthy estimate of photon energy.

3. Multiple Coulomb Scattering in the Multiplate Spark Chamber -

The theory of multiple Coulomb scattering has been worked out in great detail by Williams
(1939) and Moliere (1947, 1948, and 1955) and by many others (Goudsmit and Saunderson, 1940;
Snyder and Scott, 1949; Scott, 1952; and Bethe, 1953) and used successfully for many years an in
energy-determination technique in the study of fast charged particles in nuclear emulsions (Fowler,
1950; and Voyvodic and Pickup, 1952) and cloud chambers (Olbert, 1952; and Annis, Bridge, and
Olbert, 1953). More recently the method has been applied to multiplate spark chambers by Pinkau
(1966 and 1967). Closely following the Moliere theory, Pinkau has shown that the distribution func-
tion for multiple scattering through a thickness z cm of a given material is given by

® ign +i
f(z, ¢, x) = J‘ J’dnl dv'}2F(z, U 772) e 71TIXT s (4.8)

1
(2m)?

where the coordinates are those shown in Figure 4.2. This distribution function applies to the
scattering coordinates projected onto a plane containing the x-axis. The Fourier transform
F(z, m,, m,) is given by Moliere (1947, 1948, and 1955) and for relativistic electrons may be ex-

pressed by
2z, ,z2\ 32 () 3l z(n, r2m,)
F(z, m,, M) T oexp T T g (771 a2ty ?) * 12B, | n? An 4e2/3
7)_13 /C J_ziz(nf)] (4 9
7 - Com, 4e273 ' -9)

where

J12 = Xc2 B s

arN, ez (z, +1)

Figure 4.2—Coordinates used in the scattering
distribution function.
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N = density of atoms in the scattering material

B 2

e % Xe z
B 2
z Xa

p, = density of the scattering material.

x., 1s the screening angle irom the Moliere theory. This single parameter describes the scatter-
ing, while the ratio y_ z/x, describes the angular distribution due to scattering in a material thick-
ness z. The assumptions concerning the specific shape of the differential cross section are con-
tained in ,. Using a Thomas-Fermi potential and the WKB method, Moliere obtains

X, = (}“)2(1.32+4.39a2), (4.11)

a

where # is the de Broglie wavelength of the electron, and a, is the Fermi radius of the atom. «?
expresses the deviation from the Born approximation. Inserting the appropriate values for these
parameters gives

1 s 6680 z(Z, + 1) Z173
B e ~ N (4.12)
2 A, (1+0.00018 2 ?)

for relativistic electrons.

To apply these results to measurements that can be made in the digitized spark chamber dis-
cussed in Chapter III, we use the method of constant cell size described by Fowler (1950) for
nuclear emulsions and applied to the spark chamber by Pinkau (1966 and 1967). The appropriate
quantity to be measured is 8 = x-2x’' + x”, where x, x’, and x" are the projected coordinates in
Figure 4.3. Generalizing Pinkau's results to

readings taken every n thplate gives the proba- g .
bility for obtaining successive readings of x, x', o
and x’, for arbitrary angles ¢, ¢', and ¢", as L 7
[ee] 1 | f— X -
W, (x, x',x") = J' jjdqbdw dp” n A (n, A, & )\ n
P - { \ d
1y
° i) ._X'A( t i
-¢', x—x' —npAqﬁ’) . f(npA, @' -, x’ ‘x”—npAqS").(4.13) [ ‘ - —_jf_‘

t 1]
2a le—— %
Pinkau shows that !

J4 .
F(n, 0,7y, m,) 7 exp —T(unp 74

+ +w 2 R 4.14
Vo, 172 " @n 772)] ( )

where z

n, Figure 4.3—Scattering coordinates in the spark chamber.
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Only the gaussian part of Equation 4.9 has been retained here, introducing an error of 10 percent
or less in the final results. Using Equation 4.8 to obtain

and

f(n, &, ¢-8', x-x"~n_1p)

f(np A @' -, x! - x“—npA¢”) ,

substituting in Equation 4.13, and making use of the relation

gives

Wnp (x, x", x")

or

W, (5.,)

Equation 4.14 gives
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j el® da = 275(x),

j dnei”ﬁF(npA, 0, 77)F<np A, mng A, —77) .
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I
F(npA,npAn,—n) = exp[—T(unpn2a2_vnpnpA+wnp)n2]

and therefore

- 2_774[ dne ' "F exp |- s (4.16)

where

Integrating Equation 4.16 gives

2 2,2

2 _ﬁn /Jd Qn

W = et P P
n, (/3np) AP an 7 €

where we note that the normalization is

L wnp(ﬁnp) d,an = 1.

Thus the mean of the absolute value of V%n ] is
P

<8 P = Lﬁnpwnp(ﬁn)dﬁn

P

= . (4.17)
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For the spark chamber used in this experiment, the appropriate parameters are

d = .0064 cm

a =0.37Tcm

z, =19

A, =197

Xx. = 6.00g cm~2,

Using Equations 4.12 and 4.10, we obtain

Ja 7 (pe ve)'
Since, for relativistic electrons pv~E_, this gives (using Equation 4.17)
(‘ﬁn ')Ee = 16.3Q, Mevem. (4.18)
P P

Up to this point we have considered the scattering signal as consisting of contributions from
Coulomb scattering alone. In practice this is not the case; there is a random noise signal (mostly

reading noise and random fluctuations of the spark from the track location) that must be considered.

Since both the scattering signal which we have considered and noise are gaussian-distributed, they

add as

ez = (8.7 + (ngl) 2,

where 3_is the Coulomb scattering signal for one plate and n the noise contribution for scattering

in a single plate. It follows that

Q,’

(8,2 = 57 182+ img)? (4.192)
Q.2

(8., D7 = 5z <82+ (Ing )2 (4.19b)

In this manner we may eliminate (|n,|) and obtain, for instance,

18,152 - <lg,I>2]"
8.1, = Qlf D } (4.20)

Q7 - Qf
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B

and therefore

Q2 - o 1/2
(B.),, = 3 |:<|/32|>2 - e, (4.21)

where the noise contribution has been eliminated. To obtain a final energy for the electron, correct
the measured energy for bremstrahlung radiation losses from the point of pair formation to the
point of energy measurement.

Using Equation 4.19 we can also obtain the noise contribution which gives, for instance,

Q2<IB, P2 - QB2
le B Qz2

InyI>2 = (4.22)

4. Determination of Gamma-Ray Arrival Direction

To find the arrival direction of the gamma-ray it is first necessary to find a direction for each
electron of the formed pair. When the energy of an accepted gamma-ray has been obtained, a de-
termination is made of the number of scattering plates, n, through which the electrons must pass
before the scattering signal becomes of the same order of magnitude as the combined measurement
errors. Then a least-squares fit is made to each electron through the n plates, beginning at the
apex of the pair formation. Making the measurement over this distance provides maximum infor-
mation on track location with minimum possible error in the data. With the projected direction of
each electron determined in each of two orthogonal planes, the projected angles of the bisector, ¢,
and ¢, are used to estimate the photon arrival direction.

To estimate the gamma-ray arrival direction by the pair bisector introduces an error due to
the random statistical nature of electron scattering. To find the error magnitude, it is again neces~
sary to consider the electron scattering. The distribution function for electron lateral displace-
ment due to multiple scattering after passing through n plates is (Pinkau, 1966)

f(n Ay = ! :e_yz/szw“p , (4.23)
( i ) T4 }/;vanp

where the parameters are defined in Section 3. This distribution function is used to obtain the
probability, for all possible scattering paths of the two electrons, that the pair bisector falls within
some preselected cone of angular uncertainty about the gamma-ray arrival direction. The error
in the arrival direction is taken as the angular square within which 95 percent of the bisectors are
expected to fall; the error is an inverse function of energy, as shown in Figure 4.4.

To obtain the extrapolated celestial arrival direction, take the chamber coordinates ¢, and ¢,
and convert them to celestial right ascension and declination (Figure 4.5). Here A is the latitude

of the balloon location, N the North geographic pole, V the vertical vector of the balloon location,
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Figure 4.4—The 95-percent confidence limit uncertainty
in the arrival direction (incurred by approximating the
gamma-ray arrival direction by the bisector of the
formed electron-positron pair) plotted as a function of
gamma-ray energy.

Figure 4.5—Transformation of chamber coordinates (¢,
qﬁy) to celestial coordinates (a, §) (remaining coordinates
taining the v vector with the equatorial plane, gre described in the text).

o the hour angle of the observed gamma-ray di-
rection G, C the pointing direction of the chamber (¢, =, =0), which lies on angle d below V in
the meridian plane, and & the declination of the observed gamma-ray. Then

M the intersection of the meridian plane con-

Gy = GcosOsin(A~¢, ~d) (4.24)
G, = Gcosfcos (\-¢ -d)
G, = Gsind. (4.25)
Thus
~ _G_o ~ tanf@
tana = G 7 cos(A-¢, -d)
and
GN
sind = < cos@sin(}\—qﬁy—d).
Since
Gsinf _ _ _tanf
tang, Gcos@cosqby B cosc;by '
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then

tang, cos @
tana = 4g ()\ _¢y — d) (4.26)

sind = cos |itan"1 (tan ¢, cos ¢y):| sin(?\ -, —d) . (4.27)

On a celestial sky map of the observed gamma-rays (assuming that they come from outside the
atmosphere) the right ascension is

ap 4. - GMS, T, + 1.00274 x Time

- West Longitude + a (hours) , (4.28)

where times are measured in hours and GMS,, T, = Greenwich Mean Sidereal Time at 0 hrs. U.T.

Equations 4,26 and 4.27 are based on the assumption that the orientation system maintains the
detector axis in the meridian plane throughout the flight. However, in practice, small errors in
rotation might be introduced causing a rotation of the gondola about the vertical axis by an angular
interval ¢. Such errors may be introduced by longitude variations in the deviation of the magnetic
field over the duration of the balloon flight, by torquing of the balloon load lines in a constant di-
rection, and by other minor malfunctions of the orientation system. The longitude variations of
the terrestrial magnetic field are normally negligible; however, torquing of the balloon load line
may introduce an error of up to 2 degrees rotation about the vertical. Such a rotation is detectable
by the output signal of the orientation magnetometer and may be used to determine the magnitude
and sense of the rotation.

Referring again to Figure 4.5, for a rotation about V such that O becomes 0‘ and Q becomes
Q‘, the projections of G onto N, M and O become

G = Gcos? cos (d+d>y) sinA + Gsin @sin € cos A

- Gcos B sin (d +¢y) COs € cos A

G = Gcos¥f sin (d+qby) cos e sinX - Gsiné sine sinA

+ G cos 8 cos (d +q.‘>y) cos A

2]
1

Gsinfcose + Gcosf sin (q’>y+d) sine . (4.29)
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Using the approximation that sin e~ ¢ and cos €~ 1 leads to the equivalents of Equations 4.26 and
4.27:

tan ¢_cos c}by + e sin(d +q§y)

tana = cos(h—cﬁy-d) - € tang, cos¢y sinA (4.30)
sin§ = cos [tan_1 (tan ¢, cos qSy)] sin ()\ —qby —d)
- € sin I:tan_1 (tan ¢, cos qby)] cos M. (4.31)

Equations 4.30 and 4.31 reduce to Equations 4.26 and 4.27 for ¢ = 0. Equation 4.28 then gives the
right ascension, and Equation 4.31, gives the declination.

5. Detection Efficiency as a Function of Energy

In order to determine the absolute value of the flux or flux upper limit represented by the ob-
servations, it is necessary to know the efficiency of the detector (a complicated function of the
energy and arrival direction of the gamma-ray) and the detector geometry. At high energies the
efficiency is a separable function of the pair production efficiency (Figure 4.6), and the effective
area exposed to the source (Figure 4.7) is a function of the hour angle relative to the source:

13.60
J Areadt = 3.73 x 10°cm? sec .
11.83

At low energies the efficiency is altered by
electron scattering, which causes photons nor- . : . . : . . . .
mally falling within the acceptance cone to go
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GAMMA-RAY ENERGY (mev) Figure 4.7—Detector area exposed to the Crab nebula as

a function of time. Shaded area represents time during

Figure 4.6—Pair production efficiency vs photon energy ~ which a detector malfunction prevented the acquisition
for the digitized spark chamber used in experiment. of useful data.
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undetected since the electrons scatter out of the coincidence telescope. On the other hand, elec-

trons coming from photons that do not normally fall within the acceptance cone may scatter into
the coincidence cone,

To calculate the effect of scattering at low energies, we must again refer to the scattering
functions f(z, ¢, x) and f (z o A, p-9', y-y' ~n, Aqs') discussed in Section 3. Assume vthat on
the average each electron passes through 24 of the gold plates prior to reaching the Cerenkov
counter at the bottom of the chamber. Then the probability that a particle with a projected angle
¢’ and position x’ will have a projected angle ¢ and position x at the Cerenkov counter is given by
(0, @', x') £(240, p—¢', x—x' - 240¢"), Substituting for the functions from Section 3 and inte-
grating over ¢, we obtain the probability

Ee Ee 2
(240, x—x' - 24Ap") = 180 €xpP " E(loj) (x - x' —24A<75')2} .

Hence, for a given ¢' and x’ at the position of pair formation, the probability that one of the elec-
trons falls between x, and x, at the Cerenkov counter is given by

1
E, (*2 E. \
f(240) i%j exp |- \jpz) (x—x' ~-17.8¢')?| dx
*1

I

) E./72(x,~x'~17.8¢") NV
= Yo e dy . (4.32)
E/72(x;-x'~17.80")

8.0 — T T
Note that Equation 4.32 is simply the error 3 7.0 ,,”/ —
function, which may be integrated numerically <« ///

over x' and ¢' and (in closed form) for x and Ti’ 6.0k // =
x,. The results applied to two electrons— 7 /’

averaged over the typical values of ¢' for a ugJ 5.0 // .
balloon flight point source exposure and cor- g //

rected for the pair production efficiencies— < 408 [/ .
are plotted as afunction of energy in Figure 4.8. !

This curve represents the total area-time- 30— "";(')a — "";(',3 T
efficiency factor and may be combined with the GAMMA-RAY ENERGY (mev)

live-time correction to obtain the effective Figure 4.8—-Area-time-efficiency factor for point sources

plotted as afunction of photon energy and including the
ergy. Figure 4.9 contains the geometric factor, effects of pair-production efficiency and scattering of

corrected for pair-production efficiency, for an fh.e electrons. The d.cshed curve lndlccfes.fhe results
with electron scattering neglected. The dip at about

isotropic gamma-ray intensity, plotted as a 200 Mev in both curves is probably due to approxima-
function of gamma-ray energy. tions in the calculations rather than a real effect.

area-time-efficiency factor as a function of en-
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The dashed curve repre-

The calculations made in this chapter will
now be applied to the data to obtain the intensity
and energy spectrum of the background gamma-
radiation and obtain the upper limit to the flux
of gamma-rays from the Crab nebula.
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CHAPTER V

RESULTS

1. Balloon Flight

The data were obtained from a balloon flight launched at 0545 U.T. on September 8, 1966
from Holloman Air Force Base, New Mexico. The balloon reached ceiling at about 1000 U.T. where
it floated at about three and a half grams cm~2 for 6.5 hours with the ¢, = 0 axis scanning from
2.0 to 8.4 hours in celestial right ascension, providing detector sensitivity from 0.3 to 10.1 hours
right ascension and 0 to 48 degrees declination. The area exposed to the Crab nebula as a function
of time is given in Figure 4.7. Unfortunately, at 13.6 hours U.T. a malfunction in the detector pre-
vented the acquisition of further gamma-ray data. The shaded portion of Figure 4.7 represents
that portion of the area-time curve normally available which was lost because of the malfunction,
reducing the normal detector sensitivity by about one-half and restricting the coverage in right

ascension.

Table 5.1 summarizes the data related to the balloon flight. The altitude data are only ap-
proximate since the photobarograph and baracoder for obtaining pressure data both failed. The
altitude data are estimated by radar data, theoretical predictions, and the performance history of
this type of balloon. (The error in the estimate has negligible effect on the upper limits to the
point source flux.)

Because of the detector malfunction midway through the flight, and a short livetime (about 22
percent), not enough gamma-rays were obtained to give an energy spectrum of atmospheric-produced

Table 5.1

Balloon Flight Data.

Date September 8, 1966

Launch time 0545 U.T.
Float time 1000 to 1630 U.T.
Trajectory 1000 32.9° North latitude

106.8° West longitude
32.2° North latitude

1630 108.6° West longitude
Altitude Approximately 3.5 grams cm™ 2
Balloon 10.6 x 106 cubic feet Winzen Stratofilm
Chamber tilt (d in Figure 4.4) 9.0 degrees south of vertical
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gamma-rays. Hence, data from a flight made on December 10, 1966, from Mildura, Victoria,
Australia, were used for the atmospheric spectrum. For this flight, the average latitude was 33.7°S,
and the altitude at float averaged 3.0 grams cm~2 with a duration at ceiling of about 2.1 x 10*

seconds.

The following sections will analyze the data from these two flights, to obtain the upper limit to
the flux of gamma-rays emanating from the Crab nebula and obtain the atmospheric secondary

gamma-ray spectrum.

2. Flux Limit for Gamma-Rays from the Crab Nebula

By means of the equations developed in Section 4 of Chapter IV, and the balloon time and posi-
tion data, each possible gamma-ray was analyzed to determine its arrival direction and the extra-
polation of that direction onto the celestial sphere. Figure 5.1 shows the results in celestial
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Figure 5.1—Extrapolated celestial coordinates of all observed pairs and possible pairs. The position of
the Crab nebula is denoted by a small square. Larger squares are discussed in text.
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coordinates. In addition to obvious pairs, these data include ""single-track’ events, which are any
type of single tracks produced by a neutral particle within the chamber. About two thirds of these
events appear to be unresolved high-energy (>500 Mev) pairs. The remainder scatter profusely,
indicating low-energy charged particles. The number of such events can be attributed to electrons
arising from the Compton scatter of low-energy photons. This process is important only at low
energies, as indicated in Figure 3.1. This point will be discussed quantitatively in Section 3, where
the atmospheric secondary spectrum is obtained and the statistics can give the number of Compton
scatters to be expected.

In Figure 5.1, a small square indicates the position of the Crab nebula. Two enclosing squares,
with sides of +2 degrees and +5 degrees, respectively, indicate approximately the area of uncertainty
in arrival direction for gamma-rays with energies >100 Mev and 30 Mev <E_< 100 Mev, respectively.
It can be seen that no observed gamma-rays fall within the square of +2 degrees. Of the tracks
numbered 1-4 that fall within the larger square, only track number 3 has an uncertainty in the esti-
mate of its arrival direction that does not allow it to be discarded as shown in Table 5.2.

Figure 5.1 shows that no point sources of gamma-rays were detected. To calculate the flux
upper limit, compute the background intensity, as follows: divide all tracks observed (during the
duration of the flight, at ceiling) into energy bins of 30 Mev < E, <100 Mev and E > 100 Mev; the in-
tensity is given by

Number of Gammas Observed

LIS a(A-y -t Tt (¢.1)

where

a = pair production efficiency,

A - O = solid angle-area factor,

Table 5.2

Details of Pairs Falling Within Uncertainty Cone.

. . taint
Right Ascension Declination Energy Directional Unce.r ainty
Track d ces d s Mev) 95 Percent Confidence
(degrees) (degrees) ( (degrees)

1 84.9 +17.5 91 3.0

2 85.9 +19.1 37 6.3

3 84.2 +25.9 79 3.4

4 79.9 +27.2 47 5.0

Crab nebula 82.7 +22.1
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time at ceiling, and

o+
n

live time factor.

-
il

For this detector the parameters are

[a'(A'Q)]30_100 x 4.6 cm?ster, [a'(A'Q)]>100 ~ 4.9 cm?ster .

t = 1.45 x 10* seconds and f = 0,22, The formula for the solid-angle-area factor at asymptoti-
cally high energies is developed in Appendix A, and the energy dependence of the geometric-efficiency

factor is given in Figure 4.9.

The number of observed pairs in the 30~ to 100-Mev and E, > 100 Mev energy ranges are 34 and

28, respectively, giving

I, . (30<E,<100) = (2.3%.5) x 107%cm 2ster™! sec”! (5.2a)

and

I, (E,>100) = (1.8%.5) x 1073 cm 2ster ! sec™!. (5.2Db)

These values are in good agreement with the intensities observed by other investigators (Cobb,
Duthie, and Stewart, 1965; Frye and Smith, 1966; and Fazio, ef al., 1967). To obtain the expected
number of secondary or background gamma-rays for the squares of +5 degrees and +£2 degrees,
we first note that the solid angle for these squares is approximately (10/57.3)2 and (4/57.3)2
steradians, respectively. The time-area-efficiency factor given in Figure 4.8 gives the expected

number in the uncertainty squares as

N, ., (30<E <100) = (2.3x107%) (5—;%>2 (7.08 x 10%) (0.22)
= 1.09
4 \2
N,.,. (E,>100) = (1.8x107%) (37—3) (7.35 x 104) (0.22)
= 0.14.

Poisson statistics give the flux limits as follows: we must find a flux limit that the actual flux has
less than a 5-percent chance of exceeding (within observation statistics). Thus, we wish to solve

the equation

iiéx_s!y e-xg)((xb_g_).n-* e_xb,g> - 005 (5.3)

(n-1)!
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for A, wheren,is the number of tracks observed in the region under consideration, A_ is the ex-
pected number of source events, and Np.g. 18 the expected number of background events. For the
two cases under consideration, Equation 5.3 gives

- 0 - 1
N e A [(1.5)!& e—l-OS]Jr 2e A [(1.10!9) e-mg]

-\ A
= 0.336A,e ° +0.732e ° = 0.05 30<E, <100 Mev
and
A 1C1° -o. =
e s[%!Le°l4] 0.05 E, >100 Mev .

Solving these equations for »_, we obtain

A. = 3.6 30 <E,, <100 Mev

A = 2.9 E, > 100 Mev .

Finally, the 95-percent confidence flux upper limits are given by

3.6
<E < = N
Fo.o5 (30_E7_ 100) (7.05 x 10* cm? sec) (0.22)
= 2.3 x 107%cm ?sec”! (5.4a)
and
2.9

Fo.95 (Ey > 100) - (7.3 x 104 cm? sec) (OA..—2-27

(5.4b)

"

1.8 x 107% cm™2sec™! .

3. Atmespheric Secondary Gamma-Ray Energy Spectrum

The data for the atmospheric spectrum, as previously mentioned, are taken from a balloon
flight on December 10, 1966, from southern Australia. The data to be presented were obtained
from a 2.1 x 104 second portion of the flight during which the balloon floated at 3 grams cm-2.
The average latitude was 33.7°S and the average longitude 139.0°E. The Quenby and Wenk (1962)
vertical threshold rigidity for this location is 4.0 GV.
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Of the 284 events selected as possible gamma-rays, we chose 222 whose opening angle was
sufficiently large to discriminate between the electrons, for scattering by means of the scattering
technique described in Chapter IV, Section 3. The third and first differences gave (E_),, for each
electron of the pair, and the added results gave the gamma-ray energy. For comparison, the
energy for each gamma-ray was estimated on the basis of opening angle (as discussed in Chapter
IV, Section 2). This energy estimate is crude, but the general agreement between the two methods
is reassuring. Of the remaining 64 events in which the electron and position could not be resolved,
25 were judged to be Compton-scattered electrons, because electron-pairs with sufficient energy
to show no separation should show no visible scattering. It will be seen that 25 is not an unreason-
able number of Compton scattered electrons on the basis of the observed flux and the relative im-
portance of the pair-production and Compton-scattering processes (see Figure 3.1).

Table 5.3 gives the observed number of gamma-rays in the various energy intervals., In view
of the large uncertainties in the energy determination by the opening angle, the agreement between
the two energy measurements is excellent in all but two energy intervals. The tendency to greatly
underestimate the energy in a few cases, when using opening angle method, is probably due at least
partly to the occasional sharp scatter, which tends to be somewhat smoothed out by the multiple-
scattering technique. In the determination of the energy spectra, the scattering data will be used.
To calculate the differential and integral intensities, we use the following equations:

N(E, <E <E,)

I(ElgEy <E2) = (E2 _E1) . a(Ey) (At f (5.5a)
N(E_ > 250 Mev 2.50Mev <E <
I(E, >E) = %ﬁ - ) + N(EIOL_(EZ) Ba) (Af.Q)l. P (5.5b)
E
24
Table 5.3
Energy Distribution of Observed Gamma-Rays.
Energy Interval . Number of Gamma-Rays Observed
(Mev) Scatt;'ing Opening Angie
30 - 50 33 48
50 - 70 39 37
70 - 90 29 36
90 - 110 31 32
110 ~ 130 21 18
130 - 170 23 27
170 - 210 14 7
210 - 250 8 1
250 41 41
Unresolved pairs 66 66
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where N(E, > E) and N(E, <E,6 <E,) are the
number of observed pairs in the energy ranges
specified. The summation is taken over the
discrete energy intervals listed in Table 5.3. t
for the December 10, 1966, balloon flight is
2.1 X 104 seconds; f averaged over this dura-
tion is 0.48;and «(A0) is taken from Figure 4.9,

The integral spectrum is plotted in Figure
5.2. The slope of -0.9 + 0,1 at high energies
and -0.5 + 0.1 at low energies are in good
agreement with the -0.87+0.14 and -0.50 + 0.06
observed by Frye et al. (1966), although the
slope appears to break at a lower energy in
this case. The high-energy slope is also in
reasonable agreement with the measurements
of Fazio et al. (1968) above about 300 Mev,
though the latter spectrum appears to be flatter
in the 100-300 Mev rangethan observed by most
other investigators. The slope at lower ener-
gies also agrees with the measurements of

Kiarmann (1962) above 30 Mev.
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Figure 5.2—Observed integral intensity of atmospheric
gamma-rays at an atmospheric depth of 3 g em~2 and
latitude 33.7° South.

Of the unresolved pairs listed in Table 5.3, 25 were classified as "'single scatters.” As stated
in the last section, these tracks seem to be due to Compton scattered electrons. From the rela-
tive interaction coefficients of Figure 3.1, the observed number of pairs in Table 5.3, and the flat
differential photon spectrum observed by Klarmann down to 5 Mev, we should expect 18 such

Compton event. The difference between this and the observed number is insignificant, and
probably results from cases where one electron of the pair receives insufficient energy and is

absorbed before producing a spark.
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CHAPTER VI
CONCLUSION

The limits of 2.3X 107* cm~2 sec™! (30 <E, <100 Mev) and 1.8 X 107* cm~? sec ! (£, >100 Mev)
reported here are consistent with the theoretical predictions in Table 2.2 except for the extrapolated
X-ray spectrum, which is expected to be an optimistic prediction as discussed in Chapter II. Proper
operation of the detector for a full flight would approximately double this limit, with no additional
improvements in the detector. Future flights will be made, using the same detector in a two-axis
orientation gondola that keeps the detector pointing axis pointing at the source, thereby making the
sensitivity equal to five times the previous figure. Additional improvements to increase the live
time will again double the sensitivity.

The limits quoted represent improvements over all previously quoted results except the recent
measurements quoted by Fazio et al. (1968), of 3.1 X 10°5 cm ~? sec for E, >100 Mev, and earlier
results by Cobb, ef al. (1965), of 7T x 1075 ¢cm~2 sec™!, and are in essential agreement with the re-
sults of Frye and Smith (1966), who quote a limit of 1.9 X 1074 cm ™2 sec™! for the interval 30 <E,
< 500 Mev. The results of Fazio, ef al., and Cobb, ef al., are somewhat uncertain because both
experiments observe an excessive number of "singles' tracks, and the results are sensitive to the
method in which these tracks are treated, since an unknown fraction of them must be due to unre-
solved pairs. However, the uncertainty as to their methods is unlikely to affect their limits, ex-
cept that Fazio, ef al. seem to have summarily discarded such events with no appropriate correc-
tion. In that case, there would be an uncertainty of the order of a factor of two.

With these combined results, it appears quite safe to say that the limit on gamma-rays with
energies greater than 30 Mev from the Crab nebula is of the order of 10™* cm™? sec™!, and per-
haps slightly lower. The best limit obtainable from balloons, as discussed in Chapter II, is prob-
ably about 1075 ¢cm~2 sec™!, and the improved version of this experiment described above should
be very close to this limit. From the theoretical predictions it can be seen that this sensitivity is
unlikely to provide a detection of a gamma-ray point source in the Crab nebula or, probably, any
other source, since similar theoretical calculations on other sources give similar or lower esti-
mates. Thus, the best hope of detecting a point source of gamma-rays is a satellite experiment
where the background contribution is significantly reduced, and the observed times correspondingly
increased. The digitized spark chamber offers unique advantages over other types of detectors
for a long-term satellite experiment, as detailed in Chapter III. A proposal by Cline, Fichtel,
and Kniffen (1967) to place an enlarged version of the detector used in this experiment on an Ex-
plorer satellite indicates in detail the capability of obtaining limits of the order of 1077 ¢cm~2? sec™!
on any given source and of 107° cm "2 sec”! on all sources in an all-sky survey. This experiment,
to be flown on the SAS-B (Small Astronomy Satellite) Explorer, will provide detailed information
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on the energy and spatial distribution of the diffuse intensity of gamma-rays recently observed by
Clark, et al. (1968) on OSO-3. This information is needed to aid in the understanding of the unex-

pectedly high measured intensities,

In summary, the chance of detecting point sources of gamma-rays from balloons seems re-
mote, though a thorough search over the entire sky with sensitivities down to about 107% cm ™2
sec”! is possible and should be made. The best chance is to make a long-term satellite exposure
that allows a measurement of the isotropic intensity not possible in balloon experiments. The
digitized spark chamber has many features that make it perhaps the best available gamma-ray

detector for such a satellite experiment.

The method of measuring energy described in Chapter IV, based on multiple Coulomb scatter-
ing, represents an important technical advance. Its ability to obtain gamma-ray energy spectra,
without the added weight and volume of special active devices, make it ideal for use in space.
Within the limits of the uncertainty, the spectra so obtained agree with previously reported data;
further refinement and calibration should improve the results.
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Appendix A

Calculation of Geometric Factor

The geometry of the cone acceptance of the spark chamber is defined by the 6-inch-square
acceptance area at the top of the detector and the circular Cerenkov detector at the bottom.

For any two plane, parallel, axially symmetric area elements, separated by a distance d, the

elemental geometric factor is given by
do(dy =

where A, and A, are the areas of the top and
bottom area elements of the acceptance cone,
respectively, and d = dA - 4/|dA| for the case
where d&'l and dKz are parallel. In Figure Al it
can be seen that £ canbe defined by 42 = d2 + g2
+ 12~ 2qr cos (¢2 - ¢1) . Thus the total geometric
factor is given by

/4 x/cosqSl R 21
8d? j dé, j (dq) q J (dr)rj
0 0 0 0

. d¢2[d2 +q2+r?-2qrcos (d)z —dDX)]—z , (A1)

G(d) =

where L = 2x is thelinear dimension of one side
of the upper square element and R the radius of
the lower circular element. Equation Al cannot
be integrated in closed form; however, expand-
ing the integrand in powers of d”? (assuming
L2 + 4R? < 2d 2), keeping the first three terms, and
performing the indicated integration term by
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metric factor for asymptotically high gamma-ray energies.



term gives:
_ 16mR?2x2 1 1 [x? R? 1 ( 4
G(d) a2 [Tg;(?+7)+ s\ g PRI gy xt)
A A (A A) A2 A A
N 1% 1 1 2 1 2 2 7 .
© a2 [1—(12 3 " +d4<772" 7 T g0 AS) T (A2)

For the spark chamber used in this experiment, A, = 232 cm?, A, = 100 cm?, and d = 30.6 cm.

Therefore G(d) = 24.8 cm? steradian. The geometric factor, based solely on the detector geometry,
represents the asymptotic geometric factor at high gamma-ray energies. As the energy decreases,
scattering of the electrons becomes a significant factor, as discussed in Section 5 of Chapter IV.
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Appendix B

List of Symbols

4/2 = half the distance between spark electrodes
Fermi radius of the atom

speed of light

thickness of scattering plates

electronic charge

percentage detector '"live' time

distance between spark electrodes

mass of atoms

mass of the electron

density of atoms

number of ferrite cores set in one event
electron number density

scattering deflection due to random-noise signal
noise scattering signal

number of scattering plates through which electrons have passed between measurements
average photon number density
pressure expressed in atmospheres

power radiated by an electron of energy E_
differential electron source production spectrum
differential photon source production spectrum
classical radius of the electron
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F(v) =

F%br (Ey) =
F%comp (E“/) =

y,min

F%,,o (E'y) =

F’y,sync <V)
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Larmor radius ]

distance from the earth to the photon source t
time

velocity of electron

volume of the region of photon emission

potential applied across the spark electrodes
critical distance for streamer formation
sensitive area of the detector

atomic weight of scattering material
proportionality constant of observed spectral flux
kinetic energy of the electron

spherical space-charge field

energy of electron subsequent to Compton scattering in the rest frame of the primary

electron
frequency-dependent photon flux

flux emission, expected to be observed at the earth, of photons of energy E, due to
bremsstrahlung emission by electrons traveling within the material of the source

flux emission, expected to be observed at the earth, of photons of energy E_ due to
Compton scattering of low-energy photons by energetic electrons

minimum point-source gamma-ray flux that can be detected at the earth

flux emission, expected to be observed at the earth, of photons due to the decay of
neutral pions produced in nuclear collisions

frequency-dependent flux of photons, expected to be observed at the earth, due to
synchrotron emission by electrons in the source

magnetic field strength
component of magnetic field perpendicular to plane of particle orbit
diffuse background gamma-ray intensity

proportionality constant of power-law electron~number spectrum



n

proportionality constant of power-law pion-number spectrum
total mass with source = j mdV,

number of secondary electrons required to produce a streamer
density of atoms in the scattering material

number of observed gamma-rays

signal-to-noise ratio

number of primary electrons produced per centimeter at a pressure of one atmosphere due
to ionization

the longitudinal momentum of the electron subsequent to Compton scattering in the rest
frame of the primary electron

radiation length

radiation length of scattering material

atomic number of scattering material

detector efficiency for gamma-ray detection

spectral index of observed photon frequency spectrum

z_ /137 (for relativistic electrons)

Townsend's first ionization coefficient

v, /c

scattering signal for electron passing through n  plates
Coulomb scattering signal

W52

energy of photon in frame of observation before scattering
energy of photon in frame of observation afier scattering
energy of photon in rest frame before Compton scattering
energy of photon in rest frame after Compton scattering

spark efficiency for one spark gap
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complement of angle between direction of velocity vector primary electron and

photon before scattering
measured opening angle of electron-positron pair

complement of angle between direction of velocity vector primary electron and

photon after scattering

de Broglie wavelength of the electron
photon frequency

energy density of photon field
density of scattering material

the differential cross section for the emission of a photon of energy E, by an elec-

tron of energy E,

the total Thomson cross section

characteristic time for pion production in the source region

spark-discharge time constant

characteristic time for synchrotron emission due to bremsstrahlung radiation
2a+d

exponent of negative power-law electron-number density spectrum

exponent of negative power-law pion-number density spectrum

angle between photon velocity vector before and after Compton scattering

solid angle
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