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(i)
DETECTION OF RADIATION 1IN THE
ENERGY RANGE 0.1 TO 10 MeV BY USE OF

A NUCLEAR GAMMA-RAY SPECTROMETER

ABSTRACT

An 86 cm?®, actively shielded Ge(lip), Nuclear Gamma-ray Spectro-
meter was flown from Palestine, Texas, U.S,A., in August 1979, to a
residual atmospheric pressure of 4.3 g cm™?; by means of a high
altitude balloon. The design, construction and response chéracteristics
of the instrument, which has: (a) an energy resolution of 2.5 keV
at 1.33 MeV, (b) an opening angle of 5.2° (FWHM) and (c¢) a measured
efficiency of 23% relative to a 3" x 3" NaI(TR) crystal, is described
herein.

Also presented ére measuremeﬁts of thergaﬁma-ray lines which were
detected at various atmospheric dépthé during the ascent phase of the
flight. These features originate from secondary gamma production in
the shield and Ge(Hp) crystal from atmospheric radiétion '1eéking'
théough it. The results are iﬁ accord with those obféihéd-fram
independent experiments of btﬁgr workers.

)
] L
The minimum sensitivity 3£ the spectrometer to cosmic, point, line

sources is shown to be-3-x-107% and 1 x 10-2 photons cm=2s”?!

for
active and passive shielding respectively, for an observation time of

one hour on both source and background.

William Marshall Summers, B.Sc.
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PREFACE

Qhe work described in this thesis was carriedAout during the
period 1977 to 1980 while the author was a member of the Experimental
Gamma-ray Astronomy Group of the Departmen£ of Physics, Durham University,
working under the supervision of Dr. M.G. Thompson.

During this time the author has been involved, together with his
colleagues, in.all stages of the work including design, construction
and testing of the apparatus. In addition the author has had special
responsibility for the design and construction of the Al collimator,
development of minicomputer programs for celestial source location
during the spectrometer's balloon flight and for the development of a
Monte-Carlo based computer model for simulation of response

characteristics of the spectrometer'’'s detectors.
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NOMENCLATURE

Unless otherwise stated the symbols used in this thesis carry

the following interpretations.,

A

Avogadro's constant
Velocity of light
Energy

Charge on the electron
Flux

Magnetic field strength
Planck's constant
Intensity

Boltzmann's constant
Mass

Rest mass

Momentum

Classical Electron Radius
Absolute Temperature
Time

Particle ‘velocity

Mass ‘number |

Fine structure constant

v/c

Py
2

Lorentz factor (1 - 82)—
Wavelength

Frequency

Density

Staﬁdafd deviation

Solid angle -

10 mole_1

6.022
2.998 x 10° ms }
1.602 x 10 12 ¢
-34
6.626 x 10 Js
1.381 x 10723 gkt
5.202 x 107
7.30 x 10°°
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The following subscripts are also employed:

e Electron
max Maximum
min Minimum
P Proton

thresh Threshold

Y Gamma-~ray photon

i Pion

u Muon

h Perpendicular component

// Parallel component



CHAPTER ONE

INTRODUCTION

1.1 GENERAL INTRODUCTION

Sir William Herschel's discovery, towards the close of the
eighteenth century, of the existence of 'calorific' (infra-red) rays
constituted the first step in a progressive realisation that the radiation
which stimulates the eye forms only a minute portion of a whole spectrum
of electromagnetic and cosmic radiation and that the 'picture' of the
universe formed from the study of the visible region alone must con-
Sequently be a limited one. As a result the cosmos is presently being
studied over a much larger spectral range in an attempt to overcome
this limitation,

As-a tocl for the attainmeﬁt of a better understanding of the
universe,electromagnetic radiation has an advantage over cosmic rays in
that it supplies directional information. All but the highest energy
cosmic rays are significantly deﬁiated from their original trajectories
by magnetic fields, however electromagnetic radiation is not affected
in this way and therefore reaches an observer,from the source, by an
undeviated path. In particular, gamma-rays in the ene;gy range "v 105ev
to v 107ev possess two lineaments whiqh legd to. their distingtion as a
powerful probe of the cosmos; (a) their~pgnetrability of matter, and
(b) their productioﬁ at discrete energies from nucleaf progésses (i.e.
gamma-ray lines). These two characteristics ¢ombined with the directional
property mean that the following astrophysical topics may be better
understood following perscrutation at these energies:

(i) Sites of Nucleosynthesis,

(ii) Location of discrete sources of cosmic rays.

(iii) Nature of Quasars, Radio Galaxies, Seyfert Gélakies,

Supernovae etc,
““““M:L UNIVERS/U

4 2R 1965
«_SBIENCE LIBRARY

(iv) Prevalent conditions of the early universe.

(v) Existence and location of antimatter. .



In spite of the obvious incentive of finding possible solutions to
these matters, which_are among the most fundameﬁtal in astrophysics,
progress in practical, low energy, gamma-ray astronomy has until the
present time been rather slow owing to various experimental difficulties:

(a) Extremely loQ fluxes.

(b) Presence of the terrestrial atmosphere.

(c) Insufficiently sensitive detectors of poor angular and energy

resolution.
Hence in order to perform successfﬁlzobservation5~experiments must be
capable of being carried to the 'top' of the atmosphere or beyond via
balloons and satellites, moreover advantage must be taken of technological
developments to improve the sensitivity and resolution of experiments.
The Durham Nuclear Gamma-ray Spectrometer, describeq in this report, is
designed for the study of the gamma-ray spectrum in the energy range 0.05
to 10 MeV from balloon altitude incorporating Germanium technology for
high energy resolution and NaI(TL) anticoincidence shielding for high
sgnsitivity.

1.2 HISTORICAL DEVELOPMENT.'OF GAMMA-RAY ASTRONOMY

Experimental study of celestial gamma radigtion‘bggan with apparatus
designed to detect energies above 50 MeV and althéugh the main coﬁcern
here is with energies in the range 0:05 MeV to 10 MeV it is worthwhile
to mention a feQ of the higher energy devices which were implemented
prior to the development of gamma-ray line spectrometers.

The first true gamma-ray astronomy experiment Wasra balloon-borne
ionisation chamber [Rossi and Hulsizer (1949)], Designed for
photon energies above 50 MeV it QemonstratedAfhat of the primary cosmic
radiation grriving at the earth,;electrons and gamma rays > 1 @eV con-
stituted 1less than 1% and this findigg was subsequently independently

confirmed by the flight of a cloud chamber, Critchfield et al. (1952)



In the decade and a half following Rossi and Hulsizer's endeavour
several experiments covering photon energies above 50 MeV were mounted.
Carlson et al. (1950) and Svensson (1958), showed the secondary nature of
the large proportion of gamma-rays above 100 MeV at low atmospheric
depths by means of balloon-borne emulsion apparatus and an upper limit
of 0.45 MeV cm_zs-'lsr_1 was placed on the photon energy flux below 100 MeV
by means of Geiger-Mueller tubes used as the payload of a V-2 rocket
[Perlow and Kissinger (1951)|. A scintillation counter [Cline (1961) ]
and a Cerenkov counter, [Duthie et al. (1963)], both designed for
detection of 7° meson decay photons (again above 50 MeV), produced
conflicting data regarding the primary intensity. This clearly showed
that in comparison with the charged particle flux and the secondary
gamma flux generated in the atmosphere, the primary gamma-ray flux is too
low to be measured accurately by such methods.

Below 50 MeV practical activity, in astronomical terms, did not
begin until approximately ten years after Rossi and Hulsizer's work.
Morrison (1958) produced a paper containing theoretical predictions of
gamma fluxes at discrete energies, i.e. gamma-ray spectral 1inés, from
several cosmic sources and this brought about the development of
instruments capable of reasonable spectral resolution which were sub-
sequently and are continually being, improved. |

Prior to 1966 the devices used were omnidirectional counters of
alkali halide scintillation crystal incorporating thin plastic
scintillators in "thswich” configuration to provide veto of charged
particles. With such devices, carried by ballqéns, detection of the
0.511 MeV'electrén—positron annililation line; [Petersoq (1&63)] and a
study_of>the gamma-ray .spectrum as a functibp'Of atmosphéric dep;h

[Vette (1962) and Anderson (1961)] have been achieved. The measured



count rates from these experiments. extrapolated to zero atmospheric
depth gave: 6.0 photons cm_zs-1 between 0.03 MeV and 1.0 MeV, and 0.2
photons cmuzs-'1 in the 0.511 MéV line. These rates are almost entirely
due to atmospheric albedo gamma-rays.

Arnold et al. (1962) and Metzger et al.. (1964) report the results
from two omnidirectional CsI(T{) spectrometers enclosed in 47 phoswich
charged particle shields. One of the spectrometers was carried aboard
the Ranger 3 spacecraft and the other on Rénger 5. Each instrument was
housed within a thin aluminium shell and supported at the end of an
extendible boom. Data, including the pulse-height épectrum, were
recorded at a distance from the éarth which was well beyond the radiation
belts. Two boom positions for data collection facilitated an evaluation
of the effect of the spacecraft background.

Figure 1.1 shows the spectrum obtained from the Ranger 3 mission
with the boom in the extended position. A straight line of 0.17 counts
em 2g71 MeV-l, where E is expressed -in MeV, provides a .good fit to the
data and after the agplication of-a 109% correction to account for local
secondaries tﬁe inferred differential flux is:

-1 1

dn(E) = 0.012 dE/Ez'z-photons'cmfZS “MeV ™

The observed flux did not change significantly upon. re-orientation of
the instrument, thus a celestial origin was iﬁferrgd since the detector
was sufficiently énisotropic to have shown an effect if as much as one
quarter of the flux ofiginated from the Sun.

Rangers 3 and 5 also provided upper limits for the primary flux
in the 0.511 MeV electron-positronvannihilatiéh line1énd the neutron;

proton capture line (2.23 MeV). The figufes,obtained were; 0.014 photons

-2 -1 -1

en 25”1 for the 0.511 MeV line and 0.005 photons em 2s™* for the 2.23

MeV line. These figufes represent the sum flux values from all discrete
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sources plus the integral of the diffuse flux over all directions.
Finally concerning the Ranger missions, extrapolations of the data to
higher and lower energies haverbeeq performed and good agreement is
obtained with independent experimental data for these regions.

The terrestrial atmospheric 0.511 MeV 1line, [Peterson (1963)] has
been found to be a factor of five or six times higher than the celestial
counterpart as set by the Ranger craft. This fact alone indicates the
enormous difficulties of overcoming background when searching for cosmic
gamma-ray lines with instruments in close proximity to the earth,.
Kasturirangan et al, (1972), Nakagawa et al. (1971), Chupp et al. (1970),
Frost et al. (1966) and Rocchia et al. (1965), have all failed to
detect any variation in intensity of the atmospheric 0.511 MeV line
which could be attributed to sources.

Several experimenters have since reported the existence of celestial
gamma radiation from discrete sources in the nuclear transition
energy range and these reports are described in Chapter 2¥

1.3  MECHANISMS FOR GAMMA RADIATION

1.3.1 Thermal Radiation

Any astrophysical bbdy which is opticaliy thick emits radiation
closely approximating that -of a black body, Uﬁs@ld (1969), Eisberg
and Resnick (1974). The form of this radiatidh ig described by Planck's

Law, which in its basic form is expressed as an energy density:

A explhe/ kT ]-1

po(Mya) =

The function is plotted for various temperatures in figure 1.2
showing the shift of the peak of the spectrum to shorter wavelengths
with increase of temperature of the body. This shift of the peak is

described by Wieh's displacement law:
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AT = 2.898 x 10 mKk ’ (1.2)
max
In energy units this is expressed as:
-10 ,
E (MeV) = 4.7 x 10 ""T(K) {1.3)
max

By virtue of temperature therefore, astrophysical objects may
contribute to the gamma-ray spectral region; however, temperatures of
the order 108K <« T < 1010K are fequired. Solar flares have been
postulated as possessing temperatures sufficiently high to explain
solar, hard X-ray bursts. Supernova type explosions may produce the
required temperatures in the lower part of the range but towards 101 K
the only possible source is thought to be the creation of the uﬁiverse
itself i.e., the 'big bang' and any black body radiation produced
Auring that process is expected to be extremely red-shifted at the
current epoch.

In terms of photon energy the photon number spectrum expected from
the black‘bggy prggesé is, from Planck's Law:

40 1 -2 -1
s

o _ : 0 - o =
N(EY) = 9.9 x 10¢.EY2 {exp{1.2 x 101 Ey/T] -1} “cm MeV 1r(1.4)

where EY is expressed ig' MeV,

1.3.2 Inverse Compton Scattering

An interéction of‘a low energy phofon_aﬁd a relativistic electron
which results in the scattering of the photon with increased energy and
a correspondingly decreased electron energy constitutes the Inverse
Compton process. Figurg 1.3 (a and b) shows the interaction from two
distincf inertial ffames of,reiérence, i.e. the laboratory frame(S) and
the rest frame of the electron(S'). The kineﬁatical situation
répreSented in the 8' frame is in fact the basic Compton scattering

process, described in detail in Section 4.2.2, and transformation of the



post-interaction quantities to thé S frame by means of the relativistic
equations for the aberration of light and Doppler effect yields the
result of an enhanced energy recoil -photon,

Y
£ N yzg {(1.5)

(&0

J

where vy is the Lorentz. factor: YE(l-Bz)— . B o= . This approximation
applies only to the cése where y £ << m002 and consequently electrons in
the cosmic-ray range may convert starlight or 3K microwave background
photons into the gammaeray region.\

In these circumstances the sééttering.process reduces to the classical
case of Thomson scattering and in this limit a fast electron moving
through a cosmic photon distribution of energy density ¢ undefgoes a

number of photon collisions per second N given by:

.rb N = B )
OpC ¢ {(1.6)

where O, is the Thomson total cross section, Hénce the power scattered

T

by a single electron is

2 . R o
ey : S (1.7)

P ) % o

' o o o 4
However, a more rigorous treatment introduces a factor of /3 such that

2 |
pCY P (1.8)

voo4
P.(v,p) ~ /30
It is usually the case in cosmic-ray applications that a continuum
of electron energies is encountered and typically a power-law form for

this electron energy spectrum is invoked:

n(y)dy = n_ vy = dy (1.9)

further, a.black body distribution represented by:

< ¢ » = 2.7kT (1.10)

where k is. the Boltzdmann constant and T is the blgck hody temperature,

is employved tor the ambient photons., Now in a given direction from a



(a) Local inertial frame of fixed stars (S)

Etmgc -

(b)  Electron rest frame (S’)

Figure 13 Inverse .-'C_-bmpfdn' “process
[ Weekes (1969)]



region of fast electrons which extends a distance R Z R_ - R_ along the

1 2

line of sight, the specific intensity [(Iv)c] received at earth is:

R
_ 2 1 ap
e ~ fn ar dvar ¥ (1.11)

1

assuming that both the ambient photon and the electron fluxes are locally

isotropic.
Using fhese approximations Felten and Morrison (1966) produce, for

the specific intensity, the expression

15 -6, (3-m)

" - (m-3)/g (1-m)/2
(1), v 1.06 x 10 (3.66 x 10 ) n_ RpT 2y (1.12)

in c.g.s. units.

This may be re-expressed as
(1, v 10%56.9) BT n mor M2 ¢ D272 o ey T (1.13)

where R is in light years, p is chm-a, hv is in eV and n has units cm

1.3.3 Magnetobremsstrahluhg

The Lorentz force which is exerted on a @oving charged particle in
a magnetic field H céuSeé it to spiral around_the field lines and the
consequént acéélération’resuits in the raqiatiqn of electromagnetic
energy by the particle; this. process i§;known as Mggnetobremssttahlung.

The frequency‘\)L of the spiral motion is\given by the expression:

v, = L1 efs : (1.14)
"L 2T m ¢ '
o
wherevﬂi represents the magnetic field component perpendicular to

the particle's velocity vector; and for a non-relativistic particle the
’cyélotron' radiation produced is isqtrOpic.aﬁd is of the same frequency
V..

L

Synchrotron radiation (figure 1.4) arises from a relativistic

particle in a magnetic field and in this case the radiation is concentrated



in a cone having its axis centred on the instantaneous particle
trajectory. Such radiation is no longer of a unique frequency, rather -
there is a broad and assymmetric spectral distribution with a céntre of

gravity lying close to the frequency Vg where

3 2 " -6 2
VvV = N . .
s Z»Y VL‘ 4_2 x 10 "y Hﬁ MHZ (1.15)

where H, is expressed in microgauss.
The detailed theory of synchrotron emissiOn has been discussed by
SchwingerA(1949) who giVes for the instantaneous synchrotron power
Ps(y,H ) from a single particle of charge Z and rest mass M:
2
2 Z'm 2 -1
-16 E 2 \Y .
P(Y,Hy ) =9.80 x 10 (—5) K = (— °° (1.16)

Mcz M

For an electron Z = 1 and M = mo this expression reduces to:

2 -1

2
18 HLY eVs . (1.17)

¢Pg(Y:H ) = 9.89 x 10

Equation (l.16) indicates the dependenCe‘ofuthé particle energy
loss rate on the igversé f0qrth péwer of the%particle rest mass,from.
which it may be undé;éfood that electrons réther than prOtonsiare the
primary source of sYnchrotron radiation. The,proton synchrotron power

is:
(=2 n
v WP P N 1007° P (1.18)

In appliéation'to the astrophysical environment it is again
necessary ‘to cdnsider a spectrum of electron energies and as with the
argumeént for Inverse Compton radiation the same power-law spectrum is

used [quation (1.9)].



For a uniform but randomly orientated magnetic field in a region
of linedr dimension R (light years) the intensity (IV) received at

earth is:

20

Iy v 4.8 x 10770 (4.9 x -102)(3"’")an g (1¥m) /2, (1-m) /2

Watts m 2sr-lhz ) (1.19)

where v is expressedbin MHz and né is in c.g.s. Qnits.

Examination of equation‘(1.15) revegls the necessity fog strong
magnetic fields or extremely energetic electrons if photons in the MeV
eneréy range are to be produced. It therefore seems that the most likely
astrophysical locations for hard X-ray and gamma radiation from
Magnetobremsstrahlung would be supernova remnants or close to the
surfaces of condensed objects such as neutron stars,

Comparison of equation (1.19) for synchrotron with equation (1.12)
for Inverse Compton indicates that for an electgon power-law spectrum
the gamma-~ray spectral shapes in the two cases have the same dependence
upon frequency. Tﬁis is due to the similarity of the two processes
as discussed by Jones (1965); the synchrotron process may be regarded
as the interaction of an electron-with 'virtual' photons of a magnetic
field having energy density H2/8ﬂ. The‘two procesées are competitive
energy-loss-mechanisms_ahd~theif relative importance in various fegions
of the cosmos may be es£imated by a comparison of eéuatiohs (1.17) and

(1.8). This comparison leads to the ratioePS /Pc given by:

P
e s

: 2
x_;’»_ (.H gsn)sinzd)‘ o (1.20)

c
where ¢ is the angle between the electron velocity vector and the local
magnetic field H, i.e. the relative importance of the two mechanisms

depends upon the ratio of the magnetic and photon field energy densities.



Peloctron § Magnetic-field line

Line of  Electric
sight vector

AVA Y] UU

Figure 1-4 Idealized geometry,in perspective, for an
electron moving in a magnetic field, emitting
magnetobremsstrahlung (synchrotron radiation)
[Chupp (1977)]

Incident fast >
proton

Figure1-5 Photomeson prdduc’rioh ‘by-‘a fast proton
colliding with a cold photon.
[Chupp (1977)]



Thus the Inverse Compton process is believed to dominate in interstellar
and intergalactic space, however, in the vicinity of galactic nebulae
such as the Crab nebula the synchrotron mechanism should become important
and may even dominate.

1.3.4 Neutral Pi-Meson Decay

Neutral pions (n°) are unstable particles which decay to produce,
in practically 100% of cases, two gamma-rays which, in the rest frame
. 2 N o
of the meson, are of equal energy; mo c /2 v 70 MeV: (m  rest frame
lifetime = 10—;65). In the terrestrial observer's frame of reference
the two gamma photons have unequal energies which add up to the total
energy of the pioh Ew, In the extreme case of the two photons being

emitted in the direction of motion of the pion, Stecker (1971) has

shown that the maximum and minimum photon energies are:

Eﬂ
Fnax,y = 2 (1 *ED
E (1.21)
= =5 (1-8)
min,y 2 (1 m
Vo
where Bﬂ = Eé-

Production of neutral pions in space may occur via any ofbfhe
following mechgniSms.

(a) Photomeson produdtion

(b) Nucleon-Nucleon collision

(c) Matter-Antimatter Annihilation

(a) Photomeson production

The basic process, vy +p = p + ° (whereAp represehts a proton),
is shown schematically in figure 1.5 and involves the collision of an
energetic proton with an optical or microwave photén Y. FA threshold
energy Epth is required of the proton for the production of a 1° meson

[Jackson (1962) and Fazio (1967)].



- 12 -

h mﬂcz(mﬂcz + 2m cz)
E = P (1.22)

P Zeo (1 + cos 0)

where eo is the photon energy in the 1aboratory frame of reference.

Consequently for a head-on collision of a proton with a thermal
photon of €, N 1 eV, the threshold proton kinetic energy is approx-
imately 1017eV; since theée rest énergy of the pion (mﬂcz) is N 140 MeV.

(b) Nucleon-Nucleon collision

In this cétggory the most'iprrfént interaction of concern to
astrophysics is the proton-proton collison, since 90% of cosmic rays
are protons and 90% of the cool interstellar gas is hydrogen. From a
basic p-p collision several individual combinations of secondary
particles, inéluding one Or more 7° mesons, are possible and Pollock
and Fazio (1963) list the most important of these. Here also is given
an expression for the threshold kinetic energy necessafy to produce x
mesons |

(K.E.) x(280 + le) MeV (1.23)

thresh
Hence (K‘E')thnesh for a single pion is 290»Mev,
Stecker (1971) gives for gémma-rays of'energy'EY, from a unit
volume at distance r from the earth, a production rate q(EY,E);
E
_ ) . Tmax : 7
a(E ,r) = 4pn(5)deP1(gp,5)f dE 0 (E, ,E )2E(E \E)  (1.24)

“mmin

: cm‘-'.S‘S’-'lAE -1
. Y.

Wherq n(r) is the hy4r¢gen number density (qm-s) at E_and I(Ep,g) is
the mean directiqnai intensity of cosmic ra&s (cm_zs-;sr-l) of energy
Ep in the sourqé volume, O(En,Ep)dE1T is the crosslsection.for the
production of a 1° meson with energy E_ in the interval dE , and

f(Ey,E“) is the gamma-ray distribution function from n° decay where:



(1.25)

The predicted cosmic ray n° gamma-ray spectrum at Eérth, takép from
Stecker (1970), is shown in figure 1.7 . -The results shown are based
on experimental production cross section détg which are summarised by
Stecker (1973) and‘'shown in figure 1.6 |

» Neutral pion production from profonaalpha pafticle (a) (both
p-o¢ and o-p) is important-Since although the cosmic Helium abundance
is about one tenth that of Hydrogen the multiplicity/cross section
production is significahtly larger at all energies for a inter-
actions than for p-p.

(c) Matter-Antimatter annihilation,

Protons and Aﬁtiprotons may react to produce gamma radiation either
by direct annihilation 6r through the intérmediary of meson production,
The latter dage is the more impqrtant since the cross section for
direct annihilation is smaller than that involving mesons by a factor

2

(T%7)' Stecker et al. (1971 a and b) have calculated the gamma-ray

spectrum resulting from this mechanism for the particular case where

the annihilations are at rest and this is shown in figure 1.8

1.3.5 B#emsstrahlung.
Rédiation produced from the interaction of avcﬁArged partiéle
with the nuclear coulomﬁ field of another particle is.known as
Bremsstrahiuﬁg. "Heitler (1954) gives for the premsstrahlung differential
cross section: |
o 2 dEY
OB(EO'EY)dEY = 40°Z —_— f(Ey'Eo) (1.26)

E
Y
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1 e
where o = a7 (&3
Moc

) : (Mo is the incident particle rest mass)

and f(E ,Eo) is the distribution function for gamma-ray production.
Thus the probability of emission of a bremsstrahlung photon of
energy EY is inversely prqpprtiOnal to the square of the mass of the
incident particle and consequently proton bremsstrahlung is negligible
compared to that from electrons. |
In the ultra-relativistic case the cross section may be apbroxi—

mated by:

G (E E )dE ~ (== Y on? 1.2
LNSLAE sk (1.27)

where m represents the mass of the ftarget atom and Xo is the radiation

dlength. Applying the power-law electron spectrum I (E)dE = K E -adE
e e e
Fazio (1967) has shown that the resulting differential gamma-ray
spectrum is:
dE ©
1 (g yaE_ = BNME Yy 1 1 (gyaE (1.28)
Y v Y XO EY E e

Y
where N(L) is the integrated number of target nuclei in the line of

sight,

This may be reduced to:

: e -0 A
I (E )dE = ’ —==) E dE (1.29
y( Y) E% (usl) Y Y )

1.3.6 Electron-Positron Annihilation -
‘A collision involving an electron and its anfigarticle‘the
positron results in the complete annihilation of the two particles and

the emission of one or more photons.
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Single photon emission is only possible where the electron is
bound within an atom, since in such a case the single photon momentum
may be balanced by the nucleus of the atom., It is thought that this
mechanism is of 1ittle relevance to astrophysics. However, in-flight
annihilation of a positron with a free electron is of greater
significance. Here a plurality of photons is produced, but since the
relativistic cross section for njphoton annihilation (n < 2) is a
factor (1/137)(nﬂ2) 1e§; than that for the two photon process it is
the latter which is normally considered [Stecker (1971)].

The differential cross section for gamma-ray production in the

centre of mass frame of reference is:

2 2 4 2
o, 1+B.72-xD) 28,71 - %
do = '2 { 5 - > 2 } ax (1.30)
2y, Be (1. -8B x) 1 - B %)
R
2 .. . _ .,y - 1
where o = mr o X is as shown in figure 1.9; Bc = (Y +—i)

and Yc = (1;%%10 are the positron velocity and Lorentz factor in the

centre of mass system for a laboratory frame Lorentz factor:

[N

= - 2, -
Y=~ = (1-8)
m cC
o

where E+ is the total energy of .the positron. The energies of
the emergent gamma-rays in the laboratory system are dependent on the

angle X:

E_ = m.c (1 + ch) (1.31)

for Fsy»>®; -15 x$1
Hence for an annihilétion at rest (y = 1) the twotghgtbhs are emittéd
with equal energy: m,.oc2 N 0.511 MeV, In the ultra relativistic case
the angular distribution of the emitted phofons is strongly peaked at

X = #1, i,e. the photon'emission in the laboratory system lies chiefly



along the velocity vector of the centre of mass and therefore the forward
moving photon carries most of the available energy and the backward
. Photon takes up the remainder which according to Stecker (1971) has a
lower limit of 0.25 MgV.

The in—flight annihilation ggmma—ray spectrum therefore has a
low energy cut-off and an upper energy limit which is determined by E+.
The actual shape of the spectrum between these energy limits depends
upon the positron spectrum.

1.3.7 NuclearSDe4Excitation

True gamma radiation occurs only when a nucleus in an excited
state undergoes a transition to a lower energy state. A detailed treat-
ment of radiative transitions is-given by Cohen (1971). The instantaneous

intensity of gamma-rays for a particular transition is:

-1 N
N(s ") = Ni(t)Ai+f (1.32)

-1

where Ni is the number of nuclei in a particular excited state and Ai (s )

~+f
is the transition probability from the initial state i to the final
state f producing a gamma-ray of éﬁergy EiTEf' Ni(t) depends upon the
mechanism producing the excited state and is discussed in terms of the
process cross-section.

Nuclear gamma;radia;ion is described in terms of the claS§%cél
multipole desariptién of an oscillating charge or current dispribution.
Cohen (1971) diécgsses two possibilities: (#) Electric multipolé
radiation [(E-R) radiation] and (b) Magnetic multipole radiation
[(M—Q)]. In each;dfvthe cases the transition probability is given’by;
2241

Yy % ™h (.33

C

(E - L) A 2 + 1) (

I il « 1P
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. . 2041 .
2(% + 1) w 2, -1 :
202 (c) A (s ) (1.34)

-9y A, =~ .
T el + 1)t

where £ is thevangular momentum quantum number, w is angular frequency,

h . , ' ‘
h = (h is Planck's constant), Q2 and A, are closely related to the

2T ')

electric and magnetic multipole QScillations causing the transition.

In praétice‘egperimentally dgtermined life times of specific
fransitions are usgd as given by Lederer et al. (1968) or alternatively
gamma-ray 1iné production cross sections may be ?éed which implicitly
include the tranSiiidn probability. |

Excited Stétes cap be produced in several ways, e.g. by charged
particle interactiqné: (p,p'Y); @W,0'y); (p,Yy); (a,y) and by neutron
interactions: (n,n'yv); (n,y). Spallation reactions or fission can
leave nuclei in excited states and also radioactive by-products which
decay by particle emission (B+,B-,p,a ...) can populate levels in
daughter nuclei.

1.4 EXPECTED COSMIC SOURCES OF GAMMA-RAY LINE EMISSION

Supernovae are expected to contain radioactivity and Table 1.1
1isté the iinés which should be obServaBIe together'with the relevant
mean lives, yield of radioactive nuclei per Supernova, photon energy
and number of photons per disintegration [ Clayton et al. (1969),
Lingenfelter and Ramaty (1978), Arnett (1978)]. The half lives of the
isotopes are very impprtant from the aspect of detectability since fhe
gamma-rays cannoit eécape from the dense region of nucleosynthesis and
if the decay of the nuclei occurs prior td significant expansion the
lines will notAﬁe seen. This is particularly applicabie to the 56Ni
decay chain. It is calculated that for an avergge Galactic Supernova
rate of one in 25 years there should exist several remmants with 44Ti
radioactivity and possibly one with 22Na emission observable by a

detector of sensitivity 5 x 10'-5 photons cm-zs . Cassiopeia A at a



Table 1.1 Gamma-ray producing chains. from Supernovae and Novae
Ramaty (1978).

Decay Chain Mean Nuclei Photon Photons or
Life per Energy positrons per
(yr) Supernova (MeV) disintegration
56Ni->56C0+56Fe 0.31 3 x 1054 0.847 1
1.238 0.70
2.598 0.17
1.771 0.16
1.038 0.13
. o e+ 0.2
%7co>>Tre 1.1 7 x 10°2 0.122 0.88
10,014, 0.88
0.136 0.12
22Na—>22Ne 3.8 3x1052(1048/nova) 1.275 1
e” 0.9
p1,%50-%ca 68 6 x 10> 1.156 1
| 0.078 1
0.068 1
e’ 0.94
60Fe+6oCo->60Ni 4.3);105 5 x 1050 1.332 1
A 1.173 1
0.059 1
26 5 9+26yg 1.1x10° 4 x 10%° 1.809 1
. 1.130 0.04
et .0

f85



distance of 2.8 kpc, having occurred only 300 years ago is a candidate
for observation of the 44Ti decay chain gince the predicted flux is ™

4 x 107 photons em 27!, At 10 Mpc distance the Virgo cluster could
present a steady source of 0,847 and 1.238 MeV lines from 56Ni decay

provided that the cluster Supernova rate exceeds N 10 year—l

Doppler broadening determines the line widths owing to the velocity

(104kmshl) of the expanding medium and this is expected to be Vv 6% except

0 : .
6 Fe and 26A2 whére the broadening should be only v 0.2% since

for
these isotopes essenfially come to rest before decay due to their long
mean.iiVQs.
Novae are currently believed to be caused by thermonuclear ruhaway
in the CNO cycle resulting from accretion onto a white dwarf from a
large, cool companion, Radio nuclei are synthesised during this process
and therefore gamma-ray line emiésion is expected [Clayton and Hoyle
(1974)]. The 1iﬁe which should be most easily detectable is that at
1.275 MeV from 22Na decay. Adcording to Truran (1978) the flux from a
gpya at 1 kpc ig 4 [8 X 10-sexp(jt/3.8 years)] photops cm_zs_l, it is
expected therefbfe; that for the éstimated nova rate>of ~ 40
yearm1 a diffuse emission at 1.275 MeV should be detectable by an
instrument of broad figld df.view while observing thé Galacfic plane,
Cosmic-ray interactidn with the interstellar medium also should be
a source of line emission [Meneguzzi and Reeves (1975)]. Prime candidafes

for detection are lines from 120, 14N, 16O, 20Ne, 24-Mg, 28Si, and 56Fe

*
(table 1.2) of which the strongest are predicted to be from 12C and
- . - - . . . '.
160 at 4.4 and 6.1 MeV respectively., The line widths for the
collisional interactions depend upon whether the target nucleus lies

(i) in the cosmic-ray beam (ii) in the stationary interstellar gas,



Table 1.2 Principal Gamma-Ray Lines from De-excitation
Ramaty (1978). ’

Production Photon Mean Lifetime
Process Energy (seconds)
(MeV)
“He (¢ ,n) 'Be” 0.431 2.7 x 10713
YHe (o, p) Li* 0.478 10716
56re(p,p ') OFe” 0.847 9.7 x 10°'2
%6re(p,n) %o(e*, o) %Fe” (100%) 9.6 x 10°
*6re (p,n ') 6re” 1.238 1.0 x 10712
56ffe(p,n)sﬁCo(e+,e)56Fe*(67%) 9.6 x 106
g (p,p 1y 2tMg 1.369 1.75 x 10712
2%e(p,p") % Ne" 1.634 1.2 x 10”12
*85ip,p*) 881" 1.779 6.8 x 10 13
Mg, py i " 2.313 8.5 x 107'*
14N(p.n)l40(e+)1éN*(100%) 102
Yo, p it | a.438  5.62 x 10°¢
1, x " 5.62 x 1074
(/';14'N’(p,p')14N* 5.105 1.2 x 1011
" 1850p,p 1) 80" 6.129 2.4 x 101!
- 2855(p.pr2Bsi” : 6.878 2.5 x 10 12

Table 1.3 Approximate -1ocal interstellar Emissivities .and Diffuse
Galactic fluxes from the direction of the Galactic Centre.
Ramaty (1978). '

Photon Local Emissivity Flux
Mechanism Ener FWHM h ‘a -2 -1
c ‘nergy (key) (photon/H ‘atom) (Photon cm “s”~ rad)
. (MeV). : » sec
. o o : =26 -5
Inelastic 4.44 100 3 x:10-° , 6 x 10
Collisions 6.123(§rgin)‘ 8 5 x]lofg7 1 x 107°
(w = leV cm—a) 6.129(gas) 150 1 x 10726 2 x 10_‘5
0.847(total) 2 6 x 10727 1x 107°
e* apnihilation O.Sil 5 2 X IQ-ZS 1 x 10-4
26 50+2%yg 1.809 3 1 x107%% 7 x 107°
6059569¢055%:; 1.332 2 1 x 1072° 7 x 107°
1.173 2 1 x 1072 7 x 107°
0.059 0.1 1 x 10728 7 x 107°
22Na+22Ne 1.275 10 2 x 1672° "1 x 1074
nogDeCa + ‘
Decay ~25 4

Bremsstrahlung  >100 - 1.5 x 10 I x 10°



(iii) in interstellar dust grains. In the first and second cases the
widths should be v 1 MeV, due to the high velocity of the targets, and
" 100 keV from recoiling nuclei emiSsion, respectively. For case (iii)
the width depends on the target nucleus excitation lifetime and the
size and composition of the containing grain.

Intensities for the;O.SllfMeV 1ine'from_nucleosynthesiswproéesses
and lines from 26A2, GQFe and 21Na decay can be estiméted from the
emissivities per hydrégen atom in the solar system and the fluxes are
given in Table 1.3.

Matter adcretidg onto néufron stars may producé line radiation
from inelastic collisions induced by the accreting particles (Ramaty
et al. (1973)]. Electron pairs created on pulsars and the resultant
positron annihilation can produce a line at.0.511 MeV [sturrock (1971)].
Gravitation would produce red shifts of these lines of v 209 if the
emission originatgd from the gtar's surface and Brecher (1971) suggests
that from identificatioh'of the 1ipe, the degree of red shift and a mass
determination then the neutron star's internal composition may be
revealed.

Extragalactic line emissiéh,is eipéctedvfrOm‘objects in Which non-
thermal processes are dominanf.and-nucleosynthesis in extragalac@ic
Supernovae may in the'paét have significantly pontributed to‘the
Universal backgrouqdiaround 6.5 to 0.8 MeV from the decay of GlNi
[clayton and Silk (1969)]. It is believed that despite cosmological
red-shift bpgadening'these 1inesfgogld be discernible in the background

and so provide iniorhation-on the nuCleosynthésiS rate at earlier epochs.
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CHAPTER 2

METHODS AND OBSERVATIONAL STATUS

OF GAMMA~RAY ASTRONOMY

2.1 DETECTION METHODS

The crucial fgct of concern to the design of instruments for gamma-
ray astronomy is'that at the energieé:in question the photéns cannot be
reflected or directly focussed as those 6f lower energy can, rather, they
penetrate matter and tend to lose energy in intefactions with electrons,
as described in Chapter 4, Sections 4,1 and 4.2. Thus at photon energies
in the gamma—ray region less than v 10 MeV all o? the iﬁStruments currently.
in use or proposed for astronomical research utilise those electrons by
emploYing scintillation and/or solid-state detectors arrangedgin various
configurations to produce pulses which may then be processed usihg pulse-
height analysis.

Thére are principally two sorts of device:

(1) the so called Compton Tglescope.

(ii) actively gh;elded devices.

Figure 2.i’help9'to illustrate the oberational principle of the Compton
telescope. S1 and S2 are arrays of scintillation elements, where each
element is optically isolated from tﬁe rest, A gamma photon Yo compton
scatters in scintillator S1 gnd the sebohdaryfphéfbn & undergoes a
further interaction in S2, The recoil electron'gi produces a start
pulse in S1 for a delayéd coincidence with the puise in 82 from e2 and
the directionfof yo‘is determined from the kingma@igg of the Compton

and e_. Knowledge

scattering using the pulse-heights from the eleéffonﬁ e, 2

of the specific cells which record the delayed coincidence approximately
defines the direction of scattered photon Yl' The figure shows that a
neutron can produce a similar response if it inelastically scatters in

S1, however, the transit time from S1 to S2 for the neutron is typically



Figure 21 Tlustration of the basic principle of the
Compton telescope. :



much greater than that for the gamma-ray so the two types of event can

be separated. Upward moving gamma-rays are eliminated by the coincidence
arrangement. Accepted incident gamma-rays may, however, only be defined
to lie on the surface of a cone of half angle 0 since there is no
information cohcerning the direction of e - The projection of the cone

onto the sky is called the event circle. The energy of 70 is;

E = Ee + E ' (2.1)
Yo 1 71 '
and from equation (4.7)
2 1 1
= . e paananal ) —-‘—')
cos O 1 + moc (E 7 (2.2)
Yo Y1
where:
E - Ee + E (2.3)
Yy 2 Yo

Ee and Ee are the measured pulse heights in 81 and S2. If Yy is totally
1 2

absorbed in S2 then E = Ee and hence:

1 2

E = E + E (2.4)

Yo €y €y
and:
. 2 1 1
- 2 - 2.5
cos 9 1+ m.c (Ee B Ee )_ ( )
1 2 2

where B:is an approximation to the true vaiue 9 and since E; is usually
less than EY then 6 must be an upper limit to the scatterinziangle. From
§'a9 approxi;ation to B is obtained. »

The teleséope hasga§ imaging.propert§,fériéeiéstiél poiﬁt SOQ?CﬁS

in the field of view. For the scattered gamma-rays that are totally
absorbed in S2 then the various values of §>represent the true scattering
angles and the event circles of the gamma-rays from the point source

will intersect at one point. Because only totally absorbed events



from a point source are accepted the energy resolution is good. and

there is almost complete suppression of the gamma-ray line Compton tails,
Originally the Compton telescope approach is due to Schonfelder

et al. (1973 ) and several telescopes of this sort are now in use

[Herzo et al. 1975; Graml et al,, 1977, 1978; White et al, 1978] which

uses a combination of liquid scintillation elements for the S1 array and

NaI(T{) for S2;has an angular resolution of ~ 10° (FWHM) within a 40°

(FWHM) field of view and an enérgy resolution of slightly better than

10% (FWHM) at energies above v 1 MeV. During a three hour balloon flight

the 30 detection sen$itivity for a 1 MeV gamma-ray line is reported as

3 2 -1

being 1.4 x 10~ photons em “s
Actively shielded devices are, however, the most commonly used
systems for nuciear line region gamma—ray astronomy. These instruments
comprise one or more central alkali-halide scintillation or solid-~state

detectors, usually thallium activated sodium iodide [NaI(Tl)] or
germanium {either lithium drifted germanium [Ge(Li)] or high purity
gefmaniqm (Ge)}, surrounded by an alkgli-halid@»scintillation anti-
coincidenée shield. Such shieldipg typically restriets the field of
view of the central detector to 10O to 30° (FWHM) and is effective in
suppressing moét components of the-radiation:background.. There are
effectively two elemenfs to. the shielding in this arrapgémenf: (a) the
passive element, where the,scintillatgr simpiy acts-as an absorber and
(b) the active element, where the scintillation property of theAmaterial
is put to use by the detection of photons which Compton scatter within
it and subsequently interact in the central detector therefore allowing
such an event to be vetoed. This active aspeﬁt of the shielding has
been found in'prQCtice to reduce background by a factor of v 40 at

around 1 MeV over that using passive shielding alone.
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Solid-state Ge and Ge(Li) crystals produce much higher energy
resolution than NaI(T2) scintillation crystals, typically ~ 0.25% as
compared to v 7% respectively; and therefore the germanium devices may
seem to be the better choice. However, other factors must be conéidered,
for in addition to resolution, the full energy peak efficiency and detéctor
area are directly involved in gamma-ray line sensitivity. In the 0.1 to
10 MeV energy range NalI(TL) has a much higher detection efficiency, for
the size of detectors cur;ently available, than Ge, as shown in table 2.1,
From a practical viewpoint the poorer enefgy resolution of scintillators
is offset by the 1arger detection areas and higher efficiencies,

Kurfess (1978) gives the case for the future role of scintillation
detectors in gamma-ray spectroscopy.

An example of a spectrometer using NaI(TQ) as its central detector
is an instrument developed at Rice University; shown in cross sectional
diagrammatic form in figure 2.2, The device has a 15° (FWHM) aperture
provided by an NaL(T2) anticoincidence shield, an energy resolution of
119 at 662 keV and a 511 keV gamma-ray line sensitivity at the 30 level

anl. Observations of the galactic centre and

of 1.5 x 1073 photons cm_
N.G.C. 4151 have been performed with this spectrometer and a similar

device; [Haymes et al. (1969), Johnson et al. (1972), Johnson and Haymes
(1973), Haymes ef al, (1975), Meegan and Haymes (1979)].

Figure 2.3 shows in cross section the design of an actively sﬁielded
Ge(Li).ihstrument ﬁsed by Leventhal et al. (1980) of the Bell/Sandia
laboratories. Note the 59companying vacuum c¢ryostat and dewar containing
liquid nitrogen which -are essenxiallréquisites.fpr Ge and Ge(Li) detectors.
Apart from Ge(Li) déﬁéctors néeding a low temperature (N -BOQC) to
freeze the drifted Li profile,both types of cryStal1also require cooling

~ to liquid nitrogen temperatures to eliminate noise due to thermally

generated leakage currents which adversely affect energy resolution,



Table 2.1 Comparison of full enérgy peékvefficiencY and energy
resolution between typical sizes of Nal and Ge crystals.
Kuriess (1978) .

Energy Resolutlon

Full Energy Peak Efficiency (MeV)

Nal -Ge Nal Ge

Energy (MeV) 20cmx10cm Scimx5cen 20cmx10cm 5cmxScm

0.1 0.95 0.70 20 2
0.5 0.85 0.30 45 2
1.0 0.65 0.15 65 3
2.0 0.47 0.08 95 4
5.0 0.30 0.05" 150 5
-ACTIVE " .
coumnoa

/Nal(ﬂ)/ ,
NallTW /. —
LLOWL,GT':‘."N-V'IALL | — /foo-ﬁcm /\

: 8054— . o
o » R 'iZcm ~ "

SCINTILL

- $427em _ pLastic |
A7 i
A

25.4 cm——tjs— 30.5¢m=

CENTRAL
DETECTOR

Fugure 22 A cross. sechonal view: of the Rice
Unwersnfy gamma-ray spectrometer.
( Meegun (1978)1
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The reported aperture and energy resolution of the Bell/Sandia spectrometer
are v 13° (FWHM) at 1.33 MeV and * 1% at 511 keV respectively and the
30 level 511 keV line sensitivity is 1.9 x 10 ° photons cm 2s 1.

In an attempt to compensate for the limitation in volume of
germanium detectors the Jet Propulsion Laboratory produced a spectrometer
which operates a matrix of four Ge(Li) crystals each of 40 cm3 volume,
A diagram of this device, which was the first to produce a celestial
gamma-ray line observatiﬁn [Jacobson et al. (1975)],iS'given in figure
2.4, The system resolution is 2.5 keV at 1 MeV and the collimation, which
in this case is provided by an alternative alkali-halide scintillator,
sodium activated Cesium iodide [ (CsI(Na)], defines a solid angle of
0.095 sr., Over the energy range 0.05 to 10 MeV the sensitivity is

1074 to 1073 photons cm

25—1.

Though it may be argued that there is still potential for actively
shielded alkali-halide spectrometers there is no doubt that the advent
of Ge(Li) and Ge detectors has revolutionised astfonomical gamma-ray
specthScopy with their ability to pick out fine structure in the spectra
from celéstial sources. The Durham spectrometer, described in Chapter 3,
is an actively shielded instrument using a Ge crystal rather than

Ge(Li) because of the relative ease with which'itgcan be handled.

2.2 DETECTOR BACKGROUND

From a gamma-ray source in a direction 6 ahd-¢ the limiting measurable

line flux for a detector in a balloon or satellite environment is:

S(E,0,9) T e

) . e, —
Fmip h LI V/é[dB(E)/dEJAE : o (2.6)
qssumihg a null source count rate; where n is the number of Standard

deviations 0 above the background,that corresponds to a detectable signal

(commonly taken as 2 or 3); AE is the energy résolution of the instrument
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at energy E; T is the length of time for which the source (and

obs
background) is measured; S(E,0,¢) is the sensitivity of the detector
to a photon of energy E which enters it from the direction (8,¢); dB(E)/dE
is the net differential background count rate [in counts (unit energy
-1 . . -1

interval) (unit time) ],

Consequently it is very important in any balloon or satellite work
to achieve as low a background as possible and this may only be done from
a good understanding of the various sources of background,of which there
are basically three: (i) Atmospheric (ii) Intrinsic activity (iii) Local
production, Ling (1974) has produced a means by which to quantify
dB(E) /dE. Consider a detector of acceptance solid angle AQ and full energy
sensitivity S(E,cx)cm2 to photons of energy E incident at angle & to the
axis from a volume element which emits AO(E,h') photons of energy E

. -1 .o -1 -1 . .

(unit energy) (g air) s at a distance r. Then at atmospheric depth

h(g cm—z) the detector counting rate, when viewing at zenith angle 0

so that o = O, due to total background in a band width AE at E is given

by :
h sec 0 » A (E,h’ )p(h )
dﬁéE) e =] [ ] S(E,0) — ype exp [-r'/)(E)]drdEdQ
AQ AE o
+ f f S(E,0)F (E)expEJh sec G/A(Ey]dEdQ ' ‘ 2.7
AQ AE D ’ g ' »

+ (Backgfound rate from activation etc.)
where p(h') is the atmospheric density at the depth of the sourcée element;
r' = fr p(r)dr (g cm—z), and A(E) is the absorption mean free path for
photon:‘ofﬁQnergy E in g cm

-2
The first term is the atmospheric gamha—ray flhi in the form of a
source function AO(E,B') expressed as the number of photons of energy E

in AE emitted per second from a gramme of air at a particular latitude.

This source function is determined empirically from balloon flight



measurements [Ling (1974)]. Term two represents the diffuse cosmic
gamma~-ray flux which reaches the detector through the atmosphere.

Equation (2.6) gives the flux sensitivity once the relation in
equation (2.7) is determined for the particular detector system,
Beuermann (1971) has developed a model for atmospheric gamma radiatioen
around 10 MeV which consists of two components. (1) n° meson decay;
having a broad peak around 70 MeV (ii) Primary, secondary and re-entrant
albedo electfon breis£rah1ung, and this work, which is limited to a
cut off rigidity of 4.5 GV has subsequently been extended to a range of
rigidity values By Daniel and Stéphens (1974) . The predicted spectra
from thié model and that of Ling (1975) are shown in figure 2.5 in
comparison with experimental data. A shoulder at ~ 70 MeV is evident
in the figure which gives support to Beuermann's model.

Figure 2.6 illustrates the results of measurements [Schﬁnfelder
et al, (1975)] of the vertical atmospheric gamma-ray energy spectrum
for various depths in the atmosphere,together with the theoretical
predictions, Study of the figure reveals the flux as being a function

2 (the Pfotzer maximum).

of the depth; rising to a maximum at v 100 g cm
The models mentioned all produce flug predictions which are equal to or
smaller than the measurements.

In addition the atmospheric gamma-ray flux is also dependent upon
Zenith Angle, chreasing the Zenith Angle results in an increased
source volume contribution to the counting rate. This dependence is
expected to be less than sec 0 at small atmospherié depths owing to the
curvature of the atmosphére. The work of Ling (1975)‘is_in agreement
with Compton telescope measurements of Schonfelder et al. (1977) for

o

0" ¢ Z.A, ¢ 120° where a steady increase is observed, however there is

disagreement at angles > 1200; an observed maximum is not predicted on
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Ling's model, however, Graser and Scﬁﬁnfeldgr (1977) have produced a
maximum exhibiting mo§e1 at the required Z.A.

Line radiation i$ also.prOdQéed‘iﬁ the atmosphere, principally at
0.511 MeV by pésitroﬁ annihilation and de-excitation radiation is found
from neutron capture or inelastic scattéring on 14N and 160 nuclei.

Atmospheric 0.511 Mev'fadiation has been measiured as a function of
depth by:SeQefal workers [Peterééﬂ*klgﬁs), Rocchia ét.al. (1965),

Chupp et al. (1970)'dﬁd'Ka§£uriééﬁéén et al. (1972)] and the results are
consistent with calculation. Typical values for the 0.511 MeV line

flux are: (0.00 + 0,01) aid (0.2 *+ 0.02) photons cm 28 1

at 6 and 3.9
g cm_2 depth respectively.

Predicted and measured fluxes for other atmospheric lines are given
in Table 2.2,

The materials used in the construction of a spectrometer can themselves
produce radiafion which contributes to the background. Such contribution
arises in two ways: (i) local production; arising as a result of neutron
and proton interaction with the spectrométer materials (ii) natural

&
radioactivity ;ontained in the materials, [Kreger and Mather (1967),
Van Lieshout et al. (1966)].

In the case of local production, neutron interactions dominate for
balloon based Systems because of the high ratio of atmospheric neutron
to proton background. Quantitative estimates of the neutron effect have
been made by Ling (1974) and Ling and Gruber (1977). The net efféct of
atmospheric neutron interaction is more important in a shiglded system
than an unshielded one as although the shield reduces the atmospheric
photon component, the neutron contribution is not so affected, hence the
shields should not be made too thick otherwise ldcai production dominates
the background [Bhat and Thompson (1981)?. In NaI(T2) and -CsI(Na) the

neutron interaction background spectrum has three parts: (i) Around

439 keV there are line features superimposed on a continuum arising from



Table 2.2 Measured and prediéted atmospheric gamma-ray line fluxes

(a) Orwig (1972) Private communication to J.C. Ling.
(b) Kurfess (1972) Private communication to J.C. Ling.
(c) Willett et al. (1979)

(d) Albernhe and Vedrenne (1976)

(e) Peterson et al, (19873)

Predicted Flyx

Energy P Measured flux at A = 40° at 3.5 g cm °
(MeV) rocess (photons cm™2s-1) » = 40° 5 1
(photons cm s )
Ym,ne 'y 1 x 107% ) , 1.19 x 102
4.44 Yym,eyB . 1.5 x 107%(a) 1.36 x 10 % (x) 3.21 x 107°
4.49 "Wan™ < 8.7 x107%e) 9.68-x 10>
6.087 14N(n,p)140' 2.5 x.1of2(a) 6.0 x 107> (b) 3.94 x 1071
6.120  Bom,ny)'% 7.7 x 1073(c) 7.3 x 1073(a) 7.33 x 105
6.32 14N(N,y)15N <7.3%107° 1.31 x 1072
6.44 Yyamn v 1.36 x 1075
16 3

6.92 4¢n, 20 v 1.69 x 10°
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fast neutrons, (ii) Below 2.2 MeV beta decay of 1128 produces a flat
spectrum, (iii) around 6.8 MeV there is a peak arising from slow neutron
capture.
. . . X 40 i .

Most materials contain the natural activities K, Ra and Th which

produce numerous emissions, both continuum and discrete, at gamma-ray
40 - » 40,

energies. For example: (a) K decays by B emission to Ca or

4

altérnatively to oAr by 8+/EC decay which results in gamma emission at

1.46 MeV, (b) Thorium may be identified by the detection of a gamma-ray

208Pb (ThD) which is

line at 2.62 MeV from the first excited state of
- 208,

populated by B decays of TL(ThC"). Manufacturers of detector

¢rystals and photomultiplier tubes attempt to keep all naturally occurring

activities as low as possible in their raw materials. This source of

background could become important in the future as the sensitivity of

gamma-rayv experiments is increased.

2.3 OBSERVATIONS OF EXTRATERRESTRIAL GAMMA RADIATION

2.3.1 The Cosnic Gammafnay Bgckground

Since the“existence of a cosmic gamma-ray flux was established by
the Ranger 3 and 5 spacecraft obéervations discussed in Section 1.2
several further attempts have been made to measure it using balloon and
satellite borne detectors. These have identified two cqmponehts. a
Galactic part which eghibits a éeak in the dife;tidn_df the planerf the
Galaxy and an isotropic part, the diffuse backgrﬁund.

Obsérvationally there appears to be agreement aﬁout the shape of
the diffuse}radiation energy spectrum, as shown in figure 2.7. However,
the origin of the flukx and in particular that.of a shoulder around 3 MeV
is still uncertain owing to (a) the lack of observational evidence
concgrning the gamma-ray luminosifies of galaxies etéi and (b) an
ex6esstof free parameters in all of the suggé%tqg models éf truly

diffuse production in intergalactic space. Stecker (1969) and Stecker
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et al. (1971) have proposed two models for the cause of the 3 MeV
shoulder based on the fact that the differential gamma-ray energy
spectrum from vo meson decay peaks at v 70 MeV and this may easiLyhe
displaced to the 3 MeV region if the production occurs largely at red
shifts around Z = 100, The n° mesons themselves would be producéd from
a copious supply of cosmic rays from the big bang or by simultaneous
baryon-anti baryon aﬁnihilation. More recently, Rocchia et al. (1976)
have indicated that tﬁe feature could result from Compton interactions
of gamma-rays with low energy electrons around discrete sources, for
example, Seyfert galaxies [Grindiay (1978)] and this has been given
observational support by the detection of:radiation > 1 MeV from N.G.C.
4151 [Schonfelder (1978)]. Isotropy and temporal constancy conditions,

which have been verified at emnergies < 100 keV by Schwartz (1970) and

-~ — -
-39}

s o - SR AN
4.l Allu v

3
4]

and White et al, (1977), are satisfied by the theories mentioned.
Informétion concerning the Galactic component of the gamma-ray
Sackground“comgs_mginly from the surveys carried out by the satellites
SAS II and COS ﬁ which operate in the energy range 50 MeV to 5 GeV énd'
there is a sparsity of practical results from energigsfarquﬁd'longv.

At energies > 50 MeV then, the Galaxy appears as a narrow line

I , P .
source. At Galactic longitude (& I) = Oo, i.e. towards the' Galactic
: . I ,
centre, its width at half maximum, in Galactic latitude (b I), is:
+3%5 bl 5 _2.5° as shown in figure 2.8 and at 211 = 120° it is:

I . :
+ 7° > b I > —30._ The longitude distribution, figure 2.9, shows a broad

maximum towards the Galactic centre and localised excessés'in the Galactic
plane which seem to occur when the line of sight tamgentially intersects
spiral arms [Bignami et al. (1975)]. In addition, gamma-ray point sources

are embedded in the Galactic plane and some of the 1qcalised enhancements
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have been identified with these, In particular four pulsars have been
identified: PSR 182209, PSR 0531421, PSR 0740+28 and PSR 0833-45.

2.3.2 Solar Gamma-Rays

Prior to 1972 sSeveral claims had been made for observations of a
solar gamma-ray flux. [Apparao et al. (1966), Daniel et al. (1967),
Kondo and Nagase (1969), Hirasima et al. (1969)], however these have all
been highly disputed and none coincided with ahy optical flare activity.

The first accepted obsefvations of solar gamma radiation are those
from the University of New Hampshire's gamma-ray Specfrometer, on board
the 0S0-7 satellite, of continuum and line radiation during the solar
activity of August 2nd to Auygust 11lth, 1972, [Chupp et al. (1973)]. The
instrument responsible for the observations is described by Forrest et
al, (1972), and Higbie et al. (1972). Observations of line radiation
were obtained from the solar flares of 0621 U.T., August 4th, 1972 and
1500 U.T., August 7th, 1972, The time integrated solarAénd background
counting-rate spectra for the first of these two events, accumulated,

A during the time interval 0624 to 0633 U.T,, corresponding to'the rising
phase of the flare, is shown in figure 2.10; line emission is evident at

energies: 0,51, 2.23, 4.44 and 6.13 MeV and the corresponding flux levels

2 1

are: (6.3 + 2.0) x 10 ©, (2.80 + 0.22) x 10, (3 % 1) x 10‘2, (3+ 1) x 1of2,

photons cm_zs- , respectively. However, during the observations of the
August 7th, 1972 flare, which were made approximately 40 minutes after
the onset, only the first two of these lines were detected and these at

2 and (6.9 + 1.1) x 1072 photons

respective flux levels, (3.0 £ 1.5) x 10~
cm_zs_l. |

- Chambon et al. (1978) repbrt the detection ijﬁhe 2;23*Mev line
and a possible detedtion of that at 4.4 MeV during'a flare which erupted

on 22nd November 1977. Their preliminary estimates of the 2.2 MeV line
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flux is compatible with Chupp's 4th August, 1972 observation. The 0.51 MeV
line was not seen on this occasion though it is argued that such would be
expected since if the 4.4 MeV excess 1s indeed due to a line then its
intensity is a factor of 3 lower tﬁan the 2.2 MeV~feature,whicﬁ would

in turn mean that the 0.51 MeV 1lirne should be a factor of 2 lower in
intensity than the 2.2 MeV line, [Ramaty and Lingenfelter (1973)].

Both the 2.2 MeV and the 4.4 MeV lines were detected again during a
flare which erupted on 11th July 1978 and lasted from 1035 to 1415 U.T.
[Hudson et al. (1980)]. This observation comes from the A4 experiment
of the HEAO-1 satellite which is described in detail by Matteson (1978)
and the strengths of the lines were (1.00 * 0,29) and (0.18 + 0,07)

—£ respectively.

photons cm_zs

At 0312 U.T. June 7th, 1980, another flare was observed at gamma-
ray energies and a line of energy (2.232 * 0.012) MeV was recorded at a
flux level of (7.1 * 1.2) x 1072 photons em 2s” . Chupp et al. (1981)
report this observation which was obtained from the Solar Maximum
Mission (SMM) satellite's gamma-ray Spectrometer.

Prior to the first observations calculations by Lingenfelter and
Ramaty, (1967) had shown that the strongest lines from solar flares
in decreasing order, should be:-

(1) 2.223 MeV - Thérmalised neutron capture on hydrogen in the

solar photosphere.

(ii) 0.511 MeV Positron annihilation.

(iii) 4.438 MeV -~ 12C de-excitation.

(iv) 6.129 MeV 160,de—excitation.

The subsequent observations have provided substaﬁtial support for the
calculations not only because the predicted lines are precisely those
detected but also because in the individual cases of a plurality of

lines being measured their observed flux ratios agree with the calculations



within experimental error. In addition the neutron capture and positron
annihilation times are finite and therefore the 2.223 MeV and 0.51 MeV
lihes would be expected to lag. behind the flare onset. Supporting this
are the time profiles from the HEAO--1 and SMM observations'df the
respective flares in several energy bands ranging from microwéves to
gamma-rays of v 8 MeV; these are shown in figures 2.11 and 2.12. The
HEAO-1 profile shows that the 2,223 MeV line lagged (94 * 30) éeconds
behind the hard X-ray flux and this is consistent with the slowing down
time required for neutron capture. Also the time history from SSM

shows that the emission from the band covering the 2.223 MeV line continueé‘
beyond the end of the impulsive phase of the flare. Similar evidence
comes from the 1972 observations; although four lines were detected from
the August 4th flare, seen dufing its rising phase, only the 0.51 and
2.223 MeV lines were detected during the August 7th event which was
observed at a later stage of the flare.

2.3.3 Discrete Cosmic Sources

2.3.3.1 The Galactic Centre. Table 2.3 summarises the main
experiments to have viewed the Galactic centre to date. The Bell/Sandia
Laboratories'apparatus and the 1974 Rice University device, which have
been described briefly and referehced in Section 2.1, together with
the 1970/71 Rice instrument [Johnson and Haymes (1953)] and that of
le Centre d'Etudes Spatiale des Rayonneménts (C;E.S.R.) [Aibernhe et al.
(1978)] were all balloon borne, while the Jet Propulsion Laboratofy
(JPL) device is the HEAO-3 satellite gamma—ray spectrometer [Mahoney
et al. (1980)]. . | -

" In both Ri;e University flights of ig?o and 19?1”f§oh‘Parana,

Argentina a bright, power~law continuum of spectral index v 2.4 was
detected from the Galactic cent;e, however the absolute flux levels

reported [Johnson and Haymes (1973) ] differ by ~ 30 per cent. This
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(a)

(a)

(b)

(c)

(dy.

(e)

(e)

Table 2.3 Observatlons of the Galactlc Centre UOSltron annlhllaulon 11ne em15510n.

(a) Chupp (1977), (b) Albernhe et al

(e)AMahoney et al. (1980),

Line Energy Line Flux

(keV) 10-3Photons cm -’
476 + 24 1.8 + 0.5
530 * 11 0.8 + 0.23
511 4.18 * 1.56
1 510.7:0.5. 1.22 + 0.22
2.35 +0.71
7511 : "~ or
: 1.24 + 0.43
510.9+0.25 1.85 + 0,21
510.1 . 0.65.% 0

.27

-2 -1

s

(1981),

Date
of
Observation

1970 Nov. 25
and
1971 Nov. 20

1974 April 2

1977 Feb. 14
and 17

1977 Nov. 11

1979 April 15

1979 Oct,

1980 March

(c) Leventhal (1978), (d) Leventhal et al.

(1980),

Instrument Description

75cm2 NaI(TR) crystal.

NaI(TL) Anticoincidence shield.
Aperture: 24° FWHM. Energy
resolution: 15% at 511 keV

182Cm2 NalI(T%) crystal Nal(TL).
Ant1c01nc1dence shield. Aperture
150 FWHM Energy resolution:

12% at 511 keV,

14Gcm3 Ge(Ll) crystal
anticoincidence shleld Aperture
50° FWHM, Energy resolution:

18 keV at 1.33 MeV.

Nal{Te)

lBOcm3 Ge crystal. NaI(T%)
Ant1c01nc1dence shield. Aperture:
15° FWHM “"Energy resolution:

3.2 keV at ‘511 keV

1979 fllght added’ L1F/plast1c
neutron shield.

effective arez
26. 4cm2. CsI(Na) ant1c01nc1dence
shield. Aperture: -35° FWHM,
Energy resolution: 2.72 keV at
511 keV,

4 Ge crystals:
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difference is attributed to either source variability or a variation in
the systematic errors in the apparatus,which for both experiments was
essentially the same. A combined result from both occasions suggests

that the best representation of the flux is:

1

- + : -2 - -
(-2.42 * O'OS)photons cm‘zs lkeV (2.8)

N(E) = (14.7 £ 3.3)E

and this is shown in figure 2.13 as a solid line. Fiéure 2.13 also
shows the data from a prévidus flight [Haymes et al. (1969)] together
with that from the 1977 Bell/Sandia observations to be discussed ;hortly.

Both of the Rice flighté produced evidence for a spectral féature
at v 500 keV superimposed on the continuum. Although least-squares
Gaussian fits to each data set produced different line centre energy
values they agree within experimental error and therefore the features
have been assumed to be due to a single gamma-ray emission line. The
combined 1970/71 data for the feature yields a 5.30 excess above the
continuum fit, lying at (476 = 24) keV.

In 1974 the Rice University group re-observed the Galactic centre
[Hgymes et'alf (1975)j with a new~ihsffuhent (Section 2.1) flown from
Parana as previously and on this occasion several spectral lines.were
'recorded'including; to a 3.50 cpnfidence, one at (530'i'11) keV which4
they believe to be thg same feature as Qﬁse?ied in 1970 and 71 in épite
of a quantitative difference in average energy of v 3.40 (which
practically excludes the possibility of statistical fluctuation). Haymes
et al. (1975) suggest that the average energy of the excess is a function
of the ééiactic longitude coordinates obsQerd.which in 1970 -were

. - . i N -‘ . -'\ I ..
21 = 354° t0.17°, in 1971 2 = 351° to 15° and in 1974 4 T'- 353° to

8%,

The results for the other spectral lines detected in 1974 are

displayed in»Téble 2.4 In the 1.2 to 2,0 MeV range the feature is too
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broad to be a single spectral liﬁergnd it is therefore thought to be
Doppler broadened emission from several nuclides. A1l of the»téported
lines are expected,since the thected energies are close te the lines
radiated by universally ébuhdant nuclei.

The continuumrdeteCted on%this.occasfén is>sati§fie¢,by a. power—law
fit: | |

(=2.78 + 0.06) 2 1

N(E) = (40,7 * 12,5)E ‘photons em™ s kev” (2.9)

over the energy range 0.05 to 0.8 MeV excluding the contribution from
the energy band coxfzering 0.5 MeV.

Leventhal et al. (1978) and (1980) report the detection of a 511 keV
spectral line at the 3.5 0 level from the Galactic centre during two
balloon flights launched from Alice Springs, Australia, using the Bell/
Sandia Laboratories' instrument, During the 1979 April 15 flight a system
malfunction occurred which has éiyen rise to-an uncertainty in the line
flux (indicated in Table 2;3), hQWever the result obtained from énalysis
of the complete data set igngring the instrumental malfunction ié iﬁ
close'agreemeﬁtiwithfﬁgéir p;éviods fésult from‘tﬁe;i9%7iNbvember 11¥i2
observation,

It is believed that the fa§1t &id>not,affect their sfudy;of continuum

radiation and a best fit power-law for this dis given as:

N(E) = 1.8 x 10f4(E/100)-2'313photonS'cm_zshlkev—l (2;10>
- for the 1979 data as compared with:
N(E) = 2.65 x 107" (£/100) %% photons en ZsTlkev - (2.11) .

from the 1977 flight. The data for the April: 1979 fiiéhtfate shown in
figure 2.14 together with thé best.‘fit power-law of equétion (2.10) and
those from the 1977 observation (equation 2.11) and the 1974 fRice result

(equation.2,9). Consideration of these three results has led Leventhal

et al. (1980) to the cor¢lusion that the evidence points to an intensity



Table 2.4

during observation of:1974 April’ 2nd

Haymes et al, (1975) .

Spectral Lines. detected from the Galactlc centre

Measured Energy (MeV)

~BELL/SANDIA 1977

200.°300. 500 700

ENERGY {keV)

)

?o,. ) =2
- T
"X X

JABY | 285> suojoug

0.9 + 0.1 1.2 - 2.0 4.6 + 0.1
Flux -2 -1
(10-4 photons cm “s ) (3.7 £ 3.1) 26 * 6 9.5 + 2.7
Instrumental.FWHM '
(MeV) ' 0.080 0.130 0.206
Measured . FWHM
(MeV) 0.1 = 0.7
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fluctuation of the Galactic centre continuum of v 50 per cent,on a time
scale of years,

Meegan (1978) in re~-assessing the Rice University resuits of 1971
and 1974 concludes that the discrepancy concerning the N 500 keV feature
is resolved in view of the Bell/Sandia result at 511 keV.

Further evidéncé for a galac%ic centre emission at 511 kév has
come from the HEAO-3 satellite during observations performed in the
fall of 1979 and sprihg of 1980. A 3.50 decrease in the line flux is
apparent between these observainHS and this is considered to be
evidence for source variability, since the statistical likelihood of a
flux change of such degree is 5.0 x 10"4 for the normal distribution
fit to the feature. Taking the earlier obsefvations, ihcluding that
reportéd by Albernhe et al. (1981) from the C.E.S.R. work, in the light
of the HEAO-3 results they may also be suggestive of source flux variation.
It is difficult to make a legitimate comparison of the results since
each of the instruments used define different fields of view and the
precise Galactic coordinates observed in each case arebnot the sane.
Thus if the emitting region weré an exteﬁded source then the detected
fques would not be the same even from a constant emission. The
suggestion of source variability in the HEAO-3 case is made since the
data is consistent witﬁra point éOgrqe or one of narrow sbatial extent

v 1018cm. However the C.E.S.R. group favour a constant ihtensity

source exteﬁding in galactic loﬁgitude between - 30o < QII < 4 300;
Overall,the 511 keV line is interpreted as being du; to electron-
poSigrbh annihilgtion fh@ggh the source of~the'§qsitr9ns is unclear.
Suggestions inciude‘superngva and ;pva exﬁlpsions, radio pulsars and
cosmic—rayrinteractions,though calciilations by Ramatylet.al. (1979)

indicate that cosmic-ray positron: production should account for only a

few per cent of the ebserved flux, In a more speculative vein a



massive stellar singularity at the falactic centre may be the source of

3 positron electron pairs s_1 required by the current observations

the 104
[Ramaty and Lingenfelter-(1981)]i This suggestion has beep put forward
to explain recent Infra-Red data from the Galactic centre.

2.3.3.2 The Crab Nebula. Several measurements of low
energy gamma radiation from the Crab Nebula up to 10 MeV have been
reported and figure 2,15 represents the collective differential photon
spectrum for the Crab up to 1 MeV. 1In the energy range from 1 to 16 MeV
the results to date are conflicting'and the specpral shape in'this
region has yet to be resolved. Walraven et al. (1975) have produced
results which agree with a simple power-law extrapolation from the X-ray
region, however, Baker et al. (1973) and Gruber and Ling (1977) give
evidence for a flattening of the spectrum in this region which produces
a flux excess of a factor of ~ 7 to 30 above such extrapolations.

Only two reports of line radiation from the Crab have been made;
those of Leventhal et al. (1977) and Ling et al. (1979), for line features
at v 400 keV and v~ 73 keV respectively. The fotmer observation was
perfOrméd on the 10th May 1976 from a béiloon-based'platform,lapﬁChéd
from Alambgordo,>New Mexico anq thé instrument used was an NaI(TZ)_
anticoihcidence shielded, 92”cms Ge(Li) spectrometer,of aperture lgo
FWHM and energy resolution 3.4 kéV at 1.33 MeV. 1In the-defectéd line
at (400 + 1) keV a flux of (2.24 + 0.65) x 10‘3fpnotons cm'zs*1 was
recorded corresponding to a 3.50 excess. Leventhal et ai. (1977) interprét
the line as gravitationally redeshifted 0.511 MeV positron annihilation
radiation from the_guriace of a neutron star.

This line was not seen however by Ling et al. (i977) in observing
the Crab during their balloon flight of 10th June 1974. Launched from

Palestine, Texas the instrument used in this case was an actively

shielded, 4 headed Ge(Li) spectrometer from the Jet Propulsion Laboratory,
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Pasadena, California (shown in figure 2.4) and briefly deseribed and
referenced in Section 2.1. At the flux level stated above the 400 keV
line should have produced an increase of 3.90 statistical significance
in this instrument's data, however no increase was seen. Ling et al.
(1977) are careful not to rule out the possibility that the reported
feature could vary with time,as the two observations were separated by
2 years.

Although the 400 keV line was not seen during the JPL flight a
feature at (73.3 + 1.0) keV was detected at 3.80 confidence,corresponding

267! [Ling et a1. (1979)].

to a flux of (3.8 + 0.9) x 10°° photons cm_
Possible origins for a line at this energy are (i) the two lead (Pb)
K a X-ray emissions (74.9694 and 72.8042 keV) or, (ii) Cyclotron eﬁission
in the Crab pulsar's magnetic field.

2.3.3.3 Hercules X-1. Her X-1 is a highly variable. binary
X-ray source exhibiting peniodicitigs of (a) 1.24 second pulsations,
(b) 1.70 days, due to binary eclipse and (c¢) 34.9 days, of currently
unknown origin. Many observations of its spectrum in the keV region
have been ﬁade énd a summary 6f the results prior to'1976 is given by
Manchanda (1877). Below " 20 keV the spectrum appears to fit a power-law
of index v 1.5, however, at energies above 25 kev it stéepens and its
shape seems to vary significantly from one 35 day cycle to another.
Becker et al. (1977) confirm the ﬁreak in the-spectrdﬁ and their data
for the 25 to 60 keV region, from the cosmic X~ray spectrometer on board
the‘OSO—S Saﬁellitg; fits. a power-law of spectral indgx v 5.3. Trumper
et.al. (1978) report very good agreement with ?hefqgQésfgéta cohcerning
the slope of fhe spectrum between 20 and 45 kgV. However Manchan@a's
mean value of v 2.7 derived from the pre~1976-obServations is at variance
with these later results,

During the balloon flight reported by Trumpér et al, (1978), which



was performed on 1976 May 3rd and launched from Palestine, Téxas,
spectral lines were observed in the 1.24s pulsed spectrum at energiés

(58 * 5) keV and 110 keV, At the time of observation Her X-1 was at
binary phase 0.72 to 0.82 and 5 days into cycle 45 [Davison and Fabian
(1977) ] of the 35 day period. Figure 2.16 shows the Her X-1 pulsed
spectrum deriQed from the flight and the reported lines,wﬁich are.clearly

2 -1

.0 - -
+ 3 ) x 10 3 photons c¢m s

visible, correspond to fluxes of (2.9 - 1.0

for the 58 keV line and (1.1 + 0.1) x 1073 photons cmﬁzs— for that at
110 kevland the statistical significance of the lines are 4.50 and
3.30 above the continuum respectively.

Quantised electron cyclotron emiSsion in the intense magnetic field
of a rotating neutron star is the suggested origin for the lines since
the observed energies are those predicted from this model [Gnedin and
Sunvaev (1974)j for a magnetic field strengfh of 5.3 x 1012 Gauss.

Trumper (1978) reports a further observation of Her X-1 performed
during September/obtober 1977 using a much 1arger detector than that of
their 1976 flight. 1In this case the recorded fluxes from-xhe continuum
and the "~ 58 kev line showed a deérease.of a factor % 2 ovér those
obtained previously and the 110 keV was not detected. A flux of

(1.1 =+ O.i) X 10-3 photons cm_zs was obtained for the detected line
which appeared at 55.4 keV, and a 30 upper limit of < 1073 photons em 257t
~for the 110 keV is estimated.

In February_1977 tﬁe X-ray detector on board the Ariel V satéllite
Qbsegygd Her X-1 'and Coe et al. (1977) report a time averagéd sSpectral
feature at (64 + G)nkev,yieiding a flux of (1.7 ¢ 0.7) x 10""2 photons
cm~zé_1.‘ Thouéh the flux is sohewhat higher than that of Trumper et

al. the recorded energy is consistent, however, no confirmation of the

pulsed nature of the emission could be presented.

Dennis et al. (1978) discuss the detection of pulsed emission at
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v 60 keV and v 135 keV in 0S0-8 data for which 30 upper limits of
<2x10 % ana <1 x 102 photons em™ 25" respectively were obtained.
2.3.3.4 Other DiScrete Sources. Radiogalaxy Centaurus-A

and the optical galaxy N,G.C. 5128 which it surrounds are knoewn t0~bg.the
source of intense emission in all regions of the electromagnetic spectrum
from radio to hard X-rays [Kellermann (1974)], and the consequent inference
of the presence of energetic electrons in turn suggests that excited
nuclei are alsb contained therein which should give rise to gamma-ray
line radiation.

These two objects have been observed in the energy range 0.033
to 12.25 MeV by the Rice University group using the spectrometer

described in Section 2.1 and evidence was found for both continuum

and line emission in this range. The continyum, represented by:

-1 -1

-¢1.,90 + 0.04) - . S
S “photons cm 8 keV (2..12)

N(E) = (V.86 * U,17)E

is shown in figure 2.17 and the line emissions at 1.6 MeV and 4.5 MeV,
which constitute the first spectral line detection from an extra-
galactic source, are depicted more clearly in figure 2.18. Flux levels

3 4

recorded for these lines are (3.4 * 1.0) x 10> and (9.9 + 3.0) x 10~

photons cmnzs- , corresponding to a 3.30 statistical significance in
both cases.

Two models are consistent with the rather broad feature at 116 MeV:
(a) Doppler broadening of 20Ne* de-excitation radiation_and ‘¢b) Blendiﬁg,
of several narrow lines from cosmic ray and excited interstellar nuclei.
MOQQl (). has bégn suggested for a similar feature in the Galactic
centre spectrum at 1 to 2 Mev, (seétion 2.3.3.1). Carboﬁglzﬂemits-dé-
eicitatioﬁ radiation at 4.43 MeV and this is thought to be the likely

explanation of the observed Cen-A/N.G.C. 5128 4.5 MeV feature.

Gamma-ray emission in the 1 to 20 MeV régidn hds also been reported
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from the Seyfert galaxy N.G.C. 4151 by Graml et al. (1978), however the
energy resolution of the Compton telescope used in this case was
insufficient to resolve possible line emissipn. The observed flug h?d
a significance of 70 above background and fitted a power-law @eiieved
to be in good agreément with extrapolations from X-ray energies up fo
Vv 3 MeV. Meegan and Haymes (1979) have obtained upper limits for N.G.C.
4151 wﬁich are not inconsistent with those of Graml et al., however
White et al. (1980) have derived 20 upper limits to the flux from data
collected during their balloon-based observation of N.G.C. 4151 of
1978 September 29th and these are factors of 5 to 10 below those of
Graml et al. |

In the lower energy region 100 to 200 keV Meegan and Haymes find
that their data is in disagreement with observations by Di Cocco et al.
(1977) and Auriemma et al. (1978) and since Di Cocco's work took piace
in 1977 May, less than five months before that of Méegan and Haymes' the
latter interpret this as an indication of variability of the hard X-ray

flux.



CHAPTER 3

THE DURHAM NUCLEAR, GAMYA-RAY SPECTROMETER

3.1 INTRODUCTION AND SPECTROMETER DELINEATION

The Durham Nuclear Gamma-Ray Spectrometer has been desigﬁed and
built with the specific intention of observing and providing daﬁé on
gamma-ray line emission from discrete celestial sources and:bagkground.
As discussed in previous chapters candidate sources have been detected
with greater or lesser degrees of certainty and even ambiguity by
several independent workers and possible mechanisms for the emissions
have been postulated, e.g. nuclear de-excitation, cyclotrén radiation,
positron annihilation etc. It is clear that any instrument which is to
substantiate successfully the existence of such sources, possibly add
to their number, and which could also give sufficiént information to
permit classification of the source emission mechanism, would require
the following features:

(i) As small an angular field of view as is practicable.

(ii) High pointing accuracy.

(iii1) Good sensitivity.

(iv) Efficient background sgppreésiqn.

(v) High energy resoxu;iqn,

(vi) Low local production of gamma ragigtion;

Furthermore, if the device were to be deployed at a high téfréstrial
altitude by means of a balloon flight then owihg to the extreme forces,
t?mper#tﬁres~aﬂdgpxgggpres experienced by such a syStem during launch,
float and Landing, a sturdy and resilient structure is necessitéted in
both mechanical and electronic aspects of its construction,

The Durham spectrometer, shown in cross section in Figure 371 was

designéd and built incorporating as many of the features needed to
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satisfy these criferia as was possible, The spectrometer is a cylindrieally
symmetric system comprising one intrinsic germanium (Ge) deteegtor, for
high energy resolution, and several scintillation detectors (AO to
A3), physically arranged to utilise the latter as (a) an anticoincidénce
shield, against background radiation, and (b) a collimator for the main
Ge device, giving a 6° (FWHMSvangular field of view, Iﬁmediétely
surrounding the Ge crystal is an array of four scintillatibp=detectors
(P1 to P4) desigﬁgd to detect gamma photons which Compton séatter fnpm
the Ge device ‘thus providing information conc¢erning polarisation -of
the source radiation,
Housed adjacent to the Al and A2 crystals (figure 3.2) are two
Nuélear Instrumentation Module (NIM) crates containing the analogue
and digital electronics. A 16383 channel pulse-height analyser (PHA) is
used to analyse the pulses, from the y-ray detector, which arise from
radiation energy depositions in the range 0.05 MeV to 10 MeV. For any
acceptable event in Ge or the shield two coincident pulses are
analysed, e.g. the Ge pulse and any coincident pulse from the shield,
and 'flag’ indication of precisely which shield element produced the
coincident pulse is also given, Associated 'hougékeeping' information,
i,e. detectér count rates, system temperatures,lﬁresgure and voltages,
are also handled by the electrOnics contained within thése,méduies.
The spectrometer is contained within an airtight, insulated,
aluminium pressure vessel and the whole unit is supported in an
aluminium‘fggndola'. Directional Qrientation, to an accuracy of * %o
is achieved via.éﬁ alt-azimuth sfegring‘systemﬂwhich‘caﬂ.bé.gomqgn&ed
to point the'spgctxometer at agy:azimuthal angle and zenith{angles in the
range 0° to'50°. Information concerning the attitude of. tpersystem is
derived from a number of pendulumé, magnetoneter elemengs andla suﬁ

sensor which are mounted at various locations as shown in figure 3.2.
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A further electronics module (of Cinch plug-in cards) contains the
steering system and the interface for a pulse coded modulation (PCM)
telemetry system which relays all of the data to ground during balloon
flight and also allows the payload to be commanded from ground.
Received data is recorded in real time on magnetic tapes for suyb-
sequent computer aided analysis. As has been mentionéd two pulse-
heights are recorded for coincident events, this is done to facilitate
the vetoing of the Ge spectra during the computer analysis.

The telemetry system is provided by the National Centre for
Atmospheric Research, National Scientific Balloon Facility, at Palestine,
Texas, U.S.A.

3.2 DESIGN PHILOSOPHY

It is the application of a Ge crystal as the main detector which
is chiefly responéible for the syétem's excellent spectrometrié
property; germanium having a typical energy resolution well below
1%. Although both intrinsically pure germanium and the apparently
more‘cqmmonly used lithium drift germanium [Ge(Li)].cnystals must be
operated at cryostatic temperatures the former tyﬁe was preferred for
the current apparatus since, unlike Ge(Li), it does not suffer irreparable
damage»if allowed to warm up to room temperatureé when not in uée.
Present technology does not permit the fabrication pf }aége_yolgmé Gé;
crystals and at 86 cm3 the crystal used is c;gse fo_the maximum stze
available.

"-f.l.,l:a}%lii;.um'ac tivated sodium iodide, [Naxm)] was chosen'as the main
sﬁbstancg fér thé'hntiggincidengejshieldsyas this”iﬂorgggié‘scintillatioﬁ
phosphbr gives the optimum combination of properties rélevan; to the
preseﬁt purpose. Large voiumercryStals were requiréd and  therefore
_it was important that the material used should show little or no self-

absorption of its scintillation photons. NalI(T{) exhibits the highest




light output‘of currently available phosphors and figure 3.3 shows that
this is the case over a widé range of temperatures; this cduld be
important in high altitude balloon environments. Owing to the
hygroscopic nature oi sodium iodide, hermetically sealed aluminium
containers are required to prevent contact of the material . with
atmospheric water which would otherwise cause the crystals.fo cloud ahd
hence reduce the optical transmission property.

NaI(T2) is used for units A2, A3 and Pl to P4 and it was originally
intended that the sahe should be used for Al, ufifortunately this was |
not possible from a financial aspect and conséquently the Al shield/
collimagor was constructed, as a multi-Layered sandwich arrangement,
from NE102a plastig scintillator and lead, which were réady.torhand in
Durham. The configuration is useful because: (a) lead is an excellent
absorber; being of high atomic number (Z) and since the photoelectric
absorption and pair production processes are proportional to‘Zn
(n = 4 to 5) and Zz respectively, and (b) although the gamma-ray
detection efficiency of plastic scintillator is low it is highly
efficient at charged particle detectién;these chiarged particles are
produced by the absorption and scatterirng processes'in the 1ead. Al
is tapered from bqt@gm to top; primariiy_tq facilitate a?Fraae—0£f
between maximum gamm; photon shield traversél andﬂﬁihiﬁugwaighf
considerations, but it also effectiveyy reduces Qhé’qyantify ;f'maéeﬁ?al
above the detector and thérefore local production of gamina rédiation
bis kept to,a»migimum. |

Thg“éamé fypé of plastic‘scintiilator isﬂqggg for the}AO'detgpfor
- as its f§nct§§ﬁ, in covering the system's ;viewing' apertuﬁé, is to
per@it traﬁSmiséion of the gamma-rays along the gpeftpre to the Ge
whilst indicatingvthe charged partiecles which reach the detector by the

same route.
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Shield elements P1 to P4, which together with the Ge detector
functién as a polarimeter, have been included in the spectrometer design
since there is reason to suggest that at least some of the .cosmic v-
radiation is polarised. The device is designed to make use of the non
isotropic,’azimuthal distribution of Compton scattered, polarised
source photons which interact within the Ge crystal. For any Compton
event in Ge Which scatters a photon into one of ;he four qpadrahgs of
the polarimeter where it subsequently interacts, a-record is kept of
(a) the energy deposition in both Ge and the P element and (b)‘preciSely
which P quadrant the secondary photon entered. 1If polarisation of the
source radiation is present then two diammetrically opposite P guadrants
will record a higher count rate than their complementary pair. The
degree of polarisation in the source radiation, at a particular energy,
determines the asymmetry of the count rate between the two pairs and
precisely which pair experiences the higher rate is defined by the
orientation of the source radiation's electric vector with respect to the
polarimeter{ see section 4,2.2,

During the balloon flight electrical pgﬁef fén.thé épparéxus is
supplied from 1i£hium'organic batteries which are of relativel?hbighA
but limited capacity and therefore the electronics are desighed ﬁar 1ow
power consumption utilising low power military specification CMOS and
TTL, integrated circuits. Discrete components are used in the. analogue
circuits and the designs fuifill the requirements: (i) lbw'power con=
sumption (ii) hggh bgndwidtp (iii) fast rise time (iv) high 1inéarity
and (v) high st';p'i.lifty’.'

Nine.indgpéﬁdéﬁt volf;gévraiis are redurredbfo} the'eléctrgnicé'
and these are obtained by series and parallel combinations of batteries,
earthed at the appropriate point and regulaﬁed via monolithic’ voltage

~regulators. yfhe~detector and data handling system power constimption is

~ 50 Watts.



A pulse-height vo{tage range of O to 10 Volts is chosen to corréspond
to crystal energy depositions O to 10 MeV and the pulse-he;ght.anélyser
has 16383 channels over this range, yielding an energy resolution of ~
0.61 keV per channél which complements the resolution of the Ge crystal.

In designing the platform or 'gondola' minimum weight, rigidity
and the non use of magnetic materials were the main criteria, Minimum
payload weigpt maximises the float altitude during flight, rigidify
increases the aéquracy to which the specfrometer may be stéered and the
application of a magnetometer in the directional orientation system
precludes the use of magnetic materials. Thus, aluminium alloy (HE 30TF)
is employed throughout, it having the required characteristies and being
easily availabile.

An airtight pressure vessel was chosen to enclose the ipStrument
as the maintenance of a ground 1eve1 atmospheric pressure working
enVifonmeﬁt should prevent the occurrence of Corona discharge in the
EHT supplieé,» A 10 ¢m thicy jackeﬁ of polystyrgpe foam, with an outér
coating of alqm}nium foil, was built around tggggrgssﬁre“veggéi to provide
thermal insulatién aﬁd a white paint coating‘ﬁas added to counteract
the possibility of solar heating.

The spectrometer's centre of grévify waé'lgcated;dﬁ thefhogyzontai
axis of rotafion»thus minimising‘the couple nedpifed fo alte¥ £ﬁe‘zeni§hW

angle of the instrument.

3.3 THE GERMANIUM DETECTOR

An intrinsic, high purity, germanium (Ge).crystal together wi'th its

necessary cryostat’and dewar asseiibly, figure 3.4,was manufactuted by
P.G.T. Ihtefna%ibﬁai accorbiﬁéi£0:specifica£ign. THe,deWar mayugontaiﬁ

a maximum of 20 litres of the required liquid nitrogen cooelant, thus

pgrmittiﬁg‘the Ge crystal to be-held at working temperature‘(< 135K),

by means of a 'cold flnger' ¢or -a perlod of 10 days Al”o attached to

the cold flnger is a signal preamplifler wh1ch is so- pla ed: 1n order to
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reduce its equivalent noise charpge. Power is delivered to the preamplifier
from a TENNELEC spectroscopy amplifier.

The Ge crystal assembly itself is shown in cross section in figure
3.5. Within an aluminium vacuum cryostat is a right circular, cyiindrical.
closed eqd, co-axial, Ge crystal of 86 cm3 volume, housed in an aluminium
can, which is thermally coupled to the copper cold finger and arcentrél
electrode is eleetrically dc coupled through the can to the FET gnpht
stage of the preamplifier.

Optimum detector performance was determined at an operating bias
voltage of 3.8 kV i.e., (i) a detection efficiency of 239 relative to a
(7.62 x 7.62)cm right circular cylindrical NaI(TQ) detector irradiated
by an axial, point source at 25 cm distance from its top surface, and
(ii) an energy resolution at 1.33 MeV of 2.26 keV (FWHM) .

3.4 THE ANTICOINCIDENCE SHIELD ARRAY

A0 is a circular disc of NE102a p1astic scintillator megsuring
7.5 cm in diameter and 0.3 cm.in depth, mounted above the cdliimator
A1, figure 3.1, coveringKtﬁe ééectroﬁe£er aperture in érder'tb '
cémpléte 4n steradian charged.parﬁicle rejectién.’ A polishéd'ahd
appropfiately machined, perSpex)'light-pipé optically éonneété the edge
of the scint'iilator disc to one EMI 9757B, 5 cm ‘<:2> in-ch) diameter
photomultiplier tube.

Shield and‘collimator;Ai is a 15 cm thick lead/scintillator sanqﬁiéh
comprising six discs of NE102a scintillator élternately spaced with an
-equal number ofA%ead discs, bggihping at the top with a lead layer;
~both lead and s,;in=til“1ator ,haQifng >a thickness of 1.25 cm and a} central.
holekog régiué 2.8 cm. As a whole the cqllimator'isktapéfed inirggul#f
steps from a radius of 11.4 cm for thélboﬁtom layer to'pédiﬁs 7.4 cm
for the top layer. Three sets of six polished, Qerspéx, light-pipes

are pqsitioned at 120° intervals_arouna“Al, figure SJG,Heachlset
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appropriately shaped and bent to match: (i) the:edggs of the seintillator
dises at one end and (ii) a portion of the window of one of three EMI
97588, 7.6 .cm (3 inch) diameter, photomultiplier tubes, figure 3.1.

In all cases where scintillation light-pipes,are employed optical
cement, type NE581, is used for joining the scintillation and
photomultiplier.tﬁbe windows.

Detector ésgembly AO was entirely wrapped with aluminium foil,
covered-with black adhesive tape and given several coats of black paint
to ensure the exclusion of external optical photons. In the case of Al
each layer‘of scintillator together with its light pipes was individually
wrapped in aluminium foil and black. adhesive tape and the assembly as a
whole was immersed several times in a bath of paint,

NaI(Tﬁ) sﬁields-Az, A3 and the four NaI(T{) polarinieter quadrants
(P1 » P4) were manufactured by HARSHAW CHEMIE BV, Polarimeter segments
Pl to P4.and the A2 crystal which are all optically isolated from eéch
other“ére hermetically sealedrwifhin one aluminiﬁm housiqg, figure 3.7,
and A3 forms a separate unit, hermetically sealed within its own aluminium
container. The A2/Polarimeter unit which surrounds the Ge detector is
a right, circular, cyiindrical, annulus of diameter and depth 30 cm and
the axial, central aperture hole O£:2,5 cm radiys ;s_boréd tola dépth.
of 24,5 cm whereupon if widens for the;remainfbg-cr&ét@luggéih to a
radius of 4.8 cm allowing the insertion of the Ge detéet@g; ﬁiggfé1317;

Unit A3 is a right, circular,‘cylinder-of 30: cm diaﬁeter and 12.5 cm
depth, containing a shallow concavity in its toﬁ face aggig to accommogate
the housing of the Ge detéctor, figure 3.8. '

Windows of 6.7 cm diameter, for transmissioniof,scintillaEIOn
photons to photomultiplier tubes, are incorporated in the aluminium
casings of each of the A2/Polarimeter aﬁd A3 units, Az‘has:four'windqws,

arranged on the top face of the crystal, as sQQWn in figﬁie 3.7 and A3 has









three windows, figure 3.8, in its bottom face. Each polarimeter quadrant
has two windows of diameter 2.5 cm placed in the bottom face of the
annulus. Crystals A2 and A3 are viewed by four and three EMI 975§B 7.6 cm
(3 inch) diameter photomultiplier tubes respectively, which are directly
bonded onto ﬁhe windows and each polarimeter crxgpal is viewed by
one EMI 9757B 5~cm.(2 inch) photomultiplier via a two pronged, shaped and
polished? perspex light-pipe. The pipe is wrépﬁed in a]uminigm foil
and black adhésive tape and several coats of black paint cover the pipe
and photomultiplier assembly.
In the prbcess of figuring the light-pipes for Ao, Aland P1 to P4
the follqwing5rules were applied as far as possible:
(i) The pipe material should produce little attenuat;on of ‘short
waveleggth optical photons,
(ii) Highly reﬁlective surfaces are regquired to minimise light
loés¢§¥

(iii) Thé géintiliat¢r and light-pipe should be of equal thickness

optical coupling.

Y The radius of curvaﬁurg_ﬁifaipéﬁﬁ:iwjé'ﬁfﬁé;éﬁbuid‘exéeed
eight,fimés the pipe jhigkness.
(v) The total area of the end of a'pipé sﬁbﬁld e&ual thgﬁgréa éf
the viéwing‘bhomohultiplier tube window;

A11 phofo multiplier tubes have: (a) screening'fromimgknétgc‘fi@lds
by mu-metal shields in order to minimise gain variation and (b)léﬂhase
assembly, compr?g%gg.the~dynode rgsistor chain and é head amplifier,
mountedidirectlyibgtobthe tube. DQQ Corning Silastic 9161, Silgbonei
rubber gompoupd is used to encapsulate fhe base aésémbly Qf-each tube
to prevept'h§gh:vpltage discharge at low pressﬁpe, Figure 3,9 shows

a tube assémbly.






3.5 DATA HANDLING ELECTRONICS

An owverall schematic representation d? the detector, dafé7ﬁ§gq;iwg

and ayxiliary sensor systems' electronics is given iﬁ figureq_iio.

The héart of the data handiing system is the Analogue to Digital
Converter (ADC) board of the‘GOinpidence/ADC unit. Shown in figune ﬁrll.
this wnit forms a 16383 channel PHA by means of a 14 bit Ané, £§pé MP8O14
from Analogic Ltd. Analogue pulses from the photomultipliers'of’each
of the dgtéctons and from Ge, which in all ca&gs_excep£>for’ce-and AO
are first averaged.by mixer circuits (), are input to the ADC board
which then records, in a digital form, two of thesevpulses as sbecified
by address ianrmation received from the coincidence board of the
Coincidence /ADC ﬁnit, figure 3,12{ This address information is formed,
on a priority bésis, by the 10gic contained on thé coincidence board
as a reSﬁlt of the combinations of signals at its inputs whiéh are from
the e--ight elements of the detector system. The combiﬁaiipns=foi the

various coincidences with the pulses analysed correspondingly, are

given in table 3.1 and the pg;ge_agalysis\prigrity apga' ement is:-
(1) e (2) P: [(i) P1 (ii) P2 (iii) P3 (iv) P4] (3) A: (i) A2 (ii) A3
(iii) A1]. 1In order to prevent the A and P signals dominating the trigger

pulses from the board the Logic only allows ‘every. 32ﬁa:A'9? gjevent to.

trigger; this is done by the use of 5 bit binary scalefsfin‘lheﬁdéSiég.
After the analysis the 14 bit ADE.outppts from each «0f the two pqises 
are held in flip flops until the next analysis is triggered from the

cqingidggce3bqard:_ The stored information.is then telemetred to ground

together-gffh 'ffég*l;ﬁf¢;£atignffrom the coincidence bqard; aléo récqued
in fliptfléps, wﬁiqh‘sighifiésﬁwﬂich gdincidehées-among:Ge, P énd A
took ‘place. o

The Siéna13~input to the coincidence boérd»of:the Gbincidencé/ADe

wit are in fact, those output from another coingidence board,













TABLE 3.1 The analégqe sign
combinations of de

5. recordéd for varieus
€ctor pulses

'Coincidende’ Interpretation Flags
G.P.A Background G P Pi-4 A1—3
G.P.A Polarisation G P Pia -
G.P.A ‘Background ¢ A - AL,
G.P.A Source G I(P + A) - -
G.P.A Background A P Pl_4151_3
G.P.A Background - P Pl, -
G.P.A Background A L(P + A) - A
EZE}K' No event - - - -~

G = Germanium signal

P = Polarimeter Signal = P1, P2, P3, P4

A = Anticoincidence Shield Signal = A2, A3, Al



illustrated in figure 3.13, that of the Coincidence/Monitoring wnit.
This coincidence board takes as its input the original puise'fféﬁ‘each
photomultiplier tﬁbe but which has first been processed by an amﬁlifier
and discriiiifiator (denoted as X-20 and DISC in figure 3.10) and tle
board produces an output for eachiqetéctor A1, Az.and'ggaﬁffz or;ﬁpre
signals are inﬁut from that déiéctpr. In the case-df ﬁge Peié;iﬁ%fers
an output is préﬁnced for each input quadrant signal. The following

lqéib staiéments clarify the boards7function:

A1 = 1A1.2A1 + 1A1.3A1 + 2A1.3A1

A2 = 1A2.2A2 + 1A2.3A2 + 1A2.4A2 + 2A42.3A2 + 2A2.4A2 + 3A2.4A2
A3 = 1A3.2A3 + 1A3.3A3 + 2A3.3A3

P =P1 + P2 + P3 + P4

where symbols '+ and.' carry their Boolean algebraic interpretation and
the prefixes on Al, A2 and A3 denote a particular photomultiplier tube
from that detector. Thus the outpgts from the coinéidence'bggrd of the
Coincidence/Monitoring unit represent 'true'eyenxsffrom the particular
détector.

fﬁe;pur§§§e Of tﬁe discrimiﬁamoré 15 to Séfiqwminiééﬁighreggéidqbfﬂ
50 keV (= SO\mV) for acceptable detector energy_deposition‘and the
amplifiers (X-20) ensure that the pulse QQrtespong;@g_tdgthié egggg&-gg
of a reasonable voltage, i.e. 1 Volt, for the «d-i;esi—érimli’,i,tatdiﬁg._éi")ezggt»iop‘.
'Output pulses from ﬁhg discriminators are standard fTL lqgféileyéiE.

Ana%bggp'éﬁqudigital delays are incorporated in'theimikers aﬁd
qiscﬁimiﬁétprs réspectively to ensure correct timing of;pufse éfrivél
at tﬁe:Angﬁnif.;eopvgrSiOp time for the ADCAénglysis is 8,4 us foi;éach
pulse, .

3.6 HOUSEKEEPING ELECTRONICS - :

A Scaler monitor board forims thebcomplemgntafy patt to“the

Coincidence/Monitoring unit,. figure 3.14, and this monitors the sc:
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rates of all sixteen individual -phétomultiplier tuﬁe ra't€s and the
coincidence rates between the:i@diﬁidual tubes of each shield'detgctor.
Thirty—one»ratgs are monitored in all, over a repeated 8 second peried,
each for a dﬁrétion of 250 ms. The scaler digital outputs are held in.
flip flop? together with 5 address bits for subsequent telemetfry
to ground.,
As a back up to the main ADQ_a secondary gne of 10 bit resolution is
inédrporatedehich is dedicétedxébiely to the Ge detectpr output.
Systems' voltagés, tempenéxures and the pressure inside the airtight
container are aiéo constantly monitored by a separate systems'
monitoring unit. Four thermistors are_used as temperature sensors and
these are piﬁé@dAat various locations within the airtight container.
Pressure is measured by a commercial transducer (Bell and Howell type
4—393-LIQL) and the 9 power rail voltages are measured by means of
potentiai_dividers. ?hese,parameters are measured in the form of
analogue voltages (0 to 5 Volts) and are telemetred to ground via

separate_agglégqé chanQels in the telemetry system.

3.7 THE SYSTEM ORIENTATION, SENSORS

Information concerning orientation of the spectrometer ‘in Zéyiﬁﬁ;

Angle and Azimuth is‘ﬁbtéined'ffqmwa system oftpgﬁgglﬁﬁsvénd7flgigé
magnetometerelements respectiVer. In addition a séla; s@nsié@é@eiice
is ihcorporaygd to provide back up azimuthal infﬁfmation;ﬁo thai ffﬁm‘v
the mégngﬁ;émé‘tei{: |

3ome¢eg element produces an output in the rangé 0 to #5

Vdifs fpr?fiéiﬂgé;yépgﬁhs of -0,5 gauss to + 0.5 gggss.and for use with
the azimﬁth-qrng system eaéﬁ output is convertedito.a 10 bit digital
w;rd. ,Tﬁevéigﬂéls from the horizontal elementslﬁ% ahd‘Hy are.ﬁroporfiopal
tp;the éOmﬁbnentaof the earth;s magnetic field in the direction ofvthe

elements;, i.e.






Vx k sin 0 cos ¢ (3.1

Vy k sin 6 gin ¢ (3.2)

where ¢ is the ‘azimuthal angle, k is a conétant and 8 is the . angl

between the vertical and the field direction,

The solar sensor, shown in figure 3.15, empl§y$~two splar-éells,
oneron q@gp side of a metallic .vane, which pioduce:outpufs:prppqrtiphéi
to the aﬁpunﬁ‘qf_light falling on them. This oiily when fheréggls,are
directiy,faée on to the sun are their outputs equal éﬁd hencg_by-mgaqs
of a;servo~pﬁsitioging motor the cells are maintaiﬁed in tﬁaﬁ,poSdtioh.
A linear DOténfiometer on the axis of the instrument produceé~an output
voltage représgﬁttng the angle between the zenithal swing plane of the
spectrometer;ahd the direction of the sun and therefore from a knowledggj

of the sun's azimuth at the time of observation the spectrometer

azimyth can bhe quickly c2lculated,

Zenixh?Apg$e>information is provided from tﬁgﬂputpptg'dfffﬁiee

linear potentiometers, each of which is attached by a ;Qz'pgg;gg

arrangement, -to -the fulcrum of an-11 inch long, solid génd”ihpithCh~

continues to hang vertically as the gondola changgs its diientéﬁion.

Two of the pendulums are mounted, one- on the Sggqfrqmg Ar 1tse1f and the

other on the gondola, so that thelr swing planes corres»

ﬁ'to the

zenithal rotation plane of the spectrometer. The third pendulum is

s}to that of

mounted on the gdﬂdola with its swing plane at nxght;a;g

the othgr two, fThree~penduLums are required since theg_t_gaiq is eipected»

1t0 undergo:-a varying tilt during flight and therefore no»sing e endulum

could reproduce the true Zenith Angle
The true Zen;th Ang;e is ‘given by:
} ‘ N
sinz(GT - 0" + tan?ﬂ" ‘

Z.A, = Arc sin { 2 5 ey @3y
' (1 + tan“8") .







where GT is the angle between the spectrometer and frame, o' and 8"
are the tilt angles of the gondola in planes parallel and perpendicular

to the spectrometer zenithal rotation plane respectively.

3.8 THE STEERING SYSTEM

Fi»g‘;gre 3.16 illustrates thé physical means by which the spectrometer
is orienfé%ed in Zenith Angle. A pivoted d.c. motor turns a éﬁ
diameter, threaded rod through a fhreaded block which is also pivoted
and attached via a lever‘to the spectrometer cenfral rotation axis.

The electroniqs controlling the zeﬁith drive is depicted in figure 3.17.
Two modes of operation, i.e, manual and autoﬁatic, are available and a
particular mode is chosen by the use of 'Auto' or.'Manual' telemetry
commiands to address an analogue switch which routes either the Auto or
Manual directional information to the power amplifier driving the
zenith motor,

In Manualvmgde 'Increése' and 'Decrease"” telemetry'cgmmanag, which
cannot be in Simultaneous.operation, a;e sen£ to the différential inputs
of an operafiépgl gmplifief and‘this dgvice préduceg an anal?gpévvoltage
Output’£0pdriVe the zenith motor in thevapprgpriategdifeqtion.

Tﬁé Automatic mode functioné‘from a telemetred 12 bit digital
word, represeﬁting the required Zenith Angle, which is converted, by
a Digital to Analogue conVértgr (DAC) , ‘to .an agaléghg éigngl én; tﬁis'ié
then compared, by an operational amplifier, to an ;£g19gue.$igna;‘from a
potentiometer which provides information on the current-Zenith Angie by
_bging:attached-tq a pendulum. The pendulum_arranggment ié described in
septionv3,7. An error signal»ié output from the oﬁ amp which drives
the zenith motor until a null condition obtains. This system préddgéS 

a zeﬁith drive rate of 0.2505_1

in both operation modes.
Azimqthal orientation is physically achieved by a spinning reaction

wheel, mounted at the bottom of the gondola (figure 3.2), consisting of
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8 spokes, each having a lead block attached to its outer end. Figure
3.18 shows the electronic controlling arrangement for the azimuth
drive and likethe zenith system a facility exists for both manual and
automatic control. The manual mode is the same arraﬁgement as for
the zenith system.

For automatic control a 12 bit digital word népresenting'the
required azimuthal setting' is telemetred to the instrument and is
transferred to a digital adder which optionally allows adjustment of
i_11.2_50 for off source background measurement when fequired‘ The
trigbnOmetrical sine and cosine of * are then multipiied by.magnetOmeter

signals Vx and Vy respectively producing voltages V_ = k sin 6 cos ¢

1

sin « and V_ = k 8in 6 sin ¢ cos =, where k, © and ¢ are as specified

2
in section 3.7, which are sSubsequently employed by an operational
amplifier to produce an error signal Ve = k sin 6 sin (¢ - =),

Summed with a velocity signal from a tachometer on the reaction wheel
this combinéd SLghal drives the wheel until a null condition is reached.

A tors;dn relief system is necessarily iﬁcorpgpa;ed aé without this
the susbegéigﬁzgébies froﬁ tﬁé'bailoonnwéﬁiﬁ ﬁeégméhtkisted; bipnsgéﬁegily
the combined- si:gnal is also fed to a voltage to fréﬁuencyiqonVerter for

the torsion relief stepping motor,

3.9 THE TELEMETRY ‘SYSTEM

For each balloon flighf Nﬁgﬁ:brOVides a:Gonsgliq;ge&}insgrnméntétgﬁﬁ
Package (CIP) for telemetry purposes. The package copprisés:
L Eapd telemetry transmitter
'JCoﬁﬁégd receiver
Omega NavigatiQn system
-Rosemount altimeter
Fﬁ/Fm telemetry system

BCM telemetry encoder

~ Command ‘decoder






The Pulse Code Modulation (PCM) encoder is a Spacetac model 2100 having

a PROM programmeable forﬁat and providing fortyﬁeight analogue and twelve
10-bit digital input channels. All twelve of the available d¥gital
channels and thirty-two of the analogue channels were used for the

Durham spbctxpmeﬁer £@ight. The chgseh PRQM routes: a 32 X 32 tgnfbit
word matrix cyclicly to the grOuhd station at a rate of 40.96 k. bits S_l
Figure 3.19 shows the arrangement of'the Durham experiment's data

within the mgir%x. As. ecan be seén the two pulse heights from the
spectrbmeferhs 147bit ADC are sampled four times in each telemetry

frame using words D1, D2 and D3 and the Ge analogue'pulse is also sampled
four times per frame using analogue channels A2, A3 and A4. Housekeeping
data and system orientation data are routed to the S7 and S8 sub-
commutated words as shown in figure 3.189.

The telemetred data is received at NSBF, Palestine ground station
where it;gs>fecogdgq'via a PDP11/20 minicomputer onto iﬂdustry;gtandard
compuxer fape together with "groundg frame time and position ;
infornation in the format given in figure 3.20. Latitude and longitude
is obtained bj’desk cémpu$er céigulatioh ¢rom thé-dmega ha§igation
system which locates the balloon to within a»ohe_mile square box. “The
Rosemount altimétgrtfhcﬂrpbrégesia diéﬁlaqement/éreQu;ncy transducer
of sufficient sensﬁtiw§ty toyﬁe capabie of an alﬁitUde C$gpge‘of less
than 0;1% ag 120,000 feet,

‘Facilities are also available for payload command on the PCM system

and 16 channels Wére used to fulfill the steering requirements. The
ground staﬁion,gisdfprovides for display of a limited amount of

experiﬁent data in real-time during a flighf.
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CHAPTER _FOUR

RESPONSE CHARACTERISTICS OF THE

DURHAM GAMMA-RAY SPECTROMETER

4.1 INTRODUCTION

It is presently Standard practice in gamma-ray asmfonomy to”eariy
out c¢alculations of various detector response charaéferistics, e.g.
detection efficiency. The determination of these gharacteristids is

an endeavour which is ideally suited fo the apgi;catian of the MOntéQ
Carlo.technique and use of ﬁigh speed digital chputqrs owing to the
statiétical naﬁuré of the problem and also because numefical methods.

for the solution of thé coupied transport equations which would otherwife
be necessary (if secondary radiation‘is included) are impractical as

they are too time consuming.

A Monte-Cérlo computer simulation of some of the Dufham'gamﬁa—
ray speétrqmetep's dete;toré, which has beeﬁ‘constfucted in FORTRAN for
use with'the Northumprian Univérsities Multiple Acce$s>(IBQ) compﬁter,
is deScribed_in tpe curreny chépte? 99?9€9999* togévgisgusg;gn o{;thé
types 6f interaétion which gamma.radiation experiencés duringvitg
penetration of detector materials. In addition laboratory measurements
- of effi@iency-angyene#gy resolution for the s@éqﬁpg@etegﬁdgfgcxgps aye;
given and the system's responée to diffuse aﬁa.ppinthsoﬁrces igi

discussed.

4.2 INTﬁRécTiQNGQF GAMMA{RAYs_w1Tﬁ MATTER
‘Moﬁdfegerggtic.photons in penetratiﬁg matter Obé§”an'exponential
léw.of atfeﬁuati@n: |
o= o1e™. 4.1
where 1 and Iozare the transmitted and incident intensitieSgreSpéctively{
x is the linear thickness and u is the tot#i linear &ttenuation coefficieht.

This latter is a measure of the number of photons in.a beam which
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undergo interaction in passing through matter. Note that u is the total
of the linear scattering and absorption coefficients from all of the
possible interactions; the scattering and absorption coefficients
themselves are related to cross section. Table 4.1 shows the various
interactions which gamma photons may undergo with matter, however, in
the nuclear‘transition energy region the following three proceSSes
dominate: (a) Photoelectric effect, (b) Compton effect with bound
electrons and (c) -Pair production., These processes age described below,

4.2.1 Photoelectric Absorption

Figure 4.1 shows that the photoelectric effect dominates for medium
to high atomic number (Z) materials at energies ~ 6.1 MeV, ~ The kinematics
of the process are illustrated in figure 4.2 which shows it to be one
of total photon absorption with the subsequent ejection of an electron.
In approximately 80% of cases the photoelectron is produced from the
K-shell of the atom provided that the incideﬁt phofon energy is well in
excess of the K-shell binding energy. For a photon of energy hv and.a
binding“eﬁefgy B the kinetic energy of the emergent photo-electron is

givén by:-

Egg, = BvV-B ‘ - @

Note that a free elecfron cannot become a photoelectron éincela third

body is required to satisfy the conservation of momeéentum principile,

also the kinetic energy of the recoiling atom is negligibleﬂ In-

addition either a characteristic X-ray of the atom is emitted, or the

atom relaxes via emission of an Auger electron owing to the vacancy

left by the,éjected photo—eléctron. This 1atter phenémendn:is important

in detectqfs of small physical size since £he K X-ray is.likely to escape

giving rise to a K-electron escape peak in the detector's spectrum,
Concerning the design of detectors it is important to consider:

(a) the Z5 dependence of the photoelectric cross section (b) the energy



TABLE 4.1 Gamma-ray modés of interaction with matter

PROCESS

. Photoelectric

Effect
Scattering from

Electrqns
Coherent

Incoherent

Photonuclear
Absorption
Nuclear
Photoeffect
Nuclear
Scattering
Coherent

Incoherent

Interaction with
a Coulomb field

Pair Production

Delbruck

TYPE OF
INTERACTION

With bound atomic
electron

(a)

(a) With bound atomic
electrons

(b) With free electrons

(c) With bqund atomic
electrons

(d) With free electrons

With nucleus as a
whole

(a) With material as a
whole, dependent
on nuclear energy

levels.

(b) With nucleus as a
whole dependent
on nucléar energy
levels

(c) With nuqléus as a
whole independent
of nuclear energy
levels

(d) With individual
nucleons

(a) In Coulomb field
of nucleus

(b) In Coulomb field
of electron

(c) In Coulomb Field
of nucleus

APPROXIMATE ENERGY
RANGE OF
MAXIMUM IMPORTANCE

Dominates at Low Energy
(1KeV to 500KeV)

< 1MeV and greatest at
small scattering angles

independent of energy

< 1MeV; least at small

scattering angles

Dominates in region
of 1MeV

Above thpesh@ld.has
broad maximum in range
of 10-30 MeV

Important only in very
narrow resonance

- range

Narrow resonance maxima
at low energies, broad
maxima in range

10-30 MeV

A > Nuclear radius
indepéndent of energy

A < Nuclear radius
iLe; >-100 MeV
Threshold about 1 MeV
dominates at E > 5 or
10 :MeV '
Threshold at 2 MeV

Real part > imaginary

below 3 MeV, <
imaginary above 15
MeV,
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dependence of the cross-section and (c¢) the angular distribution of the

photoelectrons. For incident photons hv>>moc2, the photoelectric cross-

section is: 5/ 7
2 -
m?k = ¢ozsm42 2(moc /hv) /2 cmz(atom) ! (4.3)

according to Heitler 1954; where:- ¢0 = g-nroz is the Thomson cross

section; rO = ez/moc2 is the classical electron radius; o = 2ﬂéz/hc =
(137)—1 is the fine structurq constant.

For incident photons hv R moc2 the dependencé of cross section upon
photon energy is (h\))_1 as given by Davisson (1966).

Figure 4.5 shows that for low energy photons the photoelectrons
are ejected at approximately right angles to the photon direction,
however the angle of emission tends towards zero for higher energy

photons.

4.2,2 Compton Scattering

Figure 4.1 shows that for photons of energy 0.1 MeV 5 EY X 10 MeV
incident upon an absorber of medium to high atomic number the process
of Compton scattering is the dominant interaction. The Compten effect
is a phdton scattering process involving free electrons, or bound electrons
having a binding energy which is very much less Epan the.impingingepﬁéton
energy. A échematic represenfation of Compton Séatfer;ng is depicted"

in Figure 4.3; an incident photbn of energy E causes the electron to

o
recoil at angle ¢ with momentum p and kinetic energy EK'E and the
scattered photon is emitted at angle 0 with energy E; . The trajectories

of the incident and scattered photons and that of the recoiling electron
are coplanar, since the mpmentum normal to the scattering plane defining
the paths of theﬂincideht and scattered phoﬁons is zero.

For Compton scattering:

/ i
E = E + E 4.4
Yo Y K.E. .4

Using these basic conservation equations and certain relativistiec
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(From R.D:Evans, ‘The Atomlc Nucleus ‘McGraw- Hill ‘book compuny)



equations the expression for the scattered photon energy is:

2
m c

E = ° - (4.5)
1 - cosd + (a)

where o = EY /mocz; and moc2 is the rest energy of the electron. The
o .
struck electron carries away the remaining energy and this produces the

result:

E - E o (1 - cosf)
K.E. Yo 1 + 0(1 - cosb) (4:.86)

This expression yields a maximum kinetic energy for the electron which

is, in all practical cases, less than the incident photon energy.

. . I , . .
(EK.E.)max is prqquced for 6 = 180 and is given by:
E
, Yo
Cpdnax T T @D
20

whereupon the scattered photon has a minimum energy. Howeéver at
6 = 0° thé,scattéged photénvéarries away the incideént photon energy.
. The relation between the scatteriqg'angles of thé Secphdagy photon

and the electron is:

cot ¢ = (1 + a) tan (%1v | iv:7 (4.8),

It can be shown that for plane polarised incident'radiatién the-

differential collision cross section, (Heitlér 1954), is given by:
2
r
o
4

\)'

v' .2 Yo 2~ 2 -1
d( o) = 4 (T Gy -2+ 4 cos“(d) cm® (electron )

(4.9)

-whefgrvo‘and:vf_areﬁfhe,fréquenciés.of the incident and sqatteréd
radiatipns,éa is the angle between the electric vectors of the incident
and scattered radiations e, and €' respectively (figure 4.7) and df

is the element of solid angle through Whichfthe scéattered photon emerges



Incident .
direction.- |

=F|gure 46 Compfon mferuc'non scuﬂermg geometry Eo is
the ‘incident - pho'ron electric vec'ror { From
R.D. Evans,'The Atomic Nucleus, McGraw =Hill
book company )

Flgureh? Compfon mferuchon m fhe OADC plune of flgure 4.6,
giving the polnrlsuhon of the scuffered phofon by fhe

dnrechon ‘of fhe electric vector E (From RD Evans
The Afomlc Nucleus, Mchw=H|ll book compuny)
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after the collision, The physical interpretation of d(ec) is: the
absolute value of probability that, while passing through an absorber
which containes one electron cm-z, a photon of energy EYo will undergo
a collision from which the scattered photon emerges, with energy EY/'
within solid angle d and is so polarised that its electric vector is
orientated at angle Cjto the direction of the incident electric
vector,

Since the polarisation of the scattered photon is.unimﬁqgﬁént in
practical cases equation (4.9) can be summed over all poszBIe
scattered pﬁoton polarisation directions and this yields, for a compton
scattering of angle 0O:

2 '
r \Y \% V!

d(0) = 5 dR ) (Gr+ 5= - 2 sin? 6 cosn) cn? (electron) ' (4110)
o .
where n is the projection of { (figure 4.6) onto the plane normal to
hoton directioa. This expfgSsiOn yieids a maximum value
af n= 900, therefére the scattered photon Qnd electron ;éﬁd to .be
ejected at right angles to the electric vector of the incident radiation,
This fépt,emepging from equation (4.10), forms the bperaxiana1 basis fﬁr*
practical Y—ray polarimeters,

For the moréicommon case of unpblarised'radiatiohﬁif is eonyeﬁient
to resolve the incident radiation into two orthogonally ﬁolayiéed
components, each possessing half of the incident inténsity, suﬁh that
one component lies at angle n = 90o and the other at nn=‘0°, tﬁe

unpolarised differential cross section is then the¢Sumﬁdf th components

‘from equation 4.10:

2

o Vig Vo VY 2. . .2 -1
d( o) = - a8 (;;) (7 +5 - sin®6) cm” electren ° (4.11)
Where the scattered photon enters solid angle d) = 27sin6d6, Figure

4.8 is a polar plet of equation 4,11 and indicates a strong increase in

the-fraction of forward scattered photoné with increasing «. Integrating



equation 4.11 over all possible values of 0 yields the total collision
cross=section (ea) which represents the probability of removal of the
photon from a collimated beam while passing through an absorber

' - -2
containing one electron cm

o = 21r 2 (l%ﬁ.gﬁliﬁi._ l-2n(1+2a)]+l-—-Zn(1+2a)—l~t§9————} cm2 ele_ctro’n-1
€ ° v 1 + 20 o 20 (1%20)

(4.12)

- This expression is of course the same for both polarised and unpolarised
incident radiation.

The photon scattering per unit scattering angle 6 is markedly different
from that per unit solid angle, the former being given by:

d(¢ o) _ d( o) _ ‘
€ =__ € 21 sin® cm2 electron 1 (4.13)

a8 an
A polar nlot nf the num er:vershs.anglc dictribution of scattered phuiovis
represented by equation 4,13 is shown in figure 4.9.
The directional distribution of Compton,electrons is derived as
follows. Each photon-scattered into the solid aﬁgle between & and
(9 + d9) has a corresponding electron projected at an angle between

¢ and (¢ + d¢) i.e. into a solid angle di' = 27 singd¢. Therefore there
p . ¢ dd !

exists the equality: ' ' ‘ %

d( o) . d¢ o) C D
= 27 8inbdb = 2 2m singdé : o (4:14) -
df dan:? . ' '

Hence: d(eg) qSeg) sin_? ig (4.15)'

o' . de  sin‘¢ do

and from equation (4,10) this gibes:
in6
ag  _ - 1 (1 + cqse)sln (4.16)

t

daqQ (1 +a) sin3¢
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Thus in terms of equations 4,15 and 4.16 the number versus angle

Compton electron distribution is:

d(eO) - d(eO)
do dQ’

27T sind (4.17)

This distribution is shown in figure 4.11.
The Compton electron energy spectrum or number-energy distribution

is shown in figure 4.10 and this is represented by:

49 - 4(9) fi (4.18)
dT d¢ dT

and this yields:

2

d( o) d( o) 2w
e " _ _e 7 } ' (4.19)

dT dQ 2 2

{(1}d)2 - az cosz¢
a“m_c (1+0L)2 - a(2+) COSZ¢

4.2,3 Pair Production

In the coulomb field of a particle, usually a nucleus, a ﬁhbton of
energy, Ey, greater than twice the electron rest energy, (i.e. > 2 macz),
may be converted into an electron and a positron of rgspéqtivévkjhetic

energy E_ and E_ such that

: . 2 2 ' r
L = (E- : B e ] : 8 ;
E, = E_+mpe) + (B +me). = €4.20)
This is shown schematically in figure 4.4. In géneral the threshold
energy for the process is given by:

m

2 o I
Eth = Zmoc (1 + Er) . (4., 21)

Where~M«isnthe'@é§s*0f the particle necessary to absorb the excess

momentun,

(AT

For the case of no screening when 1 << EY << 1/02° the total

cross section may be expressed as:

2E
0 = ar 2Z_z'(gg-log X _ E}§D cmz(atom)—1 (4.22)
ap 0 2 27
9 moc






|t

and for complete screening when EY/moc2 >> 1/x<Z the cross section is:

o = ar 2z% (g§-1og 183 _ E_) cmz(atom)_1 (4.23)

ap ° 9 z1/3 29
and in intermediate energy regions an approximate form is:

2E .
_ 2.2 28 Ty 218 2 -1 ‘
aop_— aro /A | 3 log E;;z - Ton 1.027) cm' (atom) (4.24)

4.3 MONTE-CARLO-SIMULATION AND DETECTOR CHARACTERISTICS

When a gamma photon enters a detector it can either escape from it
or undergo interaction thereby depositing a fraction or the whole of its
energy in the ‘detector material, As has been discussed in Section 4.2
there are principally three processes by which interaction and
subsequent energy deposition may occur, i.e. Photoelectric absorption,
Compton scattering and Pair proQucxioh. Each process leads to secondary
photon and/or electron creafion which may generéte further radiation,
e.g. Bremsétrahlung or annihilation radiation and this can in turn
undergp-furthér interaction Cand'fherefore energy deposition) in phe
deteCfdr. The Monte-Carlo progedure proviges a method of simulating
the higtory of primary séurce photons through a detector, taking into
account all secondary radiétiops and particles,

For simulation of stgtistical processes. a,gaéﬁling teéﬁgidgg-is
used based on the generation of unifonml& dis}ripépgd psegg;;randbm
pumbers n 1n;thg ragge 0 s.n.s 1, In the.curfent‘éiﬁuiation,'tﬁe @ulti_

plicative congruentiai method of generation is used:
nK+1 =_ nKA mod m : ) : {4.25)

whérg-m_;‘ZsQ, A

13}3'and;qbi=_123456789 (232+1).'“The pseudo-random
numbers are used to obtain a random variable x from a probability

distribution f(x) according to equation 4.26:



X
f f(x)dx
q= (4.26)
[ f(x)dx

A flow chart of the Monte-Carlo simulation cfeated for calculation
of the response characteristics up to v 1MeV of the detectors used in
the Durham gamma-ray spectrometer is shown in figure 4.12., Since the
pair production process has -a threshold energy of 1.02 MeV it is not
included in the simulation. The programme is designed for simulation of
monoenergetic, isotrdpic point sources on the central axis of a circular,
cylindrical detector and a rectangular Cartesian'coprdinate system is
employed, where the z-axis is aligned with the detector's central axis
and the origin lies on the detector end-face which is eclosest to the
source.

A;primary source photon is.chbsen for directibn,in ferms of polar

ahd.aﬁimﬁfhalwangles_e and ¢y respectively as follbwé; Frémgeration 4.13:

1 sine a6

max ' ’ T ?
f sind db
o

which yields for the polar angle:

8 = arccos {1 + n(cos eiéi - 1} ' (4.28)
whgre emax = arctan (R/d) for a detector of radius R and .source distance
d. Tyéfééfmu§§a¥¢angle is unifbrmly distribyted péfWeen 0 and 21 and
hence may be derived from:v |

Y = 2mn (4.29)

Direction cosines = ,B,vy, (with respect to the x,y,z axes respectively)

are calculated for the photon from © and Yy and trajectories of éil
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subsequent particles and secondary radiations are described by this
method.

The coordinates of the source photon's point of entry intoe the
detector (xo,yo,zo) are calculated and the distance L to the first
interaction point is determined, using equation 4.26, from the intensity
distribution of a gamma photon in the depth r of the detector material:

L

, f I0 exp [—(U/p)tot p rldr
n=—2 : , (4.30)
u ’
fo Io exp [—( /p)tot p r]dr

where (u/p)tot is the total mass attenuation coefficient for the
detector material at the photon energy. Thus the average distance L a

photon travels without interaction is:

L= - (1/utot) n (1 - n) (4.31)

where U is the total linear attenuation coefficient. Hence the

tot

coordinates (x ,zl) of the point of primary interaction are calculated

11
and a test is made for the containment of this pgint within the defined
boundéries of the detector, If the interactién is'deeﬁed-to have
occurred outside of the detector the photon is jggggé to have sgrvived,
a new photon is selected from the source and the abbve procedurp

repeated until a primary interaction is found”wiﬁhin’the detector. The

type of interaction is sampled according to the condition:

(“/o)

n< photo

H
/0 on

(4.32)

wheieby the interaction is a photo electric event, otherwise a Compton
event is chosen.
In the case of a photoelectric event the photoelectron energy is

approximated as being equal to that of the originating photon. The

N



polar and azimuthal angles 0 and § of photo-electron emission with
respeet to the photon trajectory are calculated from a table of ©
as a function of pseudo-random number, by linear interpolation and
from a uniform distribution between O and 27 respectively., For a
Compton scatter the parameters are obtained as follows. Applying
equations 4.4 and 4.6 to equation 4,12 gives:

d(eo) 1 1

= mr 2 sind {~————————~—}2{[1+a(1—c056)] + [
as ° 14c(1-cos@) 1+0(1-cos0)

- sin0} (4.33)

At selected energies over the required range the maximum values of

d( o) .
39 had been obtained in advance and a polynomial least-squares fit
made to these points., This fit is incorporated into the computer programme
B - d( & : K ‘
so that the maximywm value for 'de‘ may be cacily calculated fov the
current photon energy. Consequently a pseudo-random number 7 .can be
d( o) - | -~
genierated in the range 0. & n < [%—S-J for comparison with.a walue X
: , dé max i v
da(_o) ' ; , .
of ai; obtained. by substitution.of a randoily se&géted'polar'gngIE'

6 into equation 4,33, Then if X S.n the polar angle 8 is aqcepted for
the scattering interaction otherwise the random selecfion of 0 and
calculation of the corresponding X is repeated unt;l:anjaécgptabie value
for 6 is encountered. The above sampling procedure prOd;éés:a‘éobavfit
to the Compton electron energy distribution and was uSedvinnpxef§f9ncep
to an expression for E;, given by Carlson (1953), as reported by De
Castro Faria and Levééque (1967) which was found quy to reproduce the
requirgd distribﬁtion-at source energies greater than 1.5»Mev,
Energies for the sgattered photon and recoii electron are shbéeqﬁently
obtained from equafions 4.5 and 4.6 respectively, usjng the accepted
polar angle 0, Equation 4.8 gives the recoil electron polar angle ¢,

The azimuthal angle for the scattered photon is sampled according to



equation 4,29 and that for the recoil electron according to momentum
considerations varies from ¢ by 7,

After interaction the trajectories of the secondary radiation and
particles are found in terms of the rectangular Cartesian coordinate
system by performing a rotation of coordinates. Asguming that the
cosine of the polar angle of scattering is A then for azimuthal angle
¢ and initial direction cosines, a,8,y the direction cosines for the
scattéred photon and/or electron are o'f'y' and are giﬁen in figure
4.13.

“The computational prOcedure‘is'orggniséd«so as to evaluate the
energy loss of the electron to the detector by ionisation dnd brem;
sstrahlung, based on calculation of the electron path length R, along

its trajectory, from the empirical energy-range relation:
} cm ) (4.34)

“where n (1,é65:~ 0.0954 %n E). From Heitler (1954) the electron

energy losses due to collision and bremsstrahlung are:

Collision:
Q) TN mge 5 (B By (4.39)
coll B

where N is the number of atoms .c:m"'3 for thé[déteétbr_mafefigl; ¢° =
(3w/3)pz. B is defined by:
2 2
m c2 B (E-m c

B = {¢n [-2 =3 2° 7 - 282 . (4.36)
o I1%2%(1-8%)

where. I is someﬁavérageviqniSatipn energy ‘and E 1sfthé’t9fal‘é1ectron¢'

éenergy. Bethe's correction term for electrons is:

Be; = -[8% + 2/ - 8% tn2 + 1 + 8° (4.37) .



Bremsstrahlung:

2.2
- dE. _ 16N E 0%
) T 73 ST (4.38)
Brem

where N is as defined above,

Up to a photon energy of ~ 1 MeV bremsstrahlung.loss is small
compared to that due to inelastic collision and therefore a simplified
treatment of bremsstrahlung is used here; the energy is treated as a
single photon emitted fromthe point of electron scattering in the
forwarQ‘direction. In calculation of the energy losges,account is taken
of a diminished path length should the distance R,_éptained from equation
4,34, taken along the prescribed trajectory for the electron,result in
theAg;ectron leaving the detector,

All Cqmptpn secondary and bremsStrahlungAphotégg'arg treated in
the same manner as primary source photons unless their,ene?gy is below
a threshold of 0,01 MeV in which caSé-they,a?e assq@gd to be .dbsorbed
directly.A In th cgsgpof é brepsstrahlﬁﬁgfphoton éﬁﬁ?a Combton secondary
both;requir%gg téeatment,thé Iafﬁérﬂis stored in ﬁg%ﬁsvéf eﬁepgy,-point
of production and direction and analysed subsequent to’tﬁe cémpletion
of bremsstrahlung handling apd prior to the comméncéhent of‘a new source
photon history.

During the ?imuiifibh,gkbiﬁéit records afé'kéit_éf fhe'follqwing
quantities:

(a) Source photon’histogy number .

(b) Number of souice photons which undergo:

(i) Eithér of the possible types of intéﬁggﬁion.'
(ii)'Pﬁcéb eiéctric absorption.
(iii) Compton scattering.

(iv) Initial Compton Scattering followed by pgpto-eiectricv

absorption (i.e. Indirect Photo-electric effect).



(¢) Number of source photons which deposit their full energy within
the detector.
Upon completion of a pre-specified number of photoh histories these
records facilitate the calculation of the following detector
parameters:
(i) Total intrinsic efficiency(F); the probability of
detection of a source gamma-ray which is.incident upon the
crystal.
(ii) Ingrinsic .f,ﬁ,ll-.fén_éri_és’i—p?‘efak efrfici."éﬁi“-y’ (Ep). the Qf'éba’ﬁil‘ity
that any source gammgeray which -is inciﬁént on the cryStal
‘will deposit its full energy therein, (Also known as the Total
Abgprption proh#bi;itg),
(1ii) Péak tgﬁtotal ratio (Yi} thévprobapility that'a_deteqted soﬁrce
| gamma;ray will deposit its full energy within the crystal.

The above parametérs are re}gted;according to the simple expression:

€ =F - : ‘4, 39
p oy | | | ¢ )

DitFineic fill-ensrey pesk effictency is of great importance since
it determines the minimum sOurce strength ?equiréd to givg sufficient
statistical result in a reasonable time. The'réleQane of the peak to
total ratio is ménifest‘from an appreciatioﬁ_that'in gépéfal the error
in the process of uhfolqiﬁg complex reéponse spectra;to obtain»the
incident gamma—ray-sbgctfa,decreases as the ratio of the area under the
fullrénergy—peak to tﬁe total area of the spedtfum increases, It

should be notgd.tﬁat specification of these parameters is useless unless

the source-detector geqmefry and the gamma-ray energy used are stated

in every case.
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The computer programme is constructed in a modular form and
therefore, the detector type and size may be easily changed. Thus
the simulation was initially applied to detectors which have been
studied previously, either experimentally or using Monte-Carlo
techniques, by other workers. All results quoted are in reference to
monoenergetic, isotropic, point sources, placed on the central axis
of the particular detector. In the current Monte-Carlo calculations
50,000 source photon histories have been simulated in each case.

Figures 4.14 and 4.15 cdmpare the Intninsic‘fﬁll—energy-peak
efficiency and total intrinsic efficiency respecfively (also peak to
total ratio in figure 4.16), versus source energy for a 3 inch
(diameter) by 3 inch (depth) NaI(TR) crystal, derived from the current
calculation,with those obtainéd, (a) experimentally by Gunnink and
Stoner (1961) and Green and Finn (1965) and (b) from Monte-Carlo
simulations of Heath (1957), Weitkamp (1963) and” Zerby and Moran (1961) .
Also shown in figure 4}14-aré the results. from thé s;me WOrkers for the
full-energy-peak officiency of a 5_incqy(digﬁeter)‘#;4 inch (depth)
NaI(TL) crystal. Results from the present stndy:agfee reasonably
well in all cases except for that of Weitgamp though here a source

distance of 15 cm has been used as opposed to the 10 cm.of the others.

Two germanium crystals were also simt id?f¢ﬁ ?ﬁ@pgr130nfﬁgﬁh the
. results of Wainio and Kﬁqfl (1966). The éé@é t@reg,éﬁéradteristiés as
previously are given in figures 4.16, 4.17 and 4.i8 and again the
agreement is favourable over the emergy range gpnside;edJ

The simulation has beon applied to the@Az‘and;ﬂbéwélcTQ)'shield
crystals and to the central Ge crystal of'ﬁhetburhamvgammafray
spectrometer. Figures 4.19 and 4.20 are plots of the usual three

parameters as a function of source energy for the two shield crystals

and Ge respgctively. For a broad beam which is vertically incident









- 72 -

on A2 and A3 the corresponding intrinsic efficiency figures at 1 MeV
are V1 and 0.9, however the values in response to irradiation by an
isotropic point source may be seen from figure 4.19 to be much lower.
This arises since the mean path length through each crystal is
appreciably reduced from the case ofynormal inciqénce as the majority
of the photons are produced along trajectories which pass through the
curved face of the crystal and are therefpre muchzshoﬁter than ‘the
Cf§Stal'depth. The magnitude of the overall effédﬁ-is less prénéuncéd
for A2 than A3 owing to its factor 2.5 greater depﬁh, howeveér A2
contains a central hole of diameter 5 cm which has been taken into
account in the calculations and this obviously cohﬁ?ibutes to- the
reduced efficiency of A2, At progressively lower eneygies the point
sourée ef}iciency values approach those for normal incidence since the
mean.phnton interaction distance reduces zacgordin
eqaétidh 4.1,

Erapticéi'measu;émenfs‘Of'fhe'SaméAb§§§ﬁ§f§§S;f§pfA?g A?%éﬂ?iGé- :
ﬁg??_?éen/dbtéiﬂep ffom?thé>std&§“of eﬂégéy Iogs*spgctréféqiiected:via
a‘Cgﬁﬁﬁrfa pulsé;ﬁeighﬁ analyser.frOm standaya iaboratﬁr& radioactive
sources which were ﬁlgced in turn on the,ggﬁi:al qxié_ofzeaqh crystal.
The intrinsic-effiQiencﬁ[,;ntrinsic fullzeﬂgpgyebégk,eﬁﬁigigncy and
peak to total,ragio'érp giien by:~ | o |

IS - IB. , | a
Pe— S (4.40)
NGft -
g = S - . | (4’ a1y
NGEt
- 8- 2P (4.42)
IS - IB






where: LP is the counts under the peak summed over the peak channels.

S is the counts in the spectrum summed over the spectrum
channels.

ZBp and ZBS are the background counts summed over the peak
and spectrum channels respectively.

t is the exposure time,

G is the Geometric factor given by Tr2 /41s? where r is the
radius of the crystal and s is the source distance from
the cryétal face.

f is the fractional yield-of_gammafrays of given energy.

N is the source activity (disintegrations s—l) at the time of
the measurement N = N_ exp {-t,0.693 T%} : t is the age of
the source in seconds; Té is the source ha1f life in
Seconds.

Note, however, tha%sbefdre a legitimate comparison of the practical
data can be made with\th¢ §redictgd values an adiﬁStment of tﬁe latter
;Fireiyired'tg take accéyntvdf:tﬁe‘casipg which surrounds a crystal
siﬁce>the Monte-éarlo valﬁes plottedinfigures 4.%9_énd 4;20 represent
pfoperties Qf the 93y9€§¥5 themse;ves whereaslthg'measprements,are
characteristic §£,fhevﬁh6fé cry§£al assggpiﬁé. Alggéfgggégoton,WHféﬁ
interacts in the casing Eﬁﬁer between th;fsoq;éeiéﬁd é?ystél cannot
subsequently éontiiﬁﬁte to the peak of the\enéfgy'lgss-spectrum hence
theeipll—energifpeak:efficiency of a crystal assembiy Ep(As) is
siiiply given by:

15,4

E:-A" = € ( wF 4, 43;
p( 8) p(c)e ¢ )

where ep(c) represents the intrinsic full-energy-peak efficiency of the
crystal itself and e-ux is the probability that a source photon

survives traversal through the intervening casing layer of linear
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thickness x. The precise values of x for the A2, A3 and Ge assemblies
are not known since (a) each assembly is a commercial, sealed unit,
and (b) the manufacturers' diagrams (upon which figures 3.5, 3.7
and 3.8 are baéed) do not explicitly specify the values. Figgpes
4.21, 4.22 and 4.25 show the predicted values of sp(As)t ob§ained via
equation 4,43 having substituted the Monte—Carloifiguxqs for Epfc)
and having applied Aluminium casing thickpgssgs 0f 0.5 cm, 1.0 cm, and
6.15 cm to the AB, Ag and Ge assemblies respectiveiy. Thé different
thickness values for A2 éﬁd A3 arise since-.the pragf;cal méasuremen;;
were performed by irfadiating A2 from the face supporting the
photomultiplier tubes and A3 from the opposite face. In the case of
Ge the apparent discrepancy betwegn the predicted and measured values
must be due to a iurther intervening layer of Delfin (see figure 3.5)
which could bo s to 2 mm thick.

Aléb plotted in fiéqpes 4.21 énd 4;22;a£ekﬁ§e;predictedvand

'méasured:values_qf_ipt?insic.efficigncy F(As) for tge A2“and A3

assemblics. However, it is only-possible to give a range of valugs

«for the_pTéai;t9d aséembiy intrinsic efficiency since this parameter“
conétitutés the spm of two cgmppnents; (a) the prQQuct of_ghe intrinéic
efficiency of the cf&stal itself LF‘cij and the*gésipg.ggfvival
probébility [e_ux]{ (b) An ﬁnknown fraction of‘fﬁese sourcé photons
Which Comptoﬁ scatter‘from the qasing into the»Crysiai anq,subséquently
intexact. The r%gge of values given in the figures_reprgsép; the suﬁ
of cqmpqngnts (a) and (b) where the fraction in (b) is taken as zero
and uniﬁyﬂ

Figures 4,23 énd.4;24 show the peak to total ratios for .the A2 and
A3 assemblies [Y(As)] and as the predicted values are obtained using
F(As) according to the relationship of equation 4.39 the same uncertainty

is manifest.









The spectrum produced by scintillation and solid-stdte deévices
in response to monoenergetic gamma-ray sources consists of two
distinct parts; (a) the full—energy-peak, centred at the source
energy and (b) a continuous distribution, stretchiné from the maximum
Compton electron energy (i.e. the Compton edge) to zero. From the
records kept in the Monte-Carilo calqulations the structure of these
twq portions of. the spectra are.cépable;of being dgfermined. Figures
4.26, 4.28 and 4.30 show the ,qorq'pbgsi"tiohs of the fufi-—enéx‘gy—p‘éak-s of
the Ge, A2 and A3 crYngls respegti”
two types of interactiﬁn;are»shbwn and the Compton contribution is
further 5roken down into two comppneqts: (i) the contribution from a
singie Compton scattering in which the secqﬂ@hry photon is photo-
e1eemriCa11y absorbed ‘(rIndi!ié‘c‘t;sfphdtQ elecfri.c‘,,efifeg»i;) and (i1) the
Qéét;iﬁutiqnvfromvmé;tiﬁlé‘Cbﬁptcn scattcring. As wégid be €apedied
ffbm the fBrm of variétipn'df attenuation cngficients aé a funétion
of energy tne pp9tqe1ectric qombgyeht dgmiﬁéfés the peak at low
jéﬁéggigégiﬁt;ggathelsééﬁgéféﬁgggygingre;sgéjt;ggééhthn“s¢?tteping
méchanism becoﬁés‘dqminanf; |

The contihuéﬁg%distriégtfgn cO@ﬁbﬁéq&ggffthé;deﬁéggpr'épe¢prum
is the result of‘éqmﬁiﬁﬁzééatteéingii%ﬁwﬁé§h&£’éiggcbn ;;y éydton
leaves the detegfér'céééing}an é#er§y*&ébééitgbﬁ;ﬁhiéh,ié.;@wer tﬁan
ﬁhe source ehéfgy_ .qu931tiop‘fsffr°m thq'%qcofi eleéiibn aﬁdlthere4
fore since the electron has,a maximum energy given:by equatipp 4.7 the
quf;nuous dist;&butioh‘hagfgn;upper limit at this energy (the Compton
.ngés. Eigpxes 4.27, 4.29{and,4t31 shOW'thg_fpactiggs oi.brimary
Compton evengé which,cdhtf?bﬂte to the full-enéxgyfpeaks of Ge, A2
"and A3 respectively as a function of séurce energy and the compleﬁents
of the figures therefore represent the fraction,of grimary Compton

events which leave the crystals. Thus, for example at 0,511 Mev
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v 64% and Vv 20% of primary Compton events produce secondary photons
which escape from the Ge and A2 crystals respectively. Additionally
the same three figutres show,as a function of source energyithe.fraction
of events undergoing multiple Compton scattering whidh»qonfribute
to the fuli—enefgy-peak and again¥from’the complements it cah be séqn
that, for instance at:0.511 MeV, yﬂfs% and'v 30% of t@ésé<QVéngs
eventualiy escape from Ge aﬁdgAé. |

TﬁéJCUrveé shown in figures 4.32, 4;33 and'4{34 ill&éfratg\the
variation‘of effiéiﬁncy gﬁd'peak to total rgtio, as obtained from the
Monte%Carib simulations, fof'the Ge crystai-as a point source is
moved along the central axis, Crisler et al, (1971) reports a relationship
which permits ¢a¥9ula?%°9'9f the effigiency»at apyﬂsougge distance
from a KnoWlédg?hof_t;;JVQIQQ§§tVa'siggle’disﬁapéé together with the
effﬁétive interaction Qthqggf&fhe cnyg%ai;r'Effegtiygfinteraction

depth dé

¢p s defined as that distance below the surface of the outside’

detector mpuntiﬁg;éan at Whichid_jégma-rag-éiﬁamgarticuldrAénengy

appears to integgdt. Crisler gives:

where € is the absolute tull-enere:

the probability of total absorption of any .photon emitted by the source,

and r. and r, are the two relevant source to ‘fiounting-can distances.

1 2-

Tﬁis(relatibnshgp may be adapted to the inﬁx}hgic fdl¥f§heggyﬁpeak

_efficiency € through the use of the Geometrical factor,G(r) where:

G(r) = E£(r)
€ (1)
P

(4.45)

Hence equation 4.42 may be restated in the form:






£ (r.) Gr,) r, +d _)?

o 1 20 (2 eff’ (4.46)
2

€, (ry) Gry) (g + dpp)

A further-qutefcafloaca1CUla;ioﬁ has been used to prpdupe'valués of the
interaction depth as a func¢tion of source to crystal distance for various
source-energies and ‘these are plotfed in figure 4.35 (where intéraction
dépth.isthat distance-ﬁglow the top surface of tﬁe crystal at which
a sourCé'gammgﬁrafkintéraiis;, ;?o.obtain the effectiie interaction depth
the mesn of the values in figure 4;3§>is'taken%for'each engpgyv(thése
have beeﬁ”biotfgd‘in fiSQ?e 4.36 and.the;Qistanée-between;tﬁe top
surface of the Gé’crystai gpd the can (= 4mm) is added in eachicase.
Using the Monte-Carlo values of intrinsic.full-energy—peak efficiency
shown in figure 4,?Q,forwa soUrpe»tq‘crystal distance of 29.2 ¢m, as
€Rﬂ?i§;’equapion-4;46,prédﬁ§éé valueg‘foraapcrz)'Whiﬁh ére_in reasonable
agreemegt with the Monte-Carlo véiues giveﬁ in fég@ré 4{33.
Q&onte«Carlo;caicu;ptigggghave also-been garried out for'the polar-
iﬁéiér_@?l to P4 and Gé?; In this.cagegpolafiseqi;h§t6ﬁ3~eﬁé§r the Ge
defQQpﬁf“éﬁd thgéé;%toéﬁciﬁg*Compt693geqonééfiépgggoﬂsfwhichrsqéttef

into one of the poiarimgper qﬁadxantsyandiinﬁgfact}With;n;itggrg_

théir;eiectric veéto; norﬁalito one of tﬁerqgadranié; Fr:m,suéh polar-
}sation; quadrant number 2:is expected to shéﬁ enhanqed counts, indicated
by the .ratio C1/C2 being greater than 1.0 which igfthewvglge~£9r?zero
poIariSatién. | | |

The Ge detector emergy resolﬁtidn has been measu:ed:hxthe labofatory
using the pulse-~height spectra for standard radioacti?e isotopes placed
on the central axis ofjthe spectrometer above the cellimator (Al) and

figure 4.38 is a plot of the results, Also:given here is a plot of the
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ultimate achievable resolution for this detector which would be obtained
if an ideal preamplifier could be used and assuming a Fano factor of
0.13 for the detector. The measured resolution is a result of two
contributions (a) the intrinsic resolution of the detector itself Op

arid (b) the.preamplifier resolution o,

@ o | E_FW _ | (4.47)
(b) 0.2 =w {— + QN2 } (4.48)
L =

at enéfgyrgb‘aﬁerﬁéfé‘w is the“glﬁctfon—hdle pair cxéatibh'energy

(2,98 eV for cooled Ge), F is the Fano f#ctor, QN and T are the equivalent
noise charge and time‘cdnsfant of the preamplifier respectively and

ID fs the detegt§¥ lﬁékage current. The resulting detector line width

is then:

©EWHM(KeV) = 2. 449)

Measurements” o6f the AZ an | ‘résolitions are shown

i°A3 shield érysta

ig figure 4;39'.‘11n fhéSe caéés the:summgd‘oﬁﬁﬁut‘sighél from: the
four and three aSsociétgﬂ photqﬁultipl&er'fubeé respectively were used
for the measuremggté; This summation signal reﬁoves,ﬁﬁlﬁé—hé;ght
variation arisiggVfrom:tpezlocation of tﬁé:fgteraé;ing 9§dt6gsiéhd
improves resolﬁtibg;by a factér equ31 to theméggagé‘rgotj;f?tpg>n4mbgr
of tubes. | - | " |
Oyingfyg:gﬁe c§ﬁétruqtion fgfﬁat of)thg Ai:cobiiméfg;-ﬁﬁequSulting
3pﬁiséfﬁé1gﬁt spééerMﬂdoe§ nqtygxpibit any feaiu;qs f?g@ wgien‘résolutioﬁ
'measuremehtsicould be obtéined. |
At gamma-ray energies the aperture of the spectrometer varies
with energy owing to the iﬁcreasing penetrability of the phofons with

increasing energy. Thus the geometrical aperture, defined by the physical



boundaries of the collimator, does not represent the true aperture.
The energy dependence of the Durham spectrometer aperturefngs been
measured using the laboratory radioactive sources as follows. One of

the sources was placed above the spectrometer and moved in one centimetre
steps along a diammeétrical line. At each position a pulse—height
syectrum-was collécted and the area undér“the peak (background subtracted)
recorded. The areas were plq#téd as a fuﬁption*quposition as shown in
figure 4.40 for the 0.847 MeV source, and tﬁe“FWHMZygs taken éé_the
angular aperture at fhat éneféy; The“proééssiwas ;gpeéted:for“a range

of source enérgies and the angular aperture plotted as a function of
eneﬁgy (figuré 4.41). It can be seen that the FwyM varies by v 1°
betwegn»energies‘0.847 and‘$f25 MeV. A gt?bngg; eQErgy dgpendepde
woﬁlhwbe'expected-for a ﬁa{(Tﬁ) collimatér due ﬁb iﬁcrgasedileakage
théugh the edges as compared to the lead (Pﬁ),used here.

These ﬁeasurements}may ogiy 6e»used to stgd&’the ene;gy:vaﬁiatign

of the geqmétriéalifactér ofethéLSpectrometgr ﬁingq'the~angplar response

to .a distant, célestigl;;pbidt~sbutce-is [ . différent depending not .
only on energy but also on the relative angular position’ of ‘the source-

trajectory with fgSﬁéCt‘tO»thé aperturevdgptrgi, ?hiéyiﬁ@éh@thin' -

figure 4.42.

4.4  GAMMA-RAY.

CINE DETECTABILITY. .~ AT
In the presénce of a specific background flux the minimum*détectable

flux from a gamma-ray line after a particular source and background

observayibn;timeZnggi&thas-fpllows. At'energy-Eo, if the-line fiux

2,.-1

is L phdtbns cn”%s”! then the observed deteétorzcounting rate R%, where

the flux passes through absorptive material of transmission O, is:

Ri = FL 0 €A counts s~ ! (4.50)
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where £A is the full-energy-peak detection effective drea. Then, for a
channel of AE(EO) centred at Eo the measured counting rate in the

channel after Gaussian resolution spreading is:

aeAFL Ed%%AE (E¥,— EO)? 1
L= I exp {- ———2—} 4B  (4.51)
V2w o ’goq%AE 2g2

R

_and substitution of the expression:

X . : :
[ exp (-3t2) at . © (4.52)

G(x5 = ;lf
%Z? -x

yields:
R = 0eAR G ( 2E) counts s (4.53)
L A .
20 :
1If the®line is to be seen then the.flux must-be n standard

Vdééigt10n5~greatqr than the background rate R, and since the variance

B. ’»ﬂ
in Background subtraction i§:

HeATLO ¢ bR RE

where T -and T, are the respective backgroind snd source:observing timés,

then for no, detqctioh;signifiggpge:

By = oeAR

6= Bt o sy

-Solyving for F_ produces the expression for theﬁmiﬁimh@}détéctpble>1ine

‘ L
~flﬁx:

F -2 (B [(ﬂ;)z + 4R, AE &+ 1yh
206AG T T T T

(4.56)



Historically the parameter n has.been taken as 3 but it is recommended
that a value of 5 should be used.

Increasing the observation time, detector a?ea,-détébtér efficiency
and photon transmissiQn into the detectdr and decreasing the detector

FWHM and bagkgxgpﬁd all result in improved sensitiVity.




CHAPTER 5

THE DURHAM. GAMMA-RAY SPECTROMETER BALLOON. FLIGHT

5.1 INTRODUCTION

As the terrestrial atmosphere prevents celestial gamma-ray emission
from reaching sea level and since it also generates secondary gamma
radiation from cosmic-ray particle interactions, then in order to obtain
;meénipgful data from celesﬁial sources at gamma-ray energies it is
necessary to eStablish an observation platform either above or as close
to the 'top' of fhe atmosphere as is practicable. To this end,arrangements
were made for a high altitude balloon flight of the Durham gamma-ray
spectrometer, to be launched during August 1979 frem Palestine, Texas,
U.S.A., under the auspices of the National Scientific Balloon Facility
(NSBE) of the’Na£ional Centre for Atmosphefic Research (NCAR). A
precise date for the bdllodn flight could not bé,fier in advance‘as
this would be véry much dependent,upon the local weather conditions
around the*laﬁnch site, to the extent that a flfght<cou1d-be,posxponed
at any time up,tb the,cOmméQéeﬁth of balIéon,iﬁ%iation, ile. approx-
imately thirty minutes prior to launch. However, during Augdst the
average delay at Palestine for an evening launch is three to four days
and this is reduced te aﬁpfoximately 24 hours fof~a'md£nihgiraunéh.

Although the priﬁary aim of this fiight.was}to bé the evaluation .
of the.system performance under real observing conditions, it was
believed judiciQﬁs totprepére for the execution of source observations
should cirdumstagges prove faveourable. Consequept1y~calculations were
performed for several discrete gamma-ray sources, to resolve the times
between which each one would lie at a Zenith‘Angle of less than 50° as
seen from Palestine (latitude 32°North, longitude'96° wést) dufing August

1979. The maximum zenith angle of 500 was chosen as owing to the con-

figuration of the apparatus it was considered unwise to use the zenith



drive beyond this angle. Figure 5.1 indicates graphically the results
of the calculations and since on this occasion each of the sources
would be of equal interest it is clear from figure 5.1 that the un-
certainty in the launch date and time would not be at all detrimental
from the observationél viewpoint,

In spite of a lack of foreknowledge of the pré¢ise timing of the
flight's commencément it was possible to conStrict provisional “order
of'obséfvation' schédules in advance and th%s-wa$~d§ne, based on the
information from figure 5;1,:for'flights 5géinning,with (a) an evening
launch and (b) afmofh;ng lgﬁn¢p. Comhon ;b,bo}h,sépedu;es wéne: (1)
the'aSCen% phase of approximafely>thfee hqﬁr§>dﬁring:whi¢h time the
atmospheric ganmnia-ray spectrum and counting ra%es"wodld be monitored
and (ii). an inditial Qeriod at.flpgtlalxi;ude pﬁ.syggems checking and
ab%cﬁgjﬁuﬁd méésurémeni. Sdur¢e;933egy§fianﬁ-Yéﬂ}d:;hgp*begin,-éﬁploying
a 'noddigg' tgqhniﬁqe, i,ef'altgfngtﬁén betweéhfbackgiﬁund only and
‘squcg»pius-bgékgroﬁgdq on a time,épglg oﬁltheﬁer¢rsof‘minutes, over
a pgrig_‘q” of three to four hours for ggq;h source The .é-n;’aﬁ’ggme"nt would
be: - |

Schedule (a) :Eyéx_iin;g"l‘au,nch : (1) N.G.C. 1275 (Seyfert Galaxy)

(2) M1 (cr-ap"vu’gpui;a;_ : Supernova remnant contalninga pulsar)‘

(3) N.G c 4_151. f;(;s}ajirfez;t, ‘galaxy).

Schedule (b) M§fg1ﬁé~1ggncﬁ'i (1) N.G.C. Ai§11(§j%ﬂef§@ies,x—1

(3) ;ygnq§ X-1.

Upon cgmgletign}of thé;e obgefvations the flight wcaldfbe terminated.
Cbﬁﬁ@ﬁer pTOgrammgs were constructed in BASIC>£or use with a Tektronix
4Q5i minicomputer, to facilitate rapid calcuiatiqﬁ of source positions

(Zenith Angle and Azimuth) during the flight which could then be tele-

metered to the payload.
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5,2 THE‘FLiGﬁ?

During the course of pre-flight systems testing at Palestine NSBF
the agzimuth motor's gearbox ceased to function thus prevepﬁing‘any use
being made of the azimuth sSteering system and‘deveiopment-of a fault
in the zenith autosystem necessitated a last minute alteration to
permit manual control of the zenith drive, A decision was taken to

proceed with the flight in spite of the reduced steerlng capablllty

51nce the orig1na1 flight proposal s1mply called for monitorlng of
béékgrqﬁpd counting ratés and spedfre which_CQulq{et;lleenachieved
e&ehjwith the apparatus in its. then current conditiop, It m;y even
have proved possible to carry out discrete source cbservation in a
limited manner.
During‘theihour immediately prior to 1auncthhefspectrpmezer and

felemetry’systeﬁ'were,gi&en a final testing and a calibration test
ftaﬂe was iecorded; As.hadAbeéneforeseen'a~de1ay in the leunch was
,encountered doe to adverse weather condltlonew however 1aunch inte

clear sk1es was flnally achleved on the. morning of 28th August 1979 at

14 00 55 U.T. .Surface wiﬁds were oalm'et launch, the tempenature was
26°C and the average'asceht ratekwas 4.28 m s_l, reaching a mean fleat
altitude of 4,33 g cm'z. jEﬁrther flight:eﬁd{oaylpgd.pafémejers are
given in tables 5.1 and 5.2.

It was noted in real time that the press ge_vegsel diﬁ»not maintain

tﬁerpayload intefﬁeltpne§;ure AS'requfred and fhis étt&ined‘an equil-
ibiium_value of 33:Mbs.at float altitude. Thus wheﬁ-the anticoincidence
shield E. H T, Set~beéame increasingly unstable, finelly ceasing

‘to operate altogethee at 15.45 U.T., the cause was attributed to corona
discharge in the set as a direct result of the reduced pressure. Since
the active element of the shielding array was now non—operational but

the Ge deteotor was apparently unaffected it was stili considered



TABLE 5.1 Ballooh. and payload welght data for the Durham Gamma Ray
Spectrometer balloon flight “of 28th August 1979

BALLOON AND PAYLOAD WEIGHT DATA

Description - Weight (kg)
Balloon : Winzen 12.70 Micron Stratofilm 328,477 m> 542;0
Parachute : 24.1 m 16651
Payload Including Consolidated Instrumentation Package 662,3
Ballast : Glass 136.1
Safety Cables, Crash Padding & Ballast Hopper 10:9
Control Instruments ' 1257
Gross Welght | 1479}1F
Gross Llft o 164@35
~Fgge Lift:léﬁ; _ 17614

TABLE 5 2 Parameters for ; theDurham Gamma—ray Spectrometer balloon
fllght ‘of August i28th" 1979 '

Air

‘Time Pregépre~ Mass Latltude Longitude

‘tqém;) L o 2, “(Deg..N):  (Deg. W)

‘Launch : '_140059 966 1020.68  31.78 95.7
14217 465 76355  31.82 9568

1441 8 152,33 31.83 95.48

1503.9 157 73.71  31.85 . 95.37

1528.0.  27.61 . 28.44  .31.85 95.52

1553.8  10.9 11, 31,82 95.77

', 6.92 ‘ 95.87

4.46 9607

3,02 96.23

3;96 106,72

3,96 97.2

0° 403 52 97.63

igéo;é' 4.1 4.24 31.5 97.92

1900.0 4.31 4.46  31.32 98.5

1930:0 4.33 4.48  31.28 98.95

2000.0 433 4.48  31.17 99:.5

2030.0 4.42 4.58  31.12°  100.1

Termination : 2101.0 4.29 4.44 31,08 100.6

Impact: 2144.2  935.25 955.69 31.03 100,62



worthwhile to continue data collection using the rémaining passive
element of the shielding only.

A further problei occurred at 17.03 U.T. when the zenith steering
system apparently failed to operdte on command, as indicated by the
real time pendulum data display continuing to show a-Zenith Angle setting
of 00. Thus after 4.6 hours .at f;oat altitude with the spectrometer
péiing,pegg oiiqptated at CSnstant‘Z.A. = 0%, hence indetefmgﬁate aZiﬁ?th
{i.e..édnstant declinginn = 31.5° and: 7h Saﬁ S'R.A.-s 12h_(figur; 5.2)},
the flight was terminated and the payload landed gafely at 21.44 U.T.,
23 néuficalAmileg south offéan Aﬁgeld,‘Texas. Thé,paylgad wés found by
the grbund recovery crew to be in good condition ap#rt from expected
superficial damgge_to_the,ganQIa.

Post flight analysis of the fnstrumeﬁtation‘wgs performed on
return to Durham, Concerning the zeﬁith'qrivewsystem,failure,uit was
Qpélievgg that'at'a’teQ§efafére~Q£ N.—AOQC;thgggeaer#/froge and: this
freezmg had ~r'és;jxi.-:tffted‘_ inthe ‘strip mg _0?”* the: gears bythe motor
‘Whﬂifé.h-h?ii co,i"l‘cinued to turn The ,lz;ii_lgédy,‘f;or;th:_is;p,r‘ebz.ljem~ in a future
.éyéfeﬁ Shoulaf;e-a sléckér.and%cééﬁper ge§¥L°X~ |

The antiéoinpideqce éﬁiéig'séE.H;T. p;dbigm wésficgﬁd;to?hiyé
occurred as a‘cOQSéquépce ofhintefferénge on‘fﬁéjcﬁmmo§ e1;gxrf;a1;
supply-rail to the'E.ﬁéT.‘sets of‘thé‘Ge,¢£§§1;f:aﬁd-éﬁfeld;resthiﬁg‘
frpm cqrona disqb%?5§:§f7¢he Gé E.H.T. un}t,.}This;iat;ef dévicé was
seen during vacuum tééts to discharge at w‘750'Mbsrpreésure and the
pépsgﬁggnt sgpglygﬁail interference caused the supply voltage to
%éﬁdéggp»a’i‘é Vplt vaf;aﬁiqn,-in turn causinggén ighibix control on the
ghiéid E.H.T. set to switch this unit off. Potting of the E.H.T,
connections for subsequeht fliéhts should prevent é recurrence of this

problem.



Declination (Degrees of -arc)

e

~3
L=
o
-
7]

v

- GNGCA1ST
Termination

&

HERX:1

'i - Guluchc
~ Anticentre

it/ P=180" 1= 0
T.CRAB

4
Morfh
Guluchc
Pole

w
=3

N

4_,__
o

o NGC 1275

A S T
‘Righit -Ascension (Hours). -

Figure. 52 P0|n’r|ng:'_:_;d|rec1'|on of the Durham gamma ray. spectrome’rer ‘during
| balloon.\‘»fl‘igh’r of 1979 Augus’r 28th.

the



CHAPTER 6

EVALUATION OF THE FLIGHT DATA

6.1 INTRODUCTION

A total of 12 magnetic tapés were used to record the dema from the
- 1979 August 28th flight of the Durham spectromeyer. This -constidtuted
approximately 115,000 data records, where a record is compoeed of one
complete telemetry cycle of 250 ms duration, (i.e. 32 telemetry frames,
eééh containing 30 two-byte, binary data Qgrds), pluscoge@ground frame
ofv16,:tWO;byre;'ASC 11 words (figure 3.20). Thhéd ehchhréﬁe‘coﬁtains
an average of 9500 records,

Analysis of the data was performed employing.purpose written
FORTRAN programmes for use with the IBM 370/168 machine of the
Northumbrian Universities’ Multiple Access Computer (NUMAC) Each;of

Lo~ ve
GC Taw

1data tapes only those words from a spe01fied number of records which
are connected with one. particular aspect of the experlment (1 €. pulse-

-heightﬂspectra,“iﬁdiyidual detEctOr countiqg;rates,=hou$ekeepigg3 system

orlentation) and then appropriately process that 1nformat1on 'in all

cases the data words are: composed of two. bytes though only 10 bltS of

useful information greéencoded therein (figure'3c1a)_ 5o eachaprogramme

contains a routin' _or‘the truncation ofjtﬁe dSélQSS*Bitsa ri

proceSéing. An additlonal complication arises for the analysisvof the
main ADC Spectra 51nce not only is the relevant informatlon for two
pulsefheaghfsﬁd}striput9¢ over several data words bdt eﬁeg,contained
wifhin eécc of these words there is latch, paraiyeig_and‘busy bit
information kfigure 3.19). Hence the main ADC»pulse;height analysis
programme has to perform the additional task of deChQihg;théée bits

before analysis.



Because of the malfunctions mentioned previously and a problem
in the ABC concerned with unmistakable excesses iﬁ particular channels,
spectral information obtained from this flight is limited to that from
the background for the ascending phase only and is restricted to the
energy range 0.09 to 0.8 MeV,

6.2 HOUSEKEEPING AND SYSTEM ORIENTATION

Shown in figure 6.1 are the in-flight time profiles of (a) the
system internal pressure, derived from the pres§gre transducer mounted
inside the domes, éhd (b) the external atmospheric pressure, obtained
from the Rosemount altimeter provided in the¢ C.I.P. by NSBF. The
obvious fall of the internal pressure from the time of launch is

indicative of unsuccessful sealing of the pressure vessel prior to

launch, however, the leak appears to have béen only7a;ight at first
gsince the fall rate of tﬁe internal pressure is lower,than that of the
extéthal pressure. .Th;s is more easily unqersxood frﬁm the plot -given
in figure 6.2 which;shows the‘Internal/EXﬁéfhal ﬁreségrefqifferencg to
’risg_éuring the initial v 20 minutes of the flight. 'HowéVer, after
thiésperiod’fhe preséﬁre difigrenqe becdmes-sqﬁﬁicien@iyflarge-to increase
the severity of the leék. The internal pressure's rate of fall now
exceeds that of the éfmospheric pressure as. indicated by the reduction
in the pressure diffgxence{éhown in figure: -6.2. After'aPpraiimately
120 minutes of flight time it appafently‘pecOmes‘Sméll enépgh to allow
the leak to re-seal since fhe internal pressure attains an equilibrium
value of v 33 Mb after this time rather than continuing to fall towards
thé float alﬁitﬁde atméépheric pressure value of 4.25;Mb,

Such a profile would seem to be consistent with the hypothesis that
the leakage occurred around the domes' rubber sealing gaskets since the
rubber would have the capability to re-adjust on reduction of the

pressuré difference. This emphasises the importance of adopting a
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more systematic approach_;o the bolting down of the domes prior to any
future flight of the apparatus.

Figure 6.3 illustrates the profiles for the various temperatures
measured during the flight and since the crystals and electronics were
maintained at v 23°C throughout, data corrections due to temperdture
variations have not been necessary.

As mentioned in Chapter 5 after reaching float altitude the zenith
drive.fai;ed tg operate and therefore the spectrogeter viethg aperture
reﬁain¢d centred upon the zenith., Thus the orientation in celestial
Declihation of the field centre simply varied as the latitude of the
spectrometer (table 5.3) i.e.” + 31.78° > 8 2+ 31.03°, However, in this
attitude over the flight pexriod the celestial Right Ascension changed
QOpstagtly over the range 7h 30m & « & 12h OOm, ;nithe Galactic coordinate
sySté@>the overall orientationaqoffesponds to a movement of the field
'of‘vigy frbm the Gglacticzanticentre fo approxiqateiy the north Galactic
pole, .Sp,,ann»ing 10° in galactic longitude; specifically 180° < 21 ¢ 190°,
None Qf thé‘sourééswwe héd hoped tovobserve p?ésed‘throuéh the field of
QiéW~(£igure 5.2? aﬁdbthe same-appiies to,éil‘éther?knoﬁﬁ gamma-ray
sources.

Inﬁegrﬁl'cnuhfing rétes, for energiés;above thefdiscfiﬁination
threshold, from each of the élements in thegantigqingiﬂeﬂcgvshield
array are pfesented fbufigprev6.4'as a function of time into the flight;
up to 100 minutes (N 10 g cm—zh after which the malfunction in the E.H.T.
ugif»ocdurred. The shapes of the curves agree well with those obtained
bi,Lingfet-al. (1974) ‘and show an expected maximum &t an atmospheric
depth of 100 g cm_z_(the Pfotzer maximum).

‘The integral phbton counting rates from the Ge detecxor,shown as a
function of time in figure 6.5,are taken from the secondary ADC over

the energy range 0.09 to 8.8 MeV, (i) The lower set of points are the
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event recording rates in the secondary ADC and (ii) the upper set of
points are the true rates which are calculated from an interval distri-
bution to the events in (i). (iii) the histogram represents the

event recording rate.cOrrected for system dead time,which for the
secondary ADC is ~ 16% and for the main ADC the value is v 60%, Again

the expected maximum is seen at atmospheric depth 100 g cn~2

6.3 PULSE-HEIGHT SPECTBA

Atmospheric background spectra have beeﬁ obtaiﬁed for various
altitudes throughout the balloon ascent and figure 6.6, which is a
summation over v 60 minutes, is a represeptative example. Both
unvétoed and vetoed Ge spectra are shown and the necessity for the
application of active shielding to a system searching for gamma-ray
lines is clear since the lines at 139 keV and 198‘kev are only
disgerniple in the vqtoed‘spéctnum. After coprécting‘for chance
coincidggcgs the spéétrum.of the vetoed gamma;tays is v 10% of the
unvetoed spectrum,

The above stated baqggroun&.liheg”aﬁerth% result of atmospheric

T

neutron interactions with the Ge detector,namely: 4Ge(n,y)7§GémEE%sass]'

and’TOGe(n,Y)71Gém[T%=20ms] rggpective;y, thoughighg existence within a
natural Ge crystal of five different stable isotopes of Ge complicates
the matter, Fifty-six per ceiit of the observédglggﬁkeVgliye counting

rate [(0.13 * 0.04) counts st at (280 +§3g) g-cm-z atmdspﬁeric depth ]
is accounted for from the resonant absorption of v 104 eV neutrdns by

74 _ ‘ : .
‘Ge and: the remainder is believed to be caused by reactions (a)

7 75, m

6Ge(n,2n)72Ge™ and (b) "CGe(p,pn)  Ge".
The counting rate for the 198 keV line at the samé atmospheric
depth is (0.34 * 0,04) counts s—l and in both cases the obsérvéd rates

agree with those reported by Méhoney et al. (1978) and Womack and






Overbeck (1970) though for each of these reports the atmoespheric depths
were widely different from that of the present investigation, Figure
6.7 shows the measured variation of the intensities of the 138 keV and
198 keV lines with atmospheric depth.

Background lines other than those discussed, though not séen on
this occasion, are expected to arise from the Ge crystal by similar
processes, e.g. 175 keV, 595 keV, and 691 keV, Also, weaker lines
couidvbevproduced'from Sdﬁe of the other materials in the apparatus.

Figure 6.6 reveals the 511 keV line as the dominant feature,to the
extent that this line is seen even in the unvetoed spectra. In the
vetoed spectra the 1ine is contributed to by three cqmponents, (a)
atmospheric 511 keV photons entering through the aperture, (b) atmos-
pheric 511 keV photons which pass through the shield without interacting
and (c) B decay of radioactlve nuclei produced in the Ge crystal and
itSfassembly, (Bw annihilation yields -two 511 keV photons, onevof which
is absorbed by the crystal and the other escapes withOut 1nteracting

in the shields) -Each of these cbmponeﬂtS'of the counting rate are

plotted as a funct1on of atmospheric depth together with “the observed

rate in figure 6.8. This figure shows that the mpstvsignificant

contributions to the observed rate arise fiom_eoﬁﬁoﬁeﬁfs_(p)vgnd (c).
Component (a) is eetimated using the'semifeggiricbi ﬁbﬁel‘

[Ling et a1. (1977)]. Fluxes of upward and down&ardimoﬁing;photons have

béen calculated as a function of depth by Ling et al. (1977) from

measurements, overAPalestine, of the 511 keV photon flux taken from

uncollimated detectors [Peterson et al. (1973), Boclet et al. (1963)

and Chupp et al.‘(1967), (1979)]- The mean effective thickness of the

Durham spectrometer shields is estimated using a Monte-Carlo simulation

[Bhat and Thompson (1981)]. From these results atmospheric 511 keV
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photon counting rates due to component (b) are calculated as a function
of depth. At depths ~ 100 g cm ? the bulk of the leakage comes from
the upward flux since above the Pfotzer maximum the downward flux
decreases more rapidly than the upward flux.'

Since an external 511 keV photon cannot interact in the spield and
also contribute to the 511 keV peak then the counting rate of
annihilation photons due to locally induced radioactivity is given
by : El/(l-p)](rv - ru), where r, and ru are the qoupiing rates with and
without veto respectively and p is thevshiéld?surYiVal probability of
511 keV photons, calculated, from the .computed mgan,péth lengths in
the shield, to be i 4%, Hence a 511 keV evéent with a simultaneous
shield trigger must be.the result of internal B+ anpfhilation. Possible
contpibufions to local production of gt have been snggggtedbby Ling et

al. (1977), e.g. the following processes Cu’>(n,2n)Cu®?, Cu®(p,n)zn®?,

cr°2¢p, nyin°?, Ge"%p,mas’®, Al(p,n)si?7,

Table 6.1 summarises the 511 keV cbug&ingjtafési@éiaui@d_at various
Adeptﬁsgdu{igg'the_fright‘fgrWbétbpvet9§§=and,u§§é£9995Cﬁses- The
figures given in the table for float altitude a?evindgrectly derived
from the obServéd variation of: the ratio of:QOQEEingvééﬁés'with and
without veto ané'the,calcuigmea chance coincidéncé cé?iééti%h; they are
therefore subjgct fg systematic errors of ~ 50%;'7

From the observed background spectra the diéﬁéfé@i'%d,Ge.counting
rate at float altitude (4.3 g cm-z) is obtained and.is shown in figure
6.9, The integral counting rate, derived by integrating the sum
'digtribution,‘is‘19;5 counts s, A plot of the 30 minimum: detectable
line flux from a point sourcg‘deriyed from the fioat differential counting
rate is given in figure 6.10 for active and passive shielding. A
factor of v three improvement in the spectrometer's sensitivity is

gained by the use of active shielding as can be seen from the minima



TABLE 6.1 Summary of the measuréd 511 keV counting rates

in Ge erystal

511 keV photon counting rate

Atmospheric (sec” l)
depth .
-2 ) local
gg cn~4) vetoed unvetoed production -
430 * ?ég' (2.2 % 1.4) x 1072 0.97 + 0.05 0.99 £ 0.05
172 * 122 0.36 * 3.57 + 0,11 3.34 * 0.14
78 gg. 0.38 * 4.16 * 0.13 3.93 * 0.18
35 * i? : 0.27 * 0.08 ' 3.16 * 0,12 3.01.! 0.15
4.3 + 0.2 0.079°t 0.003 108 £ 0.03 1.04 * 0.03
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of the active and passive curves at 3 x 10”7 and 10'_2 photons cm‘ s

respectively.



CHAPTER SEVEN

THE FUTURE OF EXPERIMENTAL GAMMA-RAY ASTRONOMY

In relation to the immediate future a new gamma-ray specitrometer
is proposed for the Durham group which is expected to have a line
sensitivity of approximately 2 x 10_4 photons cm—”sﬁ'1 and energy resclution
of 2 keV at 1 Mev.

fhis instrument is again to be based onithezaCtiVe sﬁieldigg
principle and is to incorporate a nine HeédediGe détector, presénting
a total détection area of 220 cmz, which is contained in a siﬁglé aluminium
vacuum cryostat. As mentioned in Chapter 3 current téchﬁolqu precludes
the»fabrication of large solid state devices and therefore in order to
achievgvthe-samﬁ resultmulgirhgadgdarrays of crysfa}s closg to the maximum
sizelpresently a&ailabie age emélgieﬂ§ Tﬁe,?ropqéqu;ﬁié;éiﬁg-ts;based
on~ap.ac§iVafedv£ive segment N&I(Tﬁ) array and ftﬁm‘fpg paiculatio#s of

Bhat and Thompson (1981) the optimum thickness is believed to be

(8.5 * 2)cm; the error being due to uncertainty in the relevant cross
sections: for tﬁe incident neutrbn-speetrum. Collimation’is tb be provided

by a passive Tungsten lattice.

Turning to ihe more géneral aspect then, for tﬁé? ii éévéiopﬁent

of the'potenttélﬁcontaiqéd in the gamma-ray astfbpdmyfﬁie1q there is a
requirement for both bettér instruments and improved véhicles fo'support
fhem. If the true nature of gamma-ray sources is~t0 6e,diséeined,
information on their long tefm variability must be obtained and this
will necesSitate extendéd observation times of the order of days or

even weeks. Additionally access to the whole celestiai sphere is-
required to facilitate a comprehensive study of the cosmic gamma—réy

background. Experiments containing detectors of area " one square

metre would reduce the presently encountered random errors by a factor



of approximately ten. The proposed earth orbiting Gamma-Ray Observatory
satellite (G.R.0.) will go some way towards achieving these ends,
however there should still be a need for an enthusiastically pursued
programme of balloon-borne experiments.

0Of prime concern is the improvement of instruméent sensitivity to
10_4»photons cm-'z':sﬂ-1 from the current figure of 10—3'photons cm-zs_1
ags it will only be from this level that the wealth of spectral lines
eﬁéﬁéﬁjﬁg from‘ngn those ‘sources already discoveréd may be realised.
Anguiar!reSolufiqﬁ shouid'be improved to better-ghan one degree of arc
since, based on the knowledge of discrete X-ray source separation,it is
not unlikely that gamma—ray sources are spaced about this much apart.

New innovatiﬁe approaches to the field are also required for nqt
only ;ﬁe improvement of sensitiviﬁy but in addition, to eliminate
‘syStematic errdrs'iQCIudiggioffsét bdﬁkgrgund pointing and induced
_réﬂigéctivity. For thelmeasurgment‘of cgsﬁ}c sou;cég with activéiy
§ﬁieiﬁéd‘appar§tus an anompanying;backgrqugdxmeaghrement—mué; be méde
which reqﬁireé’re.oriéntéﬁign offﬁﬁé gygfem but the celestial gamma-ray
flux‘is directiod#ily déﬁéhﬂént éo'theéé is phe inherent problen of
where to ppint,féﬁ‘thg.ggasﬁrgméﬁt, A;éo thjszbag%grgund gépermingtiqn
'shbuld be madé-siqy;ﬁan?QQSiy with the-éourgemobsérgggidnibecaﬁse of the
inducéd radiogqtivitywpﬁéhlgm andfSuch’caﬁn§f 6e~a§p£é§ed with instruments
carrently in use. One uncoﬁventionai concept which‘goes a good way
towards solving these problems is the gamma-ray "correlation" system which
comprises many 1gdependgpt‘ggmma;ray detectons, sgme‘of which are
pointed non skywérd. -‘Shch a device syhthesises the absoiute energy
spectrum via correlation of the energy deposition QPectra from the
several elements and this process rejects much of the background from

the instrument itself while the remainder has the advantage of having



been simultaneously collected with the source spectrum.

If the G.R.0. is launched thén it will be in connection with
balloon work that the new téchniques will be required,for there is little
doubt that there is a future for ballooning if for mno other reason than
its ability to provide a faét reaction capabjlfﬁy«ththe development of

new and unexpected phénomena,
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