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ABSTRACT

The detection of garnma-rays in the 0.6 tol0 Mev range is
difficult because of the physical processes involved and the detector
materials available. These difficulties have caused slow progress in
garnma-ray astronomy in this energy region and the few experiments
.carried out at these energies give conflicting results.

For the detection of X-rays, alkali halide scintillators are
often used in the form of a collimated telescope, although such telescoves
become increasingly inefficient above several hundred kev. In this
study, a telescope based on the 'anticollimator' pi'inciple is compared
with a collimator type telescope in the low energy gamma-ray region,

A Monte Carlo methoed of analysis is used to simulate the
physical processes in the scintillator and to evalﬁate the possible uses

of the anticollimator telescope.
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CHAPTER 1

INTRODUC TION

1.1 ‘General Introduction

Astronomy is the science of observing and interpreting the
extraterrestrial universe. The observational aspect of astronomy
is concerned with observing phenomena from space and'relating
these phenomena to some originating process,

Until the last decade , astronomy was essentially a ground-
based science and the atmosphere of the earth was a barrier that
could be penetrated only by particular forms of radiation, Up until
the early thirties optical observations provided astronomers with
their only means of probing the universe. Figure 1.1 shows that

-5
observations were limited to an optical 'window' from 3x10 ~ to

10-4cm. wavelength,
It is now 58 years since the discovery of cosmic rays and

it was in 1932 when Jansky used a simple antenna to study the
direction of arrival of radio noise and disg:qygred that the direction
of arrival of these waves remained fixed in spéce. Cosmic rays were
determined to consist of positively charged protons in the range 100Mev
to 10Gev and the radio waves were associated with the centre of the
Milky Way,

| Because of atmospheric and inters;ellar absorption, observations

of radio waves was limited to the so-called radio 'window' from 0.1

to 2 metres wavelengfh. Cosmic ray studies were complicated by
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Figure 1.1 Absorption of the astronomical

electromagnetic spectrum by the earth's
atmosphere, The depth at which the radiation
is attenuated to 1/e of its initial value is
shown as a function of the energy and

wavelength of the incident quanta,
interaction between the protons and the atmosphere. Both radio
astronomy and cosmic ray studies suffered from a lack of adequate
technology . By 1945 the technological requirements of radio astronomy
had been met, but it became apparent that, although radio astronomy |
had probed closer to the 'edge' of the universe than optical astronomy
had ever managed, it was limited by dispersion effects in intergalactic

space,

Also at this time the limitations of the charged particle radiation



were realised. The stochastic nature of the magnetic fields around
the source region and in space reduces the charged particle radiation
distribution to isotropy at the Earth and consequently the aimount

of useful information that can be obtained from them is reduced.

In the latter part of the fifties attention was increasingly
turning to balloon and rocket work, with the vast possibilitics of space res-
earch rapidly developing. Morrison(1958) suggested the measurement
éf gamma-rays as a2 mecans of investigating primary protons, since
gamma-rays are the secondary products of their interaction with
matter,

X-ray and gamma-ray radiations, like all electromagnetic
radiations, travel in straight lines from their source. Also, at
encrgies above lkev, photons are not significantly absorbed in
galactic space — a fact that was appreciated at that time.

There are, however, also significant problemg in observing
photons above lkev, since it is necessary to go to the top of the
atmosphere in order to do so, The fluxes are low at high gamma-ray
energies, and interac‘tion between the primary cosmic ray radiation
and the atmosphere produces high background at low and intermediate
energies,

Interstellar absorption places a lower limit on the photon energies
that can be observed. Very close objects have been observéd at 3 kev
though normally X-ray astronomy begins at lkev‘ on a galactic scale,
2ksv on an extragalactic scale, and the complete Hubble sphere is
open to photons of energy greater than 8kev, The upper limit to
gamma-ray astronorn;' for the metagalaxy is lOlzev due to absorption

of gamma-rays by optical, microwave and radio photons, In the



1 4 .
interval 10 3'-'101 ev gamma-rays are transmitted through the galactic
. . s : . . 18. =20
medium and a partial transmission also occurs in the region 10" ~10" ev

In the discussion that follows we make the arbitrary assumption

that X-rays cover the range 1 to 100 kev, garnma-rays, 100 kev upwards.:

1,2 X- and Gamma-ray Astronomy

The early observations revealed the existence of discrete
X-ray sources and of a diffuse X-ray background. The first payload
to detect extra-solar X-rays was not designed for this purpose, but
rather to detect an X-ray fluorescence from the Moon(Giacconi et al, 1962).
A galactic X-ray source many orders of magnitude stronger than the
expected fluorescence was detected, 1964 saw the identification by
lunar occultation of the source in Taurus with the Crab Nebula (Bowyer,
et al, 1964). and in 1966 the identification of the source in Scorpio
with a faint star (Sandage et al. 1966). This was followed by the
measurement of several spectra, the discovery of an X~-ray pulsar
and the discovery of extragalactic sources.

Gamma-ray astronomy has advanced at a much slower pace,
mainly because of the technical difficulties of detecting very weak
gamma-ray fluxes, The first significént measurement of a primary
gamma-ray flux was reported in 1968 by Clark, Garmire and
Kraushaar. Kniffen and Fichtel(1970) confirmed the existence of a
galactic line source using a large area balloon-borne multi-plane spark
chamber detector,

The UHURU satellite was designed to complete an all-sky
survey down to a sens"itivity of 10-4 Sco X-1, locate stronger sources

to 1', study spectra in the 2-20 kev range, and search for time



variability, Of the 125 socurces listed in the UHURU catalogue only 20
have been detected above 15 kev, Only three sources, the Crab Nebula
(Peterson and Jacobson, 1970),3. source near the galactic centré
(Johnson et al. 1972), and the Vela X supernova remnant (Fichtel, 1974)
have been observed above 300 kev.
Fazio (1967) has suggested that gamma-ray astfonomy may help
solve some of the following problems:
a) the origin of cosmic rays
b) the density of cosmic radiation and the density and pornposition
of matter in the Galaxy and in intergalactic space.
¢) the presence of antimatter in the universe and the hypothesis
of the steady state universe,
d) the strength of the magnetic fields in the Galaxy and in
intergalactic space. |
e) the density of energetic electrons in the Galaxy and in \
intergalactic space.
The autstanding difference in observing X- and gamma-rays
is the size of the flux, At mid-latitudes the primary flux of X-rays
is a hundred times that of charged cosmic rays, rendering methods
of discrimination between these two .unnecessary. In contrast, the number
of primary gamma-rays is much less than that of the charged cosmic
rays, making background rejection a major difficulty.
A second difference is the relative brightﬁess of discrete galactic
sources compgred to their equivalent energy band in the diffuse
flux. For example, the S.corpius X-~ray source has been detected with
an instrument of acce:.ptance angle as wide as 40 degrees (Giacconi et al,

1962) and there are at least ten galactic sources that can stand out



against the general background flux in a cone of half angle as large as
10 degrees. So far, only three gamma-ray point sources have been
detected and with some difficulty.

Further contrast appears upon examination of the technical
problems iﬁvolved in the detection of X- and gamma-rays., On the oﬁe
hand, the short range and high ﬂux of X-rays means that small area
lightweight detecto;‘s having high efficiency may be constructed,

On the other hand the smaller flux and longer range of gamma-rays
require larger area and thicker detectors. The large detectors are
also copious producers of secondary radiation, because of their
interaction with the incident charged cosmic rays. Moreover, the
gamma-ray albedo from the Earth's atmosphere is many times more
t‘han the primary gamma-ray flux.

By employing collimation methods the directional resolution
of X-rays can be greatly improved. Another method of improving
directional resolution is focussing by coherent diffraction or
reflection, Neither of these methods is open to gamma-rays.

Above 10 Mev a gamma-ray photon can be detected by the electron-
positron pair it produces when interacting with matter, The standard
method of detecting the pair is by rnAeans of spark chambers after
the photon has produced a pair in some form of absorber plate. Large
area devices with angular resolutiona-6 degrees are typical,

In the low energy gamma-ray region, teéhnical difficulties
become very severe, At these energies collimation is not impossible,
but the required weight increases as the cube of the absorption length
of the radiation, Not only is there then a weight problem, but also more

secondary radiation is produced within the collimator itself, The pair



production cross-section is zero or very small at these energies
rendering methods that are used above 10 Mev useless, It is interesting
to note that although technical difficulties are great, it is in this
energy region that resolution of some of the major source mechanisms
beco;nes possible,

For these reasons and the fact that few successful measurements

have been made, this thesis is concerned with the region 0.6 to 10 Mev,

1,3 Low Energy Gamma-ray Production Mechanisms

1, 3.1 Non-thermal Electron Bremsstrahlung

The yield of any mechanism for the production of ga;mma-ray's can be
expressed in terms of its source strength S(EJ, r), which is defined as
the number of quantav .with energy between Ebz and Ef +dE Y which are
produced at the source per unit volume, per unit time, and per unit
solid angle, where r is the vector from the detector to the source
volume element, Fazio (1967) gives that S can be expressed:
S(Ey . z) = a(Ey, r)n(z)

where n(r) is the number density of target particles and g(Ey, r)
is the rate of production of gamma-rays per target particle, q(Ez ,T) is
given by:

q(Ey , 1) dEy = dE)«/G‘ (Ey , Ei) Ii(Ei’ r) dEi

E

where Ii(Ei’ r) dEi is the intensity of inci@ent particles in the
energy interval Ei to Ei+dEi and o(Ey, Ei) dE,1 is the cross-section
for an incident particle of energy between Ey and Ey+dEy.

We define the gamma-ray intensity I (Ey) as:

: L
I;(Ey)zj S(Ey,r)dr
0
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0 E

= E E dE

where L is the effective depth of the source along the line of
sight and N(L) is the density of target atoms along the line of sight,
If we now consider bremsstrahlung photons, the cross-section

for an electron to emit a photon in the field of a nucleus is given by:

m , dE 2
O (Ey,E )dE, == () Exx cm
(o]
2_-% ‘
3, (=70Mev for Z=1).

providing E,> 137 m c"Z
m is the mass of the target atom, Z , the atomic number, and
X  is the radiation length of the target gas. Therefore Iy (Ey) is

given by:

o0
m 1 :
IY(EY) = N(L) Xo Eb’ [—Sb’ Ie(Ee’ r) dEe

YOO RN
=% - I (E ,r)dE

E —
o Y Y e e (2

For an electreon differential energy spectrum of the form:

.
I (E ,r)=K E -
e e = e e

the differential energy spectrum of the product photons is,

K

M(L) e -
I,(Ey) = E e
Y -1
Xo ( r'e ) )
1.3.2 Magnetic Bremsstrahlung (Synchrotron Radiation)

A charged particle radiates magnetic bremsstrahlung when it
performs helical motion in a magnetic field, The photonenergy
spectrum is continuous and has a maximum value at an energy-

- N 2
E =5.8x10 1, ) ev.
max L%

where H, is the perpendicular component of the magnetic ficld



in Gauss and Je is the Lorentz factor for the electron.
For a randomly oriented magnetic field and a uniform isotropic
distribution of electrons with a spectrum given by :
I(E)=KE T,
e e e e
the differential flux of photons produced by the synchrotron

process is

-(r‘e+1)/2

IJ(EX) = Ky(r;) Ey
(Ginsburg and Syrovatskii, 1965)

where Kb,(l—'e) is a slowly varying parameter of the analysis,

1. 3,3 Inverée Compton Effect

A possible mechanism for the X-ray emission from intergalactic
space is by the interéction of high energy electrons with low energy
photons. In the rest frame of the electron this appears as a Compton
inte‘raction with a high energy gamma-ray. Transformed into the laborat-
ory frame - it is the iﬁverse Compton effect, The average energy of
the product photon is given by:

leppras ¥ it ek o
e e e
where 22 is the Lorentz factor of the electron
and € is the energy of the photon (Félton and Morrison, 1966),
The half power law break in the radio spectrum of a number
- of galaxies occursyaccording to Lang and Terzian (1969),between
500 and 1500 MHz. This suggests a stecpening in the electron energy spectrum
by one power, The corresponding break in the eleétron energy spectrum
occurs between 2 and 5 Gev. Compton scattering of electrons on the |
photons of a black bo;ly distribution of radiation at temperature, T,

gives X-rays of energy E)z, where
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-4 v 2
Ey=3.1x10 X T ev,
e
Taking the break in the energy spectrum to be at 3. 5 Gev,
4 .
T=2,7 degrees K, and b/"-:IO , we find that the break in the photon

spectrum occurs at E, = 40 kev, The slope-of the diffuse gamma-ray

b
spectrum is

s = —F+ 0. 09 In(EZ'/Eb)
(Brecher and Morrison, 1969),

The slope of the electron injection spectrum is found from the

radio data to be 1.6 for 0.3 Gev{E £ 3 Gev, and 2.6 for 3Gev{E { 300Gev.
This gives the following values for B:

B = 1. 8 i kev-SEx-gEb kev

B 2.3 Eb kev.éE);élO Mev

A flattening occurs in the spectrum above 1Mev, but is insufficient to

account for the excess found by Vette et al{(1970).

1. 3.4 Comparison of Synchrotron and Inverse Compton Processes

%)

The power emitted by an electron of energy E (= b,emec by the

synchrotron process is
, E 2
P o= -06; €/ (;n-—-CZ) ev/sec
e
(Fazio, 1967),
. , 2,
where @, is the Thompson cross-section and /0” =H /81t , the

magnetic field energy density. The power emitted by an electron in

the inverse Compton effect is
E 2
P o == 2) .
. G-TC/é(mec ) ev/sec

(Felton and Morrison, 1966).

where/ﬂ is the energy density of the photon field,
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In" interstellar space magnetic fields of the order of 10-5Gauss
occur, vs./hilst the energy density of the 2..7 degree K bllack body
radiation is of the order of 1 ev/cc. The ratio PC: Ps is, therefore,
of the order 1010. Since the photons produced in the synchrotron process
are widely sepera'ted from those produced by the inverse Compton
effect on the energy scale, the electron spectral index can be
inferred from both radio and X-ray measurements,

Radio observations and high energy electron data both igdicate f;'=2. 6
for electron energies greater than 3 Gev and Pe: 1. 6 for energies
less than 3 Gev. At energies greater than 200 Gev the electron injection
spectrum is depressed due to electron radiation losses (Brecher and
Morrison, 1969)I.

1. 3.5, Cosmic ray p-p interactions

Cosmic ray nuclei interact with interstellar matter producing
TTO mesons in inelastic, strong p-p interactions."ﬂ'o mesons decay
into gamma-rays resulting in a characteristic broad spectrum which
peaks at 70/(1+4z) for injection at redshift z. Silk (1970) suggests that
this model can account for the flattening of the cosmic gamma ray
spectrum above 1 Mev, found by Vette et al (1970), provided one
chooses z~100, We would expect a .high energy cut-off at 7, 1 Gev for
cosmological gamma-rays originating at a redshift ~100, and hence
a break in the isctropic gamma-ray spectrum, which has yet to be
measured.

The differential flux spectra for these inechanisms are shown

in Figure 1.2
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Figurel, 2 The differential flux spectra for various production
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l,4 Low Energy Gamma-ray Absorption

The dominant process leading to the absorption of low energy gamma-
rays in the Galaxy and metagalaxy is Compton interactions. The Compton
cross-section has a maximum value at 100 kev. The absorption

coefficient for 100 kev gamma-rays from the galactic centre is

- -1
2x 10 23 cm  and for 100 kev gamma-rays from the metagalaxy

30 -0, 02

) - -1 c s
is 5x 10 .7 cm ",Ineither case the attenuation is only ~ve

1.5 Low Energy Gamma-ray observations ~~Current Achievement

1. 5,1, The Diffuse Cosmic Gamma-ray Spectrum to 10 Mev

Cosmic gamma-ray flux measurement from 0, 2 to 6 Mev are
shown in Figure 1, 3, Vette et al, (1970) and Metzger et al . {1964)
found evidence for flattening of the spectrum above 1 Mev using
satellite measurements, Damle et al, {1971) constructed growth curves
of count rate versus atmospheric depth. from balloon data, These authors
extrapolated the growth curves and deduced a cosmic spectrum in the
energy range 0, 25 «—— 4, 2 Mev, similar to that measured by Vette et al,
Metzger et al, fitted a line with a spectral slope of -2, 3 to the Ranger 3
data, A line fitted by Damle et al, to their data revealed a slope of 1,810, 2.
Golentskii et al, (1971) did not find any evidence for flattening of the spectrum
beyond.l Mev, These authors fitted a common power law spectruxno(E-n
with index n = 2,440, 1 to the data obtained {rom the Cosmos 135 and
Cosmos 163 experiments, cornbined with the results of measurements
in the X-ray region and above 100 Mev, Dyer and Morfill (1971) have

calculated the activity spectrum resulting from inner radiation belt

traversals and show that satellite measurements of the diffuse cosmic
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X-ray spectrurm made with crystal scintillators may. include errors due

to radioactive sp‘allation products, Dyer et al, (1972) report that after
subtraction of this activity the results of Vette et al. are in good agreement
with those of Golenetskii et al, The authors have selected data not

subject to considerable radioactive confamination, and shown that there

is a good case for a single spectral index representation over the range

1 kev to 10 Mev, after spallation effects have been eliminated,

1, 5,2, Low Energy Gamma-ray Sources

The continuous flux from the Crab Nebula has been measured
up to 400 kev, while the pulsar NP0532 has been detected up to energics
of a few Mev, Kurfess (1971) reported evidence for pulsed emission up
to 1 Mev and Orwig et al. (1971) reported results in the 0,25 to 2. 3 Mev
region which are consistent with Kurfess' results, However both
results are an order of magnitude lower than those of Hillier et al, (1970),
whe first reported evidence for pulsed emission in the 0.6 to 9 Mev range.
Results reported by the Case-Melbourne team (Fazio, 1973) indicate that
in the 10 to 30 Mev range, the pulsed emission is 25% of the total emission,
It would seem likely that at 1 Mev the pulsed emission is about 20% of
the total emission, The Cyrab Nebula gamma-ray spectrum is shown in
Figure 1, 4.

From the region of the Galactic centre, Johnson et al, (1972)
measured the integral gamma-ray flux up to 1Mev ard found:

Ny(DE) =(7.61 £1. 61)E'(1' 37 £.0. 05).

These observers also found evidence for a spectral feature at

0., 5 Mev,

The Milan-Palermo group have presented evidence for an
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Figure 1.4 The gamma-ray integral flux spectrum of the Crab

Nebula from 0.1 to 10 Mev.
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increase in the gamma-ray flux from the Cygnus region coincident
with Cyg X-2 and X-4, The {lux above 0.8 Mev was reported to be

2
~0, 12 photons /cm . sec,



CHAPTER 1II

GENERAL TECHNIQUES IN X- AND GAMMA-RAY ASTRONOMY

2, 1 Methods of Detection

2.1, 1, 1 to 20 kev region

The principal detector used to detect photons in the 1 to 20 kev
region is the gas proportional counter using a window of beryllium or
organic films such as mylar., An X-ray traversing the counter
produces a number of electrons by ionisation, which suffer further
ionising collisions on their passage to the collectox In this way the pulse
height can be increased up to 105 times without loss of proportionality.
Figure 2. 1 shows the efficiency of a gas proportional counter using
argon as a filling gas,

The low energy limit is set by the window thickness at about tkev.
The upper energy limit is about 40 kev, but can be extended to about
50 kev by using heavier filling gases such as xenon and krypton. Counters
have been constructed with windows up to an area of 600 cm

It is now possible to construct gas proportional counters which
are virtually free from any countingAbackground other than X-~rays
entering the front window, Counter signals resulting from minimum
ionising electrons, such as arise from cosmic rays traversing the
counter or gamma-rays converting in the walls, can be rejected by
pulse shape discrimination. Up to 99% of non-X-ray events can be
rejected, In practice, however, the diffuse X-ray background sets the

limit on the background counting rate,

18
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Figure 2,1 The efficiency of a gas proportional
counter using argon as a filling gas,

2
The window is 2. 9 mg/cm  beryllium

2.1.,2, 20 kev to 10 Mev region

The primary technique for the detection of photons in this region
is the scintillation counter. The process by which X- and gamma-rays
are absorbed by scintillator material and converted into optical photons
is well understood. A beam of well collimated garnma-rays incident on
a scintillator undergoes an exponential attenuation, The fraction, f,
of incident quanta which interact with a scintillator of thickness, d, is:

f=1-exp(-pd

where n is the linear attenuation coefficient. The mass
attenuation coefficient of the scintillator is given by p/a where/O is
the density of the scintillator,

The most important interactions that can occur are:

a) the Cornpton effect
b) the pﬁoto-electric effect
c¢) pair production

The mass attenuation coefficient can be expressed as the sum of
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the Compton mass attenuation coefficient, the photo-electric mass
attenuation coefficient, and the pair production mass attenuation
coefﬁc:lent. Figure 2, 2 shows the gamma-ray mass attenuation coefiicients
for Sodium lodide,

The Compton process involves an inelastic collision
between the incident photon and an électron. The photon is scattered
with reduced energy and the 'Compton' electron takes up the transferred
energy. The scattered photon may escape from the phosphor or may be
scattered again. The Compton process is the dominant photon interaction
in the region ~ 100 kev to ~~ 2Mev.

In the photo-electric process an X~-ray incident on an atom is

absorbed and a photo-electron is ejected from the atom, usually from
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the K or L shell. The kinetic energy of the electron is equal to the

X-ray energy minus th¢ binding energy of the electron. Momentum is
conserved by the recoil of the atom. The binding energy subsequently
appeérs as a characteristic X-ray, when the vacancy created by the
ejection of the electron is filled,

Pair production creates a positron — eleétron pair. The
threshold energy for this process is 1, 022 Mev (=2mec2), 50
the remaining energy of the gamma-ray appears as kinetic energy
shared between the electron and the positron, When the positron comes
to rest, it annihilates with a nearby electron leaving two 511 kev
photons which may escape from the phosphor,

The scintillation emission spectrum is mainly characteristic of
the luminescence centre, i.e, T1+ in the case of thallium activated
crystals. The energy of the ionising particle is dissipated in the crystzl
lattice in the excitation of electrons into the conduction band, and a
fraction of this excitation energy is then transferred to the luminescence
centres, which subsequently emit light, The main Tl emission occurs in a
single band peaking at >\= 420 to 435 mp depending on the temperature,

A host crystal must be chosen such that absorption at these wavelengths

is small

The photons emitted by the luminescence centres are detected
by a photomultiplier tube coupled to the scintillator, The response of a
3x3 inch NaI(T1) crystal to 4.43 Mev gamma-rays is shown in Figure 2. 3,
The main peak, produced. by photons which are totally absorbed by the

phosphor, and the single and double escape peaks produced by either one or

two 511 kev pair production photons escaping the phosphor, are clearly
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At softer gamma-ray energies the single and double escape peaks
.becon'le smaller and disappear at the 1, 022 Mev threshold. The main
peak becomes fuller at softer gamma-~-ray energies.

The gamma-ray counting efficiency of a 3x3 inch NaI(T1) crystal
up to 10 Mev is shown in Figure 2,4, The difference in efficiences at
different source distances is due to penetrationat the edge of the crystal.

Figure 2.5 shows the intrinsic peak efficiency of a 3x3 inch
NaI(T1) crystal, The intrinsic peak efficiency is defined as the fraction
of gamma-rays reaching the crystal that are totally absorbed by the
crystal,

There is no limit to the gamma-ray energy scintillators can absorb
since the cross-section for interaction increases above ~+6 Mev, as pair

production becomes the predominant interaction mechanism., However, the
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efficiency for measuring the energy of a high energy gamma-ray is very
small due to the electron or positron produced in pair production
escaping from the phosphor. Large scintillators with substantial
anti-coincidence shielding would be needed to measure the energy of
gamma-rays greater than 10 Mev, since it would be necessary to detect
and reject all interactions in which either of the pair escape into the
anti-coincidence shield, Unfortunately, this creates a) a weight problem;
b) an increase in background produced in the detector; and c) a loss

in directional sensitivity. Hence, scintillators are used up to an energy of

about 10 Mev,

The lower limit is at about 20 kev. This exists since noise from
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Figure 2.5 Intrinsic peak efficiency of a 3x3 inch crystal
with the source at a distance 9, 3cm,
the photomultiplier is comparable with the pulse height produced by a
20 kev photon, In the 20 to 40 kev region, there is a useful overlap
with proportional counters in which scintillators and proportional
counte-rs can be used in conjunction,

The thickness and detecting area of scintillation counters depend
largely upon the energy of garmmma-rays that are to be measured, At low
energies, where the primary flux is high and the interaction length
small, both the thickness and the size of the detecting area need only
be small., At higher energies, the flux decreases and the interaction

length increases, necessitating the use of larger and thicker detecting
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areas,

The typical size of single NaI(Tl) crystals vary from a few mm,
‘thick up to several cm. The 3x3 inch Nal(Tl) crystal is a standard
size made by the manufacturers. Petersonet al. (1973) used this size
of crystal to measure the spectrum of atmospheric gamma-rays to
10 Mev.

The directional sensitivity of sc in tillation counters also depends
on the energy of the gamma-rays being measured, Above ~400 kev,
collimated detectors become ineffective, éither due to inefficient
absorption or copious secondary products produced in the collimator,

A typical value for the angular resolution at 400 kev is ~~30 degrees.
Below ~ 100 kev, conventional slat collirnators can be built to provide |
N% degree collimation, anci modulation or wire-grid collimators
providing a basic angular resolution of 40 arc secs. have been used
successfully at an energy of 20 kev (Gursky et al., 1966).

Discrimination against the charged particle background radiation
is done with anti-coincidence plastic scintillator shielding. Charged
particles deposit approximately 2 Mev of their energy per gm. of
scintillator, Typically,a minimum ionising particle will deposit ~ 1 Mev in a
% inch thick plastic shield. |

2.1, 3. 10 Mev to 10 Gev region

In this region a2 gamma-ray is detected by the eléctron—posit'x'on
pair it produces when interacting with matter, The principal detector
is the spark chamber which provides a highly discriminating picture-type
device. A thin sheet of lead is placed above the spark chamber to converi
the gamma-rays into electron-positron Iﬁairs. The spark chamber

consists of a series of parallel planes with 2 gas inbetween. A high
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potential difference is applied to pairs of these planes when the
electron-positron pair pass through the chamber. A spark forms along
their ionised paths, and the resulting 'V' picture provides information
on the energy and arrival dir‘ection of the gamma-ray.

The conversion efficiency of the chamber is dependant on the
thickness of the lead converter, but is typically A-30%. Higher conversion
efficiencies can be obtained by using thicker sheets of lead, Unfortunately,
this leads to scattering of the pair and, hence,a loss in directional
sensitivity, A compromise has to be made, and a typical thickness is
~ 1 radiation length,

The theoretical lower limit to this type of detector is set by the
1. 022 Mev threshold fer pair production, though, in practice, the
cross-section for pair production is not appreciable enough to produce
many pairs at energies below 20 Mev., The upper limit is set by the
small flux of gamma-rays above 10 Gev,

The efficiency of this type of detector is essentially equal to the
efficiency of the lead converter, since the spark chamber will detect
100% of the electron-positron pairs.

The determination of gamma-ray photon directions is dependent
on energy, but is typically of the order of +t 3 degrees. The gamma-ray
spark chamber detector flown by the Imperial College group in 1973
had an angular sensitivity of & 1 degree at 3 Gev (Rochester, private
communication),One of the great advantages of the spark chamber is the
large sensitive area that can be flown. Typical values are 102 to 10° cm’”.

Charged particle background can be eliminated by‘the use of

plastic anticoincidence shielding.

. Spark chambers have a background problem which is difficult



to eliminate, An upward travelling electron passing through the spark
chamber and being absorbed in the lead converter may be confused with
gamma—i'ay events., This can be eliminated by placing a directional Cerenkov
éounter beneath the spark chamber to trigger the anti-coincidence system.
However, in practice, for large area detectors, this is difficult to do

since the directional sensitivity of Cerenkov counters decreases as

their size increases.

2.2 Detectors in the 0, 6 to 10 Mev range

2, 2. 1, Compton Telescope

The Compton telescope consists of two detectors placed one
behind the other., A gamma-ray produces a Compton interaction in the
first detector , and the Compton scattered photon interacts in the
second detector. By selecting the amount of energy loss in the first
detector and With a time of flight check on the occurence of the two
events, gamma rays up to 10 Mev can be detected, Such a telescope,
consisting of two NaI(Tl) detectors, has been used by Peterson (Fazio,
1967). This telescope had an acceptance cone of 12 degrees half angle,
and the efficiency was less than 1% for 1 Mev gamma-rays.

2.2, 2, Collimated Detector

A Nal(T1) scintillation crystal coupled to a photomultiplier tube
can be used in conjunction with some form of shielding to detect X~ and
gamma-~ray radiations from point sources, The simplest detector is one
which employs passive shielding to reduce background and define the
opening angle for incoming radiation, In Figure 2.6 the Nal{T1) crystal
is surrounded by a metal collimator which will absorb radiation, except

for that which enters the collimator within the limits of the opening angle e.
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Figure 2.6 Detector with metal collimator,

The choice of material for the collimator depends on its efficiency as
an absorber and the amount of secondary X-rays procduced in it,
Lead has K-edge for X-rays at 88 kev, but it is 2 most efficient
absorber, while tin has a K-edge at 33 kev and copper at 8 kev. Depending
on the X~ and gamma-~ray energies of interest, a suitable 'graced' -
collimator of several metals can bg made, Usually the materials with
the highest atomic number are on the outside, the inner metals being
capable of absorbing the K-edge X—rays of the other metals, A small
percentage of the radiation will not be absorbed by the collimator. Also
some secondary products created within the absorber will pass into the
counter, The effects of these secondary products can be eliminated by
employing an active collimator rather than a passive metal collimator,
A NalI(T1) scintillater coupled to another photomultiplier tube and

operating in anti-coincidence with the counter provides effective
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collimation. Alternatively, CsI(T1) can be used for the collimator and
viewed by the same photomultiplier as the Nal(T1) counter. The
phosphorescence decay times of the two scintillators are different, and
if 1s possible,using a pulse shape discriminator,to detect an energy loss
which occurs in the CsI{T1) and so provide anti-coincidence, This is
known as the Phoswich technique.

2,2.3. The Anticollimated Detector

The basic constituents of an anticollima ted detector are a counter
and an absorber. The counter is used to record the omnidirectional count
rate, and then the absorber is brought in to occlude a point of interest
in the sky., Very simply, the measured drop in the count rate represents
the activity from the point of interest, The detector is shown in Figure 2. 7.

The absorber need not be active since secondary products produced
in the absorber will have only a small effect on the count rate, if the

opening angle,®, is small, However, it may be advantageous to have an
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active absorber in that :he.. absorber and the counter can be interchanged.
A detailed discussion of this type of detector is presented in

Chapter III,



CHAPTER III

DETAILED DETECTOR DESIGN

3.1 Detector Design

3. 1. 1. Anticollimator System

Active collimators have been successfully employed in X-ray
astronomy for nearly a decade. However, for detectors with low
absorption efficiency (i.e. energies of the order of a Mev and above),
and of relatively small mass, significant improvements can be obtained
by using an anticollimator system (Mo‘rﬁll, 1971).

Consider the anticollimator system shown in Figure 2.7 ,
Section 2, 2, 3. This consists of two identical spheres, radius X, which
form the counter and absorber. When the source is obscured by the

absorber, the number of photons detected by the counter is NS'-I-N , where

b

the subscripts indicate source and background, When the absecrber is
removed the number of photons detected in an equal time peried by the

counter is N +N_, provided the background is isotropic, The source will
S

b

~ be detected to better than three standard deviations if:

NS— NS'
/N +N'+2N>3 (3.1)
s s b :
N -N' :
or s s >3, HNPN SN (3.2)

/ ZNb

If A is the area of the counter, t is the time of observation, and
/D(E) is the absorption efficiency of the counter material, then the number

of source counts, Ns , can be expressed by the following integral:

- (E,
N = j F (E).A.t. o (E)dE (3.3)
s s
/

31
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where FS(E) is the differential energy spectrum of X-rays from
2
a source in photons/(cm sec Mev). Similar ly, the number of background

counts, Nb , is given by:

E
N, =/ 2 Fy(E). A (47~ dn) +da.7) (E)). t. 2 () dE

By (3.4)
where df is the solid angle subtended at the counter by the
absorber, Fb(E) is the diffuse background flux in photons/(cmzsec ster Mev)
and ')Z(E) is the transmission efficiency of the absorber. A number of
photons pass through the absorber and are detected by the counter, This
is given by: |

E .
N '= jz FS(E).A.t.,/p(E).’?(E)dE (3. 5)

B

The energy interval over which measurements are made is

If the two spheres are made of the same material with absorption

coefficient /u(E), then the absorber transmission efficiency is given as

7 (B) = e M (E). 2%,

/?(E)

/..c.(E) does not change appreciably for most materials, For example, in

, and the counter absorption efficiency as

1 - e_/“(E)' 2X. , where X is the radius of the spheres,

Above 600 kev , and over a narrow energy range the value of

Nal(T1) the value of /\,L(E) changesiby less than 10% over a range of 100 kev.
If measurements are to be taken over a wide energy range then it becomes
neces sary to choose an energy at which the design can be optimised. In

either case /.A(E) reduces to M, and equations (3. 3), (3.4), and (3. 5) can |

/

be reduced accordingly:

N = F_.At (1- e'z/*‘x) (3.6)
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N, = Fg. At (47 -datdn. e /B 0 Sy Ban)
- - X
N'= F.At(l-e 2pXy o ya (3. 8)
where Fs and Fb represent the source and background fluxes
respectively in the energy range E1 to EZ. d2 is effectively the solid
angle in the detector viewing cone.
At low energies where/u is large (i. e. of the order of 1), and X is

greater than ~ 2 cms, ,the inequality (3. 2) becomes:

FS .A. t!
JZFb. (41 - dn-)

=3 (3.9)

It follows that greater sensitivity is achieved by moving the absofbing
sphere and the counting sphere closer together (i. e. by making d-2 large).
However, this may result in including more than cne source in the detector
viewing cone, and would lead to further difficulties, Figure 3.1 is an
updated version of the 2ZASE catalogue of X-ray sources plotied in galactic
co-ordinates.Cn: inspection it can be seen that in the densest part of the sky,
the average distance between sources is approximately 5 degrees, certainly
less than 10 degrees. At these small angles, 457 - d.a% 47w, o the
sensitivity of the instrument is independent of the opening angle of the
telescope.

At high energies, where/u is small, the inequality (3. 2) becomes:

3 (3. 10)

-2mX 3
F \/.;X t.(1 - e val )
s i >
J 8T F
b
since for the reasons discussed above dnr will be small, Equation

(3. 10) can be rewritten:

—s__ >3 (3. 11)
V8. Fb
21X 2\
where S = X.(l-e 2/4}&)3/2 (3.12)

anticoll,
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L2 . )
and the substitution A=TT X has been made. Figure 3. 2 gives
S ) as a function of X for different values of /"‘ The relation
anticoll. )

between source strength and S is given later in Section 3, 3,

3,1.,2, Comparison of Active Collimator and Anticollimator Systems

Similar arguments to those employed in Section 3. 1. 1. can be
used to show that, for the active collimator system shown in Figure 2,6

the sensitivity factor, S, is:

X (1 - e MBy

coll.

where R is the thickness of the collimator and X is the radius of
the counter. This can be optimised with respect to X for different values
of R and/u. . Figure 3, 3 gives the ratios in sensitivity obtained for
collimated and anticollimated devices, This shows clearly that the sensitivity
can be improved upon by nearly a factor of 10 in an extreme case, More
appropriately, for exarnple, at 1 Mev (/ufv 0. 21) and with 5 -kg. ef sodium
iodide available, the sensitivity of the anticollimator would be four times
the sensitivity of the active collimator,

3.1, 3, Size and Shape of Counters

Alternative shapes of counters were considered to determine the
shape that would achieve the greatest sensitivity factor for a given mass
of material, Most effective possibilities are covered by considering
cylinders of various height and cross-section,

Let us first consider how to make the expression for S for a two
sphere system more general, Equation (3, 10) gives S for the spheres as:

s = X.(1- e-Z/.«X) 3/2

However, this assumes that all photons pass through the centre of
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the counter. A more general expression for S is:

ey 0

n=1

S = X,

Zi=

where Z is the length of a line drawn at random through the sphere.
The effective value for S can be calculated using a Monte Carlo analysis. It

is found that the expression ,

sphere X. (1 - e‘(4/3)/MX) **
is a good approximation for values of X up to 20 cm., and values

of/U. between‘O. 1 az;d 0. 8. The error involved in this approximation is

less than 5%.

We now consider an anticollimator detector éomprising two cylindrical
counters. Suppose we compare an anticollimator consisting of two spheres
with an anticollimator consisting of two cylinders, The cylinders are assumed
to be along the same axis of symmetry and to be symmetric about it,
Equations (3.6),(3.7), and (3. 8) for an anticollimator consisting of two
cylinders become:

N = F.At(l- e /M

=mh, - pmh
'=‘I‘091— ° )
NS I‘SAt( e/A)e/A

1 E
J - i el - *
l\b Fb..‘l'lT.G. t. NnE_l (1 e /’ )

wherebA is the area exposed to the source, h is the thickness of each
cylinder., G, the geometrical factor of a single cylinder ( equal to 3 of the
total surface area), and h is the distance from surface to surface of a line
draw‘n at random through the crystal. h represents the actual distance
traversed by an unintermuptedphoton passing through the crystal, where the
photon is one element of an isotropic distribution of photons. Subsequently,

the sensitivity factor, S, for the two cylinder system is given by:
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fi_ R, (1 - e /*P)?

S = N -~ 1 (3. 13)
cyl, 1 ZI _ o~z h 3
n=1
where R is the radius of each cylinder and the substitution
2
G = (wR  +7rRh)/2 has been made, A comparison of S and S
cyl. sphere

can now be made, In order to simplify the calculations of S s the radius

cyl,

is put equal to 10 cm, in each case. The sensitivity factor can be

calculated for different values of h. The sphere with a volume equivalent

Wi

to that of the cylinder with thickness h, has a radius given by X=(75.h)

The sensitivity factor S can be calculated in each case, Figure 3.4

sphere N _
shows the ratio of sensitivities S /S « The term 1 E (1 - e-/'/'h)
cyl. ' sphere N =

was calculated using a Monte Carlo method of analysis,

It can be seen from Figure 3,4 that for h greater than 2 ¢m., and
values of /A down to 0, 126,cylinders are a beatter proposition than spheres.
The approximations made in the expression for Scyl. mean that Scy ) is
only valid for R greater than 2 cm. However, the important point is that
for the special case R=10 cm,, cylinders are a better proposition than
spheres and that other values of R may render even better cylindrical
geometries,

We have chosen a rather simple case of cylindrical symmetry
about the axis forming the two cylinders. More complex geomeiry , e.g,
the line joining the centres of the cylinders being at angle O to the axis of
symmetry of the two cylinders, would provide more complicated geometrical

expressions for h and S, but would add nothing to the physics discussed,

3. 1. 4. Zenith Angle Response of Cylindrical Counters

The zenith angle response is the probability of a photon, which is

incident at an angle to the counter axis, interacting in the counter, Monte
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Carlo micthods of calcﬁlation are used to detcrmine‘ the z,cnith‘angle response
of cylindric-al counters, It is found that for source posit ions up to 40 degr=zes
off the axis of the cylinder , the response is préctically unchanged, Figure
3.5 shows the response ofé cylinder, rba'dius 10 cm., height 2 cm,, for

four different values of the ébsorption coefficient, Fér thicker cylinders

the response remains constant for sources <40 degrees off the axis, anc
for right. cylinders the response is approximately constant for sources in all

directions,

3.1.5,. Possible Anticollimator Detector Geometries

There are a number of configurations of counters and abs;rbers
that could be said to constitute an anticollimator. Anticollimators can
be used for looking at the isotropic diffuse background or for measuring
sources, and the overall design will debend on this, However, anticollimators
would be most uscfully employed inlooking at point sources. These fall
into two cate gories a)unknown sources, b) known sources, For a
balloon flight the possibility of detecting a hitherto unknown source in
the working energy range of the anticollimator is slight. The low signal/noise
ratio and the short duration of the scan put a rather high lower limit on the
strength of unknown sourcev detectable, Typical values are discussed in
Section 3,4 . We find that the strength is too high for the source not to
have bcen detected in a lower energy region, The only possibility of
detecting an unknown source in the low energy gamma-ray region
would be if it was a strong source and had no X-ray counterpart.

The most useful aspect of the anticollimnator system is the

. measurement of low encrgy gamma-rays from known X-ray sources.

i
-~ 1 4

Bearing 2ll this in mind, feour configurations of cvlinders were

subjected to Monte Carlo analyses to calculate their intrinsic sensitivity



factor, S. Angular resolution and the oper;tion of the detector in an
anisotropic background are also discussed. It is important to notice that the
sensitivity factor is a function of the geometry of the detector only, and
will be useful in comparing the relative merits of each detector. Of thése
four configurations, three can be adapted or used to search for unknown

sources.

3, 2 Detector Geometries

3.2.1. An Anticollimator Consisting of Two Counters and an Absorber

3,2.1,1, Geometrical Configuration

We consider first a simple configuration for measuring a known
source, consisting of two counters plus an absorber, placed symmetrically
with respect to a vertical axis, The system is shown in Figure 3.6. Two
counters of thickness h, radius R, are suspended in a plane below the plane

of an absorber of thickness L, radius R, such that a line drawn from the

Figure 3,6 Detector (a). Two counters and an absorber,



centre of either counter to the centre of the absorber makes an angle e
with thei zenith, The absorber is assumed to be of the same material as
the counter in order to simplify the discussion of optimisation of the
sensitivity with respect to the total weight of the payload. In practice, a
denser material may be used for the absorber.

The system operates in the following manner, assuming a known
source at zenith angle 9, and arbitrary azimuth?‘ . The source is occluded
from one counter's view by rotating the counters about the axis of the
absorber, until the source, absorber, and counter are on a straight line,
After counting for a period of time, the counters are rotated through 180
degrees about the axis of the absorber such that the source is occluded
from the other counter's view. This is done because the.efficiencies of the
two counters are not necessarily equal, and switching the counters will
correct for any inequality.

3.2, 1. 2. Sensitivity

We have seen in Section 3, 1, 1,, that a source intensity will be
detected to better than three standard deviations by an anticollimator
detector, counting source and background for equal periods of time, if:

N -N'
s s>3

,/ZNb

If we have n similar detectors, the total source and background
counts will be multiplied by a factor n, Therefore the criterion for
detecting the source is now:

N -nN'
nsns 3

el

2
an

or ﬁ(Ns - NS') 2 3
/ZNb




. Inequality (3.11) can be rewritten for n detectors as:

E@.f—._t;__s.n. > 3

where the sensitivity factor Sn is given as:

s =[a.s | (3.14)

In this configuration we have two counters each of similar
sensitivity factor, Sl, so that when corﬁbined with the absorber the
“total sensitivity is:

s = \[2.5,

Equation (3, 13) gives the sensitivity factor for two cylinders of

the same thickness, For a counter-of thickness h, and an absorber éf

thickness L, and with _9<30 degrees, the sensitivity factor becomes:

JZ R.(1 - ‘?; M. (- e” I (3. 15)

1. L
2

1 N - ph
(1+}l)§.(1—1(1-eﬁ))
R ey

"And for two counters and one absorber:

2. R.(1-e M. (1-e /70
N

(B (L5 0 oy

§{a) =

tojr=

n=1

S(a) has a cos o dependence, where € is the zenith angle of the
source, but this will have no appreciable effect for values of & beilween
0 and 30 degrecs, since the zcnith angle response isaconstant over this range,
It will be advantageous in comparing this systern with subsequent systems,
to calculate the sensitivity per cm™ of scintillator, since it will enable
us to find the maximum sensitivity obtainable for a given volume of

 i1n - o 3. .

scintillator, The sensitivity/ecm ™ is defined as,

oo T8 ¢
F= 5 3 (3. 1)
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where V is the volume of the scintillator.
2
In this case the volume of the detector is TR (2h+L), and F(a) is

given by:
(1 - e/Mh).(l - e/ML)

] -mh
L(@haL). (5> (1= /)
n=1

F(a) = (3. 17)

[

Tujr

h
(1 +=
R.(1+3)

F(a) is a function of/A, R, h, and L. By keeping Ve and R fixed
and varying h and L, contours of F(a) in a field of varying h and L can be
plotted. Examples of these are shown in Figures 3.7 and 3. 8 for different
values of R and/u. . In each case the values of h and L that give the
maximum sensitivity, (h , L } are noted. Figure 3.9 gives these

max = max
values along with the maximum value of F(a), As pointed out in Section
3. 1.3, , Sis only valid for values of R » 2 cm,

The contours are 'peaked' for small values of R. However, there is

little variation in h and L over the range of values of the absorption
max max
coefficient considered.At large values of R, the sensitivity is near tc the

‘maximum over a large range of h and L. It is possible to choose b and L

. s -3 .
- such that a high sensitivity/cm™ can be realised over a large range of/u_ .

The sensitivity/cm™ increases as R decreases, This is because
the sensitivity varies as R and the volume as R for cylindrical detectors.
However, for a given volume of scintiilator it is better to construct one
large detector rather than a number of smaller detectors for the following
reason, Supposc a volume, v, is used in construcinga detector, and the

2
. - . . . - g - . .
sensitivity/cm~ of this unit is F. Then the sensitivity is (2/77 ). v. .
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h, cm

10

L, cm

h, cm

0 5 10 L, cm 15

»n=0, 126
21

h,cm

0 ! 1 I

0 3 10 L,cm

Figure 3,7 Contour plots of F(a)x10-4 against thickness, h, of counter and
thickness, L, of absorber.In each case the radius, R, is 5cm
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n= 0,126
R, cm hmax Lrnax Fmax
2 1.6 6.0 | 0.0074
5 2.5 8.0 0.0034
10 3,3 8.5 0.0018
20 4,0 9.5 0.0011
»n=20,149
R, cm hmax Lrnax Fmax
2 : 1.6 6.0 0. 0089
5 2.3 7.0 0.0041
10 2.5 7.0 0. 0024
20 2.9 8.5 0.0012
p=0,211
R, cm hmax Lmax Fmax
2 1.3 4.0 0.0136
5 1. 8 5.0 0.0062
10 2.1 5.5 0.0033
20 2.5 6.0 0.0012

Figure 3.9 Tables showing the maximum values of F(a) for counters and
absorber with a given radius R. Also, the values of counter
thickness,h, and absorber thickness, L, required to attain

maximum value are given,
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-4
Figure 3.8 Contour plots of F(a)x10 ~ against thickness,h, of counter and

thickness, L, of absorber. »=0, 126 in each case,
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1f there are a ﬁumbcr, N, of these units, then the sensitivity of the whole
system is given as the square root of the sum of the.squares of the
sensitivitics of the individual uni.ts and is equal to (2/77 ). v. F, JN.

The s;ehsitivit}r/cm3 is (1 /2).(2/T0). VF f—l\? /(v.N) = FANN,
sin‘ce v.N is‘ the total volume of scintillator. Figure 3. 10 show plots

of ¥/J/N where N is the number of units it is poséible to build with a
given volume of scintillator, The volume is chosen such that N=1

at R=20, and ¥/ /N has been put equal to 1 at R=20. Clearly , it is
better to construct one de tector using the total volume of

scintillétor, if the only consideration is maximum sensitivity.

The aetector can be adapted to search for unknown sources, If
the counters are in rotation about the axis of the absorber, the sky will
be scanned azimuthily at a zenith angle 9 . O can be altered during flight
so that adifferent area of the sky can be scanned, However, the greater
the arcea scanned, the less chance there is of detecting a source with
‘30' significance, The maximum significance is obtained when the source
an.d' the background are obse-rved for equal periods of time as we ha*\;e

assumed in our analysis, When the source and background are observed

for unequal periods of time, the factor FS/ t .S is reduced. If, for example,
J8F
8 b

the background is observed for a time (xl/Z)T secs,, where T is the total

F Jt.S
time of {light,then the value of sf— will be reduced by a factor of

— e,

/8Fb

. This only gives us a minimum value, since only

?

(M

approximately Xy
(xl/Z)T secs, of source data is considered.The remaining (1 - x )T secs,

of source data will increase the Significance of the source data.
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Figure 3. 10 F//N plotted against radius of counter and

absorber and normalised at R=20cm,
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3.2, 1.3, Angular Resolution

Figure 3, 1 shows an updated version of the 2ASE catalogue of
X-ray sources plotted in galactic co-ordinates, The two sources closest
to one another are about 2 degrees apart. We have already seen that
towards the galactic centre an average value of the distance between sources
is approximately 5 dégrees (Section 3, 1. 1.). The opening angle of the
‘detector should be < 5 degrees, in order to exclude other sources. It
is possible to arrange the geometry of the detector so that only one known
source comes within it's field of view, Hercules X-1, for example, has no
known X-ray source within 25 degrees of itself, and a larger opening angle
may be used, With the system rotating (i, e. adapted to search for unknowﬁ
sources), and a 5 degree opening angle , there are a number of unknbown
.sources that it is possible to detect, provided there are no other sources
near to them (i. e, within 5 degrees of zenith and 10 degrees of azimuth),
For a known source passing through the field of view of the detector, there
will be a triangular feature in the data, assuming that the gamma-rays are
parallel when they reach the detector, The vertex of the triangle will give thé
position of the source, Figure 3. 11 shows the data expected in an ideal case,
where the background is perfectly isotropic,

For a continuously rotating sfstem and if the opening angle of the

detector is 5 degrees, then Xy will be 1/36 and Fsﬁ' 5 will be reduced
/8F
8 b

by 1/6, If this is greater than 3, then it remains for the source position
to be calculated. This is dealt with later in the Appendix,

3.2, 1.4, Operation of the Detector in an Anisotropic Background

If there is an east-west effect in the background, this will have the

appearance of a weak source in the data, When the counters are as
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A

Ny,

Y v

g l
o 90 - 180{ 270 360

Figure 3. 11 The data expected in the ideal case;the arrow
. ]

indicates the position in azimuth of the source.

shown in Figure 3, 12, one counter will act as an absorber and the other

counter will detect a drop in the count rate, P

To correct for this efiect an extra counter should be added, The resulting

detector configuration is considered in Section 3, 2. 2.
P i

Absorber

————-) 1. | A | | | 1B

Figure 3, 12 Side view of the detector showing that a predominance of
gamma-rays from the west will be absorbed in counter A

resulting in a decrease in the count rate of B,
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Figure 3, 13 Detector (b). Three counters and an absorber,

3. 2.2, An Anticollimator Consiting of Three Counters and an Absorber

3.2.2.1, Geometrical Configuration

This detector is similar to that discussed in Sect'ion 3. 2.1, In this
configuration, three counters are suspended in a plane below the plane of
the absorber, as shownv in Figure 3, 13, The absoriaer has a radius R and
a thickness L, and each counter has a radius R, and a thickness h. The
counters are rotated such that a source located at zenith angle & is
occluded from one counter's view, ’I;he counters are then rotated about
the axis of the absorber until the source is occluded from a second
counter's view, These rotations are repeated at intervals so that each
counter in turn is occluded from the source, Alternatively the counters
can be continuously rotated about the axis of the absorber. This enables
the detector to searc}} for an unknown source at zenith angle & and

arbitrary angle % .
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3.2.2.2. Sensitivity

The sensitivity of one counter and an absorber is give by equation
3. 15), From equation (3. 14) we see that for three counters this has to be
q

multiplied by /3. Hence the sensitivity factor S(b) is given by:

BRGS0 e

S(b) - N -
bt (LS epRy
(1+32)% (52_0-e/)
n=]1
e 3 . . .
and the sensitivity/cm” defined by equation (3, 16) is: ”

F(o) = /372, (1- e /D). (1- e /M

B3

2. (3h + L), %Z(l P )

n=1

o)

(1 +

It

2
where the substitution for volume, V=TTR (3h+L) , has been made, Figures

3, 14 and 3, 15 show plots of F(b) against h and L for different values of /&
and R. Figure 3, 16 are tables of the values of hrnax and Lmax and
the value of the maximum sensitivity/cm3 attainable in each case, The
results are, as expected, similar to those obtained with two counters and
an absorber,

Figure 3. 17 shows plots of F(b)/JN where F(b) is the sensitivity
per cm3 of one detector and N is the number of detectors which form a
system of detectors. F/\/I_\T is the sensitivity/cm3 achieved with N detectors.
F/JN is normalised at R= 20cm, As with the previous system, the
sensitivity/cm3 for a system of N detectors decreases with R. It is best,
therefore, to build one large detector rather than a system of smaller

detectors, provided that sensitivity is the only criterion,

3.2.2.3. Angular Resolution

The discussion’in Section 3. 2. 1. 3. about the angular resolution of

the two counter system also applies to the three counter system,
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H» h,em o

Mh,ecm O

&> h,cm o

0 —t— 1 ]
0 5 -4 10 L,cm 15
Figure 3, 14 Contour plots of F(b)x10 = against thickness, h, of counter and
thickness, L, of absorber, n=0, 126 in each case.
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s h,em o

sah,em o
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n=0, 126

Sh,ecm o
|

0 ! !
0 5 . 10 L, cm 15

-4 .
Figure 3, 15 Contour plots of F(b)x10 = against thickness,h, of counter and
thickness, L, of absorber, In each case the radius, R,is 5cm
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" n=0, 126

R cm, ‘ hmax , Lmax Fﬁméx
2 1. 2 7.0 0, 0078
5 1.9 8.5 0. 0036
10. 2.8 9.5 0. 0020
20 3.0 10, 0 0.0011
n=0, 149
R em, hma.x Lmax Fmax
2 1. 2 6.5 0. 0096
5 1.9 .5 ©0,0043
10 ' 2.2 8.0 0.0023
20 2.5 8.0 0.0012
n=0, 211
R cm. hmax Lmax Fmax
2 0. 9 4,5 0.0142
5 1,45 5.5 0. 0064
10 1.6 5,6 0. 0034
20 2.1 V 6.5 0.0017

Figure 3.16 Tables showing the maximum values of F(b)
attainable for counters and absorber with a
given radius, R, Also the values of counter
thickness, h, and absorber thickﬁess, 1,
réquired to attain this maximum value are

given,
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10 1=0, 126 _
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Figure 3. 17 FAN plotited against radius of counter and

absorber and normalised at R=20cm.
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Figure 3,18 Operation of detector (b) in an anisotropic background.

L1l

The arrows on the left represent a predominance of

gamma-rays from the direction indicated,

3.2.2.4, Operation of the Detector in an Anisotropic Background

This detector is susceptible to an east-west effect in one special
case, A plan view of the detector is shown in Figure 3, 18, If the counter at
B is shielded from a predominance of X-rays from the west, then it (the
counter at B) will experience less counts than the counters at A and at C.
If the detector is observing a known source in the direction D then the east-
west effect, if present, will make a contribution to the source data, However,
if the .counters are continuously rotating about the axis of the absorber, a
correction can be made for this effect by counting in the intermediate

positions.
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To the

Source

/

B

/

Figﬁre 3,19 Detector (c). Two counter/absorbers.

3.2.3, An Anticollimator Consisting of Two Counter /Absorbers

3.2,3,1, Geometrical Configuration

In this system, one counter is shielded from the source by. the
other., The dissimilar efficiencies require that the positions be interchanged
at intervals so that each counter is shielded in turn, In Figure 3, 19 while
counter A is counting source plus background, counter B is counting the
background only, This is, in fact, a special case of the two counter and one
absorber system, which makes more efﬁcient use of the total payload
weight available and also gives active anticollimation, The dimensions of
each counter are radius R, and thickness h. The volume is 27T th.

3,2.3.2. Sensitivity ..

The sensitivity of one counter and an absorber is given by equation
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(3. 15). Since there are two counters, the sensitivity is multiplied by a
factor J2, Both counter and absorber are of equal thickness, therefore,
the sensitivity for two equal counter/absorbers is:

-pMmh 2
R, (1- M

N S | 1
- hE hy2
Ng_ (1-e M )2). (1 + %)

S(c) =

h—-

and from equation (3, 16) the sensitivity/cm3 is

In Figures 3, 20, 3,21, and 3,22, F(c) is plotted against h for
different. values Of/A. and R, Figure 3, 23 gives the value of the maximum
sensi’civi’c;r/cm3 obtainable for a given value of R and /:., and hma“ » the
value of h at which this occurs,

Figure 3, 24 is a plot of F/J/N, where F is the sensitivity/cm3
of one detector and N is the number of detectors which form a system of
detectors. As with the two previous cases, this shows that it is best to
build as large a detector as possible, provided that sensitivity is the

only criterion,

3.2.3.3, Angular Resolution

The discussion in Section 3, 2, 1, 3. about the angular resolutiofx
of the two counter/one absorber system applies to some extent here, The
geometry of the counters must be such that the opening angle of the
detector comes within the restrictions revicwed in that section, The
discussion, in Section 3, 2. 1. 3., about the rotating system, however,

does not apply here, -
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Figure 3.24 F}/N plotted against radius, of counter and

normalised at R=20cm.
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1=0.126 p=o. 149 =0, 211
Rem hmax Fma.x hmax I;‘max hmax I:‘nflax
1 3.2 0. 0091 2.9 0.0115 | 2,1 0.0183
2 3.8 0, 0057 3.2 0.0072 | 2.6 0.0111
5 4,9 0. 0029 4,2 0.0036 | 3.1 0. 0054
10 (5. 5) 0, 0016 (4. 6) 0,0020 | 3.7 0.0030
20 (6. 0) 0, 0009 (5. 0) 0.0011 | 4.0 0.0016

Figure 3,23 Table showing the maximum values of F(c) attainableand

3.2.3.4. Operation of the Detector in an Anisotropic Background

the values of counter thickness, h, required to attain these

maximum values, Figures in parentheses indicate that

F
max

is distributed overa wide range of h,

If there is a predominance of X-rays along the axis of the detecter

and from the opposite direction to the source, then the significance of

the source data will be decreased, This is because the counter which is

counting source plus background does not measure the true background

rate, but a slightly reduced rate. When the true background rate is

subtracted from the source plus background measured, the count rate

due to the source will be underestimated.

3.2.4., Anticollimator Using the Method of Lunar Occultation

This is a passive anticollimator system employing the method of

lunar occultation, Gamma-rays from a source will be absorbed by the ..

Moon, and when the Moon passes between this source and the counter,

a drop in count rate, which represents the gamma-rays from the source,

will be experienced by the counter. A series of lunar occultations of the

source in the Crab Nebula will occur during the seventies, It will be
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possible to look at this source using this method, Alternatively, a scan
of the area of the sky that is occluded by the Moon can be made,

3.2.4. 2. Sensitivity

The sensitivity factor for one counter and one absorber is given
by equation (3. 15). In this case the absorber is taken as perfect (i. e,

L—>00), and the sensitivity is given by:

J2. R, (1 - e-/v\h)
1 N -
(1+2)2. (5;(11 - M)

s(a) =

e

From equation (3. 16) we find that the sensitivity/cm3 is

A plot of F(d) against h is shown in Figure 3,25 for different values
of R and/u. The sensitivity/cm3 decreases with increasing h, It would
seem best, therefore, to make the counter as thin as possible, However,
there are other criteria by which the thickness of the counter can be decided.
The light collection efficiency and the rigidity of the structure may be the
factors which finally decide the thickness of the counter, However, these
can only be tested empirically. Alternatively, the energy deposited in the
crystal may be the deciding factor. The sensitivity factor, S, has been
calculated by counting the nurﬁber of photons having at least one interaction
in the crystal, If,instead, S is calculated using the number of photons that
deposit all their energy in the crystal, the results are slightly different.
Figure 3, 26 shows the ratio of number of photons depositing all their
energy to the number of photons having at least one interaction, and

Y

Figure 3, 27 shows this ratio multiplied by the sensitivity/cm3, F(4).
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Figure 3,25 F(d) versus counter thickness,h,
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No. ofphotons having total energy loss =0. 211
05— No. of photons interacting in the crystal n=r

-0:01 I l i T

1=0, 149
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| “ l L |

0
L 2 3 4 5 h,cm
Figure 3,27 No, of photons having total energy loss <F(a)

No. of photens interacting in the crystal ~
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F,(d) =F(d) with h = 3 cm.
Rcm n=0, 126 »=0, 149 »=0, 211
2 0. 0664 0. 0395 0.0361
5 | 0.0324 0. 0193 0,0177
10 0.0124 | 0.0105 0. 0097
20 0. 0066 0. 0056 0. 0052

Figure 3,28 Table showing F(d) for different values of R and

J, with counter thickness, h, equal to 3cm.

These graphs are for a crystal with radius R = 5 cm. Similar results are
obtained with values of R between 2 and 20 cm. It can be seen from
Figure 3. 27 that the value of h at the maximum increases with decreasing
/u,. HoWever, th'e curves are fairly flat, and the value of h is not very
critical. The value of h chosen will depend on the range of values of /u..

If the range of values of/u are as shown in the graph then 3 cm would be
a good choice for h, The values of F(d) for these single counters with

h =3 cm are given in Figure 3, 28.

Figure 3, 29 is a plot of F//N with h = 3cm, Again this shows that
it is best to build a single detector provided that maximum sensitivity is
the only criterion.

The sensitivity/cm3 for this detector is rmuch higher than these
of the preceding systems. However, this system is limited to only one
hour of source counting (i. e. the time for the Moon to pass a point in the
sky), whereas statistics can be improved in the other systems by extending

the counting times,
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Figure 3.29 Fé(d),/mplotted against radius of counter

and normalised at R=20cm,
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Figure 3, 30 The data expected in the ideal case. The arrow indicates
point orn the time scale at which the source, the Moon, and

thé detector are in a straight line.

3.2.4.3., Angular Resolution

The data received in an ideal case would be as in Figure 3, 30, The
source’ s position is infeirred from the positions oﬁv,‘-‘the Moon and the detector.
The points A and B in Figure 3, 30 have to be determined and the central
position inferred from these,The points B and C will be about 10 millisecs.
apart on the time scale., If the data is collected in bins greater than

10 millisecs., the line BC will be essentially vertical.

3.3 Comparison of Systems

Figures 3, 31 to 3, 34 are plots of volume of counters and absorber
versus the optimum sensitivity plotted on a log—'log graph. For a given
volume the maximum value of S attainable can be found for each system.
Figur.e 3, 35 shows the optimum S versus the counter radius, R. From
these the best value of R can be found and hence the optimum dimensions

of the counters and absorber, From equation(3, 11) we have the criterion
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Figure 3. 31 Log V(a) versus Log (‘optimised' S(a))

ifor thvree values of/.{ .
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Figure 3, 32 Log V(b) versus Log ('optimised' S(b))

for three values of /v\.
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Figure 3.33 Log V(c) versus Log('optimised' S(c)) for

three different values of/u.
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for detecting a source is

Fsﬁ S >3

With a given value of S and the time allowed for scanning the source,
the strength of source detectable can be determined in a given energy range.
Using the following expressions for diffuse background flux and the flux

from the source in the Crab Nebula,

Fb = 0,026 E—Z photons/cmzster. sec, Mev,

-2 2
F = 0,009 E  photons/cm , sec. Mev
crab _

in conjunction with equation (3. 11) , it can be shown that the minimum

source strength detectable, FS, in the energy range E 1:0.E2 (Mev) is

1
given by:

F 1 1
= 07, = - =
s 107.5(z - %)

1 2

L 1
2t s (3. 18)
crab

where the source counting time = the background counting time = t,

3.4. Examples

The following examples serve to illustrate the use of' the above methods.
1) To detect the source in the Crab Nebula in the energy range 1-10 Mev
on a 10 hour balloon flight using NaI(Tl) scintillator, Equation (3, 18) gives
the value of S required as 0,82 in the cases of detectors (a), (b), and (c),
and as 1, 83 in the case of detector (d), since t = 1 hour for the Moon
transit./,(. is approximately 0, 2 in this energy range, and the voiume can
be found from the plots of S against V, They are found to be as follows:
V(a) = 120 cm3; V{b) = 140 cm3; V(c) = 170 cm3; v{(d) = 95 cm3.
" ii) To detect a source‘.of half the strength of the Crab source in the same

3

.
2

energy range, the volumes required in each case are: V(a) = 350 cm
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3 3 3
V(b) = 450 cm™; V(c) = 580 cm3; V(d) = 270 cm™, 500 cm’ of NaI(T1l) weighs
1. 833 kg. The radius of the counters and absorber are obtained from the
plots of S versus R in Figure 3. 35, and the values of counter thickness, h,

and absorber thickness, L, are interpolated from the tables of hmax and

L 4 i . e 3 . L .2 . L
L ., versus R and/,(, (Figures 3, 9., 3. 16., 3. 23,)

iii) To obtain some spectral data from the Crab source with 5 kg, of
NaI(Tl) scintillator, using the detector design (a) on a 10 hour balloon flight,
- The volume of the scintillator material is 1364 cm3, The sensitivity that

can be achieved at an energy of 1 Mev is 4,0, At 2 Mev, S is 3.0 and at
1 1. .

= =~ = )in equation (3, 18) an_
E1 EZ

estimate can be made of the energy range over which the Crab source is

5 Mev, S is 2,5, By calculating the term (

detectable centred at these energies, For 1 Mev the range is 50 kev, for

2 Mev, 1 Mev, and for 5 Mev, 3 Mev, However, since only a fraction of

the photons deposit all their energy, a correction has to be made. Firstly,
thé thickness of the count.ers is found, Suppose the detector is to be optimised
to detect 2 Mev gamma-rays, From Figure 3, 35, R is found to be 6 cm, .
and subsequently 2h + L, = 12 cn. From Figure 3. 9, hmax is found to be

2,5 cm and Lmax to be 7 cm, Figure 3, 26 gives the fraction of gamma-rays
depositing all of their energy for a counter of thickness 2, 5 cm, This
fraction is 0, 25 for 1 Mev gamma-r‘ays, 0. 165 for 2 Mev gamma-rays,

and 0, 1 for 5 Mev gamma-rays, This yields energy ranges of 0,6 Mev
centr.ed at 1 Mev, 9 Mev centred at 2 Mev, and 250 Mev centred at 5 Mev,
Obviously with this size of detector, energy resolution is irnpossible.above
1 Mev. ’

iv) To measure energy spectra with detector (a) up to an energy range

4-10 Mev, over a 10 hour balloon flight, The value of S

required is 12 and the volume of the absorber plus counter
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3
material is 1,65 x 104 cm , which is about 60 kg, The dimensions of the
counters are R = 18 cm, h = 3, 5 cm. Each counter weighs approximately

15 kg. and the absorber 30 kg.



"CHAPTER IV

"DESIGN CRITERIA FOR THE ANTICOLLIMATOR SCINTILIL.ATOR

4,1, Introduction

In all scintillator-materials the gamma-ray detection efficievncylr
depends on the gamma-ray mass attenué.tion coefficient, The gamma-ray
total mass attenuation coefficient has three 1;na.in constituent parts, They are
the photoelectric mass attenuation coefficient, the Compton mass attenuvation
coefficient, and the paix; production mass attenuation coefficient, These vary
with the charge number, Z, of the material in the following manner:

Photoelectric ~- Z4

Compton ~ independent of Z

Pair production ~n Z
The Compton process dominates at 0, 6 Mev for all materials, and
for very low Z the Compton effect is dominant to below 10 kev, For z< 30,
the Corﬁpton effect is still the dominant process at 10 Mev, and for higher
Z materials (e,.g, Csl, Z=54) pair production becomes predominant only
at 7 Mev, Therefore, most materials are equally efficient in the detection
of gamma-rays in the energy range 0.6 to 10 Mev, Ho@ever, the overall
efficiencies for measuring the energy lost by the gamma-rays differ to a
greater extent with the scintillator material, because an incoming gamma-ray
will undergo one or more Compton interactions followed by a photoelectric
interaction in being totally absorbed. Since the photoelectric cross-section
varies as Z4, the photon may escape from a iow Z material before the

final interaction occurs,
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Figure 4.1 Attenuation coefficient versus energy for plastic
scintillator, (CH), and the alkali halides, Nal and

Csl.

10



Figure 4, 1 shows plots of the gamrna-ray total mass attenuation

coefficient versus energy for alkali halides and plastic scintillator {CH).

4, 2 Scintillator Materials

4,2, 1, Plastic Scintillator

0. 37 gm/c:m2 of plastic scintillator will detect 65% of 5 Mev gamma-
rays(i. e. 65%: of the gar;nma-rays will suffer at leaét one interaction in the
scintillator), The efficiency for detecting5 Mev gamma-rays with greater
than 90% energy loss is 5% . Plastic scintillator can be usefully employed
in counting gamma-~rays, although it is impossible to measure gamma-ray
spectra using plastic,

Plastic vscintillator has an advantage over other types of material in
that it is cheap and can be made in large ‘size and in any shape.

4,2,2, Alkali Halides

NaI(T1) phosphor is the obvious choice for measuring gamma-ray
spectra, since it yields more intense full-energy peaks than plastic
scintillator and the pulse height is approximately a factor of<4 higher than
for CsI(T1) for the same primary gamma-ray energy.0, 37 gm,-/cm?‘ of NaI(T1)
will detect 80% of 5 Mev gamma-~rays and the efficiency for detecting
5 Mev gamma-rays with greater than 90% ‘energy loss is 0,4,

NaI(T1i) is the best all round scintillator in applications where the cost
of the material is not impoftant.

Figure 4.2 shows the values of the energy of incident radiation which
correspond with the values of/A used in the calculation of sensitivity , for three

different scintillator materials,
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R NalI(T1) CsI(T1) Plastic
0.211 1Mev &50Mev | 1, 3Mev & 13Mev 40kev

0. 149 2Mev & 15Mev S —— 150kev
0. 126 | 5Mev &6Mev i 290kev

Figure 4,2 Table showing the gamma-ray energies which
correspond to the values of n used in the calculations

of the sensitivity for various scintillators,.

4, 3, Energy Deposition Spectra

The response function R(Eo ,h) of a counter can be written

E
R(E_,h) = /)Z(E ) fo° D(E_, E). G(E, h)dE

, (Berger and Seltzer, 1972)
where ’rZ(EO) is the detection efficiency, D(Eo, E)dE .I.S the probabi-
lity that a gamma-ray interacting with the counter will deposit an amount of
energy between E and E+dE, and G(E, h)dh is the probability that the
deposition-of energy E will give rise to a pulse height of between h and
h + dh, R(Eo ,h) is the probability that an incident gamma-ray with energy
E0 will give rise to a pulse height between h and h + dh,
The energy deposition spectrum D(Eo , E) can be calculated by random
sampling in direct an‘aiogy to the phyéical processes, The energy deposited
by & broad beam of monoenergetic gamma-rays in a 5 ¢m, radius NalI(T1l) cry-
sth]l were calculated using a Monte Carlo model. Plots of D(E0 , E) versus
E are shown in Figure 4, 3, for different crystal thicknesses, h, and
incident gamma-ray energy, Eo. The total absorption peak and the single
and double annihilation radiation escape peaks are prominent in these plots.

The resolution function G(E, h) can be closely approximated by a

Gaussian, However the standard deviation ¢(E) must be obtained from
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. experimental data, The resolution of the counter is defined as:
r{E) = 100, W(E)/E ‘(percent)
where W(E) = 20 /2. log2 is the full width at half maximum. The
energy dependence of the counter resolution can be expressed by a power
law: .
0,661 )n
E

‘where E is in Mev. The resolution at the reference energy (0,661 Mev)

r(E) = 'i(o. 661)x(

typically ranges from 7% to 12%. Three assumptions are made. They are

"as follows:

i)  r(0.661) =8%
iil) n=0,34 | (Berger and Seltzer, 1972)
iii)© The mean value of the pulse height distribution is lineariy
I;roportional to E, the energy deposited.
With these three assumptiogs the response function for a 5cm. radius
_ by 8cm. thick counter is plotted. The counter.is exposed to a broad parallel
beam of gamrna-rays. Figure 4.4 shows plots of .R(E‘o, h) /'72 (Eo) versus the
pulse height, h, in Mev,, for different incident gamma-ray energies.
Figure 4, 5 is the calculated response between 500 kev and 10 Mev
of this counter to 2 garnma-ray energy power law spectra E-Z. The response

function is a power law with a spectral index = -1, 3.

4,4 Charged Particle Background and 'Pile~up' Effect

Gamma-rays are detected in scintillators when.'they react with the
material to produce charged particles. The charged particles in turn
interact with the atoms or molecules of the material and produce ionised
atoms or molecules, which subsequently emit scintillations, Charged

particles entering the counter can be a source of background if steps are not
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taken to discriminate against them,

The differential flux spectra for protons, electrons, and extra-
terrestrial alpha-'particles are shown in Figure 4, 6 (Lezniak and Webber,
197). A 4 mm. plastic anticoincidence shield will absorb protons up to
20 Mev, electrons up to 1 Mev,. and alpha-particles up to 60 Mev, Above
these energies the upper limit to the total flux from charged particles is
about 0,4 per crnz. str, sec. , calculated from these spectra. The 4 mm
plastic shield will absorb most X-rays‘ belbw 10 kev. Above this energy
the upper limit to the total flux from X- and gamma-rays is 2. 6 photons
per crnz. str, sec, , calculated from the formu'la,
% = 0,026 E-Z photons/cmz. str. sec, Mev,

The upper limit to the total flux of cosmic rays is 3 events/crnz. str, sec.
The resolving time of a NaI(T1) counter is typically 1/& sec, The number of
random events in any one ;:rystal must be limited to 105 per sec, The
geometrical factor for a single crystal must be less than 2500 cmz. str.,
and the surface area less than 1()4 cmz.

The resolving time of plastic scintillator is of the order of a few
nanosecs. , rendering the possibility of very large area detectors (up to

106 crnz. )e

4,5 Choice of Materials

NalI(T1) is the most suitable material for both the detection of
gamma-rays and measuring gamma-ray spectra, Hence, this study has

been carried out with NaI{(T1) in mind.
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SUMMARY

Gamma-rays propagate rectilinearly, and since they do not suffer
significant absorption at energies below 1012 ev, provide a direct means
of mapping their source regions. This direct propagation, as opposed to the
random scattering suffered by charged cosmic rays, led Fazio (1967) to
suggest that gamma-ray measurements would provide a useful tool in
investigating cosmic ray origin problems, as well as being of general
éstrophysical interest,

In the energy region above ~10 Mev many measurements using
spark chambers have been made, and the results are now beginning to
provide a coherent picture of mass distribution at the centre of the galaxy.
The energy region between 0, 1 and 10 Mev has not yet been explored in
detail, although it is of considerable significance, particularly with respect
to X-ray source mechanisms, The dearth of measurements is not due to
lack of interesf but to the considerable technical difficulties inherent in
making measurements in this energy range. The purpose of this study has
been to review these difficulties and to consider in detail a new detection
technique which offers some hope of facilitating measurements in the
0.6 to 10 Mev range, The study was §rientated towards a balloon payload,
since this would be the initial test of such a system,

Two main features of anticollimator type detectors have been
studied. Considerable attention was given to indi;\ridual counter geometry
in order to obtain optimal response, and then various configurations of
counters were analysed to determine what type of detectors were best suited
to particular objectives,

Monte Carlo type simulation studies established the optimum

96
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cylindrical coux-iter geometry in terms of sensitivity. This type of response
was then used in evaluating multi-countér detector arrangements, In this
part of the study it became clear that while anticollimated systemé offered
advantages in detection sensitivity their energy resolution was not good.
Overall, ‘antic.ollimated systems seem promising for integrated
measurements, and possibly angular measurements, in the energy range
0.6 to 10 Mev, What is now rrequired is a detailed analysis of one selééted
configuration of counters, replacing the idealised geometry‘ of Chapter III
with the actual geometric details, to obtain the angular response and energy
resolution of the system for representative spectra, Laboratory studies are
then needed to determine the effects of light c;)ilection efficiencir and photo-

‘multiplier response on the design,



APPENDIX

Data Analysis of Anticollimator Detector Results

Due to the high background rates associated with gamma-ray
measurements in the 0.6 to 10 Mev region, determination of the background
"rate and the angular position of the source requires careful statistical
analysis.

A useful technique for the analyéis is the method of 'maximum
likelihood'. In principle, this is applied by considering a distribution

function containing a number of parameters for a given set of observations.

R T
: >,

The 'a posteriori probability'is computed that this distribution would give the
observed data. The parameters of the distribution are thén varied until the 'a
posteriori probabiiity is a maximum, The distribution is then defined within
the experimental limits.

The weakness of this technique is that it is not an 'absolute' method,
i. e. it will only maximise the given distribution. However,for problemsl such
as the low energy gamma-ray observation of known X-ray sources, it is
well suited to 'extracting' the source intensity and position out of the
background.

In this appendix we briefly outline the basic mathematical formulation
of the technique ( after Brandt, 1970) and then illustrate its use by a
computer simulation of the analysis of a set of simulated results from an
anticollimator detector.

Let us specify a set of p parameters as
A:(AI,AZ, -o-oo-oxp)

and a sef{ of n random variables as

ocoou..’lx)

2’ p
98

[ ——3

X :(xl,x
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Then we write the probability of the random variable X as :
f=HX;5N)

Consider a set of observation s from a single experiment and denote

(3)

them as X'/, Then we may write

where dP(‘])is the 'a posteriori probability' and is a measure of how
probable it was to obtain this result, i, e, a value of _}.(_(J) With

(3) .
Xi_<lxi (S’xi-i.dxi (1_132:-o-|.n).
I1f we make N independent experiments, then
dP = TT f (-X-(J)’_Z\.) ax

This expression is given the name the 'Likelihcod Function' and

is usually written

The object of our analysis is to find values for A which will cause
I. to be a maximum. To determine the maxima we find the conditions for
which 4L

dA,
i

=0

Since the derivative ofa product with many factors can be cumbersome

to handle, it is convenient to use the logarithm of 1,

N :
ie. 1=1logL =2, logf( X(J) )
=1

We shall refer to 1 as the logarithmic likelihood function. The

analysis then reduces to the solution of the likelihood equation | 1,1‘ -1

dx

I
O

Where it is not possible to solve the equation analytically, then some form
of iterative technique must be used. A simple one is as follows {considering

a single variable A).
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— <)
N £ (XY 5N)
dl _—

xN T oy

Assume a first approximation )\D Then if the second approximation

is )\ ’ )\ = }\0' +a>\0

1 1

and 1'()\1) = 1'(N) + B>\01"(>\0) T by expansion

o)

Sincbe 1 (>\l) = 0 we have

n (%)

Obviously this procedure can be repeated until some sufficiently
accurate result is obtained.

While the determination of the parameiers of the distribution is
relatively straight forward, an assessment of their associated errors and
cross;correlation effects is more difficult,

Consider the logarithmic likelihood function

N .
1= 3 tegr (x5
=1

and Taylor expand it about the point X = (-5\ ) R W

1’727 p
_ P 31 - . P P
Then (N) = (X)) + Z . (B-X_)}(‘Ak “)\k) -2 Z Z \)\1 )'l

k=1 k 1=1 m=1 a>\ o\

Now by definition (=% 0 (k=1,2, ....p)

9>‘k

so 1) = 1) - 3(x-3).AK-N) + ...

where
/é"_l L. L AL

_ PN NI, TN
Aln-3) = 2L 2L 9;;5;,
I B W W S 2N,
'L _c}’_l._ 2L
A DA T dY [ X
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The elements of this array depend upon a particular sample. For
many samples we may replace the eleménts by their expectation values,
i, e, B = E(4A) . |
Comparison with a- multivariafe normal distribution shows we are
dealing with a p-dimensional normal distribution with mean j)_\ and a
covariance rmatrix C = B~ 1..where the variance of the estimates -)\1 s -): PURE

<o AP are given by the diagonal elements of C, and the off diagonal

elements are the covariance between all possible pairs of estimates.

H 2 S, — . ) K% N -—
i,e. © (>\1) = ¢, 3 cov ()\j,)Tk) = cjk
and the correlation coefficient between , K is
/a(>\J’ )\k) = COV()‘-’xk)
o c(xj)a(xk)

To illustrate the use of the technique a computer simulation study
was made of the detection of a low energy gamma-ray source by an
anticollimator detector.

Figure Al shows the shape of the theoretical distribution assumed.

PEpNE

: /
P AZ_*X)T/
A
4
A3
y
0 360°

Figure Al Distribution of data from theoretical

anticollimator experiment,
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We see that it is determined by four parameters. The triangular shaped
feature is due to the purely geometrical effect of the overlapping- of the
detector and absorber when the source is eclipsed. For simplicity it

‘was assumed that )\1 would be known from geometrical considerations, and
tﬁat >>L ( intensity of 'source' plus 'background' ) could be accurately
obtained from the data., The problem then reduces to the determination of

>\3 and >\2. In this situation our B matrix becomes

E (%} E %ﬂ

B =
2L L >
¢ O3k ( ON3
Thus we need to evaluate }i.i' 3L 31(— 32 311-

DNy Dny DM BAE Shadhg
The simulation was carried out as follows:

Detector counts were 'binned' in 2, 5 degree wide bins over the
range 0 to 360 degrees. The background counting rate was chosen as
l10counts/sec. and the source counting rate as 0.40 counts/sec, For a
10 hour ballcon flight )\4 would be 2600 counts and )\3, 2500 counts, We
took )\1 to be 10 degrees and >~2 was made 6,5 degrees. Since the source
occurs at 6, 5 degrees we can assume that bin counts abeve 16, 5 degrees

~are essentially constant and will play no part in the analysis,These exact
numbers were then 'randomised’' by assuming that each one was the mean
of a normal distribution. Figure A2 shows the exact counts and a sample
set of randomised numbers,

Faced with the data it was felt that an experimenter would have

assessed the source position to be in the interval 4 to 9 degrees, and the

background rate to be ~.980 to 1025, Using the theoretical distribution,
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Bin number |  Exact counts Sample set of randomised
counts
1 2596 . 2568
2 2555 | 2496
3 2513 2484
4 2545 2604
5 2591 2592
6 | 2600 2507
1 2600 2672
8 2600 2650
9 2600 | 2590
10 2600 2523
11 2600 - 2601
12 2600 2591
13 2600 2727
14 2600 - 2601
15 ‘ 2600 2536
16 2600 2603
17 2600 2598
18 | 2600 2591
19 2600 2563
20 2600 2543
21 2600 2235
22 2600 2633
23 2600 2621
24 2600 2607
25 2600 2603

Figure A2 The exact counts and a sample set of randomised counts
‘ for 25 bins . Each bin is 2, 5 degrees wide,
bin rates were then computed for source positions between 4 and 9 degrees
in 0, 5 degree steps, and background intensities from 9,81 to 10.26 in
. 05 counts/sec. steps. For each pair of values the distribution obtained was

compared with the randomised data , assuming each bin value represented



x 2453 2465 2478 2490 2503 . 2515 2528 2540 2553 2565
NS -
2

4.5 -134,53 -134,51 -134:57 -134,70 -134.91 -135,20 -135,56 -136.00 -136.51 -137.09
5.0 -134, 50 -134,49 -134.55 134,69 -134,91 -135.20 -135, 56 -136.00 -136. 51 ~137. 09
5.5 -134,80 -134.75 -134.79 -134.90 -135,.09 -135.35 ~135.69 -136.11 -136.59 -137.15
6.0 -135.33 -135.23 -135,22 -135,28 -135.42 -135.64 -135,93 -136.30 -136.75 -137.27
6.5 -136.03 -135,88 -135,80 -135,.8C -135.88 -136. 04 -136.27 -136.58 -136.97 -137.43
7.0 -136.91 -136.68 -136,53 -136.46 -136.46 -136.55 -136.70 -136.94 -137.25 -137.64
7.5 -138.03 -137.71 -137.46 -137.29 -137.20 -137,18 -137.25 -137,39 -137.61 -137.90
8.0 -139.23 -138.79 -138.43 -138.16 -137.96 -137.85 -137.31 -137.85 -137.97 -138.16
8.5 -140, 20 -139,67 -139.22 -138.86 -138.57 -138,37 -138.25 -138.21 -138.25 -138. 37
9.0 -140, 86 -140.27 -139.76 -139.34 -139.00 -138.75 -138.57. -138,48 -138.46 -138;52
Figure A3, Logarithmic likelihood function as a function of >‘\2 (degrees) and >\3 (bin counts).

F0T
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the mean of a normal distribution, and a logarithmic likelihood function
computed. In Figure A3 we show the resulting table of 1 values as a
function of >> and >\3 . It can be seen that for each fixed value of >\2 there
is a maximum value for 1 as a function of )\3, and vice versa. A check was

made on the computation by repeating the run with non- randomised data.

The results of this are shown in Figure A4 .

D 23| 2478 . 2490 2503 2515 2528

5.5 |-121.58 -121.46 -121.42 -121.46 -121.57
6.0 |-121.40 -121.30 -121.28 -121.33 -121.46
6.5 |-121.34 -121.25 -121.23 -121.29 -121,42
7.0 -121.40 -121.30 -121.28 -121.33 -121.47
7.5 | -121.62 -121.50 -121.46 -121.49 -121.60

Figure A4. The logarithmic likelihood function for non-randomised

data as a function of )\2 and )\3 .

In these calculations only 25 bins were used for ease of presentation,

21 2%
To obtain 'exact' values of A and )\ , = and —~  were
2 3°2h, pN
2
evaluated at the maximum of>\2 and similarly for >\3 .
2L | ol
Then N, = (M), - AL amd XN, = (N, - 5%/
Ny [ NE
3
A simple iteration gives >\2 = 4,79
N, = 2461.3
3

and could be repeated if necessary about the 'new value' of ()\2)0 and 0\3)0 .
-1 ’
The B and B matrices were evaluated to obtain the standard

deviations and to confirm that there was no serious cross correlation,

We obtained }.2 4,79 & 0,95 degrees

1]

N\ 984, 5 =t 45.8 (ounts

3
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The values obtained for )\3 and 6(}\3) correspond to a background counting

rate of 9,845 < 0, 183

When repeated with the random noise 'switched off' the results

were >\2

A
3

6.49 X 1,60

2499,3 4= 44.5

which corresponds to a background counting rate of 9, 997 &= 0, 178,
Cross correlation coefficients were ~ 0, 19 and ~ 0, 07,

To check the effects of sample size the whole process was repeated
for 20 bins and 15 bins., With the random noise 'off' there was no noticeable
difference. With the random noise 'on' the errors started to increase at

15 bins,
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