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ABSTRACT

The efficiency of a 4" x 5" NaI(Tl) scintillation
coqntef for detecting gamma-rays has been measured by a number
of experlmental techﬁiques, and the results compared wlth the
efficiencies predicted from total absorption cross sections.
The experimental techniques 1involve coincidence measurements
of the cascade gamma-rays from a Co-60 source (1.173 MeV and

1.333 MeV), and from the reaction Bll(p Yy )012 (L .43 MeV and
11.68 MeV)., The Co-60 measurements also lead to knowledge of

the absolute strength of the sources. For both cascades 1t
was necessary to know the angular correlations between the
radliations; for the reaction Bll(p b1 Y)C12 a separate investi-
gation of this correlation was made using a 180 KeV acceler-
ator. Computer pfograms were written to analyze the experl-
mental data, and to calculate the theoretical efficiency esti-

mates, taking into account the colllmator and shield geometry.

The results of this work define the efficlency of
the scintillation counters to better than 5% for a number of
gamma-ray energies and a specific geometry. On the other
hand, the efflclencies based on the total number of counts in
the observed spectra were 20 percent to LO percent higher than
the theoretical efficiencies, The departures from theofy de=-
pend on the gamma-ray energy and the geometry of the shielding
and colliqators in such a way that it is not possible to pro-
vide a simple basis for relating theoretical efficiencies to

the experimental data.
11
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CHAPTER T

INTRODUCTION

1.1, General Introduction

In nucleaf physics, the detection of gamma rays is a
powerful tool for the study of nuclear energy levels and the
transition probabilities between the levels. Since the electro-
magnetic interaction is well known and is much weaker than the
nuclear force, information about radiative processes can lead
directly to knowledge about elther the motions of single nucle-
ons in the nuclel, or the collective motions of several nucle-
ons, In many cases strong selection rules based on conserva-
tion laws make electro-magnetic transitions very sensltive to

the detalls of nuclear structure.

An 1deal gamma-ray detector would have both a high
efficiency and good energy resolution., Prior to the discovery
of the scintillation counter, gamma-ray measurements made with
Geiger counters had a relatively low efficiency and practical-
1y no energy resolution. Energies were determined, with lim-
ited accuracy, by tedious absorption methods. Good energy
resoiution was possible by measuring conversion lines with
beta-spectrometers, but the efficiency was low. Since 1948
scintillation counters have been used for quantitatlve measure-
ment of gamma-ray energies and fluxes, with moderate energy
resolution and high efficiency. The discovery of lithilum-
drifted germanium detectors has recently provided another method

1



of measurement, with high resolution but as yst low efficiency.
Because of these properties, the detectors allow different as-
pects of gamma-ray spectrcscopy to be studied. Typicsl count-
ers are compared in Table 1. Note that intrinsic peak effic-
iency is defined here as the ratio of the number of gamma-rays
detected in the photopeak hy the counter, tc the number of

gamna-rays incident on the counter face.

TABLE 1.

Comparison of Detectors for 1,33 MeV Gamma-Rays

Type of Energy Intrinsic Peak
Detector Dimensions Resclution Efficiency
Tl-activated €" dia. x |85 KeV, 6.3% 38%
Wal scintillation| L" deep
counter
Li-drifted Ge 1.67 cc., 5 KeV, 0.4% 0.5%
0.5 cm. deep

* data supplied by Dalby, 1966.

In the present work, measurements of the absolute ef-
ficiency and the spectrum shape have been made for thallium=

activated sodium iodide crystals.

1.2, Interaction of Gamma-Rays with Matter

Three main processes describe the interaction of
gamma-rays with matter. At low gamma-ray energles (£ 0.5 MeV),
.the photo-electric effect predominates for all but the lowest
atomic number materials. In this process all the energy of an

incident gamma-ray 1s transferred to an atomic electron, which



then slows down by transferring the energy it has received to
the crystal lattice of the phosphor. For gamma-ray energles
around 1 MeV, the most important process is the Compton effect.
Here part of the energy 1s transferred to the atomic electron;
the remainder goes off as a lower energy gamma-ray. The cross=
sectlon and energy division depend on the initial energy, and
the angle of scattering. At energies above 1.02 MeV the photon
energy can be converﬁed into an electron-positron palr which
share the energy. In order to conserve wmomentum, this pair
production -takes place in the fleld of the nucleus, with small
contributions from the atomic electrons at higher incident
photon energies. The energy dependence of the three interac-

tion cross-sections 1s shown 1n Figure 1.

A fraction of the energy transferred to the electron
and then to lattice excitation is emitted in the form of light
as the lattice returns to equilibrium. This fluorescent light
leaves the transparent phosphor at one end to enter a photo-
multiplier. The electron avalanche knocked from the anode of
the photomultiplier is ampliflied by the series of dynodes and
colledted at the first collector electrode. The output pulse
is proportional to the amount of light produced when the elec=-
trons are stopped by the phosphor; this 1s in turn proportion-
al to the energy of the incident gamma=-rays. Since each of
the absorption processes leads to a characteristic electron

energy spectrum, the scintillation counter produces a complex



100

CROSS
SECTION

cm™ .

COMPTON-—"

PHOTOELECTRIC—

PAIR
PRODUCTION

0.0I

1
0.0l Ol

10

ENERGY MeV
" FIGURE 1. Absorption cross sections in thallium~activated
sodium iodide, showing the total absorpticn, and components due

to the Compton, photoelectric, and pair production processes.
Data from Grodstein (1957).




spectrum of pulse heights,

For quantitative measurement of gamma-ray fluxes and
energies, the shape of the scintillation counter (phosphor
plus photomultiplier) spectrum must be known. The efficiency
of a gamma-ray detector 1s defined here as the ratio of the
number of counts in a specified region of the experimental
spectrum to the number of gamma-rays emitted by the source.

A knowledge of the spectrum shape is essential for the neces-
sary spectrum Iintegrations. As shown above, the spectrum from
a'single gamma-ray line'is'complex, due to the interation
mechanisms. In addition, other primary and secondary effects
combine to make interpretation of the lower energy part of such
a gspectrum difficult; 1f not impossible. Primary processes
which interfere are:

(a) presence of, other gamma-ray lines of higher or

lower energy.

(b) background from the surrounding materials and

cosmic rays.

(¢) Dbackscatter from other parts of the apparatus.
The secondary processes are:

(a) Bremsstrahlung from the atomic electrons in the

phosphor

(b)) Compton spectrum from secondary electrons

(¢c) escape, from the phosphor, of the secondary

photons and/or electrons
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(d) reabsorption of Compton photons and annihila-

tion quanta,
The presence of these effects vrevents the use of a specific
relation between the primary processes and the observed spec-

trum shapes,

1.3. The Background of the Lxperiment

A theoretical estimate of detector efflciency can te
made using the total abeorption law. These cross-sections are
well known,; and are readily available in the literature (Grod-
stein, 1957). This theory is limited to primary interactions,
and cannot calculate the probability of a specific energy
transfer, For this reason the entire spectrum shape should be
tnown. The prescnt work involves an attempt to relate the to-
tal absorption theory to the experimental spectra of several

camma~rays.

In the UBC Nuclear Physics laboratory measurements
of the angular distribution and absolute cross-sections of the
reaction D(p, ¥ ) He > sre being made using the two NaI(Tl)
scintillators as gamma-ray detectors. TFor this work, and any
subsequent work of this type, the absolute detection efficiency
for these detectors must be known for a varlety of gamma-ray

energlcs.

In an MSc thesis :lated October, 196L, J. L. Leigh

(196l.) discussed the theorstical and experimenbal gamma-ray



detection efficiencies for a single 3" x 3" NaI(Tl) detector
for gamma-ray energies from 0.5 to 12 MeV. However some of
‘his results, notably at 11.68 MeV, did not agree with the total

_absorption theory.

The present work extends the method to two 5" x L"
NaI(Tl) crystals. In addition, two methods of determining the
counter efficiency by means of coincident counts in the detec-‘
tors are developed. These colncidence methods regqulire gamma-
.ray sources that have a gamma-gamma cascade. The work involves
zthe use of cquntérs with collimators gilving lower background

and better deflined spectrum shapes,



CHAPTER IT

CXPERIMENTAL PROCEDURES

2,1, The Detectors

The gamma-ray detectors used here were two 5" 10.005"
diameter by 4" T0.005" deep cylindrical NaI(Tl) crystals, ob-
tained from Harshaw Chemical Company. The low-background stain-
less steel mounting was used, in which the gemma-ray window
was 0.019" T 0,008" thick. Using the total absorotion cross

scctions from Grodstein (1957) the absorption results in Table

2 were obhtained.

TARLE 2.

Frobabilities of Absorption of Gamma-Rays
in 4" of NaI(Tl) Phosphor

Gamma-ray Probability of
Energy Absorption
0.5 0.97
1.0 0.88
2.0 0.78
£.0 0,73
10.0 0.4
20.0 0.30

The gamma-ray detectors are mounted in identical
lead shields and collimators (see Figure 2). The tépered col-
‘limators achieve threge things:

(1) background counts resulting from gamma-rays

entering the front face cf the crystal =are re-

duced considerably.
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(2) the edge effects of the crystal are reduced;
in other words the active region of "the NaI(T1l)
crystal is completely surrounded by more
NaI(T1).

(3) the total efficiency, or count rate, is reduced
somewhat, but the ratio of totally absorbed to
partially absorbed gamma-rays is improved.

These effects are investigated in Section L.7 of this thesis,
whlle the criteria used to design the collimators are dis-

cussed in Section L.3.

2.2, The Electronic System

The NaI(Tl) crystalé are mounted on 3-inch RCA 8045
photomultipliers, which were usually operated at 1100 volts.
The voltage signals from the photomultipliers are matched to
€0 ohm line by preamplifiers, which are designed to shape a
typical pulse from the photomultiplier into a form compatible-
with the low level input of the Nuclear Data ND 120 and ND 160
kick-sorters used in the gpectrum analysis. The preamplifier
circuit is displayed in Filgure 3. For the 1033 MeV gamma=-rays
from a Co-60 source, the outpuf of the preamplifier has the
following characteristics across 50 ohms: amplitude = 36 mv.,
rise time = 0.6 pMsec., and fall time = 18 Msec. A 15 MeV
gamma-ray produces an 0.42 volt pulse. A 1list of commercial
electronic units used for the experimental analysis 1s given

in Table 3. In the following description of the electronic
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FIGURE 3. Circuit dlagram of the detector preamplifier. The output
pulses are negative., The 10/4H inductors are used 1f more than one
preamplifier is used with the same power supply.




arrangement, the numerals in parentheses refer to this table.
A schematic diagram of a typical electronic arrangement 1is

shown in Figure L.

F'or coincidence measurements the preamplifier sig-
nals were amplified by double delay line amplifiers (1).
Pulses 1n a chosen range were selected by single channel ana-
lyzers (2), whose outputs were logic pulses of 55 nanoseconds
duration and !l volts amplitude. These pulses triggered pulse
generators (6), the outputs of which were agccepted by a fast
coincidence unit (L4). The coincidence resolving time, usually
selected at 0.5 microseconds, was adjusted by varying the
pulse geﬁerator output pulse widths. The output of the coin-
cidence unit triggered a pulse generator (6), which opened the
kicksorter gate for S usec. Random coincidences were meas-
ured by delaying one loglc pulse and putting the delayed pulse
into a second coincidence unit (l). Several scalers (3,5)

were used to record counts at various points in the circuit,

The entire electronic system was checked for linear-
ity using a pulse generator which consisted of a stable D.C.
supply, an accufate linear potentiometer, and a 60 cps mer-
cury switch. The pulses from the pulse generator, shaped to
simulste pulses from the photomultiplier, were injected into
the preamplifier input in order to assess the linearity of the
system. This pulse generator was also useful for relating the

single channel analyzer settings to a deslred energy range,



Kicksorter(7) Detector (9) + Detector(S)
- Source
Amplifier (1) Amplifier (1)
Single Channel Singe. Channel
Analyzer (2) Analyzer (2)
Pulse (6) Pulse (6)
Generator . Generator
Scaler (5)
Coincidence |.
Scaler (5) Unit (4) Delay
Pulse (6) Pulse (6)
Generator Generator
g {G
cksor ter(8)
d
Coincidence
Unit (4) Scaler (3)
Pulse (6) SCGIQI‘ (3)
Generator
FIGURE h. Block diagram of a typical electronic arrange-
ment, The numbers in parentheses refer to the commercial

units listed in Table 5.

electronic channels.

The bold lines represent linear
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TAELE 3.

A List of Commercial Electronic Units Used

In the Electronic Arrangement

Sturrup Model 1410 linear amplifier
(Canberra Industries, Middletown, Conn.)

Sturrup Model 1L43E timing single channel analyzer
(Canberra Industries, Middletown, Conn.)

Sturrup Model 11,70 scaler
(Canberra Industries, Middletown, Conn.)

LRS Model IIIB 3~fold logic unit
(LeCroy Research Systems Corp., Irvington, N.Y.)

ORTEC Model 130 scaler
(Oak Ridge Technical Enterprises Corp., Oak Ridge,
Tenn. )

Datapulse Model 101 and 106A pulse. generators
(Datapulse Inc., Inglewood, Calif.)

Nuclear Data ND 120 512 channel analyzer
(Nuclear Data Inc., Palatine, Calif.)

Nuclear Data ND 160 dual parameter analyzer
(Wuclear Data Inc., Palatine, Calif.)

U.B.C., detector assembly, using 5" x L" NaI(Tl) crystals
(Harshaw Chemical Co., Cleveland, Ohio), with
RCA 80LE 3-inch photomultipliers, and U.B.C.

preamplifiers.
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as seen on the kicksorter.

The counting rates in the experiments were sufficient-
ly low thet the colincidence dead time losses were less than
one percent. The kicksorter dead times were energy dependent;
the relationship 1s of the type ﬁd = A + Bxenergy. For the
Nuclear Data kicksorters A is of the order of 25‘/¢sec., while
B is about OuSA/Lsec per channel. TUse of internal kicksorter
live times, together with an external clock, enabled measure-

ment of the dead time corrections.

The spectra from the two gamma-ray detectors were
analyzed in the two kicksorters mentioned previously. The
ND 120 is a one dimensional, 512 channel pulée height analyzer;
and the ND 160 is a two dimensional, 4096 channel analyzer.
Both kicksorters were used in a one dimensional manner, with
counts per unit energy interval versus energy as the output

information.

It was found, by repeated linear pulse generator
checks, that the zero energy intercept for the experimental
spectra was constant, and that the gain was stable to within
a few percent, over a 12 hour period. However, 1t was diffi-
cult to reproduce a given gain and zero from one experimental

run to the next.

2.3, Data Analysis and Computations

The differences in the gains and energy zeros of the
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experimental spectra were removed using a computer program
written to gain shift experimental spectra from the given gains
and energy zeros to the desired gains snd energy zeros. The
program also enabled the user to analyze simultaneously up to
five spectra stored in the computef memory. This data analy-
sisy, as well as the caiculations of the theoretical efficiency
estimates described in Appendix 4, was done on the UBC Comput-

ing Center facility, an I.R.M. 7040 computer.

Several programs were written for use with the Nuclear
Fhysics Group computer, a Digital Egulpment Corporation PDP-8.
The topics investigated here included spectrum integration,
statistical error calculations, several types of gamma-ray ab-
sorption computations,; and manipulation of Legendre Polynomial

series.,



CHAPTZR III

=]

METHODS FOR DETERMINING COUNTER EFIFICI

NCY

L

3.1, Coincidence Method I

If a gamma-ray source emits two gamma-rays in cas-
cade, information about the efficiency of the counters can be
obtained from rétios of the colncidence counting rate to the
single counting rate. In general, there are two choices for
setting the energy windows; each counter can accept only one
of the gamma-rays, or both counters can accept both gamma-rays.
The different relations between the theoretical efficlency
and the experimental spectrum which apply for these cases are

discussed below., -

Experimentally, the reglons of interest in the en-
ergy spectrum are selected by means of energy biases in the
single channel analyzers. Since the blases are difficult to
set exactly, and because of the posslbility of electronic
drift, the blases should be selected to lié in an energy-in-
sensitive region of the spectrum. The problem of setting ex-
perimental energy bilases can be partially eliminated by set-
ting both energy windows to cover the range from as close to
zero energy as possible, to an energy above the higher energy
gamma-ray. This allows the whole spectrum of both gamma-rays
to be recorded in both detectors. This case is discussed be-

low,

13
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Let N; be the number of gamma rays detected in
counter 1, N, be the number of gamma-ray colncidences between
the counters, and NO be the number of cascade events in the
source, If e‘ij is the detection efficiency of counter j for

the ith gamma-ray in the cascade, we have

N = (e, + € (1-€,)) N,

Na= (€,+ €p(! - €2))N,
where the factors (1 - €]J) and 1 - 612) account for the
cases when both gamma-rays are detected together in a2 single
counter. These factors are in general close to 1. Also
Ne= (& €22 + €€12)N,F(®)
Here F(©) 1s the correction due to an angular corrslation
between the gamma-rays of the cascade, as discussed in Appen-

dix B. Then 4
Ne — (en€a *+ €31€,2) F(O)
;Nl' 6-“ + e?.l("'é”)

If the counters are ldentical, then €, = 622 and 611 =€J.2.

The above equation becomes

NC‘. - 2.6“6}1
N, F(e) €y +E()-€y)
€ in the denominator can be neglected here,
21 T 11

since it represents at worst an 0.5% correction over the

The term €

gamma-ray energy range of interest. The expression on the
left can be evaluated experimentally and compared to the the-
oretical value of the expression on the right. It should be
noted thaf the right hand side of the equation can be rewrit-

ten as
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2€181 = g, 2 = €y 2
€, + & \ | + €,/ €y | + €576,

For gamma-rays in the energy range 0.1 MeV to 20 MeV, 611
and € ,, have reasonably close values, that is ell/ €, =1,
If one assumes 611-= 621 then the expression gives the effi-

ciencies G]_ and 621 directly. In this approximation the

1
true efficiencies are equal and correspond to the average ef-
ficiency for the two gamma-rays. G]J>eum €,, can still be

obtained if one assumes the theoretical value for 6511/ 621
and € 21/ €,,-

The spectra required here are the coincidence spec-
trum and the spectrum from elither one of the counters, refer-
red to as the free spectrum. The coincidence spectrum is
formed by opening a gate to the kicksorter from one of the
counters with a gate pulse from the circuilt which demands a
coincidence between both counters. Since both gamma-rays are
admitted to both counters (and the subsequent electronics) the
coincidence spectrum will be the same shape as the free spectra
from the counters. In any spectrum,‘the number of counts
above a glven energy blas level 1is proportional to the total
counts in the spectrum. Since the coincidence and free spec=
tra are the same shape, the same bias correspdnds to the same
fraction of the total cbuﬁts for both coincldence and free
spectrunn. Therefore, the ratio of colncidence counts to free

counts is independent of the bias. By choosing a convenient
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bias, for instance the half energy blas of the lower energy
gamma-ray, uncertainties in integrating the lower part of the
gamma-ray spectra can be completely eliminated, and a true

count ratio obtained.

Since this theory applies to any pamma-ray cascade,
there are several experimental reactions evailable for a check
on the theoretical counter efficiency estimates for various

zamma-ray energies,

3.2, Colncidence Method II

If the two gamma rays are well separated in energy,
a different technique may be used. The assumption here is
that the electronic single channel analyzers are set so that
each counter 'records' only one of the gamma-rays. =mZxperi-
mentally this introduces the complicatlion that only one of the
energy windows can have a zero energy baseline, since the en-
ergy windows cainot overlap. Clearly the window set on the
lower cnergy gamma-ray has the zero haseline. In addition,
this window will contain counts from the tail cof the upper
gammna-ray, however these counts cannot contribute to the true
coincidence counts. This method rejects legltimate counts
which lie helow the baseline for the upper gamma-ray window,
however this does not affect the measurement of counter effi-
clency at the lower gamma-ray energy. The efficilency measured
for the higher energy gamma-ray 1s then relative to a bias ¥,

the heseline energy of the upper energy window.
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Let NO re the nuwmber of events in the source, Hi be
the number of gamma-rays of energy k 3 detected in counter 1,
in the desired energy range., Assuming that El <L E2 and that

the detection efficiencies are él and é2W’ we have

N, = G‘h% (3.1)
Now= CawlNs (3.2)

Ne = €,€,wN,F(e) (3.3)

Where F( © ) 1is the angular correlation factor derived in Ap-

pendix B. The efficiencies are given by

61 = ___DLL___ (3.0)

Thus this technique leads directly to the effiqiency, Elk of
the detectors for the lower energy:éémmamray and to the effi-
ciency, GEzvvg of the detector for the upper energy mgamma=-ray
to a bias W, If one knows the fraction of counts to any bilas
X above or below W, then one can use the measured ‘EZVV to de-
termine the efficiency to the bilas X. Clearly if X is zero,

e have the total efficiency of the counter for the gamma-ray.

Assuming that X<W we define N% as the number of the
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higher energy gamma-rays detected by the upper counter as
having energies between W and X. Then the number of coincil-
cences lost because of the bias W on the single channel anal-

yzer is
NL = Nb € F(e) (3.5)
Also we have the results
N + Now = - €ax No (3.7)
Ne +No = €€ Ny F() (3.8)

From equations (3.1) and (3.8) we get

Eox Flo) = Ne + N¢
which becomes Nl
cx F@ = Ne y N6

N, Ni
€ F@) = Ne + Np/ N, €ax F(e)

r4| bql ﬁJ; +'hJZVV
Solving this result for G‘ZX we get

Eix = 'QC. ( ,Q; + hJ;yi)

rv\ F(Q) thNV
!
€2x =  E2w N, + Naw
. ( N2 w

Clearly if X>W, N% is a negative quantity. For
the case X<W, it is not always easy to determine the shape
of the spectrum and thus to find N%, For this reason it is

not easy to relate experimental efficiencies obtainable for
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counts above a given blas to theoretical efficiencies based on
total sbsorption cross sections. As shown by Leigh (196l),
the determination of such a spectrum shape is at best an edu-

cated guess.,

2.3. Standard Source Method

The efficiency of a single counter can be readily
measured, if a calibrated socurce of gamma-rays is avallable.
In the measurements to Ee:described later, a standard Co=-60
source was used. The equations for a gamma-ray cascade stated

in Section 3.1 apply, namely

Nl = (6“ + €, C\‘enl))No

where € i3 is the efficiency of counter j for the 1th

gamma-~
ray in the cascade. Here Wy 1s the number of cascade events
in the source, and Ny is the number of gamma-rays detected.

As before, the approximation En KL | i1s used. Since Iij

is accurately known from the source strength, the total effi-
ciency (€41 + &€57) is glven directly by the counts Ny in the

single counter.



CHAPTER IV
BXPERIMENTAL INVESTIGATION OF THE DETECTOR EFFICIENCIES

L.1l. Introduction

The three methods of determining counter efficiency
discussed in the previous chapter were used to find the effi-
ciencies of two E" x 4" NaI(Tl) gamma-ray detectors using two
‘gamma-ray cascades. These Were.the 1.173 MeV and 1.333 MeV
gamma-rays from a Co-60 source, and the 4.3 MeV and 11.68
MeV gamma-rays from the reaction Bll(p 8’8)012. Measurements
made both with and without the detector collimators are out-

lined below.

The presence of pulse pile-up in the free spectra
taken in the experiments must he considered. The "pile-up"
pulses can occur in two ways: the flrst occurs if the two
gamma-rays in one cascade are detected in one counter, the
second occurs when two independent gamma-rays from separate
decays in the source are detected together., The first type of
pile-up produces one large pulse in the counter. The ratio
of plle-up pulses of this kind to totél free counts 1s just
the average efficiency (as discussed in Colncidence Method I)
times thé angular correlation factor, a value usually about
i + .5 percent. The second type of pile-up produces two pulses

with a 1arge degree of tilme overlap, which are accepted by an

electronic device as one large pulse. The ratio of pile-up

20
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oulses of the second kind to total free counts is equal to
twice the resolving time 5f the electronic device times the
free count rate., Clearly, different electronic devices have
different resolving times, so each case must be treated sep-
arately. Not all the pile-up pulses are shifted out of the
energy range of interest in the experiments, however, so the
magnitude of the effect as evaluated above represents an upper
limit to the actual corrections necessary. For this reason,
the magnitude of the pulse plle-up effects is evaluated for
each experimental measurement, but the Forrection is not made

to the stated results.

1.2. The Bll(p )1 X)C12 Reaction
11

The reaction B + p has resonances in gamma=-ray

- yileld at proton energles of 0.163, 0.675 and 1.388 MeV. 1In
the present work, only the 163 KeV resonance, with a total
width of 7 KeV, was used. Informétion on the various compet-
ing channels for the gamma-ray break-up of the 16,11 MeV ex-
cited level of the C-12 nucleus which are produced at the 163
KeV resonance are shown in Table L and Figure £. (unless
otherwise‘stated, the data in this section were obtained from
Ajzenberg-Selove and Lauritsen, (1959).) The lifetime of the
.3 MeV level in C-12 has been measured to be about § x lO\-u‘L
sec., by both resonance fluorescence (Rasmussen et al, 1958),

and by Doppler shift techniques (Devons, 1961). This time is

so short compared to the experimental coincidence resolving
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times used iIn this work that one can assume that the cascade
of 11.68 and 4l43 MeV gamma-rays that de-excite the 16.11 MeV

level of C-I2 are emitted at the same time.
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TABLE L.

Competing Channels in the Bl (p ¥¥ )c12 Reaction, for
BE. = 163 KeV

|%
Reactlon Absolute Gamma=-Ray
Cross Sectlon Energy
B L (p ¥,)0t° 5.5 pb Eo = 16.11 MeV
Bl (p ¥y ¥,)ct2 152, ub By = 11.65 MeV
E2 = Ll.o)_I.B MeV
" 11 ‘112'::' A E : "
3 (p ¥3)01e¥(«c )Be {148 o + By = 6.48 MeV
* Gregory, 1961
16.1] g.
R+ b

e

898

v

CIZ.

FIGURE 5. Some energy levels igathe C=12 nucleus; show-
ing channels in the B' (p¥ ¥ )C¢'® reaction,
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IL.3. The Apparatus

The Bll + p reaction was produced with a 185 KeV
accelerator having an ORTEC Duoplasmatron ion source. The pro-
ton beam was selected from the mass 2 and mass 3 beams by
means of a double focussing analyzing magnet. Copper-backed
B-11 targets of about 15’0/ugm/cm2 thickness were obtained
from Harwell for the experiment. A proton energy of 170 KeV
was chosen after an excitation function was found for the 163
KeV resonance. When the targets were indium-soldered on a
water-cooled target holder, sustained proton beams of 60 to
80 microamperes could be used., Under such conditions the
boron in the beam spot tended to flake off, resulting in a 285
percent loss in gamma-ray yleld over a two hour counting

period.

The target holder consisted of a 0.125 inch thick
copper plate, with 0.082 inch diameter holes for water cool—‘
ing drilled lengthwise through the copper, every 0.10 inches.
The holder cbuld be rotated about a vertlical axls, to pro-
vide variable angles between the target normal and the inci-

dent proton beam.

The two NaI(Tl) gamma-ray detectors wefe mounted on
an angular distribution table which was used in'conjunction
with the accelerator. The counters, with shielding and collim-
ators, were mounted on rotating I-beams that plvoted around a

centre directly under the target chamber.
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The dimensions of the collimators were chosen so
that for a deslired counter face to target distance, the cone
defined by the coilimator coincided with one defined by the
back surface of the NaI(Tl) crystal having its apex at the
target spot. The dimensions of the counter assembly are shown

in Table 5, while the geometry has been shown in Figure 2.

TABLE E.

Dimenslons of the Counter Assembly

Item Measurement
collimator half angle 12.0 X .05 degrees
minimum collimator inner £.30 * .05 cm
diameter
minimum collimator outer 11.63 * .05 cm
dlameter
collimator thickness 6.5 r .os cm

(perpendicular to the
- counter axis)

Table centre to collimator face 12.46 i .05 cm
Table éentre to crystal face 19,52ii .05 cm
crystal thickness | 10.16 £ .02 cm
crystal diameter 12,70 £ .02 cm

thickness of lead shielding 4.0 cm

Lelh. The Results of L.43 MeV and 11.68 MeV

Since the gamma-ray energles from thisﬁreaction are
well separated, both coincidence methods could be used to in-

vestigate the detector efficiency. The method of analysis
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which was applied to the experimental results, including the

various corrections, 1s now discussed.

In all efficiency measurements, the gamma-ray ab-
sorption between the point of origin and the NaI(Tl) crystals
can be treated as a factor, which is actually the fraction of
gamma-rays transmitted, which multiplies the true efficliency
of the counters. The gamma-ray losses due to absorption in
the counter face, the target chamber, and the target assembly,
whieh are shown in Table 6, were calculated from the total
absorption cross sections of Grodstein, (1957). = Absorption
losses in the target backing and the water-cooled-target holder
were calculated assuming even layers of copper and water,
whose thicknesses represented an average over the actual dis-
tribution.of these absorbers. The calculations of target
holder absorptions were checked by measuring thg absorption
of llaSB MeV gamma-réys. These checks are shown in Table 7,
where the target angle 1s deflined as the angle between the

target normal and the counter axis.

'The angular correlation factor necessary was meas-
ured experimentally. The theoretical and experimental discus-

sion 1s glven in Chapter VII of thils thesis,

Uncertainties in data obtained by integrating pulse
height spectra from one energy (usually chosen small with re-

spect to the full energy) to another energy (usually chosen
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TABLE 6.

Calculated Absorption Corrections

‘ Calculated
Absorber Material Thickness LTarget Fraction
’ Angle Transmltted
.43 11.68
MeV MeV
target brass 0.020 £ 0.003 "| -- 0.9858 0.986
chamber
counter | stainless | 0.019 X 0.0002"]| -- | 0.9630 0.9697
assembly steel '
magnesium +
oxide 0.09 — .or "
target copper ~0.072 = 0.005 "TI 30° |0.9313 0.9358
agsembly | water 0.053 —- 0.005 " &50 0.9165 0.9219
| —'| 60 0.884,0 0.891Y
TABLE 7.

Target Holder Absorption Measurements,

for Ey = 11.68 MeV
Target éngle Calculated Measured
Fraction Ffraction
Transmltted Transmitted
30° 0.9358 0.94 X 0.02
Lg° 0.9219 0.93 £ 0.02
60° 0.891l 0.90 £ 0.02




above the full energy) are of twe types. The Cirst is the

statistical uncertainty in the total counts ohserved, and the
second 1s the nncertainty in loecsting the exaet channels .to
correspond to the required energles., These uncertalinties can
be partly eliminated by choosing the integration limits (and
sxperimental energy biases) to lie in slowly varying regilons

of the spectra. The background statistlcal uncertalnties were
minimized by using long countlng times, but the integration
uncertainties still exlst. Repeated pulse generator checks re-

vealed no significant changes in the electronlc gains and dis-

crimination levels during the runs.

Typiecal numerical values of the uncertainties, which

are combined using the root sum square of the ccmponents, are:

counting statistics 1.5%
geometry determination 1.5%
spectrum analysis 1.0%

total 2.0

Assumptions concerning spectrum shape were made in
order to [ind the efficiency results. 1In all cases where the
gpectrum of a single gamma-ray was obscured by other gamma-
rays, a 'flat tail' was used to avproximate the desired shspe.
The flat tail 1s drawn parallel to the energy axls, tangent to
the unobscured part of the spectrum component of interest.

I"igure 6 shows a gamma-ray spectrum with the flat tails so

drawn, This approximation wss used for all free spectra, in
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order to remove the effect of the 16.11 MeV and 6.48 MeV

gamma-ray spectrum components.

The only results requiring further use of the flat
tail approximation are the efficiencies at 11.68 MeV, where
the flat tall approach was applied to the 11.68 MeV spectrum
also. To find the efficlency to the blas W, the h.u3.MeV
component of the free spectrum must be separated from the
total, from about 2.0 MeV up to full energy. To derive the
full-spectrum efficiency, the entire shape of the 11.68 MeV
component must be known. The significance of the flat tall
approximation is further discussed in Chapter VI of this
thesis.

Wherever possible, the experiments were performed
with the counters at right angles to each other; this reduced
the possibility of gamma-rays (either primary or secondary)

scattering from one crystal Into the other.

The double delay line amplifier gains and single
channel analyzer baselines could be set so that, when a zero
energy baseline was desired, the baseline was actually 200 KeV.
When the true counts below this energy levél are considered in
relation to the total number of counts in the spectra, it is
seen that the corrections for counts eliminated by the hon~

zero baselines are negligible.

A typical free spectrum observed from the reaction
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60K

COUNTS
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20K
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ENERGY MeV  (30KeV/channel)

FIGURE 6. A typical spectrum from the Bu(pXX)C]'2 reaction, showing the
four gamma-ray peaks and the flat tail approximation for each.
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1s shown, with background removed, in Figure 6. This spectrum
was taken iIn 2.75 hours, with a total collected charge of 0.6
coulombs, Under these conditions the free count rate, includ-
ing § x 103 counts per minute background, was approximately

3x 105 counts per minute, while the coincidence count rate

was about 90 counts per minute, including L. random coincidences
per minute. The pulse pile-up correcticns, as discussed in
Section L4.1. were found to be 2 percent for a kicksorter resolv-
ing time of 2/xsec,; this correction was not made to quoted

results.

The numerical results obtained are shown in Table §.
The ratio of efficiencies, 64,4}3/6[1.68 s was obtained by two
methods. The first was a direct ratio of the measured effi-
ciencies obtalned from coincidence counting, and the second
was the ratlo of L.43 to 11.68 MeV gamma-rays detected in one
of the free spectra. The values measured for the counter ef-
ficiencies are compared to the theoretical estimates of the
parameters shown in Table 8.. These theoretical values were
obtained using the total absorptlion theory of Appendix A, and

the absorption cross sections of Grodstein (1957).
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TABLE 8.
Results at L .43 MeV and 11.68 MeV

Parameter Coin- Measured Theoretical|Percent

Measured cidence Efficlency Estimate Devia=

Method tion

{2€).,3 €11.68 I {(1.13+0.02)x1072 | 8.37 x 1073  3¢%
€l . L3+€11.60

€3 IT  |(1.16+0.02)x107% | 8.26 x 1073|  Log

elLéB,W II (8,8910,17)x10'3 n.a. n.a.

€11.68 IT  [(1.19+0.02)x107% | 8.49 x 1073| Lo
Eu.u3/€11.,68 IT (a) 0.97+0.03 0.974 (a) <1%
: (b) 0.96%0,02 (b) 1%

4.5, Measurements at 1.173 and 1.333 MeV with the Coincidence

Method
A Co=-60 source was used to provide a second gamma-
ray‘cascade° The'Co-éO:ﬁucleus decays by ﬁ"emission to the
2.506 MeV excited level of Ni-60, which subsequently decays to
the ground state by a cascade of 1.173 and 1.333 MeV gamma-

rays, as shown in Figure 7o

FIGURE 7. The Decay CGO
o - 3
Scheme of Co-60. g 2.506

N °
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The half 1life of the p’ decay is 5.27 + .05 years. (Nuclear
Data Tables, 1960). The half life of the intermediate 1.333
MeV level is 8 x 10712 seconds (Nuclear Data Tables, 1960);
and 1s therefore completely negligible with respect to the ex-

perimental coincidence resolving time.

. The gamma-rays are isotropically distrlbuted over
angles, however there 1s an angular .correlation between the
directions of emission of the flrst and second gamma-rays of
the cascade. The angular correlation function, quoted by

Frauenfelder and Steffan, in Siegbahn, 1965, is given by
W (e) = 1.0 + 0.1020 B_(cose) + 0.009/ lz(cog o)

where © 1s the angle between the gamma-ray directions. For
the geometry used in the present work, the finite counter solid

angle corrections (see Appendix C) change the function to
W () = 1.0 + 0.09538 B(wse) +0.00725E(cose)

In determining the scintillation counter efficliency by the co-
incidence method, this function 1s used to correct the results
for the effects of the correlatlon between the gammaurays; as

discussed in Appendix B (where the function is represented by

F(e) ).

Two different Co-60 sources (those designated #11
and #15 in the ‘laboratory isotope records) were used to measure

the detector efficiency with Coincidence Method I. These
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sources were.égosen because they are sufficiently weak (about
0.5 /40.) that the random colncldence rate, which depends on
the square of the source strength, was much less than the true
coincidence rate, which is proportional to the source strength.
Because the gamma-rays have nearly the same energy, the gamma-
ray spectrum components could not be adequately separated by
the counters and assoclated electronics. Therefore, reliable

measurements with Coincidence Method II were not possible.

The Co-60 measurements were made using the angular
distribution table with the target chamber removed, in order
to eliminate gamma-ray absorption and scattering in the chamber
walls. The sources were mounted on the center post of the
table, and moved up, down, and sildeways several centimetres to
locate the position of maximum counting rate, corresponding to
the source belng on the coqnter axis. The source position 1s
not critical, for a shift of 0.5 c¢m. from the counter axis re-

duces the count rate by one percent.

In the experimental runs, the lower bias levels on
both single channel analyzers, whose outputs generated coin-
cidence pulses,; were set to a level corresponding to 20 KeV.
The upper levels were set to l.6 MeV. For source #15, the
single channel cbhnting rate, including the 7 x 103 counts per
minute background, was L x 10u counts per minute. The coinci-
dence rate was 330 counts per minute, of which 18 counts per

minute were random coincidences. The pulse pile-up effect here
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totalled 1.2 percent, since for a kicksorter resolving time of

2 Msec., and the count rates present here, the probability'

of pulse overlap 1s negligible.

A typical‘spéctrum, taken in a 2 hour run with source
#15, 1s shown in Figure 8. With the counters at 90 degrees to
each other, the ratio of colncidence counts to free counts in

counter 1, taken in one hour, was

NC. - 2 6’“73 6/1333 — ( 1 15+ 03 ) -2
£ = . . x10 for source #1l5
N- F(e) 61.173 + €333 -

(1.1ui.03)x10'2 for source #11

This value 1s approximately equal to the average
efficiency for one counter for the two Co-60 gamma-rays, as-
suming the counters to be 1ldentical., ﬁsing the absorption co-
efficients from Grodstein (1957), the efficiency factors were
calculated to give 0.951 x 1072 for the theoretical value of
the above expression. The large 20 percent difference between
the experimental and theoretical values willl be discussed in

Chapter VI.

The ratio of counts Nc/Nl should be independent of
the energy range over which the spectra are integrated, as
long as the same range is used for both the coincidence and
free spectra. The ratios glven above for source #ll were cal-
culated from the number of counts in the experimental spectrum
above a channel number equivalent to an energy of 0.33 MeV;

using a lower integration limit of 0.77 MeV the ratio obtained
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FIGURE 8. Experimental spectrum from the Co-60 source #l5 with background
removed. The run time was two hours. The two approximations to the tail
shape are the flat tail and Monte Carlo shapes.
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was (1.1l + 0,02) x 1072, These values are 1in good agreement,

confirming the summation hypothesis stated above, which de-
pends on the fact that the free spectrum (after background
subtraction) should have the same shape as the coincidence

gspectrum,

LL.6 Efficiency Measurements with the Standard Source

The calibrated Co-60 source supplied by the Interna-
tional Atomic Energy Agency (hereafter denoted IAEA) was stated
to be 10.78 + 0.21 microcuries on January 1, 1967. TUsing a
half 1life of 5.27 + 0.05 years for the decay, the source
strength corrected to May 5, 1967, was found to be 10.3 + 0.3

microcuries.

Because of the high counting rate from this stronger
source In the same geometry as for the previous weaker sources,
the experimental configuration was modified for these measure-
ments. Of two parallel outputs from the detector preamplifier,
one was fed directly to the internal amplifier of the ND 160
kicksorter, while the second went to a double delay line ampli~
fier, single channel analyzer, and scaler, with a total resolv-
ing time of less than I} microseconds. The window of the single
channel analyzer was set to correspond to an energy range of
0.8 to 1.6 MeV, eliminating the lower part of the spectrum, in
order to reduce the count rate in the scaler., With these set-
tings, the scaler count rate was 3 x 105 (including 1.5 x 103

background) counts per minute. The kicksorter count rate was
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£ x 10° counts per minute, of which 7 x 103 counts per minute
were background, with a dead time of 50 percent. This large
dead time is not known accurately enough to interpret the count-
Ing rate accurately on a quantitative basis, however according
to the manufacturer such large dead times should not signifi-
cantly modify the spectrum shape. The number of counts in the
total spectrum was deduced from the scaler counts, using the
ratio of counts between 0.8 and 1.6 MeV to the total spectrum

counts as obtained from the kicksorter spectrum.

The pulse pile-up corrections, using a resolving
time of 2 microseconds, totaled lL.5 percent for the kicksorter.
The resolving time of the scaler circult was determined from
the width of the double differentiated pulse from the amplifier
to be 1 microsecond. The total plle-up correction for the

scaler circuilt was 3 percent,

On a three minute run, the total efficiency

-2
(65.1.173 + 651.333) was found to be (2.13+0.04) x 105, not in-
cluding the pulse pile-up error, while the theoretical estimate
was 1.90 x 1Of2. The 12 percent discrepancy between experiment

and theory is considerably lower than the 20 percent dlscrep=-

ancy obtained in the coincidence method. This is at first sight
rather disturbing, since one would expect that essentially the
‘same factors which caused the discrepancy between theory and
experiment in one case should be operative in the other. How-

ever, the systematic pulse pile-up error of about 7.% percent
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lowers the discrepancy to within the other experimental and

statistical uncertainties.

to7. Results at 1,173 and 1.333 MeV with no Collimators

on the Counters

Coincidence Method I and the standard source method
were used to measure the'efficiencies of the detectors with
the collimators removed., For the coincidence method and source
#11, the free count rate was 5 x 10)'L counts per minute, of
which IOM counts per minute were background, and the coinci-
dence rate was 103 counts per minute, including 25 counts per
minute of random counts., The pulse plle-up effects for these
count rates were 1.5 percent in the kicksorter. Spectra taken
with and without the collimator, normalized to equal kicksorter
live times of 16 minutes, aré shown 1In Figure 9 to 1llustrate

the effect of the collimator.

For a 15 minute run using source #11, the average

efficiency was found to be

-2
Ne = 2€wrs€iss - (2.3020.05)x 10
N, F(8) €731+ €r333
where the pulse pile-up corrections were not included. The
theoretical value of this parameter is 1.60 x 10™2, The L3
percent difference here 1s to be compared with the 22 percent
deviation of the measurement made with the collimators on the

counters. The reason for these differences is discussed in

Chapter VI, which deals with spectrum shapes.
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- FIGURE 9. Experimental spectra Co-60 taken with and without the detector
collimators, with the backgrounds removed. The spectre are normallzed to
equal live times of 16 minutes, using source #16.
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In the standard source method described in the pre-
vious sectlon, the single channel analyzer window covered the
equivalent energy range of 1.0 to 1.6 MeV. Counting rates of
106 counts per minute, of which 10” counts per minute were
background, with a dead time of 60 percent were observed in
the kicksorter. The count rate of L x 105 counts per minute
(IO3 counts per minute background) was observed in the scaler.
The pulse plille-up error in kicksorter was 9 percent, the pulse

pile~-up error in the scaler system was 3 percent.

In the three minute run the total efficiency

(6:1.173 + 61'333 ) with no pile-up correction was (3.86+0.09)
b 10"2. For the coincidence method, the corresponding devia-
tion was 43 percent. The difference in the percent deviations
is only partly explained here by the pulse pile-up effect. A
second source of systematic error 1s the dead time in the
double delay line amplifier. This dead time, based on a re-
solving time of 1.F microseconds, is about l, percent. Also,
the large kicksorter dead time, and significant pulse pile-up
effect, may possibly have caused a slight distortion in the

kicksorter spectrum shape.,



CHAPTER V

SOURCE STRENGTH DETERMINATIONS

5.1. The Theory

An absolute calibration of the strengths of the Co-
60 sources used in the experiment has been done both by using
the data available from the Coincidence Method I, and by in-

ter-comparison with the IAEA standard source.

A useful by-product of the Coincidence Method I dis-
cussed in Section 3.1 is that the strength of the source used
in a measurement can be found, almost independent of the
counter efficliencies. From Section 3.1 the relevant equations

for identical counters are:

Nz = (G.,, * ez-»;)NO' ' (5.1)

i\t

N

I

Ne

2 €,6, N, F(9) (5.2)

Upon division of equation (5.2) by the square of equation (5.1)

the result is:
- ﬁ(‘; - 26”621 F(e)
NP (€ +€21)*Ns

N, = N7 F(e\_( 2 €€ )
Ne (e + €2)

For most gamma-ray energies, the values of the factor

. 2 .
2 611 E'21/ ( el’l+ 621) are insensitlve to the numerical
valﬁes of the counter efficiencies. The Values of the effi-

ciency factor shown in&Table 9 are based on either‘the measure-

39
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- ments of the previous chapter, or the theoretical efficiencies
calculated using the total absorption cross sections. The ex-
ahple "worst case" 1s for gamma-rays of 0.1 and 6.0 MeV, and
represents the minimum value of the efficiency dependent factor

for the gamma-ray energy range 0.1 to 20 MeV,

TABLE 9.

Values of the Efficiency Factor

Source of Value of
Efficiency Values Factor
Ell = 621 ‘ 0.500
éll and 621 fI‘OI{l OQEOO

theory
Ell and 621 from ,
experiment 0.53+0. 04
d
611 an 621 0172

"worst casge"

When the standard source 1s used, the source
strengths found are cdémpletely Independent of counter effi-
ciency, since ratlios of counts are used. The relevant ratio
is

51 = 52
T T
where S5 1s the strength of source 1 and Ny is the count rate

ovserved for that source.

£.2. Experimental Results of Source Strength Measurements

Two Co-60 sources, #1l1 and #l5, were measured by the
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colncidence method.  ?hese two sources, as well as that lab-
elled #1, were measured relative to the IAEA standard source
ment ioned earlier. Source #l is of interest hére Since it was
calibrated to be 23.7+0.6 microcuries of April 22, 1958 (Singh,
1959). Using the 5.27+0.05 year half life for the Co-60 iso~-
tope, the strengths of the calibrated sources were corrected
for decay as of May £, 1967, giving the values

TAEA standard 10.3 + 0.2 microcuries

U.B.C, #1 7.2 + 0.25 microcuries.

In the standard source experiments, a single el-
ectronic channel consisting of a double delay line amplifier,
single channel analyzer, and scaler was used for data acquisi-
tion. The single channel analyzer was set for the energy
range 0.8 to 1.6 MeV, eliminating the lower part of the spec-
trum in order to reduce the experimental count rates. The
counts in this energy reglon, taken in three minute runs,
were compared for the various sources. Pulse pile-up correc-

tions were not made.

The results for all the source strength determinations

are shown in Table 10.
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TABLE 10.

Results of Source Strength Measurements

Source Strength from Strength from Percent
Coincidence Comparison to Difference
Method ' Standard Between Methods
# 1 n.a. 7.0 + 0.2 me n.a,
#11 0.47 + 0,01 we | O.h2+ 0.02 uc 11 &%
#15 | 0.6 + 0,02 uc | 0.59+ 0.02 ue 8 %

Since source #1 is about the same strength as the
calibrated IAEA source, the pulse pille-up effects will be the
same for the two sources. Thus, the source strength measured
for #1 bj comparison to the standard shows good agreement with
the previous calibration of 7.2 *+ 0.25 microcuries. The esti-
mated pulse pile-up corrections of 3 pefcent in.the scaler for
the standard source method (see Section L.6) raises the values
of the source strengths of sources #l1 and #l5 to just within

the uncertainties due to .the other experimental and statlstical

'effects;



CHAPTER VI
REMARKS ON SPECTRUM SHAPE

6.1, The Effects of Spectrum Shape on the Measured

Efficlency

Various experimental effects combine to cause the
measured detector efficiency to be higher than that expected
from the total absorption theory. The lead shielding and, to
some extent, the collimator cause gamma-rays not initially
incident on the NaI(T1l) crystal solid angle to be scattered
into the.crystal, where they are detected. Also, secondary
photons from other effects in the surrounding material can be
detected in the crystal. The presence of material behind the
NaI(Tl) crystal is noted by the backscatter peak at 250 KeV
(see Figure 8). Here gamma-rays that pass through the crystal
are scattered, and the secondary products of this interaction

are subsequently detected in the crystal.

The extra counts, when included iIn the spectrum in-
tegrations, produce a high value of the measured efficlency
compared to the theoretical efficlency estimates. 1In the co-
incidence methods, such counts can also contribute to the
true coincidence spectrum. These events could be accounted
for only by approximate methods based on some interpretations
of the spectrum shapes. These effects are verified in the Co-
60 results taken with and without the collimators. The pres-

ence of many low energy counts in the no collimator case

L3
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causes the measured efficiency to be much higher, relative to
the theoretical estimate, then in the case using the collima-

tor.

It 1s not surprising, then, that the measured values
of efficlency are found to be high relative to the theory. The
results from the BLL1+ p reaction are much higher, relatively,
than the Co=-60 results. This may be caused by the use of the
flat taill approximation and/or the higher gamma-ray energiles.
Possibiy more masslve collimators would lessen the energy

dependence of the collimator.,

In his thesls, Leigh (196l ) devotes one chapter to
relating the observed spectrum shapes to hypothetical shapes
which give, upon analysls, efficlency values in agreement with
those calculated using the total absorption theory. There is
no rigorous way of defining the appropriate shapes, other than
using a Monte Carlo method of estimating the probable gamma-
ray lnteractions in the crystal., Such Monte Carlo methods are
difficult to use, in terms of the vast amount of calculation
necessary to follow each gamma=-ray through several interactions

in the crystal.

In the following discussion, the term standard curve
will be taken to mean the curve which, when normalized to the
photopeak of an experimental spectrum, would give the same de-

tector efficiency as that predicted by the absorption theory.
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Such a curve appears in the Co-60 spectrum of Figure 8; this
curve was estimated from a similar diagram in Leigh (196L).

In an experimental situation, the standard curve would be ap=-
plied to a spectrum to give the 'true' number of counts in
that spectrum, as predicted by the theoretical efficiency es-
timates, Using the Integrated counts from the standard curve,
and the theoretical efficlencies, the absolute gamma-ray fluxes

Iin the experiment are immediately known.

The author feels that the derivation of a set of
standard curves would prove useful, and that they would be in-
dependent of the counter geometry used in the experiments. As
an illustration, the results of Chapter IV are compared in

Table 11.

TABLE 11.

. Comparison of Results With and Without Collimator

Geometry Measured Theoretical Percent

Efficiency Estimate Deviation
collimator (1.15i0.02)x10’2 9,51 x 10"3 20%

2

no collimator (2.30i0.05)x'10-2 1,60 x 10 143%

The relative error changes in the two cases, waever, the
larger error in the no collimator case may be due to the larger
proportion of low energy counts in the spectra from the no col-

limator case.
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Comparison of the flat tail approximation and the
experimental and standard curves of Figure 8 show that here
the flat tall approximation will yield efficlency values close
to the experimental values. The relationship between the ex-
perimental values of efficlency, the values from the flat tail
approximation, and the theoretical estimates, depend critically
on the counter geometry and the gamma-ray energy. It is clear
that, for lack of further information, the flat tall is a reas-

onable first approximation to the experimental spectrum talls.

6.2. Spectrum Separation Experiments

Several attempts were made to separate the superim-
posed contributions of several gamma-rays by subtracting two
spectrum shapes. Provided that the energies of two gamma-rays
in a cascade are not too close together, Colncidence Method II
(Section 8.2) can be used to observe the separated spectrum of
the lower energy gamma-ray. In principle this "ghape" can be
normalized and used to eXactly cancel out the same component
of a free spectrum, leaving a separated spectrum of the higher

energy gamma-ray.

Experimentally, such methods were applied to both
the Co-60 and Bll 4+ p spectra. The results achieved were not

promisings the several problems encountered are outlined below:

(a) The spectrum shape to be subtracted from the
total had to have excellent channel by channel statistics. For

normal coincidence count rates, thls meant prohibitively long
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counting times. For slowly varying regions of the spectra,
the statistical criterion was less stringent, but the match=-

ing of peak shapes was difficult.

(b) The electronic stability of the preamplifiers
and kicksorters varied slowly during counting times of several
hours. This tended to broaden the spectrum peaks of the coQ
incidence spectrum, so that a true spectrum shape was hot ob-
tained. Gain changes of one or two channels 1n oné hundred
during a several hour long counting run changed the peak shapes

gignificantly.

(¢c) The gain and energy zero of the two spectra to
be subtracted had to be closely matched., In practice the gain
of the spectrum to be subtracted was arbitrarily varled to

give the best peak cancellation; this was a tedious process.

The spectrum subtraction concept was successfully
applied in one case. The reaction Flg(@ Y ﬁolé'produces a
strong gamma-ray line at 6.1l MeV, with no strong interfering
lines down to about 1.2 MeV. The shape of this spectrum,
taken with the same counter geometry, was galn shifted to rep-

B11 + p spectrum,.

resent the 6,48 MeV gamma-ray line of the
To the accuracy required here, the contrlbution of this gamma-
ray line was completely removed, Sti1ll, however, nothing

could be sald about the spectrum shapes below 1.2 MeV.



CHAPTER VII
, - | 11 12 .
TRIPLE CORREL_ATIONS IN THE B (p Xb’) C REACTION

7.1 Introduction

A literature review, based on the 1959 and 1962
cqmpilations pf Ajzenberg-Selove and_Lauritsen, revealed that
few deflnite results were avallable concerning measurements
of triple correlations in thé Bll(p>X3?012 reaction. Since
at least one of the correlation functions was required to com-
plete the efficiency measufements, efforts were made to inves-

“tigate the correlation.

7.2. The Theory of the Triple Correlation

The theoretical estimates were made using the angu-
~ lar correlation theory of Fefguson (1965). No attempt will
be made to derilve the theory here; the general results for
particle-gamma-~gamma correlations given by Perguson will be
quoted. The general results are then applled to the
Bll(p‘xx)cl2 reaction and evaluated for the desired geome-

tries. The problem is set up as follows.

In general the beam direction ahd the positlons of
the two countefs are specifled by the angle pairs ﬂf (9¢,¢£)
with respect to a fixed laboratory co-ordinate system centered
at the target. The ‘correlation results are much simp;er if
the incoming beam direction defines the posltive z;axis of

this co-ordinate system. In this case the two angles ©, and

i)
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e% and the relative azimuthal angle ¢ describe the system

completely.

The spins and

angular momenta are best 1llustrated

by a diagram (see Filgure 10),

FIGURE 10: Levels, splns and angular momenta
in a (p YY) reacticn.

The primed quantities refer to competing channels in the re-

/
action. The proton with orbltal angular momentum £1 (or.!a)

couples with the channel spin a to form a compound state of

spin b. This state emits a multipole L, (and/or Lg) to form

the intermediate state ¢. The second gamma-ray, 23 and/or

E§9 is emitted, leaving

The following
in terms of the angular

ative transitions.

the final state of spiln d.

three angular momenta can be defined

momenta associated with the two radi-

ko + kg

_ /
Ly + L3



50

The angular correlation between the radlations emitted by the
two transitions can then be defined in terms of general angu-

lar momentum functions given by Ferguson.

X\ (a0.9) = b RICk2010k-20l1" Pilcose)e (1.
"nka o, ) Ck m{_)l(/( +9{)I k, C (7.2)
FZCCOSQ—;) cosX &

k*é (, mm(k,.}e;)

Lz 2 E-SUORK LY+ (1.5
k‘ ><,€ (6,04%)

7_

R (e:67) =

Here the P?(cos 8 ) are Associated Legendre Polynomials, and 2
_l .

is given by 2 = (2x + 1)%, It should be noted here that the

counter situated at anglele2 detects the multipole L2, and the

counter at angle 6., detects the multipole L

3 3°

At thls stage further geometrical simplifications
are used. If one or more of the angles ©,, &3 or ¢ are set
equal to 90°, then the Xu (e,04 #) vanish for odd¥. If
elther @, or €, is 0° or 180° eall szkg(ezeﬂ)vanish for none
zero M . The procedure here 1s to set one of the counters at
a convenlent angle, and vary the position of the seccnd counter
in the plane defined by the first counter and the beam direc-
tion. Therefore the angular dependence 1s reduced to a single
variable 8 , the position of the movable counter with respect

to the forward beam direction. Assuming these conditions we

have:



. oy P (cose) (7.4)

& - ad 2 , lz,b}.
= G Z[ 5 Z(lbjbo,é)Gy{k;

2 (e liesdiy) <H > <l 4] el 6>+
Culpablodlsleq, %x&f;zg,j (7.5)

W = X

~a

PM(99¢) Z OC“K ’,D((c.ose) | (7.6)

12.3

Here the angular correlétion for a specific geometry (i) is
given by'W(i)(e ). In equation (7.5), the expression for ai,
the summation symbol//4 implies a summation over all allowed
values of the parameters a, ‘Zl’ 1& Lo, L2, L3, L3, ki, ko,
k39 Ferguson tabulates the values of the <X.& k, k, K for

several specified geometries, but the values required here

were evaluated from equations (7.2), (7.3), and (7.6).

The values of the various coefficients Z, 21, Gy s
the 9~J symbol, and the Clebsch-Gordon coefficients were found
from the literature tabulations (Ferguson, 1965, and Sharp et
aly, 1961). The reduced matrix elements, for the B11+p reac-
tion, constitute a constant normalization factor in front of

the entire correlation function, hence they will not be rig-

orously defined here. The Qk~ terms are the corrections for
¢
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the finite counter solid angle (see Appendix C).

The general procedure used in the solution of this
problem 1s outlined -in the followlng steps:

(a) The required values of the angular momenta con-
cerned in the B11 + p reaction were found from the literature.

(b) Parameters having unigue values were substituted
directly into the equations (7.2) to (7.6). Allowable values
of the remalning parametérs were defined.

{c¢) Equations (7.2) and (7.3) were evaluated to
glve the function E'klb5(97_9‘5¢) as a sum of Associated
Legendre Polynomials.

(d) Specific assumptions about the counter geometry
were inserted into equation (7.3), and the Pk,k,_kg(e’-é"¢) re-~
duced to a sum of ordinary Legendre Polynomials. The summa-
~ tion was compared to equation (7.6) to give numerical values
for the ‘xiwf’zng coefficients. .

(e) The values of d":./‘é:.“sK were substituted
into equation (7.5). Evaluation of this equation gave the ai,

the required coefficients in the angular correlation function

(7v2+)~

For the Bl + p reaction, the angular momenta and
spins allowed are tabulated in Table 12 (data from Ajzenberg-

Selove and Lauritééh, 1959).
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TABLE 12.
Aliowed Spins and Angular Momenta in the B11 + p Reaction

Definition Symbol Values
spin and parity of target sz 3/2 7
spin of proton s, 1/2
orbital angular momentum of proton 12,,4/ 1
spin and parity of compound level b™ 2+
spin and parity of intermediate level e 2t
spin and parity;of final level am ot
15% emitted multipole (11.68 MeV) Ly L) 1
2" cmitted multipole (L.43 MeV) Ly, Lg )

Note that we are neglecting a small interference (Ajzenberg-

Selove and Lauritsen, 1959) arising from a broad S-wave reson-

ance ( Jz/ = 0) at 1.388 MeV.

ks are:

kl = 0,1,2
k2 = 0,1,2
k3 = 0,1,2,3,4

From the equations (7.1), the allowed values of the

However all the states of C-l2 involved in the present reac-

tion have positive parity, therefore the k's cah have only

even values.
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Equations (7.2) and (7.3) are now evaluated explic-

itly to give:

%oo = |

Bor = ¢ R(cose) G7)
P?.?.o = J%"- P, (cos 63) |

P P(cqsely Pleosey) +_L P '(cose ) P‘( cose,)cosd +_LAP z(case,_)/?; (cosey) cos 2§
022 2

(N
n

i il

ﬁw :IN] m‘~

ND poO
o
N

{ c0s6,)F, (coseg)-—/ P.(cos8,)P, (casez)cos,d- P (eose) P (eoss,) <os z¢}
{ Plesse, )a(coss,)% PL(COS,QZ) 4(COSG3)(oS¢ % Pg?oséz) 4(cose,)cosz(f}
At this stage we appeal to the specialized geométry

to reduce the above equations., Figure 11 is a schematic dia-

gram of the experimental angles used.

11.68 MeV
COUNTER FORWARD
BEAM DIRECTION

L% —=

TARGET

6; = 70 L3 MeV
COUNTER

FIGURE 1ll. Counter positions in the B11+ p experiments.

It is Interesting to note that this configuration

T
applies to two angular correlation functions. The first is
for ©, fixed at 0° and ©4 variable (set- at 90° here). The

gecond is for 63 fixed at 900 and &, variable (éet at.Oo
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here). Both these angular correlation functions are evaluated

theoretically and experimentally.

We now consider the case where & P) i3 fixed at zero

degrees. The Associated Legendre Polynomials are:

n
P (cose) =
m o= o° no

Using this relationship, the equations (7.7) reduce to
(where & = ©

Py =

Pos = \)’_1_% F, (cose)

PZZ»O = ‘j_;—% ‘

Pos = T?"L P, (cose) (7.8)

P2_Z4 = J%Z;IZ(COSQ)

Cdmparisén of the numerical coefficients of these equatlons

with the o(.zk b K from equation (7.6) gives values of
¢ 15T .

the OL@kg@/( which agree with those tabulated by Fer-

guson.,

From Table 12 we see that the values of channel spin
are a = 1,2, Using the reduced matrix elements from equation

(7.5) we define the channel spin ratio R by

- (bl as (7.9)
LI< bll4]ad1?] ae |
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Using equations (7.4) and (7.%) and tabulated values
of the 7, 71, Gy, and 9-j coefficients we arrive at the final

expression

W) = a + a, P, (cose) + a ]34(6059) (7.10)

where 0, = M{ 024962 R + o.3488}
a, = M{ 0.03770R + 0.03367] (7.11)
Qg = M {—0.002/60 R +'o.ooz789}

Here M is a normalization factor containing squares of the re-

duced matrix elements, i.e. |

/ / JK / X
M = L <R e %A bl <115
.

By o;; definition of the channel spin ratio (equation (7.%)),

we require a = 1 in this expression. Numerically M becomes
M= L I<zlipX®]<e] [l25] Kolzlj2>]*

@m
which 1is a constant.

Now we evaluate the second case, namely 93 = 900

and ©5 = 6, Here we have

n
Pnécose)

i

(—')P(ZP”ZT”)! if wm-n
6:90° 2" pl Cp+rm) |

il

2P+I

[

= 0 f m-n

After inserting these values into the set of equations (7.7)

we get expressions involving the polynomial Pg(cos€9). This



Is reduced using the result

Pz'(COSé}) 2[! - Pz(coseﬂ

Then we have the following equations for the Fib by
"2

F%oz = jﬁé?

Fao = J_—S—’__—.,DZ_(CC?S o) (7.12)
%22 = 2_JL5='D— F,(cos 9?7

@22 =

’%24 = 2 = [/4 F(cose) 5j

Using the same procedure as before we arrive at the angular

correlation function

(2) ,
W@= a, +a, F(cose)  (7.13)

where

A, = )v1{o,27/7)? + CL357%}

| (7.10)
- M { ~0.04470 R - 0.02463}

for the same definition of M as before.

As mentioned previously, the two correlatlion func-

tions, equations (7.10) and (7.13), must agree for spécified
angles. That is

) (2)
W™(e) | = W (o)
9=90° .e:Oo
Evaluation of this expression shows that the relationship-

holds within the accuracy of the caiculations, independent of

’
the value of ‘the channel spin ratio R.
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In the experiment to be descrlibed later, measure-
ments were made for the second of the ﬁwo cases derived here.
The zero-to-ninety degree ratio of the correlation was meas-
ured, for the angle 693 fixed at 90° degrees (see Figure 11).
Some equations relating this ratio to the functions derived

above are now discussed.

. If the correlation has the form

W = a, + a, B(cosa) (7.15)
then the zero-to ninety ratio X is (assuming the ay have been
corrected for finite counter solid angle)

X = w(o”) = xe + O,
W(qoj Qe + Ja-az_

After inverslon, this result becomes

_0-2.‘1. X—l .16
ae T T-IX (7.26)

Now, from Appendix B, the function F(© ) required in the effi-

ciency measurements is

Fle) = 1 + %2 Pz(c:os e)
O.o
Since © = 0° in the experiments done
o Q.
F(o) = I+ ag-; ,
(7.17)
FO) = 2
2 +X

Using equations (7.13) to (7.16), the channel spin ratio R
becomes related to the zero-to-ninety degree ratio X by the

following formula:

) _ 03694 X - 0.3325 18
R = 0.2270 — 0.2940X (7.18)

Unfortunately, equation (7.18) exhibits singular be-

haviour for values of X in the region of interest. Specific-



ally, R = 0 when X = 0.90 and R =00 when X = 0,772. There-
fore a small uncertainty in a zero-to-ninety degree ratio
value in this region forces a large uncertainty in the result-

ing channel spin ratio value,

7.3. Experimental Investigations of the'Correlatiqn Functions
| ‘Experimentally, a measurement of the zero-to-ninety
degree ratio of the correlation function values was made to
check the ‘theoretical results. Also, this measurement provid-
ed a value of the factor required for the efficiency results

that was independent of the theoretical correlation functions.

The counter detecting the L .43 MeV radiation was

fixed at 93 = 90°, and the second counter (detecting 11.68
MeV gamma-rays) was placed at the angles 92 = 0° and 6_2 = 900
for the ratio measurement. The value of thé'zero-to—ninety
degfee ratio was found to be 0.88 + 0.02. From the correla-
tion function quoted by Hubbard et al (1952), the value of the
lratio is 0.875 + 0.06. Assuming a channel spin of 0.42 + 0.02
(Grant et al, 1954) and the function derived in Section 7.2,
the zero-to-ninety degree ratio becomes 0.907 + 0.002. These

three values show good agreement.

Using the experimental zero-to-ninety ‘degree ratio,
the numerical values of the angular éorrelation_function co=-
efficients were found. From equation (7.18) the channel spin
ratio was found to be

R = 0,28 + 0.28"
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while other measurements of thils parameter are
R = 0.42 + 0.02 Grant et al, 1984
R

0,52 + 0,03 Craig et al, 1956

Using the zero-to-ninety degree ratio directly, the

second correlation function (L.43 MeV counter fixed at 90° to

the forward beam direction) becomes

w(@(e ) =1.0 - (0.12 + 0.02) P, (cose)

2
which compares favourably with the function

wl2)(e) = 1.0 - (0,125 + 0.06) P, (cose)

reported by Hubbard et al (1952),

From the present experimental value of the channel
spin ratio, the first correlation function (11.68 MeV counter

fixed at 0° to the beam direction) was found to be
W(l)(e)=l.0+(0.10i0¢03) P2(cose )+(0,005+0.002) Pu(cose )

Clearly, the measurement of two points on the corre=-
lation curve is inadequate to specify a value of the channel
spin ratio. The correlation function coefficients are quite
insensitive to changes in the channel spin ratio value,; so that
the uncertainties in the numerical coefficient values found
here are not excessively large. The correlation functions in-
vestigated above dontain some error, because the slight inter-
ferences due to S-wave capture of the proton by the B-«ll nuc-
leus was not included in the analysis. In spite of this, the

present measurements agree with those quoted 1n the literature.



CHAPTER VIIT
CONCLUSIONS

Efficiencies measured by taking all the counts in
the spectra were significantly higher than theoretical effi-
ciency estimates based on total absorption cross sections.

The megnitude of this difference depends on the geometry of
the collimators and shields and on the gamma-ray energy. For
both gamma-ray cascades studied, two independent methods were
used to determine counter efficiency. The results of the two
methods used for the l .43 MeV and 11.68 MeV cascade were self-
consistent. The results for the 1.173 MeV and 1.333 MgV cas=
" cade were also self-consistent, when pulse pile-up corrections

were applled to the standard source results.

The results presented here are the final set from
many trials. In all trials, the results were approximately

the gsame as those discussed here.,

The effect of the collimators on the spectra was as
anticipated in Section 2.2, Specifically, use of the collim=~
ators lowered the ratio of low energy to high energy counts
in the‘experimental spectra, and reduced the deviations be-
tween the experimental and theoretical efficiency estimates.
The difficulties of high count rates and pulse pile-up en-
countered with the standard source method clearly indicate

that with the present geometry significant corrections will be

61 e
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required for counting rates of the order of 105 counts per

minute or higher.

The deviation between the experimental and theoret-
ical efficiency for the Co-60 cascade is 20 percent while for

the B11

+ p cascade it 1s [JO percent. A significant deviation
would be expected in the direction observed, however it is not
clear why the deviation is so different for the two experi-
ments, with low and high energy gamma-rays. One possible ex-
planation suggested by the absorption coefficients 1s that for
the two higher energy gamma-rays (L.43 and 11.68 MeV), the
absorption in the length of the NaI(Tl) crystal is only 60 per-
cent of the absorption of the two lower energy gamma-rays
(1.178 and 1.333 MeV). Furthermore, the lower absorption in
the lead collimator and shield for the higher energy gamma-
rays allows more scattering from the shield and collimator in-
to the crystal. Consequently, the number of gamha—rays scat-

tered into the crystal by the shield and collimator is a larger

fraction of the number detected.

With some method of making an absolute calibration,
such as by coincidence of cascade gamma-rays fluxes or by us-
ing a standard source, one can relate the total spectrum
shape and number of counts to an absolute gamma-ray flux, and
thus be independent of the theory. This 1s not always pos-
sible for the gamma-rays of interest, and when it is, the

measurements are time consuming.
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There are a number of published tables of efficien-
cies for NaI(Tl) scintillation counters based on total absorp-
tion cross sectlons integrated over the crystal volume. It is
common to use these in interpreting experimental data to give
absolute cross sectlions and gamma-ray fluxes for nuclear reac=-
tions., On the basls of the present work, it 1s clear that one
cannot relate the total number of counts in a glven spectrum
to the number of gamma-rays entering the counter, using theor-
etical efficiencles, to an accuracy better than 25 or 30 per-
cent. This value can be improved by taking into account the
additional counts in the low energy reglons of th? spectra,
which are due to gamma-rays scattered into the crystal from the

shields, collimators and crystal mountings.

This work shows that the total number of counts in a
spectrum always corresponds to a higher efficiency than that
predicted by the total absorption theory. It 1s difficult,
however, to specify the value of the corrections required for
a general case, since the corrections depend so markedly on the

shielding and collimator geometry,



APPENDIX A
THE TOTAL ABSORPTION EFFICIENCY THEORY

In the total absorption theory, the efficiency of
gamma~-ray detection 1s defined as the ratio of the number of
gamma-rays losing energy in the scintillator to the number of
gamma-rays emltted by the source. First we consider a small
increment of the detector solid angle, all. Then, if Ny 1s the
number of gamma-rays incident on dflg the number of gamma-rays
at a depth X in the crystal 1s given by the exponential ab-
sorption law to be

N =N e A
here e is the total absorption coefficient. The number of
gamma-rays leaving the back face of a crystal of thickness T

having lost no energy in the crystal is

N =Nieu/‘T

e

Clearly, the number of photons detected by thelr energy loss 1s

- - T
NJ = Nj - Ng = N;3(1 -€ )

If there 1s a collimator and/or an absorber, the
number N; reaching the solid angle afdout of N, gamma-rays

emitted- by the source is
-, 7, - 7
N, =N, e alafe’c 10
47T

where /‘%3/“%*72 and Te¢ are the absorption coefficients and

6L
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thicknesses of the absorber and collimator.

Therefore the number of gamma-rays detected is

— — U7 -
No = No e/ﬁﬂfq ,%CQ__ e/“r)clﬂ

T
The total absorption for the detector 1s given by
Integrating thls expression over the counter solid angle. It
i1s assumed that the counters and collimators possess cylindri-

cal symmetry about an axls going through the source of gamma-

rays. We have

|_ fo/% /” /uc( e_’“)smede

total number of gamma-rays detected

‘where Njp
. &,
‘Therefore the efficlency of the detector is

1

half angle subtended by the counter face

= - ‘number of gamma-rays detected
< number of gamma-rays emitted by the source

2 . —
€ - L z—ﬂgﬁ-ﬂ&_@__e,«w)sc-ne s

For the purposes of this experiment, a computer bro=
.gram has been written to calculate this efficlency integral by
‘numerical methods, for any counterrgeometryu The geometrical

measurements and absorption coefficients are input to the pro-
~gram, It may be noted here that the source to crystal face and
source to collimator face distances are independent of the col-

limator shape. The program then tests the position of the
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source relative to the apex of the colllimator cone, and uses

the appropriate calculation of gamma-ray paths in the crystal

and collimator when the integration is performed.



APPENDIX B

ANGULAR CORRELATION CORRECTIONS TO
EFFICIENCY MEASUREMENTS

When the two gamma-rays in a cascade are correlated
as a function of the angle between their directions of emission,
the number of coincidence counts obtained in two detectors will
be modified by the correlation. We assume that two detectors
of small solid angle ére set coplanar with an angle.® between
them, aﬁd that one gamma-ray is incident on one counter. We
hefine F(e ) to be the intensity’of the second gamma-ray at the
gangle o if}elative to an isotropic distribution. Also, we de-
éfine f(e ) as the probability that the second gamma-ray will
enter the second detector. Then we have
; fddw = k ZJ a; Pj(cose) dw
‘where k = normalization factor

z,av P(cose) " = angular correlation function for the
J 4 gamma=-rays
d w

I

increment of solid angle of the second
detector,

This equation is now . normalized to unit intensity overvthe

sphere

( = = Pwseydw . .
[Trﬁe)c{w k3 a; Fese)dw |

J
Therefore qr
ko=
AT Q,
Then

{(e)dw

i

Z_nl__q_o Zs aj' PJ (cos 6)
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For an lsotropic distribution we have

)c'<9) dw = QL%)
Therefore | 4T
= i@dw -
F(e) . -F'(e)da) QOZQiP‘:(COSé)

is the desired intensity ratio.' This factor F(® ) modifies the
nrobability of a coincidence “etween the gamma-ray counters, as

discussed in Section 3.1.



APPENDIX C

FINITE SOLID ANGLE CORRECTIONS

In an experiment where the angular distributions or
correlations of gamma-rays are to be considered, the angular
dependences of the functions will be smoothed by the finite
angular resolution of the counters. Rose (1953) has derived
the correctlon factors necessary to convert a measured angular
dependence Into the true angular dependence of any distribution

or correlation. Thils theory 1is outlined here.

The detectlon apparatus conslsts of two identlcal
scintillation counters of cylindrical geometry, with thelr axes
intersecting at a polnt source of gamma-rays. If the true anguF

lar correlation 1s given by

w@= 3 o, Peose

then the measured angular dependence is given by

. W( 5: ZK a, IDK PK(COSG)
From this it 1s seen that the smoothing of the distribution
changes the amplitudes of the various .Legendre Polynomial con-
tributions, but it does not give interference terms. The
‘smoothing factors are defined by

for an angular distribution

b = Jx -
K EF' using one detector
o
b T 2 for an angular correlation
A .
K (Jk) using two detectors.
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where the general expression for the J 1s

eoton fo
R J P (cos o) | - €7®)sine.do
(0]

_ — (8D
The factor (1 - € ) expresses the probability

' that the gamma-ray 1s absorbed in the counter. The integral

- performs tbe average, over. the counter face{ of phe absorptioni
iof a gammé-réy at an anglé © with respect to thé counter axis,
‘times the relative intensity of the gamma-ray. If the counter:
Ehas a collimator and/orbabsorber, these results hold, given

‘the appropriate changes in the absorption function.

It 1s easily seen that the J, terms are closely re=-
lated to the definition of absolute detector efficlency given
in Apbenaix A, For this reason the computer ppogram written
to evaluate the efficiencies also calculatéd the solid angle

correction factors.
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