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CHAPTER I

INTRODUCTION

The probability that a radioactive nucleus will emit a gamma
ray may depend on the angle between the nuclear spin axis and the
direction of emission. The radiation pattern of a sample of
randomly oriented nuclei is isotropic. An anisotropic pattern may

be observed if the nuclear spin axes are aligned.

Method of measurement. Rather than aligning the spin axes,

one can sometimes select preferentially for measurement only those
spins which are nearly aligned. This selection is possible if a
nucleus decays by two successive radiations R; and Rp. Choosing
a fixed direction of emission to detect R; selects an ensemble of
nuclei which has an anisotropic distribution of spin orientations.
The direction in which R, is emitted then shows a definite angular
correlation with respect to the chosen fixed direction used to
detect Rl"

To measure an angular correlation, one must have a nucleus
which emits two particles or gamma rays in rapid succession.
Experimentally one records the number of coincidences between the
two particles or gamma rays as a function of the angle between
the two directions of propagation. This relationship between the
coincidence counting rate and the angle between the directions of

propagation is defined as the correlation function w(e).



Expansion of the correlation function. W(6) has been calculated

theoretically for all cases involving gamma ray cascades. The
correlation function can be expanded as a sum of Legendre polyno-

mials; viz., W(8) = nnzlfonPn(cos 0). Since the positive 8 direction
is arbitrarily choseg;-g(e) must equal W(-8); i.e., W(6) is an even
function. This shows that only even Legendre polynomials need be
included in the expansion; i.e., in the above expansion, all n's
are even integers.

In the case in which two gamma rays are emitted, three nuclear

states must be involved. Let the three states (initial, inter-

mediate, and final) be designated by A, B, and C respectively. The

——

angular momenta of the nuclear levels may be designated by IA’ f;,

and IC and the angular momenta of the gamma rays by ﬁi and ﬁ;

respectively. For conservation of angular momentum to be satisfied,

the following equations must be satisfied; I, = I_+L, and

A B 1

f; = f5+f;- Two gamma rays in being emitted from a nucleus can be
characterized by the angular momentum quantum numbers or multi-
polarities L, and Lo. The correspondence between f; and Ly is

given by Ly'Ly = Ly(L1+)4° and similarly Do L, = Lo(Ly#l)ne.

The nuclear levels have associated angular momentum quantum numbers
Iy, I, and IC, which are related to TR, fg, and fg by the following:

IA'I

g Eu= 2 N 2,
= IA(IA+1)h » Ig'Ip = I5(IgH)5", and I, I, IC(IC+l)h .
The highest order term in the Legendre expansion of the

correlation function is given by Doy = Mln(QIB, 2Ll, 2L2). The



half-life of an excited nuclear state is dependent upon the encrgy
and multipolarity of the gamma ray emitted. Energies which normally
are available in radioactive decays are such that multipolarities
less than 2 possess half-lifes of greater than 10’6 seconds.
Experimentally it is impossible to measure the directional correla-
tion function of a cascade involving an intermediate state with so
long a half-life. Therefore most correlation functions which can
be investigated experimentally are given by the following:

Ww(e) = l+A2P2(cos 6)+AhPh(cos 9).

Dependence of the coefficients. The coefficients A2 and A)

depend on the following five parameters: the multipole orders
L, and L2 of the gamma rays and the spins I,, IB’ and In of the
nuclear states. Specifically A = Fn(LlIAIB)Fn(LQICIB) where the

1

Fn(LIin) have been theoretically calculated and tabulated. The

results of an angular correlation experiment alone will therefore
never allow a complete determination of all of the nuclear para-
meters involved. Only in conjunction with other experiments is it
possible to establish a complete decay scheme. The angular
correlation function W(6) does not depend on the parities of the
nuclear states. Thus it is impossible to distinguish between
electric and magnetic radiation by means of an angular correlation

experiment.

lL. C. Biedenharn and M. E. Rose, Reviews of Modern Physics,

Vol. 25, p. 3, (1953).




CHAPTER II
THE PROCLEM AND GAMMA RAY DETECTION
I. The Problem

Decay scheme of CoGo. 0060 nuclei are radioactive with a

half-life of 5.24 years. Their mode of de-excitation is by the
emission of a beta particle. After the emission of the beta
particle, the nucleus is in an excited state of Ni®0, The mode
of de-excitation for the Ni60 nuclei is by tbe emission of two
gamma rays in cascade. The high energy crossover gamma ray
from the highest level to the lowest level is highly forbidden
by the selection rules and has not been observed. Fig. 1 is

the most probable decay scheme of €000,2,3

2K. Vay, et. al., "Nuclear Level Schemes," A =20 - A = 92
Atomic Energy Comission Report TID-5300, (1955).

33. R. Bell, and P. R. Cheever, Nucleonics, Vol. 21, p. 58,
(July 1963).
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Possibility of measurement. Since the half-life of the inter-

mediate state is less than lO'l2 seconds (S), a coincidence circuit
with a resolving time of 10"6 S will sense pulses from the two
photons as being simultaneous. With the half-life of the inter-
mediate state being less than 10712 S, the nucleus is not realigned
by precession or thermal vibrations between the times of emission
of the two gamma rays. If the half-life of the intermediate state
were greater than lO'8 S, it would be possible for the nucleus to
partially lose alignment due to extranuclear interactions. This

would make measurements of the angular correlation function extremely

difficult, if not impossible.

Statement of the problem. The object of this experiment was

to investigate the angular dependence between the directions of
7, and 7p; i.e., to determine W(6). To find this angular depend-
ence, an arbitrary direction is chosen to detect one of the gamma
rays, and then a measurement is made of the counting rate of all
gamma rays in coincidence with it as a function of the angle

between the two detectors.
II. Detection of Gamma Rays

Description of NaI(Tl) detectors. The use of thallium activated

sodium iodide scintillation crystals mounted on photomultiplier tubes
is the most efficient method of detecting gamma rays and gives the
best energy resolution. NaI(Tl) crystals convert gamma rays to

visible light pulses whose intensity is directly proportional to



the energy given up by the gamma ray while in the crystal. This
burst of visible light is then converted by the photomultiplier
tube into an electrical signal whose ampliitude is thus directly
proportional to the energy that the incoming gamma ray lost in the

crystal. Fig. 2 is a diagram of a NaI(Tl) crystal mounted on a

photomulitiplier tube.

//r——————— Aluminum back

id

s — A1203 Reflector

-

=

Mg Aluminum housing

[

2, NaI(Tl) crystal

ﬁ/// i Optical coupling

Tube cushion

Photomultiplier .

WUt

| e

o=

Fig. 2



Photomultiplier tube output signals. The electrical signals

from the photomultiplier tube can be viewed on an oscilloscope and
have the shape as pictured in Fig. 3. These signals can be fed
directly into a scaler and counted; however, it is more useful to
sort them according to pulse height and store them in a multi-

channel analyzer.

On the abscissa the scale is 0.5 ps per cm.

On the ordinate the scale is 5.0 mV per cm.
Hote that the signals are negative; i.e., the top

grid line represents zero voltage.

Fig. 3. Output signals from a photomultiplier tube.



IITI. Interpretation of a Gamma Ray Spectrum

Interactions of gamma rays. Gamma rays interact with matter in

three ways: photoelectric effect, Compton effect, and pair produc-
tion. Any combination of processes by which the total energy of

the gamma ray is completely absorbed in the crystal will produce
pulses of approximately the same height. If a gamma ray interacts
with an electron in the crystal by means of the Compton effect and
the scattered photon escapes the crystal, an electrical pulse will
still be produced. However, the height of this pulse will correspond
in energy to the difference between the energy of the incident gamma
ray and the energy of the scattered gamma ray. The absorption
coefficient for pair production in the 1.1T7 to 1l.33 MeV energy

range is very small; therefore the number of electron positron

pairs created is small.

Decay scheme of csi3T. a group of monoenergetic gamma rays

has a characteristic shape when recorded by a multichannel analyzer.
As an example of this characteristic shape, a spectrum of Csl37 will
be considered. 05137 is radioactive and decays by the emission of a
beta particle. The half-life for this decay is 27 years. The amount
of energy that is carried off in this beta emission transforms the
03137 nucleus to an excited state of Bal37. This isomeric state

of Ba.l3T decays to the ground state of Bal37 by the emission of a
0.662 MeV gamma ray. A 0.032 MeV X-ray is also produced by an

electron which enters the K shell following the ejection of an
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electron from this shell by internal conversion. Fig..4 is the

decay scheme of 08137.h’5

The interpretation of the 08137 spectrum. A spectrum of Cs137

is displayed in Fig. 5. The different portions of the spectrum are

interpreted as follows.

This line represents the Barium X-ray, and corresponds
in energy to 0.032 MeV. This peak can be removed from
the spectrum by inserting a thin absorber between the
source and the detector.

This broad portion of the spectrum is caused by gamma
rays which scatter from the crystal giving up only a
fraction of their energy.

This edge corresponds to a Compton scattering in which
the gamma loses the meximum energy possible. This is
called the Compton edge.

This peak represents the photoelectric peak corresponding
to an energy of 0.662 MeV. The reason for the rather |
large spread in energy is that the number of photons

emitted per gamma ray and collected in the photomultiplier

11

tube is a statistical process. Also the number of electrons

emitted by the photomultiplier phosphor upon bombardment by

the flash of visible .light is a statistical process.

(a)
(b)
(c)
(a)
4

M. A. Waggoner, Physical Review, Vol. 82, p. 906, (1951).

2Nuclear Date Sheets, Vol. 2, (1961).
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(e)

The interpretation of the Co

Counts appearing in this region represent pile-up. A
sum of two pulses is recorded in this region of the
spectrum when two pulses are created simultaneously.
At higher counting rates, this region of the spectrum

becomes more pronounced.

60

spectrum. The Co60 spectrum

as pictured in Fig. 6 is similar to the cs137 spectrum except in

the following regions.

(4)

(B)

(c)

(D)

There is no low energy X-ray in the decay process of

Co60

, since its internal conversion coefficient is very
small.

This peak is due to a backscattering. It is caused by
the detection of gamma rays which are Compton scattered
at 180° from the other detector which was located
directly across the sample from the detector used to
record this spectrum.

The lower energy photopeak corresponds in energy to
1.17 MeV which is the energy of the 7, transition in
the Ni60 cascade.

The higher energy photopeak corresponds in energy to
1.33 MeV which is the energy of the 75 transition in

60

the Ni cascade.
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CHAPTER III

EXPERIMENTAL APPARATUS

A block diagram of the main components used in this experiment
is shown in Fig. T. A drawing of the angular correlation table

with the two mounted detectors and the source is shown in Fig. 8.

Source. The Co60 source was in the form of 00012 inal
normal solution of HCl. A 2 mC sample was purchased from Oak Ridge
National Laboratory.6 The Co60 was produced by neutron bombardment
of 0059, its concentration was greater than 1 mC per ml, and its
specific activity was approximately 25,000 mC per gram of Co.

The radio-active decay of impurities in the sample was less

than 1% of the activity of the Co6o. A portion of the 2 mC sample
was diluted with H20, and small amounts were placed in small test
tubes. This made available various sources of Co6O radiation in
strengths of from 3 pC to 100 uC.

In angular correlation measurements, the assumption is made
that the source is a point source. This assumption was nearly
satisfied in this case since the dimensions of the source were
about 1 mm on each side, and the source to detector distances were

6.0 cm and 10.0 cm. The source was mounted on a movable pedestal

6
Oak Ridge National Laboratory, Oak Ridge, Tennessee.

15
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Detector
A

Detector B

Y

Fig. 8. Angular correlation table,



8.7 cm above the table. It was raised above the table to minimize

the number of gamma rays that could scatter from the table and

reach the detector.

Detector A. A 3x3 (three inches in diameter by three inches
long, cylindrical shaped) NaI(Tl) crystal was used to detect the
gamma rays. This crystal was matched to a 6363 Dumont” photo-
multiplier tube and together they were mounted in an aluminum
jacket by the manufacturer, Isomet Corporation.8 The detector was
mounted on an angular correlation table with its front surface
10.0 cm from the source. The common axis of the photomultiplier
tube and the crystal was parallel to the plane of the table,

8.7 cm above the table, and intersected the center of the source.
The source was on the axis of the detector and 8.7 cm above the
table.

The absolute efficiency of detection of a scintillation
crystal depends upon the following parameters: crystal size,
crystal composition, source to detector distance, and energy of
gamma radiation. The calculated efficiency of a 3x3 NaI(Tl)
crystal at 10.0 cm for gamma rays in the energy range 1.1T7 to
1.33 MeV is 1.7%.9 This means that for every 1000 gamma rays

that leave the source, 17 interact with the crystal.

7Allen B. Dumont Laboratories, Passaic, New Jersey.

8

Isomet Corporation, Palisades Park, New Jersey.

9E. A. Wolicki, et. al., "Calculated Efficiencies of NaI
Crystals," U. S. Naval Research Laboratory Report NRL-4833,
(1956).

18
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A measure of the quality of a gamma ray detector is its resolu-
tion. The resolution of a NaI(Tl) crystal is defined as the ratio
of the full width of the 0s137 0.662 MeV photopeak at half maximum
to the position of the midpoint of the same peak. The resolution of

the 3x3 detector used in this experiment was determined to be 9.5%.

Detector B. A 2x2 (two inches in diameter by two inches long,
cylindrical shaped) NaI(Tl) crystal was used as the second detector.

0 and was

This crystal was manufactured by Harshaw Chemical Co
matched to a 6292 Dumont photomultiplier tube. The crystal and
phototube were mounted on a movable carriage on the angular correla-
tion table. The carriage was movable in the 6 direction only. No
provision was made for movement in the radial direction. The front
surface of the 2x2 crystal remeined 6.0 cm from the source. The
common axis of the detector and the photomultiplier tube was parallel
to the plane of the table, 8.7 cm above the table, and intersected
the center of the source. The source was located on the exes of
each of the detectors and on the axis of rotation of the 2x2 crystal.
The calculated absolute efficiency of a 2x2 NaI(Tl) crystal
at 6.0 cm for gamma rays in the energy range 1.17 to 1l.33 MeV is

1.2%.9 The resolution of this crystal was experimentally determined

to be 9.6%.

loThe Harshaw Chemical Company, Cleveland, Ohio.

9E. A. Wolicki, et. al., "Calculated Efficiencies of Nal Crystals,"
U. S. Navel Research Laboratory Report NRL-4833, (1956).
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The outputs from the photomultiplier tubes were connected to
cathode followers in order to reduce the effects of the capacitance

in the output cables.

Power supply. A positive grounded regulated power supply was

used to supply the high voltage to the two photomultiplier tubes.
The power supply used was a model RE-3002 manufactured by North-
east Scientific Corporation-ll The output was voltage regulated
to better than 0.005%. The long term stability was better than
0.01% per hour or 0.1% per day with a reasonably constant ambient
temperature.

The gain of a photomultiplier tube is approximately proportional
to the seventh power of the voltage across it. Therefore, for the
gain to remain constant, the high voltage must be closely regulated.
The 6363 and 6292 phototubes were both operated at 850 volts which
was well below their rated maximum of 1800 volts from cathode to

anode.

Discriminator. A Hamnerl2 N-302 linear amplifier and differen-

tial pulse height discriminator were used to produce the coincidence
signals. A N-302 has two components--a non-overloading linear
amplifier incorporating both delay line and RC clipping, and a

single-channel pulse height analyzer.

llNortheast Scientific Corporation, Acton, Massachusetts.

Hamner Electronics Company, Inc., Princeton, New Jersey.
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The signals from the 2x2 movable crystal were amplified and
passed to the differential discriminator portion of the circuit
which selected the pﬁlseé in a particular pulse height range. If
a pulse fell between E and E+AE, the discriminator generated an
output pulse of constant shape. Both E and AE #ere continuously
variable by means of two ten-turn potentiometers.

The output signals from a N-302 are square with a height of
25 volts and a duration of 1.0 us. By changing capacitor C-76 from
68 upF to 118 PpF, they were lengthened to 1.2 ps; see Fig. 9. The

resolving time of the pulse height analyzer was 1.3 ps.

Coincidence circuit. The coincidence circuit of the model

ND-120 Nuclear Datal3 multichannel analyzer was used in this experi-
ment. The circuit operates as follows. Access to the storage unit
is blocked by applying a constant DC voltage of -3.0 volts to the
coincidence input. Access to the storage unit is possible only
while the coincidence input is at +1.0 volts.

It is important that the coincidence signal not be excessively
long. However, the signals must be long enough to allow the signal
pulses to reach their maxima and begin to decrease while access to
the storage unit is available. Since the rise time of the signal
pulses must be at least 0.7 ns to allow accurate storage, a width
of 1.2 ps was chosen as the optimum length of the coincidence

signals. The resolving time of the circuit was 1.2 ps.

13Nuclear Data, Inc., Madison, Wisconsin.
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Analyzer. The multichannel pulse height analyzer which was
used was a model ND-120 manufactured by Nuclear Data. This analyzer
has the following main components: a linear amplifier, an analog to
digital converter, a special purpose digital computer, and a number
of individual single channel scalers. The modei ND-120 analyzer
has 512 channels.

Readout of the information stored in the pulse height analyzer
was possible in three different ways. The number of counts in each
of the 512 channels could be displayed on a cathode-ray tube, graphed
on paper by an X-Y plotter, or typed on special sheets by a semi-
automatic electric typewriter. Since for angular correlation
measurements the number of counts in an energy interval must be
known as accurately as possible, the stored information was extracted
from the analyzer by instructing the analyzer to type out the
information.

When the contents of the storage unit are typed out, the number
of counts in each channel is displayed exactly. When the informa-
tion is displayed on a cathode-ray tube or graphed by an X-Y plotter,
the number of counts in a specific channel must be interpolated.
Interpolation is satisfactory when the number of counts is small;

however, for large numbers interpolation is very limited in precision.

Scaler. A scaler was used to count the number of coincidence
signals produced by the discriminator. Since the number of coinci-

dences recorded in each run was normalized to the number of times



the coincidence window opened, it was necessary to record precisely
the number of signals generated by the discriminator. For this
reason, two scalers were connected in parallel to serve as a check.

One of the counters had seven digits while the other was a ten
digit instrument. Although the same pulses were delivered to each
counter, the counters did not have identical counting rates; how-
ever, this was predictable. The counting rates were different
because the seven digit scaler had a shorter resolving time than
the ten digit unit. Two closely spaced coincidence signals would
record as one on the ten digit counter while the seven digit one
distinguished two separate pulses. It can be shown that the dif-
ference in counting rates between the two scalers is proportional
to the square of the counting rate of the faster one. This

proportionality was observed.
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Coincidence signals. As viewed on an oscilloscope, the coincidence

pulses generated by the discriminator had the shape pictured in Fig. 9.
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After being attenuated and biased, the pulses appeared as in Fig. 1O.

|

+1.0 —

3

i 12

|

Voltage 0.0 — B
: 1 SEAEER NN L SOt sir/ O S ST Il S

in .1.0 — T 4

v J L +

'2-0 =3 y 5

-3.0 =

Time in us

Fig. 10

24



25

Coincidence attenuator, bias, and delay. The multichannel

analyzer delays all incoming signals by 2.0 us before it stores
them. This allows the discriminator 2.0 us to create the
coincidence pulses. The Hamner N-302 discriminator required
less than 2.0 ps to create the coincidence pulses after an incom-
ing signal fell between E and E+AE. Therefore, the coincidence
pulses had to be delayed before they arrived at the multichannel
analyzer.

To facilitate this delay, a variable delay circuit was
constructed. Since these same pulses also had to be attenuated
and biased, these operations were incorporated in the same unit.
Fig. 11 is a schematic diagram of the coincidence attenuator,
bias, and variable delay. The signals were attenuated by means
of a simple voktage divider. They were biased to -3.0 volts by
an external battery. The delay iine was variable in steps of 0.1
ps from 0.0 ps through 2.0 ps. The delay line was critically

damped with 300 ohms which eliminated echoes.

ANV
Input . i

Fig. 11. Coincidence attenuator, bias, and delay.
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To find the correct length of delay required, various delays
were tried. Delays of 0.6, 0.7, and 0.8 ps allowed the photopeaks
to be stored in a maximum channel while delays of longer or shorter
duration would suppress the channel number; i.e., the photopeaks
would fall in lower channels. It was concluded that with a
delay of O.T7 ps the coincidence pulses would straddle in time

the signals coming directly from the 3x3 stationary detector.



CHAPTER IV

EXPERIMENTAL PROCEDURE

I. Spectra

Coincidence window. An important preliminary adjustment

was the setting of the coincidence window. It might be thought
best to set the discriminator levels to just straddle the 1.33
MeV photopeak. This would give the spectrum in coincidence the
shape of a monoenergetic gamma radiation of 1.17 MeV. The
discriminator levels could also be set around the lower energy
gamma thereby recording a coincidence spectrum of the 1.33 MeV
gamma. It can be shown that setting the lower level in the
valley of the 1.17 MeV gamma and the higher level on the high
edge of the 1.33 MeV gamma is just as effective and much more
efficient.

To set these levels, the signals from the 2x2 movable
crystal were sent to both the discriminator and the multichannel
analyzer. The levels were then adjusted until just the two
photopeaks showed in a coincidence spectrum. The discriminator
produced a coincidence pulse for each of the signals from the
2x2 crystal which fell between E and E+AE. After being delayed,
attenuated, and biased, these coincidence signals reached the

coincidence circuit at the same time as their generating pulses

27
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(the pulses from the 2x2 crystal). Since the pulses were in
coincidence with themselves, the multichannel analyzer would record
only the pulses which attained height E to E+AE since only they
would be accompanied by a coincidence signal.

Fig. 12 is a spectrum of the signals falling between E and
E+AE. The reason that there is no definite maximum is that pile-up
is highly probable at these counting rates. With a source strength
of 3.5 uC, there were about 70,000 coincidence pulses per minute.

A source strength of 5.0 uC increased this to about 112,000 counts

per minute.

The coincidence spectrum. With the window set as above,

spectra were recorded. The following is an example of their photo-
peaks. Fig. 13 shows the photopeaks as recorded by the analyzer
connected to the 3x3 stationary crystal with no coincidence.

Fig. 14 displays the photopeaks of a coincidence spectrum.

Accidental coincidences. A spectrum of the accidental

coincidences was obtained by setting the delay on the coincidence
pulses at 0.0 ps and delaying the signals from the 3x3 by 1.0 us.
This insured that no true coincidences were recorded. Fig. 15
shows the photopeaks of an accidental coincidence spectrum.

It is clear that the coincidence spectra are different in
shape from the spectrum taken with no coincidence. Pulses are
stored in the channel corresponding to the maximum height of the

pulse during the 1.2 ps that the window was open. The signals in
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true coincidence were straddled by the window thereby reaching their
maxima while the coincidence pulse was positive. The signals that
were in coincidence only accidentally were not necessarily straddled
by the window. It is probable that their maximum while the window
was open was not their point of greatest voltage amplitude. Their
maximum might have come while the window was closed, and therefore

they would have been stored in a lower channel number.

Net coincidence spectrum. Fig. 16 is a spectrum made by

subtracting graphically an accidental coincidence spectrum from a
total coincidence spectrum. This net coincidence spectrum is

indistinguishable from a spectrum taken with no coincidence.
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ITI. Method of Counting

Experimental method. Since radioactive decay is a random

process, the repeated measurements of a counting rate have a
statistical distribution. Using the appropriate statistics, if
the number of gamma rays counted in a certain interval is N, then

the mean deviation for this measurement is J"SE It is advantageous
to have as many counts as possible, since the larger N is, the

smaller the ratio V_N becomes.
N
The following notation will be used:

(a) The source strength, i.e., the number of
disintegrations per second, is noted by M.

(b) The detection efficiencies of the 2x2 and
3x3 crystals are designated € and €,
respectively.

(c) The solid angles subtended by the 2x2 and
3x3 crystals are noted Q; and a,
respectively.

(d) The resolving time of the coincidence
circuit is designated by n.

The true coincidence counting rate is proportional to Melalezaz.

The accidental coincidence counting rate is proportional to

M2€ o.e.a.n. It should be noted that the absolute efficiency of

12528

the crystals is given by €1a1 and €_0C

) for the 2x2 and 3x3 detectors

respectively.

A large number of counts, which is desirable for a precise
measurement, may be obtained in the following manner: (a) counting
over a large energy range; (b) making source strength large; (c)

making oy and/or 0, large; (d) counting for a long period of time.
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For angular correlations, the direction of propagation of each gamma
ray is of interest. Detection of gamma rays in one direction limits
the energy range that can be counted over, since low energy scattered
gamma rays must not be counted because their direction is not deter-
mined by the position of the counter. The source strength is limited
by the fact that accidental coincidences become very important, and
the net coincidences are therefore made more uncertain. The solid
angles subtended by the counter can be made large by placing the
crystals close to the source. However, usable solid angles are
limited by the fact that the direction of the detected gamma ray
must be known and the closer a crystal is to the source, the larger
is the range of angles from which it will accept gamma rays. The
length of time for which the gamma rays can be counted is limited

by the fact that the phototubes tend to produce a drift in gain,

which spreads the photopeaks and degrades resolution.

Optimum values. As a result of preliminary measurements, the

following compromise values were chosen. The 3x3 was placed 10.0 cm
away from the source. The 2x2 was located 6.0 cm from the source.
The energy range selected to sum over was from 1.10 MeV to 1.45 MeV.
The length of each run was approximately ten hours. With a source
strength of 3.5 uC, the ratio of true coincidences to accidental
coincidences was about 2 to 1. With a source strength of 5.0 uC,

the ratio was about 1 to 1.



37

Centering of the sample. Preliminary work showed that optimum

source strength was about 4 uC. The source was mounted on the table
in such a manner that the source to detector distances would remain
constant for different angles between the detectors. Since the
source did not rotate with the 2x2 movable crystal, the distance
between the source and the 3x3 stationary detector was not affected
by rotating the 2x2 detector to different positions. TFor the dis-
tance between the source and the 2x2 movable detector to remain
constant as the 2x2 detector rotated, it was imperative for the
source to be on the axis of rotation. The method used to center
the source was to make the window counting rate constant for all
positions of the 2x2 detector. The window counting rate was

recorded by the seven digit scaler.

Recording of data. Upon the completion of a run, the following

data were recorded: a complete coincidence spectrum; the length of
time of the run to the nearest second; and the number of times the
window opened. Since the length of each run was about ten hours,
the length of the run was accurate to within one twentieth of one
percent. With the window counting rate being at least 70,000 counts
per minute, the number of openings of the window was accurate to
within one hundredth of one percent. The spectrum was then graphed
on svmi-log paper and the peaks located to the nearest tenth of a
channel. The peaks were located by pinpointing the midpoint of a

peak at half of its maximum. The channel in which this peak fell
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drifted slightly from run to run due to inherent drift in the

stability of the photomultiplier tube.

Summing of counts in photopeak. Since channel 0 corresponded

to zero energy, any drift in overall gain could be interpreted as

a change in the energy that each channel represented. Run B-T77 was
arbitrarily picked as a standard. The peaks in B-T77 fell in channels
336.0 and 378.3. It was decided to count 102 channels, from channel
312 through 413. The total number of counts within this range was
430,462. The coincidence window opened 48,091,000 times.

As an example of the interpretation of a spectrum, run B-11lk
is calculated below. First the spectrum was graphed and the peaks
located to be in channels 322.0 and 362.6. Since the photopeaks
of 7, and 72 fall in lower channels than they did in run B-T77, each
channel in run B-11ll4 represents a greater amount of energy. There-
fore, to count over the same energy range as was counted over in
run B-T7, fewer channels must be counted. Working out the propor-
tion (336.0 is to 322.0 as 102.0 is to x, so x = 97.T7), 97.7 chan-
nels on this scale correspond in energy to 102.0 channels on the
B-TT spectrum. On the B-TT spectrum, the first of the channels
counted was located 24.0 channels below the midpoint of the
1.17 MeV peak. In run B-11l4, the first counted channel should be
only 23.0 channels below the lower peak, because 336.0 is to 322.0
as 24.0 is to 23.0. This means that for this run, 97.7 channels
(starting with channel 299.0 and continuing through channel 396.7)

should be summed. The total number of counts within this interval
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is 270,572. The coincidence window opened 31,173,000 times.

Normalizing the counts to 48,091,000 openings of the coincidence

window gives 417,415 as the normalized total number of counts.
Calculations similar to the above were carried out on each

run. Thus it was guaranteed that each run was summed over the same

energy range. Each run was also normalized to 48,091,000 openings

of the coincidence window. The reason the counts were normalized

tn the number of openings of the window rather than to a constant

time interval was to correct for any slight drift in gain of the

2x2 crystal's phototube. A change in this gain would make a slightly

different counting rate for the coincidence window.



CHAPTER V
RESULTS
I. Correction Factors

Anisotropy. The correlation function can be written as follows:
W(6) = 1+A,P5(cos 6)+A,P),(cos 6). Experimentally the coefficients
A2 and Ah are determined by measuring W(9) at a number of angles
and then fitting by least squares the above polynomial to the
points. A knowledge of coincidence counting rates at 90O and 180°
is sufficient for the calculation of the anisotropy A.

= W(180°)-W(90°)

& W(90°)

Measured correlation function. Experimentally it is not

possible to measure W(6) directly since the counters subtend

finite solid angles. Instead, the spread out correlation function
<W(B)> is measured, because of the finite solid angles of the
counters. The measured function can be written as follows:

ey = K‘}+A2*P2(cos 6)+A)*P),(cos Gﬂ.lu The measured coefficients
are related to the true coefficients by the following:

Ap = Qo Ap¥*; Ay = Qo Ap%;
Qo Q)

where Qj = JJIJJII (j =0, 2, or k4)
and where Jki =t/}k(cos a)ei(a)lsin alda.

(i=1IorII; k=0,2, or k)

l1‘\J- S. Lawson, Jr., and H. Fraunfelder, Physical Review,

Vol. 91, p. 649, (1953).
40-
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The relative angular efficiency of the 3x3 crystal is el(a),
where @ is the angle between the axis of the 3x3 crystal and a
collimated beam of gamma rays. The relative angular efficiency
of the 2x2 crystal is eIIGI), where ¢ is the angle between the

axis of the 2x2 crystal and a collimated beam of gamma rays.

Collimating a gamma ray beam. To facilitate the measurement

60

of eI«x), a beam of gamma rays from Co“~ was collimated. Since
gamma rays cannot be focused, collimation of a beam was accomplished
by absorbing all the gamma rays being emitted by a source except
those within a very small solid angle. The 2 mC source was
surrounded on all sides by at least ten cm of lead bricks. A

small 2 mm hole was drilled through two of the bricks. Upon align-
ment of the source behind the hole in these two bricks, a collimated
pencil of gamma radiation emerged.

To verify that the radiation was collimated, the following
measurements were made. A narrow counter was placed 66.0 cm from
the last absorbing brick and rotated in 0.5° steps about a 66.0 cm
radius. A narrow counter was created by shielding all of the face
of the 3x3 crystal except a vertical strip 0.5 cm wide. The

results of these measurements showed that the beam had an angular

spread of not greater than 1.50.

Measurement of the angular efficiency of the crystals. The

I
angular efficiency € (@) was measured by determining the counting

rate of the 3x3 crystal as a function of the angle 0 between the



axis of the crystal and the collimated beam of gamma rays. To
determine this counting rate, the detector was rotated about a
10.0 cm radius in increments of 50. While the detector was in
each position, a complete spectrum was recorded for 2.0000 live
minutes. The total number of pulses recorded between 1.10 MeV
and 1.45 MeV was then summed. Since the total number of counts
for each angle « was recorded for exactly equal time intervals,
eI(a) can be represented by a plot of the total counts vs. the
angle Q.

The angular efficiency eII(a) was determined in a similar
manner. The 2x2 crystal was rotated about the collimated beam of
gamma rays in increments of 5°. The 2x2 crystal was rotated about
a 6.0 cm radius. Fig. 17 shows the result of the measurement of

eI(a). Fig. 18 shows the result of the measurement of eII(a).

Graphical calculation of the angular efficiencies of the

crystals. The angular efficiency eI(a) can also be calculated
geometrically as shown in Fig. 19. For angles greater than q,,
only background radiation is recorded by the crystal. For angles
less than @, the counting rate has a broad maximum and is almost
independent of ¢ since the gamma rays within this wedge traverse
almost equal thicknesses of the crystal. The counting rate for

-Bx
e 3

angles between o and az can be obtained by using I = Io

where B for sodium iodide is 0.081 cm'l for gamma rays in the
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energy range 1.1T7 to 1.33 MeV.ls A similar calculation for eII(a)
appears in Fig. 20. It should be noted that although the crystal
is designated as a 2x2, its actual dimensions are 1 3/h inches in

diameter by 2 inches thick.

Correction factor results. Use of the measured angular

efficiencies, and an evaluation of the integral determined the

following coefficients:

JbI = 0.0775A JbII = 0.0594B

J2I = 0.0T30A J2II = 0.0568B

JhI = 0.0633A JhII = 0.0510B.
Calculation of the ratios of these yielded the following:

351 3,11

—I = 0.942 _II = 0.956

Jo Jo

7T 2,1

— = 0.817 - 0.859.

Jot JoT

15G. R. White, "X-ray Attenuation Coefficients from 10 KeV

to 100 MeV," National Bureau of Standards (U. S.) Report
1003, (1952).
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These ratios have been calculated by WEStls according to the method
of Rose17 and are shown below:
(For a) J, (For a) Jp
(3x3 ) —=0.908 (x2 ) —=0.912
Jo Jo
Iy Iy
— = 0.T712 — = 0.722,
Jo Jo

It should be noted that the coefficients determined in this
experiment are consistently closer to unity than those calculated
by West. This is predictable because the calculated coefficients
were derived for gamma rays which interact with the crystal by any
of the three modes (photoelectric effect, Compton effect, or pair
production). These experimentally determined coefficients were
measured for only those gamma rays which gave all of their energy

to the crystal.

Measured coefficients. The following coefficients in the

Legendre polynomial expansion of W(@) were evaluated by the use of

the tables of Biedenharn:l

Ay = 1.0000 Ay = 0.1020 A4 = 0.0091.

16H. I. West, Jr., "Angular Correlation Factors via the Method
of Rose," University of California Radiation Laboratory,
(Livermore,) Report UCRL-5451 (1959).

1Ty & Rose, Physical Review, Vol. 91, p. 010, (1953).

lL- C. Biedenharn and M. E. Rose, Reviews of Modern Physics,

Vol. 25, p- 3, (1953).
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By the use of these coefficients, the anisotrony was determined to
be A = 0.15657,
By the application of the exnerimentally determined correction
factors, the following coefficients which wounld he measured
experimentally were o®tained,

Ag* = 1.0000 A2* = 0.0920 A4* = 0.0064,

By the use of these coefficients, the measured anisotrony was

calculated to Le A¥ = 0,1480.
II. Error Analysis

Propagation of errors. As an example of the propagation of

errors, a value of the anisotropy is calculated below. Run B-92,
which had 541,756 * 658 counts in its photopeaks, was used to deter-
mine the total number of coincidences at 180°. Run B-91, which had
415,561 * 634 counts, was used to determine the total coincidences
at 270°. Run B-97, which had 162,735 + 418 counts, was used to
determine the number of accidental coincidences at 180°. Run B-98,
which had 162,709 * 435 counts, was used to determine the numl.er of
accidental coincidences at 270°, True coincidences are given by
the total numher of coincidences minus the numler of accidental
coincidences.

The following were obtained hy the suhtraction of the
accidentals from the totals: W(130°) = 239,131 % 780;

o
W(90 ) = 252,352 % 793, and A¥ = 0.1435 % 0.0050.
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It should be noted that although the counting rates are each
accurate to within less than 0.3%, the anisotropy is certain to

within only 4.2%.
III. Data

Fig. 21 shows the number of total coincidence counts recorded
from the 3.5 pC source at various angles between the two detectors.
The number of counts plotted on the ordinate has been summed and
normalized via the method of Chapter IV. Fig. 22 shows the nor-
malized number of counts recorded with the 5.0 MC source. Fig. 23
and Fig. 24 display the normalized number of accidental coincidence

counts recorded from each of the two sources.

Discrepancy in coincidence counting rates at 2700 and 90°-

The angle 6 was measured from the 3x3 stationary crystal to the
2x2 crystal in the counterclockwise direction as viewed from the
top. The number of coincidence counts recorded at 6 = 90o was
consistently higher than with 6 = 2700. Possible explanations for
this discrepancy are the following: (a) small angle scattering
from the surroundings; (b) slight bending by the earth's magnetic
field of the electrons in the photomultiplier tubes, thereby
changing the gain; (c) an asymmetry in the amount of absorption
of the gamma rays by the source holder; (d) an asymmetry in the
efficiency of the 3x3 stationary crystal.

In an effort to remedy this discrepancy in counting rates, a

number of adjustments were made in the arrangement of the detectors.
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These adjustments are shown by the different regions in Fig. 21 and
Fig. 22. The effects of small angle scattering and bending of
electrons by the earth's magnetic field were reversed by rotating
the angular correlation table by 180°. An asymmetry in the amount
of absorption by the source holder was eliminated by replacing the
source and source holder. An asymmetry in the efficiency of the

3x3 detector was checked by turning the detector upside down.

Explanation of the regions of Fig. 21 and Fig. 22. The following

is an explanation of the variations made in the arrangement of the

detectors.

In region A, the 3x3 stationary detector was
pointed west.

In region B, the angular correlation table was
rotated 180° (i.e., the 3x3 detector was pointed east).

In region C, the 3x3 crystal remained pointed east,
but the sample was re-centered.

In region D and all subsequent regions, the 5.0 uC
source was used. The 3x3 detector remained pointed east.

In region E and all subsequent regions, the 3x3
crystal was turned upside down. However, it remained
pointed east.

In region F, the angular correlation table was
rotated 45° (i.e., the 3x3 detector was pointed
northeast).

In region G, the angular correlation table was
again rotated hSo so that the 3x3 pointed north.

In region H, the angular correlation table was
rotated back 45° so that the 3x3 crystgl again pointed
northeast. The sample was rotated 180 in its holder.
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In region I, the sample was re-centered, but
the table was not rotated.

In region J, the setting of the window was
changed slightly by changing the gain on the linear
amplifier connected to the differential discriminator.
A magnetic shield was also added to the 6292 photo-
multiplier tube on which the 2x2 movable detector
was mounted. The table was not rotated.

With the 2x2 detector right side up (as it was through region
J), the gain of the 6292 photomultiplier tube was unaffected by the
orientation of the 2x2 crystal. Turning the detector upside down
caused the gain to vary markedly at different positions. After
placing a magnetic shield around the 6292 tube, the gain was again
independent of the orientation of the detector.
In region K, the 2x2 movable detector was turned

upside down. The angular correlation table was not
rotated.

In region L, the 2x2 detector was turned right
side up again. The table was not rotated (i.e., the
3x3 stationary crystal was still pointed northeast);
however, the sample was re-centered.

In region M, the only change was that the sample
was re-centered.

In region N, the angular correlation table was
rotated by 180° so the 3x3 stationary detector
pointed southwest.

In region O, the angular correlation table was
rotated by 45° (i.e., the 3x3 crystal pointed south).
The source was also re-centered.

In region P, the setting of the window was
slightly changed by adjusting the value of E on the
differential discriminator.

In region Q, the setting of the window was again
slightly changed by adjusting E.



again slightly changed by adjusting E.

In region R, the setting of the window was

Table I shows the values of the measured anisotropy A¥. The

weighted average of these different values is given by

A% = 0.1384 + 0.007T.

Reg.

H
N

Weighted
Average

17(180°) - W( 90°)

0.

0

W(

1303

.1329
.1403
.1286
. 12317 3
. 1305
.1254

.1309

909)

M-

0.0061

+ 0.00069

1+
o

.0086

1+
o

.0082

'r
o

.0084

+ 0.0082

+ 0.0102

+ 0.0054

w(180°) - W(270°)

0.

0.

w(270°)

1415

1510

.1603
.1533
. 1424
.1525
.1302

. 1456

+

-

5

H

H

1+

IS

I+

0.0090

0.0088

0.0102

0.0085

0.0081

0.0095

0.0103

0.0101
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