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INTRODUCTION

Much work has been done at the University of Manitoba
using a gamma-ray scintillation spectrometer'g’h"s’6 to
study the gamma-ray spectra of radioactive substances. In
most of this work a WaI(TL) crystal has been used as the
scintillation phogphor, but considerable work has also been
done with liquid scintillator36o NaI(TL) does not respond
directiy to neutrons but another crystal was recently
obtained that does detect neutrons. This was LiI(Eu) which
can detect and measure the energies of neutrons due to the
reaction between neutrons and the lithium isotope of mass
number 6 |

3Li6 + nt 2Hell” + 1B+ Q.

Q is the energy released in this reaction and it is found
to have a value of L.785 Mevel The energy available for
producing scintillations within the crystal is equal to the

sum of this @ energy and the energy of the neutron.

It was proposed then to set up a neutron scintillation
spectrometer using LiTI(Bu) as the scintillation phosphor,
This spectrometer was then to be used to study the energy
spectrum of the fast neutrons from a Po - Be source., 3JIince
the decay constant for the light pulse in LiI(Bu) 1s several
times longer than the 0,25 microsecond28 constant for NaI(Tl),
it became evident at the outset that certain modifications |
had to be made in the electronic circultry which had been
used at that time in the gamma-ray scintillation spectro-

meter., These modifications were carried out and a study of
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a Po = Be neutron source was mades

A study was also made of a CsI and a CsI(TL) crystal,
each of which had been obtained after the modifications of
the electronic circulitry had been made. They were initially
compared with NaI(TL)., Then their operation at low
temperatures (down to liguid nitrogen temperature) was

137

studieds A comparison of the gamma=-ray spectra of Cs s

2
19 as found with NaI(Tl) and with CsI(TLl) was

Zn 2 and Ir
made in an attempt to find out whether the ratio of the
number of pulses thrown into the vhotoelectric peak to the

number in the Compton peak was higher for CsI(Tl) than for

NaT(Tl).

A brief study was made of a special-cathode'photo—
multiplier tube to determine whether or not increasing the
effective surface area of the cathode increased the pulse

height for a given gamma-ray.
This thesgis is divided into two parts, and these are:

Ao The Electronic Development of the Neutron Scintillation

Spectrometer.

Bs The Application of the Neutron Scintillation Spectrometer
to the Study of the Fast Neutron Spectrum of a Po - Be

Neutron Source,
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A. THE ELECTRONIC DEVELOPMENT OF THE NEUTRON SCINTILLATION

SPECTROMETER.

A gamma-ray scintillation spectrometer measures gamma-
ray energies by analyzing the scintillation pulses produced
in a scintillating crystal or phosphor. (Discussions on
the gamma-ray scintillation spectrometer and its applications
may be found in a number of recent theses presented by
physicists engaged in nuclear physics research at the

3,4,5,6,

University of Manitoba. A certain period of time is
necessary for the majority ofphdtons, caused by a gamma-ray,
to be glven out by a particular crystal. It is found that
this period of time is several times longer for a LiI(Eu)
crystal than for a -NaI(Tl) crystal,' Since the electronic
equipment employed in this laboratory for a gamma-ray
spectrometer was designed for use with NaI(TL) crystals, it
was found necessary to make certain modifications in the
circuitry of certain parts of this electronic equipment in
order to adapt it for use with a LiI(Eu) crystal. A sultable
integrating circult was introduced in the output stage of
the photomultiplier tube in the’cathode follower circuilt,
and the mixer stage of the differential discriminator was

redesigned so that the discriminator could analyze pulses of

relatively long rise time.

The modified cathode follower circult was also used to
study the characteristics of an unactivated cesium iodide
crystal (CsI) and of a thallium activated cesium iodide

crystal (CsI(Tl)). Results on the response of both crystals

to gamma-~radiation are given for operation at room
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temperature and at liquid nitrogen temperature. A comparison
of the gamma-ray spectra of 03137, Zn65, Ir192 and Th as

found with a CsI(Tl) crystal and a NaI(TL) crystal is given.

This section will be subdivided into four parts, and

these are:

l. Cathode PFollower Modification.

2. A Differential Discriminator,

3., Bxperimental Results Obtained with a CsI(Tl) Crystal and
a CsI Crystal.

e A Short Report on the Characteristics of a Special-Cathode

Photomultiplier Tube,
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1. CATHODE FOLLOWER MODIFICATION

7

A standard cathode follower circuit has been used in
this laboratory in a gamma-ray scintillation spectromeber
to provide a low oubpubt impedance device To pass the scintilla-~
tion pulses from a phobomultiplier tube to a linear amplifier,
This cathode follower was intended for use with a NaI(Tl) crys-
tal. In using this standard cathode follower circult with a
LiI(En) erystal, it was found that because of the fact that
LiI(Bu) gives out less light over a longer period of time than
does NaI(Tl), the output puses from the cathode follower as
displayed on a Cabthode-ray oscilloscope were very ragged in
shape in comparison with the smooth pulses obtained with Nal(Tl).
The shapes of these pulses are shown in Fig. 3s Fig. 3(a) shows
the pulses from NaI(Tl), and Pig. 3(b) shows the pulses from
IiI(Eu). The decay consbant for the light pulse in a NaIl(Tl)
crystal is aboub 0,25 microsecondsa28
An oscillogram showling these pulses is given in Plate Lo
The upper wave form is from Nal(TlL), the lower one is from
LiT(Eu). The oscillogram was obtained by photographing the
sereen of the cathode ray tube of a Tektronix oscilloscope
with an f/ll.5 lens, Zeiss-Ikon camera using Ortho-X film.
The cathode follower oubput pulses were fed from the linear
amplifier (see the block diagram of Fig. 8) to the ¥Y-deflection
plates of the oscilloscopee. The same sweep speed was used
to obtain both pulses and so a direct comparison of rise
pimes and durations of the two pulses is possible. The
ragged form of the LiI pulses is not clearly evident due to
the prolonged exposure time and the resultant smoothing-out

effect, However, it is quite evident that the LiI pulses
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Plate 1.

Standard cathode follower oubtput pulses for NaI(Tl) (top)

and LiT(Bu) (bottom).
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have a longer rise time (the time for the pulse to rise from
10 to QQ% of its final value) and last longer than the Nal
pulses. The resolution of the LiT crystal is considerably
poorer than the resolution of the Nale This is shown by
comparing the broad line obtained for the 0,662 lev. gamma-
ray of 03137 with LiI bo the sharp line obtained with Nal.
The vertical amplification for the LiT pulse is about 16

times that used for the Nal pulse.

An R-C integrating circult was inserted in the output
stage of the photomultiplier tube in order to smooth out
these ragged pulses from LiT(Bu). Fig. li(a) shows the output
stage for use with a NaI(Tl) crystal and the equivalent
circult is shown below. Fig. L(b) shows the output stage,
with equivalent circult, initially adapted for use with a
LiI(Eu) crystal. The capacitors drawn in with broken lines
indicate stray capacitances.

The oubtput pulse from the modified circult takes con-
siderable time to decay. In this particular case the
output pulse from the cathode follower lasted over 25
microseconds. As a result, accurate counting was not
possible for pulses starting close together, i.e. for two
or more pulses starting within this 25 microsecond period,
due to a piling-up effect, This piling-up effect has the
following result for two isolated pulses following each
other in a manner such that the second starts before the
first decays to zero amplitude., The secondkpulse starts,
not at the zero base line, as did the first pulse, but
at the D. C. level at which the decaying pulse exists

at that instant. Thus, the second pulse has an amplitude
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equal to its btrue amplitude plus the difference between the
amplitude at which it started and the zero-amplitude base
line. See Fig. 5 for a pictorial representation of this

piling-up effect for two pulses.

In the particular problem at hand, that of counting
fast neutrons from a Po - Be neutron source, it was found
desirable to place the source within 20 cm. of the Lil(Eu)
crystal in order to increase the counting rate. However,
with the source this close, the piling-up effect became
very pronounced and accurate counting became impossible,
and so some means was sought to increase this counting rate
without incurring inaccuracies due to az shifting base line

from which the pulses started.

To do this, a different type of filter was employed
in the output stage of the photomultiplier tube. A delay
line%, consisting of a 50 millihenry inductor and stray
capacitance, was used in §1ace of R-1 (see the circult dia-
gram of Fig. 2). This inductor tended to slow down the rise
time and speed wp the decay time of the photomultiplier tube
oubput pulse. This resulbted in a nearly symmetrical output
pulse being obtained from the cathode follower. A tendency of
the cathode follower outpubt pulse to give small damped oscil-
lations was eliminated by inserting the correct value of
resistance R of the circuit diagram of Fig. 2. This correct
value of R combined with stray capacitances to give the correct
terminating impedance for this delay line. The circult digranm

of Fig. 2 shows the component values used in this modified

cathode follower,

% 5 giscussion of delay lines is given in Elmore and Sands
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29

"Electronicd . The rige time (time taken for The delayed
signal to rise from 10 to 90% of its final value in response

to a step inout signal) is represented very well by
1/2

e

g : 1.1 o3 (e
where n is the number of sections in the type of filter line
illustrated below.,

L L L L |
e e = o

N N 1.

Here R = terminating impedance of line,
e; = input voltage,
and ey = output voltage.

For the delay line used in the modified cathode follower,
the values for L and C were
I = 50wmh and ¢ = Lo pufd (stray capacitance).
Thus the rise time for this delay line would be
Tp == 1.0 pmsec.
This agrees well with the value of 1.5 psece obtained by

meagurement of the pulses displayed on the screen of an

oscilloscope.

The decay time for light pulses from NaI(Tl) is about
O°25_microseconds28 and for LiI(Eu) it is about 1 mierosecond.
Thus the input circult of the modified cathode follower would
not change the pulse height for a given gamma—réy as compared to
that for N2I(Tl) since the circult integrates the light pulse

for approximately 1.5 microseconds.
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The output pulses from the cathode follower now had the
form illustrated in Fige. 6(a) for LiI(Eu). A small hump is
evident in the decaying part of the pulse and it should be
possible to eliminate this by adjusting the value of the termi-
nating impedance of the delay line. These pulses had a rise
time of about 1.5 microseconds and lasted about 7 microseconds,
This was about one third of the dnratidh of the pulses ob-
tained with LiI(Eu) when using the R-C integrating circuit
of Fig. (b}, With the same modified cathode follower circuit,
the output pulses for NaI(Tl) had a rise time of about 1.5
microseconds and a duration of about 5.5 microseconds with
& flst portion at maximum amplitude as shown in Fig. 6(b).

The standard cathode follower used with the gamma-ray spectro-
meter gave output pulses with NaI(Tl) that had a rise time

of about 0.25 microseconds, Plate 2 is an oscillogram show-
ing the output pulses from the modified cathode follower,

The upper trace is that obtained from the output pulses for
NaI(TL) and the lower trace is for LiI(Eu) using, in both
cases, a 03137 source., The same sweep speed is used for

both traces. It can be seen that NaI(Tl) gives considerably

better resolution than does LiI(Eu)e

Tt was noted that the pulses obtained with the inductor
delay line from LiI(Eu) were not as smooth as those obtained
with the R-C integrating cireult. Also, two pulses with the
same amplitude had a tendency to occur with thelr peaks
Separated slightly, by about 0.l microseconds at the most
relative to the starting time. However, this did not seem

to affect the amplitude resolution of the spectrometer. In



Plate 2.

Modified cathode follower output pulses for NaI(Tl) (top)

and LiTI(ZEu) (bottom),
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actual operation, it was found possible to resolve the slow

neutron peak without difficulty when gbout 10 cm. of paraffin
was inserted between the crystal and the source, The source
was about 20 ecm. from the crystal. Since this gave a large

slow neutron flux,apparently no serious piling-up effects

now hampered accurate counting.

With this improvement in the operation of the cathode
follower in order to get high counting rates, the limiting
factor in the counting rate was then to be found in the long
time constants of the mixer stage of the differential discri-
minator. The output pulses from this mixer stage had a

duratiqn of about 100 microseconds.

Later work with a CsI crystal and a CsI(Tl) crystal
showed that these crystals. also gave out scintillation pulses
over a longer period of time than does a NaI(Tl) crystal,
and that this period of time was comparable with that of a
LiI(Bu) crystal. It was found that the modified cathode
follower was well suited for operation with these CslI crystalse
Experimental results with these crystals are given in a later

section,
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2. A DIFFERENTTIAL DISCRIMINATOR

To explain.the operation of the differentlial discriminator,
the schematic diagram of which appears in Fig. 7, it can be
considered as being composed of two parts:

(1) a pulse height discriminator, and

(1i) a differentisl or mixer stage.

8
The pulse height discriminator stage consists of two
Sehmitt trigger circuits,9 each wi th one sharp cut off, higharx
6SH7 pentode and one sharp cut off, highéti EF50 pentode, and

a wire wound resistor chain to provide grid bias voltages.

In each trigger circuit the grids are biased so that the
right hand tube (EF50) is normally conducting and the left
hand tube (6SHT) is normally cut off. A positive signal of
sultable magnitude impressed on the grid of the 6SHT7 causes
it to start to conduct. Because of the resultant drop in
the plate potential of the 6SHT7, a negative signal is fed
to the grid of the EF50, Thils negative signal on the grid
of the EF50 causes the common cathode potential to drop,
hence more current passes through the 6SH7 and the effect is
cumulative, giving rise to triggering, which causes a sudden
transition to a second stable state. The 6SH7 is conducting
and the EF50 is cut off in this second stable stétee As the
BF50 is being cut off, its plate potential rises to near
250 volts and a positive pulse can be obtained from this
plate. Upon the removal of the positive signal from the grid
of the 63H7, the circuilt will go through another regeneration

condition and return to its normal stable state with the 6SHT



cut off and the EF50 conducting.

It is essential that the Schmitt trigger circult. be
able to digeriminate between varying amplitudes of positive
input pulses. In order that it be able to do this, some
means 1s necessary to adjust the grid bias voltage setting
on the input tube to any preselected D. C. level, so that
any pulses below this preselected level will not be able to
trigger the Schmitt trigger circult and cause it to go from
its normal stable state to its second stable state. In this
particular circuit, a wire wound resistor chain provides a
means of applying a regularly variable bias voltage to the
grids of the 6SHY tubes. The pulse amplitude potentiometer
P-1 gives a variable bias range from O to 100 volts. The
voltage at the upper end of P-l1 can be set abt exactly 100

volts by means of the variable resistor R-1 (see Fig. T)e

In studying the spectrum of some radioactive source
with a differential discriminator, it must be possible to
scan the seintillation output pulses from the cathode follower
at regular inbtervals in order to obtain a distribution curve.
Usually these regular intervals consist of the pulse distri-
bution between two preselected D. C. levels., If the lower
level is set at Vg, (say) and the upper level at V, + dV,
then only pulses falling within the ‘'gate! of width 4V,
between V§ and Vb'+ dV, must be counted., Any pulses below
Vo, or above Vo + dV must be discarded by the differential
discriminator without any resultant pulses that can be counted

appearing at the discriminator output.
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Several adjustments have to be made in this particular
circuit before a given gate width can be selected. With no
input signal and with the pulse amplitude potentiometer £-1
set at mero reading, the 'ZERO SET' potentliometer P-2 must
be adjusted to give a grid bias voltage on the lower level
EF50 just below that necessary for free running, when fthe
Schmitt trigger circult resembles a multivibrator. Then

the 'GATE SET! potentiometer P-3 must be similarly adjusted
for the upper level., Ideally, after these two adjustments
have been made, the grids of the two EF50 tubes will be at
the same D. C. level, giving zero gate width. Any desired
gate width from O to 20 volts can then be selected, with the
potentiometer P-3, by moving the sliding contact from the
zero position through a voltage equal to the desired gate

width.

The pulse amplitude potentiometer P-1 sets the bias
voltage on the grids of the 6SH7 tubes. Suppose that a
positive input pulse i1s impressed upon these grids. If the
pulse lies within the chosen gate, it wilill trigger the lower
level trigger circult but not the upper level one. Thus a
positiVe pulse would be sent oubt only from the lower level
to the mixer stage of the differential discriminator. If
the input pulse lies outside the chosen gate and above the
upper level, it will trigger both the lower and upper level
trigger circuits, and this will result in a positive pulse
being sent out from both the lower and upper levels to the
mixer stage. A pulse below both levels will trigger neither

level.
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The analysis of the scintillation pulses from a LiI(Eu)
erystal is somewhat different than the analysis of pulses
from a NaI(Tl) crystal, due to the fact that the light pulse
duration in LiI(Bu) is several times longer than in NaI(Tl).
AS a result, an appreciable spacing in time (of the order of
a few tenths of a microsecond) occurs in the start of the
trigger pulseg from the two levels of the pulse height dis-
criminator when both levels are triggered by a given input
pulse. This difference presents a problem in the design of
the mixer stage. The function of the mixer stage is to give
no output pulse when pulses arrive from both levels of the
pulge height discriminator, and to give a positi%e oubtput
pulse when a pulse arrives only from the lower level., This
cancellation for the case of pulses arriving from both levels
is accomplished by first changing the phase of the upper level
pulse and then performing an addition of the two pulses in
the output of the mixer stage. To get wmplete cancellation,
both pulses must be of identical shape and must start at the
same time., If the cathode follower output pulses had an
infinitely fast rise time, the Trigger output pulses from
both levels of the discriminabor stage would start at exactly
the same time and thilis cancellation process could be performed

easily.

However, in the actual case at hand, the lower level
pulse must be delayed in a suitable manner because of the
fact that the upper level pulse starts slightly later than
the lower level one. Also, the discriminator trigger circuits

give output pulses whose lengths are dependent upon the bias
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voltages, As a result, the discriminator output pulses must
be reshaped because of their variable length and because of
their different starting times. This reshaping is done in
the mixer stage. The trigger output pulses from the mixer
stage are considerably longer than those from the discrimi-
nator stage, being about 100 microseconds long as compared
to less than 10 microsecconds. These mixer stage outputb
rulses have a comparatively fast rise time and so they must
be sent through an R-C combination to give them a slower

rigse time before the cancellation can take place,

Let us now consider the actual mixer stage circuit used,

It consists of two 6J6 double triodes acting as Schmitt
trigger circuits, two wire wound resistor chains, and a
IN3llA diode. In each double triode trigger circult, the
bias voltages are adjusted so that the left hand sides are
normally cut off and the right hand sides are normally con-
ducting. The right hand plate of the lower level 636 is
kept near a fixed potential by means of the IN3LA diode and
the resistance chain composed of R-2 and R-=3. This ensures
that the positive output pulse from this trigger circuit
will always be less than a cerbtain amplitude as determined

by the values of R-2 and R-3.

If s positive input pulse comes from the lower level
of the discriminator stage, 1t triggers the lower level
trigger circulit of the mixer stage and a positive square
wave pulse is sent out from the right hand plate. This pulse

is then reshaped, by a combination of a 100 K ohm resistor
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and shunt capacity at the end of this resistor, so as to have
a slower rise time when it arrives at the output condenser.

A s8imilar negative pulse arrives at the output condenser when
the upper level is triggered. The positive pulse can be made
to have a length slightly shorter than that of the negative
pulse by means of the variable condenser C-1. This is to
ensure that there be no possibility of a resuvltant positive
pulse after the addition takes place. If only the lower level
is triggered, the resultant output pulse is positive and can
be used to operate a scalar. It was found, in practice,

that a resultant negative pulse was obtained from the differen-
tial discriminator when both upper and lower levels were
triggered. This was of no importance since the scglar used

to count these pulses operated only on positive input pulses.

The neutron scintillation spectrometer was ready for
operation after the differential discriminator was ready for
use and the cathode follower modification was carried out.

A block diagram of the spectrometer is given in Fig., 8. The
amplified cathode follower pulses were fed both to the

cathode ray oscilloscope and to the differential discriminator.
Thege pulses were displayed on the screen of the oscilloscope
in order to observe the shapes of the pulses and to measure
the rise times and durations of these pulses. Fig. 1 shows
the schematic diagram of the voltage stabilization circult
added to the power supply which gave the high negative voltage

for the cathode of the photomultiplier tube,.
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3, EXPERIMENTAL RESULTS OBTAINED WITH A CsI(T1) CRYSTAL AND
A CsI CRYSTAL.

Interesting results on CsI have been reported by Hahn and
Rossel.lo In this crystal. the time taken for the emission
of the light is considerably longer than for NaI(Tl). It
therefore seemed opporbune to carry out tests with the equip-

ment as set up for LiI(Eu).

Crystals of Csl and CsI(T1l) were available. These
crystals were each one inch in diameter and half an inch
high. Comparisons were made with a NaI(Tl) crystal one
ineh in diameter by one inch high. CsI is considerably
heavier than Nal, the densities being li.51 and 3.67,respective~
1ly. The atomic numbers of the constituents in Nal are 1l
and 53)respec£ively, so that the importance of the I far
outweighs the importance of Na in the production of secon=-
dary electrons within the crystal., However, in CsI the
atomic numbers of the constituents are 55 and 53,respectively,
30 that both the Cs and the I are important in the scintilla-
tion process. It would, therefore, be expected that the
vhotoelectric effect would be more pronounced as compared
with the Compton effect in CsI than in Nal., This is of
importance if it is desirable to reduce the Compton effect
in favor of the photoelectric effect as much as possible
within a given crystal. In this respect, evidence in favor
of the CsI(TL) over the NaI(Tl) has been found for the

137 65

spectra of Cs 7 and Zn .

The CsT crystals used were not mounted. No speclal
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precautions had to be taken to seal them from the abmosphere,
since unlike NaT, CsI is not hygroscopic, and molsture present
in the atmosphere does not cause it to deteriorate. The
Following method was used to mount the Csl crystals on the
light-gsensitive cathode of a Dumont 6292 photomulbiplier
tube. A cylindrical lucite ring, having a diameter of about
one guarter of an inch greater than the diameber of the
crystal, was fixed to the phototube cathode with vacuum pump
grease. The crystal was then placed within this lucite ring
and on the cathode. A silicone grease was used to ensure
good optical contact between the cathode and the crystal.

A diffuse reflector, of Mg0 powder, was then packed between
the lucite ring and the crystal to a depth of nearly one inch
to reduce to a minimum the loss of light from the crystal
through crystal faces other than that next to the cathode.
The crystal and phototube were then ready for counting

purposes.

Preliminary trials, using the modified cathode follower,
were made with NaI(Tl), CsI(Tl) and CsI to find the pulse
height and resolution obtalned with these crystals for the
0.662 Mev gamma-ray from 03137. The CsI had the face next
to the cathode polished but the CeI(Tl) di1d not. Pulse
heights and resolutions obtained were
(1) for NaI(TL) =~ 96 volts and 8.5%,

(11) for CsI(Tl) - 35.6 volts and 12%, and
(1i1)for CsI - 10 volts and 25%.,

it was
One face of the CsI(TL) crystal was then polished and/remounted
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on the phototube with this polished surface next to the
cathode. An increase in pulse height to 42 volts was ob-
tained and the resolution was found to be 10%, This stresses
the importance of having a highly polished surface on that
face of the crystél next to the cathode of the phototube in
order to have maximum light transmission efficiency through

this face.

The amplified output pulses from the cathode follower
were displayed on the screen of a Tektronix ogcilloscope

for the three crystals. A Csl37

source was used. Plate 3
is the oscillogram obtained using the same sweep speed but
different vertical amplifications for each crystal. The
wave form trace at the top of the photograph is for CsI(TL);
the one in the middle is for NaI(Tl); and the one at the
bottom is for CsI. It can be seen that good resolution

was obtained with CsI(TL) and NaI(Tl), but very poor resolu-
tion was obtained with CsI for the 05137 gamma-ray. 1L the
wave forms shown in Plate 3 for NaI(Tl) and CsI(TLl) are
compared with those shown in Plate 2 for NaI(T1i) and LiI(Bu),
it can be seen that CsT(TLl) and LiI(Bu) give similar cathode
follower output pulses. This is due to the fact that the
time taken for the emission of light 1s approximately the
same for these crystals. At room temperature CsI 1s slower
than all these other three crystals in emitting light pulses.
Turther modification of the output stage of the phototube,
witnh the introduction of longer delay times, Woﬁld be‘

necegsary if the CsI was to be used at room temperature. The

output pulses for CsI were very ragged in shape (see Fig. 3(b)
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for the actual shape), but this is not evident in the photo-=
graph because of the long exposure time necessary to obtain

an appreciable darkening of the negative.

After these preliminary tests with GsI and CsI(T1)
were completed, the effect of temperature on the light out-
put of these crystals was studied. Hahn and RossellO found
that ¢sT at 100° X gave a pulse height for the 0.662 lev.
gamma-ray of cst3T about twice that given by NaI(TL) at
room temperature. Dry ice was used as a cooling agent for
the preliminary trials. It was pub in a paper container
which was placed on the lucite ring surrounding the crystal.
A dewar flask was then placed over the dry ice and crystal
to ensure that dry ice temperature (=57° ¢.) would be main=-
tained for an appreciable time. A4 decrease in pulse height
with decreasing temperature was noted for both ¢sI(TL) and
¢sI., Evidence that the pulse height for CsI reached a
minimum and then began to increase with decreasing tempera-
ture, near dry ice temperature, indicated that lower
temperatures were desirable; and so liquid nitrogen was

used for further testse.

The apparatus illustrated in Fig. 9 was constructed
for this purpose. MNgO powder was first put in the brass
cup, then the C¢sI crystal was pubt in place and held firmly
by a rubber '0' ring. The polished surface of the crystal
protruded above the brass cup Jjust enough to allow the
phototube to be lowered on to the crystal. The brass
cylinder and cup were placed in the Dewar flask at the

bottom of which was a cushion of loose insulation materiale



Plate 3.

Modified cathode follower output pulses for CsI(TL)

NaI(Tl) (center) and GsI (bottom).
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The Dewar flask was placed, along with the phototube and
cathode follower, in a light tight box. The phototube was
suspended in such a manner that it could be lowered easily
on to the crystal which was completely within the flask,
Insulation mabterial was then packed between the Dewar flask
and the phototube. The liguid nitrogen was slowly poured
into the Dewar flask through a glass funnel until the liquid
reached the level of the brass cup. The crystal was separated
from the brass cup by about a quarter of an inch of Mg0, and
so it was possible that it did not gquite reach liquid nitro-
gen temperature (~196° C.). However, since the liquid
nitrogen filled the Dewar flask to the level of the brass
cup, and since this amount of ligquid did not boll away
entirely for at least 5 hours, it was considered that a

temperature very near -196° ¢, was reached by the crystal.

The smplified cathode follower output pulses due to a
1 . . ,
Cs 31 source were disnlayed on the oscilloscope for both
CsI crystals at room bGemperature. The trace on the screen
was inked in to allow for visual observations of any
changes that might occur in the pulse height and pulse width
as the crystal temperature decreased, The pulse height and
X L, 137 s .
resolution for the (s gamma~ray were also obtained with

the differentlal discriminator and the scalar. Ligquid

nitrogen was not added until these operations were completed.

At room temperature Csl gave a pulse height of 10 volts
and a resolution of 25% for the cet37 gamma~-ray. The half-

height width (the width of the pulses at one-half their
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maximum smplitude) of the cathode follower oubpubt pulses was
approximately 8 microseconds. The pulse height at first
decreased with decreasing temperature to a minimum of 5.5
volts; then it rose rapidly with a further decrease 1n
temperature to a maximum of 80 volts. WMeanwhile, the half-
height width of the pulses had decreased bto approximately
3.5 microseconds. The resolution obtained at liquid nitro-
gen temperature was 12.5%, which was considerably better than
the room temperature resolution of 25%. NaI(TLl) at room
temperature gave a pulse height of 96 volts and a resolution
of 8.5% for the C8137 gamma-ray. Thus the ratio of the CsI
pulse height at liquid nitrogen temperature to the NaI(Tl)
pulse height at room btemperature was 1 ¢ l.2. This differs
from the ratio of 2 : 1 obtained by Hahn and Rossel.lo

Possibly the integrating circuitry employed in the two sets

of experiments was mepkeddy different.

Quite different results were obtained for CsI(TLl). A%t
room temperature it gave a pulse height of li2 volts and a
resolution of 10% for the cst37 gamma~-ray. There was a con-
tinual decrease of pulse height with decreasing temperature
until the pulse disappeared completely into the base line

on the oscilloscope screen.

(A temporary change in the characteristic operation of
the photomultiplier tube resulted from the large temperature
change it underwent. The number of noise pulses up to a
pulse height of approximately 3 volts had shown a marked
increase when the phototube was used immediately after 1t

had returned to room temperature. However, these low level
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noise pulses decreased considerably in number after approxi-
mately one day's operation, and the phototube appeared to

regain its normal characteristics.)

Since the pulse height from (¢sI(Tl) decreased with de-
creasing temperature, 1t seemed reasonable to assume that it
would increase with increasing temperature for at least a
short range of temperature above 20° G. This assumption was
tested by placing an oven, which was capable of maintdning
& temperature of 50° C., over the crystal. A time interval
of over two hours was allowed for the crystal to reach a
stable temperature of approximately 50° G, It was found thatb
a 3.5% increase in pulse helght occurred, but no appreciable
change occurred in the resolution, No change was noticeable
in the pulse height for CGsI at 50° ¢, This was due in part
to the ragged shape of the cathode follower pulses which
eliminated any possibilility of observing a small change even

if it were presente.

Table I shows the values obtained for the pulse height
and resolution for the 05137 gamma-ray with the four crystals -
NaI(TL), CsI(Tl), LiI(Eu) and CsI. The pulse height ratio
given in the last column is based on the pulse height given
for the csi37 garma.-ray by NaI(Tl) as a standard. It is the
ratio of the pulse height obtained with a given crystal to
the pulse height obtained with NaI(Tl).

Fig. 10, which gives the gamma-ray energy callbration
curve for CsI(Tl), shows that a linear relation exists between
pulse height and energy for this crystal in this region of

energies,
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TABLE I

Crystals Using the 00,662 Meve

Gamma Ray of 63137
Crystal Pulse Pulse
Height Resolution Height
Type Temperature (Volts) Ratio
NaI(T1) Room Temp . 96 8.5% 1
CsTI(T1) u 2 10% Oolily
LiI(Eu) i 6.7 18% 0,07
CsT " 10 259 0,10
GsI Liquid 80 12,5% 0.83
Nitrogen
temperature

Pulse Height Ratio =

(Pulse height from given crystal)

(Pulse height from NaI(TL)

)
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S W 5
Maeder and Wintersteiger have published a paper in

which they have considered the importance of the photo-
electric and Compton effects in the absorption of gamma-rays
in a NaI(Tl) ecrystal; they have considered a monochromatic

as well as a complex gamma-ray spectrun.

In order to compare the ratios of the absorption of
gamma-rays by the photoelectric effect to the absorption by
the Compton effect in NaI(TLl) and‘CSI(Tl), the spectra of
three radioactive sources were obbtalned with both crystals.
Exactly the same geometry and the same negative high voltage
on the cathode of the phototube were used for each crystal
for a given source. Corrections for background radiations
were applied in all cases. In each case the CsI(Tl) curve
was normalized to give the same counting rate and pulse
height as given by NaI(Tl) for the most prominent photopeak

of the given source,

The two ecurves obtained for cst37 are given in Fig. 1l.

The CsI(TL) curve was normalized to make the 0,662 Meve

gamma~-ray peak correspond in position and height to the
same photopeak as given by NaI(Tl); both have this photopeak
at a pulse height of 25 volts in Fig. 1l. A comparison of
the areas of the 0,662 Mev. photopeak and the area of the
reglon between 9 and 19 volts shows that the ratio of the
photoelectric to the Compton effect is slightly higher for
CsI(TL)s This ratio would be more in favor of CsI(Tl) if
the crystals had the same volumes; here the NaI(Tl) had

twice the volume of the CsI(TL) crystal.
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The spectra obtained for Zn > are given in Fig. 1Z2.
The 1,12 Mev. gamma-ray photopeak occurs at a pulse height
of 23,8 volts. The peak=to-trough ratio for this photopeak
is definitely higher for the CsI(Tl) crystal and, as can be
seen by comparing areas in the region to the right of a pulse
height of 5 volts, the photoelectric to Compton ratio is
considerably higher for the CsI(Tl) crystal than it is for
the NaI(Tl) crystal, A considerably larger number of pulses
is thrown into the region between 5 and 22 volts by the
NaI(TL) erystal than by the CsI(Tl). Again the results
obtained with CsI(Tl) would have been better if a larger

crystal had been used.

192
The spectrum obtained for Ir with NaI(Tl) is almost

identical with that obtained with GCsI(Tl) as can be seen
in Fig. 13. The prominent photopeak at a pulse height of
20 volts has an energy of about 310 kev. The photoelectric
effect is much more important than the Compton effect at
these low gamma-ray energies. Because of this, iﬁ seems
reasonable to suppose that the number of pulses given out
by both crystals is due largely to the absorption of the
gamma-radiation by the photoelectric effect; if this is the
case, then the two curves would be expected to be very
gimilar. The Th source used to obtain the spectra given
in Fig., 1L contained a trace of uranium ore. Composite
spectra of Th and Ra were obtained as a result, and so no

attempt was made to compare these curves 1ln detail.

In summing up, it would seem that CsI(T1l) has at least
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two distinct advantages over NaIl(Tl) as a phosphor for a
gamma-ray scintillation spectrometer. The chief advantage
is that GsI(Tl) is non-hygroscopic, which means that no
special precautions need be taken to prevent molsture
contamination of the crystale The second advantage of
CsI(TL) arises from the fact that a larger number of pulses
is thrown into the photoelectric peak than into the Compton
peak., It is unfortunate that no large CsI(TL) crystals are

avallable at the present time.
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QQ SPECTAL-CATHODE PHOTOMULTIPLIER TUBE.

To investigate methods of improving the cathode efficiency
of a phototube, the Dumont Laboratories constructed a 6292
tube with half of the cathode window ebched on the insgides.

The whole window was coated in the usual manners.

The tube was tested in the following menner:- A smooth
piece of silver foll was placed over one~half of the cathode
window in order to test the other half, This made it possible
to place a one inch diameber NaIl(Tl) crystal on thét half of

the window under study without having part of the crystal

overhanging the edge of the phototube. Any light striking
the silver foil had an excellent chance of being reflected
back into the crystal so that it could eventually reach the

unmasked half of the cathode window. A 03137

source was
used and the position of the 0,662 lMev. gamma ray photopeak

was found for bthree positions of the crystale.

fhen the crysbtal covere@ only the etched=-glass portion
of the window, a puse heightiof 25 volts was obbtained, with
o resolution of 11.2%. fhen the crystal covered only the
clear-glass portion of the window, a pulse height of 28 volts
was obtained, with a resolution of 9»7%6 The pulse height
obtained when the crystal was eqﬁally on the ebtched- and
the clear-glass portion of the cathode window was 33 volts,
with a resolution of 9»7%0 Assuming en otherwise uniform
cathode window, 1t would appear from these results that the
increase in the surface area of the etched-glass window over

the ares of the clear-glass window does not produce an increase

in pulse height as might be expected.
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B. THE APPLICATION OF THE NEUTRON SCINTILLATION SPHECTROMETER
TO THE STUDY OF THE FAST NEUTRON SPECTRUM OF A Po - Be
NEUTRON SOURCE.

12, 13

The detection of neutrons depends on secondary
effects, due to the fact that the neutron possesses zero
net charge, and hence cannot be detected directly by the
usual methods for alpha~ and beba~particles., The neutron
cannot directly cause ionization in a G.M. tube, in an
ionization chamber, or in a proportional counter; it cannot
of itself produce tracks in a cloud chamber or in a photo-
graphic emulsion; it cannot directly produce scintillation
photons in the crystal of a seintillation counter; nor can
it be deflected in an electric or a magnetic field., There

1l

are several nuclear interactions involving neutrons which
make their detection possible, and some of these are

(1) the absorption of a neutron by a nucleus with the
resultant formation of a radioactive nucleus, (2) the
absorption of a neutron by a nucleus followed by the emigsion
of a fast charged particle, (3) elastic scattering from a
light nucleus such as the nucleus of a hydrogen or a helium

atom, and (L) the absorption of the neutron by a nucleus

with fission of the compound nucleus so formed.

In case (1), the decay of the radiocactive nucleus can be
studied by observing the decay products (such as alpha- or

beta-particles, or gamma-rays) with suitable detectorse

After information is obtained on the original nucleus an

/
on the product nucleus, the reaction can be identifiled, Une
Y,

-~
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some simple cases at least, from theoretical considerations.
Tor the interaction of type (2), a proportional counter or
an lonization chamber filled with BF3 gas can be used to
detect the fast charged particle., In such a boron counter,
the alpha-particles produced in the reaction Blo (ny o) Li7
cause the ionization necessary for the counter to operate.
One method of detection spplicable to the interaction of

type (A) is to use a photographic emulsion containing the
fissionable material, The density of the tracks produced

is a measure of the intensity of the neutron. A second
method of detection involves the use of an ionization chamber
which incorporates the fissionable material. Several types
of detectors based on elastic scattering have been used for

15

the nuclear interaction of type (3). Blliot et al have
used a scintillation spectrometer employing an anthracene
crystal to study the fast neutrons from a Fo - Be neutron
source., This s?ectrometer uses the recoll proton pulse
amplitude principle that has been described by Owen et al.l6
4 proton-recoil proportional counter which can operate in
fairly strong gamma-ray backgrounds has been described by

17 18

Prisch « Dr. B. G. Whitmore and Wm. Baker  , working at
the University of Manitoba, have used a photographic
emulsion technique,involving the measurement of recoil

proton tracks, to study the energy spectrum of neutrons from

Po - Beo

In the experiment desgcribed here, a neubron scintilla-
tion spectrometer was used to detect the fast neutrons from

a Po = Be source, The neutrons are produced in the follow-
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ing exoergic reaction

12 1
bBe9 + Zﬂeu — 6C + On + Qe

Q 1s found to have a value of 5,65 liev. from a consideration

of the mass values of reactants and products using the

relationig’zo

Q= 931.16 [M(X) + m(x) - M(Y) - m(y) | o2 (Mev),
where M(X) = mass of B993

I

m(x) = mass of He™,
M(Y) = mass of 0129

mass of a neubron.

i

and m(y)

The alpha=-particles necesgsary to produce this reaction come
from Po and have an energy of 5.30 Meve, The neutrons produced
are found to have an energy range from about 11 Mev. down to

zero, This energy spread is due to two causessts (1) The

Cld nucleus may in some cases be left in an excited state
with the result that the outgoing neutron has less energy.
For monoenergetic incident alpha-particles, the possibility
arises of obbtaining groups in the spectrum of the outgoing
neutrons. Hach group would correspond to an excited level
B4 .~ 12 2 ki k] + o 22

in the C nucleus., Pringle, Roulsbon and Standil made

a study of the gamma-rays from Beg(oC,n) using a gamma-ray

23,30

scintillation spectrometer. Sumnaries have been made of

the available evidence (up to 1952) for the existence of
levels in 012o (2) The Be target has a finite thickness and

there is a good chance of the Po alpha-particles losing much

of thelr energy before interacting with a Be9 nucleus., And
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so, even if the ground state of 612 results from every inter-
action, there 1is stillva possibility of a spread in the

energies of the outgoing neutrons due to the possible spread
in the energles of the Po alpha-particles from 50,30 Mev. to

Z2€eT0 e

The scinbtillation phosphor used was a LiI(Eu) crystale
Wormal Li is made up of T.U% L16 and 92,6% i, Lié is the
isotope involved in the detection of neutrons due to the
resction 010 (n,ec) H3. The crystal was a cylinder having a
diameter of 3/l inch and a depth of 3/l inch. It was mounted
in a moistﬁre—proof container with a glass plate cemented
to the light-transmitting face., The crystal was not per-
feetly colourless but had a slight pinkish hue. LiI 1s more
hygroscopic and chemically more unsbtable than Nal., It
undergoes hydrolysis and oxidation in the presence of the
slightest trace of water and oxygen. As a result, free
fodine is liberated, thus giving the crystal a brown dis-
coloration. LiTI is perfectly transparent when carefully
prepared, The addition of BEu can cause color centers which
can be minimized by careful heat treatment. Schenck and
Neilerzh found some improvement in pulse height after

applying this heat treatment to LiI(Eu).

The LiI(Eu) erystal was used with a Dumont 6292 photo-
tube. A silicone grease was placed between the phototube
cathode and the light-transmitting face of the crystal to
ensure good optical conbact. The phototube was then used
in all cases with the modified cathode follower circuilt.

The Po - Be source, in the form of a cylinder approximately
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1/2 inch in diameter and 1 inch in depth, was placed on the
cover of the light-tight box containing the phototube and
crystal, The source was handled with a set of tongs having
an arm approximately 9 feet in length. By using these tongs,
one could safely handle this comparatively ‘hot'! source
without fear of getting too close to it,‘ The séurce, when
obtained from the Oak Ridge National Laboratory, had a
strength of 5 curies. The half-life of the Po - Be source
ig wholly dependent on the 128-day half-life of Po. It

was estimated that the source had a strength of about 2

curies midway through the experiment.

The LiI(Eu) crystal was initially calibrated for
gamma-ray energies using the following sources - 03137
(0,662 uev. ), 705 (L.12 Mev.), and Th (1.60 and 2.11 Mev.).
for, gamma-rays
It was found to have a linear energy relation/in this range
of ehergies, as can be seen by the straight line graph of
Fig. 15, In obtaining the LiI(Eu) spectrum for the Po - Be
neutron source, one minute counts were taken up to a pulse
height of 23 volts, thirty minute counts up to 25 volts,
and three hour counts up bto 37 volts. These counts were
taken at half-volt steps with a one-volt gate. Three hour
counts were taken at one-volt steps with a two-volt gate
from a pulse height of 35 to L7 volts. Fige 16(a) shows
the spectrum obtained with LiT(Bu) after corrections were
applied. The gate width used is indicated on the graph by
a horizontal line with vertical bars at each end. Ther

corrections applied arose from instrumental drift. A care-

ful watch was maintained on the positlion of the gamma-ray
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peak at 18.3 volts to spot any drift in order that the point
obtained could be corrected if drift did occur. Any appreciable
drift during an overnight count could not be spotted. During.
the course of six days, no drift greater than 2.25% was

noticed in the gamma-ray peak at 18.3 volts, and it was during
this period that the counts used in drawing the curve of

Pig. 16(a) were obtained.

The position of the slow-neutron peak had to be found
accurately in order to get a neutron energy calibration curve.
Counts were taken in the region of the gamma=-ray peak with
and without paraffin between the source and the LiI(Eu)
crystale. The"no~paraffin’ curve was then subtracted from
the 'paraffint curve to give the slow neutron peak shown in
Fig. 16(b)o A straight line was drawn passing through two
points on an energy (in Mev.) vs. pulse height (in volts)
graph. The first point had a zero ordinate and an abscissa
of 0.3 volts, which was the zero point of the differential
discriminator. The second point had an ordinate of l1..80 lev.,
the Q value of the reaction Lié(n,cﬂ) Hﬁ, and an abscissa
equal to the pulge height of the slow neutron peak. The
neutron energy calibration curve was obtained by drawing a
straight line (assumling a linear energy relationz) with the
same slope as the above line and passing through the point
with zero energy and pulse height equal to that obtained for
the slow neutron peake This calibration curve is given in
Fig. 17 with the neutron energy scale as the right-hand
ordinates.

Since LiI(BEu) is also an efficient detector of gamma-rays,
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the Po - Be neutron spectrum found with this crystal is due
not only to neutrons but also to gamma-rays produced in the
reaction Beg(cc,n) ¢l?,  These gamma~-rays arise from the
de-excitation of excited levels of the C12 nucleuss NaI(TL)
was used to determine the shape of this gamma-ray spectrum.
The light output of this crystal had to be cut down with a
grid cut from black paper because the pulse height obtained
with NaI(Tl) for a given gamma-ray photopeak was 143 times
higher than with LiI(Eu) (see Table I). The gamma-ray
energy vs. pulse height calibration curve for NaI(TL) was
made to correspond exactly with that for LiI(Fu), as shown
in Fig. 15, by means of this grid. This meant that these
two crystals would then give the same resolution for a given
gamma-ray photopeak. This was a necessary feabure if a

Po - Be gamma-ray spectrum that could be subtracted from the

LiI(Eu) neutron-plus-gamma-ray spectrum was to be obtalned

with NaI(Tl).

Upon studying the Po - Be source with NaI(Tl), it was
confirmed thaf the prominent feature obtained with LiI(Eu)
at a pulse height of 18.3 volts was due chiefly to gamma-
radiation, and was in fact the pair=-production peak for the
¢t garma-ray having an energy of l..[5 Mev. It is found, by

using Fig. 15, that this pulse height corresponds to an

energy of 3.l.2 Mev., which gives a value of Il Mev. for

this o2 gamma-ray, (N.B. Since the calibration curve of

Fig. 15 was obtained with the amplifier set at full gain,

and since the Po - Be spectrum was obtained with the amplifier
set -at hall gain, the gamma-ray energy scale reading must be

L4



=51l=
doubled to give the correct value in this case.).

NaI(Tl) gave higher counting rates than LiI(Eu) chiefly
because of the larger volume of the NaI(Tl) crystal. A
normalization factor had to be applied to the NaI(Tl) curve
to give the same counting rates for gamma~-radiation for
both crystals in order that only the neutron counting rate
would be left after the curves were subtracted. This factor
was obtained from a consideration of the masses and atomic
weights of the constituents of the two crystals. The final
LiI(BEu) and NaI(TL) curves are shown in Fig. 16(a). The
great similarity in the shapes of the two curves in the
neighbourhood of the pair-production peak for the l..li5 Mev.
gamma-~-ray of 012 indicates that slow neutrons produced no
detectable modification in the LiI(FEu) curve. O0Of course,
this was not true when paraffin was placed between the source
and the LiT(Bu) crystal to greatly increase the number of

slow neutrons as can be seen in Fig. 16(b).

The neutron energy spectrum of Fo = Be was obtained by
subtracting the NaI(Tl) curve from the LiI(Eu) curve.
Fig. 17 shows the curve obtained after a cross section cor-
rection had been applied. Since no data were available for

6

the neutron cross section variation with energy of Li~ for
neutrons of energy greater then 1 Mev., the 1/v law2 s Where
v is the velocity of incident neutrons, wasapplied to give
this difference curve. The neutron energy calibration curve

ig also included in Fig. 1l7e.

In Pige. 17, feabture A is the slow neutron psak.
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Feature B seems to be due to the resonance peak at about 0.3
Mev. in the neutron cross section curve of L16o FPeatures

C, D and E are pronounced maxima having energies of 3.6 % .2,
.6 % .2 and 5.5 % .2 Mev., respectively. & doubtful
maximum is suggested at an energy of 7.l A «3 Mev., at Fe
Table IT compares the values of the neutron energy maxima
obtained in this experiment with values obtained by other
workers. The methods used by Whitmore and Baker and by
Blliot et al were mentioned earlier in the discussion on
neutron detection. Gursky et a126 employed a variable
absorption proportional counter arrangement to get their
results. Neiler ét a127 also used the Lié (n, ) H3 re-

action in LiI(Fu) in their experiment.



Energy Spectrum

~53-

TABLE IT

of Neutrons from a Po - Be Source.

(Energy in Mev.)

Baean | et | himas | ks |STE% | N
- - 1.2 (D) 1.8 (D)| - 263
¢ 3.6. 302 306 3.2 306
D ll..6 o8 L5 (D)| L6 5.0
i Be5 - 5.8 (D) 5.5 5.5 -
F Tol Tol 8.2 (D) - -
- - 9.7 (D) 9.t (D)} - -
- - - - - 16,7

(D - doubtful)
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CONCLUSION

A neutron scintillation spectrometer was used to study
the fast neutron spectrum of a Po - Be neutron source. This
spectrometer detected and measured the energies of neutrons
with a europium activated lithium iodide crystal (LiI(Eu))
due to the exoergic reaction Lié(n,d:) B> which has a @ of
l.785 Mev.® A linear relation> was assumed between the
neutron energy and the amount of light given out by the
crystal, and from this a calibration curve for neutron

energles was obtained.

The LiI(Bu) crystal used in this spectrometer was also
an efficient detector of gamma-rays. A thallium activated
sodium iodide crystal (WaI(TLl)), which does not respond to
neutrons, was used to find the gamma-ray distribution curve
for the Po - Be source. After suitable correctlons were
applied to this NaI(Tl) curve, it was subtracted from the
LiTI(®u) curve to give the fast neutron energy spectrum of

PO = Beo

In the fast neutron energy spectrum of Po - Be obtained
with this spectrometer, maxima were obtained at energiles of
3.6, li.6 and 5.5 Mev. There was also evidence suggesting a

maximum at 7.1l Meve

The output oulses from three crystals - LiI(Eu), CsTI(T1)
and CsI, were compared with NaI(Tl)., Tests were made on the
pulse height change with changing temperature from Csl and

CsI(TL). Both crystals were lowered to liquid nitrogen
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temperature. At liquid nitrogen temperature Csl gave a pulse
height 8 times larger than that at room temperature. 4
comparison was made of the spectra obtained with CsI(T1l)

192
and NaI(Tl) for 03137, Zn65 and Ir 7 .



~Z6-

ACKNOWLEDGHENTS

The writer wishes to express his gratitude to
Dr. Ko I, Roulston for his supervision and invaluable
guidance, especially in the electronic developments; to
Dr. R. We Pringle, the Director of Research, especlally
for his interest in the nuclear physics problem; to
lir. Hoe W. Taylor and Mr, W. Turchinetz for thelir many
helpful suggestions; and to Mr. C. J. Kubin, the
department technician, for his part in the construction

of the equipment.

The wribter also wishes to thank the California
Standard Company for their assistance in the form of a

Graduate FellowshlDe



REFERENCES

1. Schenck, Scintillation Counter Symposium, reprinted from
Nucleonics, page 26, McGraw-Hill (1952).
See also reference 2.

. Schenck and Weiler, Nucleonics, 12, 28 (195l.).

Roulston, PhD. Thesis, University of Manitoba (1952).

/= w N

. Stendil, PhD. Thesis, University of Manitoba (1951).
. Taylor, M.Sc. Thesis, University of Manitoba,(1952).
Turchinetz, M.Sc. Thesis, University of Nanitoba (1953).

See page 15, reference 3.

@

o~ O\

. See page 20, reference 3,

O

. flmore and Sands, Electronics, pages 99 - 103, MceGraw-Hill

(1949).
10. Hohn and Rossel, Helvetica Physica Acta, XXVI, 803 (1953).
11l. Maeder and Wintersteiger, Physica, XVIIT, ll@? (1952)e

12. Halliday, Introductory Nuclear Physics, page 377,
(John Wiley and Sons)(1950).

13, Segre, bxperimental fuclear Physics, Vol. II, vage 362,
(John ¥iley and Sons)(1953).

1. See page 22y £f., reference 12,

15, Elliot, McGarry and Faust, Naval Research Laboratory,
Washingbon, D.C., private communication.

16, Owen, Neiller and Wheatly, Fast Neutron Spectrometer,
Report No. 1, University of Pittsburgh (1951).

17. Frisch, Phys. Rev., 70, 589 (19L6).

18, Whitmore and Baker, Phys. Rev., 78, 799 (1950).

19, See page 377, reference 12.

20, See page 257, reference 13,

21. See page 362, veference 13.

22, Pringle, Roulston and Standil, Phys. Rev., 78, 627 (1950).

23, Horynak and Lauritsen, Rev. Nod. Phys., 20, 191 (1948).



-58-

2L, See reference 2,
25, See page 276 f£f., reference 13,
26, Gursky, Winnemore and Cowan, Phys. Rev. 9L, 209 (1953).

27, Neiler, Muckenthaler and Schenck, Bulletin of the American
Physical Society, 29, 52 (195L).

28. Jordan and Bell, Nucleonics 5, 30 (19L9).
29. See page 38 ff., reference Q.

30. Ajzenberg and Lauritsen, Rev. Mod. Phys., g&, 321 (1952).





