A SINGLE CRYSTAL SODIUM IODIDE SCINTILLATION
SPECTROMETER FOR THE INVESTIGATION
OF GAMMA-RAY SPECTRA

by

Richard Ernest Azuma

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF ARTS

in the Department
of
PHYSICS

We accept this thesis as conforming to the

standard required from candidates for the

degree of MASTER OF ARTS

Members of the Department of
PHYSICS

THE UNIVERSITY OF BRITISH COLUMBIA
April, 1953



ABSTRACT

A single crystal sodium iodide spectrometer has been devel-~
oped for the investigation of gamma-ray spectra. The spectro-
meter was tested with the gamma-rays from the sources Eu155,
| RaD, Na22, Zn65, 0060, and RdTh. The spectra from these sources
have been obtained by analyzing the pulse height distribution
from the scintillation counter.with a single channel differen-
tial discriminator.

A crystal mounting technique is described in which the cry-
stals are mounted dry with a layer of magnesium oxide powder
surrbunding them to provide diffuse reflecting surfaces. With
mountings of this type, 7% energy resolution has been achieved
for gamma-ray energies of approximately 1 MeV,

The expected pulse height distributions have been calculated
and compared with the experimental distributions. The effect
of multiple scattering events on the shape of the distributions
is discussed,zand the effect of crystal dimensions on the resolu-
tion has been studied. It has been found that for the energy
region 0.5 to 2.5 MeV the best resolution is obtained with small
crystals.

A search has been made for the presence of low energy gamma-
rays in the decay of tritium, and it was found that within the
accuracy of the experiment no gamma-rays were present.

A preliminary report is presented on the investigation of
possible scintillation produced in air by alpha particles. The
effect has been shown to exist but no systematic study has been

made.
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1. INTRODUCTION

The development of the scintillation counter as an energy
sensitive detector has produced a powerful tool for the study
of X-ray and gamma-ray spectra. Recent refinements in technique
have resulted in the design of spectrometers which are capable
of measuring gamma-ray spectra from sources 6f the order of 10~7
curie and with resolution, (measured as the ratio of the full
width at half maximum to energy at peak), of approximately 8 per-
cent, for the energy région 1l to BVMeV. This definition of en-
ergy resolution will be used throughout the text. The resolu-
tion.attainablé, to date, for the energy region below 1 MeV has
been restricted'by the statistical variations associated with
the‘photomultiplier tubes, and below 100 KeV, these variations
become dominant and,a'resolution of about 40% can be expected,
getting worse as the energy drops. The‘poor resolution in this
ver& low energy region may quite often be tolerated since the
high efficiency of the scintillation counter makes possible the
detection and measurement of épectra from extremely weak sources.

The use of thalliumeactivated sodium iodide crystals as a
means of‘distinguishing gamma-ray energies was first reported by
R. Hofstadter in 1948 (1). This initial report showed that the
fluorescent light output of éodium iodide was considerably larger
than that from most of the known organic phosphors, but not an-
thracene, and that the intensity of fluorescence was an increasing
function of the incident gamma-ray energy. A subsequent publica-

tion by the same author (2) showed that sodium iodide counters

gave a characteristic pulse height distributipn for an incident
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beam of monoenergetic gamma-rays. This‘"spectrum" was charac-
terized by the presence of a continuous distribution with a sharp
cut-off at the high energy side, and by the presence of a number
of sharp peaks. The peaks were attributed to the interaction of
the gamma-rays withithe.heavy component (iodine, 2z=53) of the cry-
stal by means of the photoelectric and pair production processes,
and the continuous distribution was interpreted as the result of
interactions. by the:Compton effect. The position of the;hoto-'
electric.and peir peaks in the distribution‘was reported to be a
linear function of the incident gamma-ray energy. This linearity
with respect to incident gamma-ray energy.of the fluorescent out-
put of the crystal, along With the presence of sharp peaks in the
spectrum, and the high absorption efficiency has made sodium iodide
the ideal type of crystal to use for the measurement of gamma-ray
energies. |

" Recent advances in.the design of photomultiplier tubes have
resulted in marked improvement in the performance of the scintil-
lation counter. Those factors of photomultiplier design which
are of most importance in this application are the following:

(i) High efficiency in photocathode emission, and unifor-
mity of emission over.the whole photocathode surface.
" (i) High gain and low dark current.

(iii) Large photocathode area to increase light collection ef-
ficiency.

(iv) Insensivitity of the gain to stray magnetic fields

(v) Large output current pulse without affecting linearity

of the response or causing ion feedback.
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(vi)_ Méximum efficiency in collection of the electrons from
the photocathode, |

(vii) Matching of the spectral responsé of the photbcathode
with that of the fluorescent radiation of the crystal.
Although much research has been done to improve these operating
characteristics, the statistical fluctuations introduced by them,
especially variations in photocathode emission and gain,still
account for approximately half of the observed spread of the
peaks.,

The spurious pulses produced by thermionic emission from the
dynodes of the photomultiplier are of the same magnitude as those
pulses produced by very low energy gamma-rays and X-rays. These
spurious pulses may be reduced both in magnitude and in number by
cooling the tube.to liquid air temperatures. Hence the spectra

of very weak intensity, low energy gamma-rays, (< 1 KeV) may be
investigated but this ﬁethod has not as yet been exploifed to
its fullest extent. |

The effect of the uniformity of the crystal (i.e. uniform
fluorescent yield from all parts of the crystal for a given
gamma-ray energy), the size of the crystal, the methodzgounting
the crystal, and the degree of collimation of the incident gamma-
ray beam on the energy resolution of the counter has been des-
cribed in the literature (2,34). Invesitgation has shown that

aside from improved photomultiplier tubes and uniformity in cry-

stals, the largést single gain in resolution is obtained by im-

proved crystal mounting techniques. R.K. Swank has outlined

( 5_) a method of mounting éodium iodide crystals in order to ob-
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tain optimum light input into the multiplier and hence optimum
resolution. With this method as a guide, a crystal mounting
technique has been developed which is capable of producing a
counter with a resolution, for example, of seven percent for the
two photoelectric_lines'in thé speétrum‘of Co O.

The techniqueg of scintillation spectrometry as introduced
above has been used in the performance of many kinds of experi-
ments., A few of the more well known ﬁypes of experiments are
listed below:

(i) The detection and measurement of gamma-ray spectra |
(especially in the case of weak intensity spectra) produced by
bombardment of target materials with accelerated particles.

(ii) The search for weak intensity gamma-rays from isotopes.

(iii) The determination of cross-sections in "bomBardment"
experiments, and absolute flux measurement of line gamma-rays.

(iv) The determination of decay schemes by means of &~¥, B8-¥
and ¥-¥ coincidences. |

(v) The measurements of internal conversion ratios by measur-
ing the ratios of X-rayi'flux.

There are very many more specialized applications of this tech-
nique to particular experiments. So far this technique has been-

applied by the author only to (ii) mentioned above.



-II. THE INTERACTION OF GAMMA-RAYS WITH THE CRYSTAL ‘AND THE

SPECTRUM SHAPE.

It has been shown (3,4) that‘the pulse height distribution
obtained with a scintillation counter for an incident beam of
mono-ehergetic gamma-rays has a characteristic shape. In order
that the energy of the incident gamma-rays may Ee determined from
this distribution an analysis must bé made of the effect on the
shape of the spectrum of each of the three absorption processes:

(i) Compton effect.

(11) Photoelectric effect.
(iii) Pair productioh.

The cryStal obtaiﬁs its fluorescént'energy from the energetic'
electrons which result frém the absorption processes. The pulse
distributioq, in its general'aspects, is then determined by the
energy vs. number distribution of these electrons. These distri-
butions are.calculated below:for each of the.absorption processés,
from which thef"ideal"”distribution can Ee calculated. o

The "ideal™ distribution is, of course, diétoﬁed due to multi-
ple scattering events taking place in the crystal, wall effects,
and by statistical fluctuations introduced by the photomultiplier
tube. These effects are discussed below and a qualitative argu-
ment is presented of these effects on the shape of the distribut-
ion. | \

A. COMPTON EFFECT

In considering thé Compton effect it is assumed that the elec-
trons in the atom may be thought of as free and that the photon

collides with an electron and is deflected, the electron recoiling
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in a different direction. It is the number vs. energy distribu-
tion of the recoil electrons that mﬁst be calculated. In the
calculations that follow, it is assumed that only primary proces-
ses occur, i.e., all degraded quanta escape from the crystal with
no further interactions, and that the electrons lose all their
energy to the crystal (i.e., no wall effect) and radiate none in
the form of brehmstrahlung radiation. '

From the conservation of energy andmmentum in the process,

the relativistic equations for energy and mass, and the notation

shown in Fig. (I ), the following expressions can be obtained:

1o hy (1)
hv'= 1+ X (1= co28)
Eol =i~ =l (2)
2 :
_=”1V{ |+M+(I+O?Sﬁw1‘¢ - (3)
Z
“«v® = - are T (4)

_ _hy
where === |
Klein and Nishina ( 6 ) have carried out a quantum mechani-
cal calculation of the process and have obtained the following
equation for the fraction of the gamma-ray energy scattered in a

given direction:

e |+ 400 © { + (1~ <on ©)

I=lozmcon fi+a (1=con 9)_T3 (1 -rm”'e)[c-rd(c-m;fjf 5)

where Io intensity of incident beam of gamma-rays,

I intensity of scattered beam at the angle © and dis-

tance A4 from the scattering electron of charge e and

mass me.
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If k(©) = cross-section for the number of photons scattered per
electron and per unit solid angle in the dlrectlon Q, then equa-

tion (5) may be written I= j? hy_ k(o)

2, 2
where k(@) -4‘["(——(@-&’{—-_'_._[ <ol6 + [::faf«;:)BTJ (6)

In the above equation

2 et |\ 2
/),a.:( z):m

VL%

9079)_= cross-section for the number of photons'scattered in to
the solid angle¢£n.in the direction e . The'cross-section for the
amount of energy scattered per electron and per unit solid angle
in the direction e is

K =2 k(@)
Combining equations (1) and (6) K(e) beéomes

_decri(®) _Ax)___ | oy X (= E) |
K (9)= :l.n.,‘ 2 [|+¢(|-m9)_]3[” o+ [1+ (1~ <ow©)] ] (7)

- where eaﬁ(e) is the cross section for the energy of:the photons
scattered into solid angle d-< in the direction & .
If the following definitions are made:

(i) e9 = Compton total cross-section i.e., cross-section for
the number of photons scattered or for the total amount of energy
‘removed from the beam.

(ii) ¢Os = Compton scattering coefficient i.e., cross-section
for the amount of energy retained by the scattered photons then
e0 and oO0g are obtained by integrating equations (6) and (7)
respectively over all possible directions. The resulting equa-

tions are:



o= mt{ 2 [ L bnsa]de bird-EZ |

2(14) @A =2d~1) | gx*
X3(/+2c)* 3(1+2)3

eT: = W [;-2-; e (14 24) + (9)

Sinceeﬁf is the cross;section for the total amount of energy re-
moved from'the_incident beamn, andedg'is-the cross-section for the
amount of energy retained by the scattered photons, then éﬁ; the
cross-section for the amount of energy absorbed by the recoiling
electrons is

| eOZ, = eo/“ads
C.M. Davisson (7 ) has calculated values for these cross-sections
at various energies. They are shown in Fig. (1I).

Since the probability that an electron will be scattered into
dn' situated in the direction ¢ , is the same as the probability
that a primary Quantum will be scattered into the solid angle du
in the direction &, € and:being related by equation (4), then

d o0($)= k(@) dn. = k() 2’

Ao (@)= k> 25, | '

< | (10).
where k(@) and k(¢) have analogous meaning, but are for photons |
and electrons respectively and where k(&) is given by équation (6).
Now, if equaﬁion (10) is integrated only over é (the polar angle
$ ) the reSult obtéiﬁed is
L ,
“E= rand O 2,

where the prime on the O indicates that the $ dependence has

(11)

been integrated out, and where 5%%%}%2 is the cross-section



for the number of electrons. scattered between two cones whose
half angles differ by unity.

| The quantity of interest is the differential cross-section as
a function of electron energy, which might be thought of as the
number vs. energy distributions of the electrons. Mathematically
this is | '

deg® _ dec@®) do
d Eel - de oA Eel’

(12)
-C%E—‘_L’-can imxﬁediately be found by differentiating equation (3)
@

and it is - 2
do ) [142a + C1+a) Tn"d]

dEel = 44(+d)? hV tan ¢ et (13)

{
In order to find —égﬁz!ﬁg—(see equation (11)), Jﬁf&f- must first
A da

be calculated. |
If the polar coordinates are R, © and &, and if the scatter-
ing angle @ or ¢ is associated with the polar angle @, then
the element of solid angle is
| for the photond.2z= sin 6 de d¥%

for the electronda’= sind d¢é d@

dn nodo
Th - e Y .
U I T g dé

de can be calculated from equation (4)

dé

The result is

da __ 4(H?ﬁa@¢ ‘
Ao’ [(+a)*~ a(a+e) <eetd]? - (1y)

On using equations (11), (12), (13), (14) the differential cross-

section per unit energy becomes

des'le) _ 2m k(a)[ (1) oLors™d * (15)
dEel 2hV (Ite)'= a(a+at) <n™ ¢




FIGURE III

Compton electron distribution for incident gamma-ray energie of 0.511
MeV and 1.28 MeV The dashed curves show these distributions spread out
to 10% resolution.
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' o in.
Now, if the energy of the recoil electron is expressedAunits of

me* i.e. & o) = EelMeV)

mc*
Then equation (15) can be simplified, (See Appendix I) giving
decte) _ _mrk oLel «l 1l
- ° -2 [ e
iEa " womer |2 (e ) [d(d-eta)] + [a((al.—o(el):, (16)

where the maximum energy of the recoil electron is

24t |
1+ | (17)

ixe|0nax)=
Equation (16) has been calculated for the primary quanta energies
of 0.511 MeV abd i:ZS'MeV (=1 and 2.5 respectively). The re-
sults are graphed in Fig. (III).

In any experimental case the measured distribution will be
spread out due to the finite energy resolution of the system.
This spreading of the distribution can be calculated in the fol-
lowing way: | |

(i) The calculated distribution is divided up into thin
vertical strips. |

(ii) Each strip is put into the form of a Gaussian of the
same area and with a width determined by the resolution of the -

system

ioeo O’ =

ET:E where E?‘ mean energy of the particu-

lar strip

R = resolution of system as de-
fined in the introduction

& = mean square deviatioen of the
Gaussian.

(iii) The contributions from all the Gaussians are added up
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and the resultant distribution plotted.
This has been done for the two distributions mentioned above as-
suming a resolution of 10% which has been expérimentally attained
for energies of 1 MeV, and the results are shown in Fig. (III).

In the Compton process, the electron with which the quanta in-
teracts has up till now been assumed to be free. Since the bind-
ing ehergy of the K electron?&odine is approximately 29 KeV, this
assumption is no longer valid fof incident quanta of energy less
than, say, 100 KeV. It would be expected then that there should
be considerable modifications to the Compton distribution at these
low enefgies. Since the Compton distribution is rarelf observed
at these energies due to the overwhelming presence of the photo-
electric peak, these effects need ﬁot‘be considered. In general,
it has been found experimentally that the Compton distribution is
not noticeable until incident quanta energies of several hundred
KeV have been reached. In this energy region, and higher, then,

the above mentioned effect is negligble.

B. THE_PHOTOELECTRIC EFFECT

The medium Z component (iodine Z = 53) of the crystal shows
a reasonable photoelectric cross-section for gamma-ray energies
up to several MeV. C.M. Davisson has calculated (7 ) the photo-
electric cross-section as a function of energy for various Z ab-
_ sorbers. These calculations are discussed in detail and the ac-
curacy of the results is stated for certain energy ranges. It

appears that over the energy range considered the results should

be accurate to within 10%.
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From the tables given in this report the'cross;sectiqn for sodium
iodide at various energies can be calculated. These values are
plotted in Fig. (IV). It can be seen from this curve tla t abéve
3 MeV the contribution due to the photoelectric effeqfis négligi-
ble. |

When spectra of low energy gamma-rays are being investigated
it is possible that the gamma-ray energy may go through the K ab-
'sorption edge of iodine (29 KeV). If this happens, the same con-
siderations apply to the cross-section (i.e. absorptién coefficient)
as thoée which apply in the case of X-ray absorption theory,which
éan be found in any text on X;rays. In effect, then, the brystal
just becomes suddenly less efficient when the gamma-ray energy
passes through an absorption edge. A

In the photoelectric process an electron is ejected from one
of the iodine (or sodium) shells, followed by the subsequent emis~-
sion of an X-ray. The photoelectron presumably loses all its en-
ergy to the crystal (neglecting brehmstrahling and edge effects),
and the X-ray, due to its low energy, i.e., K X-ray of iodine is
29 KeV, is assumed to be completely absorbed. Consequently, two
or more electrons, one of which is the original photoelectron,
simulfaneously lose energy, where the total energy lost to the
crystal must equal the full energy of the gamma-ray. Hence, in
effect, the number vs. energy distribution of the photoelectrons
can be assumed to be a "line" distribution of effectively zero

width, and corresponding to the full energy of the gamma-ray. A

"photopeak™ should thus occur in the distribution and the posi-
tion of this peak can be taken as a measure of the energy of the

incident gamma-ray.
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For a counter with perfect resolution the pulse height dis-
tribution from the photomultiplier should be a "line" distribu-
tion of zZero width. This, of course, is an idealization and
hence correction must be made for the finite resolution of the
system. This is done by replacing the "line" by a Gaussian of
the appropriate width, where the area under the Gaussian (i.e.,
the total number of photoelectrons produced) is compatibie with
the photoeiectric cross-section at the‘given énergy. That the -
actual photopeak is Gaussian has been verified‘by experiment.

If the crystal dimensions are very small, then the probability
of escape of the iodine X-rays is no longer negligible. An "es-
cape peak" should then appear in the distribution with energy
equal to theidifference between the energy of the incident quanta
and of the X-rays of iodine. |

With a very thin crystal it might also be possible to have a
péak at 29 KeV which would result .if many of the photoelectrons
escaped completely from the crystal while the X—fayg of iodine
were absorbed. Howwer, due to "straggling" in the wall effect
and the fact that the above sequence of events is not too promble,
this effect may be neglected. No peak at 29 KeV has yet been
observed byvthé auﬁhor, although escape peaks have.

The magﬁitude of the wall effect depends‘on two factors:

1) The range in NQI of the photoelectrons.

2) The dimensions of the crystal.

The range vs. energy curve for the electrons has been qalculated
from Feather's rule and is shown in Fig. (V ). Mateosian and

Smith (8 ) have outlined a method for calculating the wall effect
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but due to the nature of the experiments so far performed by the

author it has not been found necessary to make this calculation.

C. PAIR PRODUCTION PROCESS

- At energies greater than 2 mcz, i.é., greater than 1.02 MeV,
absorption of gamma-rays by the process of pa%r production occurs.
The cross-section at diffefent energies fbr.this process in sod-
ium iodide can be calculated from the tables published by Davis-
son (7 ). A graph of these values is shown in Fig. (IV).
The absorption of energy by the crystal due to pair produc-
tion occurs in the foliowing manner:
| Consider’an'ingident quantumof energy Ey MeV
(i) The quantumannihilates, producing an electron=-positron
pair whose total kinetic energy is Eb,-l.OZ MeV. Both positron
and electron are asgumed td lose all their energy to the crystal.
(ii) The positron then annihilates with.an electron, produc-
ing two quanta each with energy 0.511 MeV.

(iii) Both the annihilation quanta may be absorbed by the cry-
stal, only one may be aBsorbed with the other escaping, or both
may escape fromfthe crystal. A

Hence, three peaks, designated Pair I, Pair II, and Pair III
should appear in the speétrum with energies corres?onding to Ey
(both annihilation quanta captured), Ey = 0.511 MeV (only one
annihilation quantun captured) and - Ey - 1.02 MeV (both annihila-

tion quanta escape) respectively. These peaks are ideally zero

width peaks, but due to the finite resolution of the counter they

are subjected to the same conditions of broadening as was indi-
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cated for the photoelectric peaks.

The relative heights of the three pair peaks depend critical-
ly on the diménsions of the crystal. These relative heights can-
not be calculated exactly as a function of crystal dimensions but
qualitatively, at least, some estimation can be made. For example,
consider a cylindrical cryétal whose dimensions are 3 cm. in dia-
meter and 3 cm. in length. Now if it is assumed that all pairs
are produced and annihilate somé:ﬁhene along the axis of the cry-
stal or very close to it, (this is a fair assumption for incident
quanta energies up to 2 o;,B MeV and for good collimation) then.
for an order of magnitude calculation it may be assumed that all
annihilation quaﬁta have a 1.5 cm. path length on the average be-
fore escaping from the érystal. Suppose it is further assumed
that if an annihilation quantum suffers one scatﬁering event in
the crystal that it is then»compleﬁely absorbed, otherwise it es-
capes complétely. For a .511 MeV quantumthe absorption coeffi-
cient in NaI is 0.34 cm™t. From this value and the above assump=-
tions the following pfobabilities for a pair of annihilation quan-
ta can be found:

(i) Probability that both‘quanta escape = 0.36

(ii) Probability that only oné quantym escapes =_O.h8

(iii) Probability that both quanta are absorbed = 0.16
Hence for these conditions the three pair peaks should be in the
ratio |

Pair III : Pair II : Pair I = 0.36 : 0.48 : 0.16
These three peaks, where the total area under them must be compa-

tible with the cross-section at the given energy, are “'superimpos-



FIGURE VI.

Calculated pulse height distribution for the 2.62 MeV
gamma-ray of RdTh assuming all annihilation quanta es-

cape. A resolution of
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ed upon the Compton and photoelectric distributions to give the
resultant distributions. At O.Sli MeV thea{psorption is mainly
by the Compton. process,so that due to multiple scattering of thé
absqrbed annihilation quanta,it would be expected that there
would be considerable bréadening'of the Pair I and Pair II peaks.
At high energies (e.g., > 10 MeV) further broadening effects
would result from losses by bfehmstrahlingeuuiby-wall effects.

The rough calculations présented above show that the dimen-
sions of the crystal are the most significant factor in deter-
-mining precisely the distribution due to-pair production. An in-
creasé in overall dimensions will make Pair I and Pair II the dom-
inant peaks, and.for very large dimensions only Pair I should be
significant. For very small crystals (i.e. "disc™ crystal) only
Pair IIT would be significant, but in this case wall effects are
very important and considerable spreading of the distribution due
to this effect would be probable. Since no yvigorous calcﬁlation
has been made for the relative heights of the three peaks the only
diagram on the pair process Fig. (VI ) is constructed assuming
that only the Pair III peak occurs (i.e. limiting case for small

crystals).

D. THE CALCULATED SPECTRUM SHAPE

’

It has been shown that, assuming primary events only, and
neglecting other broadening effects each of the absorption proces-
ses give rise to a characteristic pulse height distribution. The

relative number of pulses for a given gamma-ray energy due to

each. process can easily be found from their relative cross-sect-

ions, i.e., the ratio of the areas under the distributions must



FIGURE VII

Calculated pulse height distributions for gamma-ray energies

0.511 MeV and 1.28 MeV.
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be equal to the ratio of the cross-sections. On this basis, the
expected pulse height distribution has been calculated for inci-
dent gamma-ray energies of 0.511 MeV, 1.28 MeV, and 2.62 MeV.

The first two distributions were calculated assuming 10 percent
resolution, and the third assuming 8 percent resolution. These
distributions are shown in Fig. (VI) and (VII). The pulse height
distribution .for the Coéo gamma-rays (1.7 and 1.33 MeV in cascade)
has also been calculated, assuming 10 percent resolution, and is
shown in Fig. (VII). |

Tﬁe'calculated distributions mentioned above hold only in the
limiting case of very small crystals. As the crystal dimensions
are increased these distributions will only be én‘approximate in=-

dication of the shape. The effects of crystal dimensions and mul-

~ tiple scattering will be considered in the next section.

E. MULTIPLE SCATTERING

Figures (VI), and (VII), and (VIII) show the spectrum shape
calculated on the éssumption that multiple scattering events do
not occur. This assﬁmption is identical to the assumption that
the cryStal is very small. Since experimentally, the crystals
are of finite dimensions, it can be expected that with increasing
dimensions multiple scattering events will become more prominent.

‘Multiple scattering events play a negligible role in the dis-
tribution from the photoelectric effect (aside from the possibi-

lity of an escape peak and a 29 KeV peak mentioned earlier). If

brehmstrahlung is construed as a multiple scattering event, then
at high energies this effect will become apprecidde, and pulses
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will be lost from the photopeak due to escape of'brehmstrahlung
radiation. This effect can be neglected except at fairly high
energies. ( 210 MeV)

The presenée of three peaksvin the pair production distribu-
tion has been demonstrated previously. The dependence of the re-
lative heights of these peaks on the dimensions of the crystal
has been iﬁdicated but no quantitative estimations have been made.

The largest contribution to multiple scatterihg comes from
the Compton proéess where a secondary quantumis produced in every
collision. Qualitatively, it would be expectéd that many pulses
from t he region of the Compton peak will be transfﬁrred to the
photopeak due to the capture of the soft back-scattered quanta.
For example, again consider a cylindrical crystal 3 cm. in dia-
meter and 3 cm. in length and a collimated beam of, say, 1.28
MeV gamma-rays incident upon it. The back-scattered quanta will
be of the order of 300 KeV. Assume that all these quanta origin-
ate uniformly along the axis of the crystal, (this assumption is
valid within the accuracy desired since the half thickness in Nal
for 1.28 MeV gamma-rays in 4.3 cm.) and that the average escape
path length of the quanta is 1.5 cm. Then from the absorption
coefficient 0.6 cm™1 for 300 KeV quanta see Fig. (IV) approxima-
tely 60% of the back-scattered quanta are absorbed, mostly thréugh.
. the photoeleétric process. On this simple calculation it would
be expected that approximately 60% of the pulses in the Compton
peak would be shifted upwards to some extent. All other quanta
which are scattered in a direction other than back will be subject

to the same considerations but with a correspondingly smaller ef-’
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fect. Consequently, the photopeak will have added to it very.
many pulses from the Compton distribution. Experimentally it has
been found that the photopeak is much larger than the cross-sec-
tion would indicate; where the increase is roughly in.agreement
with the above calculations. These results will be described later
in the section on eXperimental results.

It is quite obvious from these argumehts that there are two
limiting cases: | | |

(1) Very small crystals whére all degraded quanta escapé,
These calculations have been carried out explicitly in the preced-
ing sections.

(ii) Very large crystals where all the degraded quanta are
completely absorbed and the resultant distribution consists of.

. only one peak'corresponding to the full eﬁergy of the incident
gamma-ray.

As the crystal dimensions are varied from very small to very
large between these two limits,the ratio of Compton peak height
to photopeak height should decrease steadily to zero. The cry-
stal dimensions which give the best resolution cannot be predic-
ted unless the above calculations are carried out exactly. These
dimensions are determined éxperimentally as will be describéd in
the section on experimentalvresults.

Whenever possible, experiments have been done using a precise-
1y collimated beam to reduce the broadening effects of multiple
scattering. It is quite easy to see how an uncollimated beam would
result in very poor resolution by assuming in the argument above

that scattered quaﬁta could originate at any point within the cry-
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stal. R. Hofstadter (2 ) has demonstrated very forcibly the ef-

fect of collimation on the resolution.

14

F. RESOLUTION OF THE SCINTILLATION CQUNTER

The statistical spread in the pulse height distribution of a
scintillation counter is influenced by the following factors:
(i) Tho number of photons emitted by the phosphor.
(ii) The number of photoﬁs transmitted to the photocathode.
(1i1) The quantum efficiency of the photocathode.
{iv) The number of photoelectrons reaching the first dynode.
(v) The secondary emission ratio of the dynodes.
Each of these factors has associated with it a statistical un-
certainty; P.W. Roberts has deduced an expression (.9-.).which
gives the spread of the distribution due to these uncertainties.

This expression is

2 Sx | S s J |
S (¥ )ty A ] ()

_ . _ _
where O = fractional variance in pulse height distribution

N = number of photons emitted by the phosphor
S

-, = gain of the first stage

variance of N

- = gain of each succeeding stage
2 _ :
3/ = variance of the secondary emission ratio of the first
stage
1 -
& = variance of the secondary emission ratio of each suc-

ceeding stage

variance (standard deviation)2

f

fraction of photons transmitted to the photocathode
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4 = quantum efficiency of the photocathode
3= fraction of photoelectrons which reach the first
dynode |
A binémial distribution was assumed in calculating the effects
of the factors f, p, and g, and the expression has been approxi-
mated to the case of a large number of dynode stéges.

Equation (1) can be rewritten
2 B ' |
R* = 5.e(r-1+;;-£_—.), (2)

where _R2 = (E_:Ldth of peak at half max., (MeV) 2 - (2 x 1.185)%
energy of peak (MeV)

The numerical factor is that one which converts the standard de-

viation ofa Gaussian into the full width at half maximum.

4 %)

N
[|4_ Si'+_. 5? ]

m,nn(,m—. 1)

B

[

E = energy of peak in leV

m =—£€§351—-= number of photoelectrons per MeV reaching

| the first dynode

If the number of photons per MeV produced by the incident

‘gamma-ray is assumed to follow a Poisson distribution then the
term A becomes zero. However, A has been found to be non-zero,
511‘mostcases,'but very small, so it is left as a parameter to be
determined by experimental results. This term, then, represents
the spread of the distribution due to non-uniform response of the

crystal.

Since the term A has been found to be very small, the second

term only of equation (2) need be considered.



Then Rz~ 5.6 '/;?E

If the photomultiplier gain per stage is assumed
is approximately 4/3.'
For an incident energy, say, of 1 MeV

R~ Z2 |
It is quite obvious that n, the effective number
prodgced at the photocathode per,MeV, détermines

solution attainable with the counter.

500 then R = _12.2%

e.g. -if n

if ' n = 1000 then R = 8.7%
For a given crystal and photomultiplier tube the

which can be increased is f, the fraction of the
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to be 3, then B

of photoelectrons

the ultimate re-

only factor of

photons which

reach the photocathode. It is essential, then, that efficient

crystal mounting$ techniques are developed.



23

ITI. CRYSTAL MOUNTING TECHNIQUES

It haé been shown that the'lafgest single gain in resolution,
aside from improved crystals and photomultiplier photocathode
efficiencies, can be obtained by improved crystal mounting tech-
hiques. Considerable work has been done on improving the effi-
ciency of light collection of the mounts.

Sodium iodide crystals are véry deliquescent, the surfaces
immediaﬁely becoming discoléured on cdntéct with the water vapour
in the atmosphere, sobthat any mount designéd for the crystal
must provide perfect protection against water vapour. The ori-
ginal method of mounting used by the auther consisted of immers-
ing the crystal in a clear, water free, mineral oil in a light
tight aluminum container. This container was highly polished on
the inside, énd‘the oil contact between the crystal and_the con-
tainer provided the necessary optical coupling for optimum reflec-
tion efficiency. The oil film also acted as a presefvative for
the optical properties of theAcrystal surfaces. The resoiution
obtéined with mountings. of this type'was never very good.

For mountings of this type Gilleﬁte has shown (10) that the
entrapment of light due to:Fresnél reflections constitutes a very
serious loss in the transmissioh of iight to the photocathode.

It is also shown that'theitransmissidn is increased many times by
using some form of diffuse reflection ét the surfaées of the cry-
‘stal; Consequently,na method of crystal mounting was sought which

provided this necesSary-property;

R.K. Swank has reported (5 ) a method of mounting crystals'
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using the highly efficient, diffuse reflecting properties of
powdered magnesium oxide. This method requires that the crystals
be mounted &y (i.e., completely free from all traces of oil in
which they are stored) since the reflecting propertiés of the mag-
nesium oxide are destroyed if the powder becomes "matted™ with
oil. This has made the design and construction of a "dry box" nec-
essary so that all mounting 6perations can be carried out inia
. dry atmosphere, thus preventing the surfaces of the érystal from
being discoloured due to contact with moiéture. The magnesium
oxide, itéelf, is slightly deliquescent so that it must.be baked

for several hours at about 500°C before it is used.

A. THE DRY BOX

The "dry box" is a large metal box, of dimensions 30" wide x
‘18" deéb x 20" high. It has a sloping front window 27" x 11" made
of plexiglass. Construction is of aluminum sheet throughout, all
joints are butt welded, and the whole enclosure is made air-tight.
An air-tight door is provided 6n one side of'the box to permit
materials to be conveniently placéd inside. Illumination is pro-
- vided by é small, 15 watt fluorescent tube inside the box. The
box contains a flat, rembvable tray 8" long x 11" wide x 1/2"
deep in which is placed a mixture of sand and phosphorous pen-
toxide as the drying agent. A small air blower is so located that
the atmosphere within the box is continually circulated over the
drying agent..:.A Moisture indicator is placed inside the box. Two

valves are supplied, one on each end of the box, so that a contin-

uous flow of dried nitrogen may be passed through the box. This
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Fhis-serves the purpose of sweeping out any organic vapours which
may have accumulated due to the final crystal polishing.process
carried out inside the box. This is necessary since the surfaces
of the crystal quickly become* clouded on contact with most organe-
ic vapours. ‘

Work is done in the box ﬁhrough long sleeve rubber gloves
which enter through glove ports in the front panel. The ends of
the gloves are attached to these ports by an airtight seal, but
may readily be removed and replaced.

The details of construction of the box are shown in Plate.] .

B. CRYSTAL MOUNTS

The mounting for a sodium iodide crystal must satisfyvthe fol-
lowing three requirement s:

(1) The gamma-rays must enter the crystal with little absorp--
tion or scétterihg. v

(2) The fluorescent light must be extracted with a uniformly
high eff%ciency from all parts of the crystal.

(3) The mount must be light tight and impervious to water
vapour. |

(4) Optical coupling to photocathode of photomultiplier must
be good.

In addition, such obvious requirements as ruggedness and in-
sensitivity to orientation and temperature variations must be met.

The final design, with which most of the resultsfhave been ob-

tained, consisted of an aluminum container with a lucite window.

Sufficient space is left between the crystal and the container so
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FIGURE X
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that powdered magnesium oxide may be packed in to form a refleét;
ing sufface. The crystal is optiéally coubled to the lucite wine
dow by the use of D.C. 200 (Dow Corning) silicone oil (106 centi-
stokes viscosity). Movement of the crystal is prevented by a lu-
cite positioning ring'(in mounts for cylindrical crystals only) and
by tight packing of the assembly. |

This basic design has been adapted for mounting three types
of crystals:

(1) Cylindrical crystals.

(2) Rectangular crystals.

(3) Thin ﬁwafer" crystals.
The details of the design of the mounts for each type of crystal
are shown in Fig. (IX), ( X ), and (XI) respectively. Data par-

ticular to each design are shown on the Figures.

C. DETAILS OF TECHNIQUE

A1l rough polishing of the crystal is done outside the dry
box. This is carried out by using white blotting paper soaked
in acetone as the abfassive surface. After being rubbed on this
surface several times the crystal is transferred to a piece of
blotting paper soaked in mineral o0il on which it is rubbed to re-
move all traces of acetone. This process is repeated several times
until the surfaces of the crystal are quite clear. The crystal
is then placed in a bath of mineral oil to preserve its surfaces.
It is then transferred to the dry box, along with the gther thor-

oughly dried out components. A two hour "drying-out" time is al-

lowed so that the atmosphere within the box can become thoroughly
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dry. The crystal is then removed from its oil bath, its surfaces
wiped completely free of all traces of oil, and if necessary is
given a final polishing. This is-done by "dry" polishing the
crystal on blotting paper. It has seldom been found necessary
that further polishing with organic solvents is required once
the crystal is placed in the dry box. HoWever, provision is made
in case this is necessary. After the final polishing, the mounts
are assembled, and any joins in the mount which may leak moisture
into the crystal are covered with a thin layer of paraffin wax.
These joins are then painted over with black "Ducko" paint to
- form a permanent join. The mountings are then removed from the
box énd attached to the photomultiplier tube, using D.C. 200
silicone oil as the ¢gptical couple. With this a;zgxggﬁant and
the dr& MgO,crystals remain clear and the performance has not

varied over a three month period.
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IV. THE GAMMA-RAY SPECTROMETER

It has been shown (11) that a pulse amplitude distribution
curve obtained with a differential analyzer is subject to a smal=-
ler statistical uncertainty than the curve obtained by differen~
tiating an integral bias curve. Hence, the simplest differential
analyzer was used for this work, a "Single Channel Kicksorter", in
which only those pulses which lie above a "baseline" voltage and
 within a "winde'immediately above it afe counted. VEither the base-
line and window voltages can be adjusted separately, or as is us=~
ual for most of the work of this type,it is more convenient to set
the window width and shift the baseline.

Thérevare two main types of experiments which can be done
with this equipment:

(a) Experiments involving bombardment.of}target materials
with accelerated particles in which case one has to use either the
integrated target current as a monitor, or a separate gamma-ray
monitor as a reference, or perhaps both.

(b) Experiments involving the measurement of gamma-ray spec-
tra from radiocactive sources of reasonably constant or slowly de-
caying activity. ,

Most of the author's work consisted of experiments of the type (b).
For this purpose the baseline of the kicksorter was driven at a

constant rate (with a fixed window width) by a synéhronous motor
through a: system of gears. The gear system is so designed that

three driving speeds are possible (1 volt/36 sec., 1 volt/l min.
12 sec., 1 volt/6 min.). The kicksorter output pulses are fed
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into a linear count rate meter, and the counting rate is recorded
on a "Brown" recording potentiometer. A block diagram of the sys-
tem is shown in Fig. (XIT) .

It has been found that for this method to give reliable re-
sults the lowest counting rate (for a given channel width) that
could be tolerated was of the order of 10 coﬁnts per second. In
any experiment the window width was set so that this minimum count-
ing rate was always exceeded, with the added condition that the
narrowest peak in the distribution should be at least three chan-
nels wide. Measurements involviné very weak intensities cannot be
done by this "continuous drive" method, and for these cases manual
operation of the kicksorter would be necessary.

A description of each element. of the spectrometer, along with

the operating characteristics are given below.

A. H.T. POWER SUPPLY

The gain of ﬁhe photomultiplier tube is very sensitive to
the voltage applied across it. In the type ofntube uéed (E.M.I.
type 6262) the gain was found to increase by 50 percent for a vol-
tage change of 50 V. Consequently, a voltage supply of exception-
ally long'term stability is required. A supply has been construc-
ted whose measured long term stability was better than 0.1 percent.
The supply is electrbnically stabilized using a 150 V. battery as
reference and is capable of delivering 10 milli-amps. at 2000

volts. The circuit diagram is shown in Fig. (XIII).
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B. COUNT-RATE METER AND HEAD AMPLIFIER POWER SUPPLIES

Both these supplies are commercially built units obtained
from. the "Lambda Electronics" Corporation, and are designated - -
"Model 28". A negative "rail" capable of delivering 10 miIﬁ-ampé.
at minus 150 volts has been built into each unit. Both these sup-
plies, and the H.T. supply are driven from a constant-voltage mains

transformer.

C. OSCILLOSCOPE

A model 511D "Tetronix" oscilloscope was used for investigat-
ing pulse shapes and sizes at various points in the circuit. No
cquantitative measurements were made with it, and it was used solely

for convenience in "setting up" the apparatus.

D. THE PHOTOMULTIPLIER TUBE

An E.M.I. type 6262 fourteen stage multiplier was used for
all the experiments. The tube was operated between 1000V and
14,00V depending on the spectra being investigated. The noise
background was found to be negligible at all voltages, but when
meaéurements on gamma-rays of energy less than 10 KeV were attemp-
ted the noise becomes overwhelming. The maximum gain of these
multipliers is of the order of_109, and the output was found to
be linear for pulses up to 30 volts at least. The signal was
taken from the last dynode and not the final collector since a

positivé pulse was required to drive the analyzer.

E. THE PRE-AMPLIFIER
The pre-amplifier consists of a cathode follower stage only
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(see Fig. (XIV)) for feeding into a 100 ohm line. No amplifier
étage was included since it was felt that the pﬁlses available
from the photomultiplier tube were sufficiently large for analyz-

ing purposes.

F. THE SINGLE CHANNEL ANALYZER

The analyzer is a.commerciaily built unit supplied by the
Atomic Instrument Company, and designated "Model 510". The operat-
ing characteristic are given in the pamphlet entitled "Interim In-
struction Manual, Model 510 Single Channel Pulse Height Analyzer"
obtainable from the Atomic Instrument Company. The operating char-
acteristics of the analyzer were found to be quite adequate for
handling the pulses obtained from a NaI(T1l) scintillation counter
(rise time %= 0.25 sec). The analyzer is capable of handling pul-
ses up to 100 V maximum, and has a maximum window width of 7.5 V.

The maximum pulse input rate is 2500 c.ps. (for 5% loss).

- G. THE COUNT RATE METER

Elmore and Sands (12 ) give the theory of the operation of a
count rate meter. A discussion of the linearity is given and an
expression is deduced for the fractional probable error in the

counting rate. This expression is I ‘
€= 0fT frmre

average counting rate

where n

RC

integrating time constant

Cooke-Yarborough has designed (13 ) a count rate meter which

uses a 100% feedback D.C amplifier to ensure linearity. A model

was bpilt to this circuit and found to be linear to better than
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TABLE T.

Counting Time Constant % P.E. at Half
Rate (Sec) Scale deflection
f.s.do )
| L8 x 10™3 3.0
10% 24" x 10~3 1.5
CepeS. 120 x 10~3 0.6
1,80 x 10-3 0.3
L8 x 10~3 3.0
104 240 x 10-3 1.5
CeDeSe - 1.2 0.6
1.;.8 ’ O¢3
L8 x 10-3 10.0
103 240 x 10-3 5.0
CeP+Se 1.2 2.0
L.8 1.0
5 0.2 15.0
10 1.0 6.7
CePeSe 5.0 360
20,0 1.5
0.2 47.0
10 1.0 21.0
CePeSe 5.0 10.0
20.0 5.0

This table shows the percent probable error for the count-rate

meter at various counting rates and time constants.
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one percent and to possess excellent long time stability. The cir=-
cuit diagram is shown in Fig. ( XV). The count rate meter has
six ranges, from 1 c.p.s. to 10° Cep.s., with variable time con=-
stants for each range. Table I shows the percent probable'error
for the various time constants for each range.

In his report, Cooke-Yarborough gives a detailed analysis of

the circuit, and outlines the procedure for "setting-up'" the meter.

H. THE BROWN RECORDER

A Brown direct reading potentiometer Model No.153X12 is used

to record the output of the count rate meter.
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V. EXPERIMENTAL RESULTS

The pulse height distributions for the gamma-rays of Eu155,

RaD, Na?2, zn®>

and RdTh have been obtained with different size
crystais with a view to comparing the experimentally obtained
shapes with the calculated shapes. These distributions have
~also been ﬁsed to determine the conditions under which optimum
gresolution is obtainable with this technique and to calculate
from the statistical formula for resolution (equation (2», page
6) the effective number of photoelectrons produced at the photo-
cathode per MeV of incident energy.

The distributions for each source are considered.in detail
below. The crystals with which the distributions were obtained
are designated #1, #2, and #3 for the thin crystal (1/8" thick-
ness, 1-3/4" diameter), the 3/4" x 3/4L" x 1-1/2" block, and the

1/2" cube respectively.

A. RaD AND Eu>°

The distributions for these two sources are shown in Fig.
(XVI) and were obtained with crystal #l. In the region below
20 KeV the resolution is very poor, approximately 100%, so that
the precise determination of energy is impossible. From 20 KeV
upwar?,the resolution rapialy improves and is about 50% for the
85 KeV line in Europium. The crystal container was made as thin
as possible (see Fig. (X! )) to increase the detection efficiency
for low energy ( 20 KeV) quanta. The mounting technique for

this case was very difficult and usually resulted in a loss of

efficiency of light collection and hence poorer resolution. DMore



34
- work is being done to improve this technique, and by sacrificing
some detection efficiency it should be possible to improve the
resolution.

The relatively large 13 KeV peak in the RaD distribution shows
the detection efficiency poséible in this region. With better
resolution it may be possible to resolve the escape peak which
should appear at approximately 17 KeV. This wduld probably show
as a change of slope or a "bump" on the high energy side of the
13 KeV peak. | |

The distribution for Eul®5 shows the presence of thebwell
known gamma-ray at 85 KeV and of a 4LO KeV X-ray resulting from
K- conversion de-excitation of the 85 KeV level in Gadolinium.
The 100 KeV gamma-ray has not yet been resolved, but with the
possible increase in resolution‘mentioned above and by manual op-
eration of the Kicksorter baseline so that improved statistics
are possible, the peak should appear. The distribution also
shows the presence of a peak at 10 KeV which is presumably the
escapé peak due to photoelect;ic absorption of the 40 KeV X-ray.
Mateosian and Smith (8) indicate a method of calculating the in-
tensity of this peak. However, since no attempt haé yét been
made to measure absolute intensities, relative intensities, or
conversion coefficients this calculation has not been carried
through. If experiments of this type are to be done a correction
for the wall effect in this thin crystal must be méde.

An examination of Fig. (XVI) shows that there exists a small

amount of non-linearity of response. If the RaD distribution is

1
used as the calibration curve,it can be seen that the Eu 22 dis=-
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tribution is shifted a small amount (2 5%) in the low energy
direction. The rapid deterioration of the MgO reflecting.sur-'
face and hence the decrease in light collection efficiency is
assumed to be responsible for this non-linearity,since consider-
able time elépsed between the runs on the two sources. As has
been indicated above, further work is in progress to improve the
technique in this energy region and it is fully expected that
the non-iinearity will be removed. ¢

Mateosian and Smith (8) describe a methodiobtaiﬁing spectra,
both gamma and beta, by using a sodium iodide crystal which con-
tains a small quantity of the source under investigation as an
impurity. This method removes the difficulties introduced by
the absorption of gamma-fays ( or beta particle) in the crystal
container,.and in caseé where source ﬁhickness is important, a
source of effectively zero thickness is obtained. In experiments
where this is not feasible it is possible to place the source in

direct contact with the crystal, both source and crystal being:;

enclosed by the container.

Be Na22

The spectrum of Na22 consists of a 1.28 MeV gamma-ray and a
0.511 MeV annihilation radiation. Fig. (VII) shows éhe expected
pulse height distribution for these two energies on the assump-
tion that only primary processes occur. The ratios of the Compton
peak height to the photopeak height are 0.92 and 3.6 for the 0.511

MeV and 1.28 MeV radiations respectively.
Figs. (XVII) and (XVIII) show the experimentally observed
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distribution obtained with crystals #2 and #3 respectively.
Both of these curves have an intense low energy (=250 KeV)
peak with the high energy side consisting of two components of
different slope. It has been assumed that the point at which
this change of slope occurs on each curve corresponds to the
peak of the Compton distribution. The majority of the counts in
these peaks, however, are assumed to be caused by back-scattered
quanta (% 250 KeV for 1 MeV radiation) originating in the walls
of the crystal mounting, the photomultiplier tube, and surround-
ing objects. This second assumption can be supported by the fol-
lowing experimental evidence:

(i) A peak of approximately 250 KeV appeared in all the dis~
tributions whenever high energy (> 500 KeV) gamma-rays were pre-
sent .

(ii) Collimation of the incident beam reduced the inensity
of the peak and changed its shape, but never eliminated it.

(iii) Without collimation the peak shape could be changed con-
siderably (bﬁt not the relative intensity very much) by changing
the position of the source. Under similar conditions the Compton
and photoelectric distributions always remained constant in shape
and relative intensity.

(iv) With similar source geometry, the peak took on different
shapes for crystals of different dimensions but, again, the Comp-
ton énd photoelectric distributions remained essentially the same

Aside from this rather intense 16w energy peak the shape of
the distribution is roughly that expected from previous considera-

tions. The relative intensities of the Compton and pitopeaks
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has been shown to be critically dependent on crystal dimensions
as the resﬁlt of multiple scattering events. This effect as a
function of crystal dimensions is quite evident from the curves

as can be seen if the ratio r = Compton peak height for the 1.28
photopeak height

MeV radiation is considered. (The 0.511 MeV radiation is not con-
sidered since the Compton distribution is not well defined).
The following values of r have been obtained:

(i) Calculated distribution (primary processes only) r = 3.6

(ii) Crystal #2 r = 1.1

(iii) Crystal #3 r = 1.25

The ratio increases as the dimensions become smaller thusvverify-
ing the qualitative arguments presented previouély. The resolu-
tion also improves but this will be discussed separately in a
following section.

The transferring of pulses from the Compton peak to the photo-
electric peak by multiple scattering processes limits the accur-
acy of determining relative intensities by comparing areas under
photopeaks. Although the 0.511 MeV Compton distribution is not
well defined there is an indication that this effect is a funct-
ion of energy as well as crystal dimensions. Consequently, a

rigorous calculation must eventually be:made on the magnitude of

this process as a function of energy and crystal dimensions

C. 0060 ,

The Co60 spectrum is known to consist of two gamma-rays,
1.17 MeV and 1.33 MeV in cascade. The calculated distribution

(primary processes only) is shown in Fig. (VIII) and the experi-
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mental distributions in Fig. (XIX). An intense low energy peak
(& 250 KeV) also appears in these distributions and is interpre=-

22 in the previous section.

ted in a similar manner to that of Na

The effects of multiple scattering, again, are quite evident,
and the values for the ratio r as defined in the‘preceeding sec-
tion are:

(i) Calculated distribution

A(1.17 MeV) = 3.0 A(1.33 MeV) = 8.3
(ii) Crystal #2 |
A(1.17 MeV) = 1.05 A(l.33 MeV) = 1.45
(iii) Crystal #3
A(1.17 MeV) = Ll.4 A(1.33 MeV) = 2.1

These ratios are larger for the smaller crystal, as expected;
and the resolution is also markedly improved as will be described
later. The importance of crystal dimensions is again emphasized
by these curves, particularly by the increased height of the
photopeaks due to the transfer of Compton pulses. The above
ratios do not give a true picture since two Compton distributions
are superimposed and the resolution was not sufficiently good to

resolve them.

There are two main radiations in the gamma-ray spectrum of
Zn65: a'l.llh.MeV line and 0.511 MeV annihilation radiation.
The experimental distributions are shown in Fig. (XX) and (XXI)
for'crystals #2 and #3 respectively. Qualitatively, these dis-

tributions are very similar to those of NaR? except that the
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relative intensity of the annihilation radiation is much smaller
Hence an interpretation for these curves, similar to that

22

for Na““~ is valid. It will be noticed that the ratio r is not

as different,(i.e. r = 0.94 and l.OZ)as would be expected.

E. RdTh DISTRIBUTIONS

The radio-thorium spectrum has a number of gamma-ray lines
less than 1 MeV in energy, and a reasonably strong one at 2.62
MeV. Since it was felt that the above results adequately covered

_the energ} region below 1.5 MeV, the high energy end only of the
radio-thorium spectrum was investigated.

At 2.62 MeV the pair production cross-section in Nal is sig-
nificant so that the pair peaks should appear in this distribution.
Fig. (XXII) shows the experimental distribution obtained with
crystal #2. As was indicated on page 15 the relative intensities
of the three pair peaks cannot be predicted on any reasonably
simple theory so that no quantitative comparison with theory can
be made. Qualitatively, however, these three peaks arise in the
following manner:

(i) The low energy peak.

This peak is due entirely to the Pair III contribution
and is superimposed on the low energy.tail of the Compton distri-
bution. Its position corresponds to 1.60 MeV.

(ii) The medium energy peak.

This peak is the sum of two contributionsﬁ the Com-
pton distribution from the 1.28 MeV gamma-ray, and the Pair II

distribution. The position of the peak cannot be predicted accura-
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tely since the energy of the Compton peak is not known precisely,
the Pair II distribution is broadened an indeterminate amount by
multiple scattering of the absorbed annihilation quanta, and the
relative contribution of-each distribution is unknown

(iii) The high energy peak.

This peak consists of three components: the photoelec-
tric conﬁribution, the Pair I contribution, and the multiple |
scattering contribution from the Compton peak. Its position cor-
responds to 2.62 MeV and due to.multiple scattering events the
low enérgy side would be expected to be broadened. |

The presence of these three well defined beaks in the dis-
tribution shows that when pair production occurs an accurate
energy measurement is possible. The use of a larger crystal will
increase the relative.intensity of thehigh energy peak as well
as increasing the efficiency of detection for high energy gamma-
rays. If both the low and high energy peaks can be identified
in an unknown distribution, an energy calibration is immediately
possible since ﬁheir difference in position corresponds to 1.02
. MeV, ‘

The appearance of three peaks in the pair production distri-
bution has the disadvantage that if a épectrum consists of two
or more gamma-rays differing in energy by 1.2 MeV or less, the
resultant distribution will be very difficult to analyze, i.e.,
for two gamma-rays six peaks will be in a very small region. In

many experiments where this occurs, the use of a single crystal
scintillation counter is unsatisfactory and alternative schemes

must be sought, e.g., the 3 crystal pair spectrometer ( 15).
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F. ENERGY RESOLUTION

One of the main reasons for undertaking this work was to
~ find the conditions under whih optimum resolution is achieved for
a given energy range. For the region below 100 KeV it was found
that a thin crystal gives the best results, both in detection
efficiency and in resolution. With additional work, further im-
provements are expected in this energy region.

In the energy range 0.5 MeV to 1.5 MeV it has been found that
the émall crystal gave the better resolution. Table II shows
the resolution in_% achieved with both crystals #2 snd #3 for
the peaks in the Na22, Zn65, and Co%0 distributions.‘ No values

were assigned the 1.17 MeV photopeaks in the co®0

distributions
since it was very difficult to determine their half heights.

For the same reason, the resolution assigned to the 0,511 MeV

peaks in.Zn65 is subject to considerable error.
TABLE II

Crystal: Na<2 Na<«< Zno> Znb> Co®U |

No. .511 MeV 1.28 MeV «511 MeV 1.114 Mev  1.33 MeV
Peak Peak Peak Peak Peak

#2 14.7 9.1 18.8 11.3 9.3
#3 12.7 8.0 12.2 8.0 7.0

|

The effective number of electrons produced at the photocath-

ode per MeV of energy incident on the crystal has been calculated

22

from the Na““ distributions using equation (2) page 21. The

values obtained are 680 and 930 for crystals #2 and #3 respectively.
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The values .of A (see page 21) were found to.be zero withing the
accuracy of the calculations.

The smaller crystal gives better resolution as a result of
the following two effects. |

(i) Less broadening due to multiple scattering as has been
previously emphasized.

(ii) Bettér_light collection due to the smaller dimensions
of the crystal. |

It should be noted the "n", the effective number of photo-
cathode electrons per MeV is not a true values since the equat-
ion for calculating it does not include a factor accounting for
broadening by multiple scattering.

It is concluded from these results that to about 2 MeV, the
best resolution is achieved with a crystal of rather small dimen-
sions (< 1/2" cube). A lower limit, of course, is set on the
dimensions bys

l. The magnitude of the wall effect which incréases with
decreasing dimensions and higher energies; and

- 2. by the intensity Of.the radiation being measured in which
case the dimensions must be choéen so that a reasonable counting
rate is obtained.

It is doubtful whether further significant improvements in .
resolution will be obtained by additional work on mounting tech-
niques. Improvements will have to wait on the development of

more efficient phosphors and photocathode surfaces.
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G. THE SEARCH FOR GAMMA-RAYS FROM TRITIUM

The triton is known to decay (14) to He3 by beta~emission
with an end point of approximately 18 KeV and with a half-life
of approximately 12 years. A source of tritiumﬁ adsorbed in Zir-
~ conium on a thick tungsten backing was investigated with the thin
crystal to determine the presence, if any, of a low energy gamma-
ray.

Since tritium decays by beté-emission, the pulsé.height dis-
tribution would consist mainly of aucontinuous distribution,
cutting off at 18 KeV, as the result of brehmstrahling radiation
from the beta-particles. Any loﬁ energy peak would be superim-
posed on this continuous distribution. .Withtthe resolution ach- .
ieved with the thin crystal, it would be necessary for a gamma-
ray to be greater than 7 KeV in energy and at least comparable
(to an order of magnitude) in intensity to the brehmstrahlung
radiatioh,to be detectable. To this degree of experimental ac-
curacy, there is no indication of the presence of a gamma-ray.

The dis%ribution had a plateau at a very low energy, partly
obscured. by the large noise background. It was thought at first
that this plateau resulted from the presence of a gamma-ray.
Howéver, by inserting thin aluminum absorbers (from .001" to'.OlS")
between the source and the counter it was found that the plateau
developed into a peak, and as the absorber thickness was in-
creased the peak shifted upward in energy to a maximum of 18 KeV.

The intensity, of course, dropped rather drgstically. Since

& Obtained from the Atomic Energy Commission of Canada.
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the absorption of gamma-rays increases very rapidly with a de-
crease in energy the above phenomena was attributed to the in-
creasing absorption of the lower energy quanta in the continuous
brehmstrahlung distribution. The fact that the upward shift in
peak energy ceased at 18 KeV verifies this. A similar experiment
was done with the 13 KeV peak in the RaD distribution. No shift
in the energy of the peak was noticed with increasing absorber
thickness. From this, and the above argument it was concluded
that the plateau in the tritium distribution>was not due to a low

energy gamma-ray-.
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APPENDIX I

Calculation of the Compton Electron Distribution.

The formula obtained on page 9 for the Compton electron distri-
bution is

deo - am k(&) (/+°()2__ ,L"-m,m¢ | 2
dEet  ahV (14 <)o o (2+ot)<os" &

(1)

where k(@) is given by eqn. (6)~page 7

This equation can be simplified giving equation (16) page 10 by

converting the units of the electron energy to aQw = Eeez
(a) The simplification of cosz¢
Eeg = by 2L see eqn. e 6.
of {(:+w)+(:+oz)‘~¢:4.’-4 an- (3) pag
Solving this equation for cosz¢>, the result is
) .
2 4 _ Ket  (I1+) s
0" ¢ = T Tixe (2)
(b) A similar simplification for cos © gives
cose =)-— 4 | (3)

(X~ ot)
(¢) The expression for k(6) given én page 6 can be simplified
with the itise of equation (3) above and the new energy units,
giving
= ~ 1 Kel (ol-Ael +a( +o(a(dezo(e,e]
k(e)w{  [aeit-ctor)' s ket ottt + tes ( )im

Then using equations (2) and (4), equation (1) becomes

des _ wAl | wel wet 1
dEL AL mc? ;1"'(““*'1)[«(4-4.@]"' ot(d-o(e,e)J
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APPENDIX II | L6

THE SCINTILLATION OF ALPHA PARTICLES IN AIR

As a preliminary to the inveétigation of the scintillations
produced by ionizing particleé in gasses and vapours; the scin-
tillations produced in air by alpha particles have‘bgen examined.
This investigation was carried out in the following manner:

(i) A polonium alpha source was mounted in a light tight
box. ‘

(ii) The interior of the box was viewed with an R.C.A. 5819
photomultiplier so'situated that any scintillations produced by
the alpha particles would be detected.

(iii) The source was so placed that its self-luminescence
could not reach the photomultiplier. A suitable shutter was con-
structed such that the alpha particles could, when desired, be
prevented from traVersing the box.

(iv) The counting rate from the photomultiplier was measured
with the shutter "covering" the source and with the shutter re-
moved from the alpha particle beamn. |

A’signifiéant increase, approximately eight times the back-
ground, waé observed when the alpha particles were allowed to tfa-
verse the box. This increase was attributed to the scintillations
produced in the air within the box. The pulse amplitudes were
small, of the same order as large noise pulses, but the light
collection was not very efficient.

This preliminary investigation established the existence of

the effect. In view of the meagre information on the number of

photons and their energy produced by ionizing events in gasses,
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further work is indicated; namely the variation of the effect
with pressure and with the nature of the gas. The theoretical
side of this problem, unlike the associated oneAwhefe ion pairs
are produced, has been little discussed. However, the publica=-
tion by Grun and Schopper (16) showed that this line of wotrk was
more advanced elsewhere, and since the author's main interest was
in the investigetion of gamma-ray specﬁra with scintillation coun-
ters, the above work was discontinued.

This effect could cleerly be responsible for some of the
strange results reported by Richards and Cole (17) aﬁd Richards
and Dee (18). | |



BIBLIOGRAPHY

(1) Hofstadter = ~Physical Review 74, 100, 1948
(2) Hofstadter and McIntyre Fhysical Review 78, 617, 1950
(3) Hofstadter and McIntyre: Physical Review 79, 389, 1950
(4) Hofstadter Physical Review 80, 631, 1950
(5) Swank and Moenich Rev.Sci. Instruments 23, 502, 1952
(6) Klein and Nishina Z.Physik - 52, 853, 1929
(7) Davisson and Evans Rev1ew of Mpodern Physics
24k, 79, 1952
(8) der Mateosian and Smith Physical Review 88, 1186,1952
(9) Roberts , Proc.Physical Society A, 192,1953
(10) Gillette -Report for the Linde Air Products
(11) Westcott and Hanna Rev. sgf?fXEESSmeﬁfﬁ’Ebr 181, 1949
(12) Elmore and Sands Electronics McGraw Hill, 1949
(13) Cooke-Yarborough | Proc.Inst.Elect.Engs. Part II
| 98, 191, 1951
(14) Langer and Moffat Physical Review 88, 689, 1952
(15) Johansson " Phil. Magazine L3, 249, 1952
(16) Grun and Schopper Z.Naturforsch. 64, 698, 1951
(17) Richards and Cole Nature 167, 286, 1951

(18) Richards and Cole Nature 169, 736, 1951



