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PREFACE

The work to be described in this paper was carried

out at the University of Wanitoba during 1951 - 1952,

1t forms a part of a research programme begun in l9h9

by Dr. R. W Pringle.
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INTRODUCTION

The construction of sultable counters for the detection
of elementary particles and electromagnetic radiastion has
been, and is yet, one of the principal tasks of the experi-
mental nuclear physicist. The Geiger counter, proportional
counter and the boron-trifluoride neutron counter have been
used extensively for many years For the detection of charged
and neutral particles. However, due to the extremely low
efficiency of the Geiger and proportional counters for The
detection of ¥-rays, the standard method for studying such
radiation has been to use a magnetic G -~-spectrometer for
the analysis of conversion electrons produced by the
¥ -radiation. It was not until the advent of the scintilla-
‘tion counter in l9h7,l that an efficient detector of X -ra-
diation became available to the nuclear physicist. It
would not be an exaggeration to state that the scintillation

counter has revolutionized counter technology.

The uses to which scintillation counters have been put

may be divided into two distinet classes:

1. they are used as detectors - both for particles
and electfomagnetic radiation, and
2. they have been successfully employed as proportion-
al devices for energy measurements.
The first class of uses is expanding at such a rapid

rate that only through constant perusal of current
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literature can one hope to keep in touch with the latest

applications of the scintillation counter. Relference will
be made to a few such applications in later sections of
this work. In the second class, where one 1ls concerned
with accurate measurement of ¥ -ray energles, technical
developments, which lead to improvements in Rerfcrmance,
also appear in current Jjournals in large quantity. Since
the results to be presented in following sections were
obtained by means of a 'scintillation spectrometer', this
aspect of scintillation counter technology will be dealt
with in some detall. ‘erever possible, however, reference

will be wnade to any uses of the counter as a detector only

that are of current interest.

The simplest type o

b
)]

cintillation counter employs a
solid or liquid scintillator, which is placed on the window
of a vhotomultiplier tube. “hen subjected to ¥ -radiation,
electrons are released in the scintillatof which excite
centres of fluorescence in the crystal lattice (for a solid),
and the scintillator emits radiation that is subseqguently
detected by the photomultiplier. A cathode follower circult
transmits the ;ulse from the OhObOﬂuluLPllef tube to a linear
amplifier. A scaler, or other sultable device, records the
numberof pulses coming from the tube. If the counter is

to be used as a spectrometer, a differential discriminator,
of one or more channels, is inserted in the circult between

the amplifier and the recording device.




The suitability of a scintillator depends largely on

CD

whether or not the radiation it emits lies in the spectral

=

range for which the photomultiplier was designed. The

6l

most common crystal scintillators in use are anthracene,

! o

stilbene, sodium iodide (NaI(Tl) ), and lithium iodide
(LiI(Sn) ), which has recently been found to be an ezxcellent
~detector of slow neutrons through the reaction:

6 1 L

Li”" +n- —— H3 + He™ + @

Many liguid scintillators are kﬂown,2 but the most success-

ful one is a solution of terphenyl (p-diphenylbenzene) in
zylene. This 1liquid scintillator is widely used in cosmic
ray work as.a detector butbt is apparently of little use 1in

spectrometry.

Sodium iodide with a 1% thallium impurity is the most

e

satisfactory phosphor for & -ray spectroscopy and since 1t
was used almost exclusively in the work to be described in
following sections, it will be discussed in detaill. TUn-

fortunately, its hygroscopic nature makes handling awkward.

The crystals have to be stored in light oil (preferably

and when in use on a photomultiplier tube,

~—r

mineral oil

4

they must be covered by thin aluminum foil. which acts as

[

a reflector and also protects the crystal from the atmosphere.
A Wal erystal so prepared, usually requires inspection every
three or four days. One recent development in the use of

reflectors for Nal crystals is of particular interest,

The crystal is polished in a dry atmosphere and then placed



on the photomultiplier window with a small quantity of

the crystal-window bond. A
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clear vacuum greas
plastic or glass cylinder with open ends 1s then cemented
onto the photocell. This forms a container around the
crystal into which magnesium oxide powder ig poured until
the crystal is completely covered. The open end of the
cylinder is now covered in such a way that the interior

s air tight. Preliminary data indicates that Increases

s

of from 30% to 60% in the height of the pulses from the
crystal can be realized. Further work is being carried

out at present on this new type of reflecting surface.

Cylinders or cubes of NaI(Tl) ranging from 1/2 in.
to 1 in. on the major dimension have been used with equal
success in scintillation spectroscopy. It is felt, however,
that low energy events (e.g. X-radiation) are best studied
by means of smaller crystals, with a depth of about
3 orvu mm. 1T the source to be inveéfigated was extremely
weak, a larger crystal was found to be desirable because
of the subsequent increase in the counting rate. In the
near future, a cylinder of NaI(TL) 1-1/2 in. diam. x 1-1/2 in.

will be used to study low-activity sources.

When a ¥ -ray gquantum penetrates the crystal, several
interactions are possible, depending on the energy of the
incident quantum. Since about 85% of the weight of a

NaI(Tl) crystal is due to iodine, it is convenient to consider
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as a first approximation, interactions between Y -ray
gquante and the iodine constituent only. In ig. 1, the
absorption coefficient is shown plotted against ¥ -ray
energy for the three interactions that can occur between
radiation and matter. Clearly, the Compton and photo-
electric effects are the vredominant interactions for

¥ -ray energies in the range common to natural and arbti-
Ticial radicactive elements. Pair production becomes
important for energles greater than 2 lev. If a & -quantum
nteracts with an atom of iodine in the crystal lattice
through the photoelectric effect, the whole enérgy of the
¥-ray is ultimately absorbed by the crystal. The low

energy X-rays oroduced after an electron has been ejected

*'b

rom an atom, are easlly absorbed and so contribute to

the total excitation of the crystal. Hence, the result is
the production of electrons in the crysﬁal with the full
energy of the incident Y -ray quantum. The distribution

of the pulses obtained from the photomultiplier tube is
Gaussian, and an examinaﬁion of the pulses with a differen-
tial discriminstor gives a ohotoeTGGbrvc veak on the pulse
height distribution curve. This peak will have a character-
istic resolution defined as

width of peak at halfl height - volts % 100
pulse height at centre of peak - volts

-

which depends almost exclusively on the crystal-photomulti-
plier combination. ‘A ¥-ray can also interact with the

crystal through Compton scattering. In this case, electrons
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are liberated with a range of energies approaching a

JOUR 305 e 1
maXimum given 0Oy

- k=
E. = ¥
2 EX

where E .y ¥ -~ray energy in Hev.
E, = maximum energy of Compton distribution in iev.
The scattered cuantum from such an interaction can also be

&

absorbed through a repetition of the process, or it can

escape from the crystal. A high energy & -ray (B, > 2.0 Hev.)

‘will produce a palr line on the pulse height distribution
at an energy of (B, - 1.02) Mev. This may be followed by
two subsidiary peaks corresoconding to the additional cap-
ture of one or two annihilation quanta from positron inter-
actions in the crystal. The second subsidiary peak would
be equivalent to that due to the photoelectric effect in
which the entire energy of the high energy ¥-ray is

captured.

Anthracene crystals have been shown to be efficient
detectors for neutrons and é-ﬁﬁﬁ%ioles, Neutrons which
inmpinge on anthracene give rise to recoll protons which
excite the atoms of the crystal and give rise to light
pulses. ? -particles react with the atoms of anthracene
in the same manner as the aforementioned recoil protons,
with the energy of the pulse depending on the energy of
the incident electron. TUnfortunately, the relationship

between pulse sigze and electron energy is not strictly



linear for electron energlies less than 125 kev. The per-
centage varlation is small, however, so that the difficul-
ties which arise are not too serious. By using an
anthrécene'crystal as the phosphor in a scintillation

-

spectrometer, one can analyze the energy distribution of

P

the electrons from a 6 ~active source directly. Preliminary
investigations of -spectra with such a unit have been

carried oubt and will be discussed in a following section,

From what has already been said, it is clear that
the quality of the phobomultiplier tube determines the
value of the scintillation counter as a ¥ -ray spectrometer.
Selectbed tubes of the R.C.A. type 5019 have been used with
considerable success by workers in the United States and
Canada, although the earlier models were far from satis-
factory. The results to be described in later sections

were obtained with two British photomultiplier Tubes -

=

the B.M.T. 5311 (1" cathode) end the A.M.I. VX 5055
(1-3/lL7 cathode). (The older R.C.A. photomultipliers -
G31A, 1P21 and 1P28 -~ have now been abandoned by most
workers.) These tubes have gains of the order of 106,
New tubes have been developed in both Britalin and the

ted States with exbtra large end windows. Some of them

Fo

Un
(B..T. 6260, and R.C.A. 1616) have 1l stages of amplifica-

. . Q .-
tion or have a gain of about 107, With such tubes, one
fen) 3
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can analyze the pulses directly without employing an
amplifier. Unfortunately, these are not, as yet, generally
avallable to research workers. Scintillation spectroscopy

dden defects in standard photo-

o

has brought to light many h

multipliers. The requirements of higher collection

greater amplification, etc.,vhave ralsed new design provlems.
At the present time, 1t appears that many of Tthese problems
are nearing solution, and it is to De hoped that the photo-
multi.l ers soon to be released for distribution will
greatly reduce the difficulties experienced in spectrometry.

The specific technical details of the use of the tubes

described above (E.M.I. 5311, and E.M.I. VX 5055) will De

given in later sectlons.

We have seen that by a critical analysis of the pulse
height distribution obLalned with a differential discriminator,
one can identify the features which correspond to the three
interactions of radiation with a Nal crystal outlined above.
Since the relationship between the pulsé height and the
energy of the incident quantum is a linear one, taking
into account the statistical spread of all such features,
the energy of the incident ¥ -ray can be determined directly
from the shape of the pulse height distribution. The net
result is that one has a simple ¥ -ray spectrometer which

s extremely efficient and compact. ¥hile it is true that

e

the resolution of such a device depends on the energy of
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the incident guantum, and that i1t is, in general, very much
poorer than that obtained with a @-q@g"spectrometef, the
determination of X-ray and ¥ -ray energies ranging from

2 kev. to 9 liev. has been successfully carried out by workers
in the field. The worth of the instrument has been thoroughly

proven in all respects.

For a further discussion of the more general aspects

intillation counters and their applications, the reader

')

O S

[¢]

is referred to current papers which attempt to review the

L, 5,6

2
whole field of sgcintillation spectrosoopy,)’




APPLICATION O THE SCINTILLATION SPECTRONETER
TO THE STUDY OF

GAIIMA RAY SPECTRA
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The results to be described in this section form a
an eytehsive research project now being carried
out at the University of Manitoba. Since the data to be
presented were obtained, several modifications in the
equipment and technigues have been carried out. These
will be mentioned at aporopriate places in the discussion

to follow.

The study of ¥ -ray spectra with scintillabion
spectrometers was started early in 19&9,7 and since that
time, the number of such investigations has increased
ranidly. Many nuclear decay schemes have been studied
and several unique problems have been solved. One such
problem is the study of low-activity sources, vwhere many
grams of the material may be used but the source strength
is only of the order of a few milli-microcuries (L micro-

I

curie = 3.7 x 107 disintegrations per second). In this

section, two pieces of research will be described in

detail, one of which is an example of low-activity work.
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THE WATURAL AGTIVITY OF LANTHATUI

The theory of beta-decay, as it is presently accepted,
indicates that of two neighbouring isobars (nuclei with the
same mass number), the one of greater mass will be unstable
against beta-decay to the other. Since the conclusions
which follow from beta-decay theory have, in general, been

confirmed by experiment, the existence of pairs or triplets

£ isobars of neighbouring atomic number Z, can only be

O

explained by assuming that there are natural activities
present in such anomalies, but that their extremely long

half-lives make detection difficult. Ixawmples of such long-

lived activities which have been discovered in the last few

vears are iy (1. x 109 years), Ret 07 (b x 1042 vears),

o

”u;76 (2.l x lOlo-years), Rp87 (6.3 = 1010 vears)

Tntl5 (6 £ 2 x 10tk years)g. An activity in Inll3 of the

isobaric pair (CdllB, InllB) has been suggested.lO Until

recently there were two sets of isobaric triplets -
: Q
(338, 1al38) el38y ang (TS0, 50, ¢cr50), The natural

0 - -
activity of ral3 8 . as first reported by this laboratory

in 1950.11 AT that time, The activity was attributed to
., T N - o o, o a L7 L2 R, L 3 _36

the K-capture process, resulting in the formation of Ba s
with the emission of a 1.05 Mev. ¥ -ray. These preliminary

results have now been extended and the decay scheme clari-

ied. 12




DESCRIPTION OF THE APPARATUS

The scintillation detector used for low activity work
consisted of an HE.M.I. 5311 photomultinlier tube mounted
on an aluminum chassis and surrounded by a light-tight
metal cannistey It has a 1 in. diam. phobtosensitive

semi-transparent cathode followed by ten dynodes. The

ng of The tube was conventional and employed 10 megohm

<

<t
I._)n

yir
resistances between adjacent dynodes. The gain of such a
tube varies as the seventh power of the voltage across it,
hence a highly stahllized supply of high voltage was reguired.
The power supply used was manufactured for the A.BeReile
Harwell project, Eng. (Type 1007, No. 3). The actual voltage
across the tube was controlled by a ovrecision resistance
network placed across the 2200 volt supply. The outpub

fl

oltage from the supply was accurate to 1 part in 2000 for

an input voltage fluctuation of 10%. Cne of the modifica-
tions referred to earlier consisted of placing 20 megohm
resistors between the first two dynodes, thereby securing a

larger voltage drop across the Tirst two stages. It was

felt that the resolution of the tube could be l1lmproved

slightly by such a change. The improvement was found to be
small, bubt nevertheless, desirable. Vith the earlier

resistance network, there was approximately a 90 volt drop

across each stage, resullting in an amplification of about

106o A standard cathode follower circult was used to feed

the pulses from the tube To an amplifier,




A 3/l in. cylindricel WaI(Tl) crystal was mounted

© the B.l.I. tube (See Fig. 2). The
crystal was highly polished and liberally coated with

mineral oil to prevent deterioration. A thin aluminum

foil covered 2ll1 the surfaces but that placed against the
window of the btube. Such a crystal can produce about 4 10L

in the neighbourhood of AOOO Angstroms by

ot

photons of ligh
absorbing a 1 Mev. electron released from the crystal lattice.

. 3

Since the photonmultiplier 18 very sensitive to radiation in

ci

this range, and the crystal has a low self-absorption at

CQ

QOOO Angstroms, a substantial pulse can be delivered by

the tube for such a primary event in the crystal.

The pulses from the counter are fed into a linear
amplifier (Atomic Instrument Co. Linear Amplifier ZOQ—C)O
After suitable amplification, they aré analyzed by means
of a Pulse Amplitude Analyzer (¥urphy Radlo Ltd., Ing.

Type 107ha, Wo. 3) (see Fig. 3). This analyzer has four
l/2—volt channels, and it can analyze pulses spread over
a voltage range from 5 to 35 voltss The maximum allowable

rate, without undue losses, 1s 2000 counts per

minute per channel.

The pulses from the amplifier were algo analyzed by
means of a cathode ray oscillograph (Tektronix Oscillograph 511A)

and a camera (£/l.5 lens). light-tight metal cone was

[,
L

-

astened over the oscillograph screen, with the camera lens

o

placed at the other end. The pulses were displ ved on the
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creen and photographed over a suiteble length
of a pulse on the screen is
proportional to the energy of the primary event in the

cative can 1ead

<

crystal, an analysis of the pulses on a ne
to the determination of the energies of
on the crystal. The film used for this

was Kodak Contrast Process Ortho.

The source used was 30 grams of highly purified lantha-
num oxide (La203) (not enriched in LalBB) Tt was placed in
o container designed to fit snugly over the crystal. The

cannister was sealed and the counter placed in a 3 in. lead

L

castle! similar to the type ustrated in Fig. L. The
gulse hk ht distribution obtained wi"~ the pulse analyser

s shown in Fig. 5. TFeatures A, B and D were identified as
the phdtoelectric’peaks due Lo three ¥ -rays ofenergies

£35 T 19 kev. (A), 807 % 15 kev. (B) and 1390 + 30 kev. (D).

The 363 kev. ¥ -vay of I13L and the 1170 kev. and 1330 kev.

p .
¥ ~rays of Cooo were used to calibrate The energ scale.
L)

Peauufe ¢ was identified as the maximum of a Compton distri-

e

bution arising from the high energy ¥ -ray. This maximum

4

helieved to correspond to that obtained in the earlie

S
.

nvestigation mentioned previously.

o - o

The pulse height distribution was ver ified by studying

pulses as displayed on the oscillograph screen. Fig. 6
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ws the result of 2 Lo hour exposure a: £/li.5. The
features mentioned above were easily identified in the
Photograph and energy determinations made. The valvues
quoted in the preceding paragrapvh are, in reality, means
of values obtained from these two éistinct analyses. (The
searing in the botowraphAls an unaV01daole conse-
quence of long exposures. The lllament of the cathode:
ray tube emit t in ¢ part of the Spectrum and
Placing the pulses af a

- '3

TLLOD on tne oscillogradh screen, obliteration

.u

spectrum can be avoided. )

A fufther study of the souroé waé made to verify the
DPOOOS@d K-capture o“ocess of the first 1nvestvoatvon. &
thin window Gelger counter (1 mg/cm ) was placed over a thin
sample of La203, the entire unit being enclosed by 3 in. of
lead, and the source was suitably stﬁdied. It was concluded
that the'number of electrons or positrons enitted per gram
of natursl lanthanum having energies greater than 100 kev.
was less than 0.2/sec. The variation of the
of the detector with ¥ -ray energy was knovn

accuracy to be able to estimate the relative

features D, and & as 1.0 : 0.65 : 0,30. TFrom these data,

s Ay

tions on a weighed sam&le of K

' L Sk
and observa O (specific

activity of 3 3 K—fays per gm. per seo),lq it was estimated
that natural lanthamm gave O.6~‘X~quanta ber sec. per gram.
The specific activity of the sample was found,to be 0.15

disi 1Legratwons per sec. per gram of natural lanthanum,
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The existence of the 807 kev., level in Ba138, and the direct
transition to it by the K-capture process was suggested by
a consideration of the intensities quoted on P.l5 and the
relative intensities of the features in Fig. 6.




-16~

The relative intensities of the three features as exhibited

on the photographic plate, coupled with the lack of evidence

-t

particles, led to the proposed decay scheme of

Fig. 7. The two alternative modes of decay follow from the
intense line in the photogranh which corresponds to feature B.

It was recognized, however, that further evidence nmust be

sought in order to strengthen the argument for the K-capture

Drocess.

When a nucleus captures an orbital electron to form a
product nucleus, the corresponding atom that is formed 1s
lacking one of its innermocst electrons. In the re-orientatlion

of the electronic system, the characteristic XZ-rays of the

product atom will be emitted. th this process in mind,

@s]

was decided to look for the X-radiation from Ba13 « To

[N
[wy

s e s . 1
this end, the low energy radiations of RaD and 113l were
examined with the same spectrometer. The ¥ -ray spectrum

of RaD is shown in Fig. 8. The resolution of the line,

03

“which is assoclated with the L6 kev. ¥-ray of RaD, was

x ]

estimated as 37%. The low energy radiation assoclated

() Fa X

vith the decay of 7131 315 shown in Pig. 9. The first peak

et

is due to the K X-radlation of Kel31, which is the product
formed by the beta-=decay of 1131, The photoelectric peak

t 80 kev. 1s due to a well-known & -ray Ifrom 1131.15

®

In Fig. 10, a phobographic analysis of these features is
shown. The 29 kev. X~ray can be seen at the bottom of the

photograph, followed by the 30 kev. ¥ ~-ray, and the 16& keve.
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§ -ray which runs into the trace of the blocking o

Using these three promiﬁént features to calibrate the
energy’soale, the X-ray region;around 30 kev. Was examined.
In Fig. 11 the K X-ray peak associated With Bal38 is shown,.
The energy of the X-ray was found to be 32 ¥ 1 kev. in better

agreement with the barium K X-ray (31.l. kev.), than that due

to cerium (33.7 keve)e.

From the data collected, it was possible to estimate

he half-life for the activity of 1al38, as mentioned above,
the specifio activity was'found‘to be 0.45 disintegrations
per second per gram of natural lanthanum. Using the known
abundance of LalBS,(O.089% s and the well-known relation-
ship between specific activity and half-1ife,t0 12138 yag

found to have a half-1ife of 2.0 x 10+t years, a result that
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was found to be in excellent agreeme: vith the earlier

value (see reference 1l.).

The evidence oresented above seems to be complete in
all respects, yielding as it does a decay scheme that is
conéistent with all the experimental data. The observétions
themselves represent a rather unique result iﬁ ¥ -ray
spegtrbscopy, for the strength of The lanthanum source was
estimated to be only 0.5 milli-microcuries in spite of its
bulk. In all low activity work, the stability of the
equioment used is the factor which ultiﬁately determines
- the success of the undertaking. A search for ¥ -radiation
from Inll5 Wiil be undertaken in the near future, using
improved Shielding'aﬁd a large (1-1/2 in. diam. x 1-1/2 in.)

WaI(Tl) crystal in the spectrometer.

Before leaving the subject of 13138, it will be

appropriate to mention at this point some interesting low

energy studies that arose as a consequence of the search

for the barium X-ray mentioned above.

RaD has long been known to have a ¥=-ray of very low
energy (L6 kev). In order to get information on the
resolution of the spectrometer at very low energies, it
was decided to study RaD in somé detail., In Pig. 12, the
shape of the RaD s?éctrum.is showm under different conditions.
Fig. 12a shows the pulse height digtribution obtained’when
there is no absorbing material (except the thin aluminum

foil on the crystal) between the source and the crystal.
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The spectrum is really a (G%—X} spectrun and the Mé keve

peak is not too prominent. As thin aluminum foll 1is
placed between the source and the crystal, and the dig-
tribution re-examined, pronounced changes occur. The low
energy e -particles (Byax = 18 kev.) are gadually absorbed
and the ¥ -ray spectrum i1s clearly exhibited. The 16 kev.
peak becomes prominent and symuetric in shave. The 1ow
peak is due to the L X-ray of BiZlo (~13.5 kev.)a
The curves illustrate how vital it is when working with a
couﬁter that is extremely sensitive to low energy particles
andyradiations, to eliminate any unwanted radiations by

proper absorption in foils,

Y

Fig. 13 is another pulse height

Y -radiation from RaD. As indicated in

phbtomultiplier voltage was ralsed by 60 volts in order

to fadiii%ate a closer study of the X—raykat‘13 kev., TI%
Was found that the noise level of the tube started to |
become troublesons at from 2 - 5 kev., so that the range

s particular spectrométer was limited to

Aeae ’ cev. and greater. Due e extremely poor
resolution of the spectrometer at Lb kev, («/boo), eany
vhotographs of low energy spectra left much to be desired.
As an illustration, the ¥ -ray spectrum of RaD is shown in

Fig. 1la. The crystal used for this photograph was coated

and coversd with sluminum foil. In Fig. 1hb, the
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13 kev. BiglO XQray only is shoﬁn. Up until recently,
these photographs were the best that could be expected
in this low energy region. kShortly before the time of
Writing, the same crystal was mounted on the H.M.I. 5311
tubé, using the technigque outlined briefly in the intro-
duction. This gonsisted of using magnesium oxide powder

as a diffuse reflector for the crystal. Tn Fig. 15, a
photograph of the Ii6 kev. ¥ -ray of.RaD is_shown, utilizing
this improvement in technique. A4 debailed study of this
method has recently been undertaken at this laboratory
(see‘Roulston PhD. Thesis 1952,,University of Manitoba).
It’is hoped that wherever possible, future work to be

done at this laboratory will be carried out with this new

modification in technique.

Even at these energies, the relationship between
pulse height and energy of the primary event in the crystal
is still a linear one. The study of low energy radiation

has been advanced to the point Where42 kev. X-radiation

has been analyzed without tube noise affecting the results.®/

From;theée results, one can see the wide range of energies
oven to study with the scintillation counter. The propor-
tionality of the device has been found to hold from the low
enérgy X-ray region to EK—ray energies of several Mev.
Evidence for the proportionality at high energies»Will be
presented ih a later section.f

Another result of interest was secured byiplacing the

RaD source over the lanthanum source used in the low activity
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nossible to excite the X X-radiation of lanthanum (32 h keve )e
Fig. 16 shows the pulse height distribution of the excited
radiation. The residue of the L6 kev. ¥ -ray from the RaD

is still clearly visible. The possibility of using this

technigue for the identification of unknown substances is

)

s and measurement of the energy of

Fal
L

evident. By excitation o
the characteristic X-radiation of an unlknownsample, one
could at least state to within two or three elements, what
the main constituent of the sample was. AL best, the method
could only be obn31dered as a first aporoximation, tovbe
followed by suitable chemical procedures where these are

nossible,

We shall now proceed to discuss the ¥-ray spectrum

tion spectrometer.

-

of polonium (RaF) as debermined by scintilla
s
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THE GAMMA RAY SPBECTRUM OF POLONIUM

Because of its membership in the radium family, the
activity of polonium 210 has been the subject of numerous
investigations. It is known to decay by & -particle
emission to stable Pb206. In 1930, Bothe18 showed that
¥ -radiation accompanied the decay of polonium, although fur-
ther details concerning this ¥ -radiation were not forthcoming
until 19L47. At that time DeBenedetti and Kerner,lg using
an absorption technique, reported the existence of a single

20 also measured

¥ -ray of energy 800 kev. Seigbahn and Slatis
the energy of this ¥-ray and found it to have an energy of
773 kev. They also showed that there were no other ¥-rays
with energies exceeding 150 kev. This revived interest in
polonium was brought about by some spurious results con-
cerning the & -particle spectrum which were reported in

196 by Chang.2l The ¥ -ray spectrum was re~investigated in

22 yho confirmed the high

19L8 by Zajac, Broda and Feather,
energy & -ray and presented evidence for a soft component

at 8l * Il kev. However, a recent investigétion23 by a
group of workers at Oxford indicated that this low energy
component was probably nof nuclear in origin, but in reality,
was only the K X-radiation from lead excited by the internal
conversion of the high energy ¢ -ray. On the other hand,

earlier experiments performed in this 1aboratory2ﬁ with a

scintillation spectrometer had given evidence of & -rays
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and 82 T 1 kev. Recent work by Alburger and Friedlander

confirms the new value of the high energy component.

In spite of the numerous investigations of the
volonium & -ray spectrum, the existing discrepancies
suggested that further study was necessary. In view of
the results obtained in the early investigation carried
out at this laboratory, it was decilded that a complete

re-examination of the problem should be undertaken,
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EXPERIMENTAL PROCEDURE AND RESULT

The scintillation spectrometer used consisted of an
E.lM.I. VX 5055 photomultiplier tube (1-3/l in. diam. cathode)
and a 1 in. cube of NaI(Tl) crystal. The crystal was highly
polished, liberally coated with mineral oil, and covered
with thin aluminum foil. The electronic equipment was the
same as that described in the preceding section. A 3 in.

lead castle was used to reduce the background counting rate.

5

The source of 138«day;polonium'was obtained from the
Gldorado Mining and Refining (19ll) Ltd., and consisted of
i millicuries of polonium nitrate crystals. A preliminary

i

tigation of the source was carried out To determine

‘._h
o
<
)
6]
o+

whether or not radioactive lmpurities were oresent. The
results shown in Fig, 17 indicated that the polonium source
contained a large quantity of 22-year RaD. The low energy

region shown in Fig. 17a was studied and then the RaD

f e

gpectrum was nermalized to the same counting rates and
fitted over the polonium spectrum. The difference between

.

the two distributions is guite evident. It was decided To
attempt a chemical gseparation of the polonium from the RaD

n the source.

l""

present

The Chemistry Department of the Universlty of lManitoba

o

arried out Tthe separation. A briefl outline of The procedure

o
fts
®

follows. The polonium nitrate crystals were dissolved in

dilute UgSOb. The liguid was tvhen taken off by pipette
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removal from the

(0.1

investigations. The total volume of the source was about
2 cm3. The low energy region of the polonium spectrum was
xamined arteﬁ the separat tiox bad been carried out. The

resulting distribution is shown in Fig. 17b. The elimina-

<2

£

st of the RaD conbtaminant is evident from a
comparison of the
The high energy section of the polonium spectrum was
‘O <2 i ; o i 8

hen studied using the vulse amplitude analyzer. The pulse

1e

ght distribution 1s shown in Pig. 18. A polonium beryl-

LN s

T’um source which contained a rﬂdlum 1movrlty was vsed to
calibrate the energy axis. This source had had an initial
strength of 2 millibufies some 2l months befofe. Since that
time,kthe polonium content had decreased until onlyka residue
was now vresent. The peak corresponding to the high energy
¥ -ray df polonium éan be seen even in the radium distribution
T ; coincides in position with the feature ob-

n the newer polonium source discussed above,

» ‘ e

orominent features of the radium spectrum due to the

urity were identified. The values given to these
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¥ -rays were taken from a recent paper by Cork.

energy of the polonium ¥ -ray was found %o be 8ol kev.

oh the basis of these rgdinm features. The’energy was
also determined by the photographic technique described
carlier. In Fig. 19; photégfaphs‘of the polonium, thorium
and radium specﬁra are giveﬁ.‘ In Fig. 19a, the polonium
hvgh energy § -ray 1is shown. ’Thekbhotograph also indicates
the lack of any other x’—radlatlon above 200 kev., a result

in good agreement Wltb the conclu31oas of Selgbahn Fig.19b

 shows the snectrum ofthprlum. The most promlnent feature

27

 is a line due to a x-ray of 960 kev. Another line at
1.60 Mev. is also clearly visible. The radium spectrum is
kpresented in Pig, 19c. The very 1ntense line is due to the
kwell-known 609 kev. X’Qray. By using the energies of these
'thrée;features, it was pdssible to estimate the energy of
the 11ne in the polonlum spectrum. It was found to be

798 kev. In view of the sllght difference between this
value and that found from the pulse height dlStPlbuUlOn,

it was decided to take a4 mean value of 801 * L kev. as the
energy of the ¥ -radiation from oolontum. The result dis-
_agrees with the work of Seigbahn and Slatis but is in

excellent agreemént with the results of Alburger end

Friedlander who found the energy to be 800 I 6 kev.

The low energy radiation from polonium was studied using

the game spectrometer. Gare was taken to have the polonium
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source, and the calibration séurce (in this case, 1131) in
completely identical geometries. The'1131 soufce occuped a
volume comparable to that of the polonium. Its strength was
estimated to be a feW'microQuriesy”The container used to hold
it had about the same wall thickness’as that for the polonium.
The 80 ¥ev. ¥evay from Ti3l uad crawined with the piise
amplitude analyser. The pélonium lbW'energy feature was then
studied, followed by a repetition of the I*3Y curve. The
polonium curve was no&malizéd to the saﬁe counting rate as

the 1131 distribution and plotted on the same graph. The

result is shown in Fig. 20. It is;evident from the result

that4the polonium low énergy‘radiation has an‘energy less
than 80 kev. In a recent discussion of the problem given by

Grace et al (see reference 23), the authors concluded that

there was no low energy ¥ -radiation associated with polonium.

Tt was contended that only the K X-radiation of lead was
bresent and that this had been incorrectly identified by the
earliér workers. Although the value of the poldnium peak
shown in Pig. 20 is about 2 kev;ghigher~than the Kﬁxfray of
lead, it is in good qualitativé agfée@ent withkﬁhe'mean energy
of the complete K X-radiation spectrum. A further examination
’of the low enefgy spectrum was carried out uéing;the photo-
graphic technique. The 80 kev. ¥-ray of IT-- is shown
above'&e 2§'kev. X-ray in Fig. 2la, While’the low energy
radiabion from polonium is exhibited in Fig. 21b.

Unbrtunately, the resolution of the spectrometer makes g

precise measurement of the energy of this polonium line
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jifficult,. This difficulty is not exverienced to the same
extent in a pulse height distribution where, even thougl

the resolution on.a line may be poor, its center may be

determined with reasonable accuracy. osuch measurements as

could be made from the photograph indicate thalt the energy
of the polonium line is less than or equal to 80 kev.
Keeping the aforementioned difficulties in mind, 1t 1s

evident that this result is not in disagreement with the
distribution in Pig. 20. The evidence conbtained in that
distribution suggests that the earlier results obtained

-

in this laboratory were a 1little high.
o &

In conclusion, a summary of the present state of the
problem may prove useful. The energy of the high energy

¥ ~ray from polonium seems to be O0L x M kev., rather than

e
[43]

773 kev., as usually quoted, The low energy radiation
now appears to be merely the K X- radiation from lead,
excited by the internal conversion process. This conclugl on
certainly accounts for the data collected to date, although
the possibility of low energy ¥ -radiation cannot be entirely

excluded on the basis of the evidence presented here.
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'CONCLUSTION

The use of the scintillation spectrometer for the

study of & -ray spectra has been 1llustrated by means
of two examples - L3138 and Pozlo, The wvalue of the
instrument is apparent both from the resuﬂs pregented
here and the numerous papers on scintillation spectroscopy
which have a?peared in recent journals. Even at this
stage of development, the spectrometer has proven to be

a useful tool in nuclear physics. With further improve-
ments in resolution, it will be possible to study complex
¥ -ray spectra with greater accuracy. It is evident, how-
ever, that radical changes in the counter will have to be

made if the resolution is to approach that obtainable with

a conventional magnetic F -ray spectrometer.



AN INVESTIGATION

OF THE

SCINTILLATION BETA-RAY SPECTROMETER
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INTRODUCTION

Most of the crystals known to fluoresce when excited
by & ~-radiation can also be excited through bombardment
with charged or uncharged particles.’® The possibility
of using the scintillation counter for the analysis of a
beta-ray spectrum was first demonstrated in 1949.29’30’31
At that time, anthracene was used as the detector. The
use of this crystal for the detection of é -particles and
neutrons has already been mentioned in a previous section
of this paper. The early work showed that the end-point
of a beﬁa spectrum could be determined with reasonable
accuracy elther from the pulse height distribution directly,
or from a suitable Kurie plot. The accuracy of the method

was First demonstrated by Bell and Cassidy (see reference

30).

It is not Po be expected that the scintillation spec-
trometer will replace the conventional 6 -ray spectrometer
in the study of beta spectra. However, the device does
supply a new approach to some of the problems of beta
spectroscopy. Beta sources of low intensity can be studied
with considerable ease with a scintillation spectrometer,

because thin sources of fairly 1arge'surface area can be
used. The thickness of a low intensity source is usually

a serious drawback 4in conventional @ -spectrometers.,
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With Tthe rapid advances being made toward improved
resolution in vhotomultiplier tubes, it is probable that
the scintillation spectrometer will prove to bhe of con-
siderable use in the determination of the end-point
energies of @ -spectra, particularly when low intensities

are involved.

In the sections to follow, the beta spectra of
phosphorus 32, iodine 131 and iridium 192 w1l be discussed.

The results presented are to be regarded as preliminary

I_Jo

n the sense that more extensive investigations are con-

templated for the near future.
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DESCRIPTICN OF THE APPARATUS

In using a scintillation spectrometer for the study
of beta spectra, one must use a crystal phosphor that is
an efficient detector of electrons. In the work to be

described here, clear crystals of anthracene were used.

The E.M.I. 5311 photomultiplier used was mounted
inside a large light-tight metal box, The circuits associa-
ted with the tube were identical with those previously
described (see page 12). The crystal detector consisted
of two pieces éf anthracene in the form of parallelopipeds
with dimensions lj, 10 and 17 millimeters. The crystals
were held together by a thin strip of tape, as shown in

the sketch below.

After the source (of suitable thickness) had been
placed in the narrow gap between the crystals, they were
placed on the photomultiplier window with a thin coating
of o0il supplying the crystal-window bond. The outer
faces were covered with thin aluminum foil and a plastic

cover which kept the crystal system rigid.
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The pulses from the photomultiplier were passed
through a cathode follower stage to a linear amplifier
similar to Model 20L-C mentioned earlier. After suitable
amplification, the pulses were fed into a single channel
differential discriminabtor which was designed and built
in this 1aboratory.32 The channel width was set at one
volt and the pulse height distribution was scanned by
moving this fgate! over the range O to 100 volts. The
pulses from the discriminator were counted with a scaler
(Dynatron Radio Ltd.,Eng. - Type 1L009A). (A spectrometer
similar to the'one just described, using two anthracene

crystals, has recently been used successfully by Ketelle33

in the study of the E -ray spectbrum of Cahse)
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THE BETA SPECTRUM OF PHOSPHORUS 32

The beta spectrum of 1ll.3~day P32 35 simple in that
there i1s no ¥ -radiation associated with it. For this
reason, P32 has been studied extensively in order to gain
information concerning the fundamental process in beta-
decay =~ the emission of an electron from the nucleus.

The energy of the end-point of the spectrum has been meas-
ured many times. Values as high as 1.75 Mev. have been

quoted in the 1iterature,3h but recent measurements yield.
the somewhat lower value of about 1.71 Mev.35’36’37 In

view of the range of values quoted above, it was decided

to take 1.72 Mev. as the end-point energy of the spectrum.

The P32 source was prepared as follows. Thin rice
paper (2 mg/cmZ) was dippred into an aqueous solution con~
taining radioactive phosphorus as a sulphate. The paper
was dried, cut to a suitable size, and mounted between two
pieces of the same material which were then sealed together
to form a thin source with a thiclkness of about 6 mg/cmg.

Its strength was of the order of one or two microcuries.
The source was mounted between the anthracene crystals and

studied with the spectrometer described above.

The spectrun of the @ ~-particles emitted by the
source is shown in Pig. 22. The end-point was found and
an energy of 1.72 Mev. ascribed to it. In this way, the

pulse height axis was calibrated for succeeding experiments.
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The Kurie plot for the spécﬁrum'shoWn does not give a

sfraight line. From thls, it was conciuded that the
spectrometer was actually giving the spectrum a distorted
~shape, paftlcularly in the high energy reglon. Due to the

loss of hlgh energy lectrons from the crystals, one would

expect lower cotnting rateS'along the tail, resultlng in

an incorrect appfoach to thekpulse height axise. This
effect Would also glve rise to an excess of lower energy
fpulses (probably of the order of a few ‘Thundred kev. ) and

a correspondlng dlsbortlon of the spectrum in that enefgy

reglon. ‘In order to reduce the losses of hlga energy
 § —partlcles, the crystwls used should be at least
7 cm. in depthJ Uhfortunaﬁely, such crystals were not

, available at the time these data were obtalned.

It is appafent that the problems mentloned 1n connec—

tion Wltb the P32 spectrum would not arlse in the study

of sources whose end-point energles are only a few huadred
‘kev. For such, the losses from the crystals Would be &ﬂall
 and the dlstortlons accompanying them Would not aopear.
1Other factors can produce distortions, however, ‘as will be

shown in the,following sections.
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THE BETA SPECTBUM OF IODINE 131

Slnce the aavent of tracer technlques, I 3 has be=-
come eytremely 1mportant in the field of mealcal research.
The details of both the beua-ray and 3’~ray spectrum have
been studied by'maay Workers. The 6’-ray spectrum has
been 1nvest1gated exten31vely Wlth 831nt111at10n soectfometePSBB
| The @ -ray spectrum has been 1nvest1gated by means of conven-
tlonal @ -ray spectrometers and also split- crystal scvnt111a—
“tion spectrometers. In the case of spllt crystal snectro-
~ meters, 001n01dence technlques were employed. 39 A scinbil-
‘latlen~counter using a SPllE anthracene crystal with the
eource mounted betweenkthe two parts of the crystal, Wasw
used to studykthe G?-parﬁicles. A counter u31ng a NaI(Tl)
crystal detected the 3’~radwatlon from the Source. The
' study of 001n01dences between (?-partlcles and X’—rays con~-
trlbuted to the knowledge of the decay scheme.. Unllke these

'elaborate technlques, the work to be described here consisted

of a simple analysis of the € =particles emittedkby 1131.

The source,okal3l was prepared in the same manner as
the P32~source'described in'the‘precedihg section and
mounted betweeh.the crystals. The pulse height distribu-
tion of the ¢ -perticles‘coming from the source is shown
in Fig. 23. The end-point energy was found to be 805 kev.,

in good egreementpwith»the end-point energy of the ¢ -com-

ponent leading toeﬁééday metastable state of ‘Xet L (810 kev.).
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131

The complete beta spectrum of I has recently been shown

to have four components with end-point energies of 2il, 315,

600 and 610 kev. 0sl1

A Kurie plot of the iodine spectrum
was made (Fige 2l}). It was possible to identify two com-
ponents of the beta-ray spectrum with end-point energies

of 805 and 605 kev. The curvature of the Kurie plot start-
ing at about Li50 kev. seems to indicate that the spectrum
hags a distorted shape in that energy region. The plot
should be linear to about 315 kev., where curvature should
begin, indicating the existence of the 315 kev; component.
A simple explanation for this distortion is not apparent

as yet. The processes occurring in a split-crystal are
certain to be complex. Bell et al (see reference 39) en-
countered similar difficulties due to colncidences between
@—particles and ¥ -rays in the crystal. These gave pulses
that were larger than would be expected from the capture of.
e-particles only. With the split-crystal spectrometer, all
possible processes which can occur in the crystdl are de-
tected and recorded as part of the é’—spectrum. Fortunately,
measurement of the end-point energywas not affected by a
distortion of the spectrum proper, in the results described
above. In using a coincidence technigue, Bell found an
increase in the end-point energy just equal To the energy

of the ¥ -ray in coincidence with the P-particles_studied.
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THE BETA SPECTRUM OF IRIDIUM 192

192 has proven

The study of the beta spectrum of Ir
to be one of the most difficult problems encountered in
@-ray spectroscopy. Unfortunately, the end-point of the
spectrum obtained with a conventional spectrometer is
usually masked by internal conversion lines. These are
due to the ¥ -rays which accompany the decay of Irlgz.

The X-radiation associated with this activity is highly
converted in the source.uz The percentage of all the &-rays

so converted has been given by Wiedenbeck and C}hulLS as 28.6%.

Later estimates tend to be closer to 18%.

The large - number of ¥-rays present in the Ir+72

activity makes the determination of a decay scheme a dif-
ficult task. Corkb'l'L has presented a scheme which, as yet,
has not met with too much criticism. It is to be hoped

that a proper application of coincidence techniques to the

problem will yield an unambiguous decay scheme.

The beta spectrum of Ir192 as determined with a split-
erystal spectrometer is shown in Fig. 25. The tail extends
out to 950 kev., which suggests a distortion of the spectrum
since the high energy beta component has an end-point at 670

h5

kev. Bannerman has shown that lines due to conversion
electrons can be resolved with a spectromebter that uses a

single crystal of anthracene as a detector. The results %o
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be expected with a split-crystal spectrometer are somewhat
different, however. With reference to the sketches below,
consider the case of a e =activity for which the ground

state transition is forbidden.

Suppose that the unstable nucleus A emits a @ —?article
as shown in the sketch,which is captured by one of the
crystals. Assume that the ¥ -ray following the decay is
not absorbed or internally converted. From the study of
all such processes, we get an ordinary e-spegtrum-indicated
by (a) in the right-hand sketch. However, if the ¥ -ray is
internally converted, we get two € ~particles entering the

crystals. These give rise to one pulse'from the detector
which is larger than it should be by the energy given up

to the crystal by the conversion electron. The study of
all‘such processes, taking into account the variable energy
of electrons from the primary spectrum, will yield another
spectrum which is displaced from the origin, as indicated

by (b) in the sketch. When both processes are detected
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simultaneously, as 1in a split-crystal spectrometer, the
resulting spectrum is similar to that shown by the

dotted curve.

The Ir192

spectrum shown in Fig. 25 is of this type.
The displacement of the distribution from the origin and
the long tail seem to verify the conclusions reached in
the preceding paragraph. It is interesting to note that
the end-point energy is nearly equal tTo 670 kev. plus the
mean energy of a conversion electron that has been ejected

from the K shell by any one of the three intense iridium

y -rays (308 kev., 295 kev. and 316 kev.).

Rannerman (see reference L5) has pointed out that
long tails on é ~-spectra can occur thrqugh.a piling up of
low energy pulses, when strong sources are used. The
sources used in the work described above were of the order
of a few microcuries so that a piling up of pulses was
extremely unlikely, and hence could not account for the

observed shape of the spectrum.
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. CONCLUSIONS

The application of the split-crystal scintillation
spectrometer to the study of bebta spectra has been des-
cribed. The difficulties encountered in using anthracene
crystals for the study of 6 -spectra are apparent from
the preceding sections. When the C?espeotrum has a high
energy component, loss of electrons from the crystal can
distort the shape of the spectrum. When highly converted
¥y -rays arebpresent, the beta spectrum 1is shifted along
the energy axis away from the origin. A épurious approach

to the energy axis usually accompahies the shift. Such
distortions in the distribution are due to the super-
position of several different processes which can occur

in the crystal. It is to be hoped that further investi-
gétion will éuggest methods of eliminating at least some

of the undésirable properties of the split-crystal spec-

trometer.




THE SCINTILLATION SPECTROSCOPY

OF
NEUTRON-CAPTURE GAMMA RADIATION
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INTRODUCTION

When Rutherford discovered that the structure of
nuclel could be changed through bombardment with and
absorption of &« -particles, he was in effect entering
a vast field of research now called the study of Kuclear
Reactions. A complete discussion of the topic will not
be given here, but since the experimental work to be
described involves the process of slow neutron-capture,
we shall discuss briefly the principal features of this

particular reaction only.

Nuclel are now known to have discrete energy levels.
The spacing of these levels is not constant. In faét,
the levels of higher energy (of the order of a few lMev.)
tend to be so closely packed that we can effectively
refer to a continuum of energy states. The probability
for the capture of a neubtron incident on a nucleus can be
stated in terms of the energy of the neutron, and the
widths of any nuclear levels in this energy region. The
description of the capture process in such terms was
originally due to Breit and ‘J“u’igner«L{'6 They derived ex-
pressions for the probability for capture in terms of the
de Broglie wave length and the energy of the incident
neutron, and the widthé of the energy levels in the target

L7

L . . .
nucleus, ' Their results explained why some nuclei have

extremely large capture cross~sections at cerpge
e se
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It was proposed that certain levels existed in the nucleus
at these energies and that a kind of resonance capture
occurred, for which the cross-section was unusually high.
These conclusions‘have been shown to be in excellent agree-
ment with cross-section curves for different elements,
which show the variation of the cross-section with the

energy of the incident neutron.

After the capture of a neutron has occurred, there
is formed a nucleus which is referred to as the Compound
Nucleus, a concept first proposed by Bohr in 1936. This
nucleus is in genersl unstable and will emit either a
particle or ¥ ~radiation. In fact, a competition between
alternative modes of decay actually takes place. The.
~emission of a charged particle may be restricted by the
potential barrier of the compound nucleus, while selection
rules might eliminate other modes of decay. BRohr assumed
that there was a tendency for an equipartition of energy
in the compound nucleus, i.e. the excess energy due to
the captured particle is distributed among all the parti-
cles forming the product nucleus. This effect tends to
give a non=-zero life-time to the compound nucleus. Radia-
- tive capture of slow neutrons is that process in which
¥ -radiation is emitted from the compound nucleus fo form
the final product. This reaction is denoted by the symbol
(n,¥ )o Clearly, in the (m ¥ ) reaction, the compound

nucleus is just an excited state of the product nucleus,
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so that by studying the ¥ -radiation emitted during the
reaction process, one can get valuable information on
the energy levels of the product nucleus. The importance
of such information is obvious when one remembers that
the purpose of nuclear theory is to explain the simpler
nuclear structures and to predict the properties of all
nuclei using the simple nuclel as.a basis. ZXnowing what
levels exist in a nucleus is a vital necessity for the
successful formulation of any nuclear theory. For a
detailed discussion of the theory of resonance processes,

the reader is referred to standard works on nuclear theory.

The study of the \’—radiétion emitted in the (n,X)
process has received scant attention until recently.
Since 1939, when the possibilities of the fission process
were realized, a vast amount of data has been gathered on
nuclear reactions in general, and on neutron-induced re-

éctions in particular. The study of the (m&x } reaction
was held back for several years by the lack of suitable
neutron fluxes, but since the advent of the neutron re-
actor, high neutron fluxes with small ¢ -ray backgrounds
have become available for the investigation of this process.
The study of capture & -ray spectra has recently been

49,50,51,52,53

undertaken at both Chalk River in Canada and

the Argonne National Laboratorysu’SS in the U. S. A

By using a suitable source of neutrons (e.g. nuclear

reactions which involve the emission of neutrons) one can
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study the (n, ¥ ) reaction, provided that the neutrons are
first reduced to thermal energies (ﬂ»l/BO electron volt)
before they are used to bombard the target. In the
experimental work to be described here, such a neutron
source was used. It must be femembered, however, that the
use of neutron sources usuvally involves undesirable ¥ -ra-
diation which makes detection of the capture Y -radiation
difficult. These points will be discussed in greater de-

tail in the sections which follow.
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DISCUSSION OF EXPERIMENTAL PROCEDURE

The use of a neutron source for the study of (n, &)
reactions necessitates certain modifications in the con-
ventional scintillation spectrometer. Some .of these
changes will now be described. A schematic diagram of

the equipment used is shown in Fig. 26.

The counter consisted of the usual E.M.I. 5311 photo-
multiplier with a 3/L in. diam. x 1 in. NaI(T1l) crystal
mounted on the end window. The oubput of the tube was
amplified with a Model 20l-C amplifier. The li-channel
pulse analyzer was employed in analyzing the pulses. In
order to reduce the ¥ -ray background, a 1 in. thick lead
cap was placéd over the counter cannistef. A cylindrical
lead plug (1 in. diam., 3 in. 1omg) was placed on the top
of the cap and the moderating material (in this case a
paraffin block) was placed around it. The neutrons from
the source were reduced to thermal enérgles through

elastic collisions in this paraffin.

The neutron source was obtained from the Eldorado
Mining and Refining (19LL) Ltd It consisted of 40O me.
of RaD mixed with finely powdered beryllium in the ratio

RaD {(me) _ 1
Be (mg) 15

, .
The source gave 10° neutrons per sec.;these neutrons

have  an average energy of u.l Mev., The mixture itselfl
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was contained in a steel cylinder about 2 in. long and
1/2 in. in diameter. The ¥ -ray background due to the
source was equivalent to that from 0.22l mc. of radium.
The neutrons are produced primarily by the following
reaction:

1z -+ I).l‘f' Q

Be? 4+ met —s
This reaction gives neutrons having a wide range of
energies, Suitable moderating material mﬁst be used to
reduce’these neutrons to thermal energies. The paraffin
block used for this purpose was constructed so that the
source to crystal distance involved no more than 10 cm.
of paréffin. This is an important detail of construction,
for the number of slow neutrons per crs rapidly diminishes
at distances greater than 9 - 10 cm. from the source of

fast neutrons. These losses are due to (=¥ ) reactions

occurring in the paraffin itself.

When a target is placed inside the counter cannister,
immediately over the crystal, slow neubrons from the paraf-
fin become incident upon it. (See Fig. 26). The (v )
reaction which occurs in the target gives rise %o ¥ -radia-
tion some of which is detected. An analysis of the pulses
from the counter ylelds, aftef a suitable correction for
background has been applied, the neutron-capture & =-ray

spectrum of the target material.

There are, however, several complicating factors.

There is no reason to believe that every feature on such a
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spectrum corresponds to a & -ray emitted through a transi-
tion from an excited state to the ground state of the
product nucleus. Transitions between excited states, as
well as cross-over transitions are likely to occur and
must 58 taken into consideration when attempting to build
up a level scheme for the nucleus. Another complication
arises from the fact that most of the featires on a high
energy spectrum are the pair lines mentioned earlier in
this paper. Thé energy of a pair line is (E - 1.02) Mev.
Where E = the energy of the incident Y-ray. The posi-
tron produced by this ¥-ray will usually be annihilated
in the crystal giving rise to two ¥ -rays each with an
energy of 0.51 Mev. Either one or both of these will
generally be sbsorbed by the crystal. This will tend to
give two additional lines on the spectrum at energies of
(Ey = 0.51) Mev. and E, (the full energy of the incident
¥ =ray). Such lines must not be confused with the pair
lines when Y -ray energies are proposed. In practice,
| when a spectrum contains many pair lines, these additional
features do not complicate the distribution too much. They
are usually masked by intense adjacent pair lines. 1In the
case of 2 simple spectrum, these extra features are easily

recognized.

The photographic technique was found to be of little
use in the study of the spectra to be described. The com-

plexity of the spectra, combined with the existence of a
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background extending to high energies for Which correction
was difficult, made a photographic analysis impractical.
Complete dependence on the pulse height distributions
proved to be the most satisfactory method for studying the
(»,¥ ) process. Needless to say, however, many photographs
of spectra were taken during the course of the work in an
effort to make use of the technique. For that reason, the
photographic unit has been included in Fig. 26. TFor
relatively simple spectra, or for spectra which contain

a few very intense features, a photographic analysis can

56

somebimes be carried out.
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THE NEUTRON-CAPTURE GAMMA RAY SPECTRUM OF CADMIUM

Before the capture ¥ -ray spectrum of cadmium is
discussed in detail, a few comments will be made on the
nature of the background for this work and the method

used to calibrate the pulse height axis in Mev.

A background curve gives an analysis of the pulses
coming from the counter when no target is used, but the
neutrons are incident on the crystal itself. Most of
the background is due to ¥ -radiation coming from the
RaD-Be source. A typical distribution is shown in Fig.27.
It is not Lo the same scale as the figures in this section.
Tt illustrates the nature of the background from 1 to l Mev.
only. The three features A, B and C were found to have
energies of 1.12, 1.77 and 2.26 Mev. respectively. These
values are in good agreement with the known ¥ -ray energies
of radium - 1.12, 1.76 and 2.208 Mev. The shape of the
curve, combined with the fact that the energy of feature C
is slightly greater than 2.208 Mev. suggests that radiation
other than that due to the RaD-Be source was detected by
the counter. It was felt that part of feature C was due
to the reaction Hl(n,k’)D2 in the paraffin moderator.

The capture ¥ =radiation from hydrogen consists of one

57

¥ -ray with an energy of 2.230 ¥ 0.007 Mev. Since the
cross section, (n, ¥ ), for this reaction is about 0.3 barn

(1 barn = 10‘2@ cm.z), it is reasonable to expect some
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‘contribution from the many pounds of paraffin used. Al-
though the background is not shown for energies greater
than Il Mev. in Fig. 27, it can be stated that the curve is

N

quite flat out to at least 9 Nev.

The pulse height axis was calibrated in llev. by meéns
of a poloniumfberyllium source;  Thiskmixture can also be
used as a neutron source through:the‘reactionjmentioned on
page LL7. The product nucleus, Clg, is formed in an excited
‘state. 40n=d¢-eXcitation,_é.'XQray\Cf Q,h? lev. is emitted.
It produces an electron-positron pair in the‘crystal through
the interaction discussed onkPage 6. The corresponding
pulse height diotrfbution’fof this ¥ -radiation is shown
in FHig ,28 Feature A is the pair llne COPPGSUOanné to
the absorptlon 1n the crvstal of Uhe eleccron-0031tron
palrs. It has been studied exten31vely by several groups
of WOPKQPS,SS +59, 60 and has been found to have an energy
of 3.45 Mev. Feature B corrééponds to the simultaneous‘
capture of the pair and one annihilation quantum of 0.5
liev. Feature C corresponds to the éapture of the pair
plus'two annihilation quanté. By using the energies of
the three features in Fig. 28 and assuﬁing the linearity
of the Spectfometer for high energy radiatibn, the pulse
height axis was calibrated. In succeeding figures, the
pair line at,S;hS Mev, is shown without any specific

identification. All determinations of the energies of

lines in capture ) -ray spectra have been made in terms
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of this prominent palr line.

‘Of the stable isotopes of cadmium, catl3 silone must
be considered in the reaction Cd(n, ¥ ). This isotope
(12% abundance) has a crogs-section for slow neutron cap-
ture of 20,000 barns,él and consequently it is primarily
 responsible for the (n, ¥ ) reaction in cadmium. Hence the

capture ¥ -ray spectrum of cadmium will give information on

the levels in the Ca*Y nucleus.

The target consisted of a thin sheet of cadmium metal

shaped to fit snugly over the crystal. The capture ¥ -ray

‘spectrum,corrected for background, is shown in Fig. 29.
 The general shape of the spectrum was found to agree closely.
 with that found by Hamermesh using a photdgraphic emuléion |

62, who employed

technique (see feference 51), and Wilson
kionization chambefs. The’spectrum found by Hemermesh gives
the,a’-fay énergies directly, while Fig. 29 gives only the
energies of the electrons produced by the 'Y-rays through
the pair produbtion process. One must add.1,02 Mev. to
«the energy of'é feature on the spectrum in order to get
the 3‘-fay energy. For convenience, the corresponding 

¥ -ray energies of the features on the spectrum have been
'tabulated in Table I together with a set of values supplied
63

by the Chalk River group®> who have also studied this
spectrum. (The workers of this group are using a magnetic

pair spectrometer and consequently their investigations




w
}.—
2
P4
2
@
W
o,
v)
-
2
2
(o)
O

g

NEUTRON - CAPTURE
¥- RAY SPECTRUM
oF
CADMIUM

10 15
PULSE HEIGHT IN VOLTS

Fi1e. 29




TABLE T

Feature ¥ ~Ray Energy (Mev)
Kinsey Present Determination
A - 1.33
B - 2.63
c - 3.1l
D - 3.19
E .58 i b3
F li.82 | L.71
G 5.26 5.17
H 5.96 5.85
I 6.60 6.61
J 7.81 7.92
K 8.50 8.55
L 9.33 9,20
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are limited to energies exceeding 3 Mev. In using a
RaD-Be source with its relatively low ¥ -ray background,
it was hoped that the 1 - 10 lMev. region could be studied

successfully.)

Feature A was thought to be the photoelectric peak
due to a 1.33 Mev. & -ray, since a nuclear level of Cdllbr
is known to be at 1.27 Mev. (see reference 27). B and C
are palr lines which correspond to ¥ -rays of 2.63 and
3.1l Mev. respectively. The identification of the primary
event responsible for a line in the 1.0 - 2.5 Mev. region
is dirfficult because of the competition of the photoelectric
and pair production processes in this region. The results
presented above seem to be reasonable in view of the
relative cross~sections for these processes in the iodine
constituent of the crystal., The remainder of the features
listed in Table I are evidently in good agreement with the

results of Kihsey et al. Feature L, which is due to a
5 -ray of 9.20 Mev. is useful in that it determines the

binding energy of the last neubtron in the Gdllu nucleus,

A level in the CdllLL nucleus is known to exist at
0.55 Mev. Making use of this, an attempt was made to con-
struet a possible level scheme for this nucleus. The
result is shown in the accompanying disgram. All the
¢ -rays found have been included in this scheme with the

exception of the 5.17 Mev. & -ray. If thils represents a
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transition from a state at 5.17 Mev. to the ground state,
one would expect to find another ¥ -ray present at l..03 Mev.
The pair line corresponding to this ¥ -ray would lie bet-
ween features D and E on the pulse height distribution.

The shape of the curve in this energy region suggests

that such a component may exist. The variation with energy
of the cross sections for the phoitoelectric and pair pro-
duction prooesseé (Fig. 1) and the relative intensities of
the features of Fig. 29 were used to establish the decay
scheme. The assumption that feature C corresponds to a

transition from the level at L.li13 Mev. to that at 1.33 MNev.
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is consistent with the fact that the intensity of F is
somewhat greater than that of E. However, since reference
to Figs. 1 and 29 indicates that A and C are of comparaple
intensity and the 1.33 Mev. level is also fed by the very
much weaker transition J, it is reassonable to expect an
alternative transition from the second excited state. A
study of the K-capturé process in In.llbr has revealed the
existence of a transition from the 1.33 Mev. to the 0.55
Mev. level. This accounts for the feeding of the 1.33
Mev. level by both C and J in a satisfactory mammer. An
analysis of tThe relative cross sections for features D

and H léads to the conclusion that H is slightly less
intense than D and hence the existence of a level at 3.L9
Mev. is indicated. A similar procedure determines the
order of transitions B and I in the scheme. The transition
from the 0.55 Mev. level to the ground state is known to be
more intense than A (see reference 6l), and hence the
association of feature K with the first excited state of
Co‘tluL seems reasonable. The level scheme is by no means
complete, but since only the most intense ¥-rays are in-

volved, it was felt that the scheme had some validitye.

In general, some of the neutrons incident on a Target
will pass through it and give rise to (n, ¥ ) reactions in

the crystal. This process is extremely unlikely for a
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cadmium target because of the high capture cross-section
of Cd%ls. The background curve, however, was obtained
while neutrons were actually impinging on the crystal,
hence the distribution of Fig. 27 does not give a true
picture of the background in the cadmium investigation.
Unfortunatd y, no method of correction is available at
present so that it was found necessary to use the
tapproximate! background curve of Fig. 27. The agreement
with Kinsey'!s results indicated that this procedure was
valid, at least for the high energy section of the cadmium

spectrum,

The results presented above suggest that this method
of studying nuclear energy levels is a useful one, pro-
vided that the capture cross-section of the target mater-
ial is reasonably large. Complications can arise, however,
when this condition is not fulfilled, as will be seen in
the discussion of the chromium capture ¢ -ray spectrum

which follows.



~Sb-

THE NEUTRON-CAPTURE GAMMA RAY SPECTRUM OF CHROMIUM

The four stable isotopes of chromium are listed below
together with their percentage abundances and capture cross-

sections:

TABLE 1IT
Isotope Abundance Capture Cross-section
oo (then, ¥ )
50
Cr T4 , 16 barns
2
CrS 83.5% ~ 0.7 barn
CPSB 9.5% 17.5 barns
CJ?SLL 2.6% £ 0.3 barn

An examination of this table indicates that each of
thege isotopes Will contribute to the & -ray spectrum of
the Cr(n, ¥ ) reaction. No reference will be made to any

particular isotope in the discussion which follows.

The (n, ¥ ) reaction in chromium presents great dif-
ficulties due to the existence of several stable isotopes.
In fact, very little is known about the energy levels of
the product nuclei formed through the radiative capture
of slow neutrons. One level in CI’SLL at 0.835 Mev. has
been found, but this represents all the present knowledge
of such levels. The results to be described here are
preliminary in nature and are not to be regarded as com-

plete. Kinsey, Baptholomew and Walker have attempted to
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study this spectrum (see reference 50). They state that
Cr gives only a continuous ¥ =ray spectrum. This is
probably due to the gsuperposition of the spectra from

the different isotopes.

The target used for the investigation of the Cr(n, ¥ )
reaction consisted of approximately 200 grams of pure
metagllic chromium flakes. These were élosely packed
around the crystal. The pulse helght distribution was
obtained with the pulse height anaiyser and is shown in
Fig. 30. The usual Po-Be pair line (3.L5 Mev.) is present
also. The five prominent features shown correspond to
¥ =-ray energies of 5.32 (A), 6.07 (B), 7.00 (C), 8s17(D)
‘and 9.35 (E) Mev. The high energy feature (9.35 liev.)
will correspond to the binding energy of the last neutron
in one of the four possible product nuclei. The sharp
drop in the distribution on the low energy side of feature

A is entirely instrumental in nature. The large mass of
.chromium used supplies effective shielding of the crystal
for ¥ -radiation up to 3 Mev. In fact, it was found that
the target supplied fewer counts due to cépture ¥ -radia-
tion than it absorbed from the background in this energy
region. Hence, the background curve actually crossed

the (n, ¥) curve at about 3.0 Mev. making an investiga-
tion of the 1 - 3 Mev. region impossible. A comparison
of the counting rates of the cadmium and chromium spectra
will illustrate the relatively poor yield in the latter

case,
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" The complexity of the chromium investigation is

evident from the preceding remarks. The existence of

several stable isotopes, the Shielding of the crystal
by the target material and theblow counting rates
‘enéduntered make the study of the Cr(n, ¥ ) reaction
‘an unusually difficult problem. At present, the only
conclusion that can be reached is that nuclear energy

levels in chromium isotopes do exist oubt to at least

9 Mev.‘
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THE NEUTRON-CAPTURE GAMVMA RAY SPECTRUM OF CHLORINE

Unlike chromium, chlorine has only two stable iso-
topes which can take part in the (n, ¥ ) reaction. They
are 130 (abundance 75%, o(th.n, ¥ ) -~ 32 barns) and e’
(abundance 25%, ¢ (th.n, ¥ ) ~ 0.5 barn). (Clearly the

.preaominant reaction will be‘CIBS(n,X') 0136. Only two

levels in the 0136 nucleus are known at present. They

are at 0.96 and l;.81 Mev. The less important 138 (half-1ife

~ 38 min}) formed by the c137 (n, &) 0138 reaction has

levels at 1,00, 1,92 and 6.11 Mev.

The target used consisted of approximately 100 grams
of sodium chloride. It was felt that the sodium content
in the target would not contribute to the spectrum be-
cause of its small cross-section (~ 0.5 barn). The
pﬁlse height distribution for the ClL (n, ¥ ) reaction is
shown in Fig. 3l. The Po-Be palr line is also shown in
kthe_figure. Five distinct features were found on the
distribution. The line marked A was found to have an
energy of 1.93 Mev. If this is a photoelectric line, it
could arise through transitions from the 1,92 Mev. level
in the 0138 nucleus. kA moré likely explanation is that
it is the pair line corresponding to a ¥ =-ray of 2.95 lev,
from C136. Feature B has an energy of 2.69 lMev. corres-
ponding to a ¥ -ray of 3.71 lMev. A level in thek0136

nucleus at L.81 Mev. was mentioned above. Assunming a
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ground state transition from this level, the § -ray
energy of feature ¢ (L.76 Mev.,) was found to be in good
agreement with the known existence of such a level.
Kinsey et al. (see reference 50) have found the end-point
energies of the capture ¢ -ray spectra for ()1346 and 0138
to be 8.56 and 6.11 Mev. respectively. The broad feature
labelled D in the above distribution is presumably the
pair line of a 6.05 Mev. ¥ -ray, in good agreement with
the high energy radiation from 0138. Its breadth suggests,
however, that other pair lines probébly exist in that
ehergy region due to ¥ -rays from excited states in the
0136 nucleus. The resolutién of the spectrometer was such
that the separation of these components could not be
achieved. The last pair line (E) was found to correspond
to a Kf-ray energy of 8.26 Mev. This agréés fairly well
with the result glven by Kinéey although it tends to be

somewhat lower.

The distribution of Fig. 31 does not agree with the
work of Wilson (see reference 62)., Using CClu as a tar-
get, he finds an end-point energy of 10.5 Mev. Although
no attempt was made to identify the source of this ¥ =-ray,
it is presumably from 0136. Hamermesh (see reference 50)
gives a spectrum whose shape agrees reasonably well with
the curve presented here. The agreement with Kinsey's

‘pesults seems to be satisfactory.
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The peculiar shape of the spectrum in the neighbourhood
of feature A was believed to be largely instrumental in
origin. Partial shielding of the crystal against ¥ -radia-
tion with an energy of from 1 to 2 Mev. could result in a
shape similar to that shown, although this probably does not
account for the entire effect. TFeabture A was genuine, how-
ever, in that it appeared on all the curves btaken with NaCl
as target. Its inclusion was felt to be Justified on tThis

baSiSe



~6o-

CONCLUSIONS

A method for studying the excited states of nuclei
formed by the radiative capture of thermal neutrons has
been outlined. It has been illustrated with three
examples « cadmium, chromium and,chlérine. The results
indicate phat useful information can be obtained using
relatively weak neutron sources. The method is subject
to limitations, however. The resolution of the photo-
multiplier tube, low counting rates and partial shielding
of the crystal by the target réduce the effectiveness of
~the technique at present. Improvements in resolution
are expected in the latest photomultipliers. As yeb,

there appears to be little that can be done to increase
counting rates without increasing the strength of the
source. The use of more target material increases the.

shielding effects mentioned above.

The V’-raj background due to the neutron source
itself can be reduced by using a polonium~beryllium
source., Unfortunately, the short half-life of poldnium
makes impossible the maintenance of a constant neubtron
flux over a period of months, unless the longer lived
members of the radium family are introduced into the

source,
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GENERAL DISCUSSION

The versatility of the scintillation spectrometer
has been demonstrated through its application to the
study of ¥-ray spectra, beta spectra and the nuclear

energy levels excited by neutron capture.

The study of ¥ ~-ray and beta-ray spectra by this
means is now an established technique in nuclear physies.
The study of the radiative capture of slow neubrons by
means of a scintillation spectrometer, however, is a
recent innovation. Tt is undoubtedly the most significant
aspect of scintillation spectroscopy mentioned in this
baper, for it supplies a method of studying nuclear energy
levels without involving the use of high energy accelera-
tors. The results presented suggest, however, that the
‘use of the scintillation spectrometer in conjunction with
a nuclear reactor will be the most efficient method of
studying (n, ¥ ) processes. Improvements in resolution
are ﬁecessary of course. It 1s hoped that these will be
forthcoming in the near future with the appearance of new

photomultiplier tubes and improved methods of utilizing

the crystal detectors.

The scintillation counter has now become a basic tool
for the nuclear physicist, whether it be used for spectro-

metry or for detection purposes only. Its advent has
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cémpletely altered the attitude toward the study of
natural activities, while the use of large volumes of
liguid scintillating materials has greatly increased

the efficiency of coincidence and anti-coincidence tech-

ques in cosmie¢ ray research. Undoubtedly many new

e

n
applications will yet be found. Some of these will super-
cede current techniques, while others will lead to fields

of activity as yet untouched.
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