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Preface.

The work described in this thesis was carried out
during the period May, 1958 - September, 1960 in the
Department of Natural Philosophy, The University of Glasgow.

The thesis is presented in two parts,

In Part I - "Particle selection using CsI(T1l) crystals", an
introductory chapter roviewa the experimental difficulties
encountered in experiments with fast neutrons (14 MeV) and
the techniques, with their limitations, previously used to
surmount these difficulties. In Chapter II a description
is given of a novel form of scintillation counting in which
different types of particle are distinguished by the decay
time of the luminescence they produce in a CsI(Tl) crystal,
The use of this technique in reducing the unwanted, but
unavoidable, backgrounds produced in CsI(Tl), when it is
used as the detector in neutron experiments, is illustrated
in Chapter III. Also discussed in this chapter are the
advantagea this new technique has over previous methodé for
studying neutron induced reactions, Chapter Il1I concludes
with a brief discussion of typical experiments whigh are now
made posaible by its uées in particularfn;d and n;hb
reactions at 14 Mev; VIf is stressed that the technique is
perfectly genéral in applioaﬁion and could be used equally
well to study dthar‘fypes of reaction such as Y-p, Y-a

reactions,



The author was solely responsible for the development
of this technique but wishes to acknowledge the supervision
of Dr* A. Ward during the early part of it.

In Part II - **Associated experiments on the luminescence
of alkali halide crystals", Chapter X reviews the inter-
pretation of the scintillation process in alkali halide
crystals, used as the phosphor in scintillation counters.
Chapter XX describes experiments on the decay of the
luminescence in various alkali halide crystals for particles
of different ionization density while Chapter XXX discusses
experiments on the luminescence of CsX(TI) and CsDr(Tl) as
a function of temperature, and the luminescence of CsX(T1l)
as a function of thallium concentration. Chapter IV gives
an interpretation of these experiments; and the importance of
the work 1in relation to Part X of the thesis 1is stressed.

The author is solely responsible for the interpretation
of the experiments given in Chapter IV. Much of this work
was performed with the assistance of Mr J.G. Lynch. The
experiment on the luminescence of CsX(Tl) and CsBr(Tl) as
a function of temperature was performed in collaboration with
Mr J.G. Lynch and Dr. W« Jack.

X should like to thank Professor P.I. Dee for his

interest and encouragement and for many helpful discussions.

April 1961. J.C. Robertson.



FOOTNOTE: Two papers on the work described in this thesis
have boen'published. These aret (a) 'Particle Selection
in Crystals of CsI(T1)', by J.C. RODERTSON and A. WARD,
Proec., Phys. Soc., 1959, 73, 523, and (b) ‘The Luminescent
Decay of Various Crystals for Particles of Different
Ionimation Density', by J.C. ROBLRTSON and J,G. LYNCH,
Proc. Phys. Soe. 1961, 77, 751. A third paper entitled
'The Luminescence of CsI(Tl) and CsDBr(T1l) as a Function

of Temperature', by J.C. ROBERTSON, J.G. LYNCH and VW. JACK

has been submitted for publication in this Jjournal.
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Part I.

Introduetibn.

ChaE‘ter I.

I.l1. The Scintillation Counter.

The scintillation counter is a familiar instrument
for the detection of nuclear particles in all fields of
nuclear research. Its essential features are a luminescent
solid, liquid or gas which emits scintillations when
bombarded by the particles to be detected, and a photo-
electric mﬁltiplier tube which responds to the scintillatiosg,
and produces electrical pulses at its output. The number or
pulses produced determines the number of incident particles,
while the magnitude of the pulse is proportional to, or hag
a simple relation to, the energy of the incident particle,
The advantages that this method of detection has over otherp
methods, such as Geiger-Muller gas counters, are the very
rapid response time and the high energy resolution which
can be obtained, which are very advuntageous for coinciderge
mneasurements.

The first attempts to use a phosphor with a photo-
electric multiplier seem to have been made by Blau aand
Dreyfuss (1945), while the first attempts to detect
individual particles using a scintillation counter sesem

to have been by Curran and Baker (1944).
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The three types of luminescent materinls used in
scintillation counters, apa:t from gases, are as followsi=
(a) inorganic crystals (b) organic crystale (e) organic
liquids and plastics. Organic crystals, liquids and
plastics are used predominatoly in high energy nuclear
physics since the decay time of the luminescence is very
much faster than the decay time of the luminescence in
inorganiec crystals, and they are therefore batter suited to
the very fast coincidence techniques employed. In low
encrpy nuclear physics, on the other hand, inorganic
crystals are usually used since they have a more proportione
al energy response than the organic mater1a1§ and in general
better cnergy resolution can be obtained with them. These
inorganic crystals are usually activated by an impurity to
increase the efficiency for conversion of partiocle energyA
into luminescence. The most commonly used inorganic crystals
are the thallium activated alkali iodides which were
developed by llofstadter (1948).

In Part*I of this thesis, a description is given of a
novel form of ascintillation counting. In oxrder to bring
out the importance of this work it is necessary to consider
how the scintillation counter can be used to distinguish

one type of particle from another and alse to review the
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other methods of particle detection commonly used. Ve

limit ourselves to a consideration of the techniques used

in low energy nuclear physics. In particular, to a
consideration of the techniques used in experiments with

fast neutrons (14 MeV) since the technigue described in

this thesis was devoloped primarily to permit the measurement
of the enerygy spectra of partiocles emitted in n-a and n-p
nuclear reactions at 14 MeV. .Defore discussing these methods
of detection, however, it i1s convenient first to review the
experimental difficulties encountered in making such measure-
ments.

I.2. General Considerations of the difficulties encountered
in experiments with fast neutrons.

The measuremont of the energy speotra of particles
emitted in nuolear reactions induced by fast neutrons from
the reaction 3He(d.n)buo (Q = 17.577 MeV) is rendered difficuls
because of (a) the low flux of neutrons available and (b)
the backgrounds produced in the detesotor from nuclear
reactions induced by the neutrons in the detector and its
imnmediate surroundings.

In the experiments, in which we are interested, the
source of neutrons is usually a tritiun-titanium target
provided by llarwell, in which 1/3 c.c. of tritium gas is

absorbed into a layer of titanium ( 2> 200p gnui;/cm2 thick)




evaporated on to a layer of copper. To a beam of deuterons
of energy 300 KV. this targot is 70 KV. thick. An
extremely mono~energetic source of neutrons is produced,
approximately isotropic in distribution. A flux of 5 x 10°
neutrons into 4x can be obtained from auch‘a target for
approximately ten hours, with an average beam current of
approximately 20 p.amp. When this is compared gith the

directed beam of 6 x 1012

charged particles/sec. obtainable
in accelorators, with a beam current of 1 p.amp, it is
obvicus that the chief problem in neutron experiments will
be the detection efficiency. This flux of 5 x 109 neutrons
into 4x is the maximum obtainable from such tritium-titanium
targets. The flux cannot be increased by increasing the
deuteron beam current since the heat dissipated thon tends
to 'burn up' the tritium-titanium target.

This problem of counting efficiency is also related to
the low c¢ross sections for the noutron induced reactions and
the thin foils of target materials which must be used. The
medium welght elements have n-p cross section ranging from
100-500 mb in value (Paul & Clarke, 1953), and are the most
convenient to study. In the heavier elements, the Coulowmb

barrier has a donminating 1nf1uenca)and the n-p cross sections

are in the range 1-10 mb, (Coleman et al., 1959). Due to



the greater Coulomb barrier, the values for the n-d cross
sections would be expected to be correspondingly smalley
than the values for the n-p cross sections. Paul and
Clarke (loo. cit.) find values in tho range 20-50 mb. for
n~0 orosas sections in medium woight elements and vulues in
the range 50~200 mb. for lizght woight elements. C{oleman
et al. (loc. cit.) find n-a cross sections in heavy elemery,
to have values in the range 0.3-3 mb. It can be seen froy
these values of the n«p and n-Q cross sections that the
yield from such neutron induced reactions would according),
be small, It is not possible to inocrease the yield by
increasing the thickness of the target folls since then
the enerpgy resolution of the emitted particles would be
impaired by the varying energy loss of the particles .leavhg
the target foil.

The extreme penetrability of fast neutrons 1is ulu;tmt‘ d
by the fact that about 20 cms. of copper or steel are
necessary to attenuate the flux by a factor of twenty,
This moeans that the deotector and its surroundings are aiviygy
irradiated to some extent by fast neutrons which result
in unavoidable backzrounds being produced. This is
particularly serious in detocting particles of energy les,

than 4 MeV due to the very high flux of low energy B an¢ ’




raya produced. It is necessary, of course, that the number
of background events should be much less than the number of
ovents in which we are interested. The signal to buckground'
ratio can be improved by arranging the geometry of the
experiment so that the flux of neutrons at the target foll
is pgreater than that at the detector by an appreciablo
factor. This motliod has becn employed in both nuclear
eciulsion (Allun. 1957) and secintillation counter techniques
(Colld et al., 1956). The background in the detector can
be kept to a minimum by the use of very heavy olements

such as PL, D1 or Au in the detection arrangement. Carbon

with an extremely negative n,p Q value (=12.59 HeV) is also

a good background material with the additional advantage
ovor the hoavier elements that not so many B and Y rays
are produced when it is irradiated with fast neutrons,
Illowvever its mechanical properties, and tho reaction
lzc(n,n’)uﬂo, Q & =7.28 MeV, limit 4its application.
Although the background due to protons and alpha particles
ete. may be reduced Ly tho use of the materiulsgentioned.
the undesirable background from 8 and ¥ rays romains.
Finally we can screen the detector but this usually reduces
tho counting efficiency, and the effect of the flux of

scatterod noutrons froiw the room relative to the direot
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flux from the tritium target must be conasidered.

In practice these mothods prove fairly successful in
obtaininzg a suitable signal to background ratio. In
using scintillation counters, however, in which the‘minimum
thickness of the crystal detector is determined by the
maximum energy of the emitted particles, the low‘energy
background from f and Y rays always remains, This low
energy baekgro&nﬂ begins at npproiimatoly L MeVHahd‘ |
increaseces exponentially with decreasing onexgy. |

I.3. The‘Eﬁgefimsntal Techniques usod in the atﬁdz.of the

energy spectra of particles emitted in faost neutron
reactions.

We now discues the methods of detection employed in
experiments with fast neutrons and how these methods are
used to distinguish one type of particle from another.

I.3.8. The Nuclear Photogrsphic Emulsion Technique.
In this technique the type of particle is determined

by the grain density, measured as a function of the length
of the track, produced by the paréidle in the emulsaion. The
energ& of the particle is determinod by the length of the

track. The technique has been uséd successfully to measure
n-p energy spectra (Brown et al., 19553 Allan, 1957/58/59¢
March & Morton, 1958a.b;cg Peck, 1957; Haling et al.; 1957.

Armstrongz & Rosen, 1960; Ahn et al., 1960) and has much to
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commend it. In particular the angular distribntion of the
reacticn products can be obtained simultaneously with the
energy spectra, It is also very easy to discriminate
against the background from low energy B and Y rays with

the result that the lower limit for detection is extended
to 1 MeV compared with 4 MeV in counter experiments. Target
folls in the form of separated isotopes can be used. To
obtain a sufiicient yleld, however, it 1is necessary to use
fairly thick targets with the result thut at the lower
proton encrgies, large corrections are necessary for the
amount of encrgy lost by the protons in escaping from the
target foil. In addition, the range of a low energy proton
in the emulsion is very short, and considering the error

in estimating the track length a grecater percentage error
will be present at the lower energies. Containing hydrogen,
the photographic emulsion is at a disadvantage in fast |
neutron work due to the large number of recoil protons from
the n,p scattering reaction in the emulsion, This difficulty
can be overcome however by a auitaﬁle geometry or a shielding
technique. The most serious criticism 1s the difficulty

of obtaining good statistical errors due to the large time
involved in scanning the plates. The best signal to back-
ground ratio obtained is about 3Ji1l, and there 1is a fairly

large statistical error in the spectra., For example, in a
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typical experiment, such as that of March and Morton (1958)
on NiGO. 2498 tracks were examined of which 792 were due

to background protons. It is the poor efficiency as well
as the large scanning time which inhibits the application
of this method to large numbers of elements. The method
is also unsuitable for measurements on n-a spectra since
the tracks produced by the alpha particles are exceédingly
small and difficult, if not impossible, to distinguish from
the tracks produced by low energy protons., Again there is
the difficulty of obtaining good statistical errors.

Kumabe et al. {(1957) have in fact used this method to measure
the n-a spectra from aluminium at 14 MeV.

I.3.b. Scintillation Counter Techniques.

Colli et al. (1956), and later Jack (1960),have used a
scintillation counter telescope to measure n-p energy spectra
at 14 MeV in medium weight elements., In this method of
detection, the energy lost by a particle in a thin crystal,
or proportional counter, is measured, This serves to
identify the type of particle. The energy éf the particle is
then measured in a second crystal., A coincldence technique
is then used. Only particles having a sufficient energy
loss in the g% counter produce coincidences. In Colli's
apparatus, proportional counters filled with (7 cms Hg) CO2

were used to measure the energy loss while a thick CsI(T1)



10.

crystal was used to measure the energy. The counters were
constiucted from materials with a low n-p cross-section
while the background produced in the CsI(Tl) crystal was
kept to a minimum by arranging the geometry so that the
neutron source was considerably nearer the target foii than
the CsI(T1l) crystal, CsI(Tl) is a suitable choice as
scintillator because of the low n-p cross sections of 08133
and IY?% (Coleman et al., 1959). With this method a notable
improvement in the statistical error on nép spectra are
obtained. At low proton energies however, the background
is determined by the random coincidence rate which due to
the high flux of low energy f and Y rays is very large.
This limits the lower energy limit to about 4 MeV and since
a study of the results obtained using nuclear emulsions
suggests, that in a typical n-p energy spectra, about 40%
of the protons have energy between 2-4 MeV, this is quite a
serious criticism. The angle of acceptance of the protons
emitted from the target foil is approximately 20°-40° and
the method is best suited for measuring the contribution to
the proton energy spectra from direct interaction as opposed
to compound nucleus effects. . These would be expected to
contribute mainly in the forward directions. Colli et al.

were not able to use separated isotopes as targets due to the



rather large target areas required. This dirricultj has
been overcomo by Jack (loc.,cit.) who in addition obtained
a smaller ungle’of acceptance and better energy rosolution.
Eubank et al. (19593.b) have applied this technique to

n-p measurcments on heavier elements but tha-eigual to
background ratio was nover greater than 1:2. The angular
distribution of the protons is of course not obtained from
a single run, separate xruns being required at each angle.

Summarising, wve can say that this moethod has proved
vory successful in measuring n~p energy apectra at 14 MeV,
The mothod yields better statistics than the nuclear euulsions
tochnique but has the disadvantage of boing unsuitable for use
in measuring the energy spectra below 4 MeV. It has not yet
been applied to measuring n-a spectra at 14 HMeV., although
such an application might be poasible,

Storey et al., (1960) have developed a techuique for
neasuring the n-p energy spectra from medium weight elements,
in which a single CaI{Tl) crystal is used as tho detector.
The background in the CsI(T1l) crystal ie reduced by means of
a brass shielding slab. The tritium target and separated
isotopae target foil lie in the plane of thias sladb while the
CsI(Tl) crystal lios in the geometrical shadow of the slab,

with its plane parallel to the surface of the slab (Fig.I,1)
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Figure I.l. Shielding arrangement used by Storey et al.
(1960) in measuring the proton energy spectra
from medium weight elements on bombardment
with 14 MeV neutrons.
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The solid angle is approxinately X. The flux of neutrons
at the crystal is then considerably attenuated relative td
the flux at the target. Considering the extremely ane
isotropic angular distribution of elaatically scattered
fast neutrons, there may be an appreciable number of
elastically scattered ncutrons in the neighbourhcod of

the target foil. This will affect cross-soction measure-
ments to some extent, but not the energy resolution;since
these neutrons scattered in tho forward direction will
have practically their original energy due to the small
centre of mass effect involved. This method was designed
to avolid contributions to the spectra from direct inter-
actions and proved successful, good statistics bdbelng
ve,sdily cobtained, Again, howover, it cannot be used to
make measurements on the-energy spectra below 4 MeV.,
bocause of the very intense [ and Y ray backgrounds. As
mentioned oarliar,it is desirable to make such measurements.
In this method no attempt is made to distinpguish between
different types of particle. It is assumed that because of
the smaller cross sections, and in the case of alpha
particles the smaller effective thickness of the target,
contributions to the spectra from n-d, n-d etc. reactions

can bo ignored.,



Many n-as n-p and n-d cross sections have been
measured using activation methods. A sample of the
material is irradiated and the radio-activity produced is
measured. Paul & Clarke (loc.cit,) and Coleman et al. (loc.
cit.) have used this method fairly extensively. Where
necessary radio-chemical techniques are employed,

I.,4, The need for the present programma,

We can say that, at the time the author began his
research, the difficulties encountered in experiments with
fast neutrons had to a very large extent been surmounted,
particularly in n-p experiments, by the techniques described
in the previous section, Most of these are, of course,
perfectly general and can be applied to experiments not
involving neutrons. Measurements on the energy spectra of
the alpha particles emitted in n-a reactions had not been
made, however, mainly because of the very low cross,sactions
for the reactions and the very thin target foils which must
be used. These factors make it very difficult to obtain a
suitable signal to background ratio. The proton background
in the detector would be expected to mask the alpha particle
spectra., The very short range of the alphaqurticle in
nuclear emulsions inhibits the use of this technique. In
addition, measurements using electronic teohniquea on the
profon energy spectra emitted in n-p reactions had, as we

have seen, been limited to energies greater than 4 MeV.
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It wvas desirable that a method be found of making such
measurements,

The generally accepted theory of such reactions at
intermediate energies‘with medium weight elements is theo
statistical theory as described in Blatt & Weisskopf (1952)
and attributed to Weisskopf (1937). The theory 13 based
on the assumption that the nuclear reaction is separaﬁle
into two distinct stages, the formation and decay of a
compound nucleus, the decay being independent of the mode
of formation and being determined principally by the
availability of levels in the residual nucleus. It has
become clear, however, from measurements of the energy spectra
of the particles emitted in reactions such as (p,p'), (n,p),
{(a,p) etc. that this theory in its original form is in-
adequate to explain all of the experimental results,

'This situation has led to other possible explanations
of the mode of these reactions. It has been suggested that
a direct interaction process takes place in which no compound
nucleus is formed. This direct interaction méy be a surface
direct interaction (McManus & Sharp, 1952; Austern et al.
1953; 1958 Butler et al., 1958) or a volume direct inter-
action (Hayakawa et al., 1955; Brown & Muirhead, 1957).

Some doubt has been cast on the validity of the volume

direct interaction theories by the work of Elton and Gomes,

1957, and Glendenning, 1959.



Sevoral authors, (Colli et al., 1957b; Thomaon.-i956;
Guzelot, 19543 Cohen, 1953), have suggested that VWeisskopf's
thieory should perhaps be modified since the decay of the
compound nuclous might be governed by soelection rules wﬁich
depend upon the energy of the emitted particle.

No model oxists, however, whiéh can oxp;éin nll the
observed experimental rosults and any furtheé results which
substantiante one oxr other of the proposed theories wiil te
most useful.

In particular, ooasurcments on n-a reactions would be
monat helpful since this reaction might bo oxpescted to
proceed alriost entirely by compound nucleus formation and
the results obtained would be expected to agrece with the
predictiona of the statistical thecory. If this ia not the
case tho implication would be that alpha particles éxiet
inside the nucleus, Heasurements of the energy spectra of
protons of energy less than 4 MeV, e¢mitted in n-p and nenp
‘reactians oould again be cowpared with statistical theory
predictions and would be expected to be in fairly good
agreement with these predictions.

To make such nmeasurements, a new technique w&a regquired
which could discriminate agailnst electrons 1h the prasehce
of protons,and protons in the presence of alpha particles,

A mothod forx distinguishing between particles had been



suggested by Wilkinson (19%52). In this method a sandwich

of two crystals, called a phoswich, is made. The lumin=
escence (in ono of the erystals) has a charactoristic

elow decay time while the luminescence in the othar crystal
has a characteristic fast decay time. Particles passing
through both erystals pfoduca u pulse ﬁith a decay time
containing the characteristics of both cryastals while
particles stopping in or pussing throuszh a single éﬁyétal
produce a pulse characteristic of that crystal. Electronic
techiniques aro then usoed to distinguish batwoen the different
types of pulse. This teclinique has beon used by Whetstone
et al. (1958) as o photo-proton ascintillation spectrometer,
The phoswich, in this case, consists of NaI(Tl) and a
plastic scintillator. The range of the NaI(Tl) orystal is
oxactly that of the highest onorgy pfoton to be detected.
All protons therefore stop in the NaXI(Tl) crystal, producing
a pulse with the characteristic decay tine of the luminesocence
in NaI(T1). [Llectrons howsver pass through the NaX(T1)
crystal into the plastic and produce a pulse with a decay
time containing the characteriastics of both crystals. This
results in a spike being produced in the pulses due to
electrons. An electronic technique theﬁ aistinsuishos
hetween proton and electron induced pulses. This technique

did not scem particularly suited to nesutron vork howover

because of the high background which would be produced in



the phoswich. In the ebove form it is also unsuitable for
distinguishing érotoﬁa from alpha particlaa‘axtnough. with
modification, this could perhapas be accomplished.

Storey et al. (1958), working at Glasgow, found,
shortly after the author begun his réseurch. that the decay
tine of thae luminescence produced in a crystal of CsI(Tl)
by an ionizing particle, is dependent on the density of
ionization produced by the particle. The decay ti@o of the
luninoscenco ig therefore different for alpha particles,
protons alxd electrons. Thia waa cloarly an additional factor
which might be devoloped to overcome the difficulties
nentioned above and make it possible to extend the meusuro=
ment of the 6nergy lpactra'ot protons emitted in n-p
reactions to 10worlenergiau. and perhaps provide the first
method of measuring the cnergy spectra of alpha particles
emitted in ne-a reactions. Alpha particles could be dis~
criminated from protons and protons could be discriminated
fron low ehergy electronas, bLY tﬁé decay timo of the lumine
escence they produce in CaX(Tl).

I.3. Presont Progropme.

The author therefore undertook the devolopment of an
olectronio teclinique which would cmploy this difference
in the decay time of the luminescence to disoriminate one

type of particle from another. Ue haveo scen that there was



a need for such a technigque in low energy meutron physics,
The technique would, of course, be perfectly general in
application and could be applied equally well to Yep
measuremgonts, for exauple, where the background of low
energy eleotrons is again inhibiting. I successful the
teclinigue would be a useful and valuable instrumental
addition to the comuonly used techniques in low energy
nuclear physics. LIssentially thoe technique would consist
of a single CaI(Tl) crystal capable of measuring the
energy loss, g%. and the eonergy, i, of a particle. It
would constitute an advance in the toclinique of scintillation

counting, The development of thie tochnique wvas the main

purpose of the work doscribed in Part I of this theoeis.
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art J.
Particle Seoleoction in Crystals of CsI(T1).

The work described in this chapter is the developnent
of an electronic technique, suitable for use in low energy
nuclear physiocs experiments, which uses the difference
in the docay times of the lunineoscence produced in crystals
of CsI{T1l) by electrons, protons and alpha particles to
distinsuish electrons from protons, electrons from alpha

particles, and alpha particles from protons.

IX.1. Ixperimentnl Techniqua.
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