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PREFLOT

This thesis describes work which was performed by the author, during the period

from October 1951 to September 1934, .upon the development of techniques suitable For

[0
O
(=N

the quantitative measurements of the intensity and energy of neutrons in the run
energies from 1 eV to 20 ileV,

The thesis is divided into four main parts, the contents of which will now
be described.

PART I ié an introductory review én the importance in miclear physics of
measurements on fast neutrons and the techniques which have been available in such
measurements. In the light of this review the properties of an ideal fast neutron
gpectromster are enumerated. The possibility 6f realisation of such properties
using scintillation counters is then discussed., The material for this review hcs
been obtained from the current literature on nuclear physics and mention is malc
in the text of the relevant referehcés.

The experimental inﬁestigations carried out by the author on the developm=nt of
-‘liquid scintillation counters for measurements on nmuclear radiations are described

in Part II. 1In this part the work on light collectilon from volumes of scintill=zto:

investigation of photo-multiplier noise, and regponse of liquid scintillators to
different radiations was carried out solely by the author. The remainder of the
work was performed in collaboration with lir. R. Giles and Mr. D.J. Silverleaf.

PART III deals with the application of the liquid secintillators, of Fart 11 in
several forms of fast neutron spectrometer. The work on the Collimating Tube
Spectrometer and the Rorate Spectrometer was performed by the author. The remaiunier

~

T the work in Part III was carried out in collaboration with ir. D.J.oSilverle=f.

9]

. The time-of-flight spectrometer was suggested by lir., D.J.3ilverleaf, but the decizn

PA

of the scintillators used and the experiments were undertaken jointly.

-
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in the thesis in relation to that of other workers in tine lisiu 0. (a5l acuoron
scintillation spectrometry. The field of application in relation to rart I is
briefly mentioned.

The appendices describe work, the nature of which, althcugh an integral
part of the research programme, could be considered more adequately therein.

I mist thank Professor P.I. Dee for his interest in this project and also
Mr. R. Giles for his advice during the course of the research programme.
I take this opportunity of thanking the Department of Scientific and Industrial
Research for financial assistance during the threé years in which this research

was undertaken.

deS.

Séptember, 1955,
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lieasurements on ¥-ray spectra and the ef-particles from radicactive miclel
lead to the hypothesis of the existence of discrete nuclear energy levels. It
P

is heped that, by careful investigation of the properties of these levels, the

problem of the nature of muiclear forces will be elucidated. The main method of
investigation available to the nuclear physicist is the detection and measurement
of the various radiations resulting from muclear reactions. In this connection
a vast amount of work has proceeded in the field of ionising particles and
¥~rays but so far no comparable advance has teken place in the study of fast
neutrons.
In this part of the thesis we shall discuss:~
(i) the types of measurement on fast neutrons in the range of energy
1 MeV to 20 MeV, of importance in nuclear theory;
(ii) the techniques available by which these measﬁrements have -
been performed;
(iii) the extent to which these techniques have‘been successful;
and (iv). the properties of the instrument which would be ideal for these
measurements,

I.(i) IMPORTANCE IN MUCLEAR THEORIES OF MEASUREMENTS ON FAST NEUTRONS

IN RANGE 1 MeV to 20 lLieV.

Fast neutrons are involved as emitted particles in muclear interactions
either as product particles from interactions of muclei with other radiations
or scattered particles from interaction of nuclei with neutrons. As product
particles théy appear in investigations on light ruclei, photo-disintegration
and deuteron stripping reactions, and as scattered particles in elastic,

inelastic and polarisation scattering of neutrons.
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The main purpose of investigations intec the nroperitles of 11,070 neolel ic
to provide the theorist with information on the position, widinh, and quantun
numbers of spin and parity for as many states as possible in any mucleus., The
dependence of muclear forces on charge must also be investigated by consideration
of variationsof position: of the energy levels in related muclei such as
012(6 neutrons, 6 protons) B12(7 neutrons, 5 protrons) and N12(5 neutrons,

7 protons). Determination of neutron energies and intensities of groups yields
precise information of the positions and widths of the energy levels through waich
the transitions are teking place. Angular distribution and correlation
measurements enable the assigmment of quantum numbers of spin and parity to be
made to the involved muclear levels.

Typical of the theoretical approach to the problem of "light" muclear energy
levels is that of Flowers (1) in his treatment of odd A nuclei such as Olz in
which by consideration of movement of odd neutron outside the central core formed
byﬂg%her nﬂtiﬁons, he predicts the properties and positions of muclear levels

and compares them with those experimentally obtained.

(b) PHOTO-DISINTEGRATION

In photo-disintegration where a high energy ¥-ray is incident on a mcleus
it seems at first glance that ziu explamation of cross-section and angular
~distribution etc. of the emitted particles could be found by applying a
statistical iheory of emission of particles from z highly excited nmucleus. The
large cross-sections and non-uniform angular distributions however could not be
explained using a simple Weisskopf theory. Various alternative suggestions have
beeh.put forward but no evidence completely in favour of one pérticular tneory
has been found. Goldhaber and Teller (2] suggest a dirvole trensition in which

the rrotons as a group are displaced relative to the neutroms. This %heory
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nrediction of cbserved particls enersies. Tbhs=r Shoorics cuch oo Lo ol
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Wilkinson (3) and Courant (4) use, instesd of these statistical models, single

particle models which, although predicting resonance cross-sections snd the presence
of high energy particles have still to be verified in respect of ihe angular
distribution of emitted radiations,

It is thus obvious from this short discussion that much more precise
information on energy, iniensity, and éngular distribufion of the neutrons emitted
in (Y>n) reactions is required by the theorists before they can set up a more

definite model for photo-disintegration.

(¢) DEUTERON STRIPPING

investigations on the angular distribution of neutrons emitted during the
bombardment of . nuclei with 15 eV deuterons by Roberts (5) showed an anomalous
behaviour which could only be explained by the stripping of the protons <Irom the
deuteron by the bombarded nmucleus. At these high energiea the theory given by
Serber~(6) has proved quite successful in explaining the observed effects. At
low deuteron energieszihe order of 1 lieV,6it should be exnected that the stripping
process would be unimportant and formation of compound micleus would predominate.
It has, however, been shown by various observers, e.g. Swartz (7) and Holt (8),
that the angular distribution measurements disagree with either deuteron stripring
or compound mucleus. Explanation of the angular distributions have been profferred
by workers such as Butler (9) and Huby (10) using a mixture of compound nucleus snd

deuteron stripping. Further experiments,vparticularly on angular distributions and

correlations of the emitted neutrons and associated ¥-rays are still reguired so

41
Gile

that more precise theoretical determinations can be made about the nature of

forces binding the deuteron.
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(d} ELASTIC BOATTEIRING OF M7 TROIS

For neutrons of energy greater than & .eV toe elusiic cealicriliy ~ruw twelceld
is mainly coherent, i.e. one obtains a diffraction pattern similer %o optical
Fraunhoffer diffraction which depends for its shapé on the neutron energy and the
nuclear radius. The radius of the nucleus can be obtained by considering a
particular muclear model; for example, transparent, cloudy, or opague nuclear
vmodel. These theories predict different typés of variation of radius with change
of atomic welght of the form R = KAl/ﬁ,the value of the :constant X varyihg from
one model to the other.

Amaldi et alia (11) have dbserved the angulaf distribution of elastically
scattered 14 eV neutrons from lead. They have determined from the diffraction
pattern the type of theory which_best fits their results. It is necessary,howsver,
that much more complete data is obtained on the angular distributions of the neutrons
in this type of experiment for as many miclei as possible so thal a more

comprehensive picture, of variation of radius with atomic weight, can be drawn.

(e) INELASTIC SCATTERING OF NEUTRONS .

Under the heading of inelastic scattering of neutrons fall the reactions
(n,nl), (n,2n), and (n,3n). The predominance of each type depends on the incident
neutron energy. In the'medium-to-heavy" muclei with 4~50, at 2 to 3 leV. (z,nl)
predominates, 10 to 14 MeV (n,2n). and 14 - 20 leV (n,3n).

Using the (n,nl) reaction in A~50 ,information can be obtained on the low lying
energy levels of these muclei. Thesevlow lying levels have been investigated
previously in only_certain elements which displayed B-decay phenomena. Observations,
of the type performed by Preston (12),on the energy, angular distribution, and
angular correlation of the scattered neutrons allow assigmment of position and
quantum numbers to thes:c low lying states. The extension, thus obtained, to the

P~decay measurements which have been explained successfully using o miclear

& &
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snell wmodzl,
assumptions on the coupling existing bebtween the orbital ane soin momeria ol Lac
extra particle in odd 4 nuclei, embodied in the shell model.

At hizher energies of the incident neutron, the nuclei considered are in
highly excited states, so that instead of discrete levels we must consider the
emission of neutrons from a continuum of levels, In (n,zn) reactions at the order
of 10 %o 14 leV incident neutron energy, the cross-section has been measured for =z
number of elements from A = 30 to A = 141 by Cohen (13) and close agreement using
a Weisskopf statistical model has been obtained. Neasurements are lacking, howsver,
in the determinations of energies and angular distributions of the emitted neutrons.
It is important theoretically ﬂo find the precise manner in which two neutrons are
emitted from an excited nucleus as measurements of this type will indicate the
manner of binding of pairs of neutrons inside the mucleus,

No extensive experimental data exists for the theoretically possible (n,3n)
reactions, because of_tﬁe predicted low cross-sections and difficulties in
measurement. In the same manner as in the (n,2n) case, this typ~ of reaction is
extremely important for determination of pair binding energy inside a mucleus.

lleasurements of a similar nature to the (n,2n) case are regquired here,

(f)' NUCLEAR POLARISATION OF FAST NEUTRONS

The ruclear shell model pfedicts a certain splitting in the levels of odd
mass nuclei due to interaction between the spin and orbital momentum of the
nucleon outside the core formed by the other nucleons,.Investigation of the
magnitude of this splitting particularly in low A nuclei will serve to test the
assumptions of its size used by theorists in predicting the pnositions of odd A
miclear energy levels, e.g. Flowers (1). One method by which the probtlem can be

attacked is by observing the polarisation of a beam of polarised neutrons of iaw

enerzy a few eV in scattering from even A nuclei.
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angular distribution,as has been polnted out by Scawinger (I, . Zoperiazoic of
this type have been carried out by 2 number of investigators with rather
inconclusive results. (Adair (15); Hall et alia (16), Staub (17} .

This determination of spin-orbital coupling is also of imporiance in
determinations on the interaction of nucleoms at high energies.

(Note: By polarisation is meant the preferenﬁial geparation of spin-up or
spin down in the outgoing neutron beam).

This general discussion of neutron measurements should serve to illustrate
their importance in present-day mclear physics. From the above it is obvious
that the typesof measurement. which afe required are : (1) intensity of emitied
neutrons; (2) energy of emitted neutrons; (3) angulér distribution of the

neutrons; (4) angular correlations between neutrons and other radiations.

I. (ii) REVIEW OF PREVIOUS TECHNIQUES USED IN FAST KEUTRON LEASUREMENTS

In this section a brief review of the methods available for the verious
investigations listed above will be given., Iio attenmpt will be made to show %o
what extent these have proved successful, This will be discussdd in Part I(iii).

A

The main obstacle in neutron detection is the inmability of meny detectors to
discriminate againstyu—rays whicﬁ almost always accompany neutrons. Another
difficulty is the problem of obtaining high efficiency in fast neutron detection
due mainiy to small scattering and absorption cross-sections.

The methods em@loyed in fast neutron measurements can be considered in two
main groups: (a) those suitable for detection alone; and (b) those suitable for
both detection and energy measurement. In group (a) we included Boron Iri-iIluoride

and Zoron lined chambers, Uranium or Thorium fission chambers radis-sctive threshold

techniques) in group (b) photographic emulsions, cloud chambers, and proporticrnl



(1) IFz 2nd 2-lined Chenbers.

In this method the difficulties in fast nsutron detection mentioned zbor e

are overcome by slowing down the fast neutrons in a peraffin or graphite moder
aﬁd then detecting the suvsequent slow neutrons in 2 PF: or P lin~d ~rororticml
chamber. These counters are fully described in Rossi and Staub (18). They
generally consis£ of a proportional chamber 50 cm long and filled with 310 enriched,
Boron Tri-fluoride gas;or well coated with‘Blo (enriched}. The high slow neutron
cross~section for the 1o &hokﬁl7 reaction enables high efficisncy,ithe order of
80%, to be obtained. These counters are however not completely 1nsen81t1ve to
X-rays as pile-up of pulses due to recoil electrons becomes important in cases of

intense ¥-ray backgrounds.,

(ii) Fission Chambers

In cases where X¥-ray background is inten?e,fission chambers emrploying coatings
of U235 or purevThorium become uséful, since in this case the pulses produced are
very much langer than those for recoil électrons. The efficiency in this casc is
smeller than in (i), but the other characteristics which will now be considered
are similar.

Characteristics of the Techniques

The advantages of these types of counters lie in their comvarative insensitivity
to ¥-rays, high efficiency and usefulness in continuous monitoring of a fast
neutron beam. Their disadvantages appear in thei? inability to discriminate
between neutrons of varying energy, slow response time, bulk, and finally an
efficiency which is energy dependeht.

(1iii) Radioactive Threshold Technique

A sinmple and accurate method of fast neutron detection is to expose in the
fast neutron beam a foil of some material, which has a high cross-section for

4
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threshold for the particular foil used; for example, foils of PPl ard 572 @oe
euitable only for neutrons of energy greater than 2 ileV since the (n,p) reaction
has its threshold at the order of 2 iieV; at higher energies foils exhibiting (n,2n)
reactions, with thresholds at the order of 9 lieV, are chosen. Ixtremely fine

papers on this technique are found in Hanson (19) and Cohen (13).

Characteristics of the Technique

The main advantage of this technique is its complete insensitivity to ¥-ray
‘background, The disadvantages are rather numerous viz:- the time required to
obtain results is long; the subsidiary counting apparatus is bulky; it is not

continuously sensitive; its response time is infinitely long.

(b) TECHNIQUES FOR DETECTION AND. ENERGY LIEASUREMENTS

‘The energies of fast neutrons are generally measured by observations on tae
recoll protons produced in their interactions with hydrogencous materials. The
techniques considered below are‘of this type.

(i) Photographic Emulsions

The method employed is to expose a plate with emulsion,~100‘p thick, in a
beam of collimated neutrons. After development, the measurement of ranges and
angles of rescoil of elastically gcattered protons, under a microscopre, determines
the energies of the incident neutrons. Corrections for variation of (n,p)
scattering cross-section with energy are necessary if intensity measurements are
required.

Several variations of this direct method are also used. Loading emulsions
with Li6 and determination of the energy of the neutrons, from the ranges of the

particles from the Lié(n}%} #> reaction, enables uncollimated neutron beams %o be

investigatedy =2 considerable advantage, cec:- Keenin (20). Another method 5. ‘o



emnloy an s¥iernal hydrogenouve radistor with the suuic?
a vacuum. Simnle measurenent of tihe rroton resoils v the comlofon ool
energies of the collimated neutrons incident on the radiator to be detsrmined
since the angle of recoil is defined by the position of the emulsion relative to
the radiator (Allred et alia (21) ).

Characteristics of these methods

These methods are tedious and time consuming; their efficiency is small,|the
order of 1 neutron in 10° incidemnt per sq.dm. being useful; time discrimination
between recorded events is impossible. Their main advantages lie in their
insensitivity to ¥-rays and their exceptional energy resolution the order of
0.05 MeV, provided sufficient statistics are obtained. A good article on
resolution in photographic emulsions, ~.is to be found in Hereson (22).

(ii) o©Cloud Chambers

Very similar to the photographic emulsion technique in ite advantages and
limitations is the use of the hydrogen-filled éloud chamber for measuring the
energies of collimated neutron beams. This method 1s not used to any great extont.
Hughes (23) has used cloud cheambers on neutrons of the order of 2 LieV.

(iii) Proportional Chambers

Attempts, using electronic techniques have been made to overcoms the
disadvantages of speed of recording results mentioned in (i) znd (ii) above.

The simplest method is to measure the energies or the recoil protons is a hydre

or methane filled proportional counter. Difficulties arise hers; howvever from 1

-

uniform distribution of vroton energies from zero to the energy of

1 - PR .
the neutron orc

Tfrom wall effects, positive ion effects, straggling etc. which tend to distort
the edge of the ideal distribution. Various modifications %o thic direct wme’ ol
have been constructed to overcome these difficulties.

Giles (24) has used an anticoincidence screen-walled provortiomal chanbar
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A7 at % ileV, efficlencytie order of 1 in 10

rn.

time the order of one micro-second.

The anneratus is inseisitive to Y-ra:;

provided the dimensions of the chamber are small compared to the ranges of

moderately energetic eclectlons. o

incldent neutronc =234 & reonlvi

Other methods,which have been investigated,include proportionsl counter

telescopés (Rossi and Staub) (18) employing a thin hydrogeneous radistor

followed by an array of coincidence proportional chambers end abgorbers which

measure the range of the recoll protons; He5 filled proportional chambers in

which the proton energies from the He5(n,p)H5 reaction are‘measured; a

time~of-flight method using a thin hydrogeneous radiator followdd by a mulsi-le

proportional chamber in which the recoil protons are collimeted and their ran

estimated using the time taken for the ilonisatlon electrons to traverse t.o

distance from the end-point of the recoil range to a fixed collecting plat

Holt (8).

4

Of these additional methods the third mentioned is the most recent ar:

shall be considered later in the thesis; the first mentioned, in spite of
. . R
ne s s -6 . , A .
low efficiency,the order of 10 ~, has been the most successful of the cle:
counting tecHniques for measurement of neutron energies.
Scintillation counter techniques, developed during the course of the
author's work, have been purposely omitted from this section of the thesis

that the author may,in more detail,compare his own work to that of other

investigators in the field of fast neutron scintillation spectrometry.

c0
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o

description of the problems existing in fast neutron ph

to which these techniques have been applied successfully and also the vparticular

measurements on which much more information is required.

(a) Energy Levels of Light Muclei

Fast neutrons are emitted from light nuélei‘in their interactions with
deuterons,alpha particles,and protons,lMeasurements, which are of importance
on the emitted neutrons are :-

(a) the variation of intensity as the incident particle energy is changed:
(b) +the energies of,the‘groups;

(c) The'angular distributions;

(d) +the aﬁgular correlations with other radiations.

None of the techniques of I(ii) is capable of such a wide range of
applicability so that the experiment#list has contented himself with using a
technique which performed successfully some of the required measurements.

In the case of (a), BF5 and B lined chambers have been very successful, since
no energy discrimination is needed. An example of the power of the technique can
be seen from the data on the positions of the energy levelS’iéigompound micleus ﬁ15,
in the reaction 014(p,n)N14 where nine energy levels have been qbserved in the
range of proton energy from 1.1 to 2.6 leV (Preston (25) ). Some attempts have
also been made to apply\the radicactive foil technigue in this type of measurecment
but the time required to record the results is too lon: %o mafe the method a
reasonable proposition., From these excitation functions,study is limited to

)

states in the comvound nucleus of excitation energy greater than the O value ior
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reaction, thus, in (d,n) and @&,n; resctions, since toe cxoittian =
2 3 bt : b :
high,no resonances are observed in “n: excitetion Tunciion, o

of discrete energy levels.

For energy measurements photographic emulsions havg been most successful,
Although the data tekes a considerable time to collect the energy resolution is
very good. Typical of this type of measurement is the study of the Bil(d,n)cl2
and Blo(d,n)Cll by Johnson (26) where the resolution is good but the statistics
poor. Cloud chamber measurements are not so important although the work of
Hughes (23) on 2 MeV neutrons iS'worthy of note. Using his screen walled
proportional Chamber Giles (24) has studied the’high energy groups in the
Bll(d,n)Cl2 reaction but no further measurements have been obtained.

In the past few years in the study of energy levels of light nuclei the
- emphasis has shifted from the experiments which determine the positions of ensrg
levels to those which determine their properties. In angular distributions of
neutron groups photographic emulsions (Swartz(7) ) and,ﬁo a lesser extent,
radicactive threshold technique (Harris (27) ) have been very successful. It is
in the field of angular correlation measurements, however, that the techniques
of I(iij have pfoved deficient mainly due to their poor efficiency and slow speed
of response.

(b) Photodisintegration

Of interest in (¥,n) reactions are measurements of threshold,total yield
of neutrons with variation of leayr energy,and the energy aﬁd angular
distribution of the emitited neutrons. The main obstacle in the path of accurate
determination of these properties is the source of ¥-rays whica is generally
used in photo-disintegration experiments, viz,, the betatron. The continuous
energy distribution and unknown shape of the X-ray spectrum Irom the betatron

present formidable difficulties in the interpretation of results.



Threshold wmeazsurements have

at which the tarzet nucleus hecomes rediocsctive { ats (©
measurement of variation of activity with ¥-ray energy also erabled Katz to find
the total neutron yield. This method hasbeen a very successful and poveriul
tool in this field, Recently BF3 counters, encased in a large block of paraffin
hawe been used successfully to megsure threshold values and neutron yields (Koch(3C)).
Neutron energy measurements are difficult to interpret because of the
continuous ¥-ray spectrum. Some measurements have, however, been masde using cloud
chamber techniques (Atkinson (31) ), with betatron XFrays,igwphoto disintegration of
_N14, and using photographic emulsions and cloud chambers on the low tireshold
elements D and Be disintegrated by natural X-rays (Wattenberg (32) ).
By measurement of thé radioactivity induced in Iodine surrounded by Cadmiuvm
foil and placed at varying angles to the target Halban et alia (33, have measured
the angular distribution of neutrons in fhe reaction D(X,n)p where the ¥-rays uced
are natural X-rays of energy greater than threshold value for the reaction.
It is in energy measurements and angular distributions that much more
information is required before a defailed theory of photo-disintegration can be
obtained.

(¢) Deuteron Stripping

We have already noted in I(i) that the presence of high energy neutrons and
the forward pesk in the angular distribution in the experiments on high. energy
deuteron,interaction with nuclei can be explained using the theory of deuteron
stripping due to Serbér. These results have been obtained ﬁsing photographic |

plates and at very high energics using proportional counter telescopes.

To elucidate the problem at low deuteron energies ~ 1 ieV, data is
on anrular distributions and correlations. 4 few angular distribution uessuremcnis

have been made using (a) photographic emulsion e.g. the neutrons from Sed(d, v

113‘\1'.:— ?3(3;]1 et i ad s 1 R - .
ared by ana (‘3/ tne time~of-1£141 1t croortionnl
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gfficicncy =2nd slcw résponse of the technigues considered under I({ii,. The

measurenents alresdy made on low energy (dn) reactions in nuclei, elthoush cuite
satisfactory, are not sufficiently conclusive to test the theoretical predicticnz
of admixtures of compound mucleus and deuteron stripping. It is, therefore,

essential that further experimentation should be performed especially in angulor

correlation measurements.

(d) Elastic Scattering of Neutrons

The main measurements required,in this section,are angular distributions =
energy discrimination to distinguish between the elastic and dnelastically sccitored
neutrons. The method used by Ameldi et alia (11) on elastic scattering of 14 .eV
" neutrons from lead was radioactive foil technique with Gu65 as a foll which khes a
threshold at 10.9 iieV for the (n,2n) reaction, thus allowing enerzy discrimircbion.

Some further work has proceeded in this field using photographic emulsions.
These methods although capable of meking satisfactory measurements sre extremsly

tedious in this particular case.

(e) 1Inelastic Scattering of Neutrons

Cf theoretical importance in this field are experimental results on energy.
Yield, angular distributions and correlations of the inelastically scattered
neutrons, hese measurements are extremély difficult since they require a technique
which can distinguish between the elastic and inelastically scattered neutrons. The
methods which have bsen employed are photographic emulsions and cloud chambers
filled with hydrogen or metheane.

Preston (12) has used photographic emulsions very successfully in the study of

the inelastic scattering from Fe% of 2 to 3 eV neutrons from Li7(d,n)5e8

o A2 e - . . . e
Teactlon. o anpular distribuiion measurcments are available kecause Ofylacy o
- g slacl of



efficiency in this techminue. Clouwd cozubar v

Bomner (34, with the sane limitation as merdtini

It is worthy of note that the inelastically scattered neutrons have been
detected by a stilbene scintillation spectrometer in coincidence with a HNa.l
spectrometer vhich records the ¥-rays associated with the neutrons. An ansular
correlation between the neutrons and X-rays has been obtained ( Shapiro (25 )

An indirect method using Nal crystals to detect the associated ¥-rays has been
used ?ery successfully in determination of the states excited in a nucleus by
interaction with neutrons (e.g. Grace (36) ).

Measurements in (n,2n) reactions have been restricted to thresholds and
crogs-sections since only applicable technique is the radiocactive foil method.
Cohen (13%) has investigated this reaction in a large number of elements.

In this field a vast amount of data is still required in measurements of all
the types mentioned in the first paragraph.

(f) ©HNuclear Polarization of Neutrons

Of importance in this section are data on the energies and angular distributions-
of the scatltered neutrons. |

For reasons of low cross-section and difficulty in observation in many cases,
the measurements to detect the polarization have been restricted to the He4(n,nl>:ie4
reaction, In this case the polarization is detected by measurement of the
®-particle recoils in a Het filled proportional chamber. By this method the
energy and angular distribution of the neutrons can be calculated. (ddeir (15);
Hall & XKootz (16) ). None of these experiments, however, givesresults which are
entirely conclusive.

The lack of efficiency of the methods considered in I(ii) forbids the direct
observation of the energy and angular distribution of the scattered neutrons.

)

From the short discussion in I(iii) it is obvious, that the techniques which
H

have been used in neutron spectroscopy during tne past twenty years are not
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adequate Ffor all the messurements wiich zre of fmporitiice %o Tl oretiscl

predictions, especially in tne field of angular corr:l

sub-section in this part of the thesis shall be devoted to the consideration

of {the properties of an ideal neutron spectrometer .

I(iv) AN IDEAL FAST NEUTRON SPRECTROMETER

In order that measurements on intensity, energy, angular distributions
and angular correlations can be performed, the essential fesaturss which a
gatisfactory spectirometer for the study of fast neutrons, must possess are :-
(a) A response which is proportional to the energy of the incident radiation,

including resolution between particles of neighbouring energy values;

(b) fast response and recovery when a neutron is incident. This is essentizl

if coincidence techniques, which require short resclving times, are

necessary in.investigations, e.g. angular correlation experiments.

(¢) High efficiency for detection of fast neutrons. This property is essential

to enable coincidence experiments and investigations at low source strength

to be performed.

(d) The ability to distinguish between neutrons and other radiztions.

It is obvious from the discussion of the characteristics of the techniques
described in I(ii) that none of them satisfy many of the requirements noted zhove.
The development of a successful ¥-ray scintillation spectrometer suggested tlin%

a similar technicue could be applied in fast neutron spectrometry. The
following parts of this thesis describe the author's.work in tie successful

development of such a fast neutron spectrometer.
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TI(i)  THE SUTATILLATIO

In the few years that the scintillation counter has been in general us
it has developed into one of the most important and valuable tools in muclear
vhysics., The fields of future development of this technique in industrial,
medical, and miclear research are vast indeed..

It has been found that certain fluorescent materials have the property of
being excited by the passage through them of an ionising particle. The flash

of light produced is called a scintillation and the materisls scintillators.

The flash of light produced is generally proportional to the amount of energy
lost by the particle in the scintillator.

A secintillation counter consists essentially of a scintillator, and a photo-
mzltiplier which converts the flash of light into an electrical pulse of
proportional amplitude. It is clear from the above, that the scintillation counter
can be used for the detection and energy messurement of any ionising radiations.

Its most important application, however, has been in the study of X¥-rays, which
produce scintillations by the ejection of electrons from the material of the
scintillator. Its great advantage in this connection lies in its high efficiency.
The scintillation counter has also the merit of an extremely shori resolving tims.
Scintillators have been found in which the duration of the scintillation is es

short as 10—9 secs. The multiplier has aleo very fast response. These two
properties, i.e. high efficiency and short reésolving time mean that the sﬁintillation
counter is very suitable for coincidence experiments.

Fast neutrons can also be detected in organic scintillators by virtue of the

proton recoils which they produce. It is clear that such a neutron detector will

satisfy many of the requirements mentioned in I(iv). This thesis describes the

development of a scintillation snectrometer for fast neutrons canabl

o
Q
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FIG.II.la. - SCINTILLATION COUNTER ARRANGEMENT
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FIG. II.1lb LigUID SCINTILLATOR ASSEMBLY
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Twotypes of organic scintillators are available in the form of solid
crystalline materials, e.g. anthracene, and solutions, e.g. saturated terphenyl
in xylene. Although solutions have the disadvantage of a relatively low energy
conversion efficiency,they have the merit of a very short resolving time. They
can be obtained easily anﬂ cheaply in clear volumes of any shape and size,
whereas crystale can only be prepared at considerable expense to volumes of the
order of a few inches cube. For these reasons, liquid scintilletors were chozen

for the following work on neutron spectrometry.

ll&gl DEVELOPMENT OF LIQUID SCINTILLATION COUNTER TECHNIQUE
INT#ODUCTION
Some general investigations into the properties of liquid scintillators

were carried out before a convenient and satisfactory arrangement (Fig.ILl,(=) Z(Db))

for work on neutron spectroscopy was found, The final arrangement for a licuid
scintillator was to surround all but one face of a quartz container with magnesium
oxide, as a reflector, and place the uncovered face on the photo-multiplier. This
part of the thesis is devoted to the work required hefore such an experimental

scheme was derived.

I1(2) (a) Scintillation Materials
Some preliminary investigations by Mr; R. Giles on the use of solutions of
terphenyl in xylene as scintillators shdwed that the scintillations produced hy

¥-rays were largely quenched in the solution. This quenching of the fluorescencs

{

was traced to the presence of sulphur in the xylene. The author performed some
experiments on the transmission of light of varying wavelengtns through 1 cm. of
various samples of xylene and solutlons of terphenyl in xylene using a Beckmammn

Spectra-photometer. The results (Fig.II 2) show the consideratle increase in
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tested in this way. This transmicsion test has been usasd with success, 2
method of testing liquids and solutions of the various chemicals used lor d= waz
of conbamination and thus fluorescent efficiency. It was found, by exneriment,

that it was essential to have the optical transmission of the solutions under te<l

as gobd as that of the solution of terphenyl in xylene in Big.II 2 since a sumoll

absorption of light in the soclution causes a large attenuation of the output rulse

because of the long light paths.iﬁ thé‘soiution due to multiple reflections . ro-
the‘céll walls. .
(e.g. a cell 3" x 1" x 1" with coiiection through 1" x 1" face.
lMean path per reflection ~~ 2",
llean mumber of reflections ~ 10
liean path cf light collected = 20"
This simple caléulation shows that an absorption as small as yﬁ per cim.

will cause a large attermation of the output pulse )

II(2) (b) Reflection Experiments

(s
b
=4
Q
=

t
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2

Mr. R, Giles and Iir, D. Silverleaf, in the Glasgow Physics Depa

i

previously considered the best type of material for reflection of light from t.c
scintillator to the photo-multiplier cathode. The bad reflection coefficients of
metals ruled out the use of nmetallic containers. They found that the best moun

and easily available reflectors were various white powders, of which the moet

efficient - was magnesium oxide. Because of the impracticability of making o

container with walls of lLagnesium oxide, a cell with transparent walls was mac:

(8]

and packed round with the powder. The reflection coefficient of the powder i

snown in Teble II 1,
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During the course of investization into the properties of
author found that the substance had to be used in a very dry form before tie hest
~reflection was obtained. A specially -prepared Whiterpaint was also tested ior
reflecting properties but comparison of the pulse heights from an identical
scintillator with a magnesium oxide covering showed that the paint produced e
large attenuation of the pulses. This effect vs due to the bad reflection
properties of thé oil éontent of the'paint which made contact between the

container and the titanium oxide base of the paint.

I11(2) (c) lMaterials of the Containers

The transmission curves of various glasses and quartz were measured and
specimen containers comstructed. These curves are shown in FIG.II.5. From these
curves and eﬁperiments on specimen containers)it,was evident that {the most
satisfactory container material was quartz, which absorbs a negligible amount of
light at the emission wavelengths of the scintillators. Fig., Il.4. is a
photograph of the scintillstion cells constructed, both in quartz and glass, during
the course of the author's work. More details of the shape of the cells will be

considered in later sections of the thesis.

II(2) (d) Contact Fluids

Experiments were performed to obtain some informetion on the most suitable
material for use as a contact between the quartz enﬁ-plate of a cell and the glass
surface of the multiplier to avoid losses duc to total reflection at an air pep
between these two surfaces. Such an air gap has been found to produce an
attenuation of pulse height of 507.

iieasurenents of the trensmicsion properties of glycerine, liquid paraliin
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contact fluid because of its advantzages in being more viscous and having betier

light transmission and electrical insulating properties.

11(2) (e) Fmiscion Spectra of Liquid Scintillators

The spectral response of thephotocathode of the E.M.I, 5311 multipliers
used in these experiments, is shown.in FIG., II.6. From this,it is clear that
for maximum light conversion efficiency the wavelength‘of the emitted rediation
should fall in the region 4500 —= 5000 A®, where the photo-cathqde has its
maximm sensitivity. It is also noteworthy that the problem of lizht collection
is eased considerably by operation at the longer wavelengths, since the greater

the wavelength the better is the reflecting power of the magnesium oxide powder

(TABLE II.1.). Date on the emission spectrum of terphenyl in xylene (Xallmann(l)

showed that the wavelength of the radlatlonllay in the rgglon from 3250 ~ 4000 A
i.e. outside the region of maximum response of the photo-cathode and in a low
efficiency range for the reflécting powder. Work reported by Kallmann, showed
that it was possible by the addition of small quantities (~0.1 g/1) of a zzcond
solute to increase the wavelength of the emitted radiation. Of the chemiczls
inveétigated the two most successful wereanthranilic acid and pnenyl alphz-~
naphthalemine. The latter is the one now used by the suthor. In this cas-,

an increase in pulse helght of about 40/, to X—rays of energy of the order of

1 MeV, was obtained when the response of a standard scintillator filled wi*h

5 g¢/1 terphenyl in xylene was compared with the same cell filled with 5 g/l

terphenyl in xylene plus 0.1 g/l phenyl alpha-naphthalamine.

s



In the application of scintillation counters to the messurement of particle
energies it 1is impoftant to know the iower limit of energy, for a particulzr tv.c
of particle, wiiicn can pe rcecorded using a scintillator in conjunction with a
particular multiplier. This lower limit is governed by the quantum conversion
coefficient of the photo—cathode (i.e. the average pumber of photo-electrone
released per quanium of energy of the particular wdvelenggh,. This coefficient is
the order of 5% for the E.M.I. 5511 multiplier used ﬁith a liguid scintillation
counter. A caiculation based on this figure shows tﬁat the minimun energy of

r P

electrons which can be detected is m G000 eV. and of protons «~ 12,000 =7, nis
means that an electron of energy ~ 6 KeV,incident on a liquid scintillation
counter,will on the average release sufficient llbht to knock one rhoto-slec
from the photo-cathode. (For adequate resolution of a particle energy, however,
it is nedéssary'that the number of electrons released from the photo-cathode he
sufficient to reduce the pdssible statistical fluctuations in the number of
Qgtput"électrons from the coilector to a few %er cent. Thus the & eV electrons

considered asbove set the lower limit of detectable energy, but not the lowsr

limit of resolvable energy. )

II.(3) (b) Variation of tube gain with imltiplier Voltage

The vériation of output pulse height P from the E.M.I. 5511 multiplier
with equal stage voltages and total applied voltage V, is given by. he relztion
P = gxy® where n is a constant of the order of 7.7. This figure has been
obtained by the zuthor using a standard source and scintillator together "7 =

o s

miltiplier,cathode follower and amplifier. It is a useful property of

photo~tube that the gain can be easily varied by alteration of the total vaXizc -

acrocs it. Thie sensitivity to velizce, however, necessitstes the use of =



supply for the tubes used by the author was obtained from a standerd T,H.i. 7 .V

power pack, whose stability proved very satisfactory, provided its mains input

was monitored,

II (3) (c) Stability of Response

During an investigation into the properties of these photo-tubes a slight
alteration of gain was noted after certain running times. At the beginning of
an experiment the gain changed slightly,until a stable condition was reached after

1. .
¥

about 30 minutes, and again after long periods of continuous running the gein of

m

the tube decreased, returning to the normal running value after a recovery time
of the order of 24 hours. These effects were ascribed to fatigue of the rhoto-
cathode causing a change in the conversion efficiency. For consistent results it

was necessary to ensure that stable conditions were obtained during an experiment.

II (3) (d) Investigations of Noise

In the use of photo-multiplier tubes with scintillation counters a major

difficulty has been encouhtered by many investigators due to the presence of cmall

m

pﬁlses at the multiplier output in the absence of any external excitation. These

pulses are called Noise or Dark Current Pulses and can be traced to the following
causes :=-

(a) Emission of thermal electrons from the cathode and dynode surfaces with
subsequént amplification in passing down the tube to the collector.

(b) Positive ions formed by the ionisation of the residual gas in the tube
causing electrons to be emitted from the cathode, when they strike it.

(¢) Cold emission of electrons from projecting metallic parts inside ths tibe.

This effect is only pronounced at high working voltages.

sany investigations on the properties of the noise pulses in »hoto-mel-:
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tuhes have bean rerformed. Yorton (7, and Ingstrom { are ainons ma oy uoriers

who nave considered the effects of nolse in A.C0.4. tyne 9314 tubes. The a2uther
decided that the noise properties of E.i.I. 5311 tubes, on which no work had
previously been published, would be useful when operation of the tubes in the
detection of emall scintillations was made. In a case of this kind it has been
found that thé size of noise pulses is comparable with the signal pulse from the
scintillations. It is thus clear that methods of reduction of noilse pulses are
very important.

The following series of experiments was performed to find,under what conditions,
the number and size of the noise pulses was a minimun.

The apparatus consisted of liquid sciﬁtillator, moltiplier, cathode follower,
amplifier, discriminatof, and scaler, The experimental method wes the following:-~

A "standard" pulse height was noted by setting the discriminator at a fixed
value throughout, and varying the gain of the amplifier untlil the scaler counting
rate was 100 per sec. This "standard" pulse height was obtained from the
scintillation produced in a quartz standard cell (FIG.II.l.) by 0060 ¥-reys. As an
indication of both noise pulse height and number of noise pulses, the amplifier
gain setting was altered until the counting rate, in the absence of tie 5090 source
was 100 per sec. with the same fixed discriminator setting as before. (This setiing
is fixed so that at no time isvnoise from the amplifier,when working at high gain,
countéd.) The difference in the amplifier gain was taken as a measure of iae
~relative value of noise and the "gtandard" signal pulses. .The difference of gain

.

in decibels gave a measure of the signal to noise ratio.

DYSOD THDNMS  DPLR0) 20w
EXFERINENTS PEAFORMED

I. The graphs of FIG.II,7 show the variatien of signal to noise ra

AN

voltaze between the cathode and the first multiplying dynode is varied. [rom



() from the slope of “he graphs i n oopersting vels oo,

not all the nolse pulses originate at the vhoto-cathode, because if thle wers 1z

case Lie signal to nolse ratlo would be conetant.
The variation of voltage across other stages of the tube doss not

appreciably affect the signal to noise ratio,

II. Electrostatic Shielding near the cathode.

Morton (2) in his experiments on the noise pulses in a 9314 photo-multir-li-r
attempted to find the effect of an electrostatic shield placed near the phote-
cathode. A similar type of experiment was performed by the author using an
EJl.I. 5311 ﬁhoto—mﬁlt@plier. The graphs of FIG.II.8 show the variation of
signal to noise ratio with E.H.T. voltages and change of notential of the
electrostatic shielding (obtained by using a conducting band of Aqweday painted
rotind the upper part of the tube). From these graphs it appears that the shicld
should be held at the same voltage as the first dynode to gzive best signal to
noise ratio. It was found that, for higher voltages on the shield, although tle
signal to noise ratio did not alter appreciably,the effective signal pulse hei nit
was reduced. This effect of reduction of noise is probably due to ithe attraciion.
by electrostatic potential existing on the inside wéll of the vhoto-multinlier, of
noiée electrons originating from the outside edge of the photo-cathode. Thesc

results are similar to those obtained by Morton for the RCA 931A tube.

IIT, Temperature Variation on the lultiplier

The most satisfactory method of reduction of the noise level in a photo-tube
has been found, by various authors, to be cooling of the photo-cathode. In an
attempt to perform an experiment of this tyve the author encountered serious

L] .
difficulties, nemely :-
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(b) fear of cracking %he glass envelope of the multiplier,

(¢) fear of stripping of the photo-catihode material if the tube was cooled
go that the unequal expansion of the glass and the cathode materizl hecame
apparent, |

(d) freezing of the scintillating liquid if the cell was brought too close
to fﬁe cooling agent, and also crystallisation of the solution.

A éimple quelitative experiment was, however, perfqrmed to determine
the effect of cooling the tube, through a few degrees. The atmosphere inside
the sealed multiplier container was dried for a day using a silica-gel drying

agent.

2

The graph of FIG.II.9. gives the effects on noise level of cooling
through a few degrees. The graphs are sufficient to show the importance of

this cooling on the elimination or reduction of noise in photo-multipliere.

From the results of these experiments it is clear,that, by far, the most
important effects are produced by alterations in the temperature and

distribution of potential between the multiplier dynodes.
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the energies of radiations from sources of low strengbth or at larze distences [ron
a source. In order to provide reasonable efficiency in these experiments éne
requires the use of scintillators of large voluune.

The development of>1iquid scintillators has made the construction of
gcintillators of any size or shapé an easy matter. This 1s indead a great step
from the limitations encountered with crystals for which‘it is very difficult to
obtain large non-opague volumes. The mein difficulty in thé cass of liquids in
large volumes is that of collection of light from a scintillation,

In collection of light from a volume of liquid two points must be noted :-

() is the light collected merely sufficient to allow one to say

that a particle has passed through the liquid?;

(b) is the light collected proportional to the energy which has been

diséipated by the event which has taken place in the scintillator?

In case (a) the amount of light collected need only be sufficient to cause =
pulse to appeér at the output of the photo-multiplier, whicﬁ is 1arge enough to
distinguish it from photo-tube noise. In case (b), however, the light collection
mst be uniform over the volume of the 1liquid and also that enough light ie
obtained from each event so that statistical fluctuations in the pulse height
are unimportant.

It was decided, therefore, to investigate the variation in pulse hesight

from ecintillators of different sizes when a fixed energy of ¥-royec Weas: incid«rt.

. oo . o X e
(In this case the 1.28 eV ¥-rays from Nag“.; The variation of ulesc heinht
reoelution was debtermined by obgeprvation of the Zomrton distritution of theoe
X-rays. The methed of determination of resolution will he discuicezd in the
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of light from a scintillation.
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Let us consider a narticle of energy £ incident on the liguid seintillator

then we have :=-

E.4.C.B.T .G,

the nuwber of photo~electrons per scintillation =
. ¥ pe

where A = Amount of Energy absorbed ~aslun:f

C = Znergy Conversion Efficiency in scintillator ~~1%
B = Efficiency of Photo-cathode ~57
T = Coefft, of Transmission of radiation ~7

Epy = Energy of photon of light emitted by the
scintillator ~ 3eV

G = Geometrical Fachtor in light collection.

It is thus oﬁvious that in most cases the important factor is G. The following
analysis is an attempt to explain the variation in resolution by variation of thig
factor, assuming, as unimportant the statistical variaﬁions introduced by the
photo-multiplyiné process,

Ve consider a liquid scintillator surrounded by MgO powder and of length 4 ine
and diameter 1" where collection of light is obtained'from one of the flat ends.

Suppose x = fraction of surface from which collection is made

S = fraction of light absorbed at each reflection.

Then if we consider the light emitted isotropically and uniformly in a
scintilletor surrounded with MgO powder.

Then fraction of light collected

= % + x(1-x)(1-3) + x (l~x)2(1-s)2 ¥

. d *
i.e. m Direct ¢ 1st + 20 +
liznt Reflection Reflection
=x(1 4+ (1€ x(1-8) + (1-x)2(1-3)2 +

-, X o)
I=1-3)(T-%)
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If now we consider a cell in which a scintillation is enitied at a voir,

and ¥ L1s Sue iractlon of tuis lignt directly inmcident on the window)&nd if we

ct

essune that after the first reflection the light is uniformly distributed
thrcurhout the volume, then the fraction of light collected is given

by F = y4 (1-y)(1-8)x
1- (1~-8)(1-x)

The spreasd in resolution is determined by the maximum and minimum values

of y. _
For o<y<% then } _

Fmax = Fmin 3 8.
Fnin 441-8)x

but ¥t = 2(1 ¢ 24) -
S Fmax -Fmin = §S.2§1i2&[:
Frin . 4 (1-8
S = 0,03 for lgd powder at /40004
Giving as % Resolution = 10&~ 5

This approximate relationship is shown in FIG.II.10. The agreement with
the experimental results is quite good up to the order of 3", At larger

volumes, however, the effects of T , theltfahsmission factdr, te comes more
importent. It has been noted by Harrison (4), that liquid scintillators absorb
their own radiation. Table I1.2 gives the absorption lengths for various liquide.
It is this factor which influences greatly the resolution at larger volumes.
Another factor which is hot quite so important to the resolution for a
fixed incident energy is the variations introduced by the amplication process in
the photo-multiplier. It has been shown by Garlick and Wright (5) that this is a
comparatively unimportant factor in éomparison with the fluctuatioha introduced
by non—uniformit& in light collection in scintillation cellsat the energy of
¥~rays which we have considered.

With a 4" 1liquid scintillator the author has observed the effects of the
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miltiplier on tae resolution of &if
1

egree with tue law B¢ E” which has been observed by obher investizobors such as

Ferent energles of ¥-rays, The results obtained

Garlick and Wright (55.

From the above discussion we have noted that in a large volume of scintillator
absorption of light takes place in the liquid itself and at reflection from the
walls of the container. This implies that the effiqienoy of light collection depends
very much on the place of origin of tﬁe scintillation in.the volume. The measurement
of particle’energies using a lafge volume of scintillator is thus impossible because
of the adverse effect on the pulse height distribution of non—uﬁiformity inl ight
collection.

Accordingly an attempt was made by the author to investigate the possibility
of collecting}uniformi:y;1igat from a quartz céii 6" long and 1" in diameter filled
with a solution of 5g/1 terphenyl in xylené.

The aéparatus consisted of the cell, EZiI 5511 phototube, cathode follower,
amplifier, discriminetor and scaler. The method used to compare pulse heights from
different positions in the cell was as follows (FIG.II.11),

A well collimated. beam of 0060 ¥-rays was incident on the cell in a direction
normal to the cy}indrical axis at any selected point}and the setting of the
discriminator for which the scaler counting rate was 100 per sec., was noted. This
bias setting was taken as a measure of the pulse height produced by a 0060 3-ray
af that part of the tube in the line of the incident beam. (This assumes that tie
shape oé the pulse height distribution does not depend on beam position; a .
reasﬁ%&ble assumption provided the bias setting is much lower than the Compton

bedgei- By varying %the position of tne beam along the length of tas cell 1t was
thus possible to obtain a graph of pulse height against position of orizin of the
svintillation along the tube.

Fie.TT.12 shows the results obtained when the cell was surrounded with closely
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was, therefore, decided to attembpt Lo obtain better uniformity of lizht collection
by a deliberate sacrifice in the efficiency of 1izhi collection from %the nearer
end of the cell.

The tube and photomultiplier were separated and light pives consisting of 3!
lengths of perspex and distrene, 1" in diameter, introduced to convey light from
thg tﬁbe to the photo-cathode. These light pipes reduce the pulse height from “he
nearer parts of the cell by rgducing the solid angle of acceptance of light between
the end of the cell and the photo-cathode. In these exveriments it was found by
the author that the perspex light guide was more transparent to the radiation than

that of distrene. (FIG.II 13.C & D).

The final arrangement which gave very uniform light collection was one in
which the top 3" of the cell was packed with g0 powder and the bottom 3" with
Aluminium foil (a reasonebly efficient reflecting material although not as good

as Ng0) ,together with a 2% perspex light guide (FIG.II 13.B). Comparison of this

result with FIG.II.12 shoWis the greatly increased uniformity which has heen
obtained. Admittedly some sacrifice of overall pulse height was necessary to
achieve this result. Further experiments on the addition of phenyl alpha~
naphthalamine as a secondary solube to the terphenyl solution, to 2 concentration
of the. order of 0.1 g/1, have shown that the uniformity oflight cocllection can be
Nmaintained with increase in pulse height to the initial high level (FIG,II.13.A4.)
The resolution of this improved cell for 1.28 MeV ¥~rays is shown in FIG.IIL,}1O,

In this section we have seen that the advaﬁtages of ligquids in case of
construction of large voluzes, is rather offset by the difficﬁlty in uniformity
of response. The initial research described in this section shows clearly the

degree to which this uniformity is present. The second experiment gives one




mebhod by which whis nroblem ney be golved. Otier methods, netably
use of a large number of photomultipliers, as used by Harrison (&), have
been employed in this tyve of light collection problen.

These previous sections have been devoted to the description of the
development work carried out by the author in tne preparation of liguid
scintillation counters for practical applications., The subsequent
section in this part of the thesis describes their performance in detection

of nuclear radiations.
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11.(5)

The most notable difference between inorganic and organic scintillators
is the relatively poor response of orgzanic phosphors to heavily ionising
rediations, such as protons. This featureof organic scintillators was first
noted by Broser et alia (7) and is extremely important in considering the
response of liquid scintillators to neutrons, with which the author is nrimarily
concerned, It has also been noted by Kallmenn and Furst (1) that liquid
scintillators show a saturation of light output as the concentration of the
solution is increased. In the case of a solution of terphenyl in xylene the
meximum light output is given at a concentration of 5 g/l. In this section the
interest is mainly centred in the practical implications of this poor response in
‘neutron specitrometry, although an attempt has been made to correlate the present
.research with that of those investigators who are aiming at the elucidation of the

problem of the fluorescent mechanism.

The author has investigated the type of response, energy dependence, and

8]

efficiency of a solution of terphenyl in xylene of concentration 5 g/l, to ¥-ravs
and neutrons. From these experiments the energy response of electrons and protons

has been derived,

I11.(5) (a) Response to ¥-rays

In order to prepare the liquid scintillation counters for neutron spectrometry
_the author has;found extremely valuable the use of ¥-ray sources, such as
Na22 (0.5 eV and 1.28 MeV), Co®0 (1-17 ieV and 1.33keV) and ThC' (2.64 lieV).
These sources have provided an adequate range over walch pulse helzht investigetious
in the counter can be carried out. To make full use of these results 1t was

L]

necessary to corsider in some detail the interactions of X-rays in organic liquids.

1

From the absorption coefficients shown in FIG.II.14 it ie obvious that the
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solution can easily he obtained from this curve and isz found to be tie gome ordor

A e Py P [ L
ude g Lor nsunrons \xf o Ve .

Iyne 0 resnonse

The expected distribution of electron energies in Compton scattcring of

¥-rays is given by the Klein-Iishime forrmla and is suown gra Ii cally in PIZ.IT, 2.
1] B .

The experimental pulee height distribution from a 1" liquid scintilletor, of ti-

type in FIG.II.1B, from a source of 0060 ¥-rays, is shown in FPIG.II.158, The

‘s

distribution.has been obtained using the single channel kicksérter deceribed in

Appendix II.

4
The large number of small pulses and slope on the high enerzy edge, which

distort the theoretical distribution, can:be traced to a number of causes such cc

3

wall effeots, background 11@ht collectlon, Dhoto~tube statistica, and the finit:
channel width of the analjser. A more detailed analy is of these. factors will T
given later 1n this section when reference is made to, nﬂutron detection;

Resolution

The maximum energy given to an election in Compton Scatterinz of ¥-reyes is :-

E = 26h¥y -
= ~~M—§-—4%: where ® = hvg ms = electron hy, = incident energy
- moce regt mass,

The method used by the author, similar to Jordén (9), to determine the
_position of the maximum electron energy, and therefore the X—ray energy, is
find the point of inflexion of‘the Compton edge,by differentiation of tine pulse
height distribution of vIu IT.13B. This method also serves to indicate the
energy resolution of the counter by measurement of the full widih at

of this differsential curve. (This method is also applied in the case of neutron

spectra q.v.)
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Leter in Part IIT mention will be made of a double scatiering X-ray
spectrometer, of a type similar to that described by Hofstadter (10), using two
liquid scintillation counters. It was thought useful to compare the results of

the pulse heights from various ¥-ray energies and from these to estimate the

response of liquid scintillators to electrons.

II.(5) (b)  Response to Electrons

(1) Electron Range-Energy Relationship in Organic Liquids

In the construction of a counter ‘o étop electrons it is important to know
the range-energy relatioﬁship in liquid scintillaﬁors. This is chown in
" FIG.II.16, the data having been‘obtained from that on aluminium by conversion
on a density scald.

(ii) Pulse Heizht v Energy for Electrons in Organic liquids

‘ FIG.II.174 gives the pulse height-energy distribution for clectrons in a
solution of 5 g/l terphenyl in xylene. Although no direct experiments were
performed on electrons, the relationship has been obtained by correlaition of the
data from single and double scattering ova~rays in the solution. Tne legend
to FIG.II.17A gives the experiments from which the points in the curve have been
. derived. In the range from 0.5 MeV tq 2.4 lieV the response to electrons is
found 4o be linear. Comparison with results from a 1 cm cube crystal of
anthracene shows the distribution to be similar with the effective pulse heignt
ratib of anthracene to the solutionfthe order of Do

No investigations have been carried out by the author to investigate the

low energy region of “he curve ( € 100 KeV) where it is expscted that, as has

been found m
been found by Tavilo: \ ) ..
¥ taylor (11) for anthracene and stilbene FIG.II1.175 btne relation
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deviates from linearity. This linearity of response %o electirons in +tac CNerzy
range 0.5 weV to 2.4 ikieV has greatly simplified the author's work on counter
calibration for neubtron spectrometry.

11(5) (c) Response to Neutrons

Fast neutrons produce scintillations by the formation of proton recoils in

these liquid scintillators,

(i) Efficiency to Neutrons
The efficiency of the solution of terphenyl in xylene to fést neutrons can
easiiy be calculated from the cross-section for elastic scattering of neutrons by
protons given by Adair (12) and shown in FIG.II.18A. It has been concluded by
various investigators, e.g. Draper (13) that the effects of Carbon in organic
scintillators is negligible. The percentage efficiency of xylene, and thus, to a

good approximation, the solution, in stopping neutrons is shown in FIG.II.18E,

(i1) Pulse Height distribution for neutrons

It is well known that the scattering of neutrons by protons is practically
isotropic, in the centre-of-mass system, for neutrons in the energy range from
0 to 20 MeV. We must thus consider, firstly, the elastic collision of neutronsand
protons. FIG.TI.19 gives, in the laboratory system, the collision diagram.
From this we have
En = Eg cos®® (= Scattered neutron enefgy )
Bp = Eg sin®6 (= Scattered proton energy )

It follows that *the distribution of proton recoil energies is given by

—

aN =
dE

j

o

for E @€Ey  .n... (1)

|
|

=

o)
= 0 for E > Eo

where dN is number of proton recoils in energy interval E to E 4 dE.
and Eo is energy of incident neutrons

and Ho is total number of scattered neutrons.
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of energies By and Ep and total scattered intensities Iy and Iy the distribution
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would take the form shown in FIZ.ITI.21.
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In practice, the recoil proton snergies are measured by observing the pul

J2a

height distribution from a liquid scintillator. 3Several factors are responsible
for the distortion of the theoretical distribution of FIG.II.20. The major
effects are the following.

(a) Noun-linearity of the pulse heicht ¥ energy distribution for

protons in orgzanic scintillators.
The author, in considering this problem in its initial stages,assumed that
the pulse height v energy distribution for protons in the solution was wimilar
l@o that observed by Taylor et alia (11) for aﬁthracene.»(Later the distribution

was derived from resulis obtained by the author, see part II(5) (d) ).

:

The law can be written to a first approximation as.

L=KE"D ... (2) L= light output

E = proton energy

'K

constant
The effect of the non-linearity to protons on the response to neutrons

is obtained from equation (1) and (2), giving an - _ conét.Lf% and shown in
- a c - :

FIG.II;22.

(b) Multiple Scattering

'

In the case of crystals having efficiencies grester than about 10%,multiple

scattering can cause a change in the pulse height spectrum for neutrons. Tae

effect on the distribution of FIG.II.20 is Lo cause a peak to appear at the hign-

energy end of the spectrum. Segel (14) has made an estimation of this effect

for (D=D) neutrons incident on a 2 cm x 2 cm x 1 cm stilbene crystal.FIG.II1.23

¢learly shows “the chanse ir This elfect
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but it has been found by toe autnor in investigeblon of the respense to (U=
neutrons, of the liquid scintillators, that the emphasis of the higher ensrcy gnd
is largely masied by the non-linear response of the solutlon.

(¢) Crystal Photo-tube statistics and Channel width

The actual pulse height spectfum from mono-energetic protons incident on a
liquid scintillation counter is not an infinifely narrow line of height L  but
rather a Poisson distribution of finite width which is a varying function of L.

This effect is due to variations in the crystal and phototube, already discussed in
Part II(4). A similar effect on the pulse height spectrum is found due to the finite
width of the channel inlthe analyser. hese factors influence the higher energy end
of the spectrum to the greatest extent and cause the edge éf the distribution to
become less steep.

(d) Edge Effects

The escape of recoil protons from the scintillator before tﬁeir full energy is
expended in the scintillator causes an additional number of small pulses to appear in
the pulse height distribution, thus distorting the low enérgy end of the spectrum,.
From the range v energy relationship for protons in xylene FIG.II.24, it 1is obvious
“that,unless the scintillator is small §r the neutron energy large,these wall effects
are negligible., |

EXPERIMENTAL PULSE HEIGHT DISTRIBUTIONS FRON LIQUID SCINTILLATORS

SPECTRUI FROM (D-D) NEUTRONS

The 50KV machine, described in Appendix I, was used to produce 30 KeV
deuterons to bombard a target of heavy ice and produce a high yield of mono-
energetic neutrons of energy 2.5 HeV. Theses neutrons were incident, on a 1"diameter
by 1" long scintillator along the axis of the cylinder. The pulse height
distribution, PIG.I1.25, was measured usinz the sinzgle chamnnel kicksorter degoribed

“0 Apvendix IT.
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From the curve of FIG.II1.25 it is not easy to calculate the pulse height
corresponding to the 2.5 ieV neutrens due to the disfortions in the curve. Similer
distortions appear in neutron spectra when methane-filled propbrtional cnambers
are employed and it is for this reason that the analysis of the scintillation
counter curves has been tackled in a similar manner by the author. 3Ry differentiation
of the curve of FIG.II.25 the author is enabled to a good approximation to define

the maximum energy as the position of the peak of this new curve and the resoluticn

ag the full width at half height of the peak. From the curve FIG.II.25 the

e

resolution for the (DD) neutrons is 21%.

Comparison of this result with thaf of-Segel (14) ueing a 2 cm 2 cm x 1 cm
stilbene crystal, FIG.II.25, in a similar experiment shows good agréement in shape.
The sharper rise in‘FiG.II.ZG at lower energies is due to the greater Eackground
radiation in Segel's experiment. In both cases a slighﬁ.rise is observed at the
high energy end of the spectrum?'which can be attributed to the effects of multiple
scattering. This rise is not as promounced as would be predicted from Segel's
calculations, duevto the masking effects 6f the non-iinearity of recsponse of tae
scintillators to protons.

Efficiency

To estimate the efficiency of the counter to neutrons is also difficult due %o

the distorted shape of %he distribution;lvBy\integfation of the observed curve of

FIG.I1.25 the efficiency of the counter to 2.5 leV neutrons is estimated as 20%

in good egreement with calculations from FIZ.IT.18B.

In Par:t TII, & discussion of the difficultice involved in neuticn oosurive
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In this case, as is expected, there is no evidence of a rise at hizher

energies due to multiple scattering, and further the effects of non-linearity are

also not as pronounced as for the lower energies of (QD) neutrons. Thus the

. lole
‘T e el o
e e

f
G2
-
=

gspectrum in this case is less distorted and resembles the step function of ¥

RESPONSE TO NEUTROLS FROM B11(d,n)c? REacTION

In order to investigate the response of this single counter to an inhomogenecus
neutron beam it was decided to consider the neuvtrons of 13,9 and 4 ileV from the
reaction Bll(a n)C12 using an incident beam of 500 XeV deuterons from the Glasgow

1 lieV H.T. Set.

The observed distribution, FIG.II.28, shows no evidence of the steps which

(6]

are illustrated in FIG.II.21 for such cases. Consideration shows that this 1s du
‘o background radiation and the preéence of 4 leV ¥-rays, from the above reaction,
blufring the neutron distribution.

It is thus obvious that suchran arrangement is unsuitable for the resolution
of neutron energies when the neutrons‘are associated with ¥-rays. In Fart III the
nmethods employed by the author to overcome these difficulties are described.

II (5) (d) RESPONSE TO PROTONS

The importence in fast neutron spectromeiry, using orgzanic scintillatim

counters,. of the pulse height ¥ energy relation for protons has been mace obvious

in the preceding section. In the ranze of proton energies for which information

rect measuremsnt wes avel

=N

vas required by the author no means of d
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tanerefove, Cazclisd tnat, to a zood arcroximation, thz nulzs
relationship could be derived by measugements on tie beauws of mono-enerzeiic
neutrons from the (DD) and (D,T) reactions,

From single counter and double sce*®erin~ measurements, described in rart III,
the curve of FIG.II1.29 for a solution of 5 g/1 terphenyl in xylene, was derived. On
this curve are superimposed points at various energies (the crossed co-ordinates),
which are normalised from the data on anthracene given by Taylor et alia (11) by
allowing for the conversion'efficiency of the'solution. The agreement between the
results on anthracene and a solution of 5 g/l terphenyl in xylene has also been
noted by Harrison (4) and Reynolds (15},who report investigations of the respoﬁse
of liquid scintildators of different.concentrationsland conclude that the deviation
from 1iﬁearity becopes greater as the concentration is reduced.below 5 g/l)being
similar to anthracene at 5 g/l. To a first approximation the law for pulse height

v energy for protons in a solution of 5 g/l terphenyl in xylene can be written

L= KE1‘5, a relationship which has been used in the previous section.

11(5) (e) RESPONSE TO®& -PARTICLES

No systematic experimen@s were performed to determine the response of liquid
scintillators to vl—particles. An experiment was, howaver, performed to determine
the pulse height from Po ®-particles and compare these results to similar ones
obtained from anthracene. The poor response of the organic scintillator to
A -particles is clearly seen from the curve in FI1G.II.30. The ratio of O‘-particle
pulse height to Naé2 amijjilation radiation is equal to that obtained by Reynolds(15)},
using terphenyl in toluene,and by Taylor (ll),for anthracene.

- This section of the thesis shows the similarity of response of the liquid
scintillators and other organic scintillators such &g anthracene, The resulﬁs
given here shall be used later, in Part III, to illustrate the advantages and

disadvanta: the application of licquid scintillators to fast neutron
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PART III THE FAST NEUTRON SPECTROMETERS

ITI.1 THE POSSIBILITY OF THE APPLICATION OF LIQUID SCINTILLATION

COUNTERS IN FAST NEUTRON SPECTROMETRY.

II1I.1(a) The difficulties involved in the application of liquid

scintillation counters.

A fast neutron spectrometer, to perform the experiments, which are
required in neutron measurements, should have properties of

() fast response,

(b) high efficiemcy,

(c) energy proportionality,

(d) resolution of neutron groups,
and (e) discrimination against & -rays.

The liquid scintillation counters, which have been described in Part II,
have fast response, the order of 109 sec. ae measured by Post (1), and high
efficiency, as shown in Fig.II18B. Thus they satisfy the properties (a) and
(b) of the first paragraph., Difficulties are however encountered in the
direct applicatidn of the simple liquid scintillation cells in the measurements
of neutron groups from muclear reactions., It is clear from Part II5 that they
comprise :-

(a) the practically uniform distribution of pulse heights from proton
recoils fronm zero to the maximum neutron energy, coupled with the distortion
of this spectrum due to the non~linearity of the proton "light output versus
energy" relationship in the liquid scintillator, light collection,etc., and,

(b) the blurring of the neutron spectrum by the presence of §-rays,

which, generally, accompany neutron groups from nuclear reactions.
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The curves given in FIGS.II.2%5 and I11.27 for 2.5 eV and 14 lieV neutrons
incident on a liquid scintillatioh counter illustrate the difficulties
asgociated with the determination of the energies and intensities of neutron
groups e&en in the absence of a X—ray background. At 2.5 MeV the overall
detection efficiency was 20% and a calculation showed that, of these
scattered neutrons, 40% were scattered more than once, and that approximetely
30% of the maltiple scaﬁtered neutrons were initially scattered through angles
greater than 60°.  The latter neutrons gave rise to protons which produce
the peak in the pulse height distribution.

For the 14 MeV neutrons, which produce a flat pulse height distribution,
on first consideration, it would be tempting to assume that the response of
the liquid to‘protons was linear. Calculation showed, however, that 10% of
the scattered neutrons were scattered more than once and 207 suffered edge
effecté. It was clear, therefore, that the distribution, assuming linearity
of response, should have had a peak near the maximum pulse height. The
observed distribution can only be explained by the addition of the effects
of non-linearity, multiple scettering and edge-effects.

These two examples clearly illustrate the different shape of distribution
which may be obtained when neutrons of different energy are incident on a
simple scintillation counter, and the calculation which is necessary if the
intensities end energies of the groups in a complex neutron spectrum are
desired. It should be mentioned, however, that, provided the size of the
scintillator is chosen to record predominantly single scattering events, rough
meesurements of neutron energies can be obtained, Considerable calculation is
still necessary if the relative intensity of groups of neutrons is required.

In the presence of X'-rays the results are further complicated.
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I1I1I1,1(b) METHODS CAPABLE OF OVERCOMING THESE DIFFICULTIES

The inability of organic scintillation counters to discreminate against
§ -rays has proved the major obstacle in their application to fast neutron
spectrometry. In the following discussion of the methods, considered by the
author in the development of g satisfactory neutron spectrometer, it will
become evident that several simple methods, suitable for measurement of neutron
groups, are rendered inadequate in the presence of a high energy 5'-ray
background. The methods are divided into two main groups.

Group 4 :~ Single Counter Methods

(1) Collimating‘tube spectrometer
(2) Lerge scintillation - cell spectrometer

Group B :- " Double Scattering Coincidence Methods

(1) Double scattering with pulse height analysis in the primary
counter, designated the (EP,G) method. |

(2) Double scattering with pulse height analysis in the primary
counter and time discrimation between the counters,
designated (EP,S ,T ) method.

(3) Double scattering with pulse height analysis in the primary
counter, with observation of delayed coincidences in the
seconnd counter which acts as an epithermal neutron detector,

‘ designated (E,, E, ) method.

(4) Double scattering with time-of-flight analysis between the

counters, designated (t ) method.

A short introduction to these methods follows.
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Group A (1) The Collimating tube spectrometer.

By elimination of those proton recoils which are not due to "head-on"
neubron-proton collisions in the liquid scintillator, it is possible to
overcome the difficulty of uniform distribution mentioned in Part III.1l(a).
The technique depends on the collimation of the recoil protons in a small
diemeter quartz tube filled with the scintillating solution. It is an
inherent property of the design that the background due to X—rays is
reduced. This method is an extension of the type of neutron proportional
chember, employing a similar collimating action, developed by Giles(2). The

experiments on this spectrometer arsé discussed in Part III.Z2.

Group A (2) Large Volume Scintillator
A high energy neutron, incident on a large liquid scintillator, will be

reduced to thermal velocities after successive collisions with protons in the
counter. The pulses of light from these recoil protons will be recorded as
one pulse at the cathode of the photomultiplier, since the time taken by the
neutron to reach thermsl velocities is the order of 10-8 secs, This mltiple
scattering of the neutrons results in a pulse height distribution in which
there is a peak corresponding to the energy of the mneubron.

It is possible to distinguish between neutrons and xlqmys by the
introduction into the scintillator of a second solute which containe a nucleus
of high slow neﬁtron crosse-section, suchaas 810 or Cd, The presence of this
mcleus in the scintillator resulte in the appearance of a pair of pulses at
the output of the photomultiplier when a fast neutron is incident. The primary
pulse is caused by the slowing down of the incident neutron, as described above.
The secondary pulse, which is delayed in time, is due to the o -particle or

X-ray, from B0 or Cd, respectively, produced in the capture of the "slowed-
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down" neutron, Observation of delayed coincidences between these two pulses
in the scintillator results in thé detection of neutrons in the presence of
a x-ray background.

This method is discussed later in Party III.4. Several investigators,
(Meuhlhause (3) and Harrison (4) ) have reeéhiiy considered this spectrometer

for high energy neutrons.

Group B (1) Double Scattering with pulse height analysis in the

counter. (E,,d)

This spectrometer is based on the simultaneous recording in two 1iqui&
scintillation counters of the successive scatterings of the same neutron
through a definite anguler interval. The idea is to isolate, by coincidence
measurements, recoil protons of a specific energy. It is thus possible by
analysis of thé recoil distribution spectrum in the primary counter, to
specify a proton energy, E, , corresponding to an angle, © , between the
counters. The incident neutron energy is easily calculated from the knowledge
of the values of E; and @, The experimental distributions obtained by the
author using this spectrometer are given in Part III.3.

(In principle this technique is identisal to that developed by
Hofstadter (5) to overcome a similar difficulty in the application of
orgenic scintillators to §-ray spectrometry.)

Although ‘this method, (designated by the suthor (E,,© ) method), is
satisfactory for the determination of the energies of neutrons,
unaccowpanied by U;raya, it ie inadequate when K;rays are present,

Several variations on this (EP, ©) method, will now be described, in which
it is possible to discriminaté againbt &-rays in the measurement of

neutron spectra.



~46-

Group B (2) Double scattering with time-of-flight discrimination (E.,O ,t ).

This technique is, in principle, similar to (E;58) but, in this case, &
fast coincidence unit of resolving time, ~ 3 x 10"8 secs. is used, replacing
the slower unit of resolving time A-10'6 secs, of (Ee,@). This faster
coincidence unit allows discrdmination between &¥-rays and neutroﬁs by utilising
the difference in time-of-flight of the particles between the counters.

Draper (6) and Chagnon (7) have discussed and tested this type of neutron
spectrometer. It is included in this section for completeness but has not

been investigated, experimentally, to any great extent by the author.

Group B (3) Double scattering with detection of scattered neutrons of

epithermal energies. (E,, En.)

By observatigns of the pulse heights of recoil protons in the primary
counter corresponding to scattered neutrons of epithermal energies on detection
in the secondary counter, it is possible by delaydd coincidence measurements
between the counters to obtain neutron spectra in the presence of & =-rays.
Beghian (8) has tested this (EF’ E,) method, using as an epithermal neutron
detector,a Nal crystal surrounded by silver foil.

The author has performed experiments, which are described in Part III,4,
using as the slow neutron detector a liquid scintillator to which a compound

containing B0 has been added.

Group B (4) Time-of-flight analysis in double scattering (€ ).

The measurement of the time-pf-flight of neutrons scattered between the

-two counters is sufficient to determine the energies of the neutrons, and, at

the same time, to discriminate against J-rays. The unique geometrical

properties of this technique affords the possibility of an efficiency very much

higher than in alternative techniques. This method will be described later in

Wore detail, to show its advantages over all other techniques,
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PART III. 2. THE COLLIMATING-TUBE NEUTRON SPECTROMETER.

11I.2 (a) THE PRINCIPLE OF THE TECHNIQUE

The spectrometer is based on the collimetion of the proton recoils
originating in the scintillating liquid. By this method only "head-on" or
nearly "head-on" collisions are recorded. The collimating action is obtained
by the use of a thick wall quartz tube, filled with scintillating liquid, whose
radius is such that a proton recoiling at an angle different from the "head-on"
recoil, will strike the wall of the tube. Thus, the pulse height from all but
"head-on" proton recoils is appreciably reduced. |

Iv is obvious that the narrower the tube the greater is the collimation
and consequently the energy resolution of the spectrometer is increased. However
& narrow bore results in low efficiency. The choice of a particular resolution
fixes the radius ;nd the efficiency of detection of the tube.

Z—ray pulse heights are reduced in this spectrometer since electrons have
longer ranges in the liquid and are, therefore, more efficiently collimated than
the recoil protons. Multiple scattering of the electrons in the liquid is also
considerable. These two effects result in a very large number of the recoil
electrons losing most of their energy in the walls of the quartz tube.

The final form of this spectrometer consists of a number of tubes mounted
as one scintillation cell on a photo~multiplier. The difficulties involved in
light collection from this final form of spectrometer will be considered later in

this section.

III,2 (b) CALCULATION OF THE ENERGY RESOLUTION, EFFICIENCY, AND PULSE

HEIGHT DISTRIBUTION FROM A SINGLE COLLIMATING TUBE, IRRADIATED WITH

NEUTRONS.
The following approximate analysis involves the determination of the

expected distribution of pulse heights from a collimating tube when it ig
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irradiated with mono~-energetic neutrons. In order to simplify the analysis,
but to give a reasonable estimate of the expected distribution, all proton
recoils are assumed to originate along the axis of the tube.

We have shown in Part II.5 that the distribution of recoil energies when
mono-energetic neutrons of energy Eo, are incident on a liquid acintiilation
counter is :- -

AN - No where E <E; and No is the mumber of scattered
dE Eo neutrons.

= © for E > Eg -——-—- (1)

Eproton =  Eq(0s@------ (2)
where @ is angle between recoil and incident
- neutron,

Sin 20 4O

Then | %@_
o

Sin 26 d¢ =--=(3) where dN is number of recoils netween
angles § and & + dO .

ie &gﬁ
. No

Protons of energy E, have ranges R in a liquid scintillator given
approximately by R = kgle3, -=-(4), thus we have from equations (2) and (4)

R = Ry c082:68 - (5)
where Ry = range of recoil of maximum energy

and R = range of proton recoiling at an angle O to the
line of flight.

The experimental quartz tube of internal radius = Tl , external
radius = T, and lengths L» R, filled with a solution of 5g/1 terphenyl in
xyleme, is shown in Fig.III.1l., The range of recoils at all angles is shown
in the polar diagram of Pig.III.l.

Suppose this tube is bombgrded with neutrons which have energy E,, whose
lines of flight are parallel to the axis of the tube, and consider proton

recoils which originate on the axis of the tube. Those recoils, which proceed

between the angles ] and8,. will strike the tube wall and have a range in
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the liquid given by
gl = ry cosec  -=--(6) where 8, € @ 992
Recoils protons, which are scattered at an angle & where 0 <0 fel
and 0,4 0 < %, will have range R where
R = R, cos 2’69 - (5)
Now when Oz 0, and 9,
r, cosec 8 I Ry cos 2.69
i,e. r, = Rg cos 260 ,8in,8  —mm-- (7
We have from Part II.5 that the relationship between light output, L'-,
and proton energy E, in a liquid scintillator is given by
= gl gl e (8)
Thus if L is a relative measure of pulse height, then for 0£ Q@ <&, and
024 B8 £ .ZT.I: , Wwe have using equations (4) and (5) that,
L = R, cos 2.6
.‘. (dLy = 2.6 R,y cos 1.68 . gin.0 d6
but from equation (3)
I%N_l = 8in 20.d0
o

Thus g_lj_ = _N;o_ . 1
dL 1.3 Ro 0s0+68

But coel = ‘Ei—‘—) %‘,‘6

. dN N 1 o .
o5 & Pw (9)
N /13 L 313 |

~For , 9‘£9£ 8, we have from equation (6)
L= r, cosec@ ---=(10)
dL = T, cot®  cosec®. d®

and dN = 2 8inB cos § a8
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thus  dN =2 sin JQ.N, =212 N (1), using equatic (10)
T T T\, using equation
We have, from equation (9) when 8= O
then L =R,

and t
dLl 1 3 Ro

end from equation (11) when 8«0,

aLt |
= 2 MNo é__x_‘_,_ )2 assuming O,, is small
Ro ‘Ro ) thus Lgy § Rg

The width of the distribution of pulse heights between § = g,

and 8= 0 is given by,

"R, = r, cosec O, ,

if @, is small then 05 = T1
=

*

‘ r r
1 1

o o Width of the distribution = Rq 21 - cosec —{- §
("R o

From this analysis, the shape of the theoretical distribution is shown

in Fig. III 2., in which the width of the peek is determined by the value of 1
i.e. rj, the radius of the tube. :

Calculation of Tube Efficiency

The fraction of recoils appearing in the 8-0

. - ' dN
 Peak, F No
9‘_0
= Ja sin 20. d9
: Q
=fr )2 when @ ,» is small,
()
For Fu -1
' 100
then 1 -1
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Thus for a ratio of tube radius to the range of maximum recoil of %b

the effective efficiency for recoils éppearing in the peak is 1%. This gives

the efficiency of a single tube as the order of 107> to 10”4 per incident neutron

in the range of energies from 1lMeV to 20 MeV, using the detection efficiency

derived in curve Fig. II 18B.

The energy resolution of the tube

_ = Width of the peak of distribution
Pulse Height Resolution Wox. Pulse Height

i

Ro(l - ﬁb cosec §é )

Hg
= 1- %ﬁ cosec _%l
: S

for ;l = i% to give an efficiency of 10™5 to 1074 per incident neutron.
o

Then Resolution e« 1 - %b X 9.568
= 0,04
i.e. % Resolution = 4
This analysis does ﬁot however take into account various factors, already
mentionéd in Part II5, which contribute to a decrease in the resolution of the
spectrometer. The efrects are :~
(a) variations in light output from a given proton energy due to the difficulty
of uniform light collection in the scintillation cell.
(b) photo maltiplier variations,
and(c) the finite channel width of the pulse height.analyser.
These factors broaden the pesk of Fig,III 2, so that the final expected

distribution will be of the form shown in Fig.III.Q.
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Variation of tube diameter with neutron energy

One serious disadventage of this type of spectrometer lies in the
necessity for different tube diameters if the resolution of the instrument is
to be maintained over a range of neutron energies., Fig.IIlI.4. shows the
variation of tube diasmeter with neutron energy, to give a resolution of 4%
and an efficiency of the order of 10~ per incident neutron. From this it is
clear that a single tube éould.cover fairly satisfactorily, with only a small
variation in resolution, a range of 3 to 4 MeV in neutron enerky.

ITI2(c) Response Time of the spectrometer

The response time of the spectrometer is limited mainly by the speed with
which the photomultiplier can“respond to pulses of light from the scintillator.
By using suitable electronic arrangements, rise times of pulses as good as
10'8 secqcCen be ébtained. This makes the spectrometer very suitable for fast
coincidenée experiments, required in angular correlation investigetions.,

III.2(d) Experimental Arrangements

(1) scintillation Cells

Some prelimiary experimente were performed on this type of spectrometer
by Mr. R. Giles, in this laboratory, but no satisfactory results were obtained,
because of the unsuitable arrangements of collimating tubes, The author, in
tackling this problem, decided that, before procedding to the use of a large
number of quartz tubes, packed tofether as a single scintillating cell, it
seemed desirable to make a specific investigation of a single tube, as &

clearer and more definite indication of the possibilities of this collimating

spectrometer.

For this investigation the éuartz tube was placed in a hole in a perspex

light guide and good optical contact between tube and perspex obtained using
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silicone oil as a contact fluid. Several light guides, which could accommodate
up to 60 colllmating tubes, were maée. A typical arrangement is shown in
Fig.III.5.

It is clear from the calculations of Part III.2(b) that for the proper
operation of this spectrometer it is essential for the incident neutron beam
to be accurately parallel to the axis of the scintillation tube. This
necessitates the careful élignment of the tubes and the source.

(2) Electronic Equipment

The apparatus for this spectrometer is extremely simple comprising a
phototube, cathode follower, amplifier, and pulse height analyser. Two types
of analyser have been employed (a) Photographic method (see Appendix II), and
(b) 100 channel fulse height analyser of Hutchinson (9). The initial experiments
were performed uéing the photographic method, but after the development of the
100-chanﬁe1 analyser in the laboratory this was the method employed to analyse
the pulse height distribution.

I11.2(e) Neutron Experiments

(1) 14MeV neutrons from T(d,n) reaction

The initial experiment was undertaken using a single collimating tube,
of diameter 0.6 mm, and filled with a solution of 5 g/l terphenyl in xylene,
placed in a perspex light guide as described in a foregoing paragraph. This
scintillator was placed close ( 2°m)to a Tritium target, which was bombarded
with 50 KeV deuterons from the Cockcroft-Walton generator described in
Appendix I. The distribution obtainediin this experiment showed some success
and it was decided to extend it by increasing the number of collimating tubes
to 8, as in the arrangement of ﬁig.IIIS. This second experiment gave a pulse

height distribution as shown in Fig.III.6.
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On the same electronic settings the spectrum of the 14 lieV neutrons
from a single scintilletion cell, of the type shown in Fig.IIl.lb., was
analysed. The pulse height corresponding to the maximum neutron energy ie
noted in Fig.III.6. From these results it is clear that there is a reduction
of pulse heights in the collimating tube arrangement of the order of 60%. This
reduction is to be expected from the light collection difficulties involved
in the manner of mountihg the collimating tubes.,

J =ray distribution

In order to estimate the pulse height from Y -rays, a The' 2.64 MeV
J =-ray source was placed inAthe position of the target and the spectrum
analysed. This distribution is shown in Fig,III,6. In this analysis the Y =-ray
pulse height has been reduced by a factor of 4, when compared to the maximum
pulse height in a scintillating cell of Fig.II,lb. It is thus possible to
discriminate ageinst K-rays in this spectrometer by selection of pulse height
discriminator level in analysis of spectra.

Resolution and Efficiency

The resolution in the peak of the distribution is 22%., The increase
over the theoretical factor can be attributed to the factors of light
collection, photo-tube variationg anu finite channel width mentioned in
Part III.2(b). The efficiency is calculated to be 104 per incident neutron.
This is the efficiency of detection in the peak of the distribution.

Comparison with Giles Proportional Counter lMethod..

Giles (2) has appligd the collimating technique, using a methane filled
proportional chamber, to the analysis of the D (d,n) 2.5 MeV neutrons. The
distribution is shown in Fig.III.7. This spectrometer is most suitable for
the measurement of low energy neutrons but the similarity of the action of

the two instruments can clearly be seen from the curves of Fig.III.6 and 1.
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At higher energies, 14 MeV, Giles has calculated the resolution of the
instrument to be the order of 20% &nd the efficiency ~ 1073 per incident

-6

neutron. The response time, 10 sec%ﬁhis instrument is however mich longer
then in the scintillatbion collimating spectrometer.

Response to Bll(dp)c12 neutrons

Spectrometer Arrangement

In order to ihcrease the overall efficiency of the spectrometer in

detection of neutrons from the Bll(d,n)c12 reaction, which has a smaller yield
than the T(d,n) reaction, the number of collimating tubes was increased to the
order of 60. These tubes were mounted as before, in a perspex light guide. This
light guide was designed so that the tubes lay on the radii of a sphere with
its centre at the cenire of the target which was made as small as possible.
In this way it was ensured that neutrons from the target were incident along
the axes of the scintillating tubes. The diameter of the tubes was 0.5 m.m.
80 that the resolution of the two high energy neutron groups of 13 and 9 NeV
would be possible. |

Neutron Distribution

The deuterons of energy 0.5 MeV were derived from the Glasgow 1 MeV
H.T. set and observations on the neutrons were carried out at an angle of 90°
to the incident beam. After careful alignment of the spectrometer with the
target the spectrum of Fig.III.8 was obtained using the 100-chamnel pulse
height analyser. Resolution of the neutron groups at 13 and 9 MeV has not
been obtained. All that remains of the higher energy group is a slight
"~ discontinuity in the distribution. For comparison, the position of pulse
height from the tritium neutron group on a single scintillation cell of
Fig.I1.1b is shown. The poorness of the spectrometer resolution is attributed

to the light collection efficiency from the light guide. This is verified from
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the position of the 14 MeV tritium neutron pulse height. A further
experiment was perfofmed with the spectrometer aligned so that the neutrons
were incident at right angles to the tube axis. The spectrum in this case
is also shown in Fig.III.8. This clearly shows the sensitivity of the
instrument to the direction of the incident nsutrons.

Response to i -rays

A further experiment was performed by observing the pulse height
spectrum from the high energy J-rays in the Bl (F,X)Clz reaction, incident
on the spectrometer in the "end-on" position. The spectrum‘in this case is
also shown in Big.III.8. It-is clear that the ~-ray pulse height has been
considerably reduced thus making it possible to discriminate against high

energy J-rays, while detecting efficiently high energy neutrons.

III.2 (£) CONGCLUSIONS

These results are disappointing from the point of view of realisation
of a good fast neutron spectrometer, due to the inability of the instrument
to resolve neutron groups with high efficiéncy because of the difficulties
of light collection. They show, however, some very interesting properties
of the instrument as a fast néutron détector.

The instrument has :-

(a) High Efficiency of detéction of fast neutrons ~10"2 to 10~3 per

incident neutron (after electronic discrimination against § rays),
compared to 1074 to 10~ for those techniques discussed in Part I.3.

(b) Fast Response to the passage of neutrons, of the order of 10~ secs.

(¢) Directional Properties: It is clear from Eig.III.8 that the

spectrometer is very sensitive to the direction of incidence of neutrons.
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(d) Simplicity of arrangement both mechanically and electronically. Later
work described in this thesis will make more clear the advantage of this
property of the present instrument.

(e) Discrimination against X-rayg, Although the instrument will detect

X—raya, discrimination can be obtained by the choice of electronic bias
level, since the pulse height from the X-rays is considerably reduced.

(£) Neutron Energy Discrimination. Although resolution of neutron groups is

not possible, it is feasible in a neutron spectrum to separate by electronic
means ,those pulses which are due to the highest energy neutrons. This degree
of discrimination ie of some consequence in the applications of the
instrument in neutron detection.

(g) 1In a foregoing section we noted that a limitation of the instrument as a
fast neutron spectrometer appeared in the necessity for changing the tube
dismeter for different neutron energy ranges. This requirement does not
present itself in using the technique in fast neutron detection since,in
this case, the important factor is the effectiveness of the tube in
reducing the J-ray pulse height. Efficiency of detection can thus be

raised by increasing the tube diameter.

In the light of these observations it is possible to assess the probable
success of the instrument in applications in fast neutron physics. (No such
investigations have been carried out by the author since the other types of
spectrometers, described later, showed more promise in the resolution of
neutron groups.)

With this instrument of high efficiency, fast response and discrimination
against x-raya, we can perform those neutron experiments in which energy
resolution is not essential.

The type of experiment which can be considered are :=



58 =

(a) measurement of excitation functions in (p,n) and (d,n) reactions,

(b) measurement of angular distributione of the highest energy group of
neutrons, using the property (f) mentioned above,

(¢) measurement of angular correlation between a fixed energy <X—ray and
similtaneously emitted neutrons, e.g. in (d,n) reactions from light
nuslei and inelastic scatiering of neutrons from "medium-heavy® mclei.
For a particular example in this case we could consider the correlation
between the 4 MeV J-ray and 9 MeV neutrons emitted in coincidence in
the Bll(d,n)C12 reaction, or the neutrons and X~rays emitted in the

1"656(11,17.]')F‘e56 ¥ reaction.

III.3 THE DOUBLE SCATTERING SPECTROMETER. (E ,, ©) METHOD

I1I11.3 (a) INTRODUCTION

In Part III.2 was described a method by which the difficulty of the
uniform distribution of pulse heights from a liquid scintillation cell, on
bombardment with neutrons, could be overcome. In this (E P,(B) method this
difficulty is solved by the selection of the angle of scattering of a neucron
between two scintillaetion cells operated in coincidence and the observation
of pulse sizes in the primary scattering cell.

To achieve good energy r4solution in this spectrometer, however, requires
either (a) small scattering cells or (b) a large separation of these cells.
Both of these requirements automatically tend to reduce the efficiency of the
spectrometer. In the following analysis of the problem the interdependence
of resolution and efficiency will be considered and from this the best

geometrical arrangement deduced.
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I11I.3(b) ANALYSIS OF THE PULSE HEIGHT DISTRIBUTION, RESOLUTION

AND EFFICIENCY FOR THE (E, ,0) METHOD.

If a neutron of energy Eo, is scattered at an angle & by a proton in a
liquid scintillator the energy of the recoil proton E, ie anin? © and of
the scattered neutron E, , is Ep cos2 Q. Thus scattering at a fixed angle,
by selection of coincidences between recoil protons and scattered neutrons,
should lead to a proton pulse height distribution corresponding to an energy
EosinZB, i.e., a line distribution. In practice, however, no such simple
distribution is observed. Instead a peak is obtained for which the width is
determined by the following factors :

(a) the geometry of the scintillating cells, used to observe the recoil
protons and scattered neutrons;

(b) the statistical fluctuations in the photomultiplier in which the pulses
from the proton recoil counter are amplified;

(¢) the 1light collection in theproton recoil counter;

(d) the variatione in the electronic devices following the "proton recoil®
photomiltiplier;

(e) the channel width of the analyser in which the pulse height distribution
from the proton recoil counter is finally measured.

The ratio of the full width at half height of this peak to the peak

height is called the resolution,R, of the spectrometer.

In the following paragraphs we shall determine the importance of these
factors on the resolution of the (EP,G) method.,
FIG.III.9 shows three types of geometry which have been considered by the
author in testing the spectrometer arrangements. For this discussion we
shall use the "anmuler-ring" geometry of FIG.III.9, since it is easy to deduce

from it the properties of the other geometries.
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In this arrangement we have :=-

T1 = radius of target :
Y2 = redius of primary scatterer S
T3 = radius of secondary scatterer So
a = distance from centre of target to centre of 351
do = distance from centre of S; to centre of So
d3 = length of primary scattérer S1 |
8 = angle between line of centres of target and of S, end line of

centre of S; and Sp.

In the following analysis we assume that the peak obtained is
e.pproximately a Gaussian distribution for which the stendard deviation (o,L‘f-,-)
is related to the resolution R, by é—f-:? = |

Ae we have already noted the resolution is determined by effects (a), (b),
(e¢), (d), (e) which themselves are sssumed to produce Gaussian distributions
for which the standard deviations are (AL, )geom, (OL¢)counters (ALr JELEC. ,
(ALp)anaL. ( (AL(’) counter includes effects (b) and (¢) )

By a theorem in the calculus of probabilities then

T

%'
Q5L 2 % k2 2
it S
R - LP - l_P [(ALP)GEow + (ALP)COUWEQ + (ALP)ANN_, +(ALT’)ELEC.]
Geometrical Resolution

We have EP = Eo anle R ()
then by differentiation 2
= —82 . .. (2)
AE? tan © Ao

For a detailed evaluation of (0 we must consider the factors which

lead to variation of the scattering angle 9 -



A.

B.

C.

D.

b -

The scattered neutron may pass into any part of the secondary counter.
The distribution of the angle of scatter ie in thescase proportional
to 'é% « This condition states simply that for small variations in
angle of scatter it is necessary to have the cross-~sectional radius
of the annular ring smell and the separation between S; and Sy large.

The scattered neutron may come from any part of the primary scatterer Sji.

d
The distribution of angle of scatter is proportional to '&i . In this
case,small variations are ensured by having the length of primary scatter
small and the separation between S; and Sp large.

The incident neutron may come from any part of the target.

+
The distribution in angle of scatter is proportional to‘a?, i.e. the
varistions in angle are small if the radius of the target is small and
the distance from target to 51 large.

The incident neutron may be scattered in any part of Si.

The distribution in angle of scatter is proportional to ~ i.e.
the variations in angle are small if radius of 83, is small and the
distance between the target and Sy large. i

Hence oy = [A(%{i)mw‘ 5—‘;'3)l+ CGE{)L + b(%\) ]
where A, B, C and D are the effective weighting factors for the angulsar
variations.

A more detailed analysis gives .

ol = (33 46 3@ < a2

Using equation (2), the contribution to the spread in recoil energies

due to geometrical variation (f3Ep)Geom, is given by

fumd

e s ([ @ AR) -G
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We have, from Part II.5(d) that LP = K EP N O)
where ~LP is light output from proton of energy EF, .

From equation (4) and (5) we have,
S > - oo v
(e = 11 2] [3(2)+ 5 (2~ 5(2) 53]

Counter Variations. Fluctuations in the number of quanta incident on the

cathode of the photomultiplier, due to variations in the light collection in
the primary scatter, lead to deviations in pulse height denoted by (ALy) ounter,

Electronic Variations. denoted by (0L, )ELEC.

Channel width of Analyser denoted by (AL, )ANAL.

These variations lead to the resolution of the complete instrument
defined as R where B I
R = ‘%P L(ALP)EEM * (ALP):oumfeR * (ALP)E’]:EQ + (b(’i’)nn‘:h ]
The factors (bLP)zcoﬁnter, (Lp )%grgc. and (OLp )3naL., although
difficult to determine separately, can be obtained as one factor (0L )%.C.
by observations on the resolution of a single counter arrangement when

bombarded with neutrons. Thus we can write,

=1

2. 1 + h

Resolution, R = -I; [(ALP)fwew + (DLP)s.c.J ces @
Efficiency

If No = number of neutrons scatiered in 53,
then dN = No sin 20. 00,

= number of neutrons scattered between the angles { and O+dd

Further, A0
the solid angle subtended between O and O~

- 27 sinf. dB
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If dﬁ2 = solld angle subtended by the counter Sp we have

the number scattered into the counter S

No. dfL, . 2. Sm0 cos. d
AT Swi 6. dP

= N, A5, . 630

J

The number of neutrons scattered in Sy

= No. Af, @30 K+ 4(E,cn0)

i g
where T = 1length of counter Sp parallel to the line of centres

of 81 and 8y
] (l% ws!® ) = cross-section of neutron-proton scattering for
neutron energy, Eo cos O ,
K = no. of atoms in the scintillator/cm-barn
i.e. Efticiency = %ff- dR,. w10, K T, Z(Eo.cmle)f.
where F is the fraction of the total neutron scatterers in the

secondary scatterer which are recorded by the electronic equipment.

LA K dy 6(E)

[=

But Np

)

!

where Ny = total number of neutrons from the target
A, = solid angle subtended by Sy at the target
#(EQ = cross section for neutron proton scattering for an
incident neutron of energy E,. |

Thue the overall efficiency

z N, A, Ko dy d(E6) . dfl,. w8 K. 1 €(Gush) . F
i3 i

- Nt 2y L. Kot el 4(6) ¢ (e usl). F

. bt d,

where £ = length of secondary counter.
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III.5(c) DESIGN CONSIDERATIONS

The dependence of resolution and efficiency of the instrument on the
cholce of angle of scattering and the design of the scattering cells will
now be considered.

Cholce of Bcattering angle

It is clear from equation (7) that the angular dependence of efficiency
is governed by two factors, viz., cos § and &(Ea c-»}9). Analysis of their
variation with angle shows that the latter is the more critical term,
favouring large values of 6. Although 4 (Ece»W ) is greatest for §= %° ,
the efficiency will clearly be dependent on the pulse height in Sp. This pulse
height dependence sets the upper limit of angle 0 , usually @ is made less
than 75°.

From equations (4) and (6) the resolution is determined by a function of
cot © , thus favouring large angles. In the case when (ALP )&eom, < (A, )23,(;,
then the resolution is dependent mesinly on the pulse size produced by recoil
protons in Sy, i.e. proportional to aninze . This factor favours large
scattering angles,

From these conaideré.tions the range of angles for the satisfactory

practical operation of the spectrometer is teken as oc 0 <ls,

Design of Scintillating Cells

From eqﬁa‘biona (6) and (8) the geometrical factors on which the resolution
and efficiency depend, are derived. It is clear that the resolution is
increassed by reduction of EIL;?‘[:: ’L,i t'. 72.' dS whereas the efficiency is
increased by having large values of these same factors, with two additional

fectors »f and r1 which, although they considerably affect the efficiency, do

not influence the resolution of the instrument. The interdependence of
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resolution and erficiency is such that efficiency mst be sacrificed to
obtain good resolution. -

The best resolution is not however determined, solely, by these
geometrical considerations. In equatiog (6) it is clear that any attempt
to reduce (ALP)zGeom to a value very mich less than (DL, )23.0. does not
appreciably affect the pulse height resolution but only reduces the_
efficiency of the arrangement.

The method of scintillator design is clearly exemplified from the
three geoometrical situations shown in FIG.III.Q.‘ Fron the simple geometry,
with a suitable choice of 8 s the eeparation'of the scintillators can be
determined to give a geometrical resolution such thét (ALP)éeog'(bLF’)%.G.
With no deterioration in resolution the efficiency can be increased by
extension to the anmular ring geometry i.e. an increase in 4 in So. The
final and most efficient geometry in this instrument is shown in the conical
shell arrangement, i.e. an increase in rl combined with the increase in 4 of

the annular ring geometry.

IIT1.3(d). ELECTRONIC ARRANGEMENT

The block diagram of FIG.III.10 illustrates the simplicity of the
electronic equipment required for measurements in this (EP,B ) method. The
light pulses from the two scattering cells, Sj and Sp, are converted in the
photo~tubes, amplified and mixed in a coincidence unit of resolving time
5x 10—78605-The output pulses from the coincidence unit are then used to
gelect pulses from the primary scattering cell dn the linear gate. These
selected pulses are then analysed using either the photographic method or
100 channel kicksorter as pre?iously outlined in Part III.2. The problem of

light collection in the secondary scattering cell is considerably eased since



PER UNIT PULSE HEIGHT

RELATIVE NUMBER OF COUNTS
v
0

i4 MV Neutron
Pulse Height

60° Scattering

4

' . —>
10 20
RELATIVE PULSE HEIGHT

FIG.III.11 OBSERVED SPECTRA FROM DOUBLE SCATTERING

OF (D,T) NEUTRONS IN SIMPLE GEOMETRY ARRANGEMENT

PER CHANNEL (2V)

COUNTS

&

8

[T
o,

1 S S e 'l i
1e) " 20 30 4
RELATIVE PULSE HEIGHT (V)

(A) OBSERVED SPECTRUM AS IN FIG.III.1ll.

FIG.I1I.12.

(B) RANDOM COINCIDENCES.

(C) REAL NEUTRON DISTRIBUTION



b6~
the pulses from it do not require to be proportional to the energy of the
scattered neutron. In the channel containing the primary scatterer,however,

proportionality and linearity are essential.

I11I1.35(e) EXPERIMENTS (1) Simple Geometry

The initial experiments to test the instrument were performed using two

gimilar standard scintillation cells in the simple geometry arrangement of

. .L“. . u "o L]
FIG.III.9. In this case, T,=% ; h=7 j h=2 | d=4 | a=u ;dy=2
and two angular settings of 45° and 60°. The arrangement was constructed
to provide efficiency at the cost of resolution. (In this experiment the

~6

coincidence unit had a resolving time of 10 sec. )

Neutron Spectra

The source of neutrons was the (D T) reaction, using the 50 KeV deutrons
from the Cockroft-Walton machine described in Appendix I. The recorded
Spectra at 45° and 60° are shown in FIG,III,11, The ratioc of real to chance
coincidence rates in this experiment was 1/5.

FIG.III.12 shows the spectrum observed at O = 45°, together with the
"chance" pulse height distribution. FIG.III.120 gives the "real" neutron
distribution.

Resolution and Efficiency

Good agreement has been obtained between the observed and calculated

values (from equations (6) and (8) ) of the resolution and efficiency for
this arrangement. The observed values are resolution 80% and an efficiency
of 10-6 per neutron from the source. It should be noted that in calculating
the resolution the value for ( ALP)ZS.C. was obtained from single counter
experiments on neutrons of the type described in Part II.5(c) and in this

3
case a value of 0,015 L, was calculated for (ALF )S'C.
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Energy response

The main purpose of this preliminary investigation was to test, in
eddition to the properties of resolution and efficiency, the sensitivity of
the arrangement to variation in the scattering angle and thus the proton
pulse heights in the primary counter. The pulse heights of the peaks in the
distributions of FIG.III.1l agree well with the law assumed in Part II.5(d)

) "
giving L,= KE," 'where E, is the proton emergy, in this case E,= Eosin 0 .

P

(2) Annular-ring Geometry

The experiments using the "simple geometry" described above were
sufficiently successful to attempt to increase the resolution of the
instrument. To do this, two new scintillating cells were constructed. The
primary scatterer was reduced to a length of 1/2", thus causing both
(ALP )2Ge;m and (DL, )23_0. to be reduced. The second scatterer was made in
the form of an anmlar ring of internal radius 9-1/2" and external radius
10-1/2"% and of length 10",

The experiments were performed using with these scintillétors, a
coincidence unit with resolving time = 5 x 10~7 secs.

The geometrical situation of the scintillators is shown in FIG.III.Q .
‘The arrangement is such that for 8 > 45° the resolution is determined mainly
)2

by (ALP)Zs,g_ since the geometrical factor (DL, is smaller than

Geom
(AL, )28:0. The efficiency of detection of neutrons from the source is the
same order as in the "simple geometry" arrangemert.

Experimental results. 0960 J -rays

To test the resolution of the spectrometer a 0060 source ( J -rays of
energy 1.17 and 1.34 MeV) was placed in the target position, with "a' = 4%

and collimation of the 3’—ray beam obtained using lead. The scattering angle
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was fixed as O = 60°. The pulse height spectrum is shown in FIG.III.13.
Single counter measurements do not resolve the two groups, while the
spectrometer technique clearly yields two distinct lines., The resolution in

this experiment is estimated as 20%.

NEUTRON EXPERIMENTS

14 MeV neutrons

With the scatterers in approximately the ssme positions as in the X—ray
experiment (in this case 8 = 56°) the spectrum shown in FIG.III.1l4 was obtained
when the 14 MeV (D,T) neutrons were incident on the epectrometer arrahgement.
In this case the resolution is 28%. The decrease in the resolution compared
to X—ray‘case in this case is mainly due to the non-collimation of the
incident neutron beam, and the multiple scattering of the neutfons in 87.

The ;fficiency is calculated as 1 in 10*6 of the neutrons from the source
in good agreement with that calculated from equation (8).

2.5 MeV neutrons

FIG.III.15 gives the spectra, for a similar geometrical situation as
sbove, for the 2.5 ..eV (D,D) neutrons. In this case the resolution is 40%
and the efficiency of the order 1 in 104'5 neutrons from the source. The
increase in efficiency is due to the dependence of the cross-section for
scattering on energy involved in equation 8. The decrease in resolution is due
mainly to the smaller pulse heights in the primery scatterer due to the lower

neutron energy involved,

IIT.3(f) CONCLUSIONS

In the light of these expegiments a review of the properties of this

technique will now be outlined.

(1) Efficiency. The overall efficiency in these experiments for 14 iieV
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neutrons is 1 in 106 of neutrons from the course. By further extension to
the complete conical shell geometry this efficiency can easily be increased
to the order 1 in 104 of the neutrons from the source. This is, at least,
a factor of 100 better than the conventional methods of neutron spectrometry
mentioned in Part I, such as photographic plates, proportional counters etc.

(2) High speed of response. The response time of the instrument to fast

neutrons is determined by the electronic equipment employed in the experiments
discussed above. In these experiments the reapcnaé time is of the order of

10~7 secs.

(3) Good energy resolution. The experiments both on X—Tays and neutrons,

clearly show that the energy resolution is independent of geometry employed

in the final arrangements, being governed mainly by the statistics of (a) light
collection in the primary scatterer and (b) the associated electronic equipment.
The resolution, although poor compered with photographic plates, proportional
chambers etc. is adequate for many of the applications mentioned in Part I.

(4) Energy proportionality. Although the response of the liquid scintillators

to protons is not linear the distribution in pulse heights can be translated
into an energy scale using the relationship shown in FIG.I1I.29. (Further

consideration of the light output - proton energy relationship is given at

the end of this section).

(5) Sensitivity to J-rays

FIGS.III.14 and 15 show that, in its present form, the spectrometer is

sensitive both to neutrons and X-rays. It is thus inadequate for experiments

in which the neutrons to be measured are accompanied by anays.

These investigations of the response of this (Ef,e ) spectrometer

40 neutrons end J=-rays show the propertieé of this type of instrument.
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It is clear, however, that, in its present form, although having many
advantageous properties, the sensitivity of the instrument to K—rays
prevente its direct application in neutron experiments of the type discussed
in Part I. In subsequent sections of this thesis, however, the refinements
to this technique to overcome the effects of J ~rays will be considered

in some detail.

III.3(g)  APPLICATIONS OF THIS (33#9 ) SPECTROMETER

Some simple applications of the spectrometer have been performed by
the author, and the results presented previously in Part II.5. Although not
accurate they are of interest since they constitute the only available data

on the qalibration of the scintillation cells to protons and electrons,

LIGHT OUTPUT v ENERGY RELATIONSHIP FOR PROTONS AND ELECTRONS

IN A BOLUTION OF 5 g/1 TERPHENYL IN XYLENE

In the double scattering experiments, previously mentioned, the energy
of the scattered proton is E, = Eosinae . It is thus possible, by
observing the variation of light output with the angle of scatter of a beam
of neutrons of fixed energy, to obtain a relationship between light output
and the energy of a proton incident on a scintillator,

The results cbtained from a series of investigations using the 14 leV
and 2.5 MeV neutron sources, previously mentioned, have already been
presented in Part II of this thesis in FIG.II.29. In this series of
experiments the pulse height spectre, in the primary counter in the annular
ring geometry for angles of scatter of 45°, 56° , and 60° for 14 eV neutrons
and angles of 45°, 56°, 60°, and 77° for the 26 MeV neutrons, were analysed.

Birks (10) showed that the variation of light output along the path of

an ionizing particle in an organic crystal, could be expressed in the form :



dE
- A JT;E‘ where A and B are
dr [ +6 &r

constants, and
where é%; = light output in a path element d+.
and %%—: rate of loss of energy

For organic crystals B has the value 8.8 x 1072 gm cm™2 MeV~1,

Harrison (11), although he has performed no measurements on the response of
liquids to protons has considered the pulse height in a terphenyl solution
of alpha particles and found the value of B to be approximately that derived
by Birks. A

The data presented here for a 5 g/l terphenyl solution agrees well with
that deduced by Harrison for a solution of terphenyl from date presented by
Taylor (15) on the response of anthacene to fast protons. A more detailed
investigation by Harrison, using alpha particles,has suggested that the
deviation from linearity of liquid scintillators increases as the concentration
of the solution is decreased. These results, presented by the author, on the
response of organic liquid scintillators to protons constitute the first
experimental evidence of the similarity of response of anthracene and liquid
scinti}lators to protons,

In a similar manner the response of the liguid scintillators to electrons
has been obtained using various sources of § ~rays. The results, in this
case, hgve been presented earlier in Part II in FIG.II.17A. For electrons
in the renge of energies investigated, the light output is proportional to the
energy of the incident particle. The results are in good agreement with those
derived by Harrison (11).

The mecheanism of this most important feature of the behaviour of organic

crystals and solutions as phosphors has been studied in detail by many

experimenters and a good account of the processes of importence is given
by Reynolds (12).
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I1I1.(3)(h) THE DOUBLE SCATTERING HETHOD INCLUDING TIME OF FLIGHT

DISCRIMINATION ~ (Ep,©, t) METHOD

At this point it i1s of interest to consider briefly the extension of the
(E!P, ©) method suggested by Neiler et alia (14) and investigated by Chagnon
et alia (7) and Draper (6). It is clear from the analysis of the (Ep ,0)
;ethod that the inability of the technique to discriminate against X—Tays,
prevents the application of the instrument in general neutron experiments.

The (EP »0,1) technique is in essence a combination of the (EP , )
method and the (t) method to be described later in Part III.5. The
geometrical situation, and thus the analysis of efficiency and resolution, is
similar to the (EP » 8 ) technique. The additional factor, the time of flight,
is introduced by algg;ing the electronic system of the (EP » ©) method by the
replacement of the slow coincidence unit of resolving time 10‘6, by one having
a resolving time ~ 3 x 1078 gecs.

The faster coincidence unit allows discrimination between Zf-rays and
neutrons by utilising the difference of time of flight of the neutrons betwsen
the two scattering crystals., The pulses from the primary scatierer S, see
FIG.II1.9, are artificially delayed by a time equal to the average time of
flight ?f a neutron between S; and S,. These delayed pulses from S, and the
pulses from S, are mixed in a coincidence unit and the coincidence pulses used
to select for pulse height analysis the delayed pulses from S;. In the form
of spectfometer described by Chagnon the coincidence unit has a resolving
time of 3 x 10'8 secs, @ = 45°, and the distance apart of the scintillators
equal to 140 cm. The resolving time is auch that the range of neutron
energies éccepted is restricted and in order 1o cover efficiently a spectrum
of energies from 1 MeV to 14 MeV a series of different delays would be

required in this present arrangement.
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OPERATION OF THE SPECTROMETER AND EXPERIMENTAL RESULTS

FIG.IIT.16, which shows the total coincidence rate against delay time
for the instrument operating on 0060 § -rays and the products of the (D - D)
reaction plus contamination, illustrates the operation of the spectrometer.
It is clear that when the delay line is set for neutrons of a given energy
range, of maximum energy ~ 10 MeV, no X-rays will give true coincidences,
(The approximate incident neutron energies corresponding to the times of
flight are noted under FIG,III.16 for the geometry of the experiment).

The experimental results on 0060 6-raya and (D ~ D) neutrons observed

by Chagnon are illustrated in FIGS2III.17 and 18, They are very similar to

those obtained by the author in FIGS.III.13 and 15. For comparison also is
included Draper's result on (T - D) neutrons, using a similar geometrical
arrangement. They are similar to those presented by the author in

FIG.II1.,14 and are shown in FIG.III.19.

CONCLUSIONS

This method, although offering an advantage over the (EP , @) method,
is still limited by the requirement that, in order to measure a spectrum of
neutron energiés, from a few lMeV upwards, a series of delays would be
required. It is also clear from FIG.III.16 that for high neutron energies,
complete discrimination against X—¢ays could not be obtained since the
resolving time employed is such that for neutron times of flight £ 5 x 10-8
secs,thé”delay inserted would not be sufficient to exclude true coincidences
due to X ~rays.

The use of a faster coincidence unit ot resolving time less than 10-8 secs,
although it solves the difficulty of measuring energies greater than 10 MeV,

would accentuate the difficulty of covering a complete neutron spectrum at one
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delay setting, i.e. the reduction of the resolving time would require
the use of a larger number of delays.
Later in Part III.5 a discussion of this method in the light of

the more simple time of flight method will be given.




TABLE III.1

"ACTUAL BORON

COMPOUND " CoNTENT 7
Tri-methyl borate , 9.32
Tri-ethyl borate : T.24
Tri-propyl " : 5.31
Tri-butyl " ; 4.70
Tri-amyl " D 3.97
Tri-hexyl " ? 3.44
Tri=-octyl " é 2.71

| Tri-cresyl " 3.25

Tri-2-cyclohexyl-~

1.9
-cyclohexyl borate

Tri-hexylene glycol

biborate 5.82

URNINON Y
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I1T.4 DOUBLE SCATTERING WITH THE DETECTICN OF THE

SCATTERED NEUTRON IN THE EPITHERMAL RANGE OF ENERGIES

(Elp, E,}) METHOD

I1T.4(a) INTRODUCT ION

Before proceeding to a detailed discussion of this double scattering
method e brief survey of the investigations carried out by the author in
the development of a convenient épithermal neutron detector using a Boron-
loaded 1iquid scintillator will be given. In Part III.1 the boron-loaded
scintillator has been discussed in the detection of fast neutrons using a
large volume of scintillator. It is proposed to outline briefly at the
conclusion of this section the properties of such a method in the
measurement the energies fast neutrons since, up to the present, no rgsulis

have been published using this technique.

IIT.4(b) BORON=-LOADED LIQUID SCINTILLATORS

THE PREPARATION OF THE SCINTILLATOR

By the addition of a nucleus, having a high slow neutron cross-section,
to a liquid scintillator an efficient slow neutron detector with a very fast
responee‘time can be obtained. The problem of introducing such a nucleus is
one of finding a suitable compound which, on addition to the scintillator,
does nét appreciably reduce its fluorescent efficiency. Compounds of boron
have been tested by the author and found suiteble. Such compounds have been
considered by other investigators. (Muehlhause and Thomas (3), Cleland (15)
and Kirkbride (16).) Compounds of cadmium have been preferred by others
when larger volumes of-scintillator have been employed. (Harrison(4) ).

The boron compounds compriée the femily of liquid borate esters shown

in Table III.1. The lower alkyl borates hydrolyse readily but stebility
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tends to increase as the length of the carbon chain increases, Thus
tri-n-butyl borate does not hydrolyse quite as rapidly as the methyl compound,
though it does decompose quickly in the presence of water. Tri-methyl borate,
the lowest of the series forms an azeotrope with methand| and is therefore
difficult to obtain in a state of high purity. Thiq compound, which has been
used by Muehlhause (3), hydrolyses even on exposure to air. The author,
however, found by investigation of a number of liquld borates that a new
compound Tri~hexylene glycol bi-~borate could be more easily incorporated in the
scintillator than the others, because of its greater stability. In the
compounds of boron used by the author no enrichment of the quantity of Blo, the
active component of natural boron, has been attempted.

Blo,_which is present in ~ 18.8% in normal boron, has a high capture
cross-section (4000 barns at thermal energies of the neutrons) which follows a
A

v lew from thermal energies to 300 KeV. The capture results in an exothermic

reaction yielding two energetic charged partibles.

Qe

LU*—+be + 23 MeV (93%)
B+ m ~/

\\\»li7-+HJ + 28 MV (1%)

The predominant reaction producee an «=particle which, because of the
poor response of organic scintillators to heavy particles, is equivalent to a
120 KeV elect®on in the liquid scintillator, Thus, if the ¥ ~ray from the
de-excitation of LJ*'is captured in the liquid scintillator, the total pulse
height féom the capture process is equivalent to a 0.0 MeV electron. (The mean
free path of the K—ray in the liquid is however of the order of 10 cm.
suggesting that, in the case of small scintillators the probability of capture
is small).

The investigations have been carried out using as a counter filling a

solution of equal volumes of the standard scintillating liquid ( 5 g/1 terphenyl
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in xylene 4 0.1 g/1 phenyl - A - napthylamine) and the clear, colourless

borate, tri-nexyléne - glycol biborate.

PULSE HEIGHTS FROM THE BORON~-LOADED SCINTILLATOR

A standard scintillation cell of the type shown in FIG.II.1 (a) and (b)

and of length 2" was filled with the borate solution indicated above and ite
mesponse to 5.3 MeV A-particles from a Ro source investigated. The spectra
for these eL-partiéles were mee.sured under various conditions using the 100
channel kicksorter and are shown in FIG.III.%%. (The conditions, under which
spectra. A to F were observed are noted under the figure). The observed spectra
of the A~particles and noise from the photo-multiplier are shown in A and F
respectively.
Sincé the light output from the K -particle of the boron capture reaction

are smallér, by a factor of three, than the 5.3 lieV o ~particles it is

clear from A and F that the pulse heights from multiplier noise and the B10
captﬁre oL's will be of the same order. It was noted, however, from the work
of Pringle et alia (17) that, removal of oxygen from the liquid scintillator,
by bubbling nitrogen through it, caused an increase in the light output from
the solutionf On treatment of the borate solution in this way the pulse
height from the P§ ol's was increased to the value shown in C. In this solution
the position of the peak from the capture reacticn K ~particles should appear
in the position shown in FIG.III.20, a value glightly greater than that for
the maximum pulse height from noise. Thus the choice of a suitable electronic
bias, in this case 4 pulse height units, will enable discrimination against
noise pulses without reducing to any considerable extent the efficiency of
detection of the a(-particles from the capture reaction. Muehlhause and

Thomas (3) have used two multipliers in coincidence to eliminate the effects
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of noise in these counters. A further method is to cool the multiplier

to a temperature of ~ - 10°C,

EFFICIENCY OF DETECTION
The efficiency of detection of slow neutrons in this boron-loaded

scintillator is important in considerations of the (E,,E,) spectrometer for
fast neutrons. Although no direct measurements have been made by the author,
mainly due to the lack of a suitable source of slow neutrons,the results of
Muehlhause and Thomas (3) have been used to indicate the probable efficiency
in this case. The efficiency is governed mainly by the processes of
scattering, moderation and escape from the scintillator before capturé. The
results suggest that for neutrons of thermal energies the efficiency of the
acintilla#or used by the author is ~90% and for epi-thermal neutrons ~ 607,

LIFETIME OF NEUTRONS IN ThE SCINTILLATOR

In the region (E, < 300 KeV), where the v capture law holds the time
spectrum for neutron capture is exponential. The life-time associated with
this exponential function depends on the number of boron atoms in the
scintillator. For the recipe of scintillator used by the author the lifetime
is calculated as ~ 2,5 pBeCS. |

I1TI.4c THE DOUBLE SCATTERING METHOD (EP’ En)

THE PRINCIPLE OF THE METHOD

In the analysis of resolution and efficiency of the (EF,G) method
discussed in Part III.3, it was noted that the optimum values of these

factors was obtained when the angle of scattering approached 90°. To detect
the scattered neutrons in an organic scintillator was, however, shown to be
impossible because of the very poor response of the scintillator to low

energy protons. In this (EP,EK) method, however, the problem is solved by
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substituting for the second simple organic scintillator, 2 horon loaded
scintillator which has a high detection efficiency for slow neutrons and which
produces a pulse from the slow neutrons detectable above photo-multiplier noise.

Most of the pulses from the boron loaded scintillator are, however, delayed
with respect to the pulses from the primary counter, since the capture time-
spectrum for slow neutrons id exponential with a lifetime of 2.5 psecs. This
property can be used to advantage in discriminating against K—rays which
produce proupt coincidences when scattered between the counters.

Observation of delayed coincidences between the counters, in this instance
in the time interval from 1/2/p.sec. to 2-1/2 MBecs. after the appearance of a
pulse in the primary counter,‘enablee the measurement of fast neutron energies

and at the same time discards prompt coincidences due to X—faye.

RESOLUTION
In the analysis of the resolution of the double scattering method (Ep, Q)
given in Part III.3, it was noted that this factor comprised two terms
(0Lp )geom, and (Blp)g, ¢, both of which had a minimm for © % 90° for a fixed
energy of the incident neutron. It is thus clear that this (Ep, En) method in
which O % 90° has the best resolution possible in a double scattering method
employing pulse height analysis. The resolution is determined mainly by
(ALP)S.C., since (ALf)Geom. is dependent on wt® and tends to O as © tends to
90°, This term is governed mainly by the optical and electronic properties of
the primary scattering channel.
EFFICIENCY
Although the detection etficiency of the boron loaded scintillator is 60%
for epithermal neutrons its effective efficiency in the (EP, En) arrangement

is reduced to 30%, since half of the pulses from the scintillator are rejected
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in the delayed coincidence measurements. The overall efficiency of the (Ep» Eq)
method is greater than in the (EP,G) method giving its best resolution since the
separation of the scatterers can be reduced without affecting the resolution of
the instrument and further since the detection efficiency of the second scatterer
is higher.

Using an arrangemeﬁt of scatterers of the simple geometry of FIG.III,9, with
9= 90° and d,-= 2" and scintillators P; 1" long end 1" in diameter and Po 2" long
and 1" in diameter the overall detection efficiency has been calculated as 1 in
10+4 per incident neutron. .This is an order of magnitude greater thean in annular
ring geomstry of the (E,,® ) method for a resolution of 20%. By extending the
second scatterer to an anmmular ring scintillator the efficiency could be further

increased by an order of magnitude.

ELECTRONIC ARRANGENENT

The block diagram for the electronic equipment is shown in FIG.III.2l. Pulses
from the primary scatterer Py, are amplified, delayed and limited in L, before
being applied to the triple coincidence unit. Pulses direct from P, are treated
in a similar mamner. (These pulses are also fed into a low level discriminator
which operates the third channel of the coincidence unit. The discriminator is
inserted to reject noise pulses from P2). The coincidence unit and low-level
discriminator have been considered in more detail in Appendix II.

The delayed pulses from P;. are shaped to Z/xsec square pulses and the pulses
from Py to’l/Z}xsec. pulses, before application to the coincidence valves. By
this means delayed coincidences between the counters in the time interval from
1/2 jpsec to 2—1/2/usec after the appearance of a pulse in the primary counter are
registered on the output of the coincidence unit.

These coincidence pulses are then used to operate the linear gate G, and

select for pulse height analysis coincident pulses from the primary scatterer.
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EXPERIMENTAL RESULTS

To test the operation of the electronic arrangement and its ability to
discriminate against X-rays, the counters P; and P2 were arranged so that
® = 120° and 612 = 2" in the simple geometry of FIG.III.9. and irradiated
with Goéo ¥ -rays of mean energy 1.2 MeV. (P> was shielded from the direct
beam using lead blocks). The distance of Py from the source was adjusted to
ensure that the random coincidence rate was small compared to the real
coincidence rate.

Prompt coincidences were observed and the spectrum is shown in FIG.III,224A.
On the insertion of a delay of 1/2 /~sec. im the primary scattering chamel the
spectrum of FIG.III.22B was observed showing that the efficiency of the
arrangemgnt under the conditions in which the neutron spectra are to be observed

is negligible.

OBSERVATION OF 14 MeV NEUTRONS FROM (DT) REACTION

With the same scatterers and 8 = 90° the overall pulse height spectrum
observed from the products of the (D,T) reaction is shown in FIG.III.2%A. The
rendom coincidence spectrum, observed by the insertion of a long delay in the
primary channel, is given in FIG.II1.23B, The subtracted distribution is given
in FIG.III.23C, In this case the real to random coincidence rate is rather low.
The long tail at pulse heights lower than the peak can be attributed to two
main factors :=

(a) mﬁitiple scattering in the primary scatterer calculated to be of the order
of 20% in crystal P; and

(b) neutrons, which are scattered at angles less than 90° being completely
stopped in P2 and thus registered as delayed coincidence.
(This is the more important process in producing the long tail).

The resolution of neutron peak is approximetely 25%, considerably poorer
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than expected,primarily due to the effects of multiple scattering. Reductionuf
the dimensions of the primary scatterer would improve the resolution and at

the same time reduce the effect of the factor (b) mentioned abové.

I1T.4d. AN (E,, E,) METHOD DUE TO BEGHIAN

It is interesting to compare the above method due to the author and a-
similar geometrical method due to Beghian et alia (8). The 1a£tér differs in
using as an epithermal neutron detector a Nel crystal surrounded by silver foil %
and’also,in the selection of the energy the epithermal neutrons, generally in
the range from 3 KeV to 50 KeV. Discrimination against X—rays is obtained by
a time-of-flight method of the type described earlier in the (E,, @ ,t) method.

The spectrum of 2.5 MeV (D, D) neutrons obtained by this technique is
shown in FIG.III.24. The resolution of the peek is 18% and the efficiency of
the or@er of 1 in 10+6 per incident neutron. The poor efficiency can be
~attributed to two main factors. Firstly, the epithermal neutron detector has
about 67 efficiency compared to 60% for the boron loaded scintillator;
secondly, the epithermal neutron detector and the coincidence circuitry select
a very narrow band of neutron energies. This latter factor reduces considerably
the overall efficiency of the arrangement without improving the resolution,
since the primary scatterer and its associated electronics are incapable of

reproducing the narrow energy band of recoil protons as a narrow band of pulse

heights.

This technique could be improved by replacing the secondary scatterer by
the boron loaded detector, which would have a larger efficiency and a faster
response time than the "silver-encased" sodium iodide detector. The main
advantage of this type of technique over that investigated by the author lies
in the improvement in fesolution due to the selection of the energy of the

scattered neutrons.
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III.4e. A LARGE VOLURE DETZCTOR

Using a large cylinder of scintillator 75 cm in diameter and 75 cm high,
incorporating a compound of cadmium Reines et alia (18) have efficiently detected
neutrons in the presence of a high background of J—rays. The discrimination
against Y-reys has been performed using a delayed coincidence technique, the
primary pulse corresponding to a recoil proton and the secondary pulse due to the
) ~ray due to the capture of the slowed-down neutron in cadmium,

This detector has been applied by thesg inVestigators.to the measurement of
the energies of the 1.1 MeV and 1.3 leV J-rays from 0060. The resolution is
sufficient to distinguish bebtween the two energies. The principle of operation
of such a detector in the megsurement of fast neutron energies has been given
earlier in Part III.l. Analysis of the expected distribution however shows that
instead of a narrow peak corresponding to the total neutron energy, it is
considerably broadened due to the ill-effects of the non-linear pulse height v
energy relationship for protons in the liquid sdintillator. The resolution of
the peak for 14 MeV neutrons ies calculated to be approximately 50%, rather poor
for most applications.

Reduction of the dimensions-of the scintillator {to ensure that the neutrons,
registered as delayed coincidences, have lost most of their energy in their first
collision in the liquid, although reducing the efficiency per incident neutron
by an order of magnitude increases the expected resolution by a factor of 2.

Thus the smaller detector may prove quite useful in many applications in fast

neutron spectrometry.



IIT.4(f )  CONCLUSIONS

The boron loaded scintillator is a considereble advance in technique in
the detection of slow neutrons with high efficiency. Trihexylene glycol
biborate, because of its stebility, simplifies the preparation of this type of
scintillator. The main advantages of this type of scintillator over
conventional methods such as BF‘3 counters are its very fast response time
~ 1077 secs, very high efficiency ~ 90% and its emall detecting volume.

Boron load4d scintillators are ideally suited for slow neutron time-pf-flight
measurements for which high efficiency and fast response are desirable.

In the fast neutron spectrometer, employing a boron loaded scintillator,
investigated by the author, although the energy resolution is rather poor,
the geometry can be adjusted to improve this factor and the efficiency
increased, by the extension of the secondary scatterer to an snnular ring. By
substituting a boron loaded scintillator for the silver-encased sodium iodide
crystal in the Beghian method, the efficiency, its most inadequate property,
could be considerably increassed since a larger energy band of scattered
neutrons could be accepted without impairing its resolution.

The large volume scintillator loaded with cadmium has been shown to be
satisfactory in the detection of fast neutrons in the presence of X—rays but
inadequate in its resolution of neutron energies due to the non-linear
response of the organic scintillator to protons. In a smaller volume, however,
this type of spectrometer could provide adequate resolution for many experiments.
In these emaller volumes boron compoundswould be preferred since the high
energy XLray from the cadmium capture reaction, unlike the &«-particle from

the boron reaction, has a small probability of stopping in the scintillator.
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PART ITI.5 THE TIME OF FLIGHT FAST NEUTRON SPECTROMETER

(THE (4)METHOD)

I11.5(a) INTRODUGTION

The methods of fast neutron spectrometry, which have been discussed in
the preceding sections of Part III, have relidd on pulse height analysis for
the measurement of the neutron energies. The non~lineariiy of organic
scintillators to protons however mitigates against the quality of the results.
Measurement of neutron energies by a time of flight method only requires the
detection of the neutrons and is therefore independent of this non-linearity.
A further advantage of a time~of-flight method lies in its ability to
discriminate against ¥ -rays by utilising the difference in time-of-flight
between neutrons and y~rays. Satisfactory neutron detectors for sﬁch a
technique must have high efficiency and fast response., It must also be
pbsaible to construct large volume detectors so that the efficlency can be
maintained over long flight paths. The liquid scintillator counter 1s ideal
for this purpose.

The method to be described in this section utilises to the fullest
extent the exceptional qualities of liquid scintillation counters and at the
same time surmounts the difficulties associated with the methods of fast
neutron spectrometry described earlier. The greatest efficiency in any of
the double scattering methods of fast neutron spectrometry is also achieved
in this technique by virtue of its unique geometrical properties.

The success of this method in resolving the high energy neutron groups
in the Bll(¢{n)012 reaction shows its adequacy to perform many of the

experiments outlined in Part I.
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III.5(b) TSE PRINCIFLE OF THE METHOD

When a neutron of energy E, and velocity ¥, is scattered at an angle 6
in the primary scatterer 53, the energy and velocity of the scattered
neutron are E oS 20 eand U O respectively. The distance from the
point of scatter assuming Sy, is smell to any point on the surface of the
sphere of radius a, is Zacos® .

Thus the time of flight between the primary scatterer Sj, and the

spherical shell scintillator S, is :

1 = la ws® _ Za
Uo cosS® UO

i.e. the time of flight between S1 and the surface of the sphere of
radius a, is independent of the angle of scattering and depends only on the
velocity of the incident neutron and the diameter of the sphere.

Thus by measuring the time of flight of neutrons between a small
primary scatterer S;, on the extremity of the diesmeter of the sphere along
which the neutrons are incident, and a thin spherical shell scintillator Sy,
the energies of the incldent neutrons can be calculated. This measurement
is mede by observing coincidences between delayed pulses from S, and direct
pulses from 5,. |

For a sphere of diameter 50 cm the time of flight of a neutron of
energy E_ 1is :

| t-36xl0t B s oo O
In the energy raﬁge of 1 eV to 20 MeV the time of flight is of the order of

1o‘8

secs, thus requiring coincidence resolving times of the order of
10_9 secs, to give adequate energy resolution. The methods of millimicro-

second coincidence measurement will be considered in more detail in Part

11I.5(e).
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III.5(c) RESOLUTION AND EFFICIENCY

For a neutron group of energy E, incident on the spectrometer
arrangement shown in FIG,III.25(A) there results not a unique time of flight
Tw but a distribution of times of flight. The factors which cause this
spread in time. of flight are the finite resolving time of the coincidence
unit and the finite size of the scattering cells, The following approximate
analysis of spread in time of flight indicates the most important factors
influencing the resolution of the spectrometer.

(1) The resolving time of the coincidence unit

The resolving time, t, of the coincidence unit is equal %o j(}
y T

where NL= chance coincidence rate and N; and N, are the counting rates of
unrelated events in the two counters of the coincidence system. In practice
this resolving time is measured by observing the prompt coincidence resolution
curve for the coincidence circuit, i.e. the curve of coincidence rate as a
function of the delay time artificially inserted in series with each counter
in turn. The full width at half height of this curve gives approximately

the resolving time of the unit,

The ultimate resolving time of coincidence units using organic phosphors
such as terphenyl in xylene has been considered in detail by Post and Schiff
(19) and Post (20). These authors show that for small scintillators,
resolving times better than 3 x 10”10 secs., cannot be achieved with the
photomultipliers at present in existence. This figure is appreciably
increased when large scintillators are employed or when the energy expemded
by the radiation in the scintillator is small.

In thepresent experiments the resolving time of the coincidence unit is

5 x 10”9 sece. With such a resolving time the effect of photon transit
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time in large scintillators is not appreciable. The coincidence unit will
be referred to in more detail in Part II1.5(e). The effect of photon transit
time on the photon collection-time spread at the photocathode of the multiplier
will, however, limit the best obtainable resolution to a value of 10~ secs.

(2) The geometrical factors contributing to a spread

in the time of flight.

Variations in the time of flight Ta of the neutrons are caused by the
- finite sizes of the scattering cells. In the following discussion the main
factors influencing the spread in time of flight will be considered.
A sprea& in the time of flight méy occur as follows :
(a) The scatterdd neutrons may have a constant flight path, S, but slight
variations in the angle of scattering due to the finite size of the primary

scatterer may occur. This introduces a spread in time of flight given by

AT = S . Swdd 8

T, 098
.S ) sdﬂe'fz 1 = radig: of tge primary
U, 050 g scatterer 57

I_S_E - Eo"ﬁSMP _ T Sm©
Ta 2R U050 2RO
(b) The scattered neutrons may be scattered through a fixed angle e,

S

but have varisble flight path, giving

' 21, = length of 8y
N AT 7 :

—7:,: - 2Rcos@

3) parallel to the
incident neutron beam.
(¢) The scattered neutrons may be scattered at any point in the secondary
scatterer at a fixed angle of scatter 8 , due to the finite thickness of

82,'giving

*) where T = thickness of S,
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From these factors it is clear that if’fl,fg and T are small with
respect to R and the angle o? scattering is chosen so that &me.>(5 i.e. angles
in the range 0<¢ @ < 709, the spread in time of flight due to these geometrical
factors is small compared to the resolving time of the coincidence unit. In the
experiments 10 be described Tl =1cn T2 «1/2 cm =1 cmand R = 25 cem. and
thus the spread in time of flight for 8= 60° are [)T|=T“ﬁ3_("0 ; bl_fﬂ.é‘o )

AT3==ka‘ég + For 14 MeV neutrons T, = 1078 secs.Thus the spread due to
these geometrical factors is less than 1077 secs. These geometrical factors,
however, set a lower limit to the resolving time which is higher than that
suggested in the section on the time resolution of the coincidence mnit. The
energy resolution of the spectrometer derived from equation (1) is given by,

K:29E_40T L&

E Ta

where AT is the time resolution which is governed by the resolving time of the
coincidence unit. In the energy range 1 MQV to 14 eV the resolving time of the
coincidence unit is constant and therefore the energy resolution is governed
by 7}‘1, i.e. by E:%-, from equation (1). Thus this time of flight method has
its best resolution at low energies of the.incident neutron unlike the pulse
height methods mentioned in earlier sections which have their best resclution
at large energies of the incident neutron.
EFFICIENCY
With the geometry shown in FIG.III.25A and source strength of N, neutrons

the following calculation gives the efficiency of the arrangement.
N, Qy.+" 1. . J(E)

b d

N, 28 w. (&)
24

Number of neutrons scatiered in 5y =
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of
where d = distance from the source to the centroid/primary scatterer

M= number of hydrogen atoms/c.c.

4(50)- cross section for (n-p) scattering of a neutron of energy E, .

The number of these neutrons = N1, e 4(E) . S LD, do
24"
scattered into d8at an angleb

Therefore the number of these neutrons scattered again in S,

= No.ﬂm, 2 6(&), n. d(E ©0se) 7. 251 ©. d©
1d

If the angle of scattering © is selected so that the pulses produced
in the counter are large enough to operate the coincidence unit, then,
the efficiency 2
- Moo s n 8(6). 7
of the spectrometer o

]

flsm 5. dle,0s0) A - - - (6)
91

where Q is the maximum and Gz the minimum permissible scattering
angle of the neutrons.

A comparison between the efficiency of this type of spectrometer
obtained by integration of (6) employing a spherical shell and that of the
pulse height methods employing a complete annular ring shows an increase of

efficiency by, at least, an order of magnitude.

I11I.5(d) DESIGN CONSIDERATIONS

. -1
Neutrons of energy E, have a time of flight T, given by 7 x 10 lo.2?(.131Q 2

where R is the radius of the spherical scintillator. Good resolution favours
large values of R. This leads to the consideration of the design of very
large scintillators.

A considerable number of technical difficulties arise in the construction

of such a spherical shell, such as the manufacture of large spherical surfaces
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in glass or a suitable metal such as aluminium. Further limits in the size of
& large scintillator are self-absorption of the light emitted and poor light
collection which both reduce the efficiency of the counter. Although this

large scintillator is used as a detector and does not require the uniform
collection of light from its volume it is important to collect as large a .
percentage of light as possible in order to ease the operation of the fast
coincidence unit.

A figure of approximately 25 cm for R was chosen as one for which a
suitable scintillator could be constructed and for which self absorption effects
were small, The spherical cap of dimensions shown in FIG.III.25 was
constructed using two pyrex globes of radius of curvature 25 cm. Light
collection was obtained by packing the scintillator with megnesium oxide in a
light tight box and viewing through a perspex light guide. Better efficiency
of light collection could be obtained if a number of photomultiplierswere used
to ohserve the scintillatiéns.

In the calculation of the efficiency of‘the'arrangement it was noted that
for O emall the energy expanded in the primary scatterer was too small to
operate the coincidence unit and for O large a similar effect was noted in
the second scatterer. Thus in designing the spherical scintillator values of
B in the range 10°¢ © <70 should be & osen since the extension to values of
8 outside these limits does not add to the overall efficiency but only
increaseé the background counting reate. Values of ¥q,T> and * should be
chosen large to increase the efficiency of the spectrometer but are limited
in size by their effect on the resolution. For the scintillator sizes shown
in FIG.III.25 these factors do not increase the time resolution as governed
by the coinéidence unit, and give good efficiency. This efficiency could

however be increased, by increasing the dimensions of the primary scatterer,

without affecting the resolution.
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1I1.5(e) ELECTRONIC EQUIPLEN

The block diagram of the\electronic apparatus is shown in FIG.III.26.

It is based on the circuitry used by Bell et alia (21) and is described in
detail in Appendix II. In this section, therefore, only the principle of
operation of the circuit shall be considered.

Pulses from the photo-multipliers (E.M.I. Type 6262) are impressed on the
grids of the limiting valves which are built into the multiplier assembly to
improve the high frequency response of the circuit. In order that the pulses
from these multipliersére sufficient to cut off the limiting valves in the
shortest possible time a working voltage of 2000v is applied to the mﬁltipliers.
The positive pulses from the anodes of the limiting valves are transmitted,
elong lengths of co-axial cable of characteristic impedance 100§l , to the
coincidence or mixing unit. These cables serve as connecting leads and also as
variable délays to the pulses from the individual counters. The action of the
mixing unit ie described in Appendix II., In principle it comprises a shaping
circuit and a point-contact diode which selects and amplifies, by its action, as
a non-linear element, coincident pulses from the shaping unit. The pulses from
the mixing unit are then amplified and the larger coincidence pulses selected by
the discriminator before being counted by the scaler.

The resolving time of the arrangement is determined by the shaping circuit
employed in the mixing unit, the bias setting on the discriminator and the energy
expended in the phosphor. For the shaping unit employed in the circuit which
should give a minimum resolving time of 2 x 1077 secs, the slower rising pulses
from the limiter producegfter shaping)pulses of smaller amplitude than those
produced from pulses of faster rise time. Thus the output pulses from the

mixing unit are variable in amplitude and the resolving time will depend on the
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discriminator level since a high value of discriminator bias ensures that
only those pulses of fast rigp—time are counted as coincidences. This effect
tends to reduce the efficiency of the circuit when short resolving times are
required.

Resolution gurves, such as that shown in FIG.III.27 are measured by

observing the coincidence counting rate as a function of the delay inserted in

6@5

series with one of the counters. This curve was obtained when Co -rays
werelscattered at an angle of 60° between two small scintillators, 2" diemeter
and 1" long, placed 30 cm apart. In this instance the discriminstor bias was
set at a fairly high level so that the resolving time of 3 x 1077 secé could be
obtained. The efficiency of the coincidence unit‘was calculated to be of the
order of 350%.

In order to simplify the recording of coincidences a multichannel time
delay anaiyser, shown in detail in FIG.A.l13 of Appendix II, was designed. It
further incorporates a fast amplifier between the photomultiplier and limiting
valve in order to limprove the rise-times of the pulses from the limiting valve.
This unit, although not employed in any of the experiments to be described in

the following section, was successfully operated over three coincidence

channels.,
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I1I11.5(e) HNEUTRON EXPE2ILENTS

(1) Resulte from the neutrons from T(d,n)He4

A convenient source of high energy neutrons for calibrating and testing
the spectrometer was obtained from the interaction of a 350 KeV deuteron beam
on & Tritium-Firconium target. The deutefon beam was provided by the
departmental‘l MeV H.T. set. The neutron flux was monitored using a liquid
scintillation counter placed at a distance of 100 cm from the target.

With the geometry of FIG.III.25B and the single channel time-analyser, the
spectrum shown in FIG.III.28 was observed. (Each point on the curve corresponds
to the same total number of counts on the monitor counter.) Observations were
carried out at an angle of 45° to the incident beam of deuterons. The
observed tiﬁe of flight is in good agreement with the calculated time of
flight of the 14 MeV neutrons of 9«3mpsecs. The energy résolution at this
energy is calculated to be 50%.

Although no absolute calculation of the efficiency was mwade, the time of
observation of each point on the curve, approximately 4 minutes, shows the
high efficiency of which this spectrometer is capable.

A similar experiment was performed using the arrangement of FIG.I11.23D
employing the large spherical cap as the secondary scatterer. A photograph of
the equipment showing target monitor and spectrometer, is given in FIG.III.29.
In this case the spectrum of random coincidences was also observed, by the
insertion of the delay in the secondary scatterer chammel. The total, random,

and subtracted spectra for this arrangement are shown in FIG.III.30.A.C.B.

The results are similar to those given in FIG.III.28. In this case the overall
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efficiency was increased by a factor of 4. The increase is a factor of 3
smaller than anticipated, primarily due to poor light collection from the
secondary scatterer. The light collection could, however, be improved by
increasing the number of photomultipliers on the surface of the large
secondary scatterer.

The results presented, however, with these scintillator arrangements
were sufficiently encouraging in their efficiency, although the energy
resolution is poor, at these higher energies, to attempt to observe the
neutrons in & more complex spectrum and in the presence of X—rays.

An unsuccessful attempt,to use the apparatus with the scintillators in
the geometrical situation shown in FIG.III.25C on these 14 M;;:;;f;mplying a
time of flight discriminetion method with pulse height analysis in the primery

scatterer, was made due to difficulties encountered in obtaining a linear

regponse from the primary photomultiplier.

(i1) Bll(d,W9012 reaction

The intensities and energies of the neutron groups from the Bll(dﬂQOla
reaction have been studied by Johnson (22) and Gibson (23). In Table III.2 are
shown the @ values and energies of the corresponding excited levels in 012,
derived from the measurements made by thnson. A level at 7.67 MeV of low
intensity was tentatively suggested by Gibson but did not appear in the neutron
groups observed by Johnson. Further, measurements of the blfrays from this
reaction by Rutherglen (24) showed that only one §-ray of energy 4.4 LieV could
be attributed to the Bll(d,h, X)Clz. The observations on the neutron groups
were performed using photogrephic plates.

Observations of neutrons in the energy range from 1 to 20 MeV were carried

out by the author using the time-of=-flight spectrometer in order to test its
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operation in resolving a complex neutron spectrum.

With the spectromster assembly shown in FIG.III.25B the neutrons from the
gbove reaction, using a deuteron beam of energy 530 XeV and a separated Bll
target, were recorded in a similer manner o the 14 ileV neutrons from the
T@i;m)ﬂe4 reaction. The spectrum obtainedis shown in FIG.III.31,on observing
at an angle of 45° to the incident deuteron beam.

The spectrum shows clearly groups of energy 13.6, 9.3,3,2 & 1.9 MeV with a
poorly resolved group at 4.7 MeV. In accordance with the measurements of
Johnson they also demonstrate the existence of energy levels in 12 &t 4.4,9.6 and
1244 MeV. The group at 3.2 MeV is associated with the presence of deuterium as a
contaminant on the target giving rise to the reaction D@LMJHeB.

Comparison of the relative intensities of the neutron groups of FIG.III,31,
with the results of Gibson, at the same bombarding energy does, however, suggest
that the efficiency of the arrangement decreases with decreasing neutron energy.
This effect is due to the sensitivity of the present coincidence unit, to the
energy dissipated in the counters, when it is operated at short resolving times.
Improvement of the electronic equipment, whereby the rise-time of the output
pulses from the anode of the limiting valve is increased, for example, by the
introduction of fast amplifier as suggested previously, would enable the
coincidence unit to be operated at these low resolving times without a large
sensitivity to the energy of the incident neutron. An alternative method of
operation of the spectrometer using a longer resolving time and a longer
flight path will reduce the variation in efficiency with neutron energy without
decreasing the energy resolution of the instrument.

The energy resolution improves as the neutron energy decreases; in the
present experimental arrangement it is 50% for the highest energy group

decreasing to 257 for the neutrons from the D@QVQHe5 reaction. These figures
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are determined by the electronic assembly which was operated at a resolving
time of 5 mfﬂsecs. Similar &mprovements in the coincidence unit would enable
it to be operated at shorter resolving times and thus lead to much improved

energy.resolution.

111.5(5) CONCLUSIONS

The success of the present technique in resolving the neutron groups from
the Bll(d,%)c12 reaction demonstrates the power of the method in neutron
spectroscopy. The present electronic assembly, although incapable of providing
relative intensity measurements of the neutron groups,is adequate to make
practicable angular distribution measurements on a neutron group in reactions
of the type given above. The fast response and high efficiency of the
instrumen@ suggests its application in angular correlation experiments, for
whicﬁ a spectrometer of this type is so desired.

In the arrangement employed in the above experimenis the energy resolution
is inferior at high energies bult comparable at low energies to that of the pulse
height methods previously described, By using a longer flight path, however,
the resolution of the time of flight method can be reduced to a value smaller
than is possible with these pulse height spectrometers for which the energy
resolution is limited by the response of the photomltiplier. It has further
been demonstrated by the experiments on the T@%WQHe4 neutrons that it is
possiblelby using large spherical shells to preserve the efficiency over long
flight paths. The poor light collection from the spherical cap employed in
this experiment, however, mitigate against the quality of the results recorded,
It is clear that by imprqving the light collection by viewing the large
scintillators with a number of photomultipliers the high efficiency can be
meintained when much longer flight paths are employed to improve the energy

resolution,
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Its use of the desirable properties of liquid scintillators, namely
their fast response, high éfficiency and ability of construction in large
volumes of any shape, and at the same time its independence of the major
difficulties associated with their non-linear response to protons and high
efficiency to X-Taya, comuends this method to the fast neutron
spectroscopist. Of the methods previocusly described in this Part, this
time-of-flight technique is the most complete and with the further
improvements suggested in the above discussion promises to be the best fast
neutron spectrometer as yet available for studies in the energy range from

1 MeV to 20 MeV.
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PART 3V  GENERAL DISCUSSION OF FAST NEUTRON SPECTROMETRY

The work described in this thesis has been devoted to the development of
8 spectrometer, suitable for the measurement of the intensity and energy of
groups of fast neutrons in the energy range from 1 to 20 MeV, using organic
scintillators and in particular liquid scintillators. During the course of
this work the results of independent investigations have been published;
reference has been made to some of these in Part III. It is the purpose of
this paft of the thesis to discuss more generally these publications in the
light of the work performed by the author and to consider the application of
these new spectrometers to the problems in nuclear physics of the type
described in Part I.

The success of inorganic phosphors, particularly sodium iodide, in x'-ray
spectrometry had led to the investigation of certain inorganic crystals
containing lithium or boron for the detection of fast neutrons, Various
difficulties have arisen however in this work, notably in the preparation of g
large uniformly sensitive volume, the low conversion coefficient compared to
godium iodide (~4% of sodium iodide) and the relatively high sensitivity to
8 -rays. A review of the properties of these crystals hag been written by
Schenck (1). The main object in developing this type of neutron detector must
be to obtain a linear response to the products of the lithium disintegration and
thus enable one of the serieus difficulties associated with organic crystals to
be overcome: Sensitivity to ¥ ~rays will, however, always be a serious
disadventage. Although the present results are not encouraging the abundance
of possibilities in the search for a good inorganic phosphor suggests that
further development may yield a crystal similar in response to sodium iodide.
An interesting and useful scintillator has been employed by Frey(2) in the

detection of fast neutrons, employing small crystals of zinc sulphide
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in polygfrene. This phosphor, although it is unable to discriminate between
neutrons of different energies, produces large pulses from neutrons compared
to its 8’—ray response.

The most important developments in fast neutron spectrometry during the
past three years have, however, been made using organic scintillation counters.
Although the direct application of this type of counter as a fast neutron
spectrometer has been shown by the author in Part II, to present many
difficulties, the simplicity of the experimental arrangement commends it to the
neutron spectroscopist. Great care has to be taken, however, in the choice
of dimensions of the scintillator (due to the effects of the various distorting
factors) and in the interpretation of the results; only in certain types of
experiment, notably, the inelastic scattering of fast neutrons from heavy
nuclei, hgs some success been achieved. The work of Eliot et alia (3)
illustrates the difficulties and range of applicability of the single counter
technique. These investigators employed a small stilbene crystal to consider
the inelastic scattering of 2.5 MeV neutrons from heavy nuclei. The dimensiouns
of the crystal were chosen so that predominantly single scattering events occurred
in it. To overcome the difficulties associated with the measurement of the
energiesof the neutrons,directly from the pulse height distribution, a method
involving a plot of the ratic of counts with and without the scatterer was used.
By this means,the energies of the neutron groups were estimated to the same
precisio; as X—¢ay measurements using sodium iodide crystals. These ratio
élots did not, however, distinguish between neutrons and 5/-rays and a
complementary experiment was necessary using a sodium iodide crystal to
measure the energies and intensities of the accompanying § -rays. Also from
the ratio plots the authors were able to measure the intensities of the

neutron groups with sufficient accuracy to give the cross-section for
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excitation of each energy level involved to between C.1 and 0.3 barn. A
similar type of experiment was performed by Poole (4) but using an alternative
but less ;ccurate method of determining the energies and intensities of the
neutron groups, and a less satisfactory way of cvercoming the effects of § -ray
background. (In this experiment the neutron spectrum was derived by
differentiation of the proton recoil spectrum which was calculated from the
pulse height distribution. The pulses from { -ray background were eliminated
using a difference method involving the subtraction of the distributions
observed with polythene and lead absorbers placed between the scattering medium
and the counter). Although the results from this type of experiment, especially
those of Eliot et alia (3), are satisfactory in giving the intensities and
energies of the neutron groups, the measurement of these gquentities in a more
complex spectrum are much more difficult using a similar technique. Illustrative
of the application of a small scintillator to measurements on complex spectra is
the work of Ward and Grant (5) on the products of the reaction Bll(d,n)Clz. The
pulse height distribution from this reaction observed with a thin plastic
scintillator, the dimensions of which were chosen to cause an attermation of the
pulses due to recoil electrons from the 4.4 eV Kl—rays emitted in the reaction,
showed clearly steps corresponding to the two highest energy neutron groups
but with no such indication of the lower energy groups. In this experiment the
interpretation of pulse height distribution for the highest energy groups was
considerably facilitated by observations on the 14 MeV neutrons from the D-T
reaction using the same scintillator; these 14 MeV neutrons have approximately
the same energy as the highest energy group in the B11(d,n)012 reaction. From

these results the authors were able to derive the angular distributions of the

two<high energy gboups; but for the use of the tritium neutrons the
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accuracy of these results would have been considerably poorer. These results
ghow the limitations of the single counter technique and indicate that in order
to obtain a more satisfactory spectrometer more refined single counter or double
counter methods, which incorporate some method of discriminating against X—raye,
should be employed.

Two refined single counter methods have been described by the author in
Part III, namely the collimating tube spectrometer and the large scintilletor
loaded with boron. These methods have both presented serious difficulties; in
the former case the problem of light collection from a large number of collimating
tubes and in the latter the adverse effects on the pulse height distribution of
the non-linear response of the liquid scintillator to protons. As fast nsutron
detectors, however, both of these arrangements have been shown to have
characteristics better than existing techniques already described in Part I.
Details of a similar detecting technique employing a large scintillator
incorporating a cedmium compound have been described by Harrison (6). It is
clear, therefore, that only in a double scattering method will the problem of a
completely satisfactory fast neutron spectrometer be solved.

The use of two scintillation counters to record the successive scatterings
of a fast neutron allows the energies of the neutrons to be calculated either, by
analysis of the pulse height distributions in the counters or,by observation of
the time of flight of the neutrons between the counters. From the rdsults of
the suthor given in Part III a general comparison of these two types can be drawn.
In pulse height methodé the resolution is limited by the statistical fluctuations
in the scintillator and photomultiplier and by the effects of multiple scattering
of the incident neutrons in the primery counter combined with the non-linear

response of the scintillator to protons. At low neutron energies this resolution
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is rather poor. For time-of-flight methods the resolution depends on the
resolving time of the coincidence unit and the separation of the scatterers,
thus theoretically the resolution for time-of-flight methods can always be

made better than in pulse height methods., Consideration of the efficiencies

of the two methods, however, shows that in the simple time-of-flight methods
the practical difficulties in preserving the efficiency over large distances

set a limit to the resolution that can be obtained even with the best
coincidence unit. At low energies the resolution of the time-of-flight method
is at its best, and provides better resclution than in the pulse height methods.
The great advantage of the time-of-flight method is its independence of the pulse
height response of the organic scintillators to protons.

In Pert III both the pulse height methods investigated by the author and
those tested by other investigators and published during the course of the
author's research notably by Chagnon et alia (7), Draper (8) and Beghian et
alia (9), have been described in detail. From these results it is clear, that
the pulse height method ,incorporating time-of-flight discrimination against
¥ -rays used by Chagnon et alia and Draper together with the scintillator
arrangement, namely the conical shell geometry suggested by the author, gives
a spectrometer with good resolution and efficiency and capable of operation
in a high energy X—ray background. The method due to Beghian et alia, which
is similar in principle to the above method, suffers from the grave disadvantage
of'having a very low eificiency; the extension of this method using the boron
loaded scintillator as the slow neutron detector way, however, be sufficient
to improve its efficiency, and, at the same time, retain the inmprovement in the

resolution of the spectrometer over the former method. In the former case, the

instrument hes properties which satisfy most of the conditions for an ideal
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neutron spectrometer, with the exception of the inherent disadvantage of
organic scintillators,used in energy weasurements,for protons, namely, the
non—linea; response; this factor tends to distort the pulse height spectrum,
when multiple scattering occurs in the primary scatterer, and complicates the
conversion of the pulse height distribution into an energy spectrum.

In the field of time-of-flight measurements of neutron energies, the work
of James and Treacey (10) and Ward (11) is worthy of note. These investigators
have measured the time of flight of neutrons by using two counters in delayed
coincidence)one of which detected the neutrons at a given distance from the
source, the other, a secondary particle such as a‘ﬁlwray or o ~particle which
was emitted simultaneously with the neutrons. This method has been found by
these authors, who employed coincidence units of resolving times ~ 10'8secs, to
have a very poor eificiency,in experimental conditions which provided adequate
resolution. In the time of flight method described by the duthor in Part III.5
the geometrical situation of the scintillators together with the faster
coincidence unit of resolving time ~1077 secs, ensured a resolution and
erficiency adequate for most applications of the type mentioned in Part I.
Further, the geometry of the spectrometer is such that the resolution could be
improved without reducing the overall efficiency, provided the practical
difficulties in making a large volume secondary scatterer were overcome. The
properties and power of this spectrometer in measurements of neutrons in the
energy range from 1 MeV to 20 MeV are illustrated in the distribution observed
in thé experiment on the reaction Bll(d,n)012. Further extension of the method
in the manner suggested in Part III.5 would enable this spectrometer to provide
results on fast neutrons comparable with those for high energy ¥ -rays, using

sodium iodide crystals.

At the present time the state of knowledge of nuclear structure is largely
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based on semi~empirical ideas dependent on the accumulation of experimental
data. ‘?he development of a new technique,or advance in technique, in the
spectrometry of nuclear radiations should ;therefore, lead to rapid strides in
the solution of the problems of nuclear physics. The great advances in
recent years in the investigation of the energy levels of nuclei has been
due to the discovery of the scintillation counter and  in particular, the sodium
iodide crystal as applied to § -ray spectrometry. Although similar rapid
progress has not taken place in the application of organic scintillators to
fast neutron measurements the properties of the spectrometers discussed in the
foregoing pages indicate?that/in the next few yéars,many of the existing
problems outlined in Part I will be adequately considered.

The measurements of importance and common to all the fields of study
described in Part I are the energy, intensity, angular distribution and
correlation of fast neutrons. The techniques discussed in Part I have
provided and will continue to provide much valuable information on the energies,
intensities and angular distributions of fast neutrons, but it is clear that
they are inadequate in providing information when fast response and high
efficiency are desirable in a technique, for exsmple, in angular correlation
measurements and the determination of theproperties of neutron groups of low
intensity. The development of the fast neutron spectrometers utilising
organic scintillation counters and the experiments which have up to the
present been performed using them (and described earlier) have shown that the
prﬁblema of angular correlations can be adequate;y tackled using these
methods,

The experimental data on the properties of nuclei, although very

considerable in quantity, is very far from complete, but it is to be hoped
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that when further data, especially in the field of fast neutron physics,
is accumulated, it will lead to the development of more fruitful approaches
to the theories of nuclear structure and to & much more complete understanding

of nuclear forces.
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APPENDIX I

THE NEUTRON SOURCES

In the nvestigations on the development of the neutron spectrometers
described in this thesis,it has been necessary to have sources of moncenergetic
neutrons which were free from ﬁl—ray background. Two such sources are the
2.6 MeV neutrons from the d(d,n)He5 reaction and the 14 MeV neutrons from the
Ha(d,n)He4 reaction. These reactions give a high yield of neutrons at very
low bombarding energies of deuterons. A 50 KV accelerating machine in the
laboratory shown in FIG.A.l., was maintained and further developed by the
author in collaboration with Mr. D.J. Silverleaf, to provide a suitable source
of low energy deuterons for the neutron reactions. This work has given the

author considerable experience in vacuum physics.

(a) Mode of Operation of the Accelerator

The general principles behind the operation of the accelerator are the
following :-

Deuterium gas is fed into a 6" long pyrex cylinder where ionisation of the
gas 1s produced and meintained by<ﬁeane of a radio~frequency field. The flow
of gas into the cylinder is controlled by varying the temperature of the
palladium, through which the gas is allowed to leak. The deuterium ions
produced in this ion source are then extracted from the main body of the
discharge, by the application of an electrostatic field, and pass through a
small aperture into the main vacuum system which is contimuously pumped. After
extrgction, the ions are focussed into a fine beam by means of an electrostatic

lens system. In this fine beam the lons are then accelerated to an energy of

50 KeV and after passing through a small resolving magnet the beam of

monenergetic deuterons impinges on the appropriate target.



(b) The 50 KV Generator

The generator consisted of a conventional type two stage Cockcroft-
Walton voltage doubling circuit, constructed mainly from ex-Admiralty
equipment. The output of the generator was varied by means of a variac on
the input to the primary of the input 12.5 KV transformer. The output
¥oltage was measured by drawing a small current through a large known
resistance and a milliammeter. After considerable difficulty had been
encountered in "sparking" from the generator, it was eliminated by

completely rewiring the circuit.

(¢) The Ion Source

The ion source for the generator was of the type developed by
Rutherglen (1) for use in the 800 XV high tension set installed in the
leboratory.

Deuterium gas was fed into a 6" long by l%“ diameter pyrex cylinder which
was sealed at one end and had a small channel at the other through which the
ions were extracted. The discharge took place in this cylinder, and was
meintained by a 200 mega=~cycle radio frequency field. The system had also a
magnetic field of 300 gauss, applied along the axis of the cylinder, in order
to increase the ionisation in the source. The application of this field
caused electrons in the discharge to'spiral along the lines of force, and
thus incressed their effective path in the gas, and, therefore, the amount
of ionisation they produced.

This ion source was connected through the extraction aperture to the
main vacuum system. By this means the pressure in the ion source depended
on-the external pressure in the main vacuum system and vice versa.

Investigation of the yield of monatomic deuterons from the ion source as a
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function of pressure in the ion source showed that there was a critical
pressure where operation was most satisfactory. This pressure was controlled

by ad justing the flow of deuterium through the palladium leak.

(d) The Vacuum System

The vacuum system of capacity ~ 600 litres was continuously pumped by a
Metro~Vick 8" diffusion pump backed by a 2" diffusion pump and a large rotary
pump. Considerable difficulty was encountered at first in obtaining a good
vacuum, For this reason the system was redesigned together with the addition
of a liquid air trap between the large diffusion pump and the main system. At
this stage a high vacuum valve was added to the target chamber to allow rapid
changing of the targets.

vThe absolute pressures in the system were measured using an ionisation
gauge in the high vacuum side and a thermocouple gauge in the backing line.
The ultimate pressure, which could be obtained, in this system was 1072 m.m,

rising to 5 x 102 m.m when the ion source was running.

(e) The Targets

(1) Deuterium Target.

The target was made in the form of a layer of heavy ice. It was formed
in the main vacuum system by causing a controlled amount of heavy water to
evaporate into it near a copper plate (cooled with liguid nitrogen) on which
a layer of heavy ice was deposited. This layer lasted for the order of
15 minutes before renewal was required after evaporation due to the continual
deuteron bombardment.

The reaction which takes place on bombardment of this térget with

deuterons is

D4 ) = K + m o+ 320l
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The neutrons have energies from 2.46 iieV at 8 = 0° +to 2.67 leV at
8 = 9@0, for O the angle of emergence of the neutron with respect to the
bombarding deuterons of energy 50 KeV.
The thick target yield for this reaction for different bombarding energies
is shown in FIG.A.2. At 50 KeV the number of neutrons per}kﬂaxlomhaof incident
deuterons, is 0.25 x 106. The 50 KV accelerator produced on the average of

the order of 50‘Famps of resclved deuterons on the target, giving a yield of

neutrons of approximately 107 neutrons per sec.

(23 Tritium Target

The tritium target was obtained in the form of a disc of zirconium (on =a
molybdenum backing) into which of the order of 0.09 c.e. of tritium gas had
been absorbed. This target appears as a thick one when bombarded with the
50 KeV deuterons from the accelerator.

A serious difficulty was encountered in the continuous use of this target
in the production of neutrons. This was the formation of a layer of carbon
(due to oil vapour in the system) on the surface of the target which resulted
in o decrease in the neutron flux due to the stopping of the low energy
deuterons by the carbon. This difficulty was overcome by maintaining the
target at a temperature of 30°C and by surrounding the deuteron beam in the
neighbourhood of the target with a liquid air cooling jacket.

The reaction is :=

B 4+ 4 —Hd + n + 17.6 eV

At incident deuteron energies of 50 KeV the neutrons have energies of
approximately 14 MeV when a thick target is used. The cross-section for the
reaction is shown in FIG.A.3. A simple calculation showed that for 1fzcoulomb
of incident 50 KeV deuterons, the yield from this target was 107 neutrons,

i.e. for 30 giamps of resolved beam the neutron flux was 3 x 108 neutrons/sec,

A discussion of these reactions has been given by Hanson and Taschek(2).
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. APPENDIX 1II

THE ELECTRONIC EQUIPMENT

Thie appendix describes the electronic equipment which was used by the
author in the work on neutron spectrometry.

The gpplication of the lengthening, brightening and coincidence units to
the photographic technique has been a standard practice in the Glasgow Physics
Department for a few years. These units were tésted end calibrated by the

author.

The aingle channel kicksorter, which is a simple extension of the photographic
method, was built and fully tested by the author, The incorporation of an
electronic channel width control is a novel feature in this design, due to
Mr. R. Giles.

These methods of pulse height anslysis were largely replaced by the 100
channel analyser built in the laboratory to the design of Hutchinson and
Scarrott (3).

The apparatus for the (EP’ E?Q method was designed by the author and built
by the departmental electronics staff.

The electronic equipment for the simple (t) method was built and tested by
Mr. D.J. Silverleaf and is included here for the sake of completeness. The
extension to the many channel method of time of flight analysis was performed

in collaboration.

(1) The Pulse Lengthening Unit

-The circuit diagram is shown in FIG.A.4. The unit consists essentially of
e cathode follower input valve V, and a cathode follower output valve Vg ,

whose grid is tied to the -ve H.T. line through the pentode Vz which is normally

Just rumning, If now a nagative pulse is applied to the grid of V3 immediately
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a pulse arrives on the grid of V4, then V5 is cut-off and because of the

diode Vé.fhe grid of VA is completely isolated. The grid of V4 remains at the
meximum potential of the signal pulse just as long as the negative pulse is
applied to the grid of V;. The output pulses are therefore lengthened at their
maximum value and the duration of the pulse is controlled by the length of the
signal applied to the grid of V5.

(2) The Pulse Brightening Unit

In this unit, shown in FIG.A.5., & pulse of fixed height is produced in
valves Vi to V4o The duration of this pulse is determined by the time constant
RoCp. The pulse length control is provided by the 5 Meg-ohm potentiometer making
up Rp. From the anode of Vi and Vo is taken the negative signal which is applied
to the valve Vz in the lengthening unit.

The output from the anode of V4 is-fed through the cathode coupled valves
Vg and V7 and then through the cathode follower Vg to the grid of the oscilloscope.
A square pulse is produced with a variable delay on the front edge determined by
R5, and e variable amplitude determined by Rgq. The delay is encorporated to
ensure that the signal pulse has reached its maximum before the brightening
pulse is applied. As is obvious, the control R, varies the length of both eignal
and brightening pulses. The circuit is designed so that the brightening pulse is

cut off at a fixed time before the back edge of the signal pulse.

(3) The Coincidence Unit

FIG.A.6 shows one half of the coincidence unit comprising valves Vi to Vs.

Valves V] and Vo are used to pBoduce from the input signal a square output
pulse whose length is governed by the input pulse and whose amplitude is fixed.
This pﬁlse is then differentiated, the amount of differentiation betng controlled
by the resistance Rp, i.e. the slope on the back edge of the pulse applied to

the grid of V) is governed by Ro.
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Valves VA and Vg constitute an A.C. coupled flip~flop, which produces an
output pﬁlse of fixed amplitude and whose length is varied by the amount of
differentiation on the pulse applied to the grid of VA i.e. by the resistor Ro.

A similar argument applies to the other half of the coincidence unit. The
result of a coincidence is the presence of a double sized pulse at the point A.
The resolving time of the unit is determined by the lengths of the output pulses
from the two sides of the coincidence unit, i.e. by the values of resistors Ry on
both sides of the unit. By this method resolving times from'é/psec upwards

have been obtained.

4. THE PHOTOGRAPHIC METHOD OF PULSE HEIGHT ANALYSIS

Pulses from & photo-multiplier are amplified and after suitable shaping
using the pulse lengthener and brightener they are applied to an oscilloscope
made suitable for photography. 1In this method, the tops of the pulses appear &as
spote on the face of the oscilloscope, the height of the spot above the base~line
being a measure of the pulse height. Thus a film of spots obtaining during an
experiment provides a means of determining & pulse height distribution. By
projecting the film on a large calibrated screen it is easy to count the spots
and deduce the pulse height distribution.

In a case where only coincidence pulses are to be analysed, e.g. in the
(EP,G ) experiments, the method is to cause the brightening unit to he triggered
by pulses from the coincidence unit so that only coincident pulses in the primary
counter are recorded as spots. Although this method has proved extremely

satisfactory it suffers from the grave disadvantage of being very tedi ous.
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5., THE SINGLE CHANNEL KICKSORTER

B

The block diagram of the apparatus is shown in FIG.A.7. It is a simple
extension of the method of analysis described above. In this case the
lengthened pulses are fed to the grid of the push-pull amplifier, shown in
FIG.A.8, whose anodes are connected to the plates of the oscilloscope. In
a similar manner only the tope of the pulses a?pear on the oscilloscope screen.,
The method used to analyse the spot distribution is simply to blacken out of
the face of the 'scope excep£ for a small slit of the order of 0.3 cm wide and
observe this slit using a photomultiplier .so that only when a pulse appears
on this slit does a pulse register on the output of the multiplier. The
pulses from the photomultiplier are fed into a scaler thus allowing the number

of pulses appearing in thé glit to be recorded.

CHANNEL BIAS

The scope amplifier (FIG.A.8) controls the settings of the bottom of the
analyser chennel by means of the resistors R; and R, since these resistors
determine the bias on the input grid and thus the size of the output pulse.

The size of the pulse determines its position on the screen of the ocilloscope.

CHANNEL WIDTH

The channel width is primarily controlled by the gain control of the
push=pull amplifier. This control is the resistor R5. It effectively controls
the amount of feedback in the cathodes of the pair of valves and thus the gain
of the arrangement. By varying this reaistor;channel widths from 1lv to 10v
are obtained. The kicksorter was generally operated with a channel widtih of 2v.
Other controls which can vary the channel width are the amplitude of the

brightening pulse and the scope brilliance, are generally preset.
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