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PREFACE
This dissertation deals with a nunber of
experiments that were performed in an attempt
to clarify the experimental situation pertaining

8 at low excitation

to the level structure of Be
energies, '

This nuecleus offers an unanmbiguous intéfpretation
on any simple nuclear model and the only levels
Predicted below an energy of about 10 MeV #
are a OF ground level and a 2V level at about 3 MeV.
However, evidence acecumulated from a number of
experiments, suggesting a more complicated level
structure. Since these results could not be
explained by any modification of the existing theories
it was considered essential to verify and extend |
these earlier results.

The work described in Chapter 1., was carriéd
out at the University of Melbourne during 1952
in collaboration with Dr, J.& Campbell. The
experiment began as an attempt to examine the
spectrum of gamma~radiation from the Li7(p,Y) reaction
for evidence of transitions to reported levels in
BeB other than the ground and first excited states.
However, the means of detection chosen, the

scintillation counter, proved to be inadeguate. Since

little was known, at the time, about the characteristics



of scintillation counters when used for gamma ray
detection, an ihvestigation was undertaken to
explain the poor resulis obtained with the high
energy radiation from this réaction. No particular
section of this work was contributed by either

Dr, Campbell or myself.

The remainder of the work described was carried
out at the Australian National University over the
reriod 1953~5. The experiment deseribed in Chapter 4,
Part A, was performed in collaboration with Dr. E.X.
Inall. I had 1ittle to do with the initial design
of this experiment, bﬁt helped in much of the
experimental work, The remaining experiments
described were performed independently.

I would like to express my sincere thanks to
Professdr E.W. Titterton C.mLG., who provided many
of the initial ideas, and by his continual drive
and enthusiasm has made this work possible.

I would also like to acknowledge the
encouragement given by Professor Sir Leslie Martin PR &
during my year at the University of Melbourne.

Thanks are also dﬁe to my many colleagues at
both the Australisn National University and the
University of Melbourne for their encouragement and
assistance and also to members of the workshop staffs

for their patient aid in the construction of apparatus.
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B CHAPTER 1

o THE RESPONSE OF A SODIUM IODIDE SCIHTILLATION
S COUNTER TO HIGH ENERGY GAMMAmRAYS..:-'

'1,1' Introductione

o It had recently been shown that the historical

'gl_' method of detecting radiation by the light it produced p

”f in certain materials had galned a new significance

c-ht'with the aevelepment of the hlgh galn photomultiplier

h”itube and the discovery of many new types of scintillating

S : material. S

e Gamma-rays are detected by means of'the secondary
”'electrons produced throughout the volume of the ef
::ecintillator by the various ebsorptlon processes.: Toh:{.oV
.tserve ae an efficient gamma-ray detector the scintillator
- mast therefore be of high atomic weight and be i'

s obtainable in large clear crystale.f Sodium iodide
:.activated with thallium,_ which has a high luminescent tff

L couversion efficiency, proved to be the mos't useful R

B of the new materiale for gemma-ray spectroscopy.

| Figure 1. showe the variation with energy ‘of the
‘linear abeorption,coefficient of gamma-raye in sodium -
'iodide. The values for the partial coefficients for=
each of ‘the three absorption processes were obtained

from the data given by Davisson and Evansl. | iffz”

l. Davisson,C.M., and Evans,R.De,'Rev.th.Physe 24;_79; 1952,
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| Hofstadter and McIntyre showed that for

| ;”energies of the order of 1 Mev the pulse height

distributions obtained from a sclntillation counter

1using a thallium-aotiVated sodium iodide crystal

.d:could be interpreted in terme of the energy

; v distributions of eecondary electronefrom the gamm&—

'5’capture proceseee of photoeleotric effect Compton
- scattering end pair production.'

"i Haeder &nd Win.tersteiger4 5

o showed the further B
'. effect of capture of degraded Compton-scattered
quanta in the cryetal.- ' ' L
It was suggested 'by Hofetadter and McIntyres _
‘that the complexity of’the spectrum could be reduced |
with su'beequent 1oss of efficiency, 'by using two
or three crystals 111 coincidence. - In the f:.rst _
. method, which is ueeful for energiee 'r:aelowr the :
.-."iDIEir. p‘roductlon threshold, . the second crystal

is set at a large angle (140°) to the incident

' "'gamm-ray beam. Tnus, only those events are recorded

in the main crystail. for which a Compton-scattered

'qruanta is detected in the second crystal. Abcve

" 2. Hofstadter,R., and McIntyre J¢A- Phye.Rev. 79 389 1950,
B, Hofstadter sRe, and McIntyre J.A- Ph.ys.Rev. 80z 651 1950.
4. Maeder yDs, and Wintereteiger V., Phys.Reve. 873: 537, 1952..
5. Maeder,D., and Wintersteiger,V., Helv.EhyB.Acta'ES.h- 465,19&



k the pair prodnction threshold the second method
:can.be used to isolate those pulses due te events
| in which a positron is annihilated in the main crystal :
'and both annlhilation quanta escape from it For..u
'_:single gammanrays of low energy both these methods
”_rpesult in ‘a pulse height spectrum consistlng of a
a.single peak¢ | | |
o The results of these early workers suggested
that it would be possible to exsmdne the gamma—ray
t;spectrum from a reaction such as L17(p,%§Be with
’a high degree of resolution. _ This spectrum '
.:was known to possess two components, 17.6 Hev
tand 14.8 MeV 8'1 HOWever,. the pulse height
c'distr1bution which is shown in Eigure 2 was
considerably broader than could be accounted for
by the above mentioned processes alcne. In view
 of this it was declded to undertake a more _
'oonplete-invest1gation of the factors affecting{
the shape of the pulse height distribution obtsined
sith.a.sodinm lodide scintillation counter for |

high energy gamma-rays.

6, Johammson,S.A.B., Nature 166: 794, 1950,

7. Bair, J.K. and Maienschein F.G., Rev. Sci. Instrume 22_
243, 1951.

8. Walker,R.L., and McDaniel,B.D., Phys.Rev, 74: 515,1948..-



1,2 Experimental determination of the shape of the
pulse height distributions for gamma-rays up to 18 MeV,.

The experiment Was performed with thallium activaeted
sodium iodide crystals of two different sizes., These
were polished with successively finer gradeS-of abrasive
paper and finally with a cloth, while being kept
wet with Nujol.

| The smaller crystal (2.5 cm. long by 2.5 cm. diameter)
was covered with aluminium fo0il and immersed in Nujol
in- a small glass beaker. This was mounted directlyk
on the photocathode of a EMI Type 5311 photomultiplier.
Tujol was used to optically coupie the two glass surfaces.

The larger crysﬁal (7.5 cm. long by 3.8 cm. dismeter)
was a composite one consisting of three separate
erystals, each 2.5 hnullong by 5.8 cm. diameter, placed
together on one axis. This was sealed into a perspex
block which served as a light pipe. The crystal
lay on the axis of the photomultiplier 4 in. from the
rhotocathode, and the crystal axis made a right angle
with the photommltiplier axis,

The gamma-radiation was obtained by bombarding thick
fluorine, boron, and lithium targets with protons from
a 700 kV electrostatic generator, The targets were
deposited on copper backings by evaporating lead
fluoride, by pressing amofphous boron, and by
evaporating lithium hydroxide, respectively. The

bombarding energy used on all three targets was 510 KeV;



since at this energy the thick target spectrum is
known in each case, The malin components and their
relative intensitles are shown in Tablell. The
gamma-radiation entered the 1 in. crystal 9 in, from

the target, and the 3 in. crystal 5 in, from the target.

TABLE 1,
REACTION COMPONENT RELATIVE INTENSITY
19 16 - ‘ -
F~(p,aY)0 6.1 MeV¥ 96%
_ 7 MeX 4%
11 12 10
B (p,Y)C 4,4 MeV 45%
11.8 MeV 45%
Li'?(P,\()BeB 16,3 MeV 10%
14,8 MeV | 33%
17.6 MeV 67%

The output pulses from the photommltiplier were
fed, after amplification to a single channel analyser.
The experimental pulse height distributioms so

obtained are shown as histograms in Fig.2. Because
of the greater distance of the 3 in, cryastal from the
photocathode and the intervening thickmess of perspex,
the light collection efficiency from it was much

less than from the 1 in, ecrystal, A higher

9. Hornyak,W.F., Lauritsen,T,, Morrison,P., and Fowler,W.A.,
Rev.Mod, Phys. 22: 291,1550;

10, Walker,R.L., Phys.Rev. 79: 172, 1950.
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: phdtomultitliér’voltage was needed with the 3 in;' |
. crystal to bring the pulse heighté into the same

_voltage range as for the 1 in, crystals -

Since the response of sodium iodidé to eleetrons

18 lineapt?!

" in terms of gamma-ray energy could be deduced from the

, the calibration of the pulse height scale

positions of the peaks in the distributions fOr'gammaQ_'

radiation from the fluorine reaction. 4 6.1 HEY"
‘gamma~-ray is absorbed approximately equally by the
"Gompton and pair production processes (Figure l.)
'end since the pulse height distribution of the
secondary electrons from Compton écattering'is _
inhereﬁtly broad, the peak in the fluorine _
distribution must be the result of pair production,

The energy corresponding to the pesk depends however,

the proportion of events in which one or bbth,of the

annihilation gquanta are absorbed in the crystale
Since the probability of annihilation of a
positron before coming to rest is small'?, it was
aséumed that the iwo annihilation quantas are emitted
in opposite directions along a line randomly | |
orientated in space, The length of this line

was taken to be equal to the mean diameter of the

on

1. T'&y:l-or, Code
and Kruger, b Ge, Phys.Rev, B4: 1054, 1951,

12, Heitler,W., "The Quantum Theory of Radiation“
Oxford University Press, 1936, :

Jentschke, WX, , Remley,m.E., Eby,FaSey



crystal and was diV1ded into 1ntervals of 0.25 CHL
. The prdbsble energy loss of a qﬂantum originally
0.5 MeV- was obtained for each successive interval
'from the known absorption coefficients and energy
.distributions of Compton electrons.l2 Energy |
was considered in discrete steps of ‘0.1 MeV,  From
these results the prdbability distrlbutlons shown
aB histograms in Flgure 5. wsre dbtalned for the
.energy loss of pairs of annihilatlon qnsnta whose
'p01nts of origln were spread uniformily throughcut |
‘the crystals- ' The peaks at 0 0.5 and I.Q}ﬁﬁgrespond
_'to absorption of none, one or_both of the quanta,
' The fluorine peak insths 1 in..érystal was thus
due to those events'in:ﬁhish:neithef'snnihilation"
-quantum'was'sbsorbéd'and:thérefofé:bsrfesponds to
an energy of 5.1 MeV, ..Thé slight bump'oﬁ'the high
energy side of the pesk wWas produced by those eve_'m'-
iﬁ_which'nne of the guanta was absorbed, The broader
peak in the 3 in. erystal must be interpreted asi |
'afisingjfrem the unresolved.contributions of the:two_
events in which eithef nohe or one of the two quanta.
was sbsofbed. Using this calibration the positions
at which lines of the full gamma-ray energy would oceur
are marked on Figure 2. _

It is immediately'appsrent that serious

deterioration of the spectral shape occurs with
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:inéréaéing'gam@a;réy anéfgy, .This is horé“marked
in thé'smallef erystal, Factoré which affect the
distribution in the case of low energy gamma-rays,"
such as crystal characteristies and light collection
‘efficiency, could not account for this deterioration.
On the contrary, the larger 1light output from the
higher energy event should in itself result in
improved resolution.

With the 1ncreaée in gamms-ray energy'theré will be
a corresponding increase in the range of the'senoﬁdary'
electrons. This could lead to a broadening of the |
diéfribution if a significant fraction of the inci&ént'
energy was lost as & result of the escape of electrons
from the crystal, The mean range of the secondary
electrons from an 18 MeV gamma~ray was found to be
gbout 0,5".1% Thus the fraction of events in whiéh '
energy is lost in this way is about 30% for the 1" | |
crystal and 10% for the 3 in. crystal. Although this
would have a noticesble effect in the smaller cfystal; -
it is not sufficlent to account for the distributions |
in Figure 2. -

Another factor which only becomes important at
higher energies is bremsstrahlung of the secondary -
electrons, The energy lost with the escape of these

photons from the crystal might account for the effects

13, Wilson,R.R., Phys.Rev. 84: 100, 1951,
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observed, _

An attempt is made below to explain the
experiméntal pulse height distributions in terms
of this partial shower process which tekes place

when each guantum is absorbed.

le3e Operation of the scintillation cownter.

| The use of a scintillation counter as a gamma-ray
spectrometer depends on the approximate proportionelity
which exists between the ocutput pﬁlse height and

the energy of the incident photons. By breaking

down the operation of the counter into consecutive

stages 1t is possible to see where significant

departures from strict proportionality can arise.

Considering only homogeneous gamms-rays of energy E,

possible sources of variation of pulse height are:

(1) The energy I given up by ionization in the
crystal, f£(I,E}AI will denote the probability
that a guantum loses energy between I and I + al,

(1i) The number of light photons emitted per unit
energy of ionization in the crystal., In sodium
iodide this number is independent of I for electrons
aﬁove 1 Kevll, and any variation in fluorescence
efficiency through the crystal will be neglected,
Since, furthermore, the number is large, purely

statistical variation is emall, and so it will Dbe
assumed that the number of photons emitted is



u

- ' ..proportiona1 to I; |

(iii) The fraction of the light photons which reach _ 
the photosensitive surface of the photomultiplief."
The main variation in this arises from,the |
dependence of the efficiency of light cdilectidn_‘ 
upon the position in the crystal from which thé_- -
light emanates. This can be due to imperfeétidﬁs_'

in the optical properties of the crysta1;4

;.of-tb_'
differences in the effective solid angle'subteﬁded 
by the photo-surface. For the purposes bf'the..
present work, this source of variation will also
be neglected, and the number of photons  |
reaching the photosénSitive surfaée wili be -
taken to be al, where a is & constant, |

(iv) The fraction of photons reaching the phdtdSensitive':;
surface which eject electrons, and |  ..

(v) The multiplication of electrouns in the mﬁltipiier;ffz

The 1ast two factors have been considered in detail

by various workerst®1 18, g(p,al}dp will denote ,

the probability that al photons reaching the photdsensifive

surface give rise to an oufput pulse between p and -

P + dp in height.

14, Garlick, &.F, J., and Wright, G.T., Proc.Phys.Sec.Lond.
Béebs- 415 19562,

15. Seitz,F., and Mueller,D.W., Phys.Rev. 78: 605, 1950'._ 3



o The pro’ba‘bility that ‘a gama-ray of enerfy E

absorbed in the crystal glves rlse to an output pulse' ; '

from the phetemultiplier between p and p+dp is now _t
_ B
h(P,E)dp-, where h(p,E) = .[o g(p,al). f(I.E)dI .

In the”fbilowing sectiOn-awmethod 1s'déScribed

for finding the form of £(I, E) a8 a function & I This

- was carrled out for E = 18 MeV for a cylindrical

'sodium jodide erystal 2.5 Cftta. long by 2.5 cm, dismeter,

The function g(p,al), which ineludes the effect -

of statistlcal variation in the number of electrons

H'eaected from the photosurface by equal flashes ;'V
 of light and in the multiplication of the tube,
'wﬁs.éésﬁméd for éﬁy'vaiue of al, to béta"?bisaént |
distribution function of P with mean value o
proportional to al. A later section describes a
' measurement of the ratio of the standard deviation
to the mean of the distribution as a funetion'oftthe:t"

meen value,
1.4  Calculation of £(I,E)

Only one case could be considered in detail

because of the length of the calculations. That of a‘,

18 MeV gamma-ray in a 1 in. crystal was choSen,so'thatth

comparison could be made with the experimental

distribution from the Liv(p,YjBeB resction where the -

effect is most marked.
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£(L,E) cen be written as the sum of distributions
resulting from each of the photon absorption processééa'
£(I,E) = LW fpe(l,'m:.)wc fc(I,E)-t-upp fpp'(I,E)
where B 8, 80d a,, are the relative probabilities of
absorption of an 18 MeV gamma-ray by the photoelectric,
Compton scattering and pair production processes
respectively., These values can be obtained from Figure 1.
where it is seen that abe is effectively zero.
Each of the functions £ (I,E) and pr(I,E) can
now be expressed in terms of energy loss distributions
of single electrons originating at any point in the crystal.
For the purposes of the calculation which follows the
length of the crystal was divided into 10 intervals
each 0,25 cm. and the cross section into five éoncentfic:_'
annulil of equal area. HEnergy was considered 1in
increments of 0.5 MeV. Then f£(B,, I'; 4,n)
denotes the probability that an electfon of energy

Ei MeV originating in- the dth

nth annmulus lost energy I' MeV by ionization in the

interval and the

cerystal, It is understoed that f(Ei,'I?; d,n) =0
unless 0 I' Ei, ‘
When E = 18 MeV, fPP(I,E) can be written as

1 .
I"i@" (v 1", 1'?)_ « P(E",1)

£(I,17) is the probability that a pair of electrons

with a total energy of 17 MeV formed anywhere in the
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E.
d=1

14

crystal, lost energy I. £(I",1) is the probability

that the two annihilation quents, each 0.5 MeV lost
energy I". £(I", 1) is given in Figure 3.
£(1,17) cen be further expressed as

b 845

c#(d-1) 3 73 P(E, )

n=l E,=0

I — —
z £(E;,I';d,0)e£(17~E,yI-I"';d,n)---(1
i .

1'=0

P(Ei) is the probability that a pair of total energy 17 MeV
has one electron of energy Ei’P(Ei) Qas derived from
Figure 11, of the paper of Rossi and Greisen;ﬁ. The
sunmation over Ei is taken only to 8,5 HeV because

the function is symmetrical with respect to the two
electrons, The flux of the gamma~ray heam was taken to
be uniform over the cross section of the crystal-in the
summation over n., The attenuation of the gamma-ray beam
in passing through the c¢rystal is allowed for with

the term e'“(d-l),where~u is the lineasr absorption
coefficient for 18 MeV photons'in Hal as given in
Figure 1,

The expression for the ionization distribution
resulting from the Compton scattering process was
simplified by assuming that when a scattered photon
was reabsorbed it loat all its energy in the crystal.
Sinee the probability energy distribution for scattered
photone is strongly peaked at low energies this was

16. Rossi,B., and Greisen, K. Rev.Mod.Phys. 13: 240, 1941,
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';generéilyﬁjustified¢   fc(I;E}'then becomésf_ -
b 'ef“(d’l)_ 3 p:A C(Ei)(ldenla-E )f(E I';d,n)
a=1. o - n=l E1=0 -

'+Ran(IBéE ) £(8; I'+18-Ei,d,n) - = -; (2)
(18~E ) is the probability of reabsorption of the |
scattered photon of energy (lssEi) formed at d,n_
and was found using the photon absorption data‘of'
Figure 1. C(E;) is the relative probability of the
production of a scattered electron of energy Ei ﬁy= |
‘an 18 NMeV gamma-ray and was derived from the KleinpNishina
'formulal2 o :
The calculation of f(i@E) wase thus.reduced to fhe-__;;.
problem of evaluating the fuﬁction f(Eis Ifj d,n).
This was done using the Monte Carlo technique which
Wilsonl7 has applied to the similar problem of showef:'
prbduction in lead. The techniqué was not applied
directly to the incident photons because of the difficultj
of asssessing the multiple scattering.effects for two |
electrons formed simultaneously in a pair productioﬁ event.
The principlé of the method is best illustrated'bﬁfﬁ:;
-trivial example. Consider the case of gamma-ray | |
abgsorption in a certain thickness of mﬁterial for

which the absorption coefficient is known, The

probability that a gamma-ray will be absorbed in passing -

17, Wilson, R.R., Phys.Rev. 863 261, 1952,
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through the material can then be calculated. Assume
that this probability is, say, 0.356, The fate of a
gamma~ray passing through the material can then be
decided by choosing a nunmber from & table of three
figure random nunbers, If this number is less than 356,
the gamma-rey hss been absorbed, and if it is greater
than 356 it has not been absorbed, Gbviously if this
process is repeated many times it will be found that
within the statistical fluctuations, 35,6% of the
gamma=-rays will have been absorbeds

To apply the method, the crystal was first divided
into 25 intervals of length each 0.1 cme, and a set
of curves was drawn (Figure 4) representing the
bremsstrahlung process for electrons in each
interval, For a particular value of énergy,
the difference in ordinate between adjacent curves
represents the probability of bremestrablung °
oeegurring per interfal and giving photons of the
gstated energy. It was for this purpose that
energy was "gquantised™ into increments of 0.5 MeV.
Quanta of 0,25 MeV were allowed at this stage however,
because although the energy content of each such
Photon is small they occur fﬂequently. The total
ordinate of the figure represents unii probability
per interval. The spacing of the curves in

Pigure 4 was derived from Figure 7 in the paper

by Rossil and Greisen.16
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| Throughout this Work 1t has been assumed that thé_"'
incident gamma-rays entered the drjstal parallel.to
the axis and that all secondary electrons proceeded
initiily in the forward direction. For pair production
by 18 MéV photons, the solid angle into which the
positron and eléctron are emitted is of the order
of 0,01 stererad, In Compton scattering, secondary
electrons with high energy move off in the forward
direction, whilst those which proceed in directions
far removed from that of the incident photon are of low
energy and are soon brought to rest. In all dases._
little error is introduced by the assumption of
initial forward direction, |

A set of 1ife histories was éompilédifor -
individual secondary electrons, with each of the
initial energies 3,6,9,12,15 and 18 MeV. The
electrons, all beginning in the first interval,
were followed through each section of the erystal
in turh,asauming at this stage that thelir paths
did not deviate. A random number taken from the

18,19

tables decided how much'energy was lost by

18, Kendall,M.@., and Smith,B,B.~"Tables of Randem Sampling
Nunbers™ Tracts for Computers, No.,24 (Cambridge Univ.Pre:
1939, '

19, Tippet,Ll.H.C. ~"Random Sampling Numbers" Tracts for
Computers, No.l5, (Cambridge Univ. Press), 1927.
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radiation in each.seéfibn'énd:thé.probeéé was

: ¢0nfinﬁé&’until the electron came to reét or
escaped aeross the end face of the crystal. To
'allov-fbr ionization leoss, 0.5 HeV was subtracted
from the electron energy oﬁ crossing each 0,1 cm.
interval, This velue was derived from the data.

20 gnd nolds within 10% for

given by Sternheimer
electrons in the energy range 4-20 MeV,

The fate of each photon produced during the
passage of the electron through the crystal was thén_
decided from Figure 5 by drawing a singlé random .
number. This figure was derived from the published

21

data of Dixon on self sbsorption of large sources,-

together with the known photon absorption cosfficients®
for Nal. - {

To apply Dixon's results it was neCeSsary to
assume that the.bremsstrahlung photons had a uniform :
distribution of origin throﬁghout the volume of the.
crjstal and, in addition, were emitted isotropically.
Isotropy follows from the first assumption in

conjunction with the directional spreading caused

20, Sternheimer,R.M., Phys.Rev. 88: 851, 1952.
21. Dixon,W.R., Nucleonics 8 (4): 68, 195l.

2%s Campbell,d.G. and Boyle,A«d.F., Aust,d. Phys. 6*
171, 1955.
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1
e"by multiple scatterlng. ' The enérgy'éf electfonse
eresultlng from reabsorption was assumed to be
completely converted 1nto 1onization,be1ng
inSufficlent to produce further bremsstrahlung
or to escape from the crystal.

The 1ife histories for electrona formed in
any interval of the erystal could be deriVed
from the set of life histories obtained above for .
the case of electrons originating in the first
interval, For example, the set for electrené'”
formed in the second interval was obtained by
.reﬁefing the 252 interval and all that oceurred'
in 1%, from the original set. Similarly for
'  electrons in ether intervals, | N
| To'introduce-sideways deflexien and thee |
| aceompanying loss of energy caused by electrens e_.'
] eSC&piﬁg through the sideS'of'the crystal, = :
formala given by Janossy> was used, This states
that the mean square displacement'of an electron -. 
passing through a homogeneous sbsorber of thicknesegia_”

Z is nE
x° =:E§ , E;E“EEL
E(zl)g'

23, Janossy,L, "Cosmic Rays" (Oxford University Press) -
1248, ' : R
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where E{(zl) 1s its energy in MeV at depth (z-zl) and
Es is 21 MeV, distance being measured in radiation
lengths, For the caleculation, the electrons were
assumed to start in each of the five amnnuli in turn.
By a graphicasl methed similar to one publisghed lafer
by Dickinson and Dodder24, the fracfions of electrons
escaping through the side of the crystal were determined
Tor each section of length, for each initial energy
end each snnulus of cross section., These results
were applied to the life hisfories.
Upon resubdivision of the lerngth of the cryétal
into 0,25 cm. sections, the function £(E,, I'; d&,n)
was completely determined for six values of Ei'
It was now necessary to find the function
for all values of Ei from O to 19 HMeV in steps of 0,5
HMeV. To carry out this interpolation it was
necessary to convert the distributions, which
were in the form of histograms, into an enalytical

form, The form which was arrived at for the

funetion f(EiI‘: d,n) was
AS(T'-L,) + (1-8)2P"1 (B,-1")L/ 5 P*T1 B(p,q)

whereS(I'—Ii) is the delta function and B(p,q) the
beta funetion. The first term is the contribution

of those electrons whose passage through the crystal had

24, Dickinson,W.C., and Dodder,D.C., Rev.Sei.Instrum. 243
428, 1953.
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ﬁeen s¢;far¥uﬁeventfa1, s&fthat they had'a11 lost
” the-samé amount of:energy Ii by ionization. The
velue of A was determined directly from the peak in
.éach'histograﬂu The second term is due to those.
electrons which in addition had emitted bremsstrahlung
or had escaped through the side of the crystal. The B
parametérs ﬁ and q were found from the first and |
second moments of each histogram after the peak
had been removed. The form of this term, which is
known as the beta distribution,was found in each
case to approximate well to the shape of the _
Monte GCarlo histogranb The ionization distribﬂtibns
for the eix initial energies having thus been
converted to snalytical fdrm, those for-thé
intermediate energies were derived by linear
.interpolation of the three parameters &, p. and g.

The functions f(Ei, I' ; d,n) having been '_
determined, the functions fPP(I,E) and £_(I,E) and
hence £(I,B), could be derived using equations (1)
and (2) above. The calculation of the summation
over I' in equation (1) was carried out on
Hollerith punched~card equipment through the
co-operation of the Commonwealth Bureau of Census
and Statistics and the Australian Wool Reslization
Commission, Since the Compton process amounts
to only 20% of the total absorption,this sum

was only evaluated for representative values of n and d; 



 the remainder being found by interpolation.

1.5 Determination of g(p,sI)

In order to.measure'directly the broadeniﬁg
of'the'pnlse-height distribution which is introduce&t'f“ 
by etatietical effects in the tube, it was'neceesaryte‘_
to expose it to flashes of light of constant integretedeﬂr
intensity and to measure the spread in height of i
 the resulting output pulses. | .

The experimental arrangement is ehown in
Figure 6, Short flashes were produced.by a beam '
of light which was reflected from a rotating
mirror and passed across the photocethode of‘the'r
' photomultiplier. The duration of the pulses for =
two different slits was 0.3 and 0.5 usec.' To
ensure that the recorded voltage pulses did not
'depend on the shape of the light pulses, an
integrating time constant of 4 usec. was 1neerted_t
at the collecting electrode of the photomultiplier.
The same time constant had been used in the previdﬁs_
experiment with sodium iodide, which has a decay time
of 0,25 i sec. The photomultiplier, amplifier and |
Pulse height snalyser were also those used _
previously to determine the experimental pulse |
height distributions. A number of pulse height
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.distributions were obtained for.éach of‘several

1amr voltages with both slits, using total multiplier
voltages of 930, 1040 and 1150 V.  The two
distributions shown in Figure 7 illustrate the

spread ébtained in the two extreme cases, for the
least and for the gréatest integrated light intensity
per flash, It can be seen that these distributions
are consistent in shape with the Poisson distribution
shown as the full curves in the figure.

The mean value and standard deviation of the
pulée—height distributions wére calculated in each
case, and the value of (standard deviation/mesn) was
plotted against (mﬁltipliér gain/pulse height at eo11ectoff?
the result being shown in Figure 8, The mmltiplier
gain was measured relative to that at 930 V;; and-
the pulse height at the collector was found by
dividing the mean of the pulee-height distribution
in volts by the measured amplifier gain. The fact
that thé points are well fitted by a straight line
through the origin indicates that the fractional
spread of the distribution is iﬁversely'proportional
to the square root of the number of electrons
entering the multiplier, and therefore that sources of
spread in pulse heights from uniform light flashes:
other than statistical variations were unimportant.

Fuarthermore, there 1s no great dependence of the
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spread on a multiplier voltage in the range used.
Thus the function g(p,al) was determined. Using 1%
and the function £(p,al) derived in the previous section,

h‘p,E) could be found by graphical integration.

1.6 Comparison with experiments.

The experimental pulse~height distribution found
in section 1.2 for‘the gamma~rays from the reaction
Liv(P,f)BeB is reproduced as the histogram in Figure 9.
The arrows indicate the energy calibration arrived
at using the Flg(p;GNQ radiation.

In determining the theoreticsl distribution for
the L1’ (p,Y) radiation, the component at 14.8 MeV
wag aesumed to give a distribution of the same shape
as the more intense one‘at 17,6 MeV, except that its
high energy edge was spread by the natural-line width.
of 2 MeV, The-further spreading due to statistiecal
effects in the photomultiplier was less than 2 per cent
at the high energy end. The resulting thedretical
distribution, scaled horizontally to fit the
energy calibration and vertically to fit the
histogram, 1is shown by the smooth continuous curve
in the figure., The agreement is satisfactory
apart from the usual divergence at low energies.

This is the result of detection of degraded

radiation from material around the target.
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The effect of sideways loss of electrons
by multiple scattering could be minimized by collimating
the beam of gamma—radiation to a narrow pencil
centred on the crystal axis, This would have
little effect, however, on bremsstrahlung loss.
The distribution te be expected in the case of a
pencil 1,12 cm, in diameter,(corresponding to the
centremost of the five amnuli considered),
is shown by the dotted line in Figure 9., This was
not tested experimentally since the resolution is

not significantly improved.
1.7 Discussion

It can now be seen that the broadening of the
preaks in the pulse~height distributions for homogeneous
radiation above about 6 MeV is explained as the
effect of bremsstrahlung escaping from the erystal
and taking with it an appreciable and variable fraction
of the incident photon energy. The small improvement
of the distribution with the 3 in. crystal implies
that the probability of reabsorption of bremsstrahlung
photons is only slightly increased above that for the
1l in., crystal.

Use of the three crystal spectrometer was

mentioned in the introduction as a means of improving

the pulse height distribution by seleeting only that
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part of the distribution contributed by pair
production, Little would be gained by using this
technique at 18 MeV since palr production accounts for
80 per cent of the primary processes and the only
advantage would bhe the elimination € the spreading
caused by reabsorption of annihilation gmanta.

Albert®®

describes an anticoincidence spectrometer
which might result in improved distributions at 18 MeV,
This consisfs of a central crystal almost completely
éurrounded by many small cfystals packed to a depth

of sbout 4 in. The pulse height from the central
crystal is recorded only when no event occurs in the
surround, Thus the diétribution would be a single
peak corresponding to complete absorption of the
incident gammé-ray within the crystal, provided

that all energy escaping from the central crystal

is detected in the surround. This method is

obviously very useful for low energy gamma-rays;

but for high energies suffers from two disadvantages.
Firstly, the number o events involving complete
absorption in the main erystal is a very small
fraction of the total, approximately 0,04% for a

1l in, crystal, ©Secondly, the surrounding crystal
ecan not be completely efficient for gbsorption

of escaping photons and many events will be recorded

25, Albert,R.D., Rev.Sei.Instrum. 24: 1096, 1953,
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'.which correepond to 1ess than the total energy.-
The obvious way to overcome the limitations.

to the energy resolution of a single crystal counter

iﬁ to 1ncrease the size of the crystal so that

‘the fraction of bremsstrahlung radiation that

egcapes is kept small. Thus while at low

energies the minimum crystal size is determined

by the necessity to ensure that electron ranges

are small compared with crystal dimensions;

sbove 10 MeV the crystal dimensions would need

to be large compared with the mean free path

of the bremestrshlung photons. In sodium

iodide, this is about 4 em. for 1 Mévzﬁhotons

increasing to 8 em. for 5 Hbv; and then

decreasing very slowly at higher energies. At the_'

" time this work was carried out, however, mno :

crystals of this size were available, The:

improvament possible with larger crystals has

26 who have

aince been shown by Foote and.chh
clearly resolved the two components of the
517(P,Y7 radiation using a crystal 8 in. 16ng'

by 5 1n. diemeter,

26. Foote,R.S,, and Koch,H.W., - Rev.Sci.Instrum. 253
746, 1954,



CHAPTERQ'.'

SCINTILLATION COUNTERS FOR ALPHA—PARTICLE DETECTION _.*“

AND FOR USE WITH FAST GOINCIDENGE GIRGUITS._

2.1, Introduction;'

For many years zine sulphide, activated with'coppéf';_f

or silver, was widely used as an tharticle detector."

'Th.e 1light flash resulting from a sinde of-particle _'
is Just detectable by the human eye, and a

microscope enables counts to be made of a 1bw_'

flux of particles. However, with the'developméntd,_j L

~of the various -'types of gas counters this method -

became obsolete.

The gridded ionlzatlon chamber and the proportlonal e

dcounier both possea many advantages for work with

aypartieles, and it will be useful to summarize

theseé here 80 that comparisons can be made later-withﬁﬁ'

the perfonmance of the acintillation counter., -

There is no limit to the efflciency of a gas

* counter and, in fact, 4 geometry is possible if théjd:

source is placed within the counter.

The eﬁErgy response can be made linear over the

whole range by using a noble gas in the chamber,
Theoretically, the energy resolution dependé

only on the number of electrons formed in each

event and should therefore be better than 1%; however;_df?
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' in practice, gas impuritiee 1ncreaee this figure t;:fv
to approxﬁmately 5%. This resolutien variee'
little for energies greater than a few hundred KeV. o
Gamma-rays are detected in these-counters |
onlj if the flux is so great that pile up occurs
‘within the resolving time of the circuit. |
The counting rate possible with any connter -
depends on the rise time of the pulse. For the
proportional counter this is given by the time
. required for the positive ions to move away from the i-- o
central wire. Since this time is less than 10“8"
sec. the only limitation on the counting rate ie _
imposed by the electronics, | |
The coincidence resolving time of these. |
counters is limited by the fluctustions in the time o
required to produce the output pulse, In.the gridded ﬂte: 
ionization chanber the variation in the time ofc |
arrival of the electrons is of the order of 1 ueec; 3
In the proportional ccunter the fluctuations in’ the |
time taken for the electrons to produce the |
avalanche are normally greater than 1 ﬁ_sec,
because of the poorer electrode geometry in this
case. Thus resolving times of better than 1 usec.
are difficult to achieve with a gas counter, |
The advent of the high gain photomultiplier tube

brought sbout a revival of zinc sulphide as an a—particle;'
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detector.: Zinc sulphide has the highest conversion
".ooefficient (ionization energy to light energy) -

‘of any known phosphor, about 20%, but unfortunately,f;,'"”
- can not be obtained in the form of large crystalse |
Only a vefy'thin loyer of powder can be used in order t;ti
that as-mnoh'light as possible reaches the -
photocathode from an eVent within the scintillator._

Thus its use is limited almost entirely to the.

detection of a—particles. Since energy

resolution depends on the miformity of light

collection from all partslof the scintillator as; ii

well as on the average total intensity from similar
‘e?enﬁs, ‘a zino ‘sulphide scintillator ié virtuéli&i-*it
useless for energy discrimination. HOWever, the

use of a very thin layer hae the aovantage of almost i.*”'
complete insensitivity to gamma-radiation. ayparticle ;;f
counts can therefore be taken in the presence of a o
very high gammanray flux. _ .

The choice of a phosphor to give good energy:

nesolution with a~particles was restricted to

sodium iodide or anthracene, The ratio of the puise |
heights obtainable with these phosphors with a—particles

27 and

of the same energy is approximately 9 ¢ 1
therefore the energy resolution obtainable with

sodium iodide is three times better than with anthracene.

27. Birks, JeDBe "Sointillation Counters"” Pergamon Prees Ltd.



'All other phosphors avallable at the time g1Ve3e:
poorer resulte.-' -
Although the reeolutian poselble with sodium
1odide is greater than with anthracene, its
hygrOBcepic'natﬁre presented difficulties o
when 1t was to be used as an a-particle detector.f
Normally, for gammaeray_defeeﬁion, the crystalL
' ie.enelosed in an air fight.eaee. This is not
‘practicable when the‘crystal is to be used as an-_.
awparticle detector when ideally, the crystal |
face should be exposed to the vacuum. Thus for 5“'“.
some time, anthracene was preferred for work
with a~particles, | _ o
At the'present.time crystals of cesium 1odide
are avel lable which are only slightly hygroacopie;
The conversion efficlency of cesium iodide is 80%

that of sodium iodide and therefore these crystals

‘are ideally suited to work with heavy charged paffieiesew;jm
Sections 2.2, 2.5. and 2.4 of this chapter o

:descfibe the development and characteristics

of the sodium iodide scintillation counters The

application of scintillation coumters to work -

with fast coincidence circuits is discussed in

section 2,5



2.2 Linearity of response of Sodium Iodide.

| Taylor et al11 haVe ehown that the response of
sodium iodide/ﬁgpertlcles is not linear for energies
‘below gbout 8 MeV, The conclusions could be- _
checked from results obtained incidentally in the
wofk described 1eter iﬁ'Chaﬁters 4 gnd 5 .

Figure 10, shows a plot of pulse height
against energy for both protons and'a-particles.}'
The pointsmarked by a "x" were obtained with the
.'apparatus described in Chapter 53 the protone
arising from the B'0(a,p)B!! ana ¢'%(q,p)e'® B
reactions, and the'ayparticleq'from ThG*G' and the B
Blo(d;a)Beg reaction. The energy correspoﬁding to
each of these points was not accurately defined owiﬁg?
to uncertainties in the thickness of foil between |
the source and the detector. The points marked
by Me" were obtained with the apphratus_described".
in Chaptef 4,'using a ThC+C' source. The raﬁge'ef
energy values was obtained by altering the‘pregsﬁfe-ffﬂ
of air in the target dhaMber. The ordinates of' -
these points have been scaled to fit the other results. 5ef

Figure 10, is in genersal agreement with the |
results Taylor et al, showing linearity for
protons and nen linearity for a-~particles below 8 Mev;?

The @ esent work suggests, howaver; that the conversion]___
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"efficiency for a-particles above 6 Mev is higher
'than the value indicated by Taylor et als
' This non-linear variationof pulse height with

energy introduces little difficulty into the

determination of the energy of & sharp awpérticle_ o

group, provided an accurate calibrationd the
appafatus has been made. However, in cases where
the spectrum is inherently broad and when a knowledge'
of the true shape of the spectrum is desired, “this
non~linearity is troublesome. |

An a-particle pulse height distribution can
be recorded with either a single -~ or mult1~channel
analyser, which produce a spectrum showing the
number of a~particle pulses in a given voltage_
channel. In both cases the channel width is constant
and independent of the channel height. However, the |
fact that the relation between channel height and
energy is not linear implies that each channel covers
a different range of energy, which decreases as the'
channel height¢increases. Thus the conversion of the
voltage scale of the experimental spectrum to
an energy scale involves nultiplicationdaf the
ordinates by a factor depending on this energy range.

The reguired factor %% can be found as a function of

E by differentiating the calibration curve of channel =

height V, against a~particle energy, E. in an

actual experimenficase, as in Chapter 5, this can not be_ﬂf;'



.-'done very accurately and hence the flnal result _
"1s only approximate.: This 15 an undesireble' |
' 'feature of sodium iodide when used for a~particle

detection.
2.3 Energy Resolutiom.

The pulse'height resclcticn that should be
 possible when sodium iodide crystals are used with
a—particles cen be estimated from the results of
measurements with gamme-radiation., As mentioned in .
Chapter 1, the pulee height resoclution depends |

~ almost entirely on the number of pﬁotbelectrons

entering the multiplier. A high figure for the

resolution of the 661 KeV gamma-ray line from Cs is &%.-"

| which corresponds to 500 electrons entering the |
maltiplier per MeV of absorbed radiation. Since
the response of sodium 1cdide/g%otons is the same
as for electrons’l, this figure can be used in
conjunction with Figure 10, Thus a 9 MeV a-particle

should result in the production of approximately

2800 photoelectrons. If straggling effects associated ’

in any way with the absorption of the a-particles
can be neglected, the resolution for 9 MeV
a=particles should be about 2%,

The general construction of the scintiilation

counters used for a~particle.: deteetion in the



: eﬁﬁéﬁiﬁen£s:£o be.aéscribéd.iﬁ'léﬁér Chaﬁferé; ﬁas;:.
aé:éhoﬁh in.Eigufeuil._.'In earinVersidns'of the-
‘counter the brjsté1 A was ab6ut 1/16" thick |
and-abdut 1"'1n diameter. This was polished in

- a dry box using fine cafborundnm on cloth wet with
paraffin oil. The paréffiﬁ 0il and any hydréted,_

' sodium iodide was removed by dipping the crystal,
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first into a 50:50 mixture of acetone andrchloroform, B

and then into carbon tetrachloride. A fiml polish

was given with dried cleansing tissues. The- |

crystal was then attached with araldite to the glass =

plate B which had previously been stuck to the end
of the perspex light pipé. This plate prevented
mosture from the perspex from affecting the cr&stalf.
| The crystal was covered with paraffin oii;r béfbre
it was removed from the dry box and this was |
quickly wiped off with dried cleansing tissues-.

before the perspex was placed in position on the

target chamber. This was evacuated immediéfély end
the photommultiplier attached as shown., Highly
fiscous silicone oil was used to provide the

optical coupling between the light pipe and

the photomultiplier. The aluminium mask C

defined the'effectiVe crystal area and eliminated
possible edge effects. '

Without the GOVering foiIVD,_thé resolution

obtained for the 8,8 MeV a-particle from ThC' was 7%,
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-'_mth a thin aluminimn foil, snm. air equivalent,
:the pulse height was increased by a factor of 1.5
and the resolution 1mprcved to 6%. This was
undcubtedly due to 1ncreased 11ght collection.. _

_‘ The poor resolution compared to the expected.
figﬁre'cf zﬁ'ﬁas attrihuted'at'first'to straggling ;
effects in a thin surface layer of paraffin oil
and h,ydrated sodium 1odide. It was noticed that the
surface of the crystal lost 1ts polilh and became'
slightly opaqne when the chamber was first evacuated.

| The technique of preparation and mounting was
subsequently 1mproved to eliminate this surface filmh

Wet polishmg was afoided by cleaving the crystal in

the dry box and then attaching it to the light pipe _ﬂ

as described. The apparatus used for the experiments

described in Chapter 5 enabled the crystal to be
It'r'a.nsferred from the dry box to its final position
on the target chanber W1thout expcsing it to the |
: air or to the vacuum until this was free of water
vapour. In this way the freshly cleaved surface.
was preserved. The best resolution obtained
under these ccnditions was 5,1/2% for 8.8 MeV
a~-particles.

The smallness of the improvement suggested
that the pocr'resolution was not a result of .
surface straggling effects. This conclusion
was checked by comparing the spectra of B.,35 MeV



awparticles and 4.8 MeV’protons obtained with a _fﬂ

3slight1y deteriorated crystal. These are BhOWn
'together in Eigure 12. Since the widths of the

two distributions are roughly the same, 'surface

strsggling must be negligi'ble as this would affect

'only the awparticle distribution._ |

Thus the resolution simply depends on
-tne'nuMber of photoelectrons entering the S
maltiplier and shonld be inversel; proPortionel_
to the square root of the pulse height, This
is confirmed by'the'results“shcwn in Figure 15;i

which were derived from-a'serieSaof pulse height

: spectra recorded for a range of appartlcle energies.

The poor resolution can only be attributed to
inefficient light collection or to poor quality
crystals, Surface deterioration of the crystals
affects only the amsunt of light reaching the

photocathode,
2o4. Discriminetion of Gamma-Radiation.

In many applications, when an «-particle
spectrum is to be recorded in the pesence of z
large gamma~ray flux, (e.ge. in the I-i’r(p;{a)h'e4

experiment to be described in Chapter 4) the

background of pulses resulting from the absorption

¥

| 57...
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" of the gamma-radiation in the crystal is undesirable.
With a cryé£51-1/iéé”thick-thé efficiehc&'for zeimma— - -
fay detection is appfoximately 9% and the resultant
pulse height distribution would extend over the
range of a-particle energies'up to about 3 MeV.

Cra:rﬂ:uergz8

described a method by which the
thickness of a sodium iodide erystal and hence the
gamma-ray background can be reduced without
affecting the response of the crystal to auparticles’
Extending his method, 1t was possible to prepare
crystals which were only ,002" thick, .which is .
sufficient to stop 17 MeV a-particles,

The perspex light pipe.wés piaced'in thé chuck
of a miérotémé and adjusted so thét'the glass surface '
was aceurately parallel to the knife edge, A
polished crystal, approximately 1/16" thick and 1%
in diameter was then cemented to the glass face with -
araldite, Using a cut of 10u, the thickness of the
érjstélwwéé feduéédwto'aiméét'.0625 (this 5e1ng'
determined with a micrometer) and the final reduction
was made with a cut of 1u. The whol= operation |
was carried out inside a\dry box. The crystal
was cleaned of shavings in paraffin oil and

burnished with dried cleansing tissues.

The pulse height resolution of this crystal for

28. Cranberg,L. Rev.Sci,Instrum. 24: 328, 1958, =



'.'the:SQB:MéV déﬁartiéieéffdm Thci’wﬁs'é%;' whiCh-'
was idénticailto fﬁe value obtained with'the.thicker,
polished crystal. Unfortunately, such a thin
crystal deteriorated badly at the crystal-araldite
surface after only one or two days under vacuun.
Such crystals were used, therefore, only when
"insensitivity to gamma—radiatlen was essentlal.

It is obvious from the foregoing that on
‘considerations of efficiency and linearity;
and to a lesser extent, resolution mi gamma-ray
insensitivity, proportional counters are to be '
prefeérred to seintillation counters for a~particle
detection. However, it is in the field of '.
fast coincidence work that the séintillatioﬁ_coﬁnter- -
is essential and thie application is discussed in the

following section.

2D Scintlllation counters for use with fast coincidence :
Gircuits. _

It is often required to record coincidence events = -
in the presence of an intense background of radiation.
- from competing reactions,. 8¢ that the number
of chance coincidence events is small, the
resolving time of the coincidence circuif muét-be_
short as possible. As discussed in seetion 2.1,

the mininmum resgolving time obtainsble with a gas eounteff;
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is sbout 1 gsec., whereas with scintillétion’cﬁﬁnfefsf

resolving time as short as 5 x 10™° sec. can be
achieved.

The time resolution of a scintillation
counter is limited by two factors. These are the
statistical variation in, firstly, the time
taken for the photons produced in the crystal to
release from the photo-cathode the number of electrons
required to operate the coincidence cirpuit and,
secondly, the time of arrival at the ocutput,

of the secondary electrons resulting from these

primary eiectrons; As the incident radiation'IGSes ' '

energy in the crystal, the intensity of the emitted
light, I, rises to a ma#imum, Ida This rise time |
is gimply the time taken for the lonizing particle |
to come to rest, and siﬁce this is of the order of
10711 sec, any variation in it ean be ignored. |
From a maximum the intensity decays exponentially
with the form I =:Ioe't/h; where @ is the decay

constant. If the total integrated light intensity

(i.e., number of photons) from the event is denoted by

L then I°=:L/d. L depends on the energy lost in the
crystal by the incoming radiation and the luminescent
econversion efficiency‘of the phosphor which,

in turn, depends on the type of radiation. If 8

is the fraction of photons that reach the photocathode

and K is the photoelectric conversion efficiency of the:



photocathode, then the mean square deviation
2

in time for the release of n electrons is &L . -«

32L%g%

The contribution from straggling effects in the
maltiplier can be expressedzg by (ta} = %2 where
B is the time disp.ersion introduced at each stage
of multiplication, Assuming these two effects

2 2 .
are additive then <t2) = &n._ + B 3
e n
For the EMI type tubes used in these experiments S8

was approximately 4 x 10~° secs o0,

Some values of b and a are shown in Table 2.
These are based on information given by Birksg'?.
TABLE 2

L= No, of phtons
produced in Phosphor,

Phosphor For 1 MeV For 2 WeV Decay constant"

.41

Electron a~-Particle a x 109
Anthracene 1.3 x 10% 1 x 10° 30
Stilbene 7.8 z 10° 6.5 x 10° 8
NaI (T1) 2.6 x 10% 1.2 x 102 - 250
N 1015% 71, x 10° 5 x 107 4

Typical values of the product 3K can be obtained

from estimates of the number of photoelectrons

29, Morton,G.A., Nucleonics, 10. No.3: 39, 1952.

30, Sommer,A., and Turk,W.E., J.Sci,Inst. 27: 113, 1950.

31, NE1O) is a plastic scintillator produced by Nuclesr

Enterprises Ltd.
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entering the multiplier in actual experimental
arrangements, For a gamma-ray counter, this is
roughly 500 photoelectrons/M?eV, which gives
8K = .02, For a typical a-counter, with
a resolution of 6% for the 8,8 MeV ThC' a~particles,
the ecorresponding value of 8K 1s ;005. Approximate
values of E%E are given in Table 3, for three

types of radiation;

TABLE 3
&
Phosphor _ 3K
15 MeV 2 MeV 100 HMeV
ganma-ray a~particle X~ray
Anthracene 9 x 10™°
Stilbene 4 x 10783
NeI (T1) 3 x 1071 7 x 107° 5 x 1072
10

NE 101 3 x 10

For experiments invoiving 2 HeV a-particles,
these approximaie figures suggest that if the
resolving time is to be kept in the region of
6 x 107° seC., then the coincidence circuit must
be operated by one electron from the photocathode,
almost irréspactive of the phosphor used as the
a~particle detector; Since the average measured

capacity at the collector of the photommltiplier

tubes used in later experiments was 15 pf, and



'approxlmately 2 volts were requlfed to operate R |
the c01ncidence circu1t a galn of 2 X 10 8
WaS'therefore necessary in the multlplier. This
was achieved with a véltage per stage of 220 |
volts end with 300 volts between the 11'® dynode
and the collector., Under these conditions
the current at the-laSt:few'dynodes'was limited
to about 30 ma, by reason of the space
'charge'effeétaz; and the peak current at the ilth |
dynode was determined solely by the collector #61tage, ;
With stilbene as the detector,fhe output pulse

rose linearly to 1.2V in 3,3 x 10~° sec, and
reached a meximum of 1.8 V-in 5 x 10™° sec,

The fast coincidence circult used for the
experiments was similar to thsat deséribed by Bayﬁa
and did not require pulses of accuratély constant
emplitude. The limiting achieved in the multiplier
was sufficient It was only necessary to clip the
pulses to 6 x 10~ -9 sec, with a shorted transmission
line. Portion of the photomultiplier circuit is
shown in Figure 14, Pulses proportional to the
energy dissipated in the erystal were obtained |
from the ch dynode where apace charge limiting

effects were negligible,

32, Raffle,J.F., and Robbins,E.Jd., Proc.Phys.Soc, B65:
320, 1952, | | | o

33. Bay,Z., Rev,Sci.Inst. 22: 397, 1951,



: Two 1imited outputs were requlred from eadh B
' multlplier since two coincidence circuits were

used in some of the experiments. One recorded the |
true plus chance coincidence events and the other, with.
one input pulse delayed artifically, only the chance
eventa,

The figures in Table B. suggest that for the.
‘detection of a~particles, stilbene is slightly preférﬁblé.-
when short resolving times are essential. In R
experiments where it is necessary to have the best
possible energy resolution in addition to gcod time
resolution, sodium iedidé is to be preferred
‘to all other phosphors. Although cesium iodide
is more convenient to handle and gives energy
resolution appreoaching that of sodium icdide, ifs
long decay time of more than 1 gsec, limits its

use in fast coincidence work,



SECTION B

ENERGY LEVELS OF Be®

.
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 CHAPTER 35 =

THEORETICAL CONSIDERATIONS AND PREVIOUS
EXPERIMENTAL EVIDENCE '

The first theoretical approach to the
problem of deseribing the energy level schemes of
light nuclei was made in terms of the central model54 -
This is asnalogous to the Hartree model which _
had been applied successfully in the case of atomic
lphenemena. In the nuclear case it is assumed
that the interaction of a single nucleon
with the rest of the nucleus can be represented
by an average central field.

On the basis of the central model, and on'the..“
assunmption of LSrcoupling, several workersas’ss__.

have derived values for the spacings of the

low lying levels in the nuclei bhetween He4 and,Ols.
On this scheme the first three levels of Bea

arising from the lowest configuration, (-13)4(1p)4

are the 1&, 'D ana 1o levels, The ratio of the |

spacing (¢ - 13) to that of (1D - 18) was founa

34, Wigner,E., Phys,Rev. 51: 106, 1937. o
35, Freenberg,E,, znd Wigner,E.Phys.Rev, 51: 95, I937a -

36, Feenberg,E., end Phillips,M. Phys.Rev. 51: 597, 1937,



| a6
56,-and from estlmates of the range'
~and depth of the potential ‘the spa01ng (Ip - 13)

1 to be 10 5.

was calculated to be approximately 3 MeV,

At the timq,the'only information regarding thé
level structure of Be® came from the Bll(p,a)Bes
reaction and from the § decay of Lia. Both
of these reactions 1nd1cated a broad}i;é%e
at about 3 Mev. No evidence existed for a
level at 10 MeV, and there was no information
concerning the spin of the 3 MeV level. Since;
howevef, this level‘decayed by emission of an
a-particle, 1its paritj'mnst be even.

a7

Wheeler later foﬁnd that the apparently .

. anomolous results dbtalned in a-@¢ scattering

58,39 conld be

experlments of several workers
1nterpreted in terms of a broad (0.8 MeV) level at
3 MeV in the compound nucleus Be® . However,

& description of the Be nucleus in terms of a
central potential implies that, on the average,
any group of nucleons doee not retain its identity

during ﬁhe life time of the compound nucleus Bee.

37, Wheeler,J.A., Phys.Rev, 59: 16, 1941,

38. Mohr,C.B.0., snd Pringle,G.B., Proc.Roy.Soc. Al60:
193, 1939, |

39, Devons,S.,, Proc.Roy.Soc. Al72: 564, 1939.



Thefeféfe, since an a~particle must be reformédssti -

before it can be emitted, states derived from this
assumption must be long lived and consequently very.
narrow,

40,41

Wheeler ‘puggested that at low energies,

light nuclei spend a large part of their time

in resonating particle groups. In the case of Be8
these groups would be a-particles, The ground state
of'Be8 is unstable by only 100 KeV against
dissociation inteo two a~particles and since the - .
binding energy of an a-particle is 28 MeV, a
description of the Bea nucleus in terms of two
a~particles seemed ﬁlausible. A weak interaction
between the a-particles would be sufficient to give
the nucleus a short life. The'uygarticie model_

does not imply permanent groups of the same nucleons,

but only that the 1ife of one partieunlar grouping

is longer than the period of rotatipn of the nucleus.

On the assumption of a simple'harmonic'interaction ; ’

between the a-particles, the Be® nucleus would
resemble a diatomic molecnle snd would therefore

possess rotational and vibrational levels. Wheeler

ar

40, Wheeler,J.A., Fhys.Rev, 52: 1088, 1107, 1937.

41, Wheeler,d.A., snd Teller,E., Phys.Rev, 53: 778, 1988.
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stated however, that owing to the stability
of Be® only the lbwest:vibrational level could have
a8 life long enough to be observable, and also that
rotational levels above J=4 would be too much
widened by dissociation to be observed.

On an snalogy with the molecular casg the
energy values of the rotational levels would then

2
be given by E. =87 (J+ 1), where J is
d 21 ’
)

the rotational guantum number and I0 is the moment
of inertia of the nucleus., Since a~particles
obey Bose statistics only even values of J are
permitted. The first three levels are thus

o ¢ By 18 10:3,

as was also found for the central model and LS

Jd =0, 2 and 4 and the ratio E

coupling. The essential difference hetween the
results 6f these two approaches lies in the breadth
of the levels.

Haefner42

has also applied the a-particle model
fo Bes. He chose a potential which represents a
strongly repulsive force for very small distance
between the particles, an attractive force for
intermediate ranges and the coulonib force beyond

the range of nuclear forces. With a radius

8 -13

of Be  of 6.1 x 10 cn., this givesawvalue of

42. Haefner,R.R., Rev.Mod.Phys. 23: 228, 195L.
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'2;9 MeV for the energy of the D state, and if.
exteﬁded to higher energies predicts a G state
at 10 MeV,
After the success of the jj coupling version
of the central model in the region of heavy nuclei,
éttempts were made to extend the method to light
nuclei., TFor Be8 the configuratidn would be
(13394 (193 for the low lying levels. This
also gives rise to states with J = 0,2,4

in that order. Kurath,®®

using Wheeler's
results for the specific nuclear interaction and .
estimating the magnitude of the spin -~ orbit
coupling, agaln finds a value of approximately
10:3 for‘the ratio of Eé 5 E2.

Since in the region of the p shell neither pure
LS coupling or pure jj coupling could predict the
positions and properties of al¥the energy levels,

44 attempted a description of these nuclel

Inglis
in terms of an intermediate coupling model
analogous to that used to describe the Paschen~Back
effect in the atomic case. In the case of Be8

- the order of the low lylng levels is not altered and -
Inglie by choosing the energy scale to fit the

first T = 1 state (which was then known®® to ocecur

45, Kurath, _
44, Inglis,D.R., Rev.Mod,Phys. 25: 412, 1953.

45, Wilkins,J.d., and Goward,F.K., Proc.Phys.Soc. 64A:
1056, 1551, -
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'at 16.9 mev) found/%he positions of the s D
| and G levels values of ﬂ 3 and 10 MeV,

' The fact that the level found experimentally
at approximately’$ MeV was very broad,suggested to
Inglis that thislevel was probably a mixture of
central model and a-model wave functidns, sinéef.
such a state of the @-model is above the coulomb
+ centrifugsl barrier snd would be expected to be
. extrame1y short lived and prObaﬁly too broad |
to be recognized as a level at all.l It is
reasongble to assume also that since the next
rotational state is a G state there would also.
be an admixture of this state with that ierivéd
on the central model.

From the foregoing it.is'evident that
irrespective of the model chosen to represent the Be 8 -
nucleus only two exclted levels are predicted
below an energy of approximately 10 MeV, Green
and Gibson46,.examining the spectfﬁm of neﬁtroné
from the Liv(d,n)iBie8 reaction, with photographic
Plates, Tound groups corresponding not only
to the ground state and the level at approximately
3 MeV, but also suggested that groups also existed
corresponding to states at 4.0 and 4,9 MeV, The |

statistical accuracy of thig experiment was rather

46, Ggegn,L-L- and @ibson,W.M., Proc.Phys.Soc, 62: 407,



"frupoor in that only 70 counts were recorded at the'

51

”'2.9 Hév peak. The levels claimed at 4.0 and 4,9
Mev had a w1dth of approximately 0.5 MeV and an
intensity of approximately 10% of the broad group

47 f1s0 using this

at 2.8 HeV, Trumpy et al
reaction reported levels at 2,2, 2.9, 4.1, and 5.0
MeV, The level at 4,1 had a width of 0,5 MeV and

an intensity of approximately 20% that of the |

2,9 MeV group. —§1xty'five-events were
recorded at the 2,9 MeV peak,

Brinkworth and Titterton48 using the
lc(yga)Be reaction found events with photographic -

8 at 4.1

plates corresponding to levels in Be
7.5 and 9.8 MeV, Calcraft and Titterton®®, using
' the reaction Bll(Y;t)BeB; again found events
corresponding to a level at 4,1, and also to
one at 5.5 MeV, In these experiments only six
events were recorded in each case at the peak.

corresponding'to‘the 3 ¥MeV level. Erdgs' et a150

also using these reactions, and Glattli.énd Stolisl'

47, Trumpy,Grotdal and Graue, Nature I70: 1118, 1952,
48, Brinkworth,M.J., and Herton,E.W., Phil,.Mag. 42: 952, 1951,

49, Caleraft,M.E., and Titterton,E.W.,Phil.Mag. 43: 666, 3951‘

50, Erdos,P,Scherrer P, and S5t0l1l.P.,Helva, Phys.Acta. 26.
207, 19563. :

51, Glattli,H., and Stoll,P,,Helv,Phys.Acta. 262 428 1955.
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using the Bll(p,a)Bea reaction, have both reported
levels in Be® at 2.2, 2.9, 5.4, 4,0, 4.9, 6,8 MeV.
In each case the number of events was very small,
thirty at the 2.9 MeV peak,

The well-known level of Be® at 17.63 MeV,
which will be discussed later in Chapter 6, ié
formed by the resonance capture of 441 KeV protons

7 ena decays by gemme~ray emission.

in Ei
The gamma-ray spectrum ﬁas examined by

Walker and McDaniel with a magnetic pair spectrometer

and groups were found at 17.6 and 14.8 MeV

corresponding to transitions to the ground state

and to a level at 3 MeV, Several workers examined

the photodisintegration of C+2 52453 gng 147 54,

produced by this radiation and have repérted evidenée

of a component in the gamma-ray spectrum at approximately:

12,5 MeV with an intensity of about 10% that of the

17.6 HeV component, In all cases the number of evanté

observed were small, Such a group would not have been

observed by Walker and McDaniel as the efficiency

of their spectrometer decreased rapidly with

energye

52, Nabholz,H,,Stoll,P,, and Waffler,H, Phys.Rev. 82s
963, 1951-

53 Goward,F.K., and Wikins,J.J., A.E.R.E, G/M,127=
54, Titterton,E.W., Aust,J.Sci, 15: 174, 1953,
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From the results of a-a scattering

ob have proposed

éxperimenté, Steigert and Sampson
the existence of an S level at 7.5 MeV and a
broad G level at 10,8 MeV, This was the first
definite evidence for the existence of the expected
G state at this energye.

Al]l these experimental results suggested that
besides the ground state and the broad levels at
about 5 MeV and 10 MeV, there also existed in

Be®

levels at approximately 2.2, 3.4, 4.0, 5.5 MeV
and 7.5 Me¥, None of these levels can be explained
by either the a~particle model or the independent
particle model as they have been described abofé;
Inglis?? hes aiscussed the possibility
that the state at 5.5 MeV could arise from the jj
model excitation from mbgd—dqé; However, +this
configuration would imply odd parity for this state and -
as it has been observed in transitions involving o
the breek-up of BaB into two a~particles, +this
explanation would not be plausibleg
In an attempt to explain their results, Erdds
et a150 proposed a rotation~vibration scheme of the
a~particle model of Bes. The energy values are
given by an expression of the form

. EJ.’K =A.J(a;+ »1) + BK

55« Steigert,FeB., and Sampson,M.B., Phys.Rev., 92:
660, 1955,
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: ﬁhéreiJ énd.Klaré the:fofationai and fibratidﬁal'
quantum numbers respectively and A and B were |
chosen to it the'ékperimental fesults. However;
no assignment of A and B is successful in explaining_'
all the levels, As mentioned above, levels predicted
by sn a~particle model alone would be expected to
be very broad because of the low barrier against
break-up into two a~particles. Since none of the
experimentally observed leVéls has a width greaier.
than about 0,5 MeV an interpretation in terms
of an a~particle model therefore seems doubtful;'
Sihce the statistical uncertainties in mos#
of the experimental data were very great and because
the level at 3 MeV was expected to be very broad, |
more accurate knowledge was required to confirm the
existence of these other levels. The succeeding
chapters describe some attempts to provide this :

information,



CHAPTER 4

THE ALPHA-PARTICLE SPECTRUM FROM THE REACTION
L17(p,Y)BeB(a)Hed,

4,1. Introduction.

As mentioned in Chapter 3, the gamma~ray
spectrum from this reaction has been examined by
Walker and McPaniel using a magnetic pair
spectrometer and by other workers using the gamma~
radiation for photodisintegration studies,

Attempts to examine the spectrum with ﬁ
sodium icdide scintillation counter with the erystal
sizes available at the time proved fruitless for the
reasons cutlined in Chapter 1l.

The a~particle spectrum from this reaction
has been exsmined up to 2.2 MeV by Burcham and

Ereem&n56

using a magnetic spectrometer and their
results showed only a broad a~particle group
corresponding to the & MeV level in Be8 apart
from the narrow ground state group. In this
experiment the direction of the gamma-ray

was not defined and consequently the energy of the
a-particles resulting from the break-up of Béa

with a fixed energy was not homogeneous, but

56, Burcham,W.E., and Freeman, J.M., FPhil,Mag. 4l:
921, 1950,
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was spread by the Poppler effect of the
receoiling Be8 nucleus. This introduces a spread
of approximately %+ 0,2 MeV in the a~-particle
energy which might be sufficient to cbscure any
low intensity lines in the a-particle spectrum.

The direction of ganma-ray emission could be
defined by deteéting the gamma-rays at a fixed
angle to the a~particle detector snd measuring the
a~particle energy only when a coincidence event
was recorded between the two counters. This method
has the added advantage of preventing the
detection of the products of any competing
reactions, such as Li7(p,a)He4 and Lie(p,Hea)He4,

Since the yield from these reactions is very
great, it was necessary to make the resolving
time of the coincidence circuit as short as possible
to reduce the number of random coincidences.

The édvantages of scintillation counters for such
work have been mentioned in Chapter 2, and it
was decided to use these for the mesent experiments.

S8ince the technigue of preparing thin
sodium 1odide crystals had not been developed at
this stage, thin evaporated layers of stilbene
were uéed for the a~particle detectors in the
experiment to be described in the first part of
this chapter. As the pulse height resolution

obtainable with such a detector was very poor,
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an altepnative means of energy discrimination was used.
Absorber foils of various thicknesses were used to
défine the a~-particle energy and the stilbene was used
s8imply as a detector, In this way an integral spectrum
of the a~-particle energies was obtaineds

In the later sections of the Chapter similar
experiments are described using thin sodium iodide
crysfals in place of the stilbene screens, Since
reasonable resolution was possible with sodium iodide, the
differential speétrum of a~particle energies could
be obtained directly,

In these ways it was possible to examine the
a=-particle spectrum over a wider range of energies

than had been done by Burcham and Freemane.
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PART A. INTEGRATED SPECTRUM WITH STILBENE. -

4.2, Apparatus.

The target éhamber and counters were arranged
| as shown to scale in.Figurerl5. The target chamber
itself was a brass tube 2" in diameter. The a-particles
were.detected by a scintillation counter in which thé |
scintillator was a layer of stilbene, 6 mg/cm”® thick;:
evaporated on to a glass slide. This was attached
to the end window of the photomultiplier tube which. E
itself formed the vacuum wall across the tube B, Aluminium
foil of 1 mgm/h:m2 prevented light from the target and 4
low ensrgy radiation from entering the crystal. |
The s0lid angle of aceeptance of the counter was
“T/138 sterad, the crystal being 4.4 em. from the
centre of the targeﬁ.' This introduced a spregd of
legs than 100 KeV in the energy of the a-particles,

The seintillator in thé gamma-ray.cdunter”was a
sodium ibdide crYstal 1l cm. thick by 2 cm. sguare
pPlaced with its centre 4 cm. from the target in'the
Plane of the beam and the a-counter. Aluminium
absorber foils of graded thickness were mounted on |
frames D, supported from the two plungers A aﬁd C,
which could move into the snd of the target chamber
through Wilson ssals., These foils could be

interposed between the target and the a-counter,
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go that the air equivalent of the total thickness of
absorber between the target and counter could be
varied from 0.66 cma to 7 cm. in steps of ebout 0.1 cm,
The straggling in energy introduced by 1 cm. air
equivalent of aluminium is approximately 100 EKeV,

A block diagrama the recording equipment is
shown in Figure 16, Details of the photomultiplier
circuits have been given above. The pulse amplitude
selector and triple coincidence unit were included
so that coincidences could be recorded only when the
pulse heights proportional to the energy of the
colncident events were greater than a preset value

or between preset limits.
4,3. Experiment.

Separated Li’ targets of 350 pg/cmz superficial
welght deposited on a sil}ver backing were hombarded
with protons from a 1 MeV Phillips generator.
Separated targets were desirable to eliminate
the Liﬁ(,p,a_)He5 reaction which gives a-particles

8 nuclei of 2.3 MeV., Although

of 1.7 MeV and He
thegse would be detected only as chance coincidences the
large yield of this reaction from natural lithium
targets would introduce some uncertainties in

interpretation.

The gemma-ray yield per microcoulomb of charge on

59
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on the target is shown in Figure 1l7. as a function
.of pfoton beam energy; Also shown is the variation
‘of the coincidence rate with beam energy., Both
curves show the expected resonance at 441 KeV.
A proton energy of 450 XeV was used in all thé runs
with thick targets. |

In early runs with thin, 20 KeV targets on
copper backing and with protons of 440;K5V, the -
a~particle detector blocked.with beam currents |
greater than a few microamps. This was attfibuted
to the I X~rays and scattered protons from the'farget
backing. Even with the thick targetg a minimam
absorber of l.4 mgm/cm® was required between ﬁhé;
target and crystal to prevent eicessive currents in the
photomultiplier tubes The number of émall pulses was
| stiil_consiaerable as can be seen from Figure 18.,
which shows the pulse height distribution of pulaés
in the a~particle: counters The peak at 380 volts
is formed by the 9 MeV a~particles from the Liv(pfa)Eb4
reaction. The histogram in Figure 18, represents
the colincidence counts assoclated with ahpartiéles of
corresponding amplitude. ©Chance coincidences contributed
mos t of the counts above 300 volts and some of those
- below 80 volts, Dut it is evident that the masjority
of coincidence events were associated with the small
number of a-particle pulses between 50 and 250 volts,

For the experiment’the'discriminator in the a~counter
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ﬁas set-ét 25 volts so as to reject these small
pulsss and the timing unit was arranged to stop  
the scaling circuits after 10° gam&aérayJ'cdunts |
had been rscorded. The coincidence counts recérded
in this interval are plotted in Figure 19, against
a value for the equivalent range which includes the
range 1ln the crystal required to'produce a pulse of
sufficient amplitude to be detected. The calibration
of this scale is described below;
It was necessary to check the balance of the fast

coincidence circuit frequently, since a slight nﬂsbalance

gave an output from a single large background pulse,
In spite of the checks, however, there was a spread
in thé coincidence ecounts for any particuiar absorber.
Counts were therefore taken for a seqguence of absorbefo"
énd'this was reversed and repeated several times.
Each point on the curve is the average 6f four
observations of 100 seconds duration, during which
time 10° gamme-rays and some 1.5 x 10° a-particles
were counted, Since the large majority of a~particles
- arise from the Li?(p,a)ﬁe4 reaction and have a range o
about 9 c¢cm.,, the chanée coineidence rate changed but
little over the range of Figure 19, A € ight rise
ﬁt small ranges was due to the large numbers of
low energy pulses,

The errors indicated on the points iﬁ Figure 19.

represent the qusntity j%- where C is the value plotte&:{ 
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and ¥ the total number of counts recordeds Snedecér's
F test applied to the readings taken at each point
showed that this standard deviation of the readings
was slightly greater than that expected from a Poisson
distribution, Further runs with slightly'changed

~values of the bias levels showed the same general
trend as that of Figure 19. but suggested that
the uncertainty in the count at each point was

greater than is indicated there.
4,4 Calibration of Absorbers.

The counter was set up on the bench as shown in
Figuré 20, and operated under the same conditions
of high tension supply! amplifier gain and
discriminator blas as had been used in the determination
of the absorption curvess

The stopring power of the absorber foils was
simply determined by the reduction in air range of the
Be3 MeV polonium a-particles caused by the insertion
of the foils in the position shown. This could be
measured to an accuracy of 0,01 cm,

The sum, R, of the equivalent range of the foil
covering the stilﬁene crystal plus the residual
range in the crystal necessary for detection, was also
measured with this arrangement. The position of the

polonium source was found for which detection of the
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a-particles just ceased, The difference between the
length of the air path (corrected for temperature
and préssure) from the source to the crystal and the
known range, 3.8 cm., of the polonium a-particles,
gave a value of R=0,8 & 0,1 cm,

R could be determined more accurately from the
energy of protons which were just detected after being
scattered through the foils from a molybdenum target.

o7

Birks has shown that the scintillation intensity

produced by particles in stilbene depends only on the

residual range of the particle in the phosphor, Thus,

o8 59

from the data of Warshaw = and Aron et al®~, R was

found to be 0,76 + 0,02 cm, This was an average value
obtained by measuring the proton energies with several

of the absgorber folils,

4.5 Relation between the excitation energy of Be®
and the energy of the disintegrstion a-particle,

The reaction iBVestigaped in these experiments

was the following -

Li'?‘['p“’f'Beexx“"'Besx'i" +Q1 -.o'.ooot-ooa(l)

Beax——‘*He‘g’ +- He4 4 Qz o..---cooocooo-o-o-c&o(2)
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57, Birks,J«.Be, Proc.Phys.,Soc. 644: 874, 1951,
58, Warshaw,S.D., Phys.Rev. 76: 1759, 1949,

59, Aron,Weh., Hoffman,B.G. and Williems,F.C., A.E.C.U.
665, 1951.
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When the exeitation energy of the Be8 nucleus sgbove
the ground state is E MsV,

Q, = (17.25 - E) MeV
and @, = (B + G,10) MeV
These @ values were obtained from data given by
Ajzenberg and Lauritsenso.

Since the lifetime of the 17,63 MeV level of Be®,

61, the Be® nucleus is in motion

is about 107 see.
when it disintegrates as shown in (2). This motion
is due to the combined effect of the momentum of the
incident proton, plus the recoil from the emitted
gamma~-raye. Since in this experiment the gamma~ray
was d etected in the opposite direction to the a-particle,
the resultant motion of the nuclei which pro&uced.
coincidence counts was unlquely determined.

Figure 21, is the velocity diagram of the reactions
(1) and (2) when the a-particle is detected at 90°
to the direction of the beam and at 180° to the
direction of emission of the associated gamma-raye.
AB represents the velocity of the centre of masé'of the
system and, since the energy of the bombarding protons
was 450 KeV, 1s proportional to % J0.90. The recoil

8x

velocity of the Be nucleus resulting from the

60, Ajzenberg,F,, and Lauritsen,T., Rev,Mod., FPhys, 27:
77, 1955,

61, Devons,S. and Hine,M.G.N., Proc.Phys.Soc. Al89: &6,
1949,
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emiesien of the gammauray ie represented by BC '

Since the energy of ‘the emitted gamma-ray is (17.64-E)

EbVﬂ then_}C-is proportienal to Lol (17.64-E).-
’ | 8 (E:

CDh is the velocity of the a=particle in the centre
‘of mass system of Be Bx and is given by é (E+@'10)
The velocity of the a-particle in the laboratory system

is therefore given by A) which corresponds to an .

energy of
o (E&Otlﬁ' - ,go) + _ 1  (17.64-E) Ebv.
¢ 8 J§ 31

The scale of the‘ﬁbscissa in Figure 19, can now ber’
‘converted to give the excitation ehergy_of the Bes
nucleus. This has been done in Figure 23. where also
only true eoincldencel are plotted, the chance coincidences
‘having been subtracted. The range—energy relations of_ _
Aron et.al were used to give the energy of the a-particle
leaving the target and a correction was applied flor loss
of energy in the target. PFor a bonmbarding energy of
’450 EeV most of the Be8 nﬁelei were formed during the’“
first 20 KeV loss in the target, which waes placed at 45°
to the beam. Since the energy loss of apparticlee
at these energies is approximately three times that of

protons in the same distance; the average energy loss of

the a-partieles in passing through the target was 30 KeV.

4,6 Operation of the fast coincidence circuit,

Because such a small fraction of the counts in each



| | _—
| of the detectors was registered as coincident evente o
it was necessary to ensure that theee could not have been
'produced by faulty operation of the c01ncidence circulte.
Figure 22. shows the results of three tests . -
which were epplied.' The coincidence rate is plctted'
against the delay produced by extra cables inserted
in the gamma-counrer channels _ |
Carve (a) was obtained with a co®0 source piaced
between the.coumters and gives a value for the delay |
caused by the cable used in the a-channel being longer
then that used in the gamma-channel, nemely 11 mis.
Curve (b) was obtained for the gamma;raysrr'
and a-particles from the reaction under study. The -
5 mus. displacement of the peak of (b) with respect to
(a) compares well with the value 4.4 nus calculated as
the tlme required by a 2.5 MeV’apparticle to travel to_}3
the crystal. The assynwntry of the curve, would be
due to the shorter time of flight.of the more -
energetic_arparticlese S o
‘Wiﬁh a a=counter in piece, ﬁhe'gamma—counter waS- '
remove&.from its position near the target.chambert

and a Gbso

G060

source was placed near to it to make the
gamma-counting rate equal to that produced by'the
gamma-rays from the Liv(p;y)EeS reaction. The E.HeTs
supply to the photomultiplier was then increased

mntil the output pulses were of the seme emplitude

as those produced by the gamma-rays from BeS, The_"f:-;
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'amplitude of the pulses and the number enterlng the .
coincidance circuit were then sdbstantially the same '
as for the main experiment. In this case no more
than the ex@ected chance coincidences were dbsef#ed, N
(curve (c} Figure 2%.), although‘there was a small
reduction in the rate for delays greater than 25 mus
- probably due to unexplained losses introduced by the
25 mus delay cable. _ _

These experiments taken together confirm that.fhe'“
coincidences observed from Be® were due to a—partigieé    
and gsnma-rays from the target and not to some spuridus 

effect in the clircuits.
4,7 Interpretation of the results,

The degree of uncertainty attaéhed to the pOints  |
4in Figure 23. has been discussed in section 4.3, The
only definite conclusion that can be drawn concerningj'T
the form of the curve through theSe points is that it -
must lie between the limits indicated by the lines '(éa}'-'.:_
and (b). AR

For comparison with later work it is convénient”1 '
to convert (a) and (b) to their differential forms;.”Thé
resultes of this differentiation are shown in the lowér_-
diagram where the ordinate is now the percentage of

gemma-ray transitions which proceed through a range
of energy in Be® of 0.1 MeV. This is obtained from the
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coincidence counts, and from the known absolute efficiency
of the a-counter, e,, which is I%ﬁ‘ The sbsolute
efficiency, eyy Of the gamma~counter is not
fequired,provided it is assumed that it is constant
for gamma-rays in the energy range 10 to 18 MeV
(cefs Figure 1.)s The number of coincidence counts €
detected from n transitions, each one of waich
produces a gamma-ray and two a-particles, would be

C = ey X B 8, X T
If the n transitions were accompanied by N gamna-
radiating events, the numﬁer of counts NY in the
gamna-ray counter would be
Ny m:(K*n)e‘.
The fraction n/ (Wen) =:G/(2eaﬂfj then gives the
required percentage. € is the number of coincident
events recorded involving excitations in Be8 in a .
range of 0,1 MeV for 10° (=HN) gamma-rays detected.
The validity of this expression depends on the assumption
that all the transitions which emitted products into
the cone of acceptance of the countars were d&tected
aB coincidence events, Although this is likely
to be true it is not poseible to be sure of it and
consequently the quoted percentages may be too small,
Curve (a) implies that the 3 MeV level plays
no part in the tremnsitions in the region above 3.7 MeV
and that the breadth previously attributed to this

level, was due entirely to a number of unresolved low
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intensity levels at 4.5 MeV, 5.5 MeV and 7.7 WeV,
The percentage of the total nunber of gamma-rayi.
transitions which would then proceed through these
states 1s 2%, 2% and 1% respectively. These values
are approximete only since they assume that the angularf
correlation between the a-particles and gamma—radlation‘
~ is isotropic (c.f. Chapter 6).
Curve (b) suggests that the tranéitiohs involving

excitation energies in this region arise solely
from the broad level known to exist at 2.9 MeV

and any curve between these limits would indicate
low intensity levels present on a background ffoﬁ.the_
& NMeV level;

. The uncertainties in this experiment arise -
through instability of the cifeuits over the périod 1
required to record the complete specirum, These*could
be eliminated if the whole spectrum was recorded
sinultaneously. It was for thls purpose that the
technique of preparation of thin crystals of sodium

iodide was developed.
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PART B, DIFFERENTIAL SPECTRUM WITH SODIUM IODIDE. I.
4,8 Apparatus.

In the previous experiment the energy of tﬁe '
disintegration a-particles was determined from.theif_'
range in aluminium absorbers.‘ The stilbene crystai_
acted_almost solely as a simple detector requiriné émall
' powers of emergy discrimination. In this experiment,
the energy of the a-particles was determined from the  
pulse height spectrum recorded by the same Scintillatibﬁ
counter with the stilbene crystal replaced'withVé thin
(.002") crystal of sodium iodide. This crystal was
0.5" in dismeter situated 5 cm. from the target and__i
subtended a solid angle of <7/250 sterad, Detals
of the pfepafation end mounting of the crystals is
contained in Chapter 2.

Few changes were made in the apparatﬁs.that
has been described in Part A, The erystal used in
the gamma-ray counter was replaced‘bj a larger one .
l.1/4" x 2", which was mounted in a perspex case with:
magnesium oxide to reflect the light onto the photocathode.
The efficiency of this countefjWas about 60%, A.layer
of lead 0.6 cm, thick was placed across the front of .
this counter to elimiﬁate coincidences produced by '

annihilation radiation originating from the metal
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around the target chamber,
A Plock diagram of the new arrangements of ﬁhe
récording equipment is shown in Figure 24. The
output from the coincidence unit was used to gate the
proportional pulses from the drcounter, so that only the
_ spectrum of aw-particles in coincidence with a gamma-

ray was recorded in the mltichannel pulse analyser.
4,9 Experiment

Separated i’ ﬁargets were prepared by electrolytic
Vdeposition onto copper backings from a Ii Cl solution
"in Pyridene. These thin targets, Zﬂﬁugﬁ/ch; were
bombarded with 445 KeV protons,  The beam currehts
used were normally in the region of 5 i amps. As in
Part 4, a Img/cm® aluminium foil was placed over the
crystal to prevent the excesslve photomiltiplier currents
which would otherwise arise from scattered'prdtons
and soft X-rays. This foll alseo served to increase
the amount of light collected from the crystal and.thus
helped to improve the pulse height resolution.

The bias of the discriminator in the output of the
coincidence eircuit was set to exclude the small
pulses due to large single pulses in either channel.
With the discriminator of the gamma-counter set at an
arbitrary ﬁiue the gated a-particle spectrum was

recorded for a fixed number of gamma~-ray counts, The
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result is shown as the upper curve in Figure 25,
This représents the sum of a number of runs for which
the total nmurber of gamma~rays recorded was l.2 X 1&7.
The lower curve ie the chance coincidence spectrum
obtained by adding an artificial delay in the
coincidence output of the gamma—counter. This was
recorded for the same nunber of gamma-rays and under the
same conditions of beam current as the true plus chance
spectrum. The results below 8 volts are not shown
because of the large uncertainty in this region introduced
by the coincidences between stray annihilation quanta.
The contribution from this effect was found by
recording the gated spebtrum;when all a~particles
are prevented from entering the crystal by a thick
foil placed before it., It was found to be negligible
above 8 volts.,

The target was replaced by a thin source of
ThC + C' which emits a-particles with energies of 6,08 MeV
and 8,78 MeV, Dry alr was let into the target charmber
and the position of the peak in the pulse height
distributiﬁmafor each component was recorded for a range
of air pressures. Using the range-energy relations given
by Aron et al5ghd the known distance of the crystal
from the target, the scale of the pulse height
‘distribution was calibrated in terms of a~particle energy.
Since this csibration was practically linear, the

a-particle spectrum of Figure 25, with the chance
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coincidences subtracted, was replotted on a scale
giving the corresponding excitatian of the Be8 micleus,

To enable a comparison of this result to be made
with those in Figure 23, and with those of later experiments,
the ordinate of Figure 26. was expressed in terms of |
the percentage of the total transitions which proceed
through a range of excitation energy of Be8 of 0.1 MeV.
The absolute values given in Figure 26. are approximate
only since the fraction of‘fhe total number of ganma-
ray pulses which wés recorded above the discriminator

bias was not known accurately.
4,10 Discussion

Since the actual energies of the a-particles when .
they reach the cryétal range only from sbout 1 to 4 MeV
between 8 and 55 volts, the pulse height resolution
is very poocr, being sbout 30% and 17% at pulse heights
of 8 and 55 volts respectively, Even with this poor
resolution, hoﬁever, peaks would still be observed if the
spe ctrum was similar to that shown in curve (a) of Figure_zs;

Figures. 25 and 26 definitely indicate that the
majority of transitions occurring in this region arise
from a broad level whose maxinum occurs at a lower
energy than is observable in this experiment. The upper
limit to the intensity of tramsitions through the

proposed levels at 5.5 and 7.6 MeV can be judged from



2 00}
53t
oM
(&
H§ 400[
1
O
%:5
l 200+
53 [
g H - Chance Spectrum
g 10 20 30 40 50
E% CHANNEL NUMBER
FIGURE 25, GATED a-PARTICLE SPECTRUM.
0.4}k
-
] »
32 0.8
-
L]
o
o
&gj 0.2
Ogg>
86 5
<H &
EH;‘: 0-1"
o
53
Ay
| i L 1 i

4 5 6 7 8 9
Be® ENERGY MeV

FIGURE 26, TRANSITION PROBABILITY,

proposed levels at 5.5 and 7.6 MeV can be judged Irom



74
these figures, Levels at these energies would be
observed in this experiment if their intensity was
greater than about 1% of the total transitiomns from
the 17.63 MeV level. -

4,11 The resonance behaviour of the gated aupartlcle
spectrumn. .

It has already been shown in Figure 17. that the
coincidence events in this region feollow the proton
resonance at 441 KeV, 1indicating that the gamma-
radiation involve& originates from the 17,63 MeV
level, This was checked agein with the present
apparatus. The gated pulse height distribution was
recorded for three values of proton energy 400 KeV,

450 KeV, and 510 KeV, each for the same value of
integrated beam current., All three distributions were
found to have the same shape and the ordinates of the
curves were in the ratio 4 : 100 : 24, The corresponding
ratio for the total gamma-ray counts recorded for

each of the beam energies was 7 : 100 ¢ 41, These
figures clearly show that the gamma-rays involved

in the observed coincidence events originate from the
17.63 MeV level of Be®, and also suggest that the
percentage of gamma-ray transitions which proceed

to the energy region between 5 and 8 MeV of Be8

is lower for values of the proton energy above or below
the resonance at 440 XKeV,
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4,12 The gated gamma-ray spectrum,

It was‘po;sible to obtain a little more
information regarding the gamma-rays participating
in these coinclidence events in addition to the fact
that they originate from the 17.63 MeV level, This
Wwas done by observing the pulse height distripﬁtion
of only those gammawrays'that were in coincidenée
with an a-particle detected in the a-counter. The
full gamma~ray spectrum is shown in Figure 27 and -
closely resembles that derived in chepter I, Figﬁre'9. 
On.this basis the positions of the upper limits ijthé'
pulses from the 17,6 and 14,8 MeV components are markei;__5
on Fligure 27, | |
The gated gamma~ray sﬁecfrunubtained'for a fixed
nunber of counts in the ganma-ray counter is shown in '.
Figure 28, (curve (a) together with the chance'spectfum- j
curve (b) o‘btained'fgz?_ the same number of counts. -
Curve (¢) in this Figuré is the result of subtraction
" of the chance spectrum from the true + chance spectﬁunL 
Since the a~counter can detectronly those a~particles
which result from the disintegration of Be® nuclei
with greater energy then abodt. 4 MeV excitation energy,
genme-rays with greater energy than 13.6 MeV should not
be detected in coincidence. This conclusion is

justified by the evidence in Figure 28.
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PART C.  DIFFERENTIAL SPECTRUM WITH SODIUM IODIDE. IT.

.In both the precéding'experiments'it was not
"possible to examine the level structure of Bea below
4 MeV since the absorber necessary to prevent light,
gof't x~rays and scattered-protons from reaching the
detector was also thick enocugh to stop the disintegration
. a-particles from levels in this region. The removal
of this absorber would not only permit detection
of these a~particles but would also increase the.energy
of the e~particles from the energy region observed
in Part B, and'thefefore result in improved pulse.

height resolution.
4,13 Apparatus.

The aluminium foil between the target éﬁd the
crystal was eliminated and the exelusion of light and
scattered protons, achieved by a system of
collimators situated in a magnetic field, The
experimental arrangement 1s shown to scale in Figure 29.
where the diameter of the target tube is 2%. The
magnet was of conventional design and produced a field
of 7000 gauss over the area shown. The collimating
system is shown in more detail in Figure 30. where the 

paths of some of the target radiation are drawn. Light,
scattered protons and the S MeV a-particles from the
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Ei?(p;ﬁjﬂeé'feaction did not reach the detector.

The coﬁnting rate in the a-particle detector was
. very considerably reduced when these 9 MeV a~particles
were excluded and the resolving time of the coincidence
circult could be increased without increasing the chance
colncidence rate above its formef level. The length:
of the output pulses which were used to operate the
coincidence circuit was therefore increased to 45 mus,
with 300 cms of shorted transmission time, The .
coincidence circuit was more stable when working with
these longer pulses. ) _
| The effects of the magnetic field en'the-operatién_
of the photomaltipliers were reduced by surrouwnding eachif'

‘maltiplier with a sheet of mu metsl and by enclosing f_- 

“each complete counter in an iron cylinder, The
photomgltiplier used in the a~counter was removed from

the close vicinity of the pole pieces by using a 7" iqng '.
perspex light pipe to vptically éouple the crystal'to the
photocathode, With this protection there was no significént
changelin the performance of the counters when they'Wer¢ 
operated with the magnetic field switched on or off.-.HbWever
as this éxperimentél arrsengement was to be used later to
measure the angular corfelation between the:iirectiOHé

of emission of the a~particles and gamma-rays, which

would involve movement of the gamma-ray counter in the
magnetic field, it was considered desirable to use as a

monitor a second gamma-ray counter fixed in position at.
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'sdﬁe diétancé from the magnet. Thus the électrbn;c
equipment was arrenged as shown in Figure 24. apart

from this added counter.
4,14 Experiment,

The gated ayparticle pulse height'distribution
is shown in Figure 3l. as the sum of a large number of
runs taken under the same conditions as have been.
described in Part B. The stability of the recording
apparatus was checked between each run by noting the. |
position of the peaks in the distribufion of the a-~particles
from the ThC+C' source vhich_was fixed to the ﬁaék of" the:
rotating target. The lower curve is the chancéICOincidénce
~gpectrum taken for the same total“ﬁumber“df”monitor“.
counts. The large number of low energy pulses is agaiﬁ
attributed to ﬁrotons from the target bveing scattered.
into the crystal from the walls of the vacuum chambers

Upon completion of these spectra the target was |
removed and replaced by a source of ThE;Q‘; This was.
marked so0 that both its position and aréa”were 1denfica1
with those of the'irradiated section of the L:l7 target
which is indicated in Figure 30, The a-particle
spectrum from this source was recorded with the malti
channel analyser for a fixed time interval and fdr a
range of alir pressures. The path length between |

the source and the crystal was ealculated from Figure 505}
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and the value of 9.8 cm., S0 obtained, was assumed to
be constant for all a-particle energies befween 1 MeV
and 5 MeV, (this introduces an error of only 0,02 Chll )o
The calculated energies of the a~particle were those
shown plotted in Figure 10, against the position of the
corresponding'ﬁeak in the pulse height distribution,
It was also found that'for a~particle energies between
1 MeV and 5 MeV, the total number of counts in the fixed
time interval was constant to at least 1%, indicating
a constant detection efficiency in this rangee.

The data obtained with the thorium source also

provided‘the approximate values for the pulse height
resolution (full width at half height) for a~particles

in this energy range which were used in Figure 13.
4,15 Interpretation.

The positions at which levels at 4e1l, 543 and
7.6 NeV would occur are marked on Figure 31, Despite
the poor resolution, (about 15% at 20 volts), a group
0,5 MeV wide, would be observed at 4.1 MeV if its
intensity was greater than 5% that of main group at
3 MeV. Groups at 5.3 MeV and 7.6 MeV would be
observed if their intensities were grester than 3% that
of the & MeV group. |
To obtain an estimate of the true shape of the

spectrum the distribution of true coincidence erents,
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foﬁﬁd ﬁY”sﬁbtrédtihg'the chenee ceincidenee'&iétfibutienux
(dotted 1ine) from the histogram in Figure 5l., Was"_-"
corrected for the broadening introduced by statistical .
effects in the photomultiplier, This was done by
guessing the finsl distribution and broadening it - _
with the aid of Figure 13 until a £it was obtained with
the experimental spectrums The calibration curve of |
Figure 10, was then used to give the distribution in
" terms of the energy of the disintegration a-particies;_
Since the calibration € energy against pulse height was net
linear this involved a correction for the changing ﬁidﬁh;
of.interval over the energy range. The relation between .-
_the.energy of the disintegration a=particles and the B
‘gnergy of excitation of the Be8 nucleus was slightlj';'
changed from that derived in Part A, since in ﬁhis _.
experiment the a-particles were observed at IQOG to'the;'
beams The final distribution obfaiped for the #ariatidn-'
of trensition probebility with energy is shown as
curve (e¢) in Figure 32..

in order to compare this result with those obtwined
in Parts A& and B the ordinate of Figure 32. 1s expressed
a8 the peﬁcentage trensition probability per 0.1 MeV
interval, The scale is approximate only since it is
based on the agssumption that the area under the curve of
Figure 32, represented 33% of the total nunber of gamma~ray
trensitions from the 17.65 MeV level, as suggested by
Walker and MeDaniel, The results obtained in Part'A; ”; 'i



Eiéﬂfe 95.,'aﬁd'?af£ B,'Figure 26. are élQWn-as_curvés; £
(2) and (b) respectively in Figure 32, The agreement

ié sétisfactory since the absolute value of the |
“ordinates in all three results was not known with any
accuracy. The flattening of curve (b) is attributed to the
large spreading introduced by the statistical effecté in
the photomultiplier which in this case, has not been

removed,
4,16 The ungated a?particle gpectrum,

" When the a~particle épectrum 1s-observedvWithoﬁt -
defining the direction of emission of the asSoéiﬁted
gamma~-ray the Doppler broadening introduced ié abbut
0.4 MeV over most of the energy range.- As mentioﬁed -
above t his would tend to obscure any low intensity lines
that may be present in the spectrum. However, with the
present a~particle detector, for which the broadening
introduced by statistical effects in the photommltiplier
was €l ightly more than the Dopplér broadening, there woﬁld
be no great advantage in defining the direction of the
 gamma-~ray by a coincidence-experiment, The rasultant:"
loss of efficiency would be justified only if other
effects were also eliminated,

S8ince the percentage of gamma-ray transitions whiéh 

8

proceed through regions of high excitation in Be is' 

very small it is essential to eliminate all possibility
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that the a»particles in this energy region are not the o _
result of some reaction inv01V1ng target or beam contaminw
ants. This can only be done (in the absence of & hlgh .
resolution magnetic spectrometer) by selecting only'those
agpafticles in coineidence with a gamma-ray. The oniy"_
possible contsminant reaction would then be F-°(p,ay)0t®
which, although not observed, could also be elimineted,by
suitably biasing the discriminator in the garma=-counter j:
channel of the triple coincldence c1rcuit.

The magnitude of the effects of these contamlnant
.freaction5'can be seen frqm Figure 33, This shows the_'
ungated.abparticle pulse height diétributions obtaihed' _
with the thin Li7 target for the seme total integrated beam
current, at bombarding energies of. 440 KeV and 580 KeV.

At 380 KeV thefneasured gammauray yield was 2% relative | |
to that at 440 KeV, A similar distrlbution was obtalned f
at 520 KeV where the relative yleld was 4% Thus
almost the entire distribution obtained at these voltages
is eontributed by other than the Li7(pyya)He4”reactiOﬁ.:
The large nurber of low energy pulses is, as mentioned
previously, the result of scattered protons. The peak-,
at an energy of 1.7 MeV is formed by the amparticleé."u
from the Li (p,a)He5 reaction and the sSmall number of
pulsem~at an energy of approximately 2.8 MeV is probably
due to the Ols(d a)N14 reaction, |

The points shown in Figure 34, were obtained ae.the..

result of subtraction of the average of the distributions

obtained at 380 KeV and 520 KeV from that of 440 Kév;e“
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The solid curve shown in the figure was obtaned from Figure
%2 and shows good agreement between the gated and ungated

distribufionsQ
4.37, Conclusions.

The results of the experiments descfibed in this
Chapter are in general agreement with the previous work’bﬁ
the L17(p,{)BeB reaction, They confirm that approxmateiy;
10% of the transitions from the 17,63 MeV level inv@Ivé :“
excitations of Be® greater than 5 MeV. However, the
previous interpretation of these transitions in terms of
levels in this energy region appears from the o esent WOrk;
to be unjustified. | |

The results of previous experiments mehtiohed ih:thé~
introduction, in which Be8 is excited.by other reactlons, _
have not been confirmed. Levels in Be® at 2.2 and 3.4
MeV would be difficult to resolve in the present experiment
end it is possible that selection rules invoked in-the-_'n
Li7(p,()Be8 reaction prevent the excitation of levels at
4.1 NMeV and 7.6 MeV reported from other reactions. |

The work described in the following chapter was

undertalkten in an attempt to resolve these points.



THE ALPHA PARTICLE SPECTRUM FROM THE REACTION
B10(q,a)Be®(2a)

5.1 Intreduction.

The experiments that have been described in
Chapter 4 involved measurcments of a-particle energies
of only 1 or 2 MeV. Since the energy resclution that was
obtainagble in this region with sodium iodide crystals was
quite poor, the conclusions that could be drawn were
limited.

For the reaction B10(d,a)Be® the @ value is 17.8 Mev ©C,
and hence the energy of the a-~particles proceeding to the
3 MeV state of Bea have an energy of about 11 MeV., The
energy resolution of such a-particles should be
approximately 5% and so the me;surement of the energy
spectrum qf these a-particles éhould provide better
information concerning the' states of the Be8 nacleus.

This regction had been'studied previously by seversal

62

workers, and although Whitehead ™ found evidence for a

level at 4.9 HeV this was not confirmed by Treacy65.
In these experiments the a-particle spectrum was measured
by a single detector, in which case, the a-particles

- from the breask-up of Be® were also recorded, This

62. Whitehead,W.D., Phys.Rev. 82: 553, 1951,
63. Treacy,PeB., Phil.Mag, 44: 325, 1953,



background extended over most of the primary arpartiCIe_
spectrum and would have obscured any low intensity groups
that may have been present.

This chapter describes an attempt to remove this
background of bresk up a~particles and so examine the

primary a-particle spectrum alome.
5.2 Mechanics of the reaction.

The reaction to be studied can be written -
510 , d-aCIszaal + BePZ + g
If E MeV is the excitation energy of.the BeB nucleus,
then @ = (17.81 ~E) HeV., The Beaxlnucleus subsequently
bfeaks up into two a~parts, thus |
8x

Be~  —>ag + a3‘+(E + 01)

This disintegration scheme gssumes that the compound

312

nucleus decays by emission of an a~particle to =

definite state of Bea. The possibility of three bedy

612 nuclens inteo

break up, i.e. the disintegration of the
three a-particles, which does not proceed through the
intermediate Be8 nucleus will be discussed later in
Chapter 7.

Coneider an arrangement of two counters in whiﬁh
one, Counter I,Iis placed at 0°to the deutron besm and the
other, counter 2, is situated such that the angle between
the'counters is #. When thé pulse height spéctrum of the

a~particles detected in counter 1 is recorded, resulis

85
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"aimllar to those of’other workers are obtalned4 - In aaaitian
| to the prlmary arpartlcle spectrum, the dlstribution also
contains the spectrum of the secondary a~part1c1ee : |
resultlng from the breakup of the Be8 nucleus,

If, now, the sPectrum of a~-particles in counter 1
is only recorded when there is a'coincident'event betwean_
counters 1 and 2, the dentribution'from secondary aﬁpartiCIe
will be coneiderably reduced and modified; at_the'same.
time however, the ehape of the primary aéparticle SDeetrﬁm-
18 altered. o

A coincldence event can arise from one of three

'modes of detection.,
i) The primary auparticle incident on counter 1 and one
of the secondaries on counter 2. _
- 11) The primary incident on counter 2 and one of the
| ‘secondaries on counter 1l.
iii) Both seconaaries incident on counters 1 and 25 
In designing the apparatus we wished if possible 3
" to allow only events of mode i), and we shall discuss
now the generel considerations involved, The detailed f-
" calculations, which depeﬁd on the dimensions of the
apparatus, are made later. 7 |
When the primary e~particle travels in the forwerd.i*
direction, the secondary a~particles appear within a eeﬁe,
the angle of which depends on the primary a-particle. o
energy; As this energy increases the cone beconee harreﬁer.

Thus for a particular value of @ there will be a certain

value of the primary aypartlcle energy above which no-



. _. | e
"secondary appartlcles ‘dre detected hy counter 2.h de ﬁnfrn
 decresses this cnt—off energy also decreasee._ | 'h
| The effective solid angle of counter 2 also depends on
the prlmary asparticle energy, l.e. the angle of the conee
It is zero when the primary ayparticle energy'iS'ahcve iﬁé.
cut-off value and as the prlmary aergy decreases, :Lt
'1ncreasea sharply'to a maximam (depending on the dlmensions
of the counter 2), - then decreases” gradually with further
decrease in the primary a~particle energy, c.f. Figure 40.-
To simplify the interpretation of the results it would.
ebviously be desirable to choose a 1arge-Value-of ﬁ”so that
the whole of the energy spectrum lay within the reglon of
gradually changing s0lid angle. However the effects of
the second mode of detection mist now be consldered.
| The prlmary a»particle which is jneident on counter 2
leaves the Be nucleus with an energy E, and the-secondary |
a-particle which reaches counter 1 has an energy E', B
" which depends on E end on the angle #. For a fixed_é. %
value of E, this energy B' decreases with decreasing Qﬂ[5~3
‘Thus in the recorded spectrum of counter 1, the totaltccnnts
et any particular energy will include a cqntribution'frcmf
events infolving Bes_in.a state E, giving a secondary ef_
the particular energy. As @ decreases, the energy E‘ef the
state contributing counts at this particular energy-wiiihf
thus increase. _ _
Consideration of mode iii) shows that t he energy_ﬂfil

of the state contributing counts at a particular'energY“t';
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'decreases as H decreaSes although' in this case, the |
energies of the aecondary apparticles from a given
excitatlon energy of Be8 are spread over a wide rangé.

It is apparent from the foregoing that one value of &

is suitable for examining only a portion of the primary
'drpartidle spectrum and thaf several values mast be uséd to

provide precise knowledge of the complete spectrum.
5.3 Apparatus,

The targét'chamber and the coﬁnter arrangement uséd
for this experiment are shown to s cale in Figure 35, 'Tﬁé . 
targéts of separated B0 were evaporated'to a'ﬁhickﬁéééf
of 0.5 mgm/cm® onto nickel £oil of approx:u'nately 5 mm.
air equivalent. This was held with a spring clip in a  fff 
copper'frame, which could be water cooled. _'

The a~-particles were detected Dby 1/16" thick sodium '
iodide crystals mounted as d escribed in Chapter Be !
Aluminium masks were used to define the cfystal'area ﬁnd,f
to provide same measure of reflectivity at the end of thé]
light guide. The areas so defined were a circle 11/16?3_&
diametef, for the end crystal, and a rectangle 1/2" |
wide by 5/8" long for the side érystal,

As mentioned in Chapter 2, 1t is necessary for the =
crystal surfaces to be perfect in'order to obtain the
best resolution in the detection of the a-particles.

This was achieved by cleaving snd mounting thecrystals.‘

in a dry box. The side flanges and the end assembly of
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counter 1 were removeable from the main target chamber,
and the light guides could be fixed in position inside
the'dry box by means of the clamp rings shown in the
figure. The crystals could then be sesaled off by means
of a rotating‘flange in the case of the side counter and by
g sllding flap valve in the end assenbly. These Were
reattached to the main assenmbly which was then evacuated.
After pumping for sufficient time to ensure that no water
vapour remained in the systeﬁ, the valves were opened
and the crystals exposed to the vacuumn. In Figure 36,
counter 2 is shown in the open position and the other
gide counter in the closed position, These valves also
rermitted a change of target without causing any‘deteriorw
ation of the crystél surface, When the whole system was
evacuated the clamp rings holding the light guides in place
were removed and the photomltiplier mounted as shown
in Figure 1le A crystal mounted in this way maintained
its characteristics for three or four days, after which
time it had to be replaced. The resolution (full width
&t half height) usually obtained for the spectrum of the

8.8 MeV a~particles from ThC' ¥Was 6%.
To prevent excessive currents in the counters caused

by deuterons scattered from the target, it was necessary to
interpoge thicknesses of nickel foil between the target and
the crystals. Since the resolution for a~particle detection
vdecreases with a-particle.energy it was desirable to keep thi

thickness to a minimum, The yield from the Blo(d,a)

reaction increases steadily to a maximum at a deuteron
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energy of 1 Msvsg, thus a bombarding energy of 350 KeV
was chosen so that the yield was reasonable, and the
thickness of foil not too great = 1,2 cm. air equivalent.

In order to vary @, the angle betwsen counters 1 and 2
the side flange holding counter 2 could be rotated on its
0 ring seal in a plane parallel to the beam. Variation
of @ between 51° and 140° could thus be achieved. Provision
was also made for rotating the perspex light gulde, so that
the edge of the detector could be maintained parallel to the
beam. Both these operations could be performed when the
system was under vacuwn,

The recording equipment was arranged as shown in
Figure 24, As in the DPrevious experiments proportionsal |
pulses were taken from the ninth dynode“of the multipiier
and the pulses from the last dynode used to operate the.
coincidence circuit. Since the counting rates in this
experiment were quite low {300/sec, for beam currents'of
aﬂaj, it was not necessary to use the fast coincidence
circuit that was essentisl for the work on the Liv(p,~fa)a
reaction. The partially limited pulses from the mmltiplier
triggered simple flip flopsrwith_delay line clipping
and the negative output pulses, 20 volt and Q.15 usec.
wide, were fed directly to a coincidence circuit which
had a resolving time of 0,3 usec. The minimuﬁ;a—particle
energy required to trigger the flip flops was 2,0 MeV,

This was determined using the a-particles from ThC',
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5.4 = Experiment.

The spectrﬁm of pulses from counter i was displayéd'
on the 80 channel kicksorter., A typical ungated spectEUm‘
is shown in Figure 358. This shows the well kriown distributio:
of a~particles from the Blo(d a)Be® reaction with the
narrow ground state group and the broad group c0rresponding
to the 3 MeV state of Beso Superimposed on the background

of the secondary a-particles from the breakup of Bes,ﬂ_

are peaks corresponding to proton groups from the Blo(éngB;l
and Clz(d,p)cl5 reactions, The energies of these groups
are marked 6n the figure, The proton groups corresponding
to transitions to the ground and first excited level of Bll
are not resolved from ths a~particle specfrunh  The group
at 2,98 MeV is contributed‘by'the Clz(d;p)cls reaction
which arises through deposition on the tafget of'carbéﬁj
‘originating from the oil diffusion pumps of the vacuum
systems. This could be re&uced'with a liquid aif trap in thé
beam tube and with hot water in the "cooling” tubes to the
target. However, the height of this proton peak increased
steadily with running time and after about 6 hours was
roughly equai to the height of the peak at 2. 70 MeV,

The propértional pulses from counter 1 were used as a‘
monitor and the diseriminator setting which is marked on
Figure 36, was chosen to eliminate the large variatioms in

counting rate which would otherwise arise from the increasing

yield from the Clz(d.,p)c13 reaction.
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: ThéVgétedispectrum.frdﬁ éoﬁhter 1'wéé:récordéd f§ria |
fixzed number of ﬁoﬁitor counts for each of three #alues.'
of &; 140°, 1287 '.d.104°; The resultse are sh@wn‘in' 
Figure 37, Each of theée distributions was thelsum of four
runs each of about 50 minutes duration, Between each of the
runs the ungated spectrum was recorded and the positions
of the proton peaks used as acheck on the stability |
of the recording equipment, |
The low intensity peaks evident in these épectra
were again proton peaks. The proton pulses from counter 1
were gated by coincidence eventw,ocdurring between theSé  
protons, in counter 1, and the corresponding de-excitation
gamma~-rays in counter 2. This WaS'checked'with an B
‘aluminium foil over the side crystal thick'enoﬁgh to stop a11
a~particles.' The gated spectra recorded under these condit-
ions showed clearly that p {'coincidences were being: B
detected. |
Since the proton group at 4.93 MeV obscured an
~important secfion of the a-particle spectrum, an extra
thickness of aluminium foil, 5.6 mgm/cmz, was placed
between the target and the end c¢rystal and the gated.
spectrum recorded again for the case of & = 128¢. The
effect of the foil 1s to leave almost unchanged the pulse
height of the proton peaks, but to reduce the a-particle
energies sufficiently to bring the pulse heights of’thoée
a~particles previcusly obscured into a region free fro¢: 

proton pulses. This spectrum is shown in Figure EVs(c)__
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5;5-'Ihtérpretation:of the Gated Spectra,

The.calibration of the pulse'height scale in terms
of a~particle energy could be done independently up to
8.8 MeV using the a-particles from ThC and C', Beyond_
this energy only two calibration points were available -
the positions of the peaks corresponding to the a—paftiéle
transitions to the ground and first excited state of‘ Be8
which occur at energies of 13,1 MeV and 11.0 MeV
respectively. The width of the 11,0 MeV group, and the
fact that there is an unresolved proton group in this |
region, introduces an uncertainty of about 300 KeV o
in the position of this point. In this way the calibratidn
of energy against channel voltage was obtained for both -
foil thicknesses used in the experiment.

As was mentioned in section 5.2, each curve
of Figure 37. 1s the conbination of the distributions 
resulting from each of three modes of detection, i.e.
the ordinate at each a~-particle energy is bulilt up frém.ﬁ
contributions from each mode, each of which involves a

different excitation energy of Be®, We shall derive here
the relation hetween @~particle energy as measured in

counter 1, and the corresponding excitation energy of Bea
for each of the three modes. |

For mode i), there was a unique value of the primary

a~particle energy, E,  corresponding to each value of the

Bea'energy, E. The finite so0lid angle of the end counter.
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introduced a spread of less than 10 KeV in the primary
a~particle energy. 1In the p?esént experiment, fof'a
deutron bombarding energy of 360 KeV, E_ = 2( ;§z%l:§;g:10)
This relation is shown plotted as the solid curve in Figufe
38

Por mode ii), the energy of the secondary awpérticles

resulting from the break-up of the Be8 nucleus with energy E,
was not uniquely determined., The finite solid angles
of the two counters introduced a spread in energy of
about 3 MeV. For any velue of E, the mean value of the
energy of the secondary qspafticles also depended on &,
The relation between E and E& for this case was found | -
graphically and is shown in Figure 38, for the three vélugs
of #, Since the minimum a~particle energy required to -
operate the coincidence circuit was 2 MeV, levels in BéSf
above 15 MeV would not contribute sny events from i) of  f 
i1i). For mode iii), the a~particle energies were spreaa
over a very wlde range and events of this type were__'
recorded only-for values of E within certain limits.-
These limite depended on the angle #. The relations in
this case were also found graphically, and are shown for
two values of @. For & = 140°, only values of E greatér
than 12 MeV contribute events and the relation for this
case has not been shown.

With the information contained in Figure 38, some
conclusions can now be drawn fromthe gated spéctra shown
in Figure 37, Figure 37 (a) shows the spectrum recorded

for # =.140°, and the position is marked at which primary
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a~-particles leading to BeB with energies of 4.1 and 5.3
MeV wouid appear, For E'a-4.1;'Ea‘ﬁ»10.2, and Figure 38.
indicates that only levels above 8 MeV would contribute
secondary a~particles above this energy. Since no sharp
levels have been observed in this region it is reasonable
to assume that the spectrum above about 10 MHeV was almost
entirely contributed by primary e~particles. Thus,
Bince the pulse height resolutién in this region was
about 5%, failure to observe any fine stucture in this
region of the distribution is significant.

For Figure 37 (b), a similar argument suggests that
only levels sgbove 10 MeV will contribute to the eounts
.above the position merked for E = 4,1 MeV, However, in
this case, the solid angle effect makes the interpretation
of the distribution in this region uncertain. |

In Figure 37 (e¢), the only levels contributing
to the counts at E = 5.3 MeV lie above 8 MeV and any group
occurring in this region should not be obscured by the
presence of secondary.arparticles.

At the position indicated for E = 7.6 MeV in Figure
&7 (d), there will be a small contribution from levels
between 6 and 9 MeV and above 11 MeV, bul, since this
wéuld be very broad, any group appearing in this region
should be observed.

Upper limits to the intensity of unobserved groups
afe difficult to assess because of the variation In

effective 80lld angle with energy. However, 1t can be
stated approximately that groups 1 MeV wide would have been
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dbserie&.if their intensity were greater than 5% the
intensity of the group at 3 HeV, For sharper groups,
this limit is lower.

5.6 Purther analysis of the Gated Spectfa.

It was possible to draw some further conclusions
from the results of Figure 37, but before this could be
done the background due to chance and =Y coincldences
must be subtracted from the distributions,

The random spectrum was obtained asﬁthe'gated
spectrum recorded with a delay of 2 isee, inserted in dne
or other of the channels, Ideally the randamispectram; :
ghould be recorded simultaneously with the recording
of the true plus random gated spectrum, bdbut as this was_
not possible, +the random spectrum was recorded directly
after the other for the same number of monltor counts,
This would correspond to the required spectrum provided
that the counting rate, i,e. the beam current, was
maintained at the same level In both cases.

Since the shape of the random spectrum 1ls
identical with the shape of the ungated spéctrum, it
was necessary, in fact more accurate because of the small
numbers involved, to record the random spectrum only
once to ascertain the total number of randem events
for a given number of monitor counts. The ungated

spectrum which had been recorded between each run was then
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'scéléd-sﬁitahly to‘gi#e the rahdom sﬁéctfﬁm'in eaCh“cééé;'
Since the time to record each gated spectrum was 50 minutes
this procedure glso greatly reduced the total time |
involved in the experiment.

The contribution to each gated spectrum from.thenp-f 
coincidences was constant througﬁout the experiment | :
since it did not depend on the counting rate and did'n"ot_
inelude the variable'group résulting from the
Clz(d,P)Gls reaction, as the protons in this case leaVB:
015 in ite ground state. Thus P“X coincidence spedtrﬁm ; f
was only recorded once, As mentioned above, it was
obtained simply as the gated spectrum with an ahpartiCIé  f
.stopping‘foil Placed over the side crystal.  ., |

In Figure 39, the distributions (a), (ﬁ)'and (a) |
of Figure 37. are shown with the randomland pd{'backgrounds
subtracted. The scale of the abscisson has been
converted to an energy scale with the aid of the
calibration obtained above. Since this calibrafion_;'
was not linear, the ordinates of the figure haﬁe beén  
corrected as described in section 2. 2e | |

These three distributions each contain cohtribﬁtibné
from the three modes of detection and it should be‘ ": |
possible to obtain a consistent interpretation of'the_
pPrimary a-particle spectrum with the aid of Figure 38; ‘
Before this could be done, however, it was necessary
to calculate the variation of theeffectlve solid angle

with energy and angle for each of the three modes._ This_
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waédone-graphically for mode i) and the results
~ for the three-values of & are shown in Figure 40.
This result was also assumed to apply to mode ii),
since the two modes were symmetrical if the small effect
of the centre of mass motion was neglected. The
variation of effective solid angle for mode iii)
could not be derived explieity, but is implied
in fhe curves of Figure 38.

In all these calculations it has been assumed that
. both the angular distribution of the primary
a-particles and the angular correlation between the
primary and secondary a-particles is isotropic.
There is no evidence in the literature regardihg thé'
spin of the level in G'Z which is formed by the -
capture of deuterons by BIO. This level can have
a spin of 2, 3 or 4 and it 1s by no means ceptain.that
thé distributions are isotropic, since only‘the'vﬁlﬁe

2 would reguire such isotropye

~ The fact that the values of the effective solid

98

angle were the same for each value of @ over part of the

energy range, simplified the interpretation of Figure 39,
The dotted curves in this figure are the results of a .
trial and error process continued until consistency wﬁs
obtained between the three @ values and with Figures 38.
and 40, The areas above the dotted curves for ﬁ = 140°
snd 128° represent the,contribution‘from mode ii) and

the area below the dotted curve for & = 1040r the' '
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gontributiam;from mode iii)e The remaining sreas
;épréseht.the contfibution froﬁ moaé 1) ﬁlone..

‘Each of these primary a-particle distributions
was corrected for the variation of effective solid. 
angle and the results are shown combined in Figure 41.
The vértical‘lineszthrough the curve indicate the.
prdbablé errors in the ordinate of the curve at each
point relative to that at & MeV, Below 3 MeV the shape
of the curve is very uncertain as this covers the energy
range over which the effective so0lid angle varies rapidly

with energy.
5.7 Conclusions and Subsequent Expérimental Evidence{

_ The general conclusions to he drawn from thé-wdrk
deseribed in this chapter and the preceeding On;'g
are the same. In both the experiments, the enefgy region
in BeS from 2 to 9 MeV has been examined and no evidence
found for levds other than that at 3 MeV, This levei has
a width in these experiments of appreximately 1.5 Mév,
and extends throughout the energy range examined. This
is in general agreement with the theoretical | |
Predictions discussed in Chapter 3.

The experiments mentioned in Chaﬁter 3, which

have been interpfeted to suggest other levels in Bea_
can all be explained in terms of this one very broad:.. 

level when allowance is made for the statistical  .
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uncertainties introduced by the small number of counts

recorded in each case., The one exception to this |

conclusion is the result obtained in the o~

scattering experiment performed by Steigert and Sampsonss.

However, this experiment has since been repeated

by Nilson64, who finds no evidence for 8 level at

7.5 MeV, Dut confirms the existence of the D and G

levels at 2.9 and 10,8 MeV respectively.

Many experiments have recently been performed
employing a varity of reactions to excite the Be8
nucleus and some of these will be discussed in
Chapter 7. Most of the experiments involved
the observatioﬁ of very large nunbers of events and,
in general, confirmed the results of the present

65,66

work. Two of the experiments also suggested

evidence of a very broad level at approximately
12 MeV,thus confirming the results of the a-x
scattering work64¢

wa gfoups of workers, however, report reétlts
which indicate other levels in Be8. Cler et a157

have examined the a-particle. spectrum from the

64, Nilson,R., Ph.D.Thesis, Illinois, 1956,

65. Mbak,c.n., and Wisseman,W.R., Phys.Rev,10L: 1326, 1956,
66, Frost,R.T., and Hanna, S.S., Phys.Rev. 99: 8, 1955,

67. Cuer, Jung and Bilwest, Compt.rend., 238: 1405, 1955.



B}O(d,ajbes reacﬁidn'withlphotographic plates
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' at four angles with a deuteron bombarding energy of L

| 1‘Mb?; Groups are shown in their distributions
at 4.0, 4.9 and 7.2 MsV, The most promiﬁent :
of these is the 7,2 MeV group observed at 0°,
which is made up of five high points, 12% abbve;.
the continium, CHer et al also suggesté'thét“the

intensity of the groups variés with the angle of

detection. However, Holland et 3168

, have exemined
the same spectrum with a magnetic spectrometér

for a range of angles and deuteron energies. The
nuniber of counts recorded at the 2.9 MeV peak in

these'ekperimenta was over 5,000 compared to 500f

events in the experiment of CGfler et al;, No evidencé_-_ o

was Tound for any low intensity groupé. It is-
interesting to note that a group observed by

63 4t 7 MoV was attributed by him to carbon

Treacy
co#taﬁination.

Gilson snd Prowse® report levels at 2.1,
4,0 and 5,3 MeV, observed in the neutron spectrum
from the I‘.i'?(d,n)Be8 reaction., Photographic plates

were employed and 170 events were observed at the

68, Holland, Inglis, Malm and Mooring, Phys.Reve 99:

98, 1955, |

69. Gibson,W.M., and Prowse, D.J., Phil,Mag. 46: 807,
1955, . ,
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2.9 MeV peaks Trial and Johnson'Of 't

however,
did not observe any groups when they examined the
same neutron spectrum with a seintillation
spectrometer which had a resolution of about 8%, They
observed 400 counts at the 2.9 MeV pesak.

Thus the overwhelming evidence is in support

of the concluslions drawn aboves.

70 Trail, C.C., and Johnson,C.H., Phys.Rev, 95: 1363,

7l Trail,C.C., and Johnson,C.H., private communication.



SECTION C

THE SPIN AND SHAPE OF THE FIRST EXCITED
LEVEL OF BeS,
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_ GHAPTER 6 _ _ . S
THE ANGULAR CORRELATION BETWEEN THE DIRECTIONS oF ff

EMISSION OF THE g~P TIGLE AND THE GAMMA-RAYS
FROM THE LiV(p’%)Be (a)He? REACTION.

 6e1 Introduction.

Alllthé'general theoretical models of thé. N
Be® nuecleus suggest that the level at' 3 MeV is a D stéte,i
but until recently there has been very little evidence -
to confirm this. o |

Studies of the shape of the a-particle spectra

observed in the photodisintegratién72 12

the reaction B*0(a,a)Be® ©°

of G** and in.
, are consistent with a“spinf
2 for this level. Geer et al’® also make this -
assignment on the evidence of the a~« angular
" ‘eorrelations in the Bll(p,a)Bes(g)He4 reaction. _
This chapter describes a direct determination qf.the
épin from the measurement of the correlation betweeﬁ
the directions of emission of a~particles and |
gamma—radiation at the 440 KeV resonance in the
reaction Li7(p;ﬁ)Be8a(He4).

The level in Be® at 17,63 MeV is formed by

p~wave protons with channel spins 1 and 2 in a'ratio;_

72.Telegdi, V. L. Phys.Rev. 84: 600, 1951,

73«Geer,B.H. , Nelson, E.B,, and Wolick,E.A. Phys. Rev, 1003 -
215, 1955. | el
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_of 1 to-574ﬂ  This establlshes that the 1evel has J = ifi
'and accounts for the dbserved isotropy of the- - '

'capture gamma-radiatian75

since this mixture of |

R dhapne; spiné results in equal population of the
"mAgnetic'sﬁbstates.

The measurement of the"angﬁlér distribution of the

rédiation off the 441 KeV resonanceel

indicated
individual anisotropy of the two components 1eéding
‘to the ground and 3 MeV levels respectively. This-f
implies that the spins of these levels are diffebent,
and sinece the levels are kﬁown to diaintegrate_ |
into twd aeparticles ' the.sﬁins mist 59 even. -

" Values of the spin greater than 2 would imply
: that the radiation from the J = 1 level was octupole
or higher order radiations The intensity of such
radiation would be less thaﬁ maghetic dipole-or 
electric quadrupéle radiation by a factor of
;approximately 108 76, Since the intensity of
the transitions to the ground and 3 MeV level
are of the same order: of magnitude the spins of -
these levels must bé either O or 2,

For d = 0, the radiation is pure magrnetic

dipole and the angular correlation between

the garma radiation and the disintegration

74, Warters, Fowler and Lauritsen, Phys,Rev. 91t 91?-'1955;

'75. Devons $3., and Lindsay,G.R., Proc.Phys.Soc. GBA. 1202
1950,

76, Blatt J.Me, and WeisSkopf V.F. "Theoretical anlear B
o Physics” John Wiley and Sons, 1952« = _
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_ apparticie:is isotropice For Jd = 2, the radiaﬁibns
can bela'mixture of both magnetic dipole and electric
guadrupole and the angular correlation function has
the general form |
W(0) =1 + AP (cos0) + AP, (cosd) | |
where 9 is the angle between the axes of the detectors;
A, and A, are canstants and Pg(cosﬁ) and P4(cose) are
the second and fourth order Legendre polynomials
respectively.

In Chapter 4, three experiments were descfibéd. |
in which the spectrum was obtained from those dnp&PﬁiCles
in coincidence with a gamma~ray. In these three caseé_ o
the angle O between the detectors was 180°, This -
chapter describes the extension of these experiments
to cover 'a range of values of 0. .

The angular correlation between a-particles aﬁd
gamma-rays is easily determined in a simple case that |
involves only a single narrow level of the intermediate.
nucleus. It is only necessary to record the 4
numﬁer of coincldences for & fixed number of particles
detected in one counter, as a function of the angle
between the counters. The Flg(p,ag5)0i6 reaction
1s an example of this kind. At the 340 KeV proton
resonance, 98% of the transitions involve the narrow
6.1 MeV level of 0%, In the Li'(p, ya)He" reaction,
however, there is no narrow level in Bea.through

which all the transitions proceed. In this case it is



ﬁeceééafj'toxrécOrd the géﬁed'départiclé:5pe¢tfwm o
fof'ééfefal %alﬁeé-of G, eaéh‘for a fixed'huﬁbér.of'j;-
'gﬁmm&-ray events. From the results, the correlation |
between the gamma@radiation and a-particles can bé
foﬁnd for transitions through'different regions'of

excitation of Bea.

6.2 Experiment I.

With the apparatus described in Part € of Chapter 4,
the a-particle spectrum was recorded for four - |
angles between the cownters: 120°, 140°, 160° and
180°%  The a~counter was rixed at 90° to the beam aﬁd:j-;‘
'tﬁe gammg~counter could be rotaﬁédﬁin the plén?-: o
perpendicular to the beam, The four distributibﬁs},f'
are shown in Figure 42, Each spectrum is the sum of tf
a number of separate runs of about 20 minutes duratibn;
_each recorded for the same number of monitor counts. 'Théz
beam current was about 7 ph. Four times as meny runs
were made at 120° and 1806, than at the two iﬁtermediéﬁe‘ 
sngles. The shift in e-particle energy with changingf
direction of gamma~ray emission is apparent from the"
curves, and gamma-particie energlies at the maxima
of the four distributions correspond to an excitation

energy in Be8

of 2,95 + 0,03 MeV,
The angular correlation associated with this energy"_

of Bea is plotted in Figure 43, and was obtained fI'Om _‘



CHANNEL

PER

COUNTS

400

200}

<

1001 140

2001

100 ' 160°

80O

400

10 20 30 40 50

CHANNEL HEIGHT

FIGURE 42, GATED SFPECTRA.



107

the ordinates of the maxima of the four spectra of
Figure 42, The small contribution from random
coineidences, amounting to twenty counts at the peak
energy, was subtracted before the ratios were taken. ©Since
the actual a-particle energy at the maximum varies, there
is also a small correction of 2%, arising from the
non~linearity of the calibration of pulse height
against a~particle energy.

The errors shown on fhe points were calculated
from the results of the many runs which made up each
of the spectra. The variation of the peak height of

the spectra taken at any one angle for a Tfixed monitor

count was not purely statistical, Because of the
collimation that was necessary between the target and
the crystal detector, (see Figure 30), the solid angle
subtended by this detector at the target depended
very much on the position of the irradiated area.

Thus variations in the beam direction produced changes
in the efficlency of the a~particle detector. The
monitoring of the disintegration rate should be done
with the a?particle.de;ector, but this wasnot possible
because of the large proportion of events in this counter
which arose from reactions other than the one under
study. Use of the gamma-ray counter as the monitor
gave a measure of the actual disintegratioﬁ rate,

but not the effective disintegration rate that wms

required, Thus coincidence spectra recorded for the
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same number of gamma~ray monitor counts may differ
because .the average of the effective solid angle over
the period of each run may be different in each case.
This variation was kept to a minimum by collimating
the beam and recording spectra only when the accelerating
machine was operating as steadily as possible,.

It is immediately apparent from the anisofropy‘
indicated in Figure 43, that the spin of the level in
8

Be~ at 2,95 MeV mnust be 2. The true correlation can

therefore be expressed in the form
1+ A, Py(cosd) + &, Pé(cose) crecesacanell)

where A, and A, are cohétants.' |

The experimental correlation, as fepreéentéd by the
curve drawn through the points of Figure 43, will have |
the same form as (1) but because of the finite solid
engle of each the detectors, the constants AE and A4
will be changed, The experimental correlation can be

written as

1+ &, 4, Pz(cose) + &y A4P4(0036).
The constants &bﬁz and'a4A4 can be determined frbm the
curve in Figure 43, and have the values g Ay = -0,18+ 0,01
and a, & = 0,016 + 0.008.

The solid angle correction factore, a, have been

given by Devons and Goldfafb77

77. Devons,S., and Goldfarb, Handbuch der Physik (in press).
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as oy = aé'i o <1 |
S % p (cosh)e, (#)a(cosd)
ng e (Flal(cos @)
. |

‘where

A similar expression holds for aﬁ. ﬁ& is the
halfuangle of the asparticlé detector, and eaﬁﬁ)
the efficiency of this detector for radiation ingident
at an angle @ to the central vector. Here, both
ea(ﬂ) and e‘(ﬁ) aré assumed to be constant. Thisris
strictly true for ea(ﬁ) and holds approximately for
o). .
The vdhes of ay can be calculated approximately
ffom the geometry of the experimentsl arréngemenﬁ where
# = 3° and ¢%=:8°. This leads to the following values.
= 0,95,

a -.,-.:l.ax.ld a

2 4
However, the vaucs of a, and a, can be obtained with
’.more certainty from the results of an experiment
performed under exactly the same conditions using the
reaction FIQ(P,aX)O}ﬁ for which the theoretical angular
correlation is knowﬁ. With this reaction it was
rossible to monitor with the a~particle cdunts and so

eliminate the effects of any variation in the effective

golid angle. The experimental points shown in Figure 48,

are fitted best by the curve
l_+'0;67P2(cosa) +-O.032P4(cose) + O.SIPG(cose)

Since the theoretical distribution is given by
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1 + 0,76P,(cosd) + 0.051P,(cos®) + 1,70P,(cos0)
the values of the constants gre then found to be

8y = 0,89 $0,01, a, = 0.64 0,02 and a; = 0,36 +0,04

The values of ag and &y found in this way are seen
to be smaller than the values determined above from the
geometrical calculations. This 1is due to the fact that
the effective solid angle of the gamma-counter is not
given entirely by its actual dimensions. It is increased
by the presence of large masses: in the neighbourhood
of the target, particularly the magnet, which scatter
into the counter, gamma-rays which have been emitted
at aﬁgles other than those subtended by the counter
itself, The falues of 8o and 8y fouhd above imply
that the effective value of # is 23°,

Using these values for 8y and 8y and the values

given above for az.Az and 8y A4 we obtain

AE = = 0,202 + 0,014 and A4 = 0,025 + 0,013

Examination of;the distributions shown in Figure 42,
indicate that the anguler correlation tends to become
more isotropic as the excitation energy of Be8 increases.
If any such effeect is present it would be obscured in
these results by the broadening introduced by statistical
effects in the multiplier., An approximate picture of the
actual situation can be obtalined by removing this

breoadening. éhis was done as described in Part C, of

Chapter 3, and the results for 120° and 180° are showmn

in Figure 44, where the scale of the abeissa is now the



.ergy of excitatlon of Bes. ' It.iS”apbarenf from7fhie_
| Flgure that the correlatlon does change markedly with ”
energy E and more’ information regardlng this trend

is examined in the following sections. .
6s.3 .Experiment II.

The experiment which was descrlbed in Part A,of

chapter 4 has been extended by Tnall’®

to examine the7
'angular correlation in the Be® energy range'of_"'
4 - 7.5 MeV.. |

Inall recorded the nunber of coincldence counts
'dbtalned for a fixzed number of gamma~ray31w1th absorber 
thickheSSeS’of 1.01 and 1;23'cm.'eir:eqnivalent;r'Eeeh -
'reeding ﬁes'repeeted several times at each of eeverei"
engles between the eounters. The difference between
the nunber of counts obtained for the two absorbers is
‘shown plotted against the angle in Figure 46, The
same proeedure was repeated for abeorber'thickneeees of -
1.34 end 1,93 em, air equivalent, It is epparent
from these results that, qualifatively, these correlations
are significantly different from that obtained in section
6.1 for a Be8 energy of 3 MeV, However, the final .

interpretation of these results depends very mach on the.

78, Inall,E.K., Phil,Mag, 45: 768, 1954,
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level structure of Be8 in the region examined.
| S8ince the recorded energy of an a—particlev
arising from a transition through a particular energy
of Be8 depends on the.anglé of emission of the
corresponding gamma-rays, the range of Be8 energy
involved in each count in FPigure 46, is different
for each sngle. This range can be éalculated from
the mechanics of the reaction and from the range—energy
relations for a~particles, Table 4. gives the

results for both absorber ranges.

TABLE 4
RANGE IN BeB -E HMeV,
Absorber Range 180° _150°  120° . 9P
1.01 cm. -'1.23 cm, 3,40-~4,20 3,46-4,26 5.65-4_.45 3,85=-4, 65

1434 ome = 1,93 cMme 4e56~6,03 4,62-6,09 4,79-6.26 5,01-6,48

If the level structure is as indicated in curve (b)
of Figure 23, then each of the abeorber ranges
covers only a single level,and the angular correlations
involving these levels are given by Figure 46, This
is the interpretation given by Ina11. However, since
it has been shown that the level.structure is of the
form given by curve (a) of Figure 23, the conclusions
to be drawn from the results in Figure 46 are
considerably modified.

The varying energy range covered at each angle
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increases the espparent anisotropy of the observed
correlation since the mean value of E involved in each
count increases, and hence the transition probability
decreases, as the angle betwssn the counters decreases,

The count obtained at 180° can be corrected with the aid

of Figure 32. to give the count that would be

obtained in the same energy range that is Involved in the
couﬁt at 90°. These corrected points are shown in Figure 46.

0
Thus the ratio of W(lBg) averaged over a small
W90

Energy range, can be determined in the two cases with

the results

w(180°%) = 1,22 + 0.14 for the mean E = 4.25 MeV
Ww(90°)
and 1,46 + 0,14 for the mean B = 5,7 MeV

5.4 Experiment III,

The results gquoted in the previous section could
be checked by extending the method described in Part B,
Chapter 4, Also the region of Be8 energy around 7 and
8 MeV could be examined.

The gated a-particle spectrum was recorded at 180°
and 90° for the same total gamma-ray count. The two
distribﬁtions are shown in Figure 48, together with
the random gated spectrum recorded fdf the same
monitor count. The positione corresponding to'some

8

values of the Be~ energy are marked on the Figure. These
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were dEriﬁed'ffom the eﬁergy céliﬁfations-deséfibe&;_;_”
in Part B, Chapter 4. | |

 The ratio of the counts at 180° and 90° for
several values of E are plotted in Figure 49. Shown
for c&mparison'are the results of sections 6.1 and
6.2 which Were obtained for Be® ené_f'gfi"es of 3, 4.3 and
5.7 HEV;. Alfhoﬁgh'the érrorS"arerquiﬁé large,
| the ﬁpﬁard trend-of the results im Sigﬁificant;

Any-éorrebtion-fbr the finite apertures of the
'countérs is unnecessary in this experiment because of
| ﬁhé‘small nunber of counts involved in each case and the
 broadening of the distributions introduced by statistical
effeC£é'in'the photomultiplier. . waever, the engular
'correlatlon for the Fluorine reaction was measured W1th
this'apparatus end the resulis are shown in Figure 47.
Thé'half angle of each_coﬁnter was 8.5° and th _
values fbf'ak calculated from the relation given
o ih'é&ﬁ.ﬁere
a2= 0.97, a,

The exyeriméntal Fluorine correlation should then

= 0,92 and 8, = 0.81

have the form
l + 0.75P2 +«®tG4VP4 + 1;38P6
This is shown by the curve in Figure 47, and agrees

well with the experimental pointses
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tl'6&5' Gelculaticnee'

In this réaétion, Where.tbénsitioﬁe.prccee&
'ffom.e 1 state at 17;65 MeV to a level with J = |
'lthe ganma-radiation can be either magnetic dlpole,
- (1ﬂl) or electrlc quadrupole (1-2). Since thev-'
..splns and paritles of_all the levels are deflned the
angular correlation function can be calculated
“explicity apart from the parameter, 8§, which defines
the ratio of the re&uced matrix elements for the
electric qpadrupole an& the magnetic dipole interaetion._
The result arriveﬁ at from relations given by

'Devons and Goldfarb77 as

' W(B) + 1 + 0‘363 + 2:248‘-0.5 P (COSB) * 12145 P4(GOSG)

'and conseqnently

w(180°) - wsa_“-_, . +.0,
W(90°) 8% - 0.888 + 1.00

79 and ‘can be found from

- ;8 has beenISEcwn to be real
-'the experlmental results dbtalned in the preceealng
sections."' |

_ '  For transiticns to Be with an energy of & Mev

'8 = 0,13 & 0,01, whereas at 5 eV, 5§ = 0,27 £ 0.08,
and at 8 mev's = 0,50 £ 0,05, These results indicate
that'the admixture cf electric guadrupole radiation

increases as the ganma-~-ray energy decreases. .

79 Bieaenharn,L., Cand Rose, M.E., Rev.Mod,Phys. 255
729, 1953, o
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This result is difficult to interpret shce the

only terms invelving the energy of the radiatlon, which
appear explicitly in the matrix elements are of the form
(EY321+1' Exfis the energy of the gamma ray and | its
orbit.ale éngular momentum. Thus the energy variation
of the ratio of electric quﬁdrupole to magnetic dipole
would be expected to be proportional to (Ey)%. This
implies a decreasing value of & with decreasing Ey i.e.
with increasing Be8 energy, whereas the experimental

results indicate a trend in the oprosite direction.

Very simply, & can be written
' ¥
Yﬁé ) £ ﬁé;d?
Sﬁ; Jm ) ﬁﬁ*ﬂ?

where ﬁésand ¢£ are the wave functions for the initial

and final states and E and M are the operators describing
the electric and magnetic interactions respectively.
Since the energy dependent parts of E and K do not
account for the observed variation of &, it is possible
that the wave functions themselves may be involved.

In the.simple theoryﬁt'represents the wave
function of a stationary Stéte and )ﬂlz is zero beyond
the range of the nuclear férces. However, the i wave
function that describes the broad 3 MeV level cen not
' be of this form and must extend into the sides of
the potential well, ’This penefration would be expected

to increase as the energy increased, implylng that the
wave functlon.ﬁb is a function of energy. If this were the
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caS'é, ’Qf_b coﬁld‘oe represented as a com'binatidn ' |
of a stationary state wave fmetion, # bgr &nd the
Wa?e:function-representing the state of two a-particles,
g&f Tmm_. _ _

o 1Bl® =lEsl® e A 5,1 o
| wheré A(E) is a'fnncticn of energy.' Such an inferprétation
might explain the increasing probability of electric
diﬁdle'trénsitions, signifying that transitions to a D
state of two a-particles are electric quadrupole in
charadtér;f-The fact that the fadiétidn to the narrow
: grpuna sté£e of Be® 1s pure magnetic dipole is consistent
with fhisvinterpretation, sinéé; although this is a
virﬁuéi state, it is sufficiently narrow to be
regarded as a stationary state. |

If the argument given above is valid, the increasing
contribution of #, might be expected to be evident
in othér reactions since it implies an increasing
' ﬁrdbdbility of three body break-up. This point is

discussed again in Chapter 7.
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CHAPTER 7

THE SHAPE OF THE FIRST EXCITED LEVEL OF Bes.
The deséription of & nuclear reaction involving
a level in the compound nucleus of definite J, can
be made in terms of the single level Breit-Wigner
formula provided that the spacing of levels with the
spame J and parity is large compared to their widths.
Since no other 8% levels are known to exist below an
energy of 20 MeV, this formula should describe
the'behaviour of the cross sections involving Be8
in its first excited state.

The Breit-Wigner single-level formula can be

written in the form
Gaa rar

i 2 RO €
where o_ is the cross section for the transition, a,
to the level in Be® of total width [T . In this
cagse the partial width for a-particle emission is
equal to the total width of the level since no other
mode of decay is energetically poésible. The cross
section is a function of the energy, E, of the Be®
nucleus,

f’a repregsents the partial Widﬁh for the transition,
a, and since it includes barrier penetrability effects,

it is a function of E. r-includes the effect of the

barrier on the disintegration a-~particles and can bhe



the reduced width ya; meagsured in MeV. cm.

2
= gky
Tf 2 2

F2 +&2

where k 1s the wave number of the reduced mass particle
and F2 and Gzrare the regular and irregular Coulomb
waye‘functions\for Jd = 2e Eb is the characteristic
energy of the state, and A is the level shift defined by

A = - 12 kI'(Fng' + 620-2')

* P 2;+,3 2 r
2 2

where the primes mean differentiation with respect to kr,

= &

and, a, is the nuclear radius. The results of N?ilson64
suggest & value for, a, of 4.48 x‘mo"iscm; which has been
used in the following calculations. _

Information concerning the shape of this level
is provided by the results of several experiment565f66’68’80
for which the statistical accuracy and energy resolution
was very high, These results are shown in Figure 90.
together with those obtained in Chapters 4 and 5.
Since all the results agreed with the assignment of
2494 MeV for the energy of the maximum, the ordinates
of the experimental distributions have been fitted at this
energy. To avold confusion 1In the figure, only

representative points are shown for each of the distributions

The a~particle spectrum obtained by Holland et afﬁis gh own

80, LaVier,E.C.,6 Hanna,S.S., and Gelinas,R.W., FPhys.Rev.103:
143, 1956,
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only below 4 leV, since above this energy the
background from the break~up a-particles became
significant.

The partial widths, r;, for the differént
processes leading to this level depend on the energy
in different ways. So that direct comparisons can be
made, each of the experimental distributions should.
be corrected for this variation. |
For. the Blo(d;a) and LiG(Hesgp) reactions this variation
will be negligible since the energy of the particles
is very much greater than the barrier height. No -
correction has been applied to these points.

For the ;Li"(p.,\() reaction the transition probability
for Y ~radiation of energy Ey, varies as (E5)81+1.
Since magnetlic dipole radiation is ﬁredominant at
3 MeV a correction for a variation proportional to
(Exds has been applied over the complete spectrum. Thus
the points for the higher values of E are probably‘
slightly low,

Although the £ decay prdbabiliﬁy varies rapidly
with energy, the distribution from this reaction
has not been corrected since the rate of variation was
not known accurately. Thﬁs the points shown for this
distribution are too low by a factor of ét least two

in the region of 8 MeV,

_ P
The constants E; ang y 15 (2) were chosen so that
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a fit was obtained with the experimental points at
2¢5, 294 and 3,5 MeV. Thus values obtained for the

-'7
2 - 6.2 x 106°1° WeV cm.

constants were Eo = 4,40 NeV and y
The full distribution derived from these values 1s
shown by the curve in Figure 50.
The upward trend of the experimental points
above gbout 6 MeV cannot be explained by the 1 esence
of the 4% level at 11 MeV since transitions to such
a level are most unlikely to be observed in the
L17(p,x) reaction for the reasons given in section 6.1l.
Since the Breit-Wigner formmla oﬁly applies to the
description of a level with a well~defined wave function,
the gradual departure of the experimental points from
the Breit-Wigner curve can be explained in terms of the
suggestion made in Chapter 6,
An oversimplified pictire of the behaviour can
be drawn from the Id.ﬁ(He'?’,,p_)B:e8 reaction. While the
emitted proton is still within the reglon of the nucleus.
“.it.wiii.p¢f£ur£ the motion of the residual Be8 nucleus
and later the a~particlles resulting from its
disintegration. This matual interaction will be very
small when the proton has left the region of the nucleus.
However, if the proton 1s still within the nuclear
boundary when the Be® mucleus disintegrates the interaction
may be significant and interpretation of the reaction in

terms of a definite compound nucleus state in Be8



is probably no longer Jjustified, An approxi mate
calculation shows that a proton leaving Be8 with an
excitation energy of 6 MeV is just within the nuclear
boundary when the Be8 nuacleus disintegrates into two
a-particles. ‘Thus the departure of the proton spectrum
from the predictions of the Breit-wigner formula can be
interpreted in terms of the-onset of three body break-up
l.ee, an incréasing contribution of the two a~particle’
wave function deécribing the BeB nucleus at these energiecs.

If the wave function of the 2% state can be written
solely as the product of single particle wave functions
(in this case the single particles are a-particles),
then the upper limit of the reduced width is given

approxmately by the first sum rule of Teichmann and

Wigneral
yz:“_ 3 X 2
- 2 fa
where @ is the reduced mass, For a = 4,48 x 10-130m-

yg = 0,7 WeV cm. Since this is very close to the

experimental value of .62 MeV cm. the possibility
of an added term in the wave function expressing the

state of two separated a-particles is not excluded.

81. Teichman,T. and Wigner,E.P., Phys.Rev. 87: 123,1952.





