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PREFACE

This thesis contains an account of the
research carried out by the author at the University
of Glasgow between October 1954 and October 1958.

The introductory chapter contains a survey of
the published literature on the photodisintegration of
nuclei with bremsstrahlung beams of relatively low
peak energy; a critical review of the experimental
techniques which can or have been applied to this field;
a review 0of the theories of photonuclear processes, and
a brief survey of the published data relating to
reactions in which more than one nucleon is emitted.

The equipment used in the experiments reported
in this thesis and the method applied to analyse the
recorded information are described in Chapters II and
III respectively. The author can only claim to have
slightly modified the system which was originally
devised by Messrs. I.F. Wright and D.R.0. Morrison.

The account of the study of the (2{,p) reaction

in neon, which is described in Chapter IV, is based on
results obtained by Dr. G.I. Crawford with the
assistance of the author.

Chapter V contains the results of the

investigation into the emission of low energy



(i1)

photoprotons from oxygen which was carried out by the
author with the assistance of Dr. G¢.I. Crawford. The
presentation of the results and the discussion are
entirely the author's work.

In Chaptef VI the results of the experiments
performed on the photo~emission of He? and He4 particles
from oxygen and argon are presented. The experimental
work and the interpretation are entirelj the work of the
author. The equipment used in thesge studies was
originally designed and built by Mr. R.V.P. McWhirter,
Dr. E.H. Bellamy and Dr. P. Palit.

Before any experimental work could be undertaken
in studies of photonuclear reactions, it was necessary to
determine the parameters of the photon and electron beams
of the 340 lMev synchrotron, and the results presented in
the first appendix were derived by the author under the
direction of Dr. W. lMcFarlane.

The second appendix contains the results
obtained by Messrs. I.F. Wright, D.R,O. Morrison,

G.I. Crawford and Mrs. M.B. Lembie in an investigation

of photonuclear reactions in neon (with the exceptioﬁ of
the work on the (5',p) reaction reported in Chapter IV).
The author's contribution to the work in this appendix

was merely to check the calculations, which were involved
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and laborious, in order to acquire experience and to
eliminate arithmetical errors. This appendix is only

included in order to present a complete picture of the

photodisintegration of neon.
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1.1 General Introduction.

The first investigations into the mechanism of
photodisintegration were carried out using the ¥ -rays
from the naturally occurring radiocactive elements.
Chadwick and Goldhaber (1) in 1934 irradiated deuterium
with the 2.62 Mev X-rays from ThC" and detected the
protons from the reaction D (¥ ,p)n in an ionisation
chamber. In the same year Szilard and Chalmers (2)
observed the neutrons from the reaction Be? (b’,n)BeB,
when Be?d was irradiated with the b/-rays from radium.
Howevér, since deuterium and beryllium were the only two
elements with photo-thresholds below 5 Mev, no further
reactions were investigated until sources of more
energetic photons became available.

High energy X-—rays were first utilised to study
photo-reactions in 1937 when Bothe and Gentner (3) used

the 17.6 Mev and 14.7 Mev x -rays from the reaction
Li7(p,¥)]3e8 and, after the development of the betatron

by Kerst (4) in 1941, high energy bremsstrahlung beams

were available to further photonuclear investigations.
Today, both sources of K-rays are extensively

employed. Several (p,X) reactions are now used to

provide monochromatic X-rays of energies less than
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20 Mev (5), while the peak energies of the
bremsstrahlung beams, available from the betatrons
and synchrotrons, now extend up to 1 Bev.

The fluxes of photons available from the (p, ¥ )
reactions are low and the gquanta produced have energies
below 20 llev. Consequently, considerable use has been
made of the bremsstrahlung beams with peak energies
extending up to the region around 30 Mev. The use of
bremsstrahlung beams introduces difficulties due to the
continuous energy spectrum of the X—rays and consequently
special methods have had to be devised to yield detailed

information about the reaction mechanisms. For examplei~

(a) A measurement of the energies of all the reaction
products yields an unambiguous determination of the
photon energy, provided none of the products is left

in an excited state.

(b) Considerable interest is centred on the difference

method (6) where the activity 4, induced in a sample
by photon bombardment, is measured as a function of the

peak photon energy E,, under conditions of constant
electron current in the accelerator. The function
dA/dBo, evaluated for an energy E, gives the cross-

seétion at that photon energy.
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(¢c) The 'monochromator' (7,8) is a device conceived
to o#ercbme the probleﬁs set by the continuous energy
spectrum. In principle, it involves the detection
of the electrons which have been scattered from the
machine target after they have radiated. The energy
of the electrons is specified by the magnetic field
of the machine. If a reaction product is measured
in coincidence with one of these electrons, the energy
of the X—ray responsible for the reaction is

specified.

(d) Average values of the integrated cross-sections

of photonuclear reactions and the effective energy of
the phatons responsible have also been obtained (9,10).
In particular, Marshall (10) determined the Z- |
dependence of the &dbsorption of the photons responsible
for the reaction under investigation. She obtained

the effective energy of the photons by equating the
total absorption cross-section in her absorbers to the
sum of the Compton cross-section and the pair

production cross-section.

1.2 Experimental Techniques.

The following experimental techniques have been

extensively employed in studies of photonuclear reactions:-
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(a) Nuclear emulsions
(b) Cloud chambers
(c) Activation methods

(d) Counter systems

Each has a limited range of applicability and these
are now briefly discussed.

(a) Nuclear emulsions.

These have been widely used to measure the
energy and angular distributions of the charged particles
emitted in photonuclear reactions. They have also been
employed for neutron detection where the energy of the
neutfons was deduced from measurements of the ranges and
angles of the 'knock-on' protons. In general, the
energy of the brotons detected by this technique has a
lower limit at about 2 Mev and consequently emulsions
are unsuited for measurements of the proton energy
spectrum resulting from photon absorption in the energy
region immediately above the reaction threshold. This
limitation is more evident when detecting doubly—charged
particles, since they have shorter ranges than singly-

charged particles of the same energy. At high energies

the fast,charged particles pass through the emulsions and,
as a result, a determination of their energy is rendered

more difficult.
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A further disadvantage of this method stems
from the inability to discriminate between particles of
the same charge but different mass.

However, emulsions are ideally suited to studies
where the incident photon flux is low, and a more complete
discussion of the applicability of emulsions to photo-
nuclear studies is presented in the review article by
Titterton (11).

(b) Cloud chambers.

Measurements have been made of the enefgy
distributions of photoprotons using cloud chambers'(12),
operated at gas pressures between one and two atmospheres.
These distributions only occupied a narrow energy
interval because the effective range of the protons in
such chambers was small, Since the time to cycle a
standard expansion chamber could be as long as two
minutes, this instrument made inefficient use of the
available photon flux. In this respect the efficiency
of a diffusion chamber was found to be comparable to
that of the expansion chamber, since there was a delay
between the passage of the beam and the re-establishment
of the sensitive region. This delay could be considerable
if the photon flux was high (13). The introduction of

fast cycling expansion chambers will allow a more efficient

use to be made of the available photon flux.
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Where cloud chambers have been operated with
a magnetic field it has been possible to separate out
particles of the same charge but different mass by
similtaneous measurements of range and curvature of
track.

Both methods (a) and (b) have been
criticiséd on the groﬁnds that a considerable time
was required Yo analyse the experimental data. The
development of automatic scanners will no doubt |
overcome this difficulty, and in consequence the
results obtained by these methods will benefit from
better statistics than those obtained previously.

(¢) Activation methods.

These have been extensively employed in

studies of the cross-sections of photonuclear reactions.
They are only applicable where the reactions under
investigation yield radioactive residual nuclei, and
in general they suffer from the following dis-
advantagess:-

(1) Where the peak photon energy is in excess of the
threshold for multiple nucleon emission, the targets
must be monoisotopic in order to yield unambiguous
results.

(ii) The experimentally determined activation curve

has to be converted into a cross—section curve and
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this process is liable to a degree of arbitrariness.
Further, it is necessary to ensure precision
monitoring in this procedure if_consistent results
are to be obtained.

By studying the characteristic decay of the
isomeric states of some reaction products it has been
possible to estimate the relative importance of the
roles played by the ground state and these excited
states in the decay of the excited nucleus.

(d) Counter Systems.

Counters for the detection of uncharged particles.

In the majority of experiments in which neutrons have
been detected, these neutrons were first slowed down
in a moderator and then detected by BFz counters or
rhodium foils. More recently an inbreasing use has
been made of 'threshold' detectors where the neutron
must possess considerable kinetic energy in order to
produce an (n,p) reaction in the detector, e.g., of
the order of 4 Mev for an aluminium detector (14).
The energies of fast neutrons have been inferred from
the energies of the 'kmock-on' protons produced by
these neutrons in hydrogenous'materials. Liquid and
plastic scintillators have both been used in such

high energy investigations (15). Unfortunately such
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detectors have low efficiencies and in consequence

their use complicates the experimental procedure.

Counters for the detection of chargsed particles.

These counters have been widely used despite the fact
that there was not a type analogous to the thermal-
neutron detectors. lany workers have used only one
counter and, although they could measure the energy

of the particle detected, they were unable to
determine its character. Those who have used counter
telescopes, on the other hand, have been gble to
determine the energy and character of the particles
detected. Counter telescopes suffer from the dis-
advantage that they are only applicable to high energy
investigations since the particles must be sufficiently
energetic to penetrate through the first counter and

8till have enough energy to record in the second.

1.3 ZExperimental Results on the'Giant Resonance'.

Although the primary interest in photo~ |
disintegration centres round the elucidation of the
process of photon absorption, it has been found
necessary to approach this topic through investigations
of individual partial reactions because nuclear

absorption cross-sections are much smaller than

electronic absorption cross-sections. As a result,
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the data on photon absorption must be synthesised
from the results obtained in studies of individual
reactions. Unfortunately, for the majority of
nuclei, only one partial reaction (usually the (Y,n) )
has been investigated and consequently only a crude
estimate can be made of the total absorption cross-
section. Therefore, since it is not possible to
compare thé parame ters of the total absorption cross-
section curves, throughout the periodic table, it is
necessary to infer their probable characteristics
from the corresponding quantities measured for one of
the partial reactions. ' VWherever possible, the
conclusions deduced from this procedure should be
compared to the sum of all the partial cross—sections.
The majority of the published data relating to 'giant
resonances' in the cross-sections for the partiél
photoreactions has been obtained from studies of

(¥ ,n) reactions. This data will provide a suitable
example to illustrate the properties of the cross-

section of a partial photoreaction.

Without doubt, the most outstanding feature
of photonuclear reactions is the occurrence in the
cross—section of the so-called 'giant resonance' and

the theoretical approach to thefsubject has been

primarily concerned with an explanation of this

phenomenon.
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The properties of the 'giant resonance! are
normally specified in terms of the following pé,rameters
(see FPigure 1):- |

(a) The energy at which the peak of the cross-
section curve occurs (Ep).

(b) The width of this resonance (f ).

(¢) The height of this peak, i.e., the maximum
cross—section ( 5'm).

(d) The integrated cross-section ( G'in e

Each of the above quantities will now be considered in
turn, with reference to the (¥ ,n) reaction:-

(a) Montalvbetti, Katz and Goldemberg (16) have plotted
the experimental values of the energy at which the
meximum cross-sections occur, as a function of the mass
number A. They find the variation of Ep with A to be
of the form Ep = A®. The thresholds for the reaction
show a similar variation with A. The graph shown in
Figure 2 illustrates in addition that the thresholds
for the ( ¥ ,n) reaction in nuclei of odd N and even %
are lower than the general trend. Schuhl and Basile
(17)have derived a formula for Ep of the form

Bp = 13v//2o.2A‘2/3 # 0,85 (1 - 1647 3)tey
and this is also shown in the figure. The wide variation

of the experimental points precludes the observation of

structure in this figure if, in fact, any exists.



CROSS-SECTION.

1Q0a.

=y

~
>
B A

m—-———

ENERGY

Figure 1.

The parametefs of the 'giant resonance'



ENERGY MEV

10b.

30.."
20+ . {{ N
o X "’fwcx"! 5
15 o ° 3 * e WX Em
() ° s ° x {'R" X
® o, °
10+ ‘ e [ % q O 3
® @
4 o ® ° Y
° ° 2
} o %o .o* % th
] ¢ e® o
5 4
X ENERGY AT MAXIMUM
CROSS SECTION
e THRESHOLD ENERGY
10 " 50 100 = 200 300

MASS NUMBER

Pigure 2.

The variation of Ep as a function
of the mass number.



11.

(b). A general survey of the published literature
illustrated a considerable discrepancy between the
results of different groups of workers with regard to
the width of the resonance in the cross-section. The
results of Nathans and Halpern (18) corresponded to a
measurement of the total neutron yield and the values
of the widths that they obtained were greater than
those of Montalbetti et al.(16), who detected the
residual activity produced by the reaction under
investigation. It is interesting to note that the
results quoted by Nathans and Halpern show a marked
shell-structure effect, while those of Montalbetti
et al. show none. The accompanying diagram (Figure 3)
shows the results of Nathans and Halpern combined with
those of Yergin and Fabricand (19). Here the widths
are plotted as a function of the neutron number N and
the figure illustrates that the widths decrease slowly
as a function of N except at the magic neutron numbers
where the widths are well below the general trend.

Although the number of experimental points is limited,

the structure is well displayed.
The widths quoted by Nathans and Halpern were
open to the criticism that the measurements included

contributions from other reactions in which a neutron

was enitted. PFor this reason Goldemberg and Lopes (20)
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introduced a new paremeter which they justified as
follows: They stated that the onset of reactions in
which a neutron was emitted, other than the ( ¥ ,n)
reaction, i.c., (X,Pn) and ( ¥,2n) would in general
affect the width of the resonance, snd further, that
this effect would be confined to the high energy side
of the resonance. They regarded the difference
between the threshold energy and the energy correspond-
ing to the half maximum on the front edge of the peak
as a more significant parameter (ZS). They plotted

/\ as a function of A and claimed peaks corresponding
to the magic neutron numbers 20, 28, 50, 82 and 126.
Here their data is plotted (Figure 4) as a function of
the neutron number. In order to lessen the confusion
only those nuclei with even N and odd Z are included.
If, in fact, their assertion that the width was
increased by interference from other reactions, then
values of Z& calculated from (Ep - Eth - ‘ﬁ/Z) should
lie below their curve. This is generally true,
although there are a few exceptions. No mention was
made in their paper of the justification for the
selection of the experimental values shown in the figure.
Consequently this detracts somewhat from the significance

of their results. In conclusion it appears that there
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is some evidence for the inclusion of shell model
effects in the description of the nuclear photoeffects

(¢)e The results of Yergin and Fabricand (19) on
nuclei with neutron numbers of about 50 indicated that
the meximum cross-section of the resonance increased
sharply at the magic number and did not decrease
thereafter. Bearing this in mind, an attempt has
been made to continue this process throughout the
periodic table. The trend of the experimental results
can be described as a smoothly varying function of N,
but a series of'steps', as shown in Figure 5,would not
be inconsistent with the data. It should be noted
here that the values quoted by Montalbetti et al. in
general lie above those of Nathans and Halpern. The
work of Hartley, Stephens and Winhold (21) on the cross-
sections of ( X ,n) reactions in several nuclei confirmed
that the Montalbetti values were too high and they
quoted the error as being approximately 50%. They
suggested that the standard value used by fhe Canadian
group, i.e., that of the Cuf3( X,n) reaction, was in
error.

(d) The integrated cross-sections reported in the
literature fail to exhaust the dipole sum as calculated

from the relationships of ILevinger and Bethe (22) and

Gell-Mann, Goldberger and Thirring (23), although for
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high Z the (¥ ,n) integrated cross-sections nearly
do s0. The values obtained by the two main groups
of workers appear to be in agreement here, as also
are those calculated for several reactions using a
known integrated cross-section as a standard. The
experimental values are plotted in Figure 6 together
with the theoretically predicted reiationhip.

Having illustrated the properties of the
'giant resonances' for the ( ¥,n) reaction it is now
xiecessary to determine whether or not these resonances
occur in the cross-section for photon absorption.
This cen be answered by an examination of the nuclear
photoeffect in clz, The possible reactions are listed

with their respective properties in the following +table (5):

TABLE 1
Reaction Threshold Peak cross- IEnergy at Integrated
. section maximum cross—section
(miIlibarns) (Mev) (Mev-barns)
X,ng 18,73 843 22,5 56 x 107
X, 15.9 3448 21.5 63 x 10™0
¥ 32.0 not measured
Y,pn 27.4 not measured
¥ s3a 0.1 18 & 25
K
¥,n) *
¥ ,pn} + | 21.5
2(¥ ,2n
(v,¥") not measured
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The main contributions to the total photon
absorption ceme from the (¥ ,n) and ( Y,p) reactions
which both had peaks at about 22 Mev and this would
lead one to expect the total absorption cross-section
to0 be peaked here also. In another caée, such as
aluminium, the peak of the cross-section for the (Y ,n)
reaction was found to lie at 19.5 Mev, which wag also
the threshold for the ( ¥,pn) reaction. Could the
fall-off of the cross-section have been due in any way
to competition from the ( § ,pn) or (¥ ,2n) reactions?
A study of the cross-section curve for total neutron
emission, irrespective of the reaction, showed that it
was also pesked at the same energy and the decrease in
the cross-section was therefore not due to competition
from the other reactions. One therefore concludes
that in fact the peak occurs in the absorption cross-
section and that the effects of the other reactions are
mainly confined to increasing the width of the resonance.
One now feels more confident to discuss the features

of the absorption process in terms of the general

features noted in the survey of the ( ¥,n) reaction.

l.4 Discussion of the Theories of Photodisintegration.
. Ievinger and Bethe (22) have calculated the

total integrated cross—-section for electric dipole photon
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absorption ( ’o’{;dE) and obtained
(o]

it “ NZ
f‘é de = 0.060 T Mev-barns —--=--—- (1)
o .

Feenberg (24) and Siegert .(25) showed that the sum
rules were modified by exchange forces and Levinger
and Bethe included the fraction of the neutron-proton
exchange force x as a parameter in their calculations.

They then obtained
fc‘ dE = 0, 060 (1 + 0.8x) ————- (2)

The inclusion of exchange forces necessitates that the
calculations be performed on a specific model while
relation (1) was a general result and independent of
model. Result (2) could be increased further by the
addition of correlation between the nucleons (5).
Gell-liann et al. (23) have derived the sum rule
for all multipolarities from a dispersion relation and

obtained = meson threshold)
2
fo-dE=OO6O (1+01N§) (3)

Relationships (2) and (3) are plotted in
Figure 6 together with the integrated cross-sections for
(X,n) reactions reported in the literature. In this
figure the value of x in (2) was assumed to be & (26)

and with this choice thé relationships are equal. |
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It should be noted that 6 is in fact the
sum over all the partial reactions, i.e.,
= + + + ————
6:: 621,’6", 6?'81“) o—(-b’, ?) ((h 9~‘~) * 6(}[“‘")*-
For this reason, the values of the integrated cross-
section obtained from measurements of the total neutron

o
yield should approximate more closely to the Q&E than

the values of the integrated cross—-section d;:emined
for the (b/,n) reaction alone. For high Z values, the
charged particle emission is suppressed by the Coulomb
barrier and the integrated cross-sections derived from
measurements of the neutron yield will be close toj;':dE
Plots of the neutron yields as a function o?f the
mass number A (27,28,29) showed that (a) for nuclei
lighter than copper the yield was not a smooth function
of the atomic number and that (b) above Z = Zgy the
yield varied smoothly as Z2 and not as NZ/A. Halpern
and Mann (30) showed that the proton yield was not &
smooth function of Z for the light elements but that
(6 (¥,p) + o(¥,n) ) varied as NZ/A within the
experimental errors. This result accounts for (a)

and the multiplicity of neutron emission might explain(b).
In conclusion it can be said that for heavy |
nuclei the experimental values agree reasonably well

with expression (2) with x = %, but for the light

elements even the sums of the (a/,p) and (b/,n)
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contributions (up to 24 Mev) fall below the
predicted valués. One is therefore led to suspect
that a considerable part of the integrated cross-section
may be tied up in bound particle states (below any
particle threshold) or in a high energy tail in the
cross—section. Experimental evidence derived by Jones
and Terwilliger (31) indicated that in fact the high
energy photo-absorption cross-section did have such a
high energy tail.

Two models have been devised to explain the

process of photon absorption, namely thé collective

model and the independent particle model.

(A). The collective model.

Studies of the sum rules indicated that
correlations between the nucleons were of considerable

importance and should be included in the model for
photon absorption. The first model was devised by
Goldhaber and Teller (32), who assumed that all the
protons were moving collectively in the opposite
direction to that of all the neutrons. Different
assumptions about the forces between the nucleons gave
a variety of models, e.g., if the neutrons and protons
were treated as compressible fluids constrained within

the nucleus, then the variation of Em was proportional
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to A l/3; if, however, the neutrons and protons
were considered as incompressible interpenetrating
spheres, then the variatién of By was proportional to
A‘L/s. The experimental variation was illustrated
in Figure.Z.

The integrated cross-section gave the sum rule
value for no exchange forces, as it should have, since
they were not included in the model which included all
the dipole vibrations.

The width of ‘bhe'resonance’f1 was explained
as being due to the coupling of the ordered vibrations
to other modes of nuclear motion, i.e., similar to
danping by friction.

This model automatically involved the formation
of a compound nucleusg since the energy of the incident
quantum was shared among all the nucleons, and while
this was a reasonable approximation for the heavy
elements it was less applicable to the light elements
where a considerable amount of direct photoeffect

occurred (33,34). The model can be further criticised

on the grounds that it includes complete internucleon
correlation which cannot be reconciled with the
satisfactory description of nuclear ground states in
terms of the shell-model.

The compound nucleus so formed will decay
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through the allowed channels in a manner independent

of the mode of formation. Where there are a large
number of states a statistical procedure can be used.
Such a system was presented by Diven and Almy (35),

who incorporated the work of Weisskopf and Ewing (36)
in a derivation of their expression for the protoh
energy spectrum. It was noted that the proton spectra
calculated by this method were in disagreement with the
experimental results in that there appeared to be an
excess of high energy protons and a deficiency of low
energy Ones. Similar results were obtained by

Byerly and Stephens (37). The more recent work of

the Italian group (14) showed that a similar discrepancy
was bresent in the spectra of the neutrons emitted in

( b/,n) reactions.

(B) The independent particle model.

| This model has been used by Wilkinson (38) to
explain the parameters of the 'giant resonance's. In
general terms one starts with a nucleus in its ground
state, which is fairly well described by the shell-
model. Consider an electric dipole (E1l) transition
in which one nucleon changes orbit by one unit of
angular momentum. Since the dipole sum is exhausted
by the 'giant resonance', transitions involving the

nucleons in the tcore' are considered as distinct from

the wvalence nucieons; As a result of the interaction
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between the excited nucleon and the rest of the
nucleus, the upper state of these transitions is not
a well defined single-particle state but in fact the
absorption proceeds to many final states containing
part of the ideal single~particle state invthéir
shell-model description. However, the interest lies
with the gross features of the 'giant resonance', and
consequently the important quantity is the summed
effect over these levels, which is that appropriate to
the ideal single—particle state dissolved in them.
One might then expect to find fine structure in the
resonance, and such is the case (39,40,41).

Wilkinson showed that after he had inserted
the experimental values for Ep in his formula for the
integrated cross-section, he obtained a good account of
the trend but, although the absolute magnitude was
correct for the light elements, it was too low by a
factor of two for the heavy nuclei.

When considering Ep, Wilkinson calculated that
it was of the order of 9 Mev for the heavy nuclei and
not 14 Mev as has been found experimentally. However,
using a reduced mass of about a half of the normal mass -
and R = 1.2 x Al/3 x 10~13 cm., the calculation was
repeated and the experimental points were found to lie

between the two theoretical calculations. This theory
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can therefore give a qualitative explanation of the
variation of Ep as a functioh of A.

The Width/rlof the resonance can be due to
several causes but none can be duantitatively evaluated,
€egey, (1) separation in energy of the single-particle
transitions; (2) wide-spread contributions of the
valence nucleons and the effect of their coupling to
the excited core. Qualitative evidence for this can be
drawn from the earlier section on the widths of the
resonances measured for (X,n) reactions, where narrow
widths were recorded for the 'magic' nuclei which have
no valence nucleons. ‘ |

When considering the energy distributions of
the emitted particles, the following pictorial
presentation describes the mechanism of emission
following photon absorption.

As a result of the absorption of the incident
photon, a nucleon is elevated to a higher single-particle
state where it may interact with the rest of the nucleus
to form a compound nucleus, which will then decay
statistically, or be emitted directly without sharing
its energy. The latter possibility would account for
the fast nucleons found in several experiments, i.e.,
Toms and Stephens (42). Ferrero (43) also confirmed

that the fast neutrons originated in the 'giant resonance!.



23.

Where proton emission is concerned, the
results of Hirzel and WHffler (44) for heavy elements
indicated that the expefimental cross-section at 17.6
Mev was considerably higher than the value predicted
by the statistical theory. A model of the above type,
in which all the energy of the absorbed photon is
centred on a single nucleon, provides a simple
explanation of the above discrepancy. Since the
statistical process in general involves protons of
energy lower than the single-particle process, the
Coulomb barrier has a considerably greater effect on the
evaporated protons than on the 'resonance-direct!
protons. This is well seen in the results of Toms and
Stephens (42) for indium, cerium and bismuth. ‘The
energy distributions obtained for the photoprotons were
fitted with the sum of the spectra calculated on the
basis of a 'resonance~direct' process and the
evaporation*process. The fraction of the total
spectrum contributed by thé statistical process
decreased as the atomic number increased. Similar
results have been obtained by other workers and in
particular Dawson (45) found that the percentage of
direct emission varied from 0% for aluminium up to
509 for rhodium. J

The independent particle model, as envisaged by
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Wilkinson gains further support from a study of the
angular distributions of the emitted nucleons. In
particular, take the case of the angular distribution
measured by lann, Stephens and Wilkinson (33) for the
reaction ¢12 (¥ ,p)BM.  They found that it was of the
form 1 + l.5 sin? o. Here the ground state of cl2 ig
O+ and E1 absorption would lead to a 1- excited state.
If the compound nucleus were to decay to the ground
state of BLL (3/2-) or the first excited state (1/2-),
then the angular distribution would be isotropic since
the s-wave enmission would be favoured over d-wave
emission.

Wilkinson's model predicts the form of the

angular distribution to be

I(0) =1+ 1/2 (1 + 2/1) =in6
and here I (©) should be 1 + 1.5 8in? 8, in agreement
with experiment.

Consider also the earlier result of Halpern,

Mann and Rothman (46) who obtained an angular
distribution of the form 1 4+ (sin © + 0.25 sin © 0084})2.

Although the form is different, the anisotropic character
of the angular distribution is confirmed.
Since Bl and 11 are mirror nuclei, one might

expect the ground states and the first excited states

to have the same spins and parities respectively. -
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The above argument could then be applied to the

(,X:n) process as well. The results of Fabricand,
Allison and Halpern (47) indicated an angular
distribution of the form 1 + (1.35 + 0.88) sin® & for
the neutrons emitted from the ¢12 (Y ,n) ¢ll reaction.
It seems therefore that the independent particle model
is very successful in describing the angular
distributions of the emitted nucleons from C12,

More generally, it should be noted that similar
angular distributions have been reported for the emitted
protons from various nuclei throughout the periodic
table (34,45,48).

The angular distributions.of the photoprotons
are in many cases not only anisotropic but also
asymmetric. A forward peek is seen in the distribution
and it is interpreted as the effect of interference
between the dipole absorption and the gquadrupole
absorption. Mann, Halpern and Rothman (48) stated
that provided there was no random . redistribution of the
energy and angular momentum of the absorbed photon, the
interference between the p— and d-wave emission of the
protons, represented by the asymmetric angular
distribution, in fact represented interference between
dipole and quadrupole absorption. Asymmetry was

observed in the angular distributions of photoneutrons
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by various workers (14,47) and Pabricand et al. (47)
explained this by stating that the only effective charge
in this case was that of the residual core.

Price (49) has measured the angular distributions
of the neutrons emitted from (b/,n) reactions in several
nuclei and on the assumption that they were of the form
A + B sin? @, he plotted the ratio B/A as a function of Z.
This is reproduced in the accompanyiﬁg Bigure 7.

Leikin, Osokina and Ratner (50) demonstrated that
the model envisaged by Wilkinson was not wholly satisfactory.
They in#estigated photo-proton emission from nuclei with
Z = 28 and 29, . In the Wilkinson model the effect of
the valence nucleons is confined to increasing the width
of the resonance and they do not contribute greatly to the
total absorption. These Russian workers claimed that they
did play an important part in the absorption process. They
measured a quantity (p%) which represented the fast proton
fraction of the total ﬁroton yield. This quantity was
plotted against the maximum energy of the bremsstrahlung
beam and the resulting curves differed from one another in

a marked fashion. The curve corresponding to the nucleus

with Z = 28 was smoothly varying, while in that for
copper (Z = 29), p% rose suddenly by a factor of 2.5
between E, = 25 Mev and Eo = 28 liev. The authors of this

communication suggested that the difference in the
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The ratio B/A derived from photoneuaron angular
distributions of the form A + B sinc © as a
function of Z.
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behaviour of p% for these nuclei could be related to

the valence nucleons as Z = 28 represented a closed shell.

1.5 Reactions Involving lMultiple Nucleon Emission.

In addition to the photonuclear reactions in which
only one'nucleon.was emitted, preliminary investigations
have been made into reactions in which several nucleons were
emitted, individually or in small aggregates, i.e.,
deuterons, tritons, He? and He4 particles. In general,
these multiple reactions have high thresholds and have not
been extensively studied, due in part to the limited number
of machines of intermediate or high energy which were
available for such expériments. Thege reactions also
present considerable experimental difficulties if all the
reaction products have to be detected. Although the scope
of this field is too wide to be discussed in detall here,
the results of several investigations are presented below
and it is felt that they are representative of the
published data on this topic.

(a). The cl2 ({ ,3¢) and 016 (X,M.) reactions
have been studied by many workers (51,52,53) who irradiated

photographic emulsions. In particular, considering the
016 (K ,4a) reaction, Goward and Wilkins (51b) showeéd that
for an oxygen nucleus, excited by photons of energy less

than 25 Mev, the most probable mode of decay was by an
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alpha-particle cascade via the excited states of clz

i.e.’

0 + ¥ — I 4 o

and gle#* e 4 Be® 4 d
or —_— BB + @

They estimated that in 3% of the stars which they measured
the data was consistent ﬁith an interpretation in which
the process proceeded via two BeB nuclei in their ground
states.

The cross—-section for this reaction (5le) is shown
in Pigure 8 and it illustrates the presence of several
resonances which have been correlated to levels or groups
of levels in the nucleus. These were confirmed by
Livesey and Smith (52) who also estimated that for
E?f > 25 Mev the cascade via c12* was unlikely.

Millar and Cameron (54) obtained results which were
in contrast to those above in that they estimated that 40%
of the stars that involved BeB nuclei in their ground states
were produced in an 0l ( ¥ ,BeB) 2a reaction and 60% of the

sters that involved Be® in excited states corresponded to

the 016 (¥ ,4e) reaction.
It would appear that the formation of a compound
nucleus followed by a cascade decay is satisfactory in

explaining the features of this reaction. In particular,

when Hsiamo and Telegdi (55-) assumed that for By { 25 uev
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The cross-section for the 0X°(Y,4a)
reaction quoted by Goward and Wilkins (5le).



29,

the absorption was electric dipole in character, they
found that their results bore out the prediciions of
Gell=Mann and Telegdi (56), who considered the oxygen data
on the basis of the isétopic spin formaslism.

(b). Although the cross—sections for the (¢ ,a)
reactions have not been investigated thoroughly, two
comprehensive sets of data on the yields of such reactions
at low energies have been published. The first was
obtained by Toms and McElhimmey (57), who used a 21.5 Mev
bremsstrahlung beam, and the second was reported by Erdos,
Scherrer and Stoll (58), who irradiated their targets with
a beam of peak energy 32 Mev, Both groups of results are
illustrated in Figure 9. The yields increased with
atomic number until Z2 = 30 and thereafter decreased because
the inhibiting effect of the Coulomb barrier was stronger
than the eﬁhaﬁcing effect of the lower reaction threshold
(57). Contrary to the previously held beliefs, Erdos,
Scherrer and Stoll found that the ( {,a) and (¥ ,p) yields
were approximately constant for Z > 50.

The cross-sections for (¥ ,a) reactions (58) show
the familiar resonaﬁce behaviour and,as can be seen from
Figure 10, the cross-sections have become very small by the
time the energy of the absorbed photon has increased to
about 40 ILlev.

The energy distribution of the alpha-particles
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Cross-sections for (b’,a) reactionse.

a. Cub5(¥ ,a)Co%) (Haslam, R.N.H., Smith, J. &
Taylor, J.G.V. Phys. Rev., 87,633 (1952),

be Brol(Y,e)as?? (raylor, J.G.V. & Haslam, R.N.H.
Phys. Rev., 87, 1138 (1952).

co BW8T( ¥,e)Br®3 (Haslam, R.N.H. & Skarsgard, H.l.
Phys. Rev., 81, 479 (1951).

d. spl2i( ¥, )il (59)

e, T1205( x,a.)ﬁuZOl (59)
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emitted from copper was measured by Byerly and Stephens
(37) at Eg = 24 lev and they concluded that these

particles were emitted in an evaporation process.

(c)s Two approaches have been made to illustrate
the properties of those reactions in which very many
nucleons are emitted. The first, namely the irradiation of
photographic emulsions, was used by Kikuchi (59) who
determined the yield of stars as a fﬁnction of the peak
photon energy. He found that, when the peak energy was
raised from 150 Mev to 300 lev, the major increase in yield
came from three or more prong stars. The experimental
results were not sufficiently conclusive to enable a
definite estimate to be placed on the yield of two-prong
stars and it is possible that they showed a comparable
increase in yield. Little variation was found for the
yield of single -protons in this energy range. The second
involved the measurement, after chemical separation, of the
relative activities of the decay products from the
irradiated nucleus. A typical example of this method was
published by Debs.et al. (60) who irradiated arsenic,
germanium, gallium, zinc and copper, and detected isotopes
which differed from the target nucleus by as much as 20
nucleons.

The energy dependence of the yield of some reactions

of this type was illustrated by Sugihara and Halpern (61)
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who combined their results with those of Holtzman and
Sugarman (62) to show that V

(1) for the AsT® (¥ ,2pn) reaction, the yield rose
by a factor of approximately 4 when the peak energy was
increased from 50 to 140 Mev, but only by a factor of
1.3 when the peak energy was further increased to
320 lleve They concluded that for this reaction the
energies of the absorbed photons were < 140 Hev.

(ii) in reactions leading to Gall, Ga®8, Ga®6, Cu67,
cubl ana Nib® they could assume that the photons had
energies > 140 Mev. As can be seen from the published
data, the main disadvantages of this method were that no
estimate could be made of the probability of emission of
nucleons in the form of composite particles and that,
where non mono-isotopic targets were irradiated, the
interpretation of the yields was complicated by the
production of the same daughter nucleus from different
target nuclei,

It appeared therefore that such reactions were
produced by photon absorption in a wide emnergy range.

Apart from the emission of & few fast particles
immediately after the absorption of the photon, the
remaining fragments were found to behave in a manner
consistent with an evaporation process.

Measurements of the energy and angular distributions

of high energy protons which were emitted from
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photonuclear reactions have led to a genersl
confirmation of the proposal formulated by Levinger (63)
who suggested that, at high energies and in'complex
nuclei, the incident photon interacted directly with a
two nucleon sub=-structure. Barton and Smith (64) have
detected coincident pairs of protons and neutrbns from
lithium and found that the angular distribution was
consistent with the predictions of the quasi-deuteron
theory. Similar results were obtained by Wattenberg
et al. (65) for other nuclei. Further support for the .
quasi~deuteron model was derived from the photoproton
neasurements where breaks in the energy distributions
and forward peaks in the angular distributions were
interpreted as evidence of the interaction of the incident
photon with a two nucleon sub-gtructure. At thesé
energies it was acceptéd that electric dipole absorption
was predominant and the very low yields of proton-proton
pairs were interpreted as an indication that the
contribution from quadrupole absorption was small.
Finally, it would appear that for reactions in
which two or more nucleons are emitted, at low energies,
the absorption is followed by the formation of a compound
nucleus which then decays in a manner governed by

statistical theory. On the other hand, at very high

energies the primary interaction is between the incident
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photon and a two nucleon sub-unit with the subsequent
formation of a compound nucleus if both particles
failed to emerge. The intermediate energy range has
not been investigated in detail and consequently no
estimate can yet be made of the relative contributions
of these two mechanismsin this region. Similarly, one
éannot neglect the possibility that there exists a
primary interaction between the incident phéﬁons and
alternative sub-units within complex nuclei, €e¢Zes

a gquasi-a-particle sub-structure.



CHAPTER II.

EXPERIMENTAL TECHNIQUE,
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A volume-~defined Wilson cloud chamber, 12 inches
in diameter, was used in studies of the photo-
disintegration of neon and oxygen. The chamber was
filled with the gas under investigation and consequently
played the r0les of both target and detector. The
bremsstrahlung beam passed through the chamber and the
tracks of charged particles, emitted in photon-induced
reactions in the target gas, were recorded
photographically.

The annotated diagram, Figure 1ll, illustrates the
component parts of this chamber. The target gas was
contained in a volume which was defined by the cylinder,
top~plate and the flexible diaphrégm located beneath the
chamber baseéplate. The top was of Triplex glass,

30 cms..in diameter ahd 2 cms. thick; and the base was a
brass plate perforated with a large number of small holes
to allow uniform gas flow between the volumes which lay
above and below. The volume was made gas tight by fitting

neoprene gaskets at the top and the bottom of the cylinder.
Before the top-plate was clamped to the Perspex
cylinder, a few c.c.'s of a dilute solution of acetyl-

salicylic acid in water were sprinkied on the velvet which
covered the chamber base. This was necessary as it had
been found in the past that»the presence of a small

quantity of this solution prevented the growth of mould on
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the velvet. If only water were added to the chamber,
the mould appeared after the chamber had been sealed for
a period of a few weeks. As a precaution against the
phenomena associated with vapour depletion, a relatively
large quantity of water was added in the above procedure
because a considerable amount of water vapour was later
removed during the vacuum tests, etc. |

The chamber was first evacuated and then filled
with the appropriate gas, saturated with water vapour,
through a port in the baseeplate, and, when filled to
the required pressure, this port was sealed.

The cylinder was made of quarter-inch thick Perspex
11.5 inches internal diameter and 2.5 inches high. A
gignificant reduction in the number of electron tracks was
achieved by reducing the thickness of the chamber walls to
0.09 inches over two diametrically opposite areas of
approximately l.5 inches x 3.75 inches, which provided
entry and exit 'windows' for the beam.

For the iﬁvestiga%ions reported in Chapters IV and
V, diaphragms of neoprene and 1/16-inch para-rubber
respectively were used. The position of the diaphragm
could be varied by altering the pressure difference across
it. The upwards travel was limited by the bottom of the

base—piate while the extent of the downwards motion was

governed by a limiting plate. The position of this plate
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could be altered by turning the threaded screw at the
bottom of the chamber assembly. To move the diaphragm
upwards, compressed air was fed into the volume'below the
diaphregm from a reservoir tank, the pressure in which was
controlled by a reducing valve. The compréssed air
flowed through a solenoid—operated‘valve and a needle
valve into the chamber. In the case of a 'fast!
expansion this air was released to the atmoépheré through
the one-inch diameter exit arm of the 'fast' valve, while
for a 'slow' expansion the gas passed %o thé atmosphere
througﬁ a second solenoid valve.

When the piston of the 'fast' expansion valve was
in its uppermost position it préssedmagainst the smooth
rim of a flexible brass bellows, thereby sealing the lower
section of the chamber from the atmosphere. The shaft of
this piston was made of steel and it was held in place by
the action of a D.C. solenoid through which passed the
cathode current of a pair of 6L6 output.tetrodes connected
in parallel. This current was of the 6rder of 80 milliamps,
Vhen a large négative pulse was applied to the control
grids of these valves, the current was cut off and the
pressure acting on the upper face drove the piston downwards
and allowed the gas to pass out through the side orifice.

After the expansion a second solenoid, situated below the

first, was energised by closing a relay which connected the
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coil to a 24-volt D.C. supply. The half-steel, half-brass
armature within this coil was dri?en upwards and forced the
'fast' valve piston into its original position where it was
held by the field of the first solenoid.

An electric field was applied between the top and
bottom of the chamber in order to remove unwanted charged
ions. The brass base of the chamber was earthed and a
clearing field of 400 volts D.C. was connected to a thin
conducting ring on the under-side of the top-plate. This
ring was painted directly on to the glass using a colloidal
suspension of graphite in water (Aquadag)s At one.point on
the circumference of the top-plate the ring was extended on
to a wide area of the side to which the field supply was fed
through thin copper straps held firmly against the graphite.
This field was switched off before the 'fast' expansion
took place. | “

To provide a satisfactory matt surface against
which to'photograph, black velvet was stretched over the
upper surface of the perforated base-plate. Thin nickel
wires were stretched across the chamber to form a grid
which rested on the surface of the velvet. Since the
longitudinal wires (parallel to the beam direction) were
also parallel to the light sources, they reflected more

light than the transverse ones and consequently were made

as thin as practicable - in fact, 0,002 inches. The
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transverse wires were 0.005 inches. The nett result was
a grid of the form shown in Figure 12, which was later used
in the analysis of the recorded events.

As any single 'run' was likely to last a period of
rat least four hours, it;was{necessary to stabilise the gas
temperature. This was achieved by fitting an aluminium
shield round the chamber to which were attached water—cocling
pipes. This shiéld served a dual purpose in that it also
screened the chamber from any unwanted light. The inside
surface was covered with a black, matt-finish péper to
prevent urwanted light reflections. Five rectangular
'windows' were cut in the wall of the cylinder to provide
three ports through which to illuminate the chamber and two
which acted as entry and exit ports for the photon beam.
The gas temperature was monitored by a thermistor whose
resistance could be measured on a bridge of which it
constituted one arm.

A wegk polonium source was mounted on the inside
surface of the Perspex cylinder. Initially the operating
conditions were adjusted until the'alpha-particles from
this source provided sharp tracks in the chamber.

The chamber was illuminated by two flash lamps
situated on either side of the chamber. ZEach lamp consisted

of a Mullard ISD16 xenon-filled discharge tube enclosed in

an ebonite box with an imset plano-convex cylindrical lens
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Figure 12.

- T.y}l)ical cloud chamber photograph
v/liich 1llustrates the grid and the background
of electron tracks. The track of an a-particle

from the polonium source can be seen top-right,
while a proton track is visible within the beam
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10.5 inches long and 1 inch broad. The discharge tube
approximated to a line source and Was positioned along the
focus of the cylindrical lemns. The lamp boxes were 4.3
inches from the Perspex cylinder and lay parallel to the
central grid wire. They were mounted in such a manner

that they could be adjusted individually. Xach of the
discharge tubes was connected across a bank of condensers,
of capacity 300 uF, which could be charged to a maximum

of 2.5 kv. The energy stored in the condensers was
discharged through the lamps when the gas discharge was
triggered by a high voltage pulse supplied by the secondary
of an automobile ignition coil. This pulse was fed on to
a wire spiral wound round the discharge tube. The duration

of the flash was lengthened to about 0.5 millisec. by
including a choke in the discharge circuit. A steady lamp

(consisting of a 6 volt, 24 watt bulb behind a cylindrical
lens) was used when the tracks were being examined visually,
as the flash was too brief and intense. The light from the
lamps formed a parallel beam which passed horizontally
through the chamber. The cameras, situated above the
chamber, recorded the light'whichqwas scattered upwards
by tracks in the sensitive volume.,

The type of camera used in the experiments reported

in Chapters IV and V is shown in Figure 13 and thé features

of this camera are discussed overleaf.
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Figure 15.

One of the cameras.
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Ental 80 mm. £/4.5 enlarging lenses were
mounted in a manner that permitted the alteration of +the
focus and, in the cameras labelled S2 and §3, the whole
lens assembly was displaced laterally to enable a full view
of the chamber to be recorded on each film. Solenoid-
operated shutters, which were inserted behind the lenses,
were opened for a period of from ocne to two seconds by
energising the solenoid, but the exposure time was in fact
determined by the duration of the lamp flash. Under
normal conditions the photographs were taken with the beam
room in total darkness.

5G91 Ilford recording film, 60 mm. wide, was used
in 25-foot rolis and approximately 120 exposures were
recorded on each. The film was drawn through the 'gate' by
a 24 volt D.C. motor which rotated the 'take-up! spool.
The 'gate"consisted of an aluminium base with é glass
preséure élate above and lateral definition of the film
position was provided by a spring-loaded guide on one side
of the'gatez A fine adjustment was also provided on the
shaft of the 'take-up' spool but this was only used where
the normal reprojeotibn procedure was in operation.

The 'take-up' drum rotated through 1200 between
successive exposures and the extent of the rotation was
determined by a micro-switch which pressed against the

shaft. The diameter of the drum was so chosen that the
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length of film that passed through the'gate' during each
of these rotations slightly exceeded the diameter of
the images.

Four asymmetric studs located each camera on a
'Tufnol' board which was supported, 62.7 cm. above the
top-plate of the chamber by the camera stand whose base
consisted of a circular ring which was bolted to the
twelve supporting pillars of the chamber when the stand was
in position. The stand was orientated in such a manner
that the films ran at right angles to the central grid wire.

In order to facilitate the analysis, the
magnifications of the cameras were made exactly equal.

Each was determined from microscope measurements made on
test photographs of a grid.

Further test photographs were taken in order to
estimate the quality of the chamber illumination.

The effects produced by poor collimation of the light beam
were immediately obvious on examination of these exposures.
The peak voltage of the condenser bank was varied and an
exposure taken at each value in order to determine the
optimum operating voltage.

The condensation nuclei which remained after a
'fast' expansion had to be removed before the next expansion
if the cloud chamber was to be used successfully. In order
to achieve this, 'slow' or 'clearing' expansions were

made between successive 'fast' expansions, in the manner
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described previously. Over as lengthy a period as 120
complete cycles it was of the utmost importance to ensure
uniformity of track quality and to this end the 'slow!
expansions were made fully automatic. — “

A uniselector mechanism was the basic component
of the unit built to carry out this procedure. In
principle this cmsisted of a switch with eight banks,
each with 25 contacts. These were selected in turn by
eight wiper arms which were moved to0 successive positions
by energising the control solenocid. The coil was
situated in the cathode of a thratron whose grid was at
a fixed negative potential, The anode was connected to
the positive terminal of a 30 pF condenser which was
charged up through one of several resistances from a
stabllised high tension supply. When the voltage on the
anode of the thyratron exceeded the critical value, the
valve conducted and the condenser discharged through it,
thus energising the uniselector solenoid. The interval
of time between successive discharges was determined by
the time constant of the condenser and the resistance
appropriate to the position occupied by the wiper arm
before each discharge took place. Hence by using one
bank of contacts to select the appropriate resistances,

it was possible for the uniselector to control the timing

of its own cycle.
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The solenoid valves, which controlled the !'slow!
expansions and compressions, were energised when a‘ﬁiper_
arm made contact with the appropriate contacts on one
bank. The other banks were used to control the
auxiliary operations associated with the cycling of the
cloud chamber. These included

(a) opening and closing the shutters;

(b) energising the reset solenoid;

(c) winding the films forward after each exposure;

(d) the inclusion of a delay after the last 'slow'
expansion to ensure that the working gas'had “
returned to a stable condition. (This was
necessary, because turbulence distbrted the tracks).

(e) switching off the clearing field before the 'fast!'
expansion. If this were not done, the ions were
dragged out of the tracks, with the result that
they became less well defined.

I'ive seconds were required to complete each
'slow' expansion and the variable delay, which followed
the last of these, was greater than 35 seconds. The number
of 'slow' expansions which were required to clear the
chamber was dependent on the intensity of ionisation which
was present, and it was found that a minimum of three was

required. In the construction of this unit provision was

made for a maximum of five 'slow' expansions.
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Before the cloud chamber was moved into the
synchrotron beam room, the photon beam had to be
collimgted. The position of maximum intensity of the
uncollimated beam was determined by irradiating an array
of thin copper rods and counting the induced beta-activity
of each in a standard geometry. A block of lead with a
rectangular aperture cut in it was positioned so that the
centre of the aperture coincided with the position of
maximum beam intensity. ©The near face of this block was
3648 cms. from the synchrotron target. The aperture
neasured 3.9 cms. by 0.95 cms. at the face nearest the
synchrotron and 5.5 cms., by 1.4 cms. on the other. The
collimator was mounted in position and the intensity
distribution of the beam that emerged from it was recorded
on an X-ray f£ilm located on the beam room side of the
collimator. Two lead plates were mounted, one on each
side of the collimator, each with a row of three pin-holes
drilled in it, the middle one being located at the centre
of the collimator aperture. The line joining the three

holes in the one plate was at 45 degrees to the

corresponding line in the other. When an X-ray plate was
irradiated beyond the lead plates, the pattern of spots
that was observed indicated the orientation of the

collimator with respect to the beam direction. When

correctly aligned, i.e., when the axis of the collimator
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passed through the synchrotron target, the spots
corresponding to the two central holes were superimposed.
Pinally the intensity distribution of the beam that
emerged from the correctly orientated collimator was
determined by irradiating another array of copper rods.
The chambef was then positioned in front of the collimator
and its height adjusted until the beam passed centrally
through the sensitive region.

In a study of photonuclear reactions, it is
essential that good track quality be obtained in order to
be able to differentiate between singly- and doubly-charged
reaction products. In order to echiewe this, the output
of the synchrotron was reduced o single, short bursts of
'x;rayg. Once the value of the expansion ratio had been
fixed, the track quality depended on the time delay between
the 'fast' expansion and the passage of the photon beam.
When theAsynchrotron.Was operated under ‘'single-shot'
conditions, the magnet was permanently ehergised and>the
bursts of ¥ -rays were obtained when the synchrotron gun
was pulsed via a push button. When this button was
pressed, a pulse, derived from a peaker coil within the
magnet, was passed to a flip-flop circuit in the cloud
chamber control unit which produced the negative pulse

that triggered the fast expansion. After the cloud chamber

pulse there was a finite delay before the pulse was passed
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to the synchrotron gun. This delay could be altered
in steps of 5 milliseconds between 30 and 70 milliseconds
and the shortest delay consistent with good track quality
was used in the experiments. This optimum value was
approximately 40 milliseconds. Too short a delay produced
diffuse tracks; too long a delay increased the background
intensity. After a further delay, a pulse was fed from
the chamber control unit to the primary of the ignition
coil whose secondary provided the pulse that triggered
the lamps. This delay was continuously variable with an
optimun value of approximately 120 milliseconds. This was
the minimum delay selected so that although sufficient
condensation had occurred on the heavy charged-particle
tracks, thenelectron background intensity was not at its
meximum nor had the tracks of interest become diffuse.

To monitor the beam an ionisation chamber was
mounted on the wall of the synchrotron beam room behind
the cloud chamber and the pulses from it were amplified by
a conventional amplifier before being displayed on a Cossor

oscilloscope. The height of each pulse was measured on the

screen of the cathode~-ray oscilloscope and the total

irradiation dose for each experiment was obtained by
summing these pulse heights. The monitoring system was
calibrated by comparing the pulse heights noted during an

irradiation of a standard copper sheet to the activity
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induced in the sheet. This activity was counted in a
standard geometry and use was then made of the calibration
derived by I.F. Wright (66), who compared the activity
induced in fhe copper sheet with the response of a Victoreen
thimble mounted at the centre of a Perspex block.

Under conditions of constant magnet current, the
peak energy of the bremssirahlung beam was determined by
displaying the r-f envelope and a pulse from a peaking
coll on the two traces of a twin-beam oscilloscope and
arranging that the 'back edge! of the r-f envelope
coincided in time with the pre-set position of the pulse
from the peaker coil. The value of the bias current, which
determined at what time the peaker pulse appeared in the
magnet cycle, provided a measure of the maximum energy of
the circulating electron beam. Before each run the bias
current was set at the required value (obtained from the
machine calibration) and the "vack edge! of the r-f
envelope was brought into coincidence with the peaker pulse
on a time scale. No adjustments were made to the r-f

envelope without subsequently repeating the above procedure.
It was estimated that the peak energy of the circulating

electron beam was stable to within + 0.5 llev.



CHAPTER III.

THE ANALYSIS PROCEDURE.
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In earlier experiments the chamber was
photographed with three cameras, with tilted lenses,
inclined to one another and the photographs of the recorded
events were analysed by a standard reprojection method. In
this method the films were replaced in the appropriate
cameras and light was shone down through the cameras from
above, The images of the events recorded on the films were
cast on a pivoted table below. The table was moved until
the three images were superimposed. In this condition the
coincident images corresponded exactly, in orientation and
magnitude, to the original track.

In cloud chamber studies of photonuclear reactions
it is sometimes necessary to measure the ranges of the
recoiling residual nuclei. Such nuclei normally yield
tracks of less than 1 cm. and the reprojection technigue
was intrinsically incapable of measuring such short tracks
to any reasonable degree of accuracy. One solution to
this problem was proposed by I.F. Wright (12} who measured,
directly on the films,the lengths of thesé shbrt tracks
using a binocular microscope of low magnification ( x 25).

In this technique the true length of the track
could be calculated from the measurements using the known
geometry of the camera system. Such calculations could be

complicated and laborious and consequently liable to

arithmetic error but could be greatly simplified by
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choosing a suitable camera geometry. In the system
chosen, the three cameras were mountedron a horizontal
board with the lenses at the vertices of an isosceles
triangle (Figure 14). The origin of the co-ordinate system
associated with the cameras was defined by the intersection
of the vertical projection through the centre of the lens
of the Ty camera and the plane of the chamber grid. The
X-zxis was defined to be the beam direction,whichvvaé also
the direction of the central grid wire, while the Y and Z
axes completed the orthogonal set. The calculations
thereafter assumed that the film from the T camera was
used together with one other. Where there were three
cameras in use, the second film was chosen to be that from
the camera nearest to the particular event under
examination, thereby reducing lens distortion to a minimum.
When the cameras were mounted in the reprojection,
stand shown in Pigure 15, the vertical separation of the
camers board and the moveable table, in its lowest position,
was made equal to the previously measured distance between
the board and the chamber grid. The origin of the
reprojection frame of reference was defined by a plumb
line suspended from the centre of the lens of the T1 camera.
By replacing the films in the appropriate cameras and

aligning the reprojected images, it was possible to define

the direction of the central grid wire and hence the X-axis.
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Figure 14.

The relative positions of the
cameras.
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Fi*rure 15

The reprojection stand with the
track simulator on the moveable table
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In this procedure the top-plate of the chamber was
inserted between the cameras and the table to cancel the
effects of refraction introduced by the glass while the
exposures were being made. Thereafter any point in the
chamber could be located in the reprojection system with
the use of a millimetre grid fixed to the top of the table
and a vertical scale alongside.

In the analysis of each track one normally wishes
to obtain the following properties:-

(1) the positions of the origin and end point of
the track, should the latter lie within the
sensitive volume of the chamber.

(2) the angle between this track and a standard
direction (i.e., the axis of the beam).

(5) the length of the track.

When using the microscope technique the
co-ordinates of a point on the track were measured with
respect to the reference grid on the base of the chamber
(Chapter I1), and all the angles were measured with
respect to the central grid wire. As mentioned earlier,
this direction was chosen to be parallel and vertically
below the axis of the beam.

The measurements were carried out as follows

(a) Using the vernier scales associated with the

microscope stage movements, the co-ordinates of the origin
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and end-point of each, track were measured relative to

the nearest reference point on the central grid wire

(for the T] film ), and this process was then repeated for
the second film. This yielded (zi,yi1) and (x2,y2)« If
these were then added to the co-ordinates of the chosen
reference point, one obtained the co-ordinates of these
points in the camera frame of reference.

(b) The angles between the track and the central
grid wire were measured with the goniometer head on the
microscope for both films. This gave and

(c) The lengths of the track, as recorded on both
films, were measured with the eye-piece scale of the
microscope to yield Li and L2*

The co-ordinates (x,y,z) of the point could be

calculated from

2=0 (|]zi - 12) + Iyi -721)
Y = my22 (1 - z/h) + iref.
X =mxi (1 - z/h) +
where
C = a constant dependent on the dimensions

of the camera system,
h = the vertical height of the lenses above
the plane of the grid,

m - the magnification of the recording system,
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The velue of m was obtained from the ratio of "the

distance between two specified reference pointé on the
cehtral grid wire as measured on the film with a microscope®
to "the distance between the same two points measured in
themchamber".

Thé calculations which derived the co-ordinates
from the measurements on the film were based on the
following conditionss:-—

(l) The image of a track on any film was a
horizontal proaectlon of that track.

(2) The height of a point above the grid was
proportional to the displacement, from the grid,
of its projection from a fixed point, which was
not vertically above it. Consequently the height
of a point was defined by the measurements of the
displacémen'bs from two fixed.points. .

Although it was possible to calculate the angles of a
track from the measurementé made on the films, the
necessary calculations were exceedingly laborious and a
track simulator (Figure 16) was introduced into the
reprojection system to facilitate the analysis.- This track
simulator was a mechanical device consisting of a needle,
six inches in 1ength,‘mounted in a ball and socket at the
centre of a 360° protractor. ILight was shone down through
the cameras on to this device when situated on the

reprojection table. The simulator was positioned in such a
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Figure 16.

The track simulator.
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manner that the co—-ordinates of the centre of +the ball
in the camera frame of reference were those of the origin
of the event, if it lay lower than the end point. The
00-1800 and 909-2700 lines on the protractor were aiigned
with the X and Y axes respectively. The needle was then
rotated until the shadows that it cast on the horizontal
plane made angles with respect to the ZX-axis equal to the
corresponding angles measured on the films. The needle
then had the same orientation in the reprojection system
a8 the track possessed in the chamber system. The
required angles were then read off the protractbr scales
if allowance was made for the thickness of the needle by
+taking the mean of the readings obtained with the
protractor on either side of the needle. The angle read
off the vertical protractor was taken as positive, iee.,
the track pointed upwards.

The technique was modified if the track direction
was dovnwards. The simulator was moved to occupy the
position of the Bottomvof the track, i.e., the end-point.

Ls a result of this, the angles to be cast by the needle
were now ¥y + 180° and ¥ + 180°. The angle read off

' the vertical protractor was now negative. The angle in the
vertical plane was designated by the symbol'q while that in
the horizontal plane by . |

If © was > 1800 the values used in the angular
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distributions were %600-6. This was based on the
reasonable assumption that the distribution between
»9 = 00 and € = -180° was equivalent to that between
© = 00 and 6 = +180°.

Although the lengths of the tracks could be
calculated from the co-ordinates, i.c.,

v/[§x2 + Ny*© ¥ /\z¢ it was considered more accurate

0 measure them on the fiims.' These were the values In
and L2 mentioned earlier. The track simulator was used'
to convert these values into true track lengths in the
following nanner.

When the simulator was positioned to determine
the angles, only one lens was left uncovered and the
simulator moved, without altering the orientation of the
needle, until the end of the shadow coincided with the
point Qefined by the co-ordinates of the end-point of the
track, if a was positive. The length of the shadow was
then neasured Li. he procéss was repeated with the
second camera 0 givé Lg. An analogous procedure was
emnployed where a was negative. |

The length of the track was obtained from

1 = 1 lneedle 27,
C " L - ——
track Tilm T I Fl )

where
z1, = the z co-ordinate of the lowest point on

the track.
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M= the magnification associated with the eye-piece
scale. This was determined by a procedure
analogous to that adopted earlier in finding
the value of m.

In addition to the ease with which the process could be
carried out, it was more reliable, since each step could
be verified, e.g., if the co-ordinate measurements were in
error it was not possible to obtain agreement between the
>shadow™® angles and those measured on the films. Similarly,
where three cameras were used, agreement could not be
obtained i1f in fact one of the angles had been incorrectly
measured.

There was one restriction to the applicability
of this system. The mechanical design of the simulator
prevented a measurement in the vertical plane of angles
of less than 10®. However, the significant angle to be
obtained was in fact ~ (the angle between the track and
the axis of the beam) and this is obtained from

cos ~ = cO0s 0 cos a
and consequently where a was less than 10® the value of
the cosine was close to unity and the error introduced
in A was small. The effect on the length measurements was
also small. The error introduced into the measurements

by assuming that cos a = 0.995 for all tracks with a <C10®

was less than 15\
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The accuracy of the microscope meaéurements waé
estimated from a ten-fold analysis of a track, selected at
random, using the microscope technique only. The results
obtained from this survey showed that

(1) for the measurement of X and Y co-ordinates
(40 measurements) the standard deviation was
approximately 0.05 cm. ! |

(2) for measurements of Z co-ordinates (20

7 measurements) the étandard deviation was
0.125 cm.

(3) measurement of the length using the eye-piece
scale had a standard deviation of10.025 cm. in
actual track length. This figure could be
larger if the track quality were poor.

(4) the standard deviation in the measurement of

| angles, using the goniometer, was of the order
of one degree, It was believed that, using the
track simulator, the error in © would be about
the same, i.e., 19, while that in a would be
slightly larger - about three degrees.

As can be seen from the above results, the accuracy of
the determination of thé lengths of the tracks from the
co—ordinate neasurements depended largely oq.the accuracy

of the determinatioh of the Z co-ordinates. It was for

this reason that the ranges of the charged particles
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measured in the experiments reported in Chapters IV
and V were taken from the track simulator readings
rather than from the co=-ordinates. It was believed
that the error in this process amountéd to less than
0.1 cm.

The reprojection system was checked by comparing
the lengths as measured by this method with those obtained
from the co-ordinates of theAend-points‘of the tracks
(this also checked the accuracy of the orientation of the
frack simulator)‘for a large number of events. A typical
example of this process is illustrated in Chapter V.

In an attempt to estimate the extent of
subjectivé errors, a 1arge number of events were analysed

by two independent workers and the results indicated that
these errors were of the order of or less than those

discussed above.



CHAPTER IV.

PHOTOPROTONS FROL INnON.
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4.1. Inxroduction.

‘The photodisintegration of neon was studied
primaril& to investigate the multiple emission of nuclear
fragments such as e-particles and protons (Appendix II)
However, a con51derable nunmber of photoprotons were
recorded and it was decided that these were worthy of
detailed analysis. This was made difficult by the fact
that all but three of the photoprotons did not stop in the

sensitive volume of the chamber and as a result the energies

of the protons could not be determined from their ranges.

4,2, Specific experimental conditions.

| A‘conventional-fblumé-definéd cloud chamber was
filled with 'spectrally pure' neon, saturated with water
vapour, to a#pressufe of 1.2ﬁatmospheres and positioned in
the beam of the‘23 Mev synchrotron. A beam of peak energy
23 + 0.5 lMev was passed through the centre of the chamber,
care being taken to ensure that the beam did not strike the
chamber base or the top plate. The tracks were recorded
by three cameras on 5G9l recordihg film and the tracks were
subjected to the analysis procedure described in Chapter
III. The total irradiation dose was determined to be

0.1 r and a total of 900 exposures was made.

4436 Experimental Results.

The thresholds for the (n,p) and (n,a) reactions
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which were liable to be .confused with the (b’,p) and
(‘K,@) reactions are given below:-
%20 (n,p) F¥0 - 6.27 Lev

g0 (n,a) ot7 === 0.603 llev
The introduction of 4 inches of paraffin wax, behind the
éollimator, served to moderate the fast neutrons. The
effectiveness of this precaution was demonstrated by the
fact that very few events were recorded with origins outside
the known dimensions of the beamn.

As neon was nono-gtomic, its stopping power was
low, and in all but three of the 303 recorded (X,p) events
the photoproton left the sensitive volumne. It was decided
that it was feasible to measure the P19 recoii tracks and
‘from these obtain the proton energies although the accuracy
of such a procedure was poor. The recoiling Flg nuclei
rarely travelled more than 4 mm. and it was estimated that
the error in the calculated energy of any individuallévent
ﬁas of the order of 1 llev.

lleasurements were made of the lengths of the
tracks of the recoiling P19 nuclei and the angles between
the photoprotontracks: and the bean direction. The energies
of the recoils were determined from a range-energy curve for
79 nuclei in neon as derived by D.R.O. liorrison (67). This
felationship was extrapolated to iow energies and the |

validity of this extrapolation was determined by comparing
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the energies of the F1Y recoiling nuclei calculated frdm
the energy of the prdton and also from the length of the
recoil track in the three events where the protons stopped
in the sensitive volume.

It was assumed that in each case the Flg residual
nucleus was left in its ground state and then the energy
of the absorbed photon (EK ) could be obtained from

E x = Bp + ER -Q
where Ep was the energy of the F19 nucleus. In the momenta
(k) were obtained from the corresponding energies (L),

the following momentum diagram could be used:-

k‘,sin}( kp

sin(B+ X')kR
and Ep =

"sin’a”-’

The value of kx, was then obtained by a method of

where sin B =

Successive approximations. In practice it was found to

be more convenient to preparé a series of curves of photon
energy versus recoil range for a sufficiently large number
of values of the angle (\{) to allow reasonably accurate
interpolation. The above procedure was adopted,as 1t was
inconvenient to measure the angle (B) to any degree of

accuracy.

Before the shape of the cross—section could be



determined, allowance had to be made for the varying
number of photons in each energy interval of the
bremmstrahlung beam. It was assumed that the spectrum
tabulated by Katz and Cameron (68) was applicable to these
results. The resulting histogram is shown in Figure 17.
The shape of this curve bears no resemblance to the
'familiar 'giant resonance! form which is illustrated in
Tigure 18 where the cross;section for the He?o (}(;n)
reaction,‘measured by Ferguson et al. (69), ié presénted.
Because of the dissimilarity in shape of the cross—sections
for the (b/,p) and (X,n) reactions, careful checks were
made of the accuracy and the consistency of the measurerents
and calculations and it was concluded that there were no
grounds to conclude that an appreciable error arose in them.
In drawing the angular distribution,30° intervals
were chosen to provide reasonable statistics although the
experimental accuracy (~ 3°) would have justified a finer
subdivision. The distribution was corrected for varying
solid angle fof equal angular intervals by dividing the
number of events in any interval by the mean value of the
sine of the angle in that interval. The experimental
distribution was consistent with isotropy and the straight
line shown in Figure 19 is the weighted mean of the
experimental pbints. Ho difference was recorded in a

comparison of the angular distributions of the events due to
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Figure 17.

Cross-section for the Nezo({,p)ﬁ‘l
reaction on the assumption that all the Fl
nuclei were left in their ground states.
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Figure 18.

20 The coi)éected cross—section for the
NecY( Y ,p)FLY reaction. ‘The sglooth curve
is the cross-section for the Ne20(Y ,n)Nel9
reaction determined by Ferguson et al.(69).
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photons of energies greater than or less than 18 liev.
The choice of 18 llev was purely arbitrary but there was
no indication that a division at any other energy would

in fact show any significant difference.

4o4. Discusgion of the results.,

Theré Wefe grdunds for suspecting the original
assumption"that the residual F19 nucleus Was 1eft in its
ground state. The work of Afthur et al. (68), on the
FL9(p,p') reaction, has considerable bearihg on this point.
With prétons of 8 llev it was shown that the FL19 nucleus
could be left in any one of eleven excited states containéd
in an energy interval of about 4.5 lLiev, extending upwards
from the ground state. ‘ If it is considered that photon
absorption in the 'giant resonance" region resulted in the
formation of a combound nucleus and that the same compound
nucleus was formed in the inelastic profon scattering
process then the results of the above workers are directly
applicable here, since an 8 Illev proton would correspond to
an excitation energy of about 21 liev in He?Q, It there-
fore seemed reasonable to suppose that the 19 nucleus
could be left in any one of these excited states Tfollowing
a (5 ,D) reaction in neon.

It was therefore assumed that one-third of the
transitibns which followed photon absorption in the energy

range 19 lilev to 23 Ilev left the 1Y nucleus in its ground
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state, one-third in the energy levels between O and 2 llev

and one-third in the levels between 2 and 4.5 llev. The

energy of the photon which produced the reaction was then
Ly ="(E{)¢E"‘“

where (& K') was the value calculated previously and E¥

was the excitation energy of the residual 719 nucleus.

The cross—section curve was then reconstructed as shown in

Figure 18. It can be seen that there is close agreement

between the two curves and the degree of~agreement is

illustrated in the following table:-

Reaction Integrated Energy at Peak Cross—
. . cross—-section maxinun - section
(ev-barns x 10~2) (ilev) (nillibarns)
(Y,p) 39 . | 22 8
(¥ yn) 43 21,5 7.3

The predominant mode of decay of the compound
nucleus would be by s-wave pror n emission and this would
‘yield an isotropic angular distribution. The 'independeht
particle' model of Vilkinson (38) would have predicted an

2 9. fhe

anguler distribution of the form a + b sin
statistics in the experimental angular distribution would
not allow the detection of a distribution of this form with
a > b, if it were present.

Hence it was concluded that the experimenfal

results were consistent with photon absorption which
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proceeded with the normal 'giant resonance' form of the
cross=section and produced a compound nucleus which
decayed by s-wave proton emission.to both the ground state

and the excited statesof FL9.



CHAPTER V.

T,OJ7 ENBRGY PHOTOPROTONS
FROM OXKYGEN.
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5

5.1. - The published data on the 016 (X ,p) Nl reaction.

Beéause of the continuous energyVSPectrum df the
photons in a bremsstrahlung beam, it is necessary to
investigate the contributions made by photons below the
'giant resonance' before a correct estimate can be made of
the photon absorﬁtion mechanism in the resonance itself.

In an investigation of the 016 (Y,p) W12 reaction, Spicer
(71) irradiated oxygen with bremsstrahlﬁng of peak energy.
18,7 Meve This energy was chosen in order that his
emulsions would not detect protons which resulted from
transitions to the excited states of Nl5, the first of which
was 5.5 Hev above the ground state. He obtained a peak in
the proton energy distribution at a prbton energy of
approximately 2.6 llev which corresponded to a peak in the
cross-section at a photon energy of about 14.7 llev and of
magnitude ~ 4.6 millibarns. Johansson & Forkman (72)
chose‘tO'Work'With a peak breﬁsstrahlung énergy of 20.5 liev
| and under these conditions protons of energy greater than
about 3 liev resulfed from transitions to the ground state

of N15, while those of energy below 3 llev originated in
transitions to either the ground state or the first excited

states of W12, He concluded that the peak reported by
Spicer was three times greater than his own measurement,
which in itself was an upper limit, but did not profess to

know the reason for the discrepancy. A comparison of the
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angular distributions for the protons of energy
approximately 2.5 llev brought out yet another discrepancy.
The angular distribution meésured by Spicer had the form
(1 + cos? @) while that measured by Johansson and Forkman
wag claimed to be isotropic with some sign of a sixi2 o
component. One might regard Johansson and Forkman's
isotropic angular distribution’as a superposition 6f The
(1 + cos? e) angular distribution as measured by Spicer and
a (1 + sin? @) confributian from the transifions to the
excited states of W12, This interpretation, however, will
only tend to increase the discrepancy between the two sets
of results with regard to the magnitude of the cross-—section.
The proton energy specira measured by Spicer and Johansson
and Forkman are presented in Pigure 20. |

Further criticism of Spicer's results stems from
the work of Wilkinson and Bloom (73) on the inverse
reaction N5 (p, ¥) 0, who concluded that Spicer's results
were in sone Way misinterpreted. These workers féund

little or no sign of the peak corfeépanding to a photon
energy of 14.7 liev and concluded that the low energy protons

recorded in the (Y ,p) experiments were in fact due to
transitions %o the excited states of N15 and not to the |
ground state. This might imply that the energy calibration

of the Illinois betatron was at fault.
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Spicer concluded that the peak in the cross—
section at a photon energy of 14.7 llev was due to E2 and
il absorption, but this conclusion must be regarded as
suspect as long as his results remain in disagreement with
those of other workers.

However, it seems probable that there are minor
peaks in the proton ehergy spectrum which, if interpreted
as resulting from transitions to the ground state, correspond
to resonances in the cross-section at photon energies of
about 14.7 lev and 17.6 lev. |

Bearing these results in mind, now consider the
Teaction in the energy region including the ‘giant resonance'.
Here it is possible to compare the results of Johznsson end
~ Forkman, Cohen et al. (74),Hilone et al. (75) and Livesey
(76). In the proton energy spectrum measured by Cohen et
al., sixApeaks were detected and the comparison with the
results of other workers will be made with special reference
to these, Several workers display cross-—-section curves
(Figure 21) but as these involve the sometimes doubtful use
of the bremsstrahlung spectrum in the'transformafion to a
cross—section from the proton energy spectrum, it is felt
that the proton spectrum is a more reliable quantity for
study.

The proton energy spectrum measured by Cohen et al.

is shown in the accompanying diagram (Figure 22) and the
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peaks are labelled with the letters A to F. Xach will be

considered in turn.

GROUP A.

This peak occurs at a proton energy of between
2 and 3 Keﬁ. Spicer's measurement appears to be at a
slightly higher eneréy than those of Cohen et al. and
Johansson and Forkman,but it is probable that they all
éorrespond to the same proton group.‘ The spectra
measured With'bremsstrahlung beams of peak energies 25 or
26 liev will contain ground state contributions as pointed
| out by Spicer but they will also contain protons resulting
from transitions to the excited states. This is well seen
in the figure depicting the difference between the spectra
megsured at 23 and 26 llev.(Figure 23). This group is not

detected by the Italian workers.

GROUP B.
| This group is composed of protons with energies
between 3.5 and 4 lleve. 1t is not present in Spicer's
distribution but itvmight'be present to a small extent in
that of Johansson aﬁd Porkman (Figure 20) if one allows an
error of about 0.2 Mev in the absolute values of their
energy scale. It is an appreciable part of the total

proton yield as ﬁeasured by Johansson and Forkman, Iiilone

et al. and Cohen et al. at peak energies of 26, 26 and



68a.

NUMBER OF EVENTS

e JOHANSSON
50 - 1 ——— MILONE
301 :
20 :
10+ ' ) :
Loy I
° i
-10- ) oo
'\ 2 3 4 5 6 7 8 9 10 11 12 13

PROTON: ENERGY MEV

Figure 23.

The difference between the energy
distributions of the photoprotons from
oxygen measured at B, = 26 Lev and

Eo/= 25 llev,



69.

25 Ilev respectively. The work of Svantesson (77) on the
decay photons from the residual nuclei formed by the
photodisintegration of OL6 indicated a high probability for
those transitions to the 6.3 llev state‘of‘ﬂls. If one now
assigns this group of protons to transitions to the 6.3 liev
state of 016 this would infer the absorption of photons of
energy about 22.2 llev, which is the energy at which the
'giant resonance' occurs and the above explanation would
therefore seem reasonable. Confirmation of the correlation
of this group with transitions involving the excited states
of §19 is obtained in the (26 Liev - 23 llev) difference

spectrum shown in Figure 23.

GROUP C.

: This corresponds to a proton group of energy
between 4.5 and 5 Lleve It is a majbr fraction of the
Johangson & Forkmen distribution measured at 20.5 liev and
fepresents those protons emitted in transitions,to’the ground
state, which follow the absorption,of photons of énergy
around 17.5 kieve The (23 llev - 20.5 llev) difference spectrun
(Figure 24} as measured”by Johansson & Forkman shows no sign
of & contribution to this group, but the (26 llev - 23 lev)
difference spectrum shows an appreciable yield. This latter

contribution results from the absorption of photoﬁs of energy

between 23 llev and 26 liev, followed by the emission of .
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protons in transitions to the 6.3 Liev and 7.3 liev levels
of N15, 1liilone et al. estimated that the transitions to

these levels were in the ratio 2:3 respectively.

GROUPS D AND H. | |

' The groups designated by Cohen et al. as D and B
are small.. This is reflected in the comparison Wifh the
results of other workers. Group D is seen by Oohén et al.,
Johansson and Forkman and possibly also by ililone et al.
Group L, on the other hand, is recorded by Cohen et al.,
Ililone et al. and Livesey, but not by Johansson and Forkman.
Since groups D ande are conposed of pfotons of energies
approximately 7 ﬁev and 8 llev respectively, they correspond
to photon absorption in the energy range approximately
19 lev to 20 liev, which is then followed by‘transitions to

the ground state of N>, At this stage 1t is of interest

to examine the difference spectra. The (23 llev - 20.5 llev)
spectrum measured by Johansson and Forkman shows no 7 llev
group but displays an 8 llev group. The (26 liev = 23 liev)
spectra of liilone et al. and Johansson and forkman both
display a lack of the 8 llev gfoup, but Johahsson and Forkman
record a 7 liev group while liilone et al. apparently do not.
The two difference spectra can be brought into qualitative
agreement if one assumes a small error in the energy scale

of one set of resultse.
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GROUR_F.
This is a proton group of energy 9 Liev to
10 lieve It corresponds to transitions to the ground state
of‘N15 and in fact constitutes the 'giant resonance'.s 1t

is seen by all groups of workers.

It should also be noted that there exists a
considerable 'tail' in the cross-section at energies
greater than fhat 5f the 'giant resonance'. This is seen
in the cross-section derived by Penner (78) (Pigure 21) and
is also partially revealed in the cross-sections obtained
by Cohen et al., Johansson and Forkman and liilone et al.
The latter in fact stated that fine structure existed in
fhe cross-section in this region and claimed two peaks
which corresponded té proton energies of approximately
11 llev and 12.8 liev respectively. - The former was confirmed

by Liveseye.

5e2e Introduction to the present investigation.

This experiment was performed in order to obtain
information concerning the mode of photon agbsorption in
oxygen, below <the 'giant resonance', Determingtions were
made of the energy”and angular distributions of the protons
which were emitted in the 010 (§ ,p) 1 reaction.

Particular care was taken to ensure that attention

was confined to the protons which were emitted in transitions
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to the ground state of 12,  This was achieved by
reducing the peak energy of the bremsstrahlung beam to

18 Llev. This choice of peak energy was based on the
following facts: (i) the reaction 016 (5/,p) 2 had a
threshold of 12.1 Hev, and (ii) the first excited state
of W5 lay 5.3 lev above its ground state. Although the
choice of a lower peak energy would perhaps have been
preferable, one had to contendlwith the rapid reduction in
photon flux which accompanied a decrease in peak energy.
Consequently it was decided to run at the highest peak
energy consistent with the exclusion of transitions which

involved the excited states of Nl5.

He3s Specific experimental conditionse.

The cloud chamber was operated at a working
pressure of 1l.25 atmospheres of oxygen at a temperature of
15° C and an expansion ratio of 1l.31. The oxygen was of
medical purity and no account was taken of thé presence of
the isotopes 017 ana 018, It was aligned in such a manner

that the beam passed symmetrically through the sensitive
volume. The dimensions and the relative positions of the

chamber and the collimator with respect to the synchrotron
target are illustrated in Figure 25. The expansion ratio
and the delays between the‘expansion, bean pulse and lamp
flash Were.adjusted to obtain opﬁimum track qualitye.

Satisfactory track quality was obtained with a.delay of
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%5 milliseconds between the fast expansion and the beam
pulse and a further delay of 75 milliseconds between the
bean pulse and the lamp flash,

For this experiment two cauweras were employed,
because the yield of events per frame was so low that the
use of a third cameras was considered to be wasteful of film.

Before the chamber was assembled, the co-ordinates
of the points of reference (i.ec., intersections of the grid
wires) were measured in ordér tb convert the microscope
neagsurements into the chamber frame of reference.

At the start, this experiment was only considered
as a preliminary investigation and a more/detailed study,
involving irradiations at various peak energles, was to bé
carried out after these results had been analysed.
Unfortunately difficulties encountered with the synchrotron
resulted in the abandonment of this proposed programme.

A crude calibratioh of the beam intensity was obtailned, in

the manmner described in Chapter II, during the initial series
of irradiations and because of the above difficulties a
detalled calibration was not obtained. This calibration
provided a rough scale for the cross-section curve derived

from the measured proton spectrum.

S5ede The clagsification of the events.
After development, the films were replaced in the

cameras and light shone through them in order to cast images
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on a reprojection table. These images were examined
individually to locate, number and classify the recorded
tracks. [The results of this survey were grouped into the
general clasgifications:~
'flags' - single tracks accompanied by a recoil.
'singles; - single tracks with no visible recoil  and
| F including events from the walls of the
chamber.
'$tars' - events with more than one track.
| The efficiency of this process was determined
from a comparison of the results obtained when each film
was examined by two independent workers. The efficiency
was estimated to be 95%.
The eXperimeﬁtal distribution, classified in
terms of the above scheme, was derived from a toftal of 1281

frames and is given below.

Type of event Number of events
: : recorded
'flags! 456
'singles! ' 219
 'stars! 5

The large number of 'singles!' demands further
explanation. 0f the 219 events, 58 briginated in the
chamber walls. The remainder were events whose origins

lay outside the illuminated region of the chamber and whose
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recoils were consequently not recorded, or normal (]{;p)
events whose recoils had been obscured by the genefal |
background, or events where the track quality prevented
accurate classification. Those whose origins lay outside
the beam might have originated from (U/gp) or (n,p) reactions
in the chamber base or the top plate; but this-source was
not considered to be the major contributor to the yield of
'singles'. |

”  Of the 'flags', 22 were classified as Y ,a)
events, 376 as (Ul,p) events which could be fully analysed
and a further 58 were classified as (‘K;p) events which
were later rejected from the distributions as a result of
doubt concerning the positions of their origins with

respect to the photon beam. Only those events whose
origins lay within the geometrical confines of.the beam as
defined by the lead collimator and a fixed point source were
accepted. Adjustments to the gun and target positions
during the irradiations and the finife size of the source
probably gave a greater spread of the beam than that
calculated, but it was felt that all possible sources of

doubt should be removed and consequently all the events
which originatedfoutside the calculated bean geometry were
rejected. Confirmation of the heam position as it passed

through the chamber was obtained from the distribution of

the Zsco-ordinates of the analysed tracks (see Figure 26).
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f one assumed thatdll the events which occurred
outwith the beam were to be considered as a background,
then their energy distribution had to be determined before
a correction could be zpplied to the photoproton energy
spectrun. The energy distribution, based on 38 anal ysed
events, is shown in Tigure 27. As the bean occu@ied a‘
quarter of the total"volume of the chamber, this correction

was consequently reduced.

5¢5e The experimental energy distributions.

| The traéks Weré then fully éhalyéed and of the
376 (B/gp)-events, 98 left the sensitive region. Ais a
result, the number of events in the energy distribution
was reduced to 285. .The ranges of these protons were
calculated from the co-ordinates of therorigins and end-
points df the tracks and also from the lengths of the
tracks as measured on both films. As the working gas was
wet oxygen at 1.25 atmospheres pressure, these ranges were
reduced to equivalent ranges in dry oxygen at SeTePe

Before these ranges could be converted into

energies a suitable range-energy relationship had to be

found. The majority of the events analysed had ranges less
than 5 cm. and the range—energy curve quoted by'Aron,
Hoffman and Williams (79) could not be read to the required

degree of acéuracy. Consequently use was made of the

relationship for low energy protons in air, quoted by
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Bethe and Ashkin (80) and the equivalent relationship
tabulated by Jesse and Sadauskis (81). This curve was
normalised to that of Aron, Hoffman and Williams for
protons in oxygen at an energy of 1l llev to produce a
reasonably accurate curve for low energy protons in oxygen.

The energy distribution shown in Figure 28 was
compiled ohly Ifrom protons which stopped in-the chamber,
As a resulté-it is biased in favour of protons of low
energy, since theylhave shorter ranges and are therefore
more likely to'stop in the sensitive region. This was
corrected by dividing the measured distribution by the
pfobability of stopping in the chamber as a function of
energy, to yield the true protoﬁ energy distribution (free
from any limitations imposed by the apparatus). VThisv
distribution is shown in Figure 29. |

Since the choice of peak photon energy in the
experiment excluded any transitions to the excited states

of N15, one can state

B = B, T B - Q
LA T -
and this can be approximated by
n - A8
By = 158, - O

Using this expression, the proton energy distribution was
converted into the corresponding photon energy distribution,
Finally, allowance had to be made for the shape bf the

bremsstrahlung spectrum and this was done by dividing the
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photon energy distribution by the tabulated spectrum
quoted by Katz and Cameron (68) to yield the relative
cross-section curve shown in Figure 30.

Before proceeding to a discussion of the results,
it is worthwhile to note the difference between the energies
of the protons derived from the co-ordinates and also from
the track lengths. As can be seen in Figure 31, T7% of
the events had an error of less than O.1 lev. J
The summed dose of radiation received by the

chanber gaé was estimated to be 0.2 r.

5.6. Discussion of the results on the energy distributions.
Althoﬁghrthis is the first experiment carried

out on the QL6 (X,p) 0l% reaction in this energy region,

several workers have studied the inverse reaction

115 (p,Y ) 0 (82,83) and concluded that in 0%°

the only
level below 14 liev which was involved was that at 15.09 llev.
This level had a width of 150 kev and a peak cross-section
of 1 millibarn. One might therefore deduce that in a study

of the reaction 010 (6',p) w5 one would expect to detect
a single proton group corresponding to photon absorption

into this level. This proton group would have an energy
of 0.91 Lev, The‘experimental results showed a proton
groﬁp of mean energy 1.1 Ilev with a width at half-height
~of ébout 0.5 llev,. In the photon energy distribution

this corresponded to a peak at 13.3 liev and a half-width
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of 0.5 liev. WWhen the peak cross—-section, corresponding
to the 46 events at 135.1 liev, was calculated using the
spectrum tabulated by Katz and Cameron (68), a value of
about 3 millibarns Wasvobtained. By aﬁplying the principle
of detailed balancing to the inverse (p, § ) reaction, an
expected peak cross-section of approximately 10 millibarns
was calculated for the (b/,p} regction. This discrepancy
could be partiaily sccounted for if all the events which
were excluded from the energy distribution were aﬁtributed
to the ( ¥,p) reaction. However, it was known that many of
these events involved particles with energies in excess of
those considered here, and further, that a considerable
numnber of them originated in reactions other than the

(¥ sp)y i.€., protons from the walls, etec. The difference
between the measured and calculated widths would still
remein unresolved. Alternatively, these discrepancies
could be accounted for if the majority of the events in the
photon distribution, which had been attributed to photons
of energy between 1%.1 and 13.4 llev, resulted from
absorption into the 13.09 llev 1evel. It would require a
considerable error to account for this"discrepancy which,

if it existed, was not detected. It is felt confident
that the source of +this unknown erfor did not lie in the
negsurements, range-energy relationship or +the range

straggling. However, if in fact the peak energy of the
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beam did not remain stable at 18 Hev but in fact drifted
widely, some of the recorded protons could hdve resulted
from transitions to the first excited state of LD, This
would require a photon energy of approximately 18.7‘Mév

end in order to obtain a yield comparable to that from the
13.09 liev level in 00 to the ground state of W15, the

peak energy of the beam would have had to be in excess of -
This figure. Carbon in the form of polythene was
irradiated but no appreciable activity was recorded and

it was therefore concluded that the drift in the’peak energy
of the synchrotron output could not account for the shape of
the proton energy distribution.

On the other hand, the experimental distribution
would be consistent with contributions from several levels.
In fact, if two levels at 13.09 liev and 13.39 llev were
éssumed to have widths of 250 kev and cross-—sections as
shown in the cross-section curve, then the curve could be
reproduced from 13.0 llev to 13.6 liev.

The 13.09 llev level is well established from the
inverse reaction and Hornyack and Sherr (84) who studied
the reaction OO (pyp') 0L6 tentatively suggested a level
at 13+39 Lev. It would not seem unreasonable to assign
the same spin and parity to both these levels. In fact,
Zimmerman (85) has studied the properties of the‘low—lying

states of N16 and since N1®, 01® and F® form an isobaric
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triplet, one can infer the spins and parities of the 016
levels corresponding to the excited states of N16 where
the N16 ground sfate corresponds to the first T=1 state
of 040 at 12.95 Nev. This suggestion would lead to a
0~ or 1~ assignment to both levels.

This explanation of the experimental distributions
is in disagreement with the predictions of the principle of
detalled balancing as applied to the inverse reaction. As
a result, neither explanation can be .forwarded without
criticism. A further investigation has since been carried
out by Menzies (86) with the Cambridge synchrotron in order
to check the results reported here. His preliminary results
confirmed that the peak was approximately 0.5 llev wide and
he estimated that the peak cross—section was approximately
% millibarns.

The remainder of the (X,p)- cross-section curve
could either be regarded as the 'tail' of the low energy
resonance or resonances but it is more likely that it was
due to small contributions from levels at about 14.1 llev

and 14.7 lev. The latter state has been detected by Spicer
and Johansson & Forkman (71,72) when they studied the 016

(§,p) reaction. They disagree, however, as to the
magnitude of the cross-section by a factor of three.
Wilkinson and Bloom (73) estimated from their own results

on the inverse reaction that Spicer's value for the cross-
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section was in error by a factor of 30. As a result,

one can only suggest that such a level exists with a
cross—secgion less than that quoted by Spicer. Here the
protons which were emiftted in transitions to the ground

state of Ni° following the absorption of 14.7 llev photons
had a very low probability of stopping in the chamber

(0.25) and consequently only three such events were recorded.

A level has been suggested by Stoll (87) at
14.2 llev after studying the 016 (6/,a) reaction. From
the present results one would estimate that this level
would have a cross—section of approximately one-third of
that of the 13.09 llev level, on the hypothesis of several
participating levels.

The 22 (U’,a) events were not analysed as there
were so few of them, but the ratio of the a-particle yield
to that of the protons was of the ordér of one in twenty.

The 'stars' were all four-pronged and were
probably 016 (6/,4a)'events and these also were not
analysed. The lengths of the a-particle tracks were short

and this indicated that the photons responsible were of

low energy.

HeTe The experimental angular distribution.

The angle between the photoproton track and the
beam direction was determined for the (h/,p) events which

were accepted for the energy distribution. The same angle
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was also measured for all the (Y ,p) events in which the
proton left the sensitive volume of the chamber. The
results were grouped into 20° bins and a correction applied
to account for the variation of solid angle for equal
angular intervals. This was done by dividing the number of
events in each angulér interval by the mean value of the
sine of the angle in that interval.

‘No significant difference was found between the
distributions corresponding to 'stopping' protons and
'leaving' protons. The angularmdistribufion compiled from
both sets of photoprotons is shown in Figure 32 where the
errors are purely statistical. The accuracy of measurement
of the angle was of the order of-3° but the results were
grouped into 20° intervals to provide reasonable statistics.

The experimental distribution is isotropice. The
state at 13.09 llev is considered to be 1~ (73) and one would
expect s-wave proton emission to the Ni5 ground state to
follow E1 absorption into this level, thus yielding an
isotropic angular distribution. The hypothesis that
absorption proceeded into two levels would still be
consistent with the angular distribution, as it was assumed

that both levels had the same spins and parities.
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CHAPTER VI.

THE EMISSION OF He’ AND He?

PARTICILES FROM OXYGEN AND ARGON.




e

6.1, Introduction.

It should be pointed out at the beginning of
this chapter that the results presented in it are the first
measurements of the yields of He? particles from photo-
nuclear reactions. The author has been unable to find any
reference to previous work on this topic.

In the past, several groups of workers have
detected activities which they correlated with the photo-
production of nuclei of the form (Z-2, N-1) from target
nuclei of the type (Z,N). As has been mentioned earlier
in Chapter I, these workers encountered three difficulties
in the interpretation of their results:

(1) The target must be monoisotopic if unambiguous
yield values are to be ascribed to the individual reactions.
(2) The yield values are quoted relative to some
standard, for example, the yield of neutrons from the
Ni4 (x,n) N13 reaction whose cross-section is not well
established up to energies in the region of 300 liev.
(3) The yield finally ascribed to the reaction
(W,z)( K’,?)(N-I,Z-Z) was composed of the partial yields
due to the (K,an) reaction together with that from the
(X,Heﬁ) reaction and there was no way of estimating their

felamive contributions to the total.

6.2 Equipment and Procedure.

The equipment (88) was originally built to study
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the reaction He4 (¥ , W )He* by detecting the recoiling
He4 nuclei., I+t was necessary to distinguish between the
He# particles which arose from the above reaction and the
He3 particles produced by the He? (¥ ,n) He3 reaction.

Use was made of the standard teéhnique commonly
used in high energy nuclear physics for distinguishing between
particles of different mass by the simultaneous measurement
of the specific ionisation and the total energy of the
particle (i.e, %% and E). The method had been previously
used to separate mesons from electrons and protons (89,90),
and also to distinguish between protons and deuterons (91).
These methods employed scintillation detectors but were
unsuitable for this study, since an extremely thin
scintillator would be required for the %% measurement,
(eege, a 15 llev e=-particle would lose about 5 llev in passing
through 0.003 inches of plastic scintillator). TFurther,
the non-linear variation of light output with energy loss
in scintillating crystals reduced the effective  separation
between the two types of densely ionising particles. Use
was therefore made of gas counters where the specific
ionisation of doubly-charged particles was so high that
they still could be detected in g relatively high back-

ground flux of electrons and photons without 'pile-up!'

seriously affecting the resolution.

The target chamber was a tube 4 feet long and
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3 inches in diameter with 0.005 inches 'llelinex' windows
at either end. The chamber was positioned in such a
manner that the beam passed along the axis of the target
tube whose 'entry' window was as near as possible to the
‘exit! port'of the collimator vacuum system. The target
was filled to a pressure of 14 atmospheres with the gas
under investigation and the HeJ and Het particles were
detected in two gridded ionisation chambers mounted at
90° to the axis of the beam (see Figure 33). They had a
common H.T. electrode and the collector plaxeslwere
separate, thus measuring %2 and E of the particle. The
E chamber was flared out to include a reasonable solid
angle of acceptance. The earthed guard ring and the wire
conductors, held at suitable potentials, maintained the
required field distribution near the edges of the chamber.
The earthed strip inserted between the collector plates
served to reduce the capacity between them (2.2 pf).
Collimated polonium sources were mounted in both chambers,
The chamber was filled with a mixture of 90% and 10%
methane to a pressure of 1% atmospheres. ihe targét was
separated from the chambers by a 'Melinex' window 0.0005
inches thick supported on a wire grid. |

The mass and energy of the particle were determined

from the energy losses E] and Eo as measured by the heights

of the coincidence pulses obtained from the collectors when
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The target tube and the ionisation chambers.
Hote in these experiments the chambers were
nounted at 90° with respect to the beam

direction.
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a particle traversed both chambers. This information

was displayed on a C.R.0. by a spot whose co-ordinates
were proportional to Ej and Eo respectively. A block
diagram of the electronics is shown in Figure 3%4. With
the aid of two shorted delay lines, it was possible to
eliminate the 'pile-up' of electron pulses which occurred
within the beam duration (500 ps) and obtain square pulses
of 3 us duration.

The energy losses Ej and Eo varied between the
limite 1.3 llev to 3 Mev and 2 Mev to 18 llev respectively.
The statistical fluctuation in Ej under typical conditions
was about 25 kev,.

The spots on the C.R.0. were photographed and
each exposure lasted two hours. The number of spots per
frame varied between 7 and 20. The Ej and E2 axes for
each exposure were plotted using the pulses from the
polonium sources and coincidences were obtained by joining
the inputs to the coincidence unit and earthing the input
to each amplifier in turn. This also yielded the
calibration of the Ej and Eo deflections in terms of energy
loss, and, in fact, the procedure was repeated with the
calibration spots spread out in a direction at right
angles to the required deflection in order to locate
accurately the region of maximum density. For any set

of runs the calibration deflections were in sufficient
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agreement that their mean value could be used throughout.
The data was analysed as follows:- From the
theoretical range-energy relationships (79,92) for nuclei
in argon, the calibration deflections, the geometry of
the chamber and the gas pressure, it was possible to
calculate the curves along which Hed and He? particles
would be expected to lie. The space between the curves
and on either side of them was sub-divided into channels
in such a way that each curve lay along the centre of a
channel. The number of points in each channel was counted
and a histogram obtained. A 1limit was imposed on the
region of counting in order to eliminate those particles

which passed completely through both chambers.

6e3e Results.

The results presented in Figure 35 were obtained
by Palit and Bellamy (93) who irradiated a helium target
with 325 Mev bremsstrahlung and detected the emitted He?
and He# particles. The upper curve (a) displays the
yield of Hed particles at 90° with respect to the beam
direction, from the reaction He* (¥ ,n) Hel. At this
angle the kinematics of the He%.(‘{,‘ﬁo) He# reaction
rule out the emission of He4 particles. The yields of

Hed and He? particles at 40° with respect to the beam

direction from both the above reactions are illustrated in



88a.

Number of Counts per Channel

e e - = — = — —
%

rot-
(o'
P
v
o
~

Chairnel Num

lass distribution of the He? and Het
particles reported by Palit & Bellamy(S3)

a. Measured at 900 with respect to
the beam direction.

b. Measured at 409 with respect to
the beam direction.



89.

the lower curve (b). From Figure 35(a) one can see
that the intrinsic resoiution of the device was quite
good and that the peak occurred in the proper chanmnel.

The results of the present experiments are
illustrated in Figure 36. Here the mass distribution (a)
shows the yields of He? and He# particles of mean energy
~ 20 Mev, which were obtained from an oxygen target
irradiated with 325 Mev bremsstrahlung when the detector was
positioned at 900 with respect to the axis of the beam. As
can be seen, the two groups are not completely resolved, but
on the assumption that the distributions were of the form
represented by the two symmetrical dotted curves, the ratio
of the yields of He4 and He? particles was 75:47. By
counting the number of points on either side of the middle
channel, this ratio was confirmed within experimental error.
Figure 36(b) shows a similar distribution obtained with an
argon target and here there is no sign of a peak in the He?
channel. The curve, however, is not symmetrical and, if one
assumes that the degree of divergence from symmetry represents
an upper limit for the production of Hed particles, then the
ratio in this case is 159: < 30. This ratio was again
confirmed within experimental error by dividing the
distribution at the middle channel. Since the energy range

was small, an energy distribution would not in fact be very

illuminating, but it appears that the number ¢f particles
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decreased with increasing particle energy, particularly

in the case of the He# particles. A drift in the gain

of one of the amplifiers appeared during the runs and this,
although not seriously affecting the energy measurements,
seemed to have slightly reduced the resolution to an

extent that the HeJ and He# pérticles were not resolved.
However, on the basis of the previous resulis, the
contributions due to both types of particles were separated

as described above.

6.4, Discussion.

 There is no theory with which these results can
be directiy compared and in the Discussion they are
compared with data obtained in investigations in similar
or related fields.

The two.targets were assumed to be composed of
entirely oL6 and A40 respectively, since the gases were
of industrial purity and the percentage abundances of the
other isotopes ofoxygen and argon were negligible. It
should be pointed out that it was not possible to study
the (Y ,He#) reactions in oxygen and argon by the
activation technique referred to in the Introduction to
this Chapter, as both the daughter nuclei were stable.
Similarly the cl3 nuclei, which resulted from the emission

of HeJ particles fronm 016, were also stable and therefore

undetectable by this method.
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In order to obtain an order of magnitude for the
ratios to be expected for the He4 to HeJd yields it was
aséumed that the partidles were emitted in the decay of
a compound nucleus as envisaged in Blatt and Weisskopf (94).
In these calculations it was assumed that (a) the cross-
sections for the formation of the compound‘nucleus 016*
by He> and He# particles incident on ¢12% gng ¢l3%
respectively were approximately equal and (b) that the
ratio of the capture cross—section for the'photon in
oxygen to the sum over all decay channels of the compound
nucleus, was & slowly varying function of energy. The

level densities were céloulaxed from the following formula

which was derived by Lang and ILeCouteur (95):-

D, = o.1i A2 (U + t)2 exp - [2(%‘)‘15 + ?2(111})2/5] |
wmove = (103 Uk _ 1.9 |
As g first approximation,the level densities

corresponding to states with spin zero were used. Account

was also taken of the work of Brown and Muirhead (96) who
found that, for nuclei of the same mass and excitation

energy, the average level densities for odd-even and

even-even nuclei were given by

bi%:g A Wee

The above procedure was repeated for argon. The results
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obtained from both sets of calculations are summarised

in the following table.

Energy of the absorbed photon 70 120 170 Mev

Hed to He3 yield ratio for 06 44 1.5 0.8
Het to He3 yield ratio for A%0  33.4 5.1 1.5

If one were to take these results at their face value

it would appear that the particles resulted from photon
absorption in the energy region around 120 Mev. However,
the threshold for the emission of 20 Mev a-particles lay
below 30 llev, i.e., in the region of the 'giant resonance'
in the photon absorption cross-section, and therefore one
| would expect that a large fraction of the measured yield
resulted from photon absorption below 50 Mev, where the
cross—section was much greater than at higher energies.
That 20 llev u-particles‘Were emitted from nuclei when
irraediated with low energy photons was demonstrated by
Millar (97) who worked at a peak photon energy of 70 lev.
His energy distributions were in agreement with those

calculated on a statistical theory.

It is very difficult to envisage any other process
apart from the evaporation mechanism by which the He4
particles could have been emitted.

The differential yield rose by a factor of 2

when the atomic number was increased from eight to eighteen.
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As it is now considered that the a¢-particles resulted
from photon absorption at energies not too different from
that corresponding to the peak of the'giant resonance', it
is interesting to compare the present'xesults with the
published data on a-particle yields obtained with bhoton
beans of low péak energy. The yields from a wide range
of nuclei have been investigated by Toms and HcElhinney
(57) at a peak energy of 21.5 Mev and by Erdos, Scherrer
and Stoll (58) who worked with a peak energy of 32 lev.
Their results were illustrated in Chapter I (Figure 9).
This data indicated that the total yield increased as the
atomic.number of the target nucleus was increased up %o

Z = 29 or 30 and thereafter decreased at greater values
of 2. The atomic numbers of oxygen and argon would |
correspohd to the rising portion of this curve and a ratio
of 1:2 for the differential yields of a-particles from
these two nuclei would thérefore not be inconsistent with
the trend implied by the results shown in Figure 9.

He3 particles with energies of the order of 20 llev
would not be emitted until the energy of the absorbed
photon exceeded approximately 40lMev. Apart frém threshold
considerationé one would anficipate that, on a statistical
theory, the energy dependences of the emitted He? and He?

particles would be similar. Therefore it is sﬁggested

that the Hed particles were emitted after the absorption of



9.

photons with energies slightly greater than those

proposed for the (6/,He4) reaction. On the other hand,

from the theoretical calculations it was known that the
ratio of the yields of He4 %o Hed particles increased
rapidly as the excitation energy was decreased. At low
energies on a statistical theory, therefore, one would
have expected to detect very many more He4 particles than
He?J particles. The particle.yields obtained from the
argon target were in agreenent with this conclusion Since,
although there was a large He# yield, there was little or
no sign of a significant yield of He3 particles. In
contrast to the argon results there was a large yield
from oxygen. One was then led to predict that apother
mechanism was responsible for the emission of these He?
particles, and in particular to consider a direct
interaction between the incident photon and a quasi-
¢-particle sub-unit within the oxygen nucleus. This
interaction would bear a close resemblance to the
photodisintegration of a free helium nucleus.

The same experimental procedure had been used
previously by Palit and Bellamy (93) and their value of
the differential yield of He? particles from helium at
90° is quoted overleaf, together with the results from

the present experiments.
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Tarset Nucleus Differential yield at 90°

1030 ¢n2/sterad/ilev/Q.

He4' O. 55
016 0.47
240 <0.30

All that can be said at the moment is that from the above
table it would appear that the probability of such a
direct process was very much higher for oxygen than for
argon.

The energies of the photons responsible for the
photodisintegration of free helium nuclei with the
subsequent emission of He? particles of mean energy

~ 20 llev were calculated from the reaction kinematics

to be of the order of 120 lev. Consequently the energies

of the photons which pro&uced the 016 (]{ Hes) 013 reactions
vwould be of the same order of magnltude.

It seemed reasonable to assume that there would

be a rough similarity in the dependence on the mass

nuaber of the yields of H? and HeJ particles for either

an interaction between the incident K(-ray‘and an a-particle
sub-unit within the nucleus or a mechanism involving the
statistical decay of the compound nucleus, neglecting
Coulonb barrier effects. To date no high energy

nmeasurements have been made on the yields of (5’,t)
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reactions. At low photon energies, Heinrich and
Waffler (98) have shown that there was a sharp decrease
in the total yields of tritons when the mass number of
the target nucleus was increased. This decrease occurred
between aluminium and copper and Waé in fact a factor of
approximately 5. They found that their results could
be fitted by the statistical theory except for the heavy
nuclei, One might therefore have anticipated a decrease
in the differential yields of He3 particles when the
oxygen target was replaced by one of argon.

The conclusions which can be drawn from the

above speculative discussion are summarised below.

(i) The a-particies were probébly emitted in an
evaporation process which followed the absorption of
photons of energies only slightly greater than those
corresponding to the 'giant resonance'.

(ii) The increase in the differential yields of
'a—particles as a function of the mass number was
consistent with the published data on total yields
obtained at low energies.

(iii) The He3'particles could have been evaporated from
complex nuclel formed by the absorption of intermediate
energy quanta and the trend of the dependence on the

mass number of the Hed yields would be consistent with

such a mechanismn,.
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(iv) Although the ratio of the yields of He% %o

Hed particles for argon was in agreement With (iii),
this was not the case for oxygen where, on a
statistical process, a greater ratio would have been
expected.

(v) Consequently a fraction of the yield of He?
particles from 0L6 may be due to a direct interaction
between the incident xr-ray of energy approximately
120 llev and an a-particle sub-unit within this

complex nucleus.

Throughout this Discussion no‘consideration.has
been given to the yields of He4 and HeJ particles from
meson-induced events on the grounds that the cross-sections
for such reactions would be much leSS than those of the
low energy photqdisintegration reactions.

- It is intended to investigate the emission
processes‘for nitrogen in order to obtain more data which,
it is hoped, will help to clarify the relative importances
of these two mechanisms in oxygen. Further, the
irradiation of other nuclei of higher'atomic number will
help to ascertain the variation of the He4 and He3
particle yields over a wider range of atomic numbers.

Although it would appear obvious that to clarify

this problem the experiments should have been repeated at
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a peak photon energy considerably lower thén 320 llev,

this was not possible, as the intensity of the photon

beam decreased sharply as the peak énergy was reduced.

Since the counting rate in the experiments reported here

was already very small (in the order of 5 counts per hour),

an experiment under these conditions would be impracticable.
Continuation of these investigations is dependent

on the availability of 'machine time', which is very

linited because of'ﬂmaiﬁtensive experimental prbgramme

at present in existence.



APPENDIX I.

The determination of some of the

paraneters of the vhoton and electron

begms of the %40 llev synchrotrone
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The peak electron energy of the Glasgow high
energy synchrotron was 340 lMev. The 1(;ray beam was
pfoduced by allowing the electron Eeam to strike a
tungsten rod target placed perpendicularly to the median
plane of the magnet. A bremsstrahlung spectrum was
produced with the photons heing emitted in a narrow cone
in the forward direction with respect to the electron
bean. The photon beam passed out through the ceramic
wall of the vacuum chamber, .between two 'C' sections of
the magnet and into the beam Toom. o

The machine was synchronized to the 50 cycles/sec.
A.C, nains and a beam pulse Wés produced on each eleventh
mains cycle, i.e., approximately 4.5 bursts of photons per
second. A detailed description of this machine was givén
by W. McParlane et al. (99). |

Before any attempt was made to collimate the
photon beam, its dimensions and intenSity”were first
determined. A 'Victoreen' thimble, surrounded by 1/8th
of an inch of lead,‘was used in the determinations ofvthe
dimensions of the photon beam. The quantity of lead,
namely 1/8th of an inch, was chosen to conform with
similar measurenents made previously on other electron
synchrotrons with peak energies’of about 300 Mev. The
thimble was moved through the beem in both the horizontal

and vertical planes independently, with the direction of
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motion always at right angles to the axis of the beam.
The 'Victoreen' was mounted on the carriage of a
travelling microscbpe, fitted with the usual vernier
scales in two mutually perpendicular directions. The
thimble was 6 metres from the synchrotron target and was
irradiated for periods varying between % of a minute and
one minute. The satisfactory periodsmof irradiation
chosen for each series of measurements (i.e., a single
traverse in one plane) varied according to the standard
levels of intensity of the synchrotron beam obtainable on
the days during which these nmeasurements were made. The
output intensity was kept constant throughout each of
these traverses and was monitored with an ionisation
chamber. The dose recorded'by the thimble was then nor-
nalised to this particular value of the beam intensity.

The ionisation chamber mentioned above was a copy of the

chamber designed and calibrated at Cornell University.

On each occasion the thimble was first moved in
a horizontal direction until a maximum in the beam
intensity was located; Vhen this had beeh achieved, the
thimble was placed at this position (1) of meximum
intensity and a series of readings were then taken with
the thimble situated at various points vertically above

and below Il.

Figure 37 illustrates typical data obtained in
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this manner. Curves B and C correspond to measurements
on an uncollimated beam while A and D refer to
measurements with the collimatbr in position. It should
be noted that the maximum of curve A for a horizontal
traverse was considerably displaced with respect to the
others. This was an example of incorrect collimation.
The’now accepted standard intensity distribution
in the horizontal plane through the centre of the beam is
shown in FPigure 38. The width at half-maximum was
approximately 10~2 radiams. Although the tungsten
target was cylindrical and 0.060 inches in diameter,
Hughes (100) has calculated that the measured intensity
distribution was consistent with a rectangular target
0.020 inches thick. At 6 meties from the target the
uncollimated photon beam was approximately 5.5 cm. in
diameter With‘the low intensity 'shoulders' extending
considerably beyond this. Vhen the collimator had been’
correctly positioned, the distribution was well represented
by the dotted cuxrve shown in Figure 38. Under such
circumstances the beam was apﬁroiimately 3.5 em. in
diameter at 6 metres with very little intensity outwith
this region. This is well illustrated in Figure 39,
where the relative intensities of the collimated beam and

the low intensity 'halo' are recorded by the degree of

blackening on an X~ray film. This film was exposed at
1.85 metres from the target.
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This exposure was made at the end of the 3" pipe
nearest the synchrotron target. The very intense spot
was the photon beam while the less intense circle was
due to stray radiation passing' alonf the f* diameter pipe
leading from the flared section. At this point the beam
was 7/16" in diameter. Since the beam was not passing
along the axis of the pipe the latter was adjusted until
this was achieved.

FiCTre 59.
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During the early measurements it was concluded
that the beam did not travel horizontally through the
beam room. It was estimated that thid discrepancy arose
in the positioning of the magnet. This was confirmed by
measuring the deviation from the horizontal plane of the
magnet base plate, which, on the manufacturers'
specificatioﬁs, could be taken as a plane surféce. It
Was(found that the magnet dipped 0.00% radians below the
horizontal plane in the direction of'ﬁhe emergent beam.
This slight discrepancy had considerable effect during
the alignment of equipment in the beam room, especially
if the components were long or widely separated.

The collimator consisted of a lead cylinder
4 inches in diameter and 9 inches in length with a —inch
hole drilled along its axis. The surface of the létter
was doated with a layer of painf to counteract the
porosity of the lead because it was later to be evacuated.
The end facing the synchrotron target was sealed with a
thin gléss window. A%t the other end the collinmator was
coupled to the beam tube through which the beam passed into
the beam room. The orientation of the cylinder could be
altered by four mbtor—driven worm screws, one for both the
horizontal and veftical novements at each end of the
cylinder and these could be controlled remotely. The

collimator lay within the yoke of the synchrotrdn magnet

where there was a varying magnetic field and when correctly
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‘aligned it was bolted to the supporting platform.

This prevented the cylindef from moving due to the
vibration of the machine. In this position eddy-current
heating was found to be negligible. The collimator was
locked in position with the glass window 50 cm. from the
point at which the photon beam emerged from the vacuun
chambeT.

After traversing the collimator, the beam passed
between the poles of a D.C. magnet which provided a field
of 5,500 gauss. The secondary electrons produced by the
glqeys striking the collimator window, etc., were thus
deflected out of the beam. To accommodate these deflécted
eiectrons, the beam tube Was‘flared out to a cross-
sectional area of 4'square inches at a distance of 12 inches
from the magnet. The photon beam passed out from the
flared section through an aperture situated symmetrically
ét the end of this section and entered into an iron pipe
S_inch in diameter. Electrons of energy up to
approximately 100 Mev were sufficiently deflected to
prevent them passing through to the beam room.

The whole collimator assembly up to this point was
rigidly bolted to the synchrotron magnet ffame and, as the
machine was mounted on springs,flexible bellows were
introduced to couple the iron pipe to the next section

which consisted of a pipe 5 feet long and 3 inches in

diameter. This tube projected thrbugh the shielding wall
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into the beam room where it was coupled to a vacuum box
12 inches iﬁ diameter and 2 inches deep with three eiit
arms approximately 2 inches in diameter. One was in the
straight-through position while the other twovwere'
located symmetrically at either side. The cylinder sat
between the poles of g D.C. magnet capable of producing
a peak field of 10,000 gauss which acted as a pair-
spectrometer. <The ports were sealed with thin windows of
aluminium or 'lelinex' foil 0.002 inches thick.‘ The beam
tube and collimator were evacuated by a 4-inch diffusion
pump. The whole assembly is illustrated in Figure 40.

An optical telescope was set up at the far end of
the beam room and focussed on the point at which the beanm
emerged from the vacuum chamber. The collimator and each
section of the beam tube were then installed in such a
manner that'they did not obscure the view of the aboﬁe
point. The collimator was then orientated in such a way
thaet the central hole was symmetrically disposed with
respect to the beam direction. The position of the
collimator was adjusted by remote control until the
intensity of the transmitted beam was a maximum and a
circular beam profile was recorded on the X-ray film
exposed behind the collimator. An X-ray film was exposed
at the end of each section and its position adjusted until

the beam passed symmetrically through the whole system.



104a.

A. The
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synchrotron target.
donut.,
C. Magnet 'C' sections.

D. The collimator - the lead cylinder.

E. The 'scrubber magnet'.

F. The flared section.

G. The suprorting clamp.

H. The 3" brass pipe.

I. The water tank.

J. The sheet of cadmium. :

K. The wall of barytes bricks with enclosed lead
shielding.

L. The 6" steel pipe.

M. The vacuum box.

N. The pair spectrometer magnet.

O. The 'T' piece,

Ficure 40,

The complete collimator assembly.
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I'inally the intensity distribution at the centre of the
beam was measured with a small ionisation chamber to
confirm that the axial intensity was unaltered by the
inclusion of the collimator.

The wall between the synchrotron chamber and the
bean room shielded the latter and any recording equipment
installed there from the stray radiation of the machine.
The beam passed through an aperture in a large Water tank
backed by a cadmium sheet 0,022 inches thick on the side
renote from the machine in order to reduce the neutron
backgroundlwhich resulted from photonuclear reactions
within the machine room. The wall consisted of a double
wall of barytéé bricks each 9 inches thicke A steel tube
was inserted through a gap in the wall and the space
between this tube and the bricks was filled with lead
blocks packed as tightly as possible. The remaining
spaces Wefe then filled with lead shot and this was kept
in position by steél plates held against both walls by tie
bars which ran through the wall. The 3-=inch tube was
passed through the steel tube and the annular separation
between these was also filled with lead shot. Finally, a
lead collimator 4.inches long and 13 inches internal
diameter was inserted in the beam tube immediately before
the pair spectrometer to complete the shielding.

Deterninations were then made of the hehaviour
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of the synchrotron output as a function of the radial
positions of the gun and probe.

The gun posifion was fixed and the location of the
probe phosphor was varied radially. At each radial
position of the probe the output of the machine was
recorded by the Cornell ionisation chamber. As can be
seen in Figure 41, the output dropped sharply'when the
probe Waé at a radius of 120.8 cu. During this series of
neasurements the gun and target were at radii of 119.4 cm.
and 121.6 cm. respectively. At first sight these figures
were somewhat surprising, as it was expected that the
synchrotron output would only drop once the probe was at
a greater radius than the target. However, it was
estimated that there could be an error of up to 1 cm. in
the radial measurements, because the axis of the vacuun
chamber was slightly displaced with respect to that of the
magnet and all radial positions were estimated from
neasurements of the penetration of the electrodes into the
vacuun chamber . . The reduction in the intensity of the

collimated beam was caused by the probe 'robbing' the

synchrotron beam as it spiralled in. - As a result, the
probe produced a photon bean which emerged from the vacuunm
chanmber in a direction considerably displaced from that of

the axis of the collimator.

. Vhen the variation of the photon beam intensity
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This figure shows the variation in intensity of
the photon beam from the 34C MeV synchrotron caused by
varying the radial position of the scintillator probe.
The intensity drorped sharply when the probe was at a
radius of 120.8 cm. The gun and target radii were
-119.4 cm. and 121.6 cm. respectively.
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Figure 4l.
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vas measured as a function of the radius of the gun,
the probe was retracted clear of the accelerating region -
in fact, to a radius of 116.5 cm. The target was then
at a radius of‘121.6 cme IFigure 42 illustrates the
measured behaviour, The beam intensity rose as the
radius increased and reached a maximum at a radius of
120.4 cm. Thereafter the output decreased sharply.
~ Ls before, the values of the radial positions were
somewhat suspect but the increase represented the approach
of the gun to the region of acceptance for acceleration,
while the sharp cut-off resulted from two effects which
could not be separated. The first was similar to that
quoted above for the probe measurements, i.e., the
synchrotron beam was 'robbed'! by the gun once it was at a
radius greater than that of the target. The second was
due to the fact that, once the gun protruded into the
reéion vhere electrons were captured for acceleration,
the effective area for capture was decreased and
consequently the betatron and hence synchtotron beanm

intensities were diminished.
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outPUT.
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»

o 2 4 ) ™ 10
GUN POS | TION.
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The output from the 340 MeV Synchrotron dropped sharply
when the gun filament was at a radius of 120+4 cm. While
this was being tested, the probe and target were at radii of
1165 cm. and 121°6 cm. respectively. he scale indicating
the filament position was that of the remote control meter.
A value of 7 on this scale corresponded to a radius of 119
cm. Each scale division represented 0:45 cm.

Figure 42.
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Photonuclear resctions in neon.
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The following results are included in this
thesis in order to present, together with the results
reported in Chapter IV, a complete picture of the
photodisintegration of neon.

As was mentioned in the Introduction to Chapter

IV, a part of the interest in this experiment centred
.around reactions in which more than one particle was
emitted, ise., the (¥ sea) and (Y ,cp)reactions. The

experimental results are presented in the following table:-

Reaction Threshold No. of Integrated cross-—
events section. liev—-mb,.
(Y ,p) 12,87 303 39
(Y ,a) 4.75 30 -
(b/ 73.'9)
or 16,86 40 7
(K 9PC§)
(Y ,aa) 11.9 20 2
(U/,pn) 2%.1 - none -
(]/,d) 20.9 none -

The energy of the incident photon was calculated

from the sum of the kinetic energies of the reaction

products and the reaction threshold for each event.
Care had to be exercised in the interpretation of the
results, because no account could be taken of the

possibility that the residual nucleus was left in an

excited state. A momen tum balance was then carried out
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on the measurable events to ensure that the character
of the events Whiéh.had been assigned after visual
exanination was in fact correct. Thereafter the character
of the unmeasurable events was accépted to be that
determined visually. The accepted events had a momentunm
unbglance of less than 30 Mev/c and in all cases the first
assignments were confirmed. V

Briefly the conclusions reached from these
results are presented below. In all thé reactions it
was assumed that a compound nucleus state was formed

following the. absorption of the photon.

The (K‘cj'reaction.

Oﬁ the basis of the assumption that the
residual nucleus was left in its ground étate, the
majority of the events of this type resulted frdm
absbrption in the photon energy region about 8 lieve The
results of Erdmen and Barnes (101) indicated that in heon,
following the absorption of 17.6 llev quanta, the residual
oxygen nucleus was more likely to be left in an excited

state between 6 and 7 llev above the ground state than in

the ground state itseldf. Consequently, a number of
events which had previously been correlated with photon
energies around 8 llev were then regarded as having
originated from photon absorption between 15 and 16 Ilev.

The events which left the residual oxygen nucleus in states
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bélow 13 lev (i.e., states with isotopic spin T = 0)
resulted from that portion of the L1 and D2 absorption
with AT = 0 or from E1 absorption (AT = 1) with the
inclusion of some impurity in the isoto@ic spin states.
Those which left 06 in states higher than 13 liev would
most probably result in the excited nucleus decaying by
the enission of another particle. The yield of events
produced by the 23 llev bremsstrahlung beam was 7 x 103/

mole/r.

the (¥ ,aa) reaction.

' | . This reaction was assumed fo proceed by an
a-particle cascade through the excited states of 0L6% 4o
the residual nucleus C12, The latter was in its grbund
state in the majority of cases. As it wes not possible
to determine which g—particle was enmitted first, two
values of oLé%® Were'obtained, only one of which was
significant. However, for almost all the events one value
at least was consistent with the knovm levels of 00,
Since most of these events corresponded to photon energies
in excess of 18 llev (i.e., the energy interval associated
with the 'giant resonance'), it was reasonable to assume
that the events resulted from ELl absorption with the
Subsequent violation of the isotopic spin selection rules.

These, if they were absolute, would prohibit the reaction

until the residual C12 nucleus was left in a T = 1 state,



111.

the first of which lay about 15 liev above the ground
state. This stete was energetically inaccessible in

this experiment.

The (b/,czp_) or (b/,m.) reaction.

As above, it was not possible to determine

whether the g-particle was emitted before the proton or
vice versa. The calculated energy distributions for the
excited states of the two alternative intermediate nuclei
(016% ang F1l9%) both appeared probable. It was therefore
assumed arbitrarily that both decay channels were equally
likely and that they contributed equally to the yield of
1+ 0.2 x 10%/mole/r, With no exceptions the photon
energies were 'estiﬁa'ted to be greater than 20 lev and
again (for the same reason as in the (§ ,aa) reaction) it
seemed reasonable to assume that this‘reat:’cion proceeded

after 1 absorption in Nezo

Tastly, it was concluded that the photon
absorption cross-section was small below 15 llev and that
above this energy it increased rapidlye. If it was
assumed that the (b/,n) reaction yielded as many events
as hadlbeen classified as essentially ( ¥,p) in form,

then one-seventh of the total yield could be attributed

to reactions of a basic (¥,a) character.
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