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PREFACE

The investigations reported in thls thesis
were carried out in the Natural Philesophy Depart-
ment of the University of Glasgow between September,
1955 and October, 1958,

Chapter I is devoted to a review of photo-
disintegration with specific reference to the giant
resonance energy region., The techniques applied
to the study of the photoprocess are critically
discussed, and the development of photodisintegra-
tion theory 1is traced up to the present state of
knowledge. From this outllne it is concluded that
there 1s need for a photodisintegration experiment
which would give detailed knowledge of the dis-
integration process between 20 lMeV and 50 MeV., It
is indicated how the cloud chamber technigque is the
most suitable means of performing such an experiment,
Most of the theslis is in fact devoted to this
particular project.

In Chapter II, however; there is an account of
an attempt to study a problem in the photodisintegra-

tion of argon, at low energies, using a diffusion



cloud chember in conjunction with a 23 MeV synchro-
tron beam, This experiment was performed by the
avthor himself, and 1s noteworthy for the fact that

a diffusion cloud chamber was employed successfully
for the first time, 1in photodisintegration problems,
the Xbeam being fired through the sensitive volume
of the chamber, Much of the experience gained in
this experiment was applied 1n the subsequent nitrogen
experiment.

The experimental method adopted 1n the nitrogen
experiment is outlined in Chapter III. Much of the
Chapter is devoted to the methods of measuring actual
events, revealing how a new micrecscope method had to
be developed to allow accurate measurements of re-

coils to be made, The full method of anslysis was
organised Jointly by the author and D.C. Menziles,

The total number of films was divided between the

two and each was responsible for analysing the events

quite independently.

The results of the gnalysis are presented in
Chapter IV for the reactions (J,p), (33n), (agpn)
and (5;%), and the criteria for the selsction of



these is treated in some detail,

The discussion in Chapter V is due entirely
to the author. An attempt is made to relate the
observed results to theory with a considerable
degree of success, and, in conclusion, sn assessment
is made of the value of the experiment,

In the appendices there 1s a brief description
of technical work carried out by the author himself,
This deals entirely with diffusion chamber operation
and the experiments carried out in investigating
optimum conditions of operation. Finally, a brief
description is given of a chamber which the author
designed and had constructed for operation inside
g D.C. iron cored magnet,

The author is glad to acknowledge the direction
and encouragement given by Professor P.I. Dee and
Mr., J.R. Atkinson. In addition he wishes to thank:
Professor J.C. Gunn, Mr. J.M. Reid, and Mr. B,
Lalovic for valuable discussiomns; Mr, D.C. Menzies,
for his excellent collaboration throughout the pro-
Jeet; Mr. D. Dixon, for his assistance with the

23 MeV synchrotron; and Dr. W, McFarlane and his



synchrotron team, for their cooperation. The
author is grateful to the University of St. Andrews
for having provided a Scholarship for the three

yvears of his research,
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CHAPTER I. THE PHOTODISINTEGRATION PROCESS.

Introduction.

In 1934 Goldhaber and Chadwickl disintegrated
deuterium with natural ) radiation fram The
and Szilard and Chalmer;'detected photoneutrons from
Be. A few years later Bothe and Gentneg'initiated
a study of the (K,rhreaction. These later experi-
menters employed the LiV(p,X) reaction to provide a
beam of 17.6 MeV y rays. However, the intensity
of this radiation was small and photonuclear cross
sections are small, so that more rapld progress had
to await the develomment of betatrons and synchrotrons.

4y
With this new source of intense radiation Huber detected

LY

Py
the first reaction and Baldwin and Klaibeﬁrdetected
the first (a,o() and multiparticle events,

The Giant Resonance.

Many subsequent experimenters, using dliverse
techniques, have succeeded in establishing the
existence of the glant resonance in photodisintegra-
tion. This was first revealed in 1948 by Baldwin
and Klaiber®, who showed the cross section for
emission of a neutroﬂﬁzgiclz, Cu65, and Tal8l to
have a broad resonance, with a half width of ~ 6
MeV, and a maximum at 30, 22 and 16 respectively.,

Further eXperiment87 have shown that the cross



G s —

_'oo.'llll T T T p—

]
{

ENERGY MEV
T T 1T1T
]

|
|

I L1111 | Ll 1 1111 1 i

o) 100
MASS NUMEBER A

) ———— - - ———— — —r——— —e— - — v - —

rig. 1.

Energy at which glant resonance is maximum as a function

of atomic mass, (Montalbetti, Katus and Goldemberg).




2.

sections for (y,p), (y,pn) etc., all exhibit a.
glant resonance, provided the thresholds for these
reactions occur below the glant resonance region.
This behaviour has been shown to be common.to all
nuclei although the peak in the giant resonance
decreases from about 24 MeV, in the lightest elements,
to about 15 MeV in the heaviésta. There are
exceptions in the case of magic nuclel where the
behaviour of the excitation function 1s exceptionsl,
and the half widths of the giant resonance are
consistent;y narrower,

A further property of the gilant resonance is
that the area under the total cross section is
directly proportional to A, the .atomic mass®,

The main properties of the giant resonance may
therefore be summarised as follows:=

(1) The peak of the giant resonance

occurs at ~ 20 MeV,

(11) The half width of the resonance

is ~ 6 Nev.

(111) EBpax X A'O-z(m,

m p—
(iv) / G dEE ¢ A,
[



(v) Magic nuclei have narrower half widths,

From the generallty of this information, it
may be concluded that the giant resonance is a mani-
festation of a property of nuclear matter in absorb-
ing X'-radiation, although 1t is exposed only in the
resulting emission of particles.

The'physical process of absorption of X—-rays
in this way 1s essentially a result of the inter-
action of an elactromagnetic field with charged
particles, This case 1ls analogous to the absorption
or emission of photons by electrons, in which the
procedure was to split up the electromagnetic radia-
tion into the various electric and magnetic multi-
poles, There 1s now considerable evidence to
associate the absorption in the glant resonance with
electric dipole absorption.

Unfortunately it is not possible to investigate
glant resonance behaviour experimentally from the
absorption of 3,-rays, since the cross section for
absorption to produce a nuclear reaction is small
in comparison with the cross section for electronic

absorption, Compton scattering, and pair production.



However, the total contribution may be estimated

by summing the partial contributions.
CT_;.. = G'S,Jl +G}:“ +U}':l’ + 6_5‘9_.‘_‘4-05.',‘.1. - ..

A1l experimental work has therefore been related to
a particular reaction, or group of reactions with a
common product (e.g. (b,n) and (a;en) where the
neutrons are detected). 1In most cases the (agn)
reaction is dominant.

Reactlons at Higher Energles,

Above the gilant resonance, the cross sectlon
curves for»nuclear disintegration decrease smoothly,
until, at 50 ~ 60 MeV, the value of the cross
section for any one reaction is likely to have
decreased by a factor of greater than 10. The
interest in photonuclear reactions at high energles
is on two accounts.-

(1) To account for the high momentum of
particles emitted at high energies ( xuqmys may
carry high energy, but little momentum) it is
necessary to assume that the incident photon inter-
acts with a sub-group of the nucleus, which is in a

high momentum state. This is equivalent to clalming



that, since the momentum of the )/-ray is small,
the momentum of the final state must be present in
the initial arrangement of nucleons,

(11) It is to be expected that above the
- meson threshold (~~ 150 MeV), the cross section
for any reaction will increase, since there is a
probability that any meson created at a nucleon will
be absorbed into the nucleus, before being emitted,
causing the nucleus to disintegrate,

In the case of (1) considerable work, both
theoretical and experimental, has been applied to

the case in which a proton and neutron is a high

momentum state from the sub-group. This "guasi
11

deuteron" model has been developed by Levinger——,

and there 1s considerable experimental evidence to
support 112,

In this thesis (i1) 1s not considered, and (1)
is considered only briefly. Most of the results
to be discussed can be assoclated with the giant
resonance region.

Remarks on Theorz.

Theoretical interest in the photodisintegration



process has developed alongside the progressive
accumulation of experimental data, The photo=
disintegration of the deuteron has received great

ati:entj.onl:5

, 8ince its position in nuclear physics
is analogous to that of the hydrogen atem in atomic
physics. The experimental results below 20 MeV
are well explained by theory. For heavier nuclei,
however, there is no complete theory, and various
models have been proposed to explain experimental
results, These models will be dlscussed later in

this chapter.
Techniques Applied to Photodisintegration.

The most common method has been that of activa-
tion. This may be applied to any reaction in which
the resulting nucleus is unstable and decays byﬂﬂ
emission, By measuring the decay as a function of
time and extrapolating backwards, the yield may be
estimated for each energy of irradiation.

However, some (Z,n) and most (J,Zn) reactions

14 and

produce a stable nucleus, For these, Halpern
others have used BFz counters to detect the emitted

neutrons. To eliminate the difficulty of counting



agalnst the background produced by the J beam, the
neutrens are moderated in a paraffin block and then
counted between beam pulses,

| Both methods give yleld curves as a function of
energy. Cross section curves may be produced from
these by applying "successive subtraction™® or
"phot on difference"l® methods, The latter is more
accurate, but both inevitably produce curves which
smooth out any structure, and which may be inaccurate
above Epgx.

The activation technique effectively studles
only one reaction, generally (x,n), and even when
different isotopes are present it is often possible
to separate each contributionl?, 1In contrast, the
neutron "long counter'" method detects all reactions
in which a neutron is emitted. Hence

G"(deﬁected) = G (a,n)-rGF'(z,pn)+- ZG‘gy,Zn)

By stablising betatron beams to * 5 KeV breaks

18,19
have been detected in yield curves by both methods.

These correspond to absorption levels in the target
nucleus.

Photographic emulsion techniques have also been



used effectively?o While individual reactions

have been revealed by direct irradiation of plates,
most iInformation has been obtained by sfacking the
plates in set positions round a target to detect

the charged particles emitted. Thus angular and
energy distributions of the particles may be derived.
Unfortunately, the origin of reactions is not detected
and hence thelr nature 1s not exposed., In addition
energy 1s lost by the particles in reaching and
penetrating the plates,

The cloud chamber method® =24 of observing
photodisintegrations has the advantages of record-
ing the origin of events so that they can be quite
accurately classified, and in revealing the relative
Importance of each class, This technique has been
used to detect absorption levels and to measure
angular distributions. In later chapters it will
be revealed how, by measuring nuclear recoil tracks,
the scope of the technique may be extended,

Counter methods have been applied mostly for
very pérticular problems, .~ Wilkinson and Carver<®

and Wright and Ophel?6 have reported interesting



experiments in which their target also acted as a
detector, the first group using an argon filled
proportional counter, and the second using a

godium lodide crystal. In addition, counters are
suitable for selecting nucleons of definite energy
(e.g. Ferrero's®’ detection of neutrons V> 4 MeV,
and the application of scintillation counter tele-
scopes to investigate high energy photodisintegra-

tion).28’12

Theoretical Treatments of Glant Resonance Photo-
disintegration,

The photodisintegration process may convenient=-
ly be considered as consisting of two separate
processes;

(a) the absorption of the incident E’quantum, and
(b) the resulting disintegration. Since the
giant resonance 1is known to result from dipole
absorption, information about the giant resonance
may be deduced by considering only the dipole
absorption of electromagnetic radiation without
necessarily assuming any model of the nucleus, In

the disintegration process, however, a model 1is
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essential as a basis for all calculations. In
the following sections, the different theories will

be outlined to reveal their limitations and successes.

Calculations Based on Dipole Absorption of
Rradlation.

Levinger and Bethe<Y have applied 223 rules
to the matrix elements for photon absorption,
assuming that the forces between nucleons were all
ordinary forces so that they could be replaced by
a potential, and' they obtained the following expression

for the total integrated cross section

/-6 an*er L . Nz
° MNe

=0-060 .’%Z- eV Laﬁns.

However, since neutron-proton forces are known to
be at least partially exchangefd in character, this

expression has been modified to

&'
f C=dE- = 0060 L\I—Z_ ((+0-?$\ mev bapns,
o T A
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where X 1s the fraction of the force that 1is

of an exchange nature., TUnfortunately, on including
exchange forces the result is no longer a general
one but 1s dependent on a model,. Levinger's

result 1s based upon an independent particle model.

Gell-Mannso

has obtalned a similar expression
from a dispersion relation, including the exchange

forces by integrating over meson production cross

sections:

o, e X Nz

GlydE = == ﬂ ﬂz)][za;mmc‘a]du.
O

El'L 18 the theeshold energy for‘ meson production

CT; is cross section for meson production at a

proton,

G-, 1is cross section for meson production at a
neutron,
while the factor in the integral gives the difference

between meson production between free nucleons, and

nucleons in a nucleus.

These calculations give the dependence of the



i2,

Nz,
integrated total cross section on -3 as has

been demonstrated experimentally by Halpern and

Manng. The two values, from the separate derivations
differ by some 20%, however, and so they can only

be regarded as crude estimates,

Levinger and Bethe have also evaluated the mean

energy ﬁ' - ]k or) dR and the harmonic mean energy

[ot ot - foman
‘“{ = !’Luboq enerqy, fﬁk} g‘é_‘_

Bishop and Wilson have pointed out how these are
dependent on the correlation between the position
of nucleons. The fact that Levinger and Bethe
found gross dissgreement with the experiment in
evaluating these, when they assumed no correlations,
is Interpreted &s implylng that correlation effects
are important,

The models suggested by Goldhaber and Teller32,

35, and Danos®4 all include

Stelnwedel and Jensen
strong correlations between nucleons. In the process
of dipole absorption, it is necessary that the centre
of electrical charge be displaced from the centre

of mass, Goldhaber and Teller consider s

*N=z-= % approx ,-_fG"dE.‘ o A as eoa I>2- ).
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collective motion in which the neutrons and protons
move 1in opposite directions, By assumling a restor-
ing force proportional to displacement a constant
resonant energy Emgx 1s obtained. If the neutrons
and protons are considered as 1nterpenetrating, in-

compressible fluilds,

-%

é\ax —_— hw,, - Q.OA mev,

We = Fe€sonance {rﬂryuency
If the fluids are considered as beling compressible

but are constrained within the nucleus'then

[ 3
3
Emay =< A
Frert -
In addition they calculate /_'6 OrolE = “Gga =R =008 R
Since it was assumed that N= 4 = g%' this result

is the same as that given by Levinger and Bethe
when exchange forces are excluded. This 1s to be
expected since the model includes all dipole
vibrations and neglects exchange forces,

In a simllar argument, Stelnwedel and Jensen

, g
calculated 1&00= 6ORA % Nev ¢ Gt =0-0065A

MeV barns, assuming the nuclear density to remain
duran

constant im the oscillation.
N



i3,

None of the results fit closely to theory and

it is not clear whether E ., varies according to
-L

A* or Af%:

The Compound MNucleus.

The very nature of the collective motion dis-
cussed implies that a compound nucleus is formed
in which the energy of the incident af-ray is shared
among all the nucleons in the nucleus, The energy
continues to be redistributed randomly among the
nucleons until, by chance, one nucleon has energy
sufficient to allow it to escape from the nucleus,
Then the cross section for the emission of a particle

b 1s given by

()b = Tx(Ey) G

where (g (Ey) is the cross section for absorp-
tion of quanta of energy E% cand (&} is the
probablility that the nucleus will decay by emission
of particle b .

s

QA = where [ is the particle
bTSr ‘ ’
[4

wlidth for emission of particle 1.
Titterton2o points out that the form of the cross



15,

section curve is therefore governed by (a) the
absorption probability (b) competition froem other
particles in the "scramble" for emission (¢) selection
Tules leading to emission of particle b .

Starting from a compound nucleus it 1is possible
to calculate energy distributions and angular distribu-
tions of emitted particles and these may readily be
compared with experimental results,

Even although the emission of a nucleon from a
compound nucleus may be interpreted as an evapora-
tion process, it is not true that all directions of
emission of a nucleon are equally probable., Wolfen-
stein35 has pointed out that the polarisation of
the incident radiation leads to a polarisation of
the compound nucleus which reveals itself both in
the polarisation of the emitted nucleons and in
the form of the angular distribution. It will be
shown later in the thesis, how angular distributions
for photodisintegration may be calculated if the
spin and parity of the initlal and final states be
known and if the nature and multipole order of the

absorption be known. In all cases the distributlons
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are symmetrical about 90°, However, interference
between quadrupole and dipole absorption, for
instance, may yield & distribution which is aniso-
tropic and is not symmetrical about 90°.

Energy distributions of emitted nucleons may
be calculated from the statisticél thébry developed
by Welsskopf. The calculation is based on the
equation of Welsskopf and Ewingss.which gives the
energy distribution of protons of energy € emitted
from a nucleus b which has absorbed a photon of

energy E:-

f(ﬁ) = const. €. SIE) /fb Wy (E—_’B['-&).

where (O, is the level density of the compound
nucleus,

SpL® is the coulomb barrier penetration factor,

-and
A\ 1s & sticking factor. Bb is the binding
/ﬁb energy of the proton,
This equation has been applied to the case

where the irradiation is due to a spectrum with

N(E,Eyax) photons/cmz/MeV interval at energy E
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and peek energy E ... The form of the distribu-

tion then becomes:~

- Erm
Fie) = € 9% ér» Tyl N(E Emos) W (E-By-£) olE
*ep I

N

where GT, is the cross section for formation of

a compound nucleus when bombarded by & proton of

energy £, . = fE'—E-.f.G:(‘" w(E-B,-t)ale’
. 0

and represents the probability of emlssion of a
neutron, GS‘,.,.(E\ is the cross section for the (I,n)
reaction.

Normally a Schiff spectrum is assumed and G}
i1s taken from the theoretical calculation of
Weisskopf which reproduces the continuum of G}
without resonances, U (X,n) is taken from experi-

mental determinations.

The most doubtful factor is the form of the
energy level distribution., Welsskopf and Ewing

suggest b,,(f) = Cﬁ’as , where
2
a = 1.6 (A - 40)2, Where the excitation does

not exceed 10 MeV, Livesey57 has suggested

wE) - Ce™




where T 1s a constant nuclear temperature in MeV.
Normally curves for different energy level
distributions are plotted and compared with theory.
Much of the experimental data obtalned is in
accord with a ccmpound nucleus interaction., This
is true of the heavier elements where the conditions
for compound nucleus formation are satisfied.
Typical expariments have been performed by
Diven and Almyss; Toms and Stephens39; Curtis,
Hornbostel, Lee and Salant4o; Byerly and Stephens4l;
Dawson42 and Livesey%? in which the angular and
energy distributions of nucleons from heavier
elements, like copper, rhodium, silver, gold, and
even aluminium‘have been measured by the photoplate
method, using bremsstrahlung from betatrons and
synchrotrons, These results show that for the
lower energies ofemitted particles, the results
are In agreement with a compound nucleus formation:
the angular distributions are isotropic, and the
energy distributions are well fltted by the

statlstical formula using reasonable level densitles.

However, at higher energles, there is a disagreement:



19,

the number of high energy nucleons 1s greater
than could be expected from a statistical process,
and, furthermore, the angular distribution'of
protons from these events has been shown to be
anisotropic with a peak anywhere between 60° and
90°,

In addition, the classic experiments of Hirzel
and Waffler?4 on the ratio of the yields of (X,p)
to (K,n) events, as investigated by the 17.6 MeV
Li7(},K) Y -reve, using activation technigues,
showed conclusively that this ratio was much higher
than could be explained by a statistical decay.
Many elements were examined and, for heavier ones,
the value obtained was as much as a thousand times
the value deduced from a "statistical" calculation.

The Courant Model,

In an attempt to explain these deviations a
process was suggested in which the nucleons could
be ejected directly. While Jensen and Marquez
both suggested this process, Courant treated the
problem in detail., He considered the incident

quantum to be absorbed by one proton which is then
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emitted without sharing energy with the rest of
the nucleus, The model consists of a square well,
which 1s assumed to represent entirely the inter-

action of the nucleons, and in which the Z protons

£i111 the Z lowest states, The photoelectriec
absorption matrix 1s computed for transitions of

the proton from a bound state into the continuum,
The entlire absorption process is deséribed by such
interactions, but, since the exclted nucleon may
radliate or collide with other nucleons to form a
compound nucleus, which then decays statistically,
the cross section for direct emission is only a
small part of this, Assuming a Fermi distribution,

~-13

and taking R = 1.5x A4 % x 10°'° <m.  the

cross section at 17.6 MeV was given as

2 X,
¢ Iy = 0-Ok4 ~E£§ Pol>
(3P ( =) /7

P = penetration probabllity, x = energy of out-

golng protons in units of barrier height, and x;

is the maximum energy of protons,
The proton emission thus obtained, although

being closer to experimental results, is still
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consistently lower, Courant suggests the difference
to be due to the crudity of the square well approxi-
mation, pointing out that a "wine bottle" potential
would increase the value of ‘3~(X;p) by about 4, The
neglect of exchange factors would also account for a
further factor.

The angular distributions given by this process

are certainly closer to the experiments of Diven
and Almy etc. giving peaks in the anisotropy at 90°,

The angular distributions are given by
Lo L+ TT0) = €(fr) + 4 (L€r)(tr) 5270,

050 TE =L + % € (L) 516

where L is angular momentum of nucleon.

Experimental results which show a similar
behaviour for neutrons have been published by Poss48
and Byerly and Stephens4l.

Eichler and Weidenmuller“® have shown that in

cases where the above transitions occur with comparable

probabllity 1t 1s necessary in computing angular
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distributions to include also the interference

term which is introduced when the two transitions
are superimposed. They imply that this term in-
creases the anisotropy, and gives a better account
of experimentally determined distributions.,

The Wilkinson Model,

Wilkinson50 has developed a treatment of the
photodisintegration process based on the shell model
of the nucleus, which has proved valuable in other
fields, and shows how this g;ves a much better

account of the high ylelds of protons from heavier

elements,

He considers a single nucleon in a definite

shell state to absorb the incident 3’ guantum so
that 1t 1s raised into a higher energy state.
There are then two possibilities: the nucleon may
be emitted directly, without interacting with the
rest of the nucleus, or 1t may collide with other
nucleons, sharing its energy to form a compound
nucleus which will then decay as a statistical

process,

Wilkinson assesses the relative values of the
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direct emission to compound nucleus formation

by 4tL where P 1s the

2 W penetrabllity of the
coulomb and centrifugal barriers, k is the incident
nucleon wave number, and W 1s the imaginary part of
the cloudy crystal ball potential., Thils ratio 1is
just the ratio of the width for direct emission of
a particle to the width for re-absorption of that
particls,

Since the glant resonance absorption has been

shown to exhaust the dipole sum of Levinger, it may
be concluded that the mechanism involved is essentially

dipole absorption of the x quanta., The selection

rule for a dipole excltation requires a change in
the orbital angular momentum of O or l. Wilkinson
therefore considers transitions of -€— -1

anda £ = L+ as constituting the giant
resonance, Since all nucleons are included in the
dipole sums, they must all contribute to the giant
resonance, and since most nucleons are contained 1n
the core of the nucleus, Wilkinson claims that the

transitions from the closed shells should be sufficient
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to account for the resonance behaviour, An
additional reason for neglecting the valence
nucleons is that they have many possible transi-
tions which are spread over many MeV, and are not
restricted to a small energy group as in the case
of the glant resonance,

Since for any nucleon in the -L”Llavel the
level £ - 1 will normally be filled, the Paull
Principle implies that transitions of the type
X141 will ve most important.

The radiatlive width for any transition is in
most cases consliderably enhanced over the single
particle width as computed by Weisskopf. The en-
hancement factors have been calculated by Radicattl
and LaneSI. The transition strength is determined
largely by D the square of the overlap integral
where D is measured in units of the nueclear radius,
since DFR = fo.o Ve +* “P{ dr. where
and LHF are the normalised radial wave
functions of the initial and final states. In the
case of heavy elements the sum of the strengths of

the transitions is almost equal to the dipole sum
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calculated by Levinger and Bethe so that the
mechanism seems to be a valid one.
Wilkinson has calculated the integrated cross

section to be

jawi—.’: Litgr Em RY = =4 FoDp.

m
————

";c 2€+3 ]

where the summation is over all closed shells,
F}é is the enhancement factor for the jﬂ‘ shell
of the L orbit,

While thils gives a good value for light nuclei,
it 1s too small by a factor of 2 for heavy nuclel,
The treatment, however, does not include transitions
associated with radial modes in the wave function
e.g. 1€=> 2€+1 In addition Wilkinson suggests
that the experimental measurements may be over-
estimated.

For the case of lead, Wilkinson has shown that
the main transitions cluster in energy in a way
charscteristic of the glant resonance, The actual

width of the resonance 1s determined by a number
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of factors:(1) each single particle transition 1is
separated in energy, (11) the effect of W, is to
smear out the width of any resonance, (iii) the
valence nucleons have transitions spread over many
MeV, and (iv) any coupling between shells would lead
to a widening of each level. These factors are
sufficient to give the total width of the resonance
the right order of magnitude., The energy of the
maximum, however, is much too low being ~ 9 MeV
instead of ~~ 14 MeV for heavy elements. Wilkinson
gives a plausible argument to show that this wvalue
can be brought closer to reality by, (a) using a
velocity dependent potential instead of a static
potential, (b) using a larger value of R. ( This 1is
particularly true for 16wer atomic weights) (c)
including the pairing energy required to separate
any nucleon, 1in view of the faet that there is a
pairing of nucleons in a nucleus.

The angular distribution of nucleons resulting
from the Wilkinson type of model is given by

W) = 1+ Llh+F) 6,
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where the nucleon 1s initially in the 2 shell,
This distribution with a peak at 90°, like
Courant!s theory, 1ls close to the experimentally
measured distributions for heavier elements.

Thus the Wilkinson model has been shown to
give a seml quantlitative explanation of the giant
resonance, '

The energy distribution and angular distribu-
tions of protons emitted from the disintegration
or b2 by Toms and Stephens5Z is extellently
accounted for on the basis of this model. Other
evidence in support of this theory is that for
closed shell nuclel the resonance width is quite
small ( ~ 3 MeV). Since there are no valence
nucleons, the only factors causing the width are
W and the energy spacing between the possible
transitions, and so the width should be conslider-
ably smaller in these cases. Also, a break in E,,
as a function of A might be expected at a shell
filling., This is in fact observed for the ‘d%

shell (A 28).

[}



<8.

Recent Experimental Work.

b

Recent work on the rare earth elements:Petree
et al®® has shown that the glant resonance width
1s much larger than 6 MeV ( ~ 10 MeV), and there
have been claims of two separate peaks., Such nuclel
are known to be elliptical in shape, and thus exhibit
e measurable quadrupole moment, okamot054 and

Danog55 #5658

using a collective model, have shown
that, corresponding to the two different axes of an
ellipsold, there should be two modes of oscillation
of the proton-neutron systems, Thils 1s completely
successful in explaining the increased width of thé
glant resonance, and also, the occurrence of two
peaks., This seemed a major success for the hydro-
dynamicel model; but now, Wilkinson®° has shown that,
when a nucleus 1s deformed, the independent particle
levels are split, and many more transitions are made
possible, Wilkinson has calculated the form of the
glant resonance for various degrees of deformity,

and has shown that, as the deformity 1lncreases, so also

does the resonance width, until two peaks are observ-

able, in accord with experiment.



The success of such contrasting models as
the collective model, and the Wilkinson single

particle model, in explalning the main properties
of the glant resonance, seems quite surprising.
However, Brink®’ has shown that, for a pure harmonic
oscillator, the operation of the dipole operator
on the total wave function changes only the part
concerning the collective motion of protons. He
argues that, in reallty, this effect will still
hold to some extent, and that it is therefore under-
standable that both models give similar results,

At present, considerable effort is belng
applied to reveal fine structure in the glant

58 clalm to have

resonance, Several experimenters
revealed such structure. On the other hand
Titterton's group at Canberra have performed the
reverse U'x) interaction accelerating protons
over the full range of the absorption resonance,

and have been unable to detect any fime structurs.

Using threshold counters, Ferrero-° et al

have studied the fast neutron component from (k,rﬁ

reactions and have shown the resonance direct
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neutrons to exhibit a resonance peak at the same
energy as that of the giant resonance, in accord
with Wilkinsont's work, The Courant model does
not imply that the directly emitted nucleons
should exhibit a resonance,

Conclusions.

It has been indicated how most of the informa-
tion on photodisintegration has been bullt up from
experiments involving activation methods and photo-
graphic emulsions, Activation techniques inevitably
reveal only one mode of disintegration, and the con~
version of activation curves into cross section
curves may involve large errors, so that, above

~ 25 MeV, the form of the cross sectlon curves
is very uncertaln, In the case of both neutron
counting, and photographic emulsion experiments in
which a target is 1lrradiated, the precise nature of
the reactions is not known, and several modes of
disintegration are usually detected,

Thus there 1s value in an experiment which
could reveal the relative importance of the various

modes of disintegration, and which might give a
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true indication of the form of the cross section
curves above the giant resonance. Detalled
measurement of the higher energy events would then
provide a test for the Wilkinson shell model and
for other direct interaction models,

The precise classification of each event
requires that the origin must be seen, and, for
this, 1t is best to use a cloud chamber containing
the target gas. A light gas would have the advantage
of ylelding, according to Wilkinson's calculations,

& higher proportion of directly emitted nucleons.
In addition‘the resulting recoils would have a longer
range and could be more accurately measured.

In order to obtaln events resulting from
absorption of y'quanta of ~ 50 MeV, a bremsstrahlung
of peak energy -~ 150 MeV would be required, since
the absorption cross section, and the number of
quanta/MeV interval in the beam are both known to
decrease with increasing energy.

For these reasons it was decided to disintegrate
nitrogen gas in a conventlonal cloud chamber using

bremsstrahlung from the 830 MeV synchrotron. The
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major part of this thesis 1s devoted to this work.
In the next chapter, however, a definlte problem,
demanding the use of a cloud chamber with low

energy X—beam, is described.



CHAPTER II, ARGON PHOTODISINTEGRATION AT LOW
LNERGLRS,

Introduction.,

In this chapter some surprising results from

40 are discussed snd

the photodisintegration of A
an experiment is described which might give a
greater understanding of the problem, As a result
of the complete breakdown of the 23 MeV synchro-
tron, it has not been possible to derive conclusive
results from this experiment, but it is described
here since much of the technical experience gained
was employed in the later nitrogen photodisintegra-
tion, and since this is the first time that a
diffusion cloud chamber has been applied success-
fully to photodisintegration.

40

Discussion of A Photodisintegration Experiments

Wilkinson & Carver's experimengf in which 440
was disintegrated in a proportional counter by
17.6 MeV X—rays, did not give the large proton
contribution at higher energies that was expected
from a Courant type of interaction.

Go
McFPherson et al determined the (af,p)and (b,,n\
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cross sections up to 25 MeV using an activation
technique, and obtained a high Jfﬁg; ratio.

They showed the (x,p)cross section curve to equal
the (b,n\cuwe at 19 MeV, and to be still on the
increase at 25 MeV where the (a,ﬁ)curve has fallen
off to a small value. This is surprising if the
disintegration is to be considered as a statistical
process involving competition for emission between
neutrons and protons, for the (kgn\reaction)with a
lower threshold might be expected to be favoured.
The ratilo Aﬂ%ﬁ: is ~ 1 whereas statistical theory

predicts ~ 0,01,

(4]
Spicer has observed A4O

photodisintegration in
photographic emulsions, and has obtained a proton
energy spectrum in agreement with that of Wilkinson
and Carver, and a yileld of protons in agreement with
McPherson et al, The angular distributionsof
protons of all energy groups, as measuréd by Spicer,
have the form (a + b sinze) (1 +~c cos o). He
explains the (1 + ¢ cos ©) term as being due to

interference between electric dipole and electric

quadrupole components,
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A compound nucleus model 1s incapable of giving
an a + b sin'o distribution with a X ratio as high
as was measured. With a direct interaction model
it is possible to have such a large sinao component
if the proton emitted has L= 0. This can be
achieved by emission from the &SL 1level since

the argon proton configuration 1is
2 % 2 e 2 2
U8 (P2Y (P (dg) sy (o)

In such a case, however, the residual nucleus
i1s left in a —'5:4- state. The spin of the et 39
ground state as measured by/& decay is /35{-!- .M'
Thus the protons observed by Spicer must all have
resulted from transitions to exclted states if this
interaction is accepted.

To explain the results of McPherson et al,
Spicer suggests that the increase in (J" p)emission
above 16 MeV may be due to the newly started emission
from the 284 shell. Hence below 16 MeV thls argument
implies that only ‘d% protons can be emitted and
these would give an angular distribution of 1 + sin?e,

Hence it was proposed to disintegrate argon in
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a diffusion chamber using the 23 MeV synchrotron
to provide beams of 16, 18, 20, 23 MeV, so that
McPherson's yleld might be checked, and the proton
angular distributions at each energy might be
obtalned.,

A diffusion chamber was used since it is
possible to obtain a faster cycling time than with
a conventional expansion chamber. (See appendix).

Diffusion Chamber,

The chamber used consisted of a 10" diameter
cylinder with a depth of 5". The entrance window
was of 5 thou. copper foil 2" x " soldered to a
brass base, The ceantre of the window was about
2 ecms, from the base at a height corresponding to
the middle of the sensitive depth. The top of the
chamber was heated by an annular electrical heater
to a temperature of about -+ 45°., while the base
was cooled, by pumping methyl alcohol underneath
it and through a heat exchanger containing a methyl
alcohol dry ice mixture at -70°C. A base temperature
of -45° to -50°C was attainable, The vapour source

was a felt pad clamped to the underside of the top
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plate and it was socaked with methyl alcohol injected
from the top through a copper pipe. The windows
around the dlscharge lamps were prevented from
frosting by winding a few turns of constantan wire
round them and connecting this to a 24v. supply.

Two xenon filled discharge tubes were used for
11lumination, the discharge coming from a bank of
six 50 /.;F.' condensers charged to 1.5 k.v. Two
Shackman cameras clamped to a rigid stand were used
to pﬁotograph each beam pulse.

An ilonisation chamber placed in the )Y -ray beam
was used as a measure of the beam strength, lead
blocks being interposed in front of the lonisation
chamber to create pairs.

Alignment of Cloud Chamber in Synchrotron Beam.,

The point on the donut of the synchrotron from
which the K'-rays emerged was determined by clamping,
a few é—é‘u‘s apart, and in the region of the point, a
series of copper rods of the same copper sampie and
of the same dimensions, These were irradlated for
several minutes and the induced activity (resulting

62 62

from cubd( Jon)0u®? giving 0u®?, which has e half
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life of 10.5 mins.) of each rod was then measured
with a Gelger tube, using standard counting geometry.
A plate, underneath the Geiger, containing a grooved
surface ensured that all of the rods would be
similarly situated when being counted. The method
of counting was to place each rod, in turn, under
the counter for one minute and record the counts on
a conventional scaler, The rods were counted in
succession in numbers 1 to 6,6and then again 6 to 1,
the sum of the two counts being taken to correct for
the difference 1n time delay in counting each rod.
The rod with maximum activity therefore gave the
point on the donut at which the bsam was strongest.
The same procedure was repeated but with slight-
1y bigger rods, some 12 ins, from the donut,to
determine the position of the first lead collimator
that would allow the largest Y flux to pass through.
To align the diffusion chamber in the beam, a
telescope was set up in a clamp, at the far side of
the room, with cross wires set on the point of
emergence of the beam from the donut, and on the

centre point of the gap in the first collimator,
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The chamber was then put into position so that the
cross wires fixed the centre point of the thin
copper window. (See fig, 4 ).

The beam was further collimated so that it
might pass through the thin window, and not create
electron-positron pairs in the surrounding material.
X=-ray plates placed over the window and irradiated
for several minutes were used to show that the beam
was, in fact, passing cleanly through the chamber.
Method .

The expeﬁipental procedure was similar to that
used by Wright23 et al, The synchrotron was
ocperated under Bingle shot" conditions, and the
cloud chamber was photographed immedliately after
each beam pulse, so that any disintegration produced
in the gas might be recorded. By choosing the
correct time delay between the beam pulse and the
flashing of the dlscharge lamps, a relatively high
degree of discrimination was obtalned between the

tracks due to heavy particles and to the electron

background.
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Timing Sequence.

In the course of taking one picture the follow-

Ing sequence was necessary:=-

(1) opening of the camera shutters.

(11) firing of the X’-ray beam,

(11i) fleshing of the discharge tubes,

(iv) closing of shutters,

(v) winding on of film,

With the Shackmann cameras the sequence was qulte
easy, since, on connecting the cameras to a 24 volt
supply, the shutters opened, and, on breaking the
circuit, they closed; the fllm then wound on
automatically, powered by a clockwork spring. For
simplicity of operation, the beam room was left in
darkness and the cameras were operated by remote
control from the control room.

In order that the tracks formed in the chamber
may grow to visible size before being photographed,
it is necessary to introduce a delay between the
gun pulse and the flashing of the discharge tubes,
This was done by passing the gun pulse through a
delay unit (see diagrem) which consisted of two
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cathode coupled CV329 with a variable condenser
between the anode of the second and the grid of the
first.

Normally the first valve was conducting; the
second cut off. The 50 volt negative gun pulse
supplied to the suppressor of the first valve cut it
off, The cathode voltage therefore dropped until
the second valve started to conduct. The anode
voltage of Vo consequently dropped suddenly forcing
the grid of Vy still further below cut off. Vi
would start to conduct again only when the condenser
between its grid and the anode of Vo charged up, a
time determined by Pz, 5.5 M, the particular condenser,
and the 15 K resistor. Thus the time delay could be
varied by choosing different condenser values, and
potentiometer Pz gave a fine control,

The voltage pulse from the anode of Vo was fed
on to the grid of the thyratron CV797 through a
differentiasting circuit so that the thyratron was
triggered on the back edge of the pulse. A condenser
of 8 uF discharged through the thyratron and the

primary winding of an induction coil to give the
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voltage spark to discharge the flash lamps.
The time delays of the various condensers as

measured on a C,R.0 were

1. 20 to 40 msecs,
2 50 " 100 "
3e 85 " 170 "
4, 250 " 480 n
5. 430 " 850 "
6. 3900 " 1800 "

In the argon experiment a time delay of 120 msecs.,
was used,

Measurement of Ou@gut.

In order to be able to estimate the yleld of
photoprotons emitted in the experiment some method
of summing the individual pulses was required.
This was achieved by photographing the amplified
output pulses from the ionisation chambér as displayed
on an oscilloscope. The amplifier settlngs were
kept constant throughout.

An absolute calibration could then be made by
irradiating copper foil for 15 mins., maintaining a

constant beam, and photographing pulses every few
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seconds, By making an absolute count of the in-
duced activity in the copper, and assuming Katz 3
yield curves for copper to be accurate, the output
in r/min, and hence in r/unit pulse height could

be calculated.,

Analzsis.

The thresholds for the most important reactions

were calculated from mass data and these are shown

below.
Reaction Threshold MeV,
(X,p) 11.2 (12.44 exptlly.)
Q{,c() 5.9
(§s%) 18.6
(y,pn) 21,4

The maximum possible energy of a c1%9 nucleus
recolling from an A4o(a,,p) reaction was ~ 0,3 MeV
in this experiment. Such a recoill would have a
range of less than 1 m.m. and consequently could not
be measured accurately. Thus the recoil nucleons
from Q ,njreaction were not detected for a similar
reason, and it was not possible to separate (a,,p)

from Lb,pﬁ and Q’,d) reactions, However, since the
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cross sectlons for these reactions are generally
much lower than that for (a/,p'the numbers of these
reactions was considered to be small. Other un-
certainties are due to impurities like oxygen and
carbon in the diffusing wvapour. For reactions in
elther of these the recoils are likely to be ~-lcm,
Thus no events were accepted 1ln which a measurable
recoil was visible, One definite example of the
disintegration of an impurlity is tﬁb three pronged
star which might well be 012(3,3« ).

To measure the angle between directions of
emission and the direction of the incident X beam
the method of reprojection was used, the films
belng replaced in the cameras and being i1lluminated
from behind so that an Image of the photograph was
projected onto a moveable plane. By moving this
plane until coincidence of the two projected images
of any one track from the two cameras was obtained,
it was possible to fix the position in space of the
original track.

In oxrder to measure the direction of protons

with respect to the direction of the incident beam,
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a wire was fixed to the reprojection stand in the
direction)with respect to the reprojected photo-
graphs, of the Bf-ray beam, A fine needle, six

inches long was suspended over this and counter-
balanced so that it could be lowered into a hori-
zontal position above the reprojection table. The
shadow cast by this needle on the reprojectlon

table was then used as an ald to measuring the angle
of emission of the protons, since,in most cases,it
was possible to tilt the table into a plane that
contained both the track and the horizontal shadow

representing the beam direction, The required

angle could then be read off directly using a

protractor. By this means the proton angle could
be measured to an accuracy of about 30,

Conclusions of Argon Experiment,

An angular distribution was constructed from
the 118 proton tracks that were confidently inter-
preted. These were plotted in both 200 and 300
intervals. A correction was made for the solid
angle subtended by each angular interval, This

correction is largest for small angles, and so the



f 4.



A A L
ANGLE BETWEEN PROTON TRACK AND IBEAM,

Angulsr distribution with respect toAikbeam direction

of protons from A40131910159.
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error in the 5&20°_and 160° to 180° groups may be
large.

The distribution resulting from this correction
might well be taken as an isotropic distribution,
Such a distribution could not be related to emission
from a shell model since emission from the (28%)
shell would give a pure sinZg distribution and the
(1dg) level would give 1 + sin®e, In general, the
distribution resulting from a shell model would be
a + b sinzo.

The isotropic distribution obtained could be
related only to a compound nucleus model. A
calculation of the angular distribution resulting
from a compound nucleus can be made if it 1s assumed
that the compound nucleus has a well defined spin,
Assuming electric dipole absorption into the ground

state (0+) of 2%

a 1° state 1s obtained for the
compound nucleus state, If thils should decay by
emission of a proton with L= 0 to leave a residual
nucleus with I = 3= or 37, then the resulting
angular dlstribution would be isotropic.

If we argue from the angular distribution to
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39

is left in either a -3— or i~

claim that the Cl
62
state, then since Penning et al. have shown the

ground state of C1°°

to be%+ (by/& decay expts.)
we must conclude that the transitions ohserved were
all to an excited state.

In an attempt to explain the discrepancy in
angular distribution between that obtained by Splcer
and this one,it might be claimed that the majority

of protons emitted have energy less than 2 MeV and

would be missed by Spicer's photographic plate method,

so that he saw only the more energetic protons
resulting mainly from a direet interaction,
U
Komar and Iavor have reported a proton angular

distribution from A%0

, measured by means of a cloud
chamber, and have claimed to find agreement with
Spicer. They make no mention, however, of having
applied the solld angle correction to their results.
This preliminary experiment has given too few
events to be conclusilve, Many more events would be
required at each of several peak energies to verify
the curve obtained by McPherson et al. and to obtain
angular distributions which might give a c¢lue to the

mechanism linvolved in the proton emission,
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Photograph showing disintegration” produced in
a diffusion cloud chamlber uy 2¢ MeV A beam.
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Photoe:raph showing disintegration® produced in
a dlTTusTon cloud c&ainber oy 25 MeV *" beam.
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Photograph showing disintegrations produced In

a diffusion cloud chamber by 2% MeV V beam.
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It was unfortunate that the synchrotron broke
down before more results could be obtained, and,up
to date, it has not operated satisfactorily again,
It was not even possible to perform the calibration
experiments to assess the yield propefly. Fortunately,
however, Eichler and Gudden65 took up the same experi-
ment 1in Heidelberg with 15 eV bfemsstrahlung and have
since published results which invalidate Spicer!'s
hypathesis,

The experiment, however, proved valuable in
showing the applicability of the diffusion chamber
to this kind of study. Photographs of excellent
track quality and contrast with the electron back-
ground were obtained, These compare well with the
»photographs of Wiright et al. and justify the importance
of the diffusion cloud chamber as another technique

for exploring photodisintegration in gases,



CHAPPER III. NITROGEN PHOTODISINTEGRATION:
T PARINENTAL PROCEDURE ALD
ANALYSIS,

In the experiment about to be described nitrogen
gas was disintegrated in an ekpansion chamber by a
200 eV bremsstrahlung from a synchrotron, the timing
of the chamber expanslon being adjusted to reveal the
tradks of the charged particles resulting from photo-
disintegration.

In this laboratory nitrogen photodisintegration

]
has been studied by Wright et al at low energiles

8
(23 MeV) and by Lalovic and Reld, using a triggered

- chamber, at high energles (¥80 MeV). The experiment

described here bridges the energy gap between these
two,end reveals for the first time how infommation
about the nuclear photoprocess méy be obtained from
g study of the recoil nuclel.

Recoil Measurements.

The measurements which dan be made on recoils
are:
(a) the angle with respect to the x'beam.
(b) the angles between the recoil and other fragments.

(c) range.
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The conventicnal expansion chamber is by far
the best means of recording this information. To
 obtain recoil ranges long enough to be measured
accurately, the chamber was operated at 36 cms., Hg
pressure., This reduced pressure had the additional
advantage of reducing the electron background in the
beam, thereby allowing the charged particle tracks to
stand out more clearly,

An examination of the angles which the recoil
track makes with the direction of the X beam and
with the direction of the fragment track makes possible
a classification of events according to criteria which
“willl be deseribed in the next chaptef. Thus events
in which the directions of the X’beam, the t&ack of
the recolling nucleus, and the track of the fragment
are all coplanar, and in which the fragment and recoil
tracks are inclined slightly forward on account of the

x-&wy'momentum, are classified as single particle
events, and include (X,p), (J,al), (J,c() etec. Where
these tracks are not coplanar, or where the angle
between the recoll and the fragment track differs

from 180° by more than 20°, it may be concluded that



a neutron must also have been emitted to account for
the lack of balance of momentum. Such events include
(J,PH), (y,p2n), (J,o(n), etc,

An examination of the range of the recoiling
nucleus makes possible an assessment of the recoil
energy, since rangeienergy relations for the residual
nuclel are now available, It is rarely possible
using cloud chamber means to measure, with any degree
of accuracy, how much residual energy a nucleus may
have, >However, for reactions in which energetic
particles are emitted, 1t is often permissible to
assume that the residual energy is negligible in
comparison with the lnitial thay energy. Nl4 is
a fortunate choice of element because, in the case of
neutron emission, the recoil nucleus must be left in
1ts ground state (see later). Thus, from the range
of the recoil it is possible to deduce a fairly close
estimate, at least, of the incident J-ray energy.

By observing only recoils and the direction of
emission of fragments with respect to the A’ beam,

it is thus possible to deduce the relative importance

of competing reactions, }lgz' for exeample, With
m
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results in the form of a ratio, like this, the un-
- certainty of the range-energy relations, and of the
shape of the X spectrum, are both 1argé1y eliminated.

Events like (3,p), (J,d), etc., involving a frag-
ment and recoill, are two bedy problems., Two body
problems are by far the most important in nuclear
photodisintegration. In the case of the three body
problem, the most important reaction below the meson
threshold is the (J,pn) reaction. The reaction
mechanism by which a proton and neutron are ejoected
from a nucleus has been described by different

relative

processes which may assume different reletien
importance at different energies, All of these
" mechanisms will be discussed in Chapter V, and it
will be shown how measurements of the recoil pare-
meters assist in assessing the relative importance

of these interactions.

Experimental Arrangement.

The expansion chamber used in thls investigation
consisted essentially of a glass walled cylinder of

diameter 12 inches and depth 3 ins, operated by a

rubber diaphragm. This membrane was free to move



between the brass block, which represented the base

of the chamber, and another plate, the position of

‘which coﬁld be altered by a screw to give control
of the expansion ratio. The 1llumination was

produced by discharging = SOQPF' condenser bank
charged to'l.SVKeV through two Mullard discharge

tubes, the light beam being collimated by cylindrical
lenses to illuminate only that region of the chamber
through which the x beam passed.

The entrance window of the chamber was made of

terylene, 14" in diameter and 1 "thou" thick. The

thin windorn was connected directly to the synchrotron
pert wifh the coupling being evacuated to cut down the
electron background in the beam, Three cameras were
used to photograph each beam pulse, and each was
clamped, in unique positlon, on a stand, in order to
minimise reprojection troubles, Two valves connect-
ed to the volume below the diaphragm effected the
control of the chamber, The slow valve, magnetically
operated, could be either open to the atmosphere, or
connected to a vacuum tank, so that the chamber might

be either ccmpfessed.or'expanded, the pressure of the
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gas within the chamber being ~ 4 atmosphere,

2

The fast valve was normally sealed, but on breaking
the current holding the valve closed, it could be
, opened by an lnch diameter tube to a vacuum tank to
effect a fast expansion of the chamber, Under
normal operation, these valves were operated at the
appropriate part of the chamber cycle by electronic
control, |
The choice of gas pressure within the chamber
was decided by two factors. For the success of the
experiment in measuring recoils it was required that
the recoils should be several mms, long necessitating
g low gas pressure, On the other hand, the ox-
pansion of the chamber was dependent on the gas
pressure to force the diaphragm down, Thus it was
necessary to compromise, and it was found that the
chamber could be operated at half an atmosphere
pressure, when the 013'recoils, resulting from a
25 MeV X'-ray, would have a range of more than
6 mms.,
To obtain the very best photographs of nuclear

disintegrations certain factors must be satisfied:-
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(1) It is necessary that the supersaturation should
be just sufficient to glve condensation on ions, a
condition governed by the expansion ratio,

(11i) The X—ray beam should be introduced when
maximum supersaturation is reached, and this can be
arranged by adjusting the timing of the expansion
with respect to the beam pulse.

(111i) The lamp flash should occur when tracks have
grown to visual size and when there is maximum contrast
between the tracks and the electron background. The
timing between the beam pulse and the lamp flash may
be adjusted to suit this conditlon.

(iv) For optimum operation of the chamber itself there
must be a sufficient number of slow expansions to
clean the chamber while, at the same time, to minimise
the time cycle, the number of'slows"must be kept to

a minimum, The process of finding these optimum
conditions requires several test runs, Thus to
obtain the most economic use of the synchrotron,

these preliminary experiments were all carried out
using radioactive sources and an X-ray set.

A polonium & source was placed 1n the chamber



on a brass rod, and the expansion ratio was varied
until o tracks were observed, Thus the optimum
expansion ratio to give sharp A particle tracks was
obtained by slowly varying the expansion ratio and
observing the track quality. A similar experiment
was repeated using a (1fn 5 source fixed to the out-
side wall of the chamber, the expansion ratio being
adjusted so that optimum track quality was obtalned

on the electron tracks. (See—pritrt). However,

while a radioactive source is sufficient to reveal the

correct expansion ratio and the number of slow ex-

pansions required to clear the chamber, it 1s totally

useless, because of its continuous emlssion, in
attempting to find out optimum timing. Thus 1t is
necessary to have a pulsed source with a beam length
of the order of a mlllisec. For this purpose, a
medical X-ray set was modified, to give a pulsed
beam, by discharging a condenser through a thyratron
and through the primary winding of the main trans-
former,

For a timing source a dekatron unit was used,

and, from this, pulses could be obtained with a time
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difference in multiples of twenty millisecs.
Pulses from this unit were used to operate the
chamber expansion, the triggering of the thyratron
to operate the X-ray set, and the flashing of the
discharge tubes, Thus it was possible to simulate
completely the cycle later to be used with the
synchrotron, and to determmine, in advance, the
correct expansion ratio,and the time intervals
between chamber expansion and beam, and between beam
and lamp flash, so that optimum track quality could
be obtalned. The X-ray pulses were photographed
using Ilford 591, 60 mm, film, by all three cameras,
so that all defects in the experimental cycle were
corrected before the main experiment was started,

In practice the optimum conditions were :-
expansion ratio a 1,30
time period between expansion and X~ray pulse~180 msees,

" " " X-ray pulse " lamp flash ~ 120 "

Synchrotron Output.

In order to record the dose of radlation used
to disintegrate the gas, the pulse from an ionisation

chamber in the beam was displayed on an oscilloscope
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meter

and also on a ballistic wmeixs. Since the C.R.O.
was found to 'saturate", it was found more relisble
to note the ballistic deflections obtained for each
pulse and to relate these to constant deflection
conditions over a fixed time during which the total
dose was recorded on an integrating monitor.

Reprojection of Photographs.

The conventional method of analysing cloud
chamber photographs 1s that of reprojection, The
films, having been developed, are replaced in the

camerasand a porerful light source, fitted to the back
or B camera, projects the film thraigh the camers

lens on to a moveable plane situated, with respect to

the cameras, in the position originally occupied by
the chamber., In the experimental work described hers,
this moveable plane consisted of a table free to tilt
about a horizontal axis through its centre. In the
course of the reprojection, the axis was set in the
direction of the incident x-rays so that events in
which the incident quantum, the fragment and recoil
directions were all coplanar were easily separated

from non-coplanar events, In addition to this
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tilting movement, the reprojection table was ad-
justable ,by a racking device, to any required height.
Thus, to measure any track, the images cast by two
of the cameras could be made parallel by tilting the
table and could be brought coinecident by adjusting
the vertical height of the table. This required that
the films be properly located in all three cameras
just as they were when the photographs were recorded,
Grid wires on the base of the chamber wsre used in
lining up the films, Three fllms were used rather
than two, and the two cameras with which the track
made the largest angle were used in the reprojection
of that track. This was done because a track,
parallel to the line between two cameras, gives
parallel images irrespective of the tilt of the re-
projection table,

Having obtained coincidence of the reprojected

range olirection

images, the diwmeetien and m»snge of the initial track
may be determined by straightforward measurement of
the image length, and of the angle which 1t makes
with the incident x bean,

For tracks of a few cms. length, the angle 3’
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between the track and the arbeam may be deter-
mined by this means to an accuracy of greater than
20

For tracks of only a few millimetres the
accuracy is more likely to be ~ 59, However,
since most angular distributions are plotted in
histograms in groups of 10° or 20° this error is not
serious, The measurement of the range of short re-
colls, on the other hand, camnot be carried out with
a high degree of accuracy and since, in this experi-
ment, much of the information is derived from measure-
ments of the recoil, it was necessary to find a more
sensitive method, Thus a method based on examining
the recoils by microscope was developed,

Mlcroscope Method,

This is a modification by the author and Menzies
of tg; method developed by Wright and Morrison.

The films were clamped between glass plates on
a binocular microscope stage, which could be racked
in the direction of, and at right angles to, the
length of the film, A pair of x10 eyepleces and a

x 2,5 objective were used in the microscope to



Track Simulator.
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examine the film, The microscope was fitted with
a cross wire and scale in one of the eyepleces,
together with a goniometer head to measure angles;
The grid wires in the photographs were taken as
reference directions since, in the experiment, these
were fixed parallel, and at right angles, to the
,Xbeam direction. Thus the mlicroscope measurements
on any track consisted of measuring the angle \VC
which i1t made with the beam in all three films ((=
1, 2, 3). Likewise the three values for the length
of the track as measured on the eyepiece scale were

recorded.
The determination of the actual angle asnd range

of the track from the microscope measurements was

simplified by the use of a track simulator. This
consisted of a needle of about 16 cms. length fixed

into a ball joint in a metal base, so that the needle
could be moved to any position above the plane of the
base. An angular scale, 0° to 360°, was fixed to

the base, while a 0° to 1809 protractor was attached

to a stand, so that it was held in a vertical plane,

and was free to rotate about a vertical axis through
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the centre of the horizontal scale, Thus the angle
which was made by the projection of the needle on

the horizontal plane with respect to the z' beanm

direction, and also the inclination of the needle,
could both be measured directly.

The determination of the actual angle of the
track is hased on the fact that the projection of

the track on the horizontal plane, and the image ob-
tained on the film, are both inclined to the x'beam
by the same angle, The table was adjusted in a
horizontal position until coincidence was obtained on
the origin of the event. The track simulator was
placed over this point, and the zero on the horizontal
scale was set along the dlrection of the beam. The
position of the needle was set so that the angles
fofmed on the horizontal scale by the shadow from each
of the three cameras, were equal to the corresponding
angles measured by the microscope. This position of
the needle gave the direction of the actual track.

In the case of the track sloping down, the angles to
which the simulator had to be set were 180°+ Y ('t= l},’S).

in each case, Thus the angle made by the projection

of the track on the horizontal plane wlth the )rbemn
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direction, €, and the angle of 1lnclination of the

track & , could be measured fram the scales on the

simulator. @ was considered+ ve or -ve depending

on whether the angle was to the right or left of the
beam, X was 4ve or -ve depending on whether the
track was tilted up or down with respect to the
horizontél. To determine the length of the track,
the horizontal table was raised to the highest point
of the track. The track simulator, still in the
direction just described, was then moved until the
tip of the shadow of the needle, projected by one camera,
corresponded with this polnt of the track. This ﬁas
repeated using shadows projected by the other two
cameras, By measuring the length of the shadow of
the needle in each case it was then possible to

calculate a mean value for the real length of the

track, The calculation can best be seen from the

diagram.
ABC and CDE are similar
e e C.D - ‘_:'_D__.E

AB cB®
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DE = (projection of DC on base of chamber) (1 -%)

= ML (1 -%)
where L = length on film, M - magnification, 72 =

height of the highest polnt of the track above the
chamber base. h 1s the height of e lenses

j: L /e(needle)

£ (shadow)

M (1 -F)

Thus for each film j was 'calculated and an average
value was assessed.,

For tracks nob steeper than 603 /((ne'edle),

'e(shadow) and M can be‘measured to within 1% accuracy.
The largest error is in the microscope measurement
where, for a recoll of length ~ 3 mm, the error 1is
about + 10%.

In the analysis of the nitrogen results the
films 'were scanned under the microscope and each
event was given a provisional ce¢lassification. The
recolls were all measured for range and angle as
outlined above. The films were then placed in the
cameras and reprojected, The longer tracks were
reprojected directly, while the track simulator was

employed to calculate the angles, and range, required
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to describe each recoil, Tracks which were long
enough to be measured by reprojection could be
checked against thelr ranges, calculated by the
microscope method, and excellent agreement was obtain-
ed in all cases. Thus for each recoil track the
following data was recorded:- range; &€, the angle
between the horizontal projection of the track and
the X’beam; o , the inclination of the track.
From the angles & and X , the actual angle between
)/ beam and the track was calculated from
cos y = cos« . cos & (Fiq 9).

Also if 99 be the angle between the horizontal
and the plane containing the track and the direction

of the 3/ beam, then it can be calculated from

sinqu Sii;ié—
For cases where there was doubt about the
coplanarity of recoil and fragment, the criterien
for coplanarity was taken to be I(P(recoil) +
(p(fragmen’c)’ § 5° where (,0 is +ve or -ve depending
on whether the plane containing the particular track

is tilted upwards or downwards with respect to the

origin.
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A few cases were recorded in which both frag-

ment and recoll stopped within the chamber, the
directions being almost directly opposite, By
momentum balance these were mostly shown to be (Ja()
events, The heavy intensity of the fragment track
supported this interpretation.

Range Energy Relations.

Since the rate.at which a nucleus loses energy

in passing through a gas is dependent on the charge
of the recoll, and on the number of collisions it

makes with the atoms of the gas, the factors deter-

to
mining the actual range are of a statistical nature,

For the nuclel involved in this investigation the

resultant straggling is significant. According to

Morrison the straggling for 015, 012 and le

nuclel
of € 2 MeV is ~ 10% of the total range.

The range energy curve used as a basis for our
results 1s deduced from the experimental results of

67
Liffie who studied recoil ranges of ctd resulting

from ols(n,C’()Cl3 induced by 14.1 MeV neutrons,

Gy
Bethe'!s range energy relationship for « particles

was assumed. (see Additional Note, page 127).
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CHAPTER IV. NITROGEN PHOTODLS INTEGRATION:
TESULTS.

Selection Criteria.

In the analysis of events, the following criteria
have been observed 1ln classifying the results.
(1) Stars.

These involve more than one charged particle
together with a recoiling nucleus. In general,
there is no check on the number of neutrons emitted,
Only in the case of all particles stopping within the
chamber, and when there are no neutrons emitted, is

it possible to solve the reaction by a momentum

balance,

(11) Single Charged Particle and Recoil.

This class may be further subdivided.

(a) Events in which the directions of the charged
particle, recoil and.;r-xay are all coplanar, and
where the sum of the angles made by the recocil and

fragment with the direction of the incident beam
1ies between 165° and 180°. (See next section).
This class includeslall events in which only one

particle is emitted, the recoll making an angle



68.

slightly less than 180° on account of the momentum
of the incomilng X—ray. The most important re-
actions involved here are (J’p)’ (a,,d) and (a,o().
K particles being doubly charged, produce
greater ionisation, and this property in itself is
reécognisedt,
usually sufficient to enable these to be deteebed,
In addition, the recoils are longer than from similar
energy protons, If the ol particle stops within the
chamber then a momentum balance on the reaction is
sufficient to determine it with certainty.
e.g. Conslder a recoil of known range.
If the‘event be 1lnterpreted as (&,o(), and the range
of recoil corresponds to 2 MeV, then the energy of
the o particle will be about 5 MeV. There is a
very large probability of such an O(pérticle
stopring within the chamber, If the event be in-
terpreted as ((Y,p) Ehen t‘he recoil will have energy
greater than 2 NeV, v;lgie-k’l.ovsgll certainly leave the
chamber.* It is comparatively easy to distinguish

between a 5 MeV o( particle and a 30 MeV proton on

the grounds of ionisation density,

* 5
Proton energy ~ S mev,
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There 1s, however, no effective means of dis-
criminating between (J,p) and (J;d) events, since
protons and deuterons have both unit charge. Only
if the particle stops within the chamber 1s it
possible to distinguish between the two.

(b) Events in which the directions of the
beam, fragment and recoill are not coplanar,

In this case the conservation of momentum implies
that a neutron must also have been emitted, All
angles between neutron and proton are possible.

The most Important reaction in this class 1s
the (J,pn). Others like (Jsdn), (&, n), (J,tn),
(a,pzn), etc. are all possible, but the (Jgﬁn)
reaction is by far the most important,

(111) Recoils Only.

Short recoils may be detected resulting from
reactions which do not involve the emission of a
charged particle. This group includes (J,n),
(a,zn), (W,Sn) etc, The (Agn) is considered to
be the most Important of these.

Non-colllnearity of V,p Events.
J

By applylng energy and momentum conservation to
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Fig, 11,
Diagram to i1llustrate the derivation of J-r in terms
of Ex and YP—' :
Przmérﬁehtﬁm of protbn.sx)—ﬁ—ﬁs IE?L where
the mass of the proton in ILT-S-Vg-

(>,,= momentum of recoil =JaMs£, MeV where

the mass of the recoil in I\il_e%
C

h; momentum of y rey in MeV
C

Q = threshold energy of the reaction.

Ml’ is

M,,b is
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the (J,p) disintegration the following equations are
obtained:

/’a&:s b = h, - pycos&,  (mom™ alenq -‘3"\
/‘)a, .S‘t:v\&,’ = P" S;ncg:, . (momm 1 -h-f’ )

Fy = Ep+ E, + @ (gnerqy eqn. )
Q= 752 mev for N¥(yp)C=

where the various terms are as defined in fig. II.
The excitation of the residual nucleus 1s con-
sidered to be small compared with EX .
E’> end [, may be eliminated to obtain
in terms of Eif and M’ . Curves of §  against

%,ﬁp were calculated for different EX and are shown
in fig. 12

The curve which gives the minimum values of 8.,.
occurs at L—;: 2Q0. Since all recorded events had
recoil ranges corresponding to energies of
<60 leV,only those coplanar events which lay between
the minimum curve and that for ES.: 60 MeV were
accepted sas (Az,p) events, A certain laxity in

this criterion was allowed at small and large angles,
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B.

Ratio of Events.

Following the criterla outlined in the earlier
section, the events on the photographs were separated
into the classes: (),p), (b,n), (J,pn) and Qt;().
1969 events were recorded in which the angles of the
fragments were less than 60° to the horizontal. 528
were identified as (J’p) events, 627 as (J,n), 786
as (X,pn) and 28 as (dfi).

Hence the ratio of the number of events is
(3,p) : (§om) = (Jopn) 2 (},) 1:1.18 : 1.49 : 0.05,
This ratio is in effect that of the integrated cross
sections for these reactions.

Ce
The Reaction N142¥,p)C15

The energy of each recoll was obtained from the
range energy curve due to Lillie for cl3d nuclei, as

described in Chapter III.
Energy Distribution of Recoills,

A plot of the number of recoils with energy E;
as a function of E, is shown in fig, /3 ., This

has the form of a broad peak centred on 0.8 MeV with
a high energy tail falling off to a low value at 4
to 5 MeV,
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The error resulting from the measurement of the
length of the track 1s of the order of 0.1 MeV,
However errors due to straggling of the recoils are
Important in this energy range and these errors might
be -~ 0.2 MeV, Thus the histogram was plotted in
0.2 MeV steps.

To obtaln an energy distribution of the protons
it is necessary to calculate E; , the energy of

each proton, for each event, from the recorded

measurements,

calculation of [p

If in the (J,p) reaction the momentum of the
incident quantum be very small, the proton and recoll
directions would be oprposite. Then by applying
momentum conservation

- M

However, in the (),pﬂevents recorded, the
direction of the proton and recoll tracks differed
from 180° by as much as 15° and, consequently, it was

considered necessary to apply scme correction for the
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J momentum,

The equations governing the (x,P) reaction may

be written
o

ff‘ St M, = ,>,, s'uka/,,, (mom™ e:-l-orq B,olc‘rcch‘or\\

Pk-z. />,, COSM, + [D,, Cos X,, { 0,‘229 .“ \

J

E'k: El, +Ev + Q4E” (€nerqy eqn )

The terms are as defined in section A fig.il,
except that [E = represents the excitation energy of

the residual nucleus,.

The unknown terms are f,, , Eé, and E", and

so the three equations can be solved for each of

these
B, (*’::M By =liE, s
Mf’ svkm, )

£ = I:/& "'(ELJ-E; + Q)

However these solutions for [l, and E.h' are
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unsatisfactory in that large errors result from the

ratio of sin terms, and consequently E™ 1s very

inaccurate,
.. (1) Ey = 0.4 Mev  Jr=93" )= €
This gives Ep = 5.9 MeV and Ey = 24 MeV.

Consequently E¥= 24 - (5.9 + 0.4 + 7,5)=
10.2 MeV. The errors in E?& however are large

as a result of the factor

in( Y« in §
i e i DR

5 is small and subject to errors of measurement of

a few degrees, Sin 45 varies rapidly in this region
and consequently, ES, changes by a factor of 2 as S
increases from 7° to 140. With a short recoil, X’
cannot be determined to an accuracy of greater than

a few degrees.

(11) E'vz [- 2 vV ba.{ = Ms‘u_ bp: [y

2. Eh = S 4 mev,
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Again with small J% , sin 3b' varies rapidly and any
inaccuracy is doubled by the square, Hence, wvalues
of EL computed in this way are liable to large in-
accuracles,

A more suitable determination of E} can be
obtained by assuming that E © << x so that E¥

residval
may be neglected. Since the, excitation energy can
never be more than a few MeV (fig. 9( )’and typical
J- energles are ~ 25 MeV this assumption 1s a
reasonable one,

Thus three equations are available for each
reaction and there are only two unknowns , E& and
E} . Thus E}p may be obtained in terms of A’v
end Yy, Ey and Yoo E, eand Yp end the in-
accuracy of one experimental determination mey be
removed, E% in terms of Aﬁ and k@ is in-
accurate and so Ei, was calculated from E‘y and &.,-,
a form that can also be applied to (X,n) events
where the neutron direction is not known.

The full solution of E} is complicated and

not sulted to the rapid calculation of a few hundred

events, Approximations were therefore introduced
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Namber of N14()(,P)Cl5 events as a function of EF

The residual excitation energy is neglected,
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Fig. 14(b)

Energy distribution of protons from Nl4gpﬁ)015.

(a) obtained from smooth curve through the measured

histogram,

(b) calculated from evaporation theory.

[

»
(¢) calculated from a direct theory.
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to give the form:

E = .M—'!- E ! = .
J Mp I + J_@J'f'_". eos&/.,.

Mp

The inaccuracy in the correction due to these
approximations is appreciable at small angles and
decreases as x*-éb 90°. However the maximum
inaccuracy is ~ 107 where X,—:O". This errdr
is not so serious since few events were recorded in
the relatively small solid angle formed by smallag
For larger angles the error is ~ 2%,

Thus this formula was applied tq give E‘p for
each event. Fig.llkra shows a histogram of events
as a function of EX

The uncertalnty in the energy of any proton of
energy greater than 10 MeV is less than 2 MeV on the

basis of L1llie'!'s range-energy curves being accurate.

Angular Distributions of Protons from N14§Jm)013.
The directions of protons, emitted in the
14(X’p)015

the direction of the J-ray beam, Protons making

reaction N were measured with respect to
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Fig. 15.

Diagram to illustrate the solid angle correction,
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an angle BF o2 (angle between dlrection of emission
and beam) between 0° and 10° are emitted into a
much smaller solid angle than those for which J}
lies between 80° and 90°. Thus the distributions
were corrected to the number/unit solid angle for
each energy group of the distribution.

However, in order to avold inaccuracies in track
measurement due to a track being very steep, it was
decided to use only those tracks whose slope was less
than 60° to the horizontal, This introduces a further
correction. For a':>60° the solid angle subtended
by ¥ and j+ olx is sliced by planes which cut the
unit sphere where ) = 60°. The solid angle within
the 60° 1limit can be obtained by considering only
the belt withlin the planes.

The circumference of the circle of radius sinJr

and lylng within the planes is glven by

. _' S'.r’ 600) [
L S —_—— . Sln&‘
( <in a' -

The solid angle between J‘l’ X+ G‘X is given

d a 0 ven
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By integrating by parts, thils expression may be re-

duced to

0Nz 4{[&:&2{_ Svlsq(g?;("g';) 4 W' ;(‘go \]X

. su;goo[g..;"(mao)] }

The solid angles subtended by the 10° intervals
to contain no regions steeper than 60° to the

horizontal are given in the followihg table:~

(8ee oppasibs)
Anqular 0"= 10° [10°- 26° [20°-30°] 30%40°[40% 50° 50%60°]1 60%70° | 70°- §0°| §7-Go”
Taterval, Jm'-1§0" 166170 |156™160] 146-168] 130"~148] 126°~130" | 10" 120°}rwe 116" | §°- 100
e, | 095 |23 | %43 |-625 | |'W? Rl Bhd G







S rhy

—

| ALL ENERGIES
I INCLUDED
3 40 6 50 1007 B0 Uo ko”
| &.
e |
No.e_ J_ I ‘
1T \_I_L_P
A LTl 1

EP>2Qm¢v. L—I—]'l'
4 M

No. [

ol ] 1)

o
—t
[ E——
—

ar ‘ I2€ E, € 20 mev.

20" 40° 60" 8O° 100 120 1T o'

. JP.

Fig. l6a.

Angular distributions of proton with respect to

the Y beam direction for N14(X,p)cl5.
[*M




fb.



No.

EP < 8 mev.

» I
T
T
- 8 < EP< l2'rn¢v. 1 1
—
innl '
| |
| THT T
] I

o

1l

20F_40° 60° 80° 100° RO 140" 160°

o

F.g 16b.



‘79.

’Angular Distributions.

A histogram to show the number of events per
unit solid angle with 200 angular intervals is shown
in fig.lba ., It contains all protons measured, and
8o all energies are included.

The angular distributions for particular energy
groups are shown in fig.[6a,b,

Thesée distributions showr that the anisotropy
revealed by the distribution including all energies
is to be attributed largely to the protons corres-
ponding to total energies greater than EQT > 20 MeV
(i.e. protons > 12 1lleV). The lower energy protons
exhibit an angular distribution which is much closer
to being isotropic.

D,
The Reaction Nl4(%gn)N13.

An energy distribution of recolls from the
N14(X,n)1\113 reaction is shown in fig. I'7 . This
- was obtained from the measurements of the range of
recoils and converted to an energy by means of the
range-energy relation deduced from Lillie's curve,

Again, the error in measuring the length of the
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~ recoil, and correcting for pressure, would be less
than 0.1 MeV for recoils of energy greater than
0.5 MeV,

Unfortunately, since in many photographs re-
cording recoll nuclei from (),n\events it is not
possible to establish from which end of the recbil
track the neutron was ejected, it is not possible to
obtain a value for the neutron energy, E, , which
includes a correction for the momentum of the incident
quantum (¢.f. proton case). On the assumption that
the correction is general]j small, an energy distribu-
tion of neutrons was calculated from E,, = f‘.‘ﬁ,f,,,
and is shown in fig.‘?’z . The error involvedmin
this assumption is largest when X"f = 180° or o°
in which cases the error is ~ 15%; bubt the
magnitude of the error decreases as X,* increases.,
Because of the small solid angle formed by small
angles, few events have | Jq, < 209, and consequent=-

ly the mean error in the derivation of E.

m is less

than 10%.
This same uncertainty about the origin of

events prevents full angular distributions from
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“being determined:; an angle L‘,ﬂ& could also be

180° -Xmaﬁ. ~ Angular distributions were drawn how-
~ever for angles 0° to 900, assuming a symmetry about
90°. The form of the distribution so obtained
suggests, in fact, that there is a tendency towards a
peak at 90°. These distributions were again
corrected by the solid angle factor.

The sub-group distributions show that, as the
energy of the recoil decreases, so also does the
degree of anisotropy. This will be discussed later.

Pigs. 19b and /9¢ give the angular distribu-
tions for E, > Mev anda E., < |Hev.

B.

The Reaction N*%(y,pn)cl?
g

_ Kinematics of Reaction.

Consider a typical (X,pn) reaction in which the

angles X‘: y O

o s and ofp (1 = 1, p, n) are as

in fig. X0 for recoil, proton and neutron respectively.

The momenta of these products is ) AM:E; in TF

mev

where My 1sin 25 and E¢ is inMev. (1=

r, p, n).

By considering a momentum balance along three
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FPig. 20.

Kinematics of the (y,pn) reaction.
~0 "

h;: menentum of particle 1 =2 ME;

MeV
in C

where E{ 1is the energy of the 148 particle and M;
is its mass in H&V
ce

Component of I); along y = I’:’ co3 Q{L

" " " " - . a . .
X p¢ cos o s8in o

" 1 1 "t z - l)‘. sin ‘0((
(= r, p, n for recoil, proton and neutron

respectively.
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perpendicular axes and also by using energy con-

servation four equations are obtained.

("a-\ -1!

IJJ __.Z W eosb (1)

= JaME; eosele sw B =0 (2)
C

Z JQME;, sl =0 ()
§

E} = 2 E‘( + @ (4) where
Q@ is the threshold of the reaction in eV,
In the energy eqixation it has again been assumed that
the excitation of the residual nucleus is small in
comparison with the incident Y energy.
In the case of most (x,pn) reactions observed,

the proton did not stop within the chamber, and hence

El', , the proton energy, was not measurable.. In
addition there are four other unknowns -~of , © , E_
An o Aq

and E'X , 80 that 1t 1s not bpossible to solve the

above equations in terms of the measured gquantities

to obtailn E,,\ o






Fig. 2l.
clze,

Energy distribution of recoils from qu"(y,pn)
v



Where the proton is stopped in the chamber so
that E}, may be measured, there are then only four
unknowns, and the equations may be solved to give En
in terms of the measured energy of recoil, and

angles. The full solutlon of E;4 is

where ﬂl"ﬂ, ?(E}l—l—ff,+Q) 6@‘]}!: 80&”, 15&;3‘,)}
B = *(\)ﬂﬂlxl?k eoro(,, St 6‘, +,EH«E, CoSoly S 0, \

o= H02MEp shop oM, s,

Case of Proton Not Stopping

As before the energy distribution of the recoils
was calculated and is presented in fig. &t o+ The
form is quite different from that of either the (K,p)
or (x,n) distributions in that the peak occurs at
only 0.5 MeV. This is discussed 1n the next Chapter.

Tt will also be outlined how angular distributions
derived from (X3pn) interactions might give an indica-

tion of the actual mechanism of disintegration, The
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Filg. 25.

Distribution of the angle A& between proton and
iR/

“recoll in Nl4(y,pn)clg.
U
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Angular distribution of (a) protons (b) recoils
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most useful distribution for this argument is that
of the angle between the proton and recoil, This

angle,/f , may be calculated from the measured proton

and recoll angles by

/f = e‘s"{eosc(., eoroq,'eose' 4 Stncly £l o(/,}

1 ,
where & = ]6}, - 9_'], and {-)l,and e, , o(’, end o,
are as defined in the last section. The signs of
o/, and uj, must be observed,

A distribution of ;0/ p an

| f /f is shown in fig.93
plotted in 10° intervals, This distribution in-
creases From low values below 90° to show a peak at
about i55° falling off again to 180°. This distribu-
tion has not been corrected by the solid angle factor,.

Other angular distributions are given in figs.2ka,b.

Case of Proton Stopping.

In this case the neutron energies have been
calculated from the equation developed on page 383,
X"', X.' R f" and E; havling been measured,

Fig.25a shows the energy distribution of the

(J,pn) events as a function of E—k for cases in
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which the proton stopped within the chember, The

events are too few for any strong claims to be
deduced, but the distribution is in lkeeping with
a giant resonance at 22 lMeV,

.Figs, 25 b,c show the angular distributions
deduced from these reactions, These reproduce the
characteristics obtained for the same reaction in
cases where the proton was too energetic to be

stopped within the chamber,






Typical expansion chamber photograph to show
disintegrations produced by the 200 MeV irbeam*
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Ical expansion chamber photograph to shw
a;integraAons produced W the 200 MeV ” beam



86.

CHAPTER V. NITROGEN PHOTODISINTEGRALLON
DISCUSSION

A,

The N u,p)c Reaction
In studying the hi.stOgrams associated with the

(x,p) reaction, two factors must be taken into
account - |

(1) It was found impossible to separate protons

. from deuterons so that all (X,d)reactions are also
included in the histograms.

(2) It wes not possible to measure the excitation
energy of the resulting nuclei.

Measured (J,d) cross sections are in general
much lower than those for (X,p) or (X,n). Deuterons
are more tightly bound than protons and consequently,
where there 1is competlition for emission, proton
emission should be more strongly favoured. In
addition, Radicattibqhas shown that, for self-mirrored
nuclei, electric dipole absorption involves a change
in isotopic spin of * 1., The initial state has
T = 0 and so the excited state has T = 1, Such a

state cannot decay by deuteron emission (for which



87«

T 0) toa T = O state,  Hence this type of

]

emissicn is prohibited until the excitation energy

is sufficlently large to enable the residual state

70 '
tobe T = 1. The (&p() reaction 1s suppressed
in exactly the same way, and, in fact, few (‘)p()
- reactions were observed,
71 14

Several authors = have observed N (3,&)30(
but such a reaction would be classified as a star
in ocur system, _

Thus in the rest of the discussion it is assumed

that the (J.CU reaction is less probable than (d,p),

and that the histograms will therefore expose
features of the (X’P) process,

As a result of being unable to measure the

excitation energy of residual nuclei, the shape of
the histogram (fig./ka) below 20 MeV is deceiving.
Events in which the resulting nucleus was excited
would be displaged to lower energies on the histogram
by an amount equal to the excitation energy. Thus
only at higher energies where the excitétion energy
is small in comparison wilth the incident quantum

energy will the histogram give a true indication
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of the variation of the (J,p)cross section,

The form of the cross section curve at higher

energies can be obtained only after correcting the

measured distribution for the spectrum shape of the

incident bremsstrahlung. This 1s uncertain in the

region 0 to 50 MeV, However, assuming that the
H ray spectrum varies as if s 1t can be seen that
the (J,p) cross section at 50 MeV has fallen to
about {3 of 1ts peak value,

The resolution of the experiment 1s not sufficient-
ly high for individual energy levels to be exposed,
but the form of the distribution is in keeping with
the known excited states of G195, If the (X,p) glant
resonance 1s assumed to have a peak at ~ 23 MeV,
then the position of the peak on the histogram between
19 and 20 MeV may be interpreted as resulting from
transitions to the first, second and third excited
states of C1% at 3.08, 3.68 and 3.89 MeV., Also,
the peak at 15 MeV may be associated with transi-
tions to the 6.87 and 8.9 MeV levels, and the 1l MeV

peak may contain transitions to the levels above

10.8 MeV,
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Direct Emission versus Compound Nucleus Formation,

The theoretical attempts to obtain the form of
the energy distribution of protons emitted in the
photodisintegration of the heavier elements by a
bremsstrahlung of z radiation, were outlined in
Chapter I, and the importance of including two

contributions was revealed - one due to the statisti-

cal decay of a compound nucleus and the other due to
& direct process, For the direct process both the
Courant and Wilkinson shell models were dlscussed,
Wilkinson has given a straightforward estimate of
the order of magnitude of the relative importance
of the dlrect and compound nucleus processes.so
Before considering the shape of the energy
distribution of protons resulting from the nitrogen
photodisintegration, 1t 1s of interest to consider
the relative importance of the direct process as
estimated by Wilkinson, The ratio of the prob-
abilities for direct emission and compound nucleus

formation are given by

8
C - 2kP 25

QW
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where P is the penetrability of the Coulomb and
centrifugal barriers,

k 1s the incident nucleon wave number,

W 1is the imaginary part of the cloudy ball

potential,
For N14, C has the value 1.03P for 8 MeV protons
where W is taken to be 8 MeV, and R = 1.3 AJiK
10-15 em, TUsing a W.K.B. method, Rhod0372 obtained
P=0.8 and 0.4 for values of 4= 0 and €= 2 respect-
ively.

In addition to the processes for emission just
discussed, there 1ls the additional mechanism result-
ing from a J'interaction with a sub-group of the
target nucleus, In particular, such a process
might result from the neutron in a quasi-deuteron
disintegration belng reabsorbed into the nucleus so

that only the high energy proton might be emitted,

However, the probability of this process happening

has been found to0 be very small and may be ignored

here,
Energy Distribution of Protons.,

The wvalldity of applying statistical methods
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to obtain an energy spectrum of protons esvaporating
from an excited Nl4 nucleus is indeed-questionable.
Weisskopf and Ewing“C cautioned against applying
their method to nuclel with A < 50. However,
since statistical arguments have been applied with
apparent success to light nuclei, a distribution of
proton energles was calculated for Nl4 excited by
200 MeV bremsstrahlung, The distribution used by

Dawson42 was utilised.

- 'i%f ﬁ;w '
Teyde = eGreye Tde [ TN g, ) leE
Boig

This has been obtained from the general form present-

ed in Chapter I, by accepting Livesey1537 level

AR

density formula W(E)= Ce T where T is a constant
nuclear temperature given by T = (f%?)%} This
assumption is claimed to be valid only if the excitation
energy 1s less than 10 MeV, In our experiment this

1s not necessarily fulfilled, but the error involved

is likely to be small compared with the error intro-

duced by applyling statlistical methods,
In the actual calculation q;hgﬂ was taken from



7
the results of Johns and Horsley et al 8, N)(E)

was assumed to vary as %? , and the cross section
for reabsorption of a proton of energy £ 4into the
nucleus was calculated from the Blatt and Weisskopf74
theory which reproduces the continuum of G} without

any resonances,

The distribution obtained by this calculation
was accepted to be only very approximete, but the

calculated curve peaked at an energy much smaller
than that foundlexperimentally, and did not give the
observed high energy tail. To obtain the peak of
the theoretical distribution at the energy of the
observed peak, the value of T required was absurdly

high, and, even then, the high energy tall was much

too small,
9 42

Toms and Stephens ~, and Dawson ™~ have given
very approximate forms for the energy distribution
of directly emitted protons. Osokina and Ratner?d
have applied Courant's calculation of cross section
for direct emission, to a shell model of the nucleus,
The basic assumption is that the proton is emitted

directly with energy EJ’ - Eg where EB is the
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initial quantum energy and Ep is the binding energy
of that particular proton. Transitions of f—=>¥€+ 1
and € -5~ 1 are both taken into account in the

distribution:.-

t

Ney = contt Zm 63 Nyleor g Fmas Mg, 7T 900, 7, (6],

where 7 = number of protons in the 1th level, ¢

th
1s the angular momentum of protons in the i  level,
and Bb' is the binding energy of these protons.

Ny

energy €p+43p; 1in the incldent b, spectrum having

(E,+ By Enax) 18 the number of quanta of
t

energy ( &p +B8p; ).
C™ (& +Bp; ) is the cross section for the
direct photoeffect per nucleon as computed by Courant.
T L+, = the penetrability through the

barrier, and

gl'tf [9.(3;1-:) .Hj is a statistical factor,
L8

Such a distribution was calculated for N14.

Tl&i( was calculated from formula given by Blatt
andWeissl«:opi"74 and the tables computed by Bloch’6,

Tae Courant cross section was calculated from the
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original formula assumlng a well depth of 50 MeV

p A
and redius R = 1.3A° x 10°%°

cm. The proton
R 4 , 11

configuration in nitrogen 1is ('gi) (")’i'.) ('I’z) .

The calculation was carried out for the ]’_;._ level

1
assuming N _(E) to vary as € . Bj for the P

level was gaken as 10.5 MeV which is the sum of the
binding energy of the last filled proton level ([x)
and the splitting in MeV of the ?)_3{_ and p levels
computed from (244 )/-3 (/5~3 VeV for N14) ‘:rﬂg,'
However, the full spectrum should contain
contributions from the ifr and: S: levels, The
contribution from the /P! level has the seme form
as that computed for f/’% . On the assumption that
N l/a%_ transitions yield protons of ~ 22 MeV
B

o

is ~ 30 NeV. This would lead to only a
relatively small contribution from the Si level,
and so it may be concluded that the form of the
distribution of a2ll directly emitted protons is
essentially that given by the distribution for the
P}i level,

Theoretical Angular Distributions./
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Theoretical Angular Distributions.

(1) Compound Mucleus Disintegration.

On the assumption that a compound nucleus with
well defined spin is formed, it 1is possible to
calculate angular distributions resulting from any

multipole absorption i1f the spln and parity of the
initial and final states be known.

The selection rules which determine the spin

and parity of the compound nucleus state are glven

in the following table.’’

Q J. Parity
Electric Dipole o, 1 Change
Electric Quadrupole o, 1, 2 No change
Magnetic Dipole 0, 1 No ehange

e.g. Dipole absorption of a E quantum into a 1-

initial state, 3} , gives three possible compound
nucleus states J = 07, 1-, 2-.

The possible values of the angular momentum,,ﬂ
of a nucleon emitted from a compound nucleus state
in going to a known final state are determined by:-

y 4
Parity of initiasl = (-1) (intrinsic parity of
state nucleon) X

(parity of final state)
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The compound nucleus states in the above example
could therefore decay to a final state of the

residual nucleus of 4- by proton emission according

to:~
O- state may emit protons with £ = 0
1- " " " " " Z < 0, 2
2= " " " " " L= 2

Hence angular distributions of protons of known

£ in transition between states of known spin and

parity may be calculated from

s-%

G = ZC0 = A, k)= (L L, ThY Tyeost

where‘i 1s the compound nucleus state, L is the
multipolarity of the incoming 8 ray, S is the channel
spin of the outgolng particle (S = Jeing] *+ 32)

—

and I is the initial nuclear state.

PACHIINES DI 2.(Lij,I‘2\ are Raceh

coefficients which are 1‘:aubulatedrf8

Thus angular distributions corresponding to
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electric dipole, electric quadrupole and magnetic
dipole excitation of the ground state of Nl4 to
leave 613 in its ground state or flrst exclted state
were calculated and are tabulated.
(2) Direct Interaction.

Angular distributions resulting from the direct
interaction proposed by Courant have the following

form.

__e.=7 L+ ] f(é) =.-€(~€+|) 4-‘%_“14)(‘61-9.\50;‘@.
C—>0a.  T(6) = €(fs) + 3 €(L-1) l'Q

For N14 with the configuration for neutrons and

T A2 ,
protons - (IS%) (5k%> (iPi) -~ the possible

angular distributions are

!>..,) o. _/L’e) = 9 ¥+ 35;111@,

bors. T = isotropic (ag.ipy ->28,)
Y E s

S > ,) :L/{(:)} = ¢in'®,

On the basis of the Wilkinson model the fomm
of the angular distributions is

:jj@b =/ + = (!-+ %%r) £inl*0,
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Thus for p nucleons I(e) = 2 + 3 singe.

and for s nucleons I(9) ~ sin20

Conclusions from Measured Angular Distributions.

The conclusion deduced from figs.lba b is that,
for protons of energy less than 10 MeV, the

angular distribution is essentially isotropic. For
higher proton energies the distribution has the
forma + b sin29 and, at the highest energles
obtained, the distribution tends towards pure sinze.

In interpreting these results it 1s useful to
bear in mind how a compound nucleus disintegration is
capable of accounting for the lower energy protons,
but how, at higher energies, protons resulting from
a direct process become more iImportant. Thus the
lower energy proton angular distribution 1s considered
in terms of a compound nucleus disintegration, and
the highest energy group in terms of a direct inter-
~action,.

Since the lower energy protons are all from
reactions in the giant resonance energy region we

may consider them as resulting from electric dipole
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absorption. Magnetlec dipole and electric quadrupole
absorption are considered to be comparatively smaller.
(See Devcns).v'7 From the table for electric dipole
absorption it can be seen that transitions to the
ground state of cl® can result from only s and 4
wave emission, Since the 4 protons experience a
high centrifugsl barrier, the s emission will dominate
and this glves an isotropic distribution. In transi-
tions to the first excited state of C15 however there
are four possible angular distributions, only one of
which 1s isotropic - that resulting from a compound
nucleus state of 0O-. Thus 1t may be claimed that
the observed isotropic distribution at low energies
has been determined mainly by transitions from a
compound nucleus state to the ground state of 015,
or to the first excited state of 013, in cases where
the compound nucleus state was 0=, A direct inter-
action process is incapable of giving a pure isotropic
distribution.

The sin“e distribution characteristic of the
high proton energy group cannot be explained by =a

compound nucleus argument,
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On the basis of a direct interaction model it
is only possible to have a pure sinze distribution
if the emitted protons have come initially from an
s shell, If a proton be ejected directly from the
'SL state of N4, the resulting 013 nucleus has the
proton configuration (! 5—'5)' C P}i ) “( ,"i\. and
this has +uw parity. The parity of the ground state
of ¢l has -~ ot parity,. Hence it must be concluded
that such direct interaction leaves the C15 in an
excited state.

1

Protons emltted from a p state of N 4 leave the

residual nucleus with +ut parity, and hence the ground
state of C1° is accessible by this process, The
excltation of p state protons to s and 4 states leads
to s and 4 wave emission, and lnterference between
these might be capable of giving a predominantly
sin®e aistribution,

Previous angular distributions for protons from

N14 have been measured by Johannson79 80

and Spicer
at low energies just above threshold, and by Livesey
who used a peak bremsstrahlung of 35 and 70 MeV.

The most energetic group of protons observed by
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LiveseySl (¥8.5 MeV) showed an angular snisotropy

wlth a large Ez ratio (from a + Db singe) in
agreement with our measurements.

B.
The N14()gnlﬁla Reaction.
[*M

In addition to pure (‘,n) events this class
contains also (5,2n) and possibly (&,ﬁ") reactions.
The cross section for this last reaction 1s very
much smaller than that for (K,n), and, consequently, the
contribution from thls reaction may be neglected., The
threshold for the (5,2n) reaction occurs above the
giant resonance region at 30.9 MeV as compared with
the (J,n) threshold at 10.5 MeV, This fact in itself
implies that the (5,2n) events will be far fewer than
(z,n), but, in addition, Panofsky and Reagan82 have
measured a low cross section for this reaction. Con-
sequently, it is assumed that the form of the measured
distributions for this class have been determined
essentially by the (x,n) reaction,

(y,n) Recoll Distribution.
A\

The recoil distributlion for the (X3n) reaction
differs from that for the (Z,p) in showing a much
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higher peak, at about 0.8 MeV, together with a much
narrower half-width, The half-width in the (b,n\
case 1s only 0.8 lleV whereas it is 1.2 MeV for the
proton recoil distribution;* Horvever, above ahout
1.5 Mev the high energy tail is very similar in the
two cases

These features may be explained very well in
terms of the energy level diagrsm for the residual

-8 (fig.26)., The Pirst excited state of NL° is

already above the threshold for the N3 <% cl%+
reaction, and, consequently,'any transition to this

level would result immediately in the further emission
of a proton. Thus (k,n) reactions must result in the

residual Nl

S being left in its ground state. This
immediately explains the absence of other subsidiary
peaks in the recoll distribution and in the narrowerl
width, the widﬁh.of the proton spectrum being due to
the clustering together of a number of peaks;

The total numbers of (X.m) and (b,p) reactions

were about the'same, a point which is in agreement

with the principle of charge independence, - The
height of the (b,n) distribution was consequently
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higher, to make up for the narrower width of the
distribution,

Form of the (4’,1&) Cross. Section Curve,

Since all (a,n) transitions must be to the
ground state of W° it is possible to deduce from

the recoil distribution the shape of the (xnt) cross
section curve,
Since the origin of the event is uncertain -
either end of the recoil might be taken in many cases =
| it is not possible to calculate E., in the way that
E}, was deduced, However, on the average a recoil
of enefgy Ey results from a photon of energy
Q+14E, where = 10.54 MeV is the threshold of the
Ff“%,rﬁx%action. Using this equation and assuming
the photon spectrum to vary as )E' , the form of the
(a ,nlcross section was deduced. This gi&es the
peak of the resonance at E ., = 14 ¥ 0.8 + 10.5=
22 eV,
fallen
At 50 MeV the cross section has felin off to
about  of the peak value, -
‘The surprisingly broad width of the (b4n)

giant resonance may be explained in.terms of the
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Wilkinson model, Wilkinson has pointed out that

the dipole transitions for valence nucleons are many,
and are spread in energy over many lev, In N14 the
transitions due to the valence nucleocns will constitute
a large part of the giant resonance since there are

few other transitions possible, and, consequently,

the larger width of the resonance 1is understandable,

- Estimation of Direct Emission,

The Wilkinson C ratio, giving the number of

rmucleons emitted directly to the number absorbed into
a compound nucleus, is considerably higher for neutrons
than for protons since there is no Coulomb barrier.
The centrifugal barrier is small for neutrons with
—@%'0, 1 as emitted from the N4 nucleus. For
8 leV neutrons C~ 1 (see proton case) and above
8 MeV this value will increase,

An 8 MeV neutron has a recoil of ~ 0.6 MeV,
Hence if the total recoil histogram be divided in
terms of the C ratio to give a distribution which
might be associated with the direct process, then
this direct contribution exhibits a resonance in the

same position as that of the total., This point is

* B similar arqumenl” couldh be ajphed hs the yp reaction
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in support of the Wilkinson theory: the Courant
theory does not require that the directly emitted

nucleons should show a resonance behaviour,

Angular Distributions of Recoils.,

From the results on fig#.l/9. it can be seen

that the degree of anisotropy increases with the

ehergy grouping of the recoils. To a first
approximation,6 the neutron may be considered as being
emitted in the opposite direction to that of the
recoil, and hence the plot between 00 and 30° for
the recoils is equivalent to a similar plot for the
neutrons, |

The results are in keeplng with the fact that,
as given by Wilkinson's C factor, the proportion of
difectly emitted prqtohs inereases with increasing
energy, if an isofropic distribﬁtion be associated
with the compound nucleus emission and a form
| a + b sin®e Eg:'the‘direct emission.

Aﬁgular distributions were calculated, for

neutrons resulting from a compound nucleus disintegra-

tion, in which the ccmpéund nucleus had a well

defined state, The treatment is identical to that
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for the(x pYreaction except that only the ground
state of the N*° need be considered., The following

table shows the possible angular distributions:

J J J L, S. G (o)
1 L= O~ 0 0 isotropic

: 1 0 1 o

" t 1- 2 1 7+ 3 coso
" " O 2 0 2 + 3 sin®e
n " O 2 -1 2 + 3in®p

" Thus only s and d wave emission is possible and the

d-wave will be suppressed by the centrifugal barrier.

Compound nucleus disintegration therefore gives an
essentlally isotroplc distribution,

In this reaction it is not possible to aséociate
the large anisotropy of the higher energy events with
the emission of s-state neutrons, because this would
leave the residual nucleus in a positive parity state.
The ground state of le, which is the only_acdessible
Vstafe for =2 (X,n) reaction, has negative parity,

Hence direct emission from the s shell should not be

rossible,
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Direct emission from the p states would conserve
parity, and the interference of the s and d wave
neutrons resulting frem the < - 1 and €+ 1 transi-
tions would give an a + D sing distribution.
However,'it is doubtful whether the anisotropy result-
ing from this could be as large as was measured,

C.

The Nl4(g,pn)012 Reaction.

The information presented in figs.21~25 are
significant in that although (3,pn)events have been
detected by photographic emulsion and cloud chamber
techniques,fhere has not been any previous attempt to
analyse this reaction in the region 15 ~ 50 MeV in
termms of energy and angular distributions.

Recoll Energy Hiétogram.

This distribution shows certain 1nteresting
features. ‘(a) the peak of the distribution occurs
at a much lower energy than in the recoil distribu-
tions obtained from (3,p\and(8 ,n)rea?tions"and
(b) the "tail" of the distribution is similar to
that obtained for (X,p) and (X,n).

In most of the (X,pn)events recorded, it was
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not possible to calculate the energy of the quantum
which initiated a reaction, and, consequently, it is
not possible to compute the form of the (aypn) crosg
section curve as in the cases of (k,p) and (b,n
Cnly in the relatively few cases where the proton
stopped within the chamber was it possible to
calculate EX’ the energy of the incident quantum,
26 of these eventé were considered and for all of
these EX lay between 13 and 28 leV, within the region
of the giant resonance. It seems highly probable,
therefore, that #he majority of (X,pn) events recorded
have resulted from the absorption of 8 rays in the
energy region 15 to 35 MeV. It is certainly note-
worthy that only two events were recorded with a
recoil ensergy of greater than 6 hev. |

The fact that the peak in the recoil energy
distribution occurs at such a low energy may not be
so surprising, but may result solely from the
geometry of tﬁe three body disintegration. On
the assumption that the predominant disintegration
is typical of the giant resonance behaviour observed

for (Z’p) and (X,n) and assuming that the directions
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- of the protons and neutrons bear no correlation, it
1s possible to give a qualitative description of
this process, This is best illustrated by an
example,
e.g. Consider a‘(&;p) reaction resulting from a
20 VeV quantum.  The (Y,p) threshold 1s 7.5 HeV.
Hence the resultant energy of the recoil will be
approximately zgﬁzjf :; 0.9 MeV,

Compare this with the recoil resulting from a

(Xyn) interaction in which both proton and neutron
are emitted in the same direction, The (bdnn)
threshold is 12.5 MeV. Thus the resultant recoil
energy will be approximately ﬁy_;{_@;}' ~ 1.1 leV,
However, the probability of both proton and
neutron being emitted into the same angle 1s small.,
In general, if the particles are emitted into random
directions with respect to each other the probability

of the éngle,between their directions being X 1is

proportional to sin X (solid angle factor% and hence
there is a large probability of the resultant recoil

energy being only ~/ half of the above value,
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The effect of this geometrical consideration‘

on the recoil distribution would therefore be to
displace the maximum to a lower energy. ‘
The occurrence of a high energy tail»similar |
to the case of the (X,p) and (X,n) recoll distribu-
tions 1s suggestive of a direct process as in the
other cases. This is considered again in the next

section,

Angular Distributions,

The strong forward peaking of the proton
angular distributioh with respect to the diféction
of the incident y pean (fig. a) might also be
interpreted as evidence of a direct interaction.

If such an interaction consists of the proton/or

neutron being directly emitted and knocking‘on a
neutron/or proton, aﬁd it is assumed that the effect
of this subsequent impulse will have only a small
effect on the recoll angle, then it might be expected
thatrthe recoil angular distribution Wouldvshow a
peak at 90° as in the case of the (J,p)and(k.rg
interactions, However the recoil distribution does

not give conclusive evidence on this point.
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The angle between the recoil and proton has
been recorded as a distribution in fig.23 .
Different mechanism for the (ybw )disintegration
have been proposed and each of these can be associated
with a certain form of this type of angular distribu-
tion. Qualitative arguments are used to describe

these processes and to deduce the form of the angular

distributions resulting:
(1) Quasi deuteron interaction.

In this case the quasi deuteron has initially
some motion relative to the centre of mass of the
whole nucleus. “hen the k quantum interacts with
the quasi deuteron the neutron and proton are both
ejected and the rest of thé nucleus then recoils with
momentun equal to that whigh it had with respect to
the centre of mass immediately before the interaction,
Muclear motion ié isotropic and consequently the
distribution formed by the angle between eaéh proton
and recoil should also be isotropic, Thus the
measured distribution, not having been corrected for

solid angle, should have the fom san/§

(2) ZXnock-on process./
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(2) Knock-on process,

For neutron-proton interactions in.which‘the
incident particle has less than 10 MeV kinetie
energy with respeet to the other nucleons, the
scattering in the centre of mass system is isotropic.
In the laboratory system where the target nucleus
is initially at rest the scattering is always into
the forward direction and the angle between the
neutron and proton directions is 90°, This means
that a plot of /? , the angle between the proton
and the recoll, for such an interaction, would be
zero between O and g{ s and would have a constant
value between EE’ and @ , However, in reality
the target nucleon is not stationary and the net
result 1is thét, provided the internal momentum of
the target nucleon 1s not much greater than the
direct nucleon momentum, the distribution of 4
as measured (without correcting for solid angle)
rises slowly from O at O0 to a maximum value at T ,
This form has been determined from semi-quantitative

considerations: a full computation would be difficult

and would involve the momentum distribution of the
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emitted nucleons and the internal momentum of
nucleons in a nucleus,
(3) Compound nucleus disintegration.

Assuming no correlation hetween the direotion of
emission of the neutron and proton, and neglecting the
incident U'ray momentun, it can be shown qualitatively
that the resulting/f distribution as measured should
increase from small values below-%{ to a maximum
value between 7,/;_ and W and then fall again to 0 at
(D A full treatment would require the inclusion
of the momentum distributions of both the emitted
nucleons and of the nucleons in the initial nucleus,

The measured distribution agrees with that
predicted by compound nucleus disintegration. Lalovic

8o

and Reid have shown quasi deuteron disintegrations

to have a small cross section, so that only a few
events from our total might have resulted from such
an interaction.

- D.

Conclusions.

This experiment has revealed the relative

Importance of the (},p), (b,n) and (&pn) reactions
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between their thresholds and 50 MeV. Thé (xgp)

- and (5;n) cross sectbion curves have been shovn to
fall off to f& and '? , respectively, of their peak
values when the exelitation energy is 50 MeV, The
angular and energy distributions obtained for each
reaction have been considered in terms of the various
theories of photodisintegration, and most of the
information was explicable in terms of the Wilkinson.
model, However, the anisotropy obtained in the
(X,p) and (z;n) angular distributions at high energ;es
was very much higher than could be explalned by
sﬁraightforward application of theory.
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APPENDIX I.

The Operation of Low Pressure Diffusion Chambers,

Diffusion cloud chambers operating at very high
pressures héve given much valuable informmation on
the charged particle interactions.o? Such a
chamber, operated at low pressures, presents certain
advantages which might be valuable for photodisintegra-
tion experiments in which a synchrotron or betatron
is used. Since the diffusion chamber is continuously
sensitive it 1s possible to cycle such a system nmuch
faster so that the accelerating machine 1s more
efficiently used, In addition, the mechanical
advantage of having no moving parts ié one of the
- virtues of this type of chamber, and, as has been
demonstrated by thé high pressure chamber designs,
it is comparatively easy to incorporate a magnetic
field, within the structure, to enable momentun
determinations to be made from the resulting curvature
of tracks,

A low pressure diffﬁsion chamber had previously
been used in the 1éboratory to investigate electron

scattering, but considerable difficulty was experienced
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- in maintaining good track quality. The aim of the
experiments described here was to determine the
conditions which would give a maximum sensitive depth,
consistent with good track quality and stability of
operation over long periods of time.

Principle of Operation.

The principle of the diffusion chamber is that
the "rorking" vapour (usually methyl alcohol)Adiffuses
from a hot to a cold surface. In practice the top
of the chember contains an alcohol source, which may
be a felt pad saturated with alcohol or a trough
filled with the liquid, and this top plate is heated
to a temperature a little above room temperature.
The base of the chamber is cooled to 2 -40°C by
punmping methyl alcohol under it and through a heat
exchanger containing methyl alcohol and dry ice at
_—VOOC. As the vapoﬁr diffuses down to colder
regions it becomes supersaturated and, eventuélly,
1t is cooled to a temperature at which the super-~
saturation 1s equal to the critical supersaturation
for drop growth on ions. Below the level of this

temperature, the chamber is sensitive. Generally
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the sensitive layer occupies only the bottom 4~ 5 cms.
of the chamber volume,

Theories of Diffusion Chambser Operation.

Several authors8°-88 have produced theories of
diffusion chamber behaviour. Langsdorfes gave the
first treatment in which he started with an energy
flux equation and applied the diffusion equations of
Kuusinen89 for variable temperature to obtain the
supersaturation as a function of height within the
chamber, Fig.27 gives the calculated supersaturation
as a function of height with the dotted curve show=-
ing the supersaturation required to produce condensa-
tion on ions. The region within the intersections
of these curves corresponds to the sensitive depth.

 Langsdorf neglected both wall effects and the
effects of drop growth, Sucel and TagliaferrieG
have included in their energy equation a temm to
account for the latent heat release, due to drop
formation, and have corrected the Langsdorf distribu-
tion. However, in the Langsdorf energy equation,

the terms for flux of energy due to thermal conduction

and vapour diffusion have been given opposite signs,
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7 Whereaé, since the energy flux is in the same
direction for the two cases, they should have had
the same sign. Consequently, even the corrections
due to Succi and Tagliaferri are erroncous,

Shutt87 has given a treatment which includes
condensation, drop growth and the fall of the liquid
drops. He has deduced the temperature distribution
required to produce supersaturation in a definite
sensitive depth. This is significant in the case
of the high pressure chambers where it was necessary
to enforce temperature distributions by including

heating elements in the chamber walls, Shutt has
| also shown that the temperature gradients above,
and within, the sensitive depth aré conastant; with
bgé break occurring at the top of’the'sensitive
depth,

Conclﬁsions affecting the genseral behaviour
of diffusion chambers resulting from these studies
indicate that the sensitive depth will be decreased
by: -~ | |
(1) decreasihg the vapour flow - e.g. by lowering

the top temperature,
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(ii) increasing the base temperature,
(11i) having an increase in the number of drops

formed /em®

as, for example, by having a
radioactive source nearby.

These facts (together-with Shuttts temperature

gradient predictions) have all been confirmed experi-

mentally.

Stability condition,

The only condition that must be satisfied for
stability is that the density of the gas vapour
mixture must decrease with height above the base,
When this condition is satisfied there is no con-
vective motion of the gas which would otherwise

distort the tracks,

Choice of vapour. .
‘The cholice of vapour is governed by the follow-

ing eriteria;=- |

(a) It must have a large range of vapour pressure
with temperature over a temperature range that
can easily be achieved,

(b) It must be chemically suiltable,

(¢) It is best for the vapour to have a low latent
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heat so that the process of condensétion mey
not upset the requlred temperature distribution.
(¢) The boiling point and freezing point should be
- outslide the temperature limits of normal chamber‘
operation, | |
Methyl alcohol, methyl alecohol + water mixtures,
ethyl alcohol, and ethyl alcohol-piwater mixtures
were all tested effectively in.a diffusion chamber,
Methyl alcohol gave the best sensitive depﬁh of

~ 5 cms, although a good sensitive depth was obtained
even with as much as 50% water in the alcohol-water

mixtures,

EZxperiments to Determine Optimum Operating Condltions

(1) Temperature measurements,

Since methyl alcohol was chosen as being the
most suitable vapour and the cholce of gas is usually
determined by the nature of the physical problem
being investigated, there are only three variables
which can be adjusted to obtain optimum sensitivity =
gas pressure, top temperature and base temperature.
Thus the experimental chamber was operated with

different base and top temperatures and the sensitive
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depth was continuously checked. Bursts of X-rays
were used to bring down clouds in the chamber, and
its speed of récovery was noted. .= With air in the
chamber, a base temperature of ~SO°C, and a top
temperature of +-40°C., a sensitive depth of more
than 4 cms. was maintained over several hour periods.
(2) Pressure Measurements.

The stabiiity condition implies that there is
a lower limit to the gas pressure to allow sensitivity
to be obtained in a diffusion chamber. At the other
extreme of'high pressures the increased ionic load
is detrimental to good operation, since the increased
number of drops formming reduces the supersaturation.
There must therefore be an optimum pressure between
the two.
| Langsdorf has computed curves for the super-
saturation for gas pressures of %, 1 and 2 atmos-
pheres., F?Gmehe intersection of these curves with
the critical supersaturation curve gives the top of
the sensitive depth for each case. (See fig.Q¥ ).
Thus as the pressure ihcreases, the sensitive depth

increases, However, since the supersaturation
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decreases with this increase of pressure, the
resultant track quality may be poorer, If the
curve for critical supersaturation intersects the
curves of supersaturation for different pressures
near the région at which they themselves intersect,
then 1little change in sensitive depth will be
observed,

The theory is in itself insufficient to predict
the optimum gas pressure for fixed operating condi-
tions, and, consequently, trial "runs" were recorded
in which the pressure of gas was varied befween the
limits of safety associated with the chamber., Argon
gas was used. Thermistors fixed to the top plate
and base were used to measure temperature, and a
thermocouple supported by two pillars, recorded
temperatures in the centre of the chamber and 3 cms.
from the base., The results are tabulated é;;éggiz.
Throughout this pressure range of 25 cms. Hg to
160 cms. Hg. there was no noticeable change in
sensitive depth and the track quality remained cone-

stant.

Note that while the top and bottom temperatures






Pressure in Top temp. Base tenp. Thermocouple

cmg, Hg. temp,
54.6 559G _390¢ ~90C
48.6 L " -9.5 .
61.9 54 L ~9.7
7646 55 | " -10.2
88.5 " " -10.8
102.6 " oo ~10.6
117.5 55 " -10.6
135.8 54.5 -40°C -11.2
155.5 55 " -11.2
135.2 L " -11.0
117.5 54 -39.50C -10.8
102.6 " " ~10.6
8g.1 55 -39 - =10.2
774 55.5 -40 -9.5
61.3 55 -41 -9.4
47,6 55 -41 -9.5

26.9 57 «40,5 8.7
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were kept constant the temperature recorded by the
thermmocouple 2% cms. from the base dropped by fully
20c., Since eritical supersaturation will occur at
a fixed temperature, this drop in temperéture might
also imply a small increase in sensitive depth)as
expected, since the temperature for criticél super-
saturation would now occur at a higher level in tﬁe
chamber..

(3) Trials Using Different Gases.

Air, argon, and xenon were all used to fill the’
diffusion chamber to % atmosphere pressure. With
top temperature of 560C and base temperature of
~ -50°C., consistent good behaviour was obtained in
each case although, for xenon, the sensitive depth
was slightly lower than in the other cases and the
track quality was not quite so good.

Conclusion,

The optimum conditions of operation of the
circular diffusion chamber were now well established
and stable behaviour could be obtained over several
hour periods; It was at this stage that the

chamber was applied to the argon photodisintegration
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éxperiment described in Chapter II. The comparatively
small sensitive depth of the diffusion chamber'makes
it unsuitable for measuring fragment energles, since
the fragments have a large probability of leaving

the sensitive volume, However, in the argon experi-
ment only angular distributions and the total number
of events were required, and, in this case, the

faster cycling time of the diffusion chamber commend-

ed it in preferende to the conventional expansion

chamber,
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APPENDIA IT

Design of Diffusion Chamber for Operation in a
Magnetic PField.,

The candidate was responsible for the design
and construction of a diffusion chamber which was
built to slide between the pole pieces of an exist-
ing iron cored D.C. magnet.

The construction was assembled on a hydraulic
table so that it could be adjusted in height to the
level of the magnet pole pieces and then slid off
into position in the magnet. A large wooden base

supported the chamber and this whole base was design-

ed to slide onto the bottom pole piece.

The refrigerant was pumped through copper tubes
which lay on the bottom of the chamber, the entrance
pipes being at the wélls, and the exit pipes at the
centre of the chamber, Methyl alcohol covered the
tubes Which; in actual operation, could be cooled
to -559¢., Nigrosine black dye was poured into the
alcohol to provide a good backgrbund for photography.
The top heating inclosure contained electrical heaters

suspended on pillars from the roof of the enclosure,.
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and the air in the chamber was kept circulating by
two motor driven fans, one at each end. This was
found necessary to provide uniform heating of the
top plate. Non uniformity of témperature on the
top plate was often associated with "rain" in the
chamber which condensed above the sensitivé region
and removed the supersaturation to méke localised
areas of the chamber insensitive.
| Long heating elements were clamped against the
walls, not to enforce a temperature gradient, but
merely to prevgnt condensation from foming on the
inner walls, |

The alcohol sourcas consistedlofltwo troughs
‘attached to the top plate and running the length of
the chamber. They were located one at each side.

With a top enclosure temperature of ~r +450C,
"and a base temperature of ~ -450C, a sensitive
depth of about two inches was obtained and was main-

tained for several hour periods,
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Additional Note,

13

Range energy curves for N - and c12 were

deduced from the CY9 results by applying

R, E) = ﬁ" (—?Y Ry, (5 £).

in conjunction with the results due to Lillie for

B,
Zo
The effective charge ratio;zj was calculated
for B11 and 015 as a function of the ¢19 energy.

Z
These values of ~é; were then used In comparing
12

¢ with 1 and ¢Y2 to obtain curves for NL® and

012. The resulting curves are shovn in fig, /0.

Ranges measured experimentally were converted

to a range in alir at S.T.P. by -

pressure in chamber
atmos. pressure

Range in alr = Range in chamber =x

x 14

14,4
where 14 is the number of electrons associated with
nitrogén and 14.4 is the average number associated
with air, Thus the energy of recoils was obtained

directly from the computed curves,
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