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PREFACE

This thesis describes work carried out on the
photodisintegration of the light nuclei, helium, nitrogen
and neon, in the Natural rhilosophy Department of Glasgow

University, between October 1951 and September 1954.

Experiments on and theories of photodisintegration
are critically reviewed in Chapter I. The need for further
information on the photodisintegration of light nuclei and
on the emission of charged particles is found. The advan-

tages of cloud chamber studies are discussed.

The basic technique established by Mr. J«R.
Atkinson, Mr. J.M. Reid and M¥r. I.F. Wright, is outlined and
the photodisintegration of heliUm is briefly describved in
the second chapter. The author assisted in the preparation
for a‘second "run" with helium and did almost all the analysis,

The resulis wére interpreted jointly with Mr. I.F. Wright.

The photodisintegration of nitrogen qescribed in
Chapter III was next investigated by Mr. I.F. Wright and
the author jointly. The preparations for the experiment
were shared out between the workers, while the photography

and measuring of the films were performed jointly..

The photodisintegration of neon is describved in



Chapter 1V. This work‘was performed in collaboration with
ﬁ:. GeI. Crawford, lMiss . lMcClements, Mr. I. rreston and
Mre I.F. Wright. The technique was further improved by

Mre I35 Wright and the author. The preparation and
photography were carried out with lir. G.I. Crawford's
assistance., The analysis was initiated by the author and
performed latterly by Mr. GeI. Crawford, Miss M. HcClements
and Ir. I. Preston. The results which were interpreted
jointly, tested the charge independence hypothesis by means
of the isotopic spin selection rules as well as providing

further information on photodisintegration.

The range-energy relations employed were taken
from a review by the author of the range-velocity relations

for ions. This is given in the Appendix.

The author is glad to acknowledge the direction
and encouragement given by Professor P.I. Dee, Prbfessor
J.C. Gunn and Mr. J.R. Atkinson, He is also indebted to
iIr. JoMe Reidy Dr. K.G., Mc¥eil, Dr. D. Green and Ir. JeCa'We
Telfer for their unstinted help in operating the syﬁchrotron.
The author also wishes to thank the Department of Scientific
and Industrial Research for the award of a maintenance grant

which made this work possible.,



CHAPTER I,

REVIEW OF PHOTONUCLEAR EXPERIMENTS AND
THEORY .

l.1 Introduction.

After the successful operation of the Cockroft-
Walton accelerator, 1t was generally considered that the
nucleus could best be studled by bombarding it wlth particles
and observing 1ts modes of disintegretion. On the basls of
such partlicle-~induced reactlons seversl models of the
nucleus have been devised, but so far no one model explains
all the experimental evidence, A study of photo-nuclear
reactions yilelds further Ainformation of a dlfferent character
as the "absorptionﬁ of the radlation depends on electro-
magnetic rather than nuclear forces.

In the low énergy region (<50 MeV) the models
of the nucleus may be sappreciated by considering two rather
extreme examples, These two models differ in the description
of the motion of a nucleon in nuclear matter,

In the first case, the Independent Particle llodel,
each nucleon 1is considered to be able to travel appreclable
distances in nuclear matter before colliding with another
nucleon, being only slightly perturbed by the other nucleons.
Thus an incident particle can interact directly with a

nucleon and eject it from the nucleus, Assuming a mean free

path/




path for the incident partiéle for collision with a nucleon,
allows calculations of the reaction cross-sectlon, anguiar
distribution and energy distribution of the emitted particles.
Reactions in which several particles are emitted can be
described by considering the possibllity of each nucleon
colliding agaln (Goldhaber or '"ilonte Carlo! method). In
thls Ydirect! interaction the emitted particles will mainly
have high enérgies and the angular distribution will be
non-isotropic. Thus we can say the "mean free path",A, of
a nucleon in nuclear matter 1s long -— greater than or of
the order of the nuclear radius, R.

In the other case, the Collectlve llodel of the
nucleus, collisiohs between nucleons are very frequent 1l.e.
A 1s much smaller than the nuclear badius, R, so that an
energetic nucleon shareé 1£s energy among the other nucleons
very quickly. Thls intermediste state, called the compound
nucleus, can last for an appreciable time until the energy
1s so distributed that a nucleon or radlation can be emltted,
these processes being of & statistical nature. The essentlal
feature is that the state of the coﬁpound nucleus (its
energy, angulsr momentum and parity) gnd its manner of
re-emltting energy are both lndependent of its mode of
formatlon.

A compound state with an energy, E, distributed

smong/



among the colliding nucleons untll one has sufficient
energy to be emltted, may be likened to the surface of a
liquld at a high temperature 1n which the molecules are
colliding with one another until one has enough energy

to escape. Thus the decay of the compound nucleus is
similar to the 'evaporation! of nucleons according to the
nuclezar 'temperéture' and the energy dlstribution 1s app-
roximateiy laxwellian except that transitions to the ground
state or to the firsf few exclted states of the product

nucleus wlll eppear as disdrete resonances,

The assumptionson which this model 1s based, are
that the energy 1s nottoo high (<50 Mev) and that the mean
free path 1s much smaller than the nuclear radius. Thls
latter condition implies that the nucleons interact strongly
with very short range forces so that an incident particle
has seversl coilisions and loses 1ts energy ln a short
distance in nuclear matter, Bohr's liquid drop model is
similar &s it has short range internal forces and shows
saturation effects. This picture is in contrast to the
Independent Particle ilodel in which the forces between
nucleons are weak and long range and 1t 1s assumed there
are correlations between nucleons,

Early work on the radlative capture of neutrons

favoured the compound nucleus theory (e.g. Feshback and

Yelsskopf/



Weisskopf, 1949) in which the total capture cross section
decreases montonically with energy, tut more detalled ex-
periments revealed a considerable number of "undulations"
varylng systematically throughout the Perlodic Table., In
view of this, Weisskopf and his co-workers (Feshbach et.al.
1953) assumed an optical model of the nucleus in which the
incident neutron was only slowly absorbed in the nucleus,
The 'undulations! were then accounted for by the interaction
of the incoming wave with the wave of the nucleon 1n nuclear
.matter. This 'gbsorption! requires a very much longer mean
free path of the nucleon in nuclear matter, the actual
value being 2 x 10'120m. This implies that the particle
can exist for an appreciable time in the nucleus as an
"independent particle" until, after several collisions, =&
compound nucleus state is formed.

Further- support for the Independent Particle
[lodel 1s the success of the Shell llodel. It was observed
that when the number of neutrons or protons in the nucleus
was one of the "magic" numbers, 2, 8, 14, 20, 28, 50, 82
and 126, the binding energy‘of that nucleus was very low
(e.g. He4, 016 ena 5128 are doubly megic i.e. N=Z=magic
number, and are very stable). Other evidence (not all
independent) 1s that the magic numbers sppear in the number
of 1sot0pesland isotones occurring for a "magic" Z and N

respectively/



respectively; the abundance of the elements in nature;

range of radioactive alpha particles; energy of beta-ray
emitters (these above all depend on the low binding energy);
density of levels, which also leads to minima in the cross
sectlons for (n,y) reactions; spin; magnetic moment; quad-
ruple moment of nuclel,

In the Shell liodel 1t 1s assumed that there exlst
orbits in the nucleus with well defined quantum numbers,
This 1s only possible 1f the nucleon can travel appreclable
distances in the nucleus unperturbed by 1ts nelghbours, 1l.e.
that the mean free path is long. This model agalin neglects
correlations between nuclel and surface effects.

Thus the present position is that there are several
nuclear models, all of wnich have theirAsuccesses -— and
their fallures. The two main descripfions are firstly,of
a collective motion of the nucleons and secondly, of each
nucleon moving independently and only slightly perturbed
by its neilghbours,

The experliments in photodisintegration performed
to date wlll be initlally reviewed and an experlimental
description of various reactlions wlll be buillt up and com-
pared with the detailed theories of phtodisintegration.
These theorles .are based on the models described ébove,
and it will be shown that when more experiments have been

performed/



performed i1t should be possible to declde between them.
Experimental measurements of (X,n) reactions will
be consldered first, as most work has been done on them and

a8 they are the most probable photo-reactions for medium and

‘heavy nuclel aa the enisslon of charged particles 1s inhibited

by the Coulomb barrier. Results for (y,p), (y,x), (y,d),
(X’X) and other reactions are then considered successively
and an experlmental plcture of photodisintegration is con—
structed. This plcture is compared with the various theo-
retical predictions and explanations based on the models
described above.
The need for experliments on the photodisintegration

of 1light elements 1s shown and in partilcular the advantages

of using a cloud chamber are demonstrated.

1.2, Gamma—Ray Sources |

Photodisintegration studles are severely limlited by
the lack of well calibrated gemma-ray sources, Up to the
present, only two methods of producing gamma-Pfays have been -
used.,
(a) Gamma-rays from nuclear reactions,

Apart from early experiments on the photodisinte-
gratlon of the deuteron which has an extremely low
threshold (2,23 Mev) so that natural radio-active y-rays
could be used, almost the only y=-ray source enployed
has been the 17.6 lieV y-rays from the L17u;p)reaction.

This/
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I.3.

Thls reaction also emits 14 and 12 eV y-rays which
compllcate the interpretation of the results. The
early experiments (before 1948) were performed with

the L1 (py)-rays.

A source of y-rays with a continuous energy spectrum
was provided by the development of hiégmg ectron accel-
erators (Betatron, synchrotron and linear acceleretor).
The electron beam strikes a target made of materiel of |
a high Atomic Number and emlts bremsstrahlung. Although
these machines can produce X-rays of any deslred energy,
the shape of the energy spectrum is not well known.

This 1s discussed 1n more detail below,

Recently there have been reports of a photon
monochronometer. The energy of the recoll electron is
measured and from thls, the energy ot the photon pro-
duced can be calculated, Using a very fast colncldence
circult, the reaction induced by this photon, can be
studled, The resolving time requlred is so short and
the X-ray besm has to be run at such low intensity that

thls technique has hot been spplied yet.

Gamma-Neutron Reactions

Experiments on (y,n) reactions will be classified

into two main types —=- measurement of the radloactlvity of the

product nucleus and measurement of the neutron yielq. A

number of related meamsurements have been made which provide

useful/ .



useful checks but little else,

(a) Measurement of the Radio-Active Product.

In (ysp)s (yspn), ()sd) and (y,~) reactions in natural
elements, the product is usually stable but in (}(,ﬁ) and ((y,zn) reactions
the product nucleus is normally unstable and measurement of its beta-
activity allows the reaction cross section to be measured, The great
advantage of this method is that since the counting is done after the
beam has passed and when the background is small, whereas other
techniques involve counting when the X=ray beam is passing so that the
background of photons and electrons is large, The method is then to
measure the yield of the uﬁstable product nucleus at successively
higher peak emergies of the bremsstrahlung == usually in half MeV
steps,

The X~-ray beam is passed through a monitor and through the
sample in front of which is an absorber (e.g. 4 cms, of Lucite) which
is chosen such that the photon beam is in equilibrium with its sec-
ondary electrons (this allows the energy response to be calculated
simply), The sample is removed and its induced X—a.ctivity is measured,
A standard Victoreen r-meter is put in place of the sample and the
monitor is calibrated in terms of it, Corrections are made for geo=-
metrical effects, self-absorption and backe-scattering - these
corrections are often large, This procedure is repeated at other
energies and the activity curve as a function of the peak X-ray is

then constructed,
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The normal method of calculating cross~sections used is
the "photon difference" calculations of Katz and Cameron (1951),

If the normalised activities are Ay, Ay, +e....., at energies
El’ Egs eccecccony where E , is the reaction threshold and if Pﬁj

is the number of photons in the energy interval centred on Ei , where
=2

E:j is the peak X-ray energy then,

where 0, , 9 5 seseesss 5 are the cross sections averaged over the
2 2 '

intervals Eo to El’ E1 to E2; escssseessss Solution of these equations

gives the cross sectional values,

“This method of obtaining cross sections is liable to large
errors although the activity'measureménts are quite accurate statise
tically (3%).

This can be seen by considering the graph of cross section
with energy as the "differential® curve‘dbtained from the "integralM
curve of the activity measurements, If one value of the cross section
has been over-estimated, this will affect the succeeding values the
next one being too low etc. so that the values will oscillate e.g,

Fig, I.1 for Ne(x,n). The integrated cross section will, however,

only vary slightly,

LS



1J

Katz and Cameron (1951) have used an "improved" method in
which the activity curve is not now drawn through the experimental
points to give the best fit, but is chosen to be such that its first
and second derivations are continuous, This certainly avolds any
oscillations of the cross section measurement but is really only pre-
venting the errors of their method appearing in the final graph,

It will be noﬁed that this technique ahd method of analysis
tends to conceal the existence of any "fine structure® or levels that
may exist,

However, it was found by the Saskatchewan group (Katz et. al,,
1954, Goldemberg and Katz, 1954) that when the activity curve is measured
in veﬁy small energy steps (5 KeV) the yield curve exhibited very
definite 'breaks', which could be interpreted as energy levels, This
was only possible due to the exceptional energy stability of the
betatron (<5 KeV daily),

The toreaks! occur at different energies for different targets
thus showing that they were not due to machine irregularities,

| The Saskatchewan results for 016(K,n)015 have been confirmed
by other workers £PEnfold‘and.Spicer, 1955, and Collie, 1954),
The success of this method was rather surprising but is now

considered definite,

(v) Neutron Yield Measurements.

The advantage of measuring the yield of photoneutrons directly



is that reactions in which the end-products are stable can be studied,
This method has the disadvantage that neutrons are sometimes counted
from several reactions e.,g. one count would be received from (r,n) or
(X3pn) and two counts from (X);n)Areactions. Another difficulty is
that the neutrons are being recorded while the X-ray beam is passing so
that it is difficult to separate photoneutrons from the target from
background events,

The most widely employed method was to sldw down the neutrons
from the target in a paraffin box and then measure them by the activity
they induced in a Rh, foil (Price and Kerst, ;950) or by means of BFB
counters (Montalbetti, Katz and Goldenberg, 1953), Jones and Terwilliger
(1353), Nathans and Halpern (1954), Neutrons from other directions were
C or Cd foil, The calibra-

/A
tion of these measurements was not exact so that while the relative

slowed down by paraffin and captured with B

measurements of any one group are reasonably consistent, the absolute
values are in doubt,

It was frequently found that the neutron yield cross secticon
could be interpreted as the summation of two reactions, With a
Judicious use of reaction thresholds and subtraction of previous (y,n)
measurements it was possible to obtain estimates of (y,pn) and (X,Qn)
reactions,

The variation of cross section with energy was obtained as

before and so was subject to appreciable absolute errors, As the

(yspn) and (y,2n) cross sections were cbtained by subtraction the



errors in them were appreciable,

The energy distribution of the photoneutrons cannot be
measured by this method, Angular distributions canr‘lot be measured with
the BF3 counters due to their large size, but Price and Kerst (1950)
have obtained some angular distributions with their émaller Rh foil,
Poss (1950) has measﬁred the angular distribution of high energy
neutrons, detectiﬁg them by the activity they produce in an aluminium
foil by the A1%7(n,pMMg®’ reaction which has a threshold of 4.6 MeV.

Energy -and angular distributions have, however, been obtained
by observing recoiling protons in photographic plates but background

neutrons may yield anomalous results e.g. see Section III.5,

(¢) Results for the (y,n) Reaction

The early experiments of Bothe and Gentner (1932) using 17,6
MeV gamma rays gave large variations in yleld, The experiments of
Baldwin and Klaiber (1948) using a betatron then showed that in all

elerients, there existed a large maximum in the cross section at about

15 to 20 MeV, which was several MeV wide, This was called the "Giant

Resonance', The fact that this giant resonance appeared to occur with
all elements suggested that this was a fundamental property of the nucleus
and resulted in many more experiments being performed, The experimental
conclusions ares

1) There exists a giant resonance in all photoneutron reactions.

2) The giant resomance has been found to be symmetrical in ail cases
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except for ct? and Fe54 which have high (y,n) thresholds,
3) The energy. E,s at which the (y,n) cross section is a maximum, varies
uniformly with A as shown in Fig, I.2. Nathans and Halpern (1954) found

that 0,186+ 0,011
E, = 38,5, 4 " = "°

while Montalbetti et, al, (1954) gave

By = 37 x A~Cel84
The errors in the measurement of E, are appreciable (e,2. see Fig. I,1)
andA the errors in the powers of A do seem optimistic e.g. it has been
suggested that E is constant for low»values of A.v '
4) As shown in Fig, 1.2, Ej has va constant value above the (y,n)
threshold energy Ei,o This agreement, however, is probab‘lyA fortuitous,
5) The width, I', at half-maximum of the giant resonance is normally
about 6 MeV, but it was noted by Nathans and Halpern (1954) that when
the number of neutrons was megic (i.e, with Carbon, Vanadium, Columbium,

Lanthanum and Bismuth)_, the giant resonance is much narrower, It has

also been found that " is less for the light elements as shown in Fig, I.3.

6) The integrated yields, f o dE, are a smooth function of A except
that the (y,n) yleld in Nickel is low, The N*(y,n) yleld was also
found to be anomalously low, as shown in Fig, III,1, It is expected
from the Sum Rule, see Section I,10, that the integrated yield should be
a function of %Z'. A plot of ﬁ is shown in Fig. l.4., It was found

that the light elements fell well below the expected values, This' can
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be explained by considering (x,n)_to be the dominant reaction for

elements with high Atomic Numbers where the Coulomb potential barrier
prevents the emission of charged particles, whereas the (X;n) is only

one of a number of photo~reactions for light elements,

7) The peak cross section, ¢, , is a smooth function of A (as would be
expected from the A - dependence of E , ' and Jo;dE). This is shown in
Fig, L5,

8) The yield of neutrons from U and Th is anomalously large, This is

due to the additional process of photo=fission occurring,

9) The cross Section generally rises rapidly near the threshold to about
io% of the peak value, This is found especially with the heavy elements,
10) Above the giant resonance the cross section falls and then gradually
rises due to interactions-with the mesonic field, Perlman and Friedlander
(1948) and Jones and Terwilliger (1953) found the cross section relatively
small up to 100 MeV although the contribution of 30 - 100 MeV quanta to
the integrated cross section is not negligible, There is some evidence,
Sagane (1951), that in light elements the (K,n) cross section only falls
slowly above the giant resonance, but the absclute values are not reliable
as the shape of the bremmsﬂrahlung sbectrum is not well known at high
energies,

'11) Byerly and Stephens (1951), measured the energy distribution of
photonsutrons from Coppef by observing the proton recoils in photow

graphic plates, They found reasonable agreement with the predictions

of the Compound Nucleus theory except for an excess of high energy neutrons,



12) Kerst and Price (1951) and Jones and Terwilliger (1953) made crude

measurements of the yield of neutrons of all energies and found

approximately isotropic angular distributions except perhaps with C and A,
Poss (1950) measured the angular distribution of neutrons of

energy greater than 4,6 MeV and found an excess of neutrons at 90° to

the beam direction while Geller, Halpern and Yergin (1954), using a fast

neutron, lucite =ZnS detector found no significant anisotropy.

13) The (X,2n) and (y,pn) cross sections have generally been found to

be about 10 to 20% of the (y,n) cross sections, This is more than ex~

pected from the Compound Nucleus theory,

I.4. Photoproton Reactions,

(a) Experimental Methods

4In the majority of cases the residuai nucleus formed after
a (U,p) reaction in a stable nucleus is also stable and for this reason
very few experimental results have been obtained using the radioactive
product method,

FPhotoproton yleld measurements have been made by two methods,
using ZnS scintillators and using photographic plates, With the former
method the counting had to be done while the beam was passing and as a
result it was found that the M"pile=up" of electron pulees constituted a
large background to the proton pulses, Energy and angular distributions

have not been obtained using this method,



The great advantage of photographic plates is that energy and
angular distributions can be obtaiﬁed but only with re;sonable accuracy
when very large nunbers (105) of tracks are measured, Due to the
electron background the plates could not be placed in the beam with
the result that the origin of the event was not seen and it was diffie
cult to distinguish photoprotons from (h,p) reactions, Some doubtful
results have been obtained using this method as is discussed in Section

IT1.5.

(b) Results

The first experiments were performed by Hirzel and W#ffler
(1947) who measured the (X,n) and (y,p) cross sections for 17,6 MeV
gamma rays in neighbouring isotopes, They found the ratio of the cross
sections was about unity for light elements but then the (y,p) cross
section fell to 0,02 of the (y,n) cross seétion at Z = 50, This value
of 0,02 was much larger than that predicted by the statistical model of
Weiskopf and Ewing (1940), The experimental results may be summarised
as follows, |
1. It has been found e,g, Weinstock and Halpern (1954), that the
giant resonance also occurs in all (g,p) reactions, The energy, Em;

of the peak cross section and the width, [', of the giant resonance

were found within the experimental error, to be the aame as those for

the (y,n) reaction in neighbouring elements,

2., The integrated (X,p) cross section has a maximum at Z = 28, i.e,



nickel, drops rapidly to Z = 50 and then falls slowly with increasing
Atomic Number, The existence of a maximum was expected due to the

effect of the Coulomb barrier,

3, The ratio of the (fy »P) to the (X sh) cross sections is about unity
for low values of Z and falls to 0,01 for large values of Z, These
latter values, although small, are much larger than those calculated from
the Compound Nucleus model by a factor of 102 to 103 o

4e Considering the light elements in detail, the ratio of the (ysp) to
the (X,n) cross sections fluctuates and with aluminium the (y,p) cross
section was found by Diven and Almjy (1950) to be greater than the (X,n).
5¢ Energy distributions of the photowprotons obtained for medium and
heavy elements showed that on comparison with evaporation gpectra, the
main peak had the expected shape but there was an excess of high energgy
protons, Also it was found that while the angular distribution was
isotropic for the large number of low energy protons, the high energy
protons were peaked at 90°, (Diven and Almy 1950, Byerly and Stephens
1951, Towns and Stephens 1954), Later Russian experiments (Leikin,
Osokina and Ratner (1955)) in which very large numbers of tracks were
measured, shored that with copper the energy distribution of protons
emitted at 28° and 152° to the X«ray heam was consistent with the
evaporation sﬁectrum, while the tracks at 90° gave an energy distribution
having an excess of fast particles, The angular distributiozi of the

2

high energy protons was given by a Sin “@ law for copper, but was found



to be isotropic for nickel, This difference was partly explained

by them on the basis of the shell model,

I,5, The (y,Y) Reaction

Fuller and Hayward (1954) have measured the elastic photon
scattering cross section, Using a large Nal crystal they measured only
those photons in the upper 10% energy bin of the betatron spectrum, first
in the beam (the output being greatly reduced) and then at 120° to the
beam, They found that the plot of the (Y’X) cross section against energy
had two peaks, The fall=off of the first peak occurred at the (y,n)
threshold, The sum of the (y,y) and (ysn) cross sections was a smooth
function of the energy, suggesting that the falleoff was due to competition
with the (K,n) reaction while the total photon absorption cross section
was a monotonic function near the (y,n) threshold,

The second peak of the (y,}) cross section curve occurred at
the same energy as the giant resonance as measured by the (y,n) reaction,
The ratio of the (5,5) to the (K:R) fross sections varied from 0,087
for Carbon to 0,018 for Uranium, As the (¥,n) cross section is almost
equal to the total photon absorption cross section for medium and heavy
elements and is about half the total cross section for light elements,
this result means that the (Y, )) cross section is a constant fraction
of the total cross section for all elements, These results support the

model in which following photon absorption a compound nucleus is formed

and then gamma=-emission competes unfavourably with particle=emission,



Other experiments on the (X,J) reaction are very few in

number and are generally consistent with the above results,

1,6, Photodeuteron Reactions

The little information that is known about this reaction has
come from photographic plate work, Byérly and Stephens (1951) measured
the range of tracks of charged particles from copper and on the assumpie
ion that they were all photoprotons obtained an energy distribution with
two peaks at 2% and 4 MeVy They suspected the lower energy peak might
be due to deuterons and on performing a grain count obtained a clear
separation of alpha tracks and a more doubtful separation of deuterons,
This gave an unexpectedly high ratio of one deuteron per 3,24 protons,
It is possible that shrinkage of the emulsion near the surface would
give the low energy proton tracks a higher grain count and lead to their
identification as deuterons,

Toms and Stephens (1954) searched for photodeuterons from
Cobalt by grain counting in a manner similar to Byerly and Stephens but
could not find any evidence for deuterons, In view of the uncertainty
of this type of work, e.g. that the origin of the event is not visible,

no definite conclusion can be reached,

I .7. LY, 0() Reac'hions

Few measurements have been made of the (K’°Q reaction for a
number of reasons:

(1) the product nucleus is generally stable so that the radio=active



product method cannot be used,
(2) due to the Coulomb barrier, the yield of alpha particles is very
small so that counters cannot easily distinguish them from protons or
the buildeup of the electron background,
Hence the measurements have been made using photographic plates,

In the (Y’d) reactions produced in Cabalt, Copper and Bromine
(Toms, Gerado and Stephens 1954; Byerly and Stephens, 1951; Nabholz,
Stoll and W&ffler 1952,respectively) it was found that the alpha yield
was about a tenth to a hundredth of the photoproton yield; The (X’“)
cross section was rather higher than that expected from the statistical
theory but agreement could be obtained by using a larger nuclear radius,
For copper,the alphas had an approximately isotopic distribution as would
be expected from compound nucleus theory but the statistics were not
good,

The 0*%(y,)c'? reaction has been studied by Miller and Cameron
(1953) and Nabholz et, al. 1952, The results were inconsistent, The
formef claim to be able to separate (X;d) events in Hl4 from those in
dlé but the rangeeenergy relation they use is not in agreement with
other workers, possibly due to the underdevelopmsnt of their plates,

The {},x) reaction in C1? i35 observed as clz(x,ad) due to

the instability of Be8 and is discussed below,

I.8., Other Photonuclear Reactlons

The Clz(y,BaQ reaction has been extensively studied, especially



by Goward and Wilkins (1953)., It has been shown that the reaction

pfoceeds mainly through excited states of B68

o The clz(k,B&) cross
section has two asymetrical peaks at 18,3 and’29.4 MeV and possibly other.
maxima, The fall in cross section near 19 MeV 1is probably due to compe=
tition with the (K,p) and (X,n) reactions whose cross sections are
consistent with this compound nucleus theory,

Wilkins and Goward (1953) found that when the energy of the
incident photon was above 26 MeV, most of the reactions went through
levels in Be® ;:;F;G.B and 17,6 eV, This result and the existence
of the second maxima of the Clz(y,Ba) cross section at 29,4 MeV can
be explained as the operation of isotoplc spin selection rulgs. This
reaction is discussed in Section I.10,

Thg o016 (X’4d) reaction which also produces easily distinguishe-
able events in irradiated photographic plates, has been widely studied
(e.gs see review by Titterton, 1953), The existence of resonances in
| dl6 has been indicated and fhe reaction has been shown to proceed through
excited states of C12,

A few examples have been found in photographic plates of the

following reactions in nitrogen, N14(y,d)3«, NIA(X,ﬂgOLié, N4y ,np) 3,

14 | |
N (ygpa)Beg and NlA(Y;2P)Blz, but not all of these reactions are
definitely established.
The Li7(5,'b)He4 has been studied by Titterton and Brinkley,

1953, who found evidence for the resonance absorption of the gamma rays,



I.9. Summary of the Main Experimental Results

The experimental data has been mainly obtained for the (X,n)
reaction and the generalised results are mainly for this reaction and
to a lesser extent for the (K’p) reaction,

There exists a giant resonance in‘all photonuclear reactions,
The properties of the giant resonance can be expressed with few excepte
ions as a continuous function of the Atomic Weight, It is not known
whether the giant resonance is in fact a simple resonance or whether it
~ is composed of a group of energy levels whose individual character cannot
be recognised due to the lack of accuracy of the present experimental
methods,

For medium and heavy elements the photo-yield of charged
particles is small relative to the neutron yield, dus to the Coulomb
-barrier, bux this yield is nevertheless much larger than that expected
from compound ‘nucleus theory, |

For light elements the yield of charged particles is known to
be as large and in some cases larger than the phétoneutron yield but few
experiments have been done on such reactions,

Few experimental measuremenis have been made of the energy and
angular distributions, but those obtained indicate that in general, the
compound nucleus model will explain most of the results except that there
appears to be an excess of high energy particles which have an asymmetric
angular distribution which would be expected on an Independent Particle

Model,



In several of the reactions in Section I,.,8 and in some
(X,n) reactions, the photodisintegration has been shown to go through
energy levels and these intermediate states could be the compound

nuclei of that theory,

I,10 .Photodisintegration Theories and Calculations

(a) Sum Rule Calculation

In addition to the two models of the nucleus described in
Section 1,1, (1i.e. the Collective Model and the Independent Particle
Model), Levinger and Bethe (1950) haveAcalculAted the total integrated
vield of photodisintegration reactions using the Sum Rules, They showed
that photo~absorption was mainly by electric dipole transitions while
magnetic dipole and quadrupole absorption was an order of magnitude less,

Levinger and Bethe translated the classical calculation of
the electric dipole absorption of electromagnetic radiation by a charged
simple harmonic oscillator, into quantum mechanics and found an integrated

cross section of

NZ .
int = 0,06 T~ == 0,015 A MeV bms

As this calculation neglects the neutronwproton exchange forces,

Levinger and Bethe (1950) later modified their calculation to the form

Oipt = 04015 A(L  0.8x)

where X is the ratio of exchange forces to the twoebody neutronsproton
force, This calculation is independent of a nuclear model except that

a degenerate Fermi gas was assumed in calculating the exchange factor



of 0,8, These calculations neglected mesonic effects,

In Fig. 1.4 the (K,n) cross section integrated to 24 MeV,
is divided by %? and plotted against the Mass Number, It can be seen
that reasonable agreement is obtained for high mass numbers where the
total photodisintegration cross section for all reactions is comprised
almost entirely of the (y,n) cross section, Agreement is not good at
lower mass numbers as the (X,p) and other reactions have appreciable
cross sections, However, Halpern and ﬁann, (1951), showed that the sum
of the integrated cross sections fof the (X,p) and Q{,n) reactions for

eight elements from Mg to Zn was approximately proportional to %?.

Attempts have been made to compare theory and experiment to
evaluate the neutroneproton exchange factor,X , but the difficulty is
to deéide the upper 1imit of the integration, The value of 24 MeV
has been chosen as it was often the maximum energy experimentally availe
able but it is almost certainly too low as it excludes part of the high
energy %"tail® of the giant resonance, On the other hand the value of
80 MeV which has also been used,is probably too high as mesonic effects,
excluded in the theory, appreciably effect the cross section, In Fig,
I.4 the two horizontal dotted lines correspond to x values of nothing

and one,

(b) Calculations Giving Ey,

Earlier theoretical calculations were directed to the pre=

N

diction of a giant resonance, proving that the energy E;, at the cross

~ R



: -1/
section peak was proportional to A , approximately, and then to

obtaining quantitative agreement with the experimental relation,

B, = 38, 4~0-165

In these quantitative calculations, the parameter r, is

involved and it is given by the expression:
R = r,x IOf12 A;[écm

for the nuclear radius, R, Earlier experiments gave r, = 1,5 but later
work has favoured r, = 1,2,

Goldhaber and Teller (1948), were the first to use a Collective
Model of the nucleus, They considered three cases of electric dipole
absorption in which the centre of mass is fixed but the centre of charge
oscillatest~
1), Each nucleon oscillates about its equilibrium position,
2). The protons and the neutrons oscillate against each other as two
compressible fluids,

3)e As 2). but the two fluids are incompressible,

They found that the energy, E , of the peak of the giant
: -4 Y
resonance varied as A, A and A respectively in these models, As
the third case gave the closestagreement with the experimentally found
index, it was developed to give numerical values of E, in agreement with

experiment, but it is difficult to believe this model,



Steinwedel and Jensen (1950) and Danos (1952) developed
Goldhsber and Teller's secord case and found E = g—z- A"‘]/ﬂ MeV,

Reasonable agreement with'experiment is obtained if Ty = 1,2
is taken (the authors actually assumed r, ™ 1442). The integrated cross
section, O3jnt, was calculated and found to be in agreement with the
sum rule limit,

Ferentz, Gell-Mann and Pines (1953) assumed a plasma oscillate
ion of the neutron and proton fluids and found E, = €0, ATJ%E MeV and
obtained agreement with the sum rule limit for J3,%.

Thus all the above Collective Models obtained reasonable values
of Em although they neglected any démping fdrce oﬁ the simple harmonic
oscillator,

Two main calculations using the Independent Particle Model were
made by Reifman (1953) who assumed an infinite square well and found
E, = 83, A']/3 MeV for r = 1,2 and Burkhardt, 1953, who assumed a finite
square well which was adjusted to give the observed binding energy, He
perforned a detailed caloulation for Cué® and on finding B, = 9 HeV,
declared that I,P.M, was inconsistent with the experimental results,
However, Levinger (1954) states that on uéing a smaller value of r, and
including the effect of exchange forces, Burkhardt's calculations can be'
brought into agreement with experiment,

Thus it is possible to fit both types of theories to the

experimental results for Em by a suitable choice of parameters,

-



Calculations of other parameters such as the harmonic mean
energy, can also be made to agree with experiment but these experimental

values are not well defined,

(c) Direct Photodisintegration

If it is assumed that following photo-absorption, a compound
nucleus is formed and that statistical theory may be employed to calcu=
late the modes of de-excitation of the nucleus, then the results obtained
are not all in agreement with experiment, In particular the ratio of the
number of protons to the number of neutrons from medium and heavy elements
is larger than expected; the yield of high energy protons and neutrons is
greater than predicted, and these particles do not have isoﬁbpic angular
distributions as would be expected from the decay of a compound nucleus,

The statistical calculations were repeated using a different
level density formula (Schiff, 1951) and different nuclear radii but it
was not possible to obtain agreement with experiment,

Calculations by Courant, (1951), using an Independent Particle
Model have been more successful, He assumed a square potential well and
independent wave functions for each nucleon, After a nucleon has absorbed
a photon it may be emitted directly or after a few collisions or secondly,
it may make many collisions so that a compound nucleus is formed which
then decays as iﬁzhanner given by the statistical model. The directly
ejected particles would account for the excess of high energy particles

with an anisotropic angular distribution, The ratio of photoprotons to



photoneutrons is higher with this model but is still less than that
found experimentally, However, this ratio is increased 1f the square
well is replaced by one having a wine bottle shape or if an alpha particle

model is assumed or if a lower nuclear radius is used,

(d) Wilkinson's Shell Model Calculations

Wilkinson (1954, 1956) using the Shell Model, was able to
calculate most of the parameters that have been measured experimentally,

He considered that the gamma quantum is absorbed by a nucleon
which is raised to a single~particle state. He assumed that the momentum
of the quantum is small so that the momentum of the final state is the
same as that of the initial state, The interaction of the gamma-quantum
with a nucleon is assumed to take place not only with the outer or
tvalence" nucleons but also with those in the core, so that there are a
large number of single-particle states that can be produced, These states
could be considered individually on the Shell Model but it is easier to
consider their sumed effect from which the major parameters of the giant
resonance can be found, The fact that there are a large number of final
states would mean that the giant resonance would have a "fine structure®
as has been suggested experimentally (Montalbetti et, al., 1953 and
Nathans and Halpern, 1954). Some of these excited states will lie in
thethe continuum so that they can emit excited micleons and this could
be used to explain the emission of an unexpectedly large number of high

energy nucleons,



In considering the relative probabilities of the different
transitions, Wilkinson found that in the absorption of the gamma-ray
into closed shells, strong electric dipole transitions were obtained
whose total cross section was about the same as that given by the
Dipole Sum Rule, Further these strong transitions clustered about one
energy and therefore may be expected to form the giant resonance,

As the giant resonance consists of a number of "resonances®,
it may be expected to be unsymmetrical in some cases, Such results
have heen found but the experimental errors were large,

The greatest difficulty in Wilkinson'!s theory is that unlike
other theories, the peak energy, E , of the giant resonance is not in
good agreement with experimental fesults.- However, it is possible that
by introducing a velocity-dependent potential and/or other devices,
agreerent could eventually be obtained,

The width of the resonances due to transitions from closed
shells may be expected to be about 3 to 5 MeV but as the width of the
weaker transitions involving valence nucleons is much greater, the total
width of the giant resonance will norma11§ be about 6 to 8 MeV, Howevever
for those nuclei in which all the shells are closed, the/width will have
a minimum value of 3 to 5 MeV, This effect, which is clearly predicted
by this model alone, had previously been noted experimentally (Nathans

and Halpern, 1953),

To derive the energy distribution of the emitted nucleons it



is assumed that after the single-particle state has been formed, this
nucleon mgy interact with the rest of the nucleus to form a compound
nucleus,. whose mode of decay can be found from the statistical theory,
or the nucleon may be emitted directly. To this latter process the
name fresonance direct" has been given as it differs from the collective
model "direct® process described in (c) above in tﬁat these "direct"
nucleons would not be expected to displgy a giant resonance, The
“resonance direct" process is preferred from the work of Ferrero et,
al., 1956, who found by use of threshold detectors, that the fast
photo=neutrons from 31209 exhibited a giant resonance., The calculations
of the energy distribution of the neutrons and proﬁons and of the ratio
of the yield of protons to neutrons in heavy elements were found to be
in g§od agreement with experiment,

The angular di stributions of the photoe~neutrons and photo=

protons will be anisotropic, of the form

1 2
1+-2'.(1*7 ) Sinz.e

for transitions from the { orbit, Summing over all shells, then for heavy
nuclei,the neutron angular distribution would be 1+ G,7 Sin2 @ while the
proton angular distribution would be 1+ 1,4 sin® €. Similar angular
distributions have been found experimentally, e.g., Ferrero et, al.

1956, found 1+ 0,9 Sin? 9+ 0,2 Cos 6.

(e) Conclusion

A variety of calculations based on Collective Models and on



Independent Particle Models have been proposed, All can provide values
in agreement with experiment for the integrated cross section and all
except'Wilkinson'é Shell Model, for the peak energy, E . Thus, in
general, the major parameters of the nuclear photo-effect can be
described but the "secondary" ones such as the excess of high energy
photonucleons, can only be explained onﬁﬁilkinson's theory,

It should be noted that these theories are mainly applicabie
to nuclel containing large nuﬁbers of nucleons and that 1little is known

about the detailed behaviour of photo=reactions in light nuclei,

I, 11 TIsotopic Spin Selection Rules

If it is assumed the forces between nucleons are independent
of the charges of the nucleons, then it is possible to consider neutrons
and protons as two possible "states" of the nucleon, These "statesh
are distinguished by introducing a further quantum number called the
isotopic spin, The nucleon has an isotopic spin, T, of %while the
neutron and proton have in the direction of the z - axis, isotopic

1 .
spins of Tz = = /2 and T, =;+1/2 respectively, A nucleus will then have

Z =N
2 .

Radicati (1952) showed that for light nuclei, the total

a Tz value of

isotopic spin T is conserved in reactions involving particles: it is
not necessarily eonserved in reactions involving photons as the

electromagnetic interaction is charge dependent, However, he deduced

the following selection rules for the latter reactions:-

e



* When T, = O, then the change in isolopic spin AT = 0,* 1
for all multipolarities,
When T, = 0, AT =t1 for electric dipole transitions,

Hence for nuclel with N =7, i,e, T, = 0, electric dipole

z
transitions between states such that AT = 0, are forbidden, As the
ground state of such selfe-mirrored nuclei have T = O, this means that
E.D, absorption cannot occur unless the photon has sufficient energy

to form T = 1 states of the nucleus, This is important as Levinger and
Bethe, (1950), have shown that photon absorption is almost entirely
through E,D, transitions so that the states formed in self-mirrored
nuclei will be mainly T =1, Deuteron and alpha particle emission from
these states will be inhibited by the conservation of the total isotopic
spin since the ground state of the product nucleus will also have T = 0O,
Thus the (X ,d) and ((Y"") reactions in self-mirrored nuclei will generally
have a small cross sectior?i%ggg the photon has sufficient energy to
excite T = 1 states of the product nucleus. A demonstration of this

occurs in the 012

(X’B"() reaction when the cross section suddenly rises
above 26 MeV due to the fact that it is then energetically possible to
form the T = 1 states of Bea.

Gell-Mann and Telegdi (1953) discuss other theoretical |,
examples of the operation of the isotopic spin selection rules, It
should be noted that at higher energies and at higher atomic numbers,

the energy levels are close together and overlap so that the states

are not pure and the rules are not absolute,



I, 12 Discussion

From the experiments described above, it can be seen that
a considerable amount of information has been obtained on the (y,n)
reaction in medium and heavy elements and a moderate amount on the
(J:P) reaction, mainly in medium elements, It is therefore clear that
further experimental results are required on the (J,p) reaction in.
light elements, Results obtained from such experiments would be of
theoretical use as the theories up to now have tended to be mainly con=
cerned with nuclel containing large numbers of nuclecns and no detailed
predictions have been made about photodisintegration in light elements,
In addition to the (X,p) reaction, further information is required on
the emission of charged photoeparticles as few such experiments have
been performed, |

The isotopic spin selection rules are expected to affect the
yield of charged particles from 1light elements and hence a study of
these reactions should allow the applicability and validity of these
rules to be tested,

The cloud chamber technique is particularly suited to this
type of study as it is possible to fill the chamber with a light element
in gaseous form, pass a pulse of X-rays from a synchrotron through the
chamber and then observe the tracks of the charged photo=particles pro-
duced, There will be a 1a¥ge number of light electron tracks but the

heavy tracks of the charged photo-particles can be distinguished from



this background if the Xeray output is not too high, This is a
distinct advantage over the counter method as a counter has difficulty
distinguishing between single large pulses from a photoproton and the
pile=up® of large numbers of small pulses from electrons,

The feasibility of this cloud chamber technique was demonstrated
by Gaerttner and Yeater, 1951, but tﬁey did not analyse their photographs
fully, only counting the number of events in which the resultant
momentum went forwards in the X-ray beam direction and the number in
which it went backwards, thus obtaining an estimate of the propertion
of reactions in which neutrons were involved,

It is interesting to compare the cloud chamber method with
the use of photographic emulsions, The cloud chamber is placed directly
in the X«ray beam so that the origin of the event can be seen and there=-
fore all the charged particles emitted from that event can be observed,
Also it is in general, possiﬁle to distinguish a'photonuinduced reaction
from a neutron-induced one, The photographic emulsion is generally only
placed in the beam when easily identifiable reactions such as the three=
rronged stars from Clz(x,Ba) reactions are to be studied, In most
experiments the photographic emulsions have been placed outside the
beam, so that the origin of the event is not seen, Hence a photoproton
cannot be easily distinguished from protons knocked on by neutrons and
this has possibly led to serious errors (see Sec, III.5). Also as the

photographic plate cannot measure simultaneity in time, it is not



possible to measure star events in elements such as neon which cannot
be included in a photographic emulsion, A further advantage of

the cloud chamber is that the target element in the chamber is almost
pure so that there is little uncertainty as to which element ihe
reaction occurred in, whereas in photographic emulsions there are

several elements present,

Hende for these reasons it was decided to investigate the

photodisintegration of light gases using a cloud chamber,
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CHAPTER II,

THE PHOTODISINTEGRATION OF HuLIUM

Introduction.

In this chapter the basic method used in all
experiments 1s given. The cloud chamber, its assoclated
epparatus and the reprojection apparatus are briefly
described. An account 1s given of an experiment on the
photodisintegration of helium. It 1s shown that the
ldentification of certailn events as He4(x,p)H3 reactions,
can be checked 1n several ways so that the reaction may
be considered to be definitely established. Photodlsinteg-

ration events in heavier nucleil are described and identified.

II.1l. Method and Apparatus
The collinated X-ray beam of the Glasgow University

2% MeV synchrotron was passed through a Wilson Cloud Chamber.
The tracks were photographed and the negatives reprojected
stereoscopically on to an/adjustable table on which the
images were aligned and measured,

The cloud chamber used was a volume-defined
chamber of convéntional deslgn wlth a dliaphragm of thin
neoprene rubber. The gas to be lrradlated was contalned in

a glass cylinder 2%“ high and of 12" diameter surmounted

by/



by a é“ thick triplex plate and resting on a perforated
bress plate., To provide a good background for photography
the bottom of the chamber was covered with black vel#et.
The expansion ratio was controlled by varylng the pressure
An the bottom section of the chamber (l1.e. below the
dlaphragm) which was filled with nitrogen from a tank at
constant pressure, The expansion valve consisted of a
rubber-capped steel plungef which was held by the magnetic
fleld orisolenoid agalnst an orlfice of one inch diameter
in the bottom of fhe‘chamber. The expanslon was erfected
by cutting off the current tg?seolenoid for a short time.
The valve was reset by means of a second solenold, which'
forced the plunger upwards where it wes held by the first
solenold. BSlow expansions, to clear the chamber between.
the fast expansions, were performed manually using a second
valve with a smaller orifice.

The stoppling power of the chamber gas was
calculated from measurements of the range of alpha part;cles
from a polonium source on the wall of the chamber and also
from the composltion and expanded pressure of the gas,

The output from the synchrotron was restricted

to single bursts of X-rays and the cloud chamber was trigger-
ed by & pulse directed from the synchrotron timing pulses,

The/



The delay hetween the opening of the cloud chamber
expansion valve and the X—~ray pulse was changed in five
millisecond steps and the shortest delay that gave sharp
tracks was used. If this delay were reduced, the'tracke
rapidly became vague due to the charged droplets diffusing
before they had grown sufficiently. On the other hand, a
longer delay resulted in an increase in the chamber back-
ground without appreclably increasing the sharpness of the
tracks., The timing of the flash was similerly adjusted.
The flash lamp consisted of a discharge tube filled with
Xenon at about 10 cm, pressure. The electrodes were
charged to 2 KV from a 1000uF bank of condensers. A wire
from a motor car-type induction coil waé wrapped round
the flash-tube, The discharge from the coil induced a
discharge between the electrodes which gave a flash lasting
less than a mlllisecond,

Two 60 mm, cameras each holding 25 feet of high
contrast film (Ilford 5G91) were used. One camera was
" directly above the‘centre of the chamber while the other was
inclined at an angle of 20 degrees to the vertical and had
its lens tilted to make the focal plane horizontal. To
enable the fllms to be alignéd during reprojlection, five

splkes were placed in a horlzontal plane on the walls of

the/



the cloud chamber.

The X-rays from the synchrotron were collimated
by means of a lead block six iInches thick. The centre
and direction of the beam were located by placing two thin
lead plates each with a pattern of holes drillled in 1t,
over the ends of the hole in the collimator then
irradiating an X-ray film fronted with lead sheeting, which
wag placed on the distent side of the collimator. The patt- .
ern of dots-on the X-ray film produced by the holes then
allowed the collimator to be'accurately positioned, The
X-ray beam wae then replaced by a beam of light which
pessed through the central holes of the thin lead plates,
The cloud chamber was positioned so that the beam of light
passed through the centre .of the sensitive region, The
resulting X-ray beém through the c¢loud chamber was 10 cm.
wide and 23 om.»high.

II.2. The Photodisintegration of Hellun
In nuclear physice, the alpha particle has an

unusual role. Although 1t is normally conslidered as the
" nucleus of the Hellum atom, it 1s sometimes regarded és a
fundamental perticle and an "alpha-particle model" of the
nucleus has been postulated, Thus a study of the interaction

ot/
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of radiation with the helium nucleus 1s of especlel
interest.

The cloud chamber is particularly useful for
studying disintegrations in which two charged particles
sere emitted, These events are called !flags! since they
usueally consist of a short heavy track'(the fecoll) and
a lighter and longér track (the fragment), Helium, where
the recoll is a triton and the fragment a proton provides
the simplest case. It should be noted that helium cannot
be included in photographic emulsions and so 1its
dlegintegration producte cannot be pbserved directly.

There are practical advantages in studying helium
as opposed to other gases, in a cloud chamber. The recoil
is long and stralght and thus 1ts range 1s easlly measured,
A range-energy relationship 1s well established for the
recoll, and can be employed to give accurate results as
there 1s 1little range straggling. The angle,{,.p, between
the fragment and recoil which includes the forward directions
of the X-rey beam, is a function of the momentum, M&, of
the incldent quantum, but in most cases Mg is much less
than the particle momentum so that the variation in ¥pp
with Mx 1s small and is 1nslignificant compared wilth the

errors/



errors due to multiple scattering and measurement, However,
in the case of Helium the particles are light and the (y,p)
reaction threshold 1s high (19.8 MeV) so that in this case

th
H, 1s comparable withkﬁarticle momenta., Thus for Hellum,

(e may be expected to provide an accurate measurement of

the momentum of the incldent quantum,

II.3. Analysis - Apparatus and Method

The films were analysed by putting the developed
negatives back in the cameras, placlng an air-cooled
lamp-house on top of each camera and projlecting on to a
noveble teble which could be adjusted until the two images
of the track coincided, the fllms having been first éligned
by means of the splkes in the chamber wall, Optical
distortions in reprojection were avolded by the use of the
scme camera lenses a8 in photography end a glass plate equi-
valent to the>top glass plate of the chamber. Geometrical
distortions were avoided by placing the cameras on the stand
which had been used in the traqk photography.

The reprojection table, which was 12 inches square,
had five modes of motlon. Below the table and attached to
1t at 1te centre, there was a steel hemlsphere which rested

in a steel cup. The final rotation of the table was made
by/



by the movement of the hemisphere in the cup. When the

desired posltion of the table had been found, a strong

magnetlic fleld was swltched on, fixing the hemlsphere in
the cup. For most purposes the movement of the hemisphere
was restricted so that the table haed an axie of rotation
sbout a horizontal line through 1ts centre.

A useful feature of (y,p) events was that the
incident quantum, the proton and the recoll all lie in the
one plane., Thie characteristlic was explolted by placing
the reprojection table relative to the camerae, so that its
axlis of rotation lay along the X-ray beam. The table was
adJusted to meke the lmages of the origlin of the event come
into coincidence on the axis of the taeble. If the fragment
end recoil track lay in the same plane as the X-ray beam,
then on tilting the table, the images of both tracks came
into coincidence at the same inclination. This was a simple
but sensitive test of the "coplanarity' of the event.

The following measurements were made:-

(1) The co~ordinates of esch significant point (i.e. origin
of the event, end polnts of the track, point of
scattering),

(2) treck lengths,

(3) the angles of esch track to two fixed axis and the

angles between tracks,

(4)/
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(4) Pcoplenarity® of the event,

(5) the "appearance" of the track e.g. intensity,

scattering.

IXI.4. Anslysis and Results for Helium
From the ranges of alpha tracks from the

Polonium radioactive source on the wall of the cloud chamber,
the stopping power of the gas was calculated to be 0.4,
corresponding to a gas pressure of two atmospheres of
Helium. With diffusion of air through the thin rubber
diaphrasgm, the gas contalned helium, some nlitrogen, a

1ittle oxygen and water which was used as the condensable

vapour,

The events were first classlfled phenomenologically
as - |

Singles:- these were ‘8simply single tracks - the other agent

involved left no vislible track, e.g. a neutron
or photon.

Flags:~ two tracks originating at the same point. Ususally
one track was short and heavy (the recoil) end the
other was long and light (the fragment).

Stars:=- three or more tracks originating from the same
point. The flags were sub-classified as coplanar

and non-coplanar.

(a)/



(a) Coplanar Flags
It was found that the coplanar flags fell 1nt6

three distinct classes by their "appearance" alone, but the
distinction was given more precisely by the range distri-
bution of the recoils, shown in Fig. II.1l, where the events
with a heavy recoll are shaded and the events with a light
recoll are unshaded, (all the recolls except one were found

to stop in the illuminated reglon of the chamber),

NON-COPLANAR

5.

(%]

S s 7o
c

OPLANAR

NUMBER OF EVENTS.
[T

o5 o a.ni éol 2;.—’

RECOIL RANGE [N CMs, .

Fig.II.1l.

Flegs with a recoll range less than 0.7 cms.

formed a separate group. Every member: of the group had

the/



the same appearance as the event shown in Plate III.l

i.e. 1t had a short héavily—ionising recoll and a long
lightly-ionlsing fregment. Thie suggested that the event
was a (y,p), or possibly a (y,d) reaction in a heavy
nucleus i.e. nitrogen or oxygen. The angles s, between
the recoil and fragment were between 165° end 185° con-
firming that as the momentum of the quantum was relatively
small, the event had originated in a heavy nucleus.

In five of the slx events with recoll length
greater then 1.0 cm. the recoill and fragment were both
11ght1§ ionising, but in every case there was a slight but
distinct difference in lonisation at the origin - a
typlcal event 18 shown in Plate II.1l. The only possible
reaction in which two different particles were emltted from
a light nucleus was He# (},p)H>, A11 these events had Ypr
values between 156° and 165° which was confirmation that it

was a light nucleus which had been disintegrated.

The remalning event wlith a long recoll which is
shown partly shaded in Fig. II.l,'had_Both tracks heavily
lonlsing but there was a slight difference in ionisation
at the origin. It was i1dentified as a (y,x) event in
nitrogen or oxygen - thzigalue of 175° Qdded confirmation.
It 1s shown in Plate II.Z2.

This/



This classification 1s given 1in Tgble II.1l.

Table II,.1,

“

.

Assumed Tonisation ‘ Recoii . -
Reaction . Fiag.; Recoil.: Change : Range:‘P}r :iﬁ?lanar
at (cms. ) )
: : :+ Origin: : :
1A
N 4(y,p)C13 . . . : TN
or . Light, Heavy , Large . 0.7 -185 ~: Coplenar
16 15 . . . . ‘1650 .
o (X’p)N . N . . . .
14 12 . . . : : : Non-
N cre ¢ - : ) e
(y,pn) Light® Heavy Large . 0.7 . _ Coplanar
N14( )’o()Blo : : : : :1850_:
16 or 10 : Heavy: Heavy : ©Small : 0.7 :1650 : Coplanar»
o (X’&)C . . . M H H
4 S : 3 : ‘1650._°
He ([ap)ﬁ3 . Light. Light . Smell , O.,7 ,1520 ., Coplanar
: ’ . [ ] * L 2
It was shown above that an accurate measurement of

angles gave the energies of the photon and of the particles

for a (y,p) reaction in helium, but not for reactions in

nitrogen or oxygen, This was done for the suspected He4(i,p)T

events, the work being considerably slmplified by the use

of a momentum diagram which had been introduced by lr.

J.M. Reld.
The/



TABLE I1.2,
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ENERGY OF PHOTON, MEV.

Event Are Ionisation o ' o
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- - - 0 " . -l i i L
1 Yes Yes 0033 1008 2089 21.0 21.1 21.2
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3 Yes Yes 070 0,60 2.86 22,4 22,5
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5 Yes Yes 0,68 0.62 2.21 22,9 22,0
6 Yes Yes 0,60 0,92 2.12 22,0 21.%
7 Yes  Falfy o 0.33 0.83 2,77  2L.7 2Ll
' Fairly :
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10 Yes Probable 0.90 0,94 2,04 25,0 22,5
Fairly : :
11 Yes defiiite 0.81 1,02 2.39 92,6 22,6
12 Yes Yes 0045 1.26 3.48 23.1 2108
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The most accurate values of the energies involved
were obtained from range measurements of the triton o6r of
the proton. This gave the particle energy and from the
position of the event on the momentum diagram (only rough
values of the angle measurements being required), the ratio
of the proton energy to the triton energy was obtained. The
energy s Eg, of the incident photon was then found and ¢compared
with the values calculated from accurate angle measurements,

In o case where the proton and the triton both stopped in

the illuminated region of the chamber, three values of By were
obtained, In view of various improvements in analysis technique
the He4(y:P)H§levents found in a preliminary experiment on
helium were te-analysed.

The complete results are shown in Table II.2. In
view of the continued agreement, it may be concluded that the
He4(x,p)H§ reaction does ocour,

The distribution of the photon energles producing
the He4(x,p)H§ events is shown in Fig.II.Z2.

With the (y,p) events in nitrogen or oxygen, almost
all the fragments left the visible region of the ¢hamber, due
to the low stopping/ggwgie gas. The ranges of the recoils could
not be measured accurately by reprojec¢tion but from the approxi-
mate values, it was found that in no case was the recoil range
inconsistent with the assumption that the event was af(x,p)
reaction in nitrogen. The required range-energy relation for

ct7



c1® ions was taken from Blackett and Leets range velocity
relation for nitrogen (corrected by 5% for the error in Briggls
range=velocity relation for alpha particles), using Blacketits
relation.
Roe M2 "% £ (v)
This relation was later found to be of very limited
application and more accurate values are given in the Appendix.

(b) Non=Coplanar Flags

Apart from ome event which was identified as a proton
which had been knocked on by a neutron and then scattered (there
was no ionisation change at the "origin" and the angles were
quite inconsistent with a He4('b/,p)H5 event ~ as well as being
non=-coplanar), all the events had a short heavy recocil and a
light fragment, indicating that the event had originated in a
heavy nucleus. From the lack of coplanarity, a neutron must
have been involved in the reaction. (n,p) reactions produced
by fast neutrons, would have appeared as non-coplanar flags
but they were assumed to be few in numbér as no non-coplanar
flags were observed in the portion of the cloud chamber outside
the.x-ray beam, As the (X,pn) thresholds in nitrogen and oxygen
are 12.5 and 23.0 MeV respectively, these non-coplanar flags
were identified as N14(5,np)012 events,

(c) Singles |
Due to the short range of the majority of singles

and to the presence of an indetermindte number of tracks of

helium nuclei knocked on by neutrons of moderate or high
energy/



energy, no definite conclusions could be obtained from the
measurement of siﬁgle tracks,
(d) sStars

Two three-prong stars and one four-prong star were
observed. By use of conservation of momentum, these were

identified as N14(X,2x)L16 and OIG(X,4d) reactions.

IT.5., Conclusions
B Twelve events were identified as He4(y,p)H; re-
actions. In ten cases the triton range and in two cases the
proton range could be measured, In every case goéod agreément
was obtained with the angular measurements. Thus the
) He4(x,p)H3 reaction may be considered to be definitely
established. |

It had been shown that the technique could be used
to allow an investigation of the photodisintegration of

heavier gases.



CHAPTER III.
THE PHOTODISINTEGRATION OF NITROGEN.

Introduction.

In this chapter the study of photodisintegration
of nitrogen using a cloud chamber 1is described., The
importance of this experiment 1s first demonstrated.  The
description of and modifications to the apparetus and method
are given. The method of analysis is described, It is
shown that background events can be identified and separated
from photodisintegration events., The range distribution of
low energy protones 1s shown to glve an energy level structure

which 1s in agreement with that found from the ClB(p,y)N14

reaction by detalled balancing. The accuracy of the micro-
scoplc measurements of recoll ranges 1s demonstrated and this
technique 1s then employed to find the (y,p) cross section at
high energies, (&,a) and (J,star) events are considerdd.,

The relative probabllities of the various reactlions were
studied by measuring the numbers of events at three differept
peak energies of the synchrotron. The results are dilscussed
and 1t is shown that from a detailed study, general conclus-

ions can be drawne.

ITI.1. The Photodisintegration of Nitrogen.

It has been shown in Chapter I fhat very little

was/



was known of the photo-emisslion of charged particles from
light elements although this was of interest as the (),p)
cross section was expected to be comparable with the (x,n)
cross section. |

The (y,n) cross section in nitrogen was measured
by Horseley et. al. (1952) who found that it was considerably
lower than the (y,n) cross sectlon in Carbon and Oxygen.
They also found the unusual result that the cross section
was higher at 13 MeV than at 16 MeV. These reeuitsvas
shown in Fig. III.1l.
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The photodisintegration of nitrogen was particularly

interesting/



interesting as the thresholds for the (y,p), (y,n), (y,d),
(y,~) and (y,pn) reactions are all well below the energy
of the glant resonance apd therefore it might he expected
that a study of the photodisintegration of nitrogen using
X~rays of up to 23 MeV energy would yield informatlion about
the change in the nature of the photonuclear process in
going from energles below to energlies in the vioinity of
the glant resonance,

The cloud chamber technique which was described
in Chapter II, had shown that (y,p), (J,u) and (y,pn)‘evente
could be readily distinguished from the electron background
and hence this technique was especlally sulted to the study
of the'photodisintegration of nitrogen. In addition, 1t
was expected that (y,d), (X’“d) and (Xfxp) events would

be observed.

III.2., Method and Apparatus
The basic method employed was that described in

Chapter II, but in thls experiment it was necessary to make
accurate measurements of the recoll tracks and for this a
high standard of track quallty was required, It was

found possible to obtain this track quallty if the cloud
chamber expansion and the synchrotron pulses were correctly

timed relative to one another and if the cloud chamber con-
ditions were kept constant so that the X-rays always entered

the/



the chamber at the same supersaturation.

As the initlal pulse from the meain push-button
was random in time, the cloud chamber was triggered with a
pulse derived from the synchrotron timing pulses, The
delay between the opening of the cloud chamber expansion
valve and the synchrotron firing pulee was varled in 5
mlllisecond steps. The shortest delay that gave sharp tracks
was employed. With shorter delays, the tracke became dilffuse
while with longer delays the background increased wlthout
any appreclable change in the sharpness of the tracks,

To keép the cloud chamber conditions constant, 1t
was surrounded by a water-cooled aluminium cylinder. It was
found that the expanslion ratio d4id not require to be adjusted
during b-hour runs, .

The background of electron tracks was reduced by
thinning down the Perspex wall to 0.09 inches thick to form
a window through which the X-rey beam entered the chamber,

To speed the cycle of operationé, en electrostatic
clearing field of 400 Volts was introduced across the
chamber, However, 1t was found that the recoll tracks became
diffuse due to the 1ons/be1ng dragged out by the clearing
fleld and hence provision was made for the fleld to be
switched/



switched off by the cloud chamber triggering pulse for the
duration of the expansion.

As 1t was not always possible to estimate the
energy of the photons responsible for the events observed,
irradiations were made at three different values of the
pesk X-ray energy, these energiles belng approximately 19,

21 and 23 MeV,

It has been found previously that 1f a track lay
in the vertical plane of the line Jolning the two cameras,
then 1t was difficult to align its two images on the repro-
Jection table, For this reason a third camera was introduced
et right angles to the other two and according to the diréct-
lon of the track, the appropriate palr.of cameras were
employed in reprojlection. This thlrd camera was found to
be very usefﬁl ag extra evidence €.8e with a recoll track
which was scattered in such a manner that 1t appeared bent
from one camera but a straight line from another,

The cloud chamber was filled with\nitrogen to give
sn expanded pressure of 1.4 atmospheres. Water was used as
the condensable vapour. The stopping power of the gas was
calculated from 1ts composition and the expanded pressure

which was measured during each run., As & check the range

ot/



of alpha trackse from a polonlum source on the wall was
measured,

To obtaln more uniform lllumination of the
chamber a second flash lamp was introduced. To enable
the films to be aligned more accurately on reprojection,
the pins round the side of the chamber were replaced by
a grid of 0,002 inch thick nickel wire on the base of
the chamber,

To monitor the output of the synchrotron, an
ionlsation chamber was moﬁnted behind a 3 inch thick lead
~wall and placed in the X-ray beam behind the cloud chamber,
The output of the individual pulses of X-rays were measured
by observing the height of the pulse from the ionisation
chamber on the screen of a cathode-ray osclllograph. The
ionlsatlion chamber was callbrated by comparing 1ts pulse
height with the activity induced in a copper disc irradiated
in a standard position in front of the cloud chamber and
counted in a standard geometry. The relative doses for
the 19, 21 and 23 MeV runs were then calculated from the
peak energles using the Cub2 getivation curve measured by
Katz and Cameron (1951). Absolute values were then obtained
by comparing, at a peak énergy of 23 MeV, the activity

induced in the copper disc with the response of a Victoreen

thimble/



thimble mounted at the centre of a Perspex cylinder of
8em. outside diameter, this being & standard configuration.
This comparison 1s estimated to be accurate to 20%.

III.3. Analysis.

Three cameras were used, one beiﬁg mounted
vertically sbove the chamber whlle the two slde cameras
were separated from this top camera by 255° in the
vertical plane, and from each other by 90° in the azimuthal
plene. To make the focal plane of the lens 1n the side
cameras horizontal with respect to the film, the film weas
tilted with respect to the axls of the lens and was at an
angle of 30° to the horizontel. High contrast film of
60mm., width was used.

The method of reprolecting the films on to a
movable table and aligning the images was baslically the
gsame as that descrlbed in Chapter II, except that with the
addition of a third camera each event was analysed using
the top camera and the appropriate side camera so that the
line Joining the two cameras was approximately at right
angles to the track direction., The third camera was used
as a check. The three films were 1n1t1a11y brought into

register/
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reglster ﬁsing the images of the grid wires on the base of
the chamber., This procedure had the advantage of automatic-
ally checking the sccuracy of the reprojlectlon system for
each track measured, Very little distortion was found.

In addition, artificial tracks were drawn, photographed and
reprojected when it was found that the length measurements
were accurate to %mm. for all lengths and the angles were
accurate to 1° for tracke within 60° of the horizontal.

The reprojectlon system was used to measure éll
tracks of length greater than 3mm., but with shorter tracks
1t was difficult to secure accurate alignment. Thus, with
{y,p) events in which the fragment left the visible region
of the chamber, the recoll was too short to be measured
end hence the energy of the particles could not be found by
reproJection. To solve thlis problem, the possibility of
microscoplc analysis was 1nvestigated. It was found that
when the films were viewed directiy with a lbw powered
microscope, 1t was posslble to measure the lengths of the
recoll images, The microscope magnification was 40 and
the chamber-film reduction ratio was 1/6 so that the final
image viewed in the microscope was approximately seven
times the original track slze. It was demonstrated later

that the energy of the recoil could be found from the

ranges/



ranges measured by thls method.

f

Thus the analysis procedure was as follows:-

(1) The events were viewed with the microscope and
classified phenomenologically. Each recoll length
was measured with the eyeplece seale.

(2) The length, direction in space and co-ofdinates of
the origin and end points of each track were measured
by stereographic reprolection,

The events were classified into Singles, Flags
and Stars as in Chapter II, but due to the shortness of the
recoll lengths, the reprolection method could not be used |
to classilfy the flags as cOplanaf or non-coplanar. Instead,
the flags were examined by the microscope and if the recoll
and fragment were very nearly 1n a strailght line on sall
three fllms, the event was classifled as a "collinear flag"
while the other events were called "non-collinear flags",
This group of collinear flags was intended to include all
photo—events in which the recoll and the fragment were the
only two products of the reaction for in these cases, the
momentum of the incident photon was very small and only
slightly affected the departure from collinearity (e.g.
for a (X,p) event the angle between the fragment and the

recoil could only vary between l?Ooand 180° depending on

~ the/



the angle of emission of the particles relative to the

direction of the X-ray beam). As multiple scattéring could

cause slight bending of the recoil track, the criterion
used was that events in which the recoil was within + 10°
of i1ts expected directlon were counted as collinear.

The events were then classifled as:- '

(1) Collinear Flags.

(2) Non-collinear Flags.

(3) Unclassified Flags - events with a visible recoil whose
direction was uncertain (e.g. because of ite short
length).

(4). Singles - events without a visible recoil.

(5) S8tars - events with three or more prongs.

(6) Tracks coming from the chember wall.

The thresholds for the photonuclear reactions
possible in Nitrogen end also the neutron-induced "back-
ground" reactions, are given in Tgble III.1, togethgr with

the expected classification of the event,

Table III.1./



Tgble IITI.l. Resasctlion Thresholds and Classifications

Photonuclear Reactlions Threshold (ieV)
Nl4 +y— u +N13 10.54
1 .
p+C2 Y ). 7.54
12
d+C Collinear 10.26
« + B0 Flegs 11,6
p+n+ 012 Non-collinear : 12.49
%+ o + La° 16.07
'9 Stars
P + ~ + Be 18.2
Neutron Reactions
14 14 -
N4 +n-—p+0C ; Non-collinear flags - 0.63
o + BYY ) (except for slow -» 0.15

neutron reactions).
III.4. Backggoﬁnd Evehts

In eddition to the large number of tracks of
photodisintegration events observed in the cloud chamber,
fhe reactions produced by the X-rey beam were expected to
glve a "background'® of unwanted tracks.
(a) Background Due to Slow Neutrons

As the N14(n,p)014'reaction is exothermic by

0.63 MeV, slow neutrons were expected to glve tracks with

a/



a chareacteristic total length in the chambéf gas of
7Amm, (Bgggild, 1945) and also such events were expected
to be unifofmly distributed throughout the chamber. The
energy distribution of tracks stopping in the vislble
reglon of the chamber shows such & group at the expected
value of 0,63 eV, That these events were due to slow
neutrons, was confirmed by the fect that half of them
had thelr origins outside the X-ray beam which was expected
a8 the volume of the chamber outslide the X-ray beam was
epproxinately equal to that within the beam. Thus the
background of events due to slow neutrons was easlly
identified and eliminated (also shown in Figs. III.2 and
III.3 and in section III.5(A)).

(b) Fast Neutrons.

Fast neutrons were expected to produce (n,p)
and (n,x) events which would appear es flags of length
greater then one cm. and which would be non-collinear due
to the relatively large momentum of the neutron, Knock=-on
collisions between fast neutrons and gas nuclel were not
included as they would produce tracks of less than 3 mm,
length which were not measured,

The/



The spatiel distribution of faét neutrons was
considered to have an isotroplc part and an anisotropic
part due to a possible flux of fast neutrons in the X-ray
beam. The isotropic distribution was estimeted from the
number of non-=coclllinear flags w;th origins outslde the
X-rey beam and both parts were estimated from the distribu-
tion of proton tracks from the chamber walls,

The number, 15, of non-collinesar flags with
origins outside the X-ray beam was lees than 10% of the
number inside the beam, and was only 2% of the total
number of events, although the volumeshinside and outsilde
the beam were approximate;y equal.

The protons from the wall must either be knock-on
protons from collision of fast neutrons with hydrogen
nuclel or photoprotons from the 012 and 016 of the perspex
well. As the two (y,p) thresholds are high end as the
crose sectlons are low below 20 Mev, the number of photo-
protons expeoted in the 19 and 21 MeV runs was small,
'Hence, the numbér, 7, of knock-on protons ffom thet part
of the wall in the bean is known with little error and may
be compared with the number 17, of knock-on protons out
of the beam. As the area of wall out of the beam 1s
three/




three times that in the beam, 1t can be seen that there

is no appreciable flux of fast neutrons in the X-ray beam.
A simllar comparison cénnot be made for the 23 MeV run as

' the number of photoprotons 1is appreciable, but 1t can be
seen from Table III.2 that the numbers are not inconsistant
with the assunption of an 1sotropilc distribution of fast

neutrons.

Table III.Z2..

Distribution of Protons Coming from the Perspex

Wall <
Run 13 and 2% HeV

21 MeV

Protons from the wall out of

the bean, 17 13
Protons from the well in the I

beam, | | 9 30
Estimated number of phdtoprotons. l-3%. 15 - 40
Knock-on protons from the wall

in the beam. 7 ——

Hence corrections can be made for "background®

events/



events due to slow and fast neutrons, and any errors are

small compared with the statistlcal error.

III.5. QResulte

The results to be presented in this section |
fall naturslly into two msin divisions, low energy events
((J,p) reaction) and high energy events (all reactions).
The dlstinguishing feature was that the proton tracks of
the former mainly stopped 1n the visible reglon of the
chamber whille the end-points of most of the tracks of
the high energy events were not seen. '

For the tracks which stop in the chamber, the
rangee of the protons gave the energles accurately so that
a detalled energy distribution was obtained in the reglon
1mmédiaté1j above the (X;p)'thrééhbld; I

At high energies, the fragment range cannot as a
iule be measured, so that a similar precise energy
distribution cannot be obtained. However, two other
methods were available, The relative activation cross
sections of the different reactions were obtalned from a
count of the numbers of each type of event. The energy
dependance was obtailned from the numbers found for runs
made at different peak energlescaf the synchrotron. A

_new/
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néw technique, introduced by the author, was to measure
the ranges of the recoils of collinear flags; thls gave
the momentum of the fragment. Although the recolls were
too short to be measured on reprojection, belng only
about a mm. long, they could be clearly seen with a
microscope. This method was shown to yleld significant
resulte by comparing for those events where the fragment
stopped in the chamber, the measured recoil range with
that calculated from the fragment range.

A, Energy Distribution of Low Ener Events.

(y,p) events were expected to eppear as

collinear flags but 1f the proton were of low energy the

recoll would be short and in some cases would not be
visible e.g. for a 1 MeV proton the recoll length 1s |
about 1/3mm. Thus in this low energy reglon (y,p) events
may be expected to be recorded as unclassified flags or
singles. For this reason collineer flags (with the

(3’“) events excluded, see Section D), unclassified flags
and singles, were assumed to be (y,p) events and from

the fragment range measured,ithe total energy of the event

was calculated, using Bethe's (1950) range—energy curve,

% For the singles the total range wae measured and from
the”013 range energy relation a correction was applied for
the recoil range. This procedure 18 experimentally Justi-

fled in Section B.
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The energy distribution obtained is shown
in Fig.III.2. Events with their origins out of the
beam are shown shaded. It is seen they group about
0.63 MeV and so may be identified as slow neutron
(n,p) reactions. When these events and the correspond-
ing number of events in the beam are subtracted as
"background" the resulﬁing energy distribution is shown
in FPig.III.3. The classification of events is also
shown in Fig.III.3. The higher endrgy events are all
collinear flags while towards lower energies (and shorter)
recoil lengths) the numbers of unclassified flags and
singles increase. ,
Unlike the energy distributions of photoprotons
which had been previously reported, distinet groups were

founds, Narrow groups occurred at 0.51 * 0.2, 1e63 X 0402
and 2,92 * 0.03 MeV and a broad group at 1.15 * 0,05 MeV.

This energy distribution is experimental, no allowance
having been mde for the events in which the fragment left
the chamber. Thus, the 2,92 MeV group is considerably

larger than is indicated in Fig.III.3.
The Cls(Pyx) Nl4 reaction has been investigated

by Seagrave (1952) and by Woodbury et. al. (1953) who
found/



found that for gamma-ray transltions to the ground
state of N14 , harrow resources occur at centre of
mess energles of 0.52 and 1l.b4 MeV while there 1s a
broad resonance (3 MeV helf-width) at 1.16 LeV. Also
Dr. H.B, Willard has found (private communications)
that there 18 a narrow resonance at 2.89 lleV., A com-
parison was made between the experlmental results and
the results for the inverse reaction (i.e. 013(P,X)N14)
using the principle of detailed balancing. From the
integrated (p,y) cross section, the integrated (y,p)
cross section was found, then on multliplying by the
neasured X-ray doses and by the fraction of tracks
stopping in the chamber, the number of tracks expected
to stop was calculated and this number was 1in good agree-—-

ment with the number observed as is shown 1n Tgble III.3.

There is a further point of secondary importance.
The 9.49 eV level was reported to have no transitions to
the ground state in the Glz(p,X)Nl4 reaction within the
experimental error. If an upper limit of 5% ground state
transitions is put on this error, then the calculated
"number' of events 1s 2.4; in this experiment twd possible

events/



events were observed. Clearly this has no statisticsal
significance but there is a possibllity that a more
detailed examlination might yield a positive result.

Table III,3,

Comparison of the Observed Proton Groups with

Predictions from the Glzﬁg,y)N14 reaction.

(1) (2) (3) (4) (5) (6) (7)

8.06 0.52 0.065  0.603  0.99 34 32
9,18 1.64 0.044  0.813  0.62 24 26
10.43 2.89 0.040 1.2 0.20 12 9

(1) ni4 energy of excitation (lMeV); (2) energy of proton
+ recoil (lleV); (3) ing,(p,y) (MeV mbn); (4) Oing,(y,P)
(MeV mbn); (5) fraction of events stopping in the chamber;
(6) number of tracks calculated; (7) number of tracks

observed,

What 13 believed to be the most accurate cross
section 1is given in Fig.III.4. The cross section up to
1.8 MeV 1s calculated from the results of Seagrave (1952)
and Woodbury. et. al. (1953) for the (p,I) reaction by
detailed balancing. Above 1.8 lieV the results are taken

from/



from the present experiment (the value of the integrated
cross section for the 2.89 MeV level found by Willard 1is

preliminary).
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Fig.III.4.
In this experiment there 1s no direct way of
deciding whether a photoproton 1e produced from the
reaction N14(X,p)cl3 or the reaction N14(X,p{)013,

howevér/



however when it was assumed that all the events were
N14(y,p)013 reactions, good agreement was found for the
cross sectlons of the 0.52; 1.64 and 2.89 lleV groups
by detalled balancling. It may be noticed that there
were very few protons of energy between 1,7 and 2.8
MeV. It follows that not merely is the (y,p) cross
éection low in this energy region, but also that there
are few protons from,(g,pxﬁ reactions with these energles.
- Thus the number of (X'pf) reactions are probably small.
It can be seen from the manner in which it was derlived
that Filg.III.4 1s independant of any background of
(y,;y? reactions,

During the course of the present experilment
-a measurement of the low energy photoprotons from
nitrogen was reported by B.M. Spicer (1953). The
result obtained was irreconcilable with the present
work. A narrow beam of X-rays of peak energy 11.5 leV
was passed through a gas target chamber, Nuclear
enmulsions were placed at the slde of the chamber and
the range of the protons was ﬁeasured in them. After
paking corrections for (n,p) tracks and for the energy
lost by the proton in the gas before reaching the

enmulsion, an energy distribution of the protons was

obtained./



obtained, .This dlstribution showed a rapld decrease

in the number of protons from 165 protoneg in the energy

range 2,0 to 2.2 MeV to 19 protons in the raﬁge 3.0 to

3.2 MeV, The distribution gave no indication of a

peak at 2.9 MeV. As protons of less than 2.2 ileV might

not reach the emulsion, the number in the interval 2,0

to 2,2 lleV was a lower limit; also the distributlion fell

very rapldly to zero at energles below 2.0 MeV., This
energy distribution is in complete disagreement with

Fig.11I1.3 where only two events are observed between

2,0 and 2.8 MeV., The cloud chamber experiment is pre-

ferred for the following reasonsi-

(a) The entire event 1s observed, not Just the end of
“the proton track, ,This_ailows‘(n{p) events to be
elinminated as they produced non-collinear flagsrdr
are due to slow neutrons which glve a track with
a characteristic range of Tmms.

(b) The agreement of the present results with the various

measurements of the inverse reaction.

In view of disagreement found here, results
of similar nuclear emulsion experiments must be treated

with some reserve,

B./




B, Accuracy of Recoll lMeasurement

High energy (y,p) events, in which the
fragment left, could be analysed by means of measurements
of the recoll range. This new technlique first required
to be Justified as regards the significance of such
measurements and thelr accuracy. This was done by
considering (y,p) events in which the fragment stopped
in the chamber.

For all co6llinear and unclassified flags of
fragment ranges greater than lcm. in the chember, micro-
scoplc measurements were made of the lengths of the images
of the recoll and fragment, 1lp and lg resbectively.

Since the flags are elther observed to be collinear or

are believed to be collinear, the recoll length, L. is
glven by:- |

1
1

L =

r X Lf ...... (III.l) .

where Lf is the fragment length measured by reprojection.
Microscopic measurements were made on all three films

- and Lr calculated in each case. In calculating the
welghted mean, the recoll track quality was considered
and the fllm from the top camera had more welght than

those of the side cameras.

A/
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A precise calculatlon of the recoll length
and direction could be obtained from microscope measure-
ments of the three films but wilth the camera geometry
used, such calculations were eicessively time-consuning,
The errors involved in the approximations used in |
equation III.1l are small compared with the unavoldable
range straggling, and are partly compensated for by
taking the welghted mean or'three values of L.

Each of these 'observed! recoll ranges was
compared with the recoil‘range calculated from the frag-
ment range. The calculation conslsted of assuming thé
fragment to be a protqn, finding 1%ts energy from the
range (Bethe 1950) calculating the recoil energy (see
Appendix) and from an assumed 013 range- energy relation -
obtaining the calculated recoll range. In general, the
largest source of error was the assumed 613 range-energy
curve, For this reason the sublect of range-~veloclty
relations for ions of Z>3 was studied 1n considerable
detall and the following conclusions reached.

(a) For the ions from Boron to Neon the R.M.S. straggl-
ing for recoils of 0.5 to 2mm. range in air at
S.T.P, ie about 15%. This implies that recoil

range/



range measurements gre slgnificant withln these
limits.

(b) For a given veloclty, the lon range is proportionsal
to the massr Therefore, from the range-velocity
relation for 012 the relation for 013 can be
obtained.

(c) There appears on the basis of experimental evidence,
to be a systematlic behaviour of ions from Boron to
Neon., Thus in conjunction with (b), the range-
velocity relation assumed for 012 may be checked by

comparlson with the range-veloclty relations of 1ts

neighbouring elements,

The basis for thése conclusions 1ls presented more
fully in the Appendix.

The results of the above comparison are shown in
Fig.III.5 where the directly measured recoll renge is plotted
against the calculated recoll range, each event being shown
as a cross, Almost all the crosses group about the expectéd
(X,p) line. The R,M.S, deviations of the 1,64 and 2,9 leV
groups are 26% and 16% respectively. From (a) above, the
expected rangé straggiing is 15% so that the experimental
effor in the microscopic range ﬁeasurements is about 0.2mm.

(being mainly due to end-effects, it 18 approximately a

constant}, /
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constant), and at renges corresponding to energles higher'
than 3 MeV, the spread in recoll range measuremente 1s
almost entirely due to unavoldable range straggling.

The assumption used in section A and here, that
these events are (&,p) reactlions 1s Justified by the group-
ing of events round the expected (y,p) line and by thelr

smell deviaetlicns from 1t.
The possibility of identifylng (y,d4) events by

this method was investigated. In,Fig.III;5 the dotted

line/



line shows approximately the expected positions of such
events., A few crosses are observed at higher ranges

then the (y,p) line. Some of these five events could be
(y»,d) reactions, but they could also be (y,pn) events where
the neutron 1s emitted in epproximately the same direction
as the proton. The number of (y,pn) events of this type
ceannot be directly estimated (due to unavoildeable aﬁgle ,
scattering) but for comparison some non-collinear events
which were almost collinear (and where the proton stops)
were assumed to be (X,p) events and are plotted on Fig.III.4
as clrcles,

It can be seen from the fligure that these events
could be all (y,pn) or malnly (y,d4). Hence no classification
of these five crosses can be definitely madef In general
it may be sald that thls method 1s not sultaeble for detect-
ing deuteron emitting reactions where p~n emisslon 1s also
present,

(y,x) events will be discussed later (Section III.
5.D.) but a similar technique can be applled to them.

The measured recoll range was compared with the recoil renge -
calculated from the range of the fragment on the assumpt-
ion 1t was a (y,p) reaction. The resulting points are
plotted on Fig.III.5 as triangles. It can be seen that

the/

% They were not included in Fig.III.1l or Fig.III.2.



the suspected ({,a) events all have much larger recoll

ranges end are well separated from the crosses represent-

ing other collinear events.

It is now possible to assess thle new technlique

of recoll range measurements, Thls i1s best done by com=-

paring 1t with magnetic curvature measurements.

(1)

(2)

(3)

(4)

Both methods give a dlrect meagurement of the fragment
monentum,

The unavoidable error in range straggling (~15%) 1is
similar in origin to the equelly unsavoldable efror

in curvature due to multiple scattering and 1s also
of the same magnitude. (For a magnetic field of

5000 geuss and a chamber fllled with one atmosphere

of nitrogen, the error in curvature for a 5 lieV o
proton, measured over a track length of 1lOcm. 1s
approximetely 15%).

Recoll range meaéurements cen be applied-to practicsally
all events whereas curvature measurements can only be
applied to events which give long (1lOcm.) tracks in

the chamber,

At high energlies, the recoll range becomes an accurate
measurement as range straggling becomes very small
while curvature measurements become difficult as the
track approaches a straight line.

Thus/



| Thus the method of recoll range measurements is
equlivalent to and in some ways better than magnetic curva-

ture measurements.

C. Reccll Range Mesasurements

The accuracy of recoll range measurements and of
the 013 renge-velocity reletion has been demonstrated for
low energy events in which the fragment stopped in the
chamber, It 1s now Justifiable to apply this method to
high energy (y,p) events in which the freagment did.ggg stop
in the chamber. As the recolls were longer in this case,
the measurements were more accurste,

For collinear flegs, the recoll dlrection was
assuned to be exactly opposlte that of the fragment whose
direction had been measured by reprolection. The error
introduced by this assumption 1s small and less than the
range straggling., The recoil range was then csalculated
from the microscoplc measurement of the projected recoil
imege, a small'correction being epplied for the position
of the track in the chamber. These measurements were only
msede on the film from the top camera as the geometrical
calculations are excessively lengthy for the other two
films. The data for the run wlith a peak energy of 23 leV
was obtained from Just over half of the films since the

fragment/



fragment directions of tracks leaving were not messured
for the remsinder,

The assumption that the recoll and fragment are
in the same stralight line glves an 1nsign1ficant error for
horizontal tracks, but can glve &n appreciable error in
steep tracks, For this reason'the results were firset analy-
sed in three groups, more than 60° from the horizonteal,
between 45° and 60° from the horizontal, and within 45°
the horilzontal, The ateep tracks gave a few anomalous
values, but the distribution of the tracke between 45° and
60° was consistent with the "horizontal" distribution.
Hence by teking only tracks within 45° of the horizontal
there will be no significant error in the distribution due
to thls assumption., If an isotoplc distribution i1s assumed,
29% will be excluded; in fact 27% were excluded.

Unclassified flags were agsumed to be colllinear
and their recoil ranges were similarly celculated from the
projected images., In all cases the corresponding proton
energles calculated were less than 3 MeV, Hence in the
energy range from 10.54 ileV (the (y,n) threshold and also
% MeV above the (y,p) threshold) to the peak energy of 23
MeV only collinear flags were considered.,

The recoil range distributlons found at the three

pesk/



peak energles of the synchrotron are shown in Fig.III.6.
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For the purpose of comparison the recocll ranges have been
corrected to the values they would have 1f the particles had
been emitted at 90° in the centre of mass co-ordinates to
the | - ray direction. The shaded events are () ,~) re-
actions (eee section D). One important result cen be simply

seen from the fact that approximately equal numbers of

events/



events occur in all range intervals, As'the number of
quanta in the synchrotron spectra decreases steeply with
increasing energy, the (y,p) cross section must rise as the
energy increases. In order to deduce the (*,p)'cross section
ffom these recoil range measurements, 1t 1s necessary to know
the number and distribution of protons going to excited

13

states of ¢ © and thls information 1s not at present avail-
able. However, 1f 1t 1s assumed that 1n all cases the
proton goes to the ground state of 613, then the "cross
section! deduced from the data for the 23 eV run 1s as

shown 1n Flg.IIIQ?. If the residual 013 nucleus 1s left in
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an excited state, the value of the energy, E, of the

photon calculated from the recoil range will be toco low.

The true E, will be higher by between 3 MeV (the lowest

" excited state of 013) and 6 MeV (when neutron emission will

produce (x,pn) events which appesr as non-collinear flags) -
see Fig,III,9. It follows that the true (y,p) cross section
rises as steeply as or more steeply than the "cross section'
of Fig.III.7.

A possible source of error is the presence of (y,d)
events. For incident photons of the same energy, they would
haeve longer recoll ranges than would (y,p) events, and so
would produce en artificial rise in the (y,p) cross—section
near the pesk energy. No experimental evidencé is avallable
for or ageinst the presence of (y,d) events, but on theo-
retical grounds, their number 1is expected to be small. The
argument is:-

(a) From Sum Rule calculations the greater part of the
gamma ray absorption i1s by electric dipole transiltions.,
The Isotoplc Spin Selection Rules state that for
electric dipole trensitions,a zero change of isotopic

14

epin is forbidden. As the ground state of N ° has
isotopic spin T= 0, almost all the gamma ray
absorption will lead to excited states of N14 with
T=1 (states of higher isotopic spin do not occur in

the/



the present energy region),
(b) The ground state of 012 has T= 0 (the first T=1
state is at 16 MeV) and the Qeuteron hes zero 1lsotopic
sp;n. Hence, by Uonservatlion of Isotopic Spin, the
exclted state of Nl4 must have T= 0 to be able to emit
deutercns.,
Thus few (y,d) reactions will take place, as if
the excited state of Nl4 can be formed with any strength,
it cannot emit deuterons while states which can emit

deutercns, will seldom be formed.

D. (y,+) Events.

| (K,a) evente in which the fragment stops in the
chamber can be identified since for a glven fragment range
the recoll from a (y,«) reaction will be at léast three
times as long as those fron other reactions producing
collinear flags as shown in Fig.III.5. In addition (3,«)
events could be easily identified from their "appearance® —
the heavy ionisation of the fragment, the small lonisation
change at the origin and the multlple scattering at the
end of the fragment track were all characteristic features
(a typical event of this type 1s shown in Plate II.2)., The
identification of the suspected (y,~) events was confirmed

by comparing the measured recoil range with that calculated

from/



from the measured fragment range usi ng the Blo range=-energy
relation derived in the Appendix., The comparison is made
in Table III.4 and the agreement in ithe ranges is consis-

tent with the expected range straggling of 10% to 1b%.

Table IIT.4, (¥ ,x) Events

ellastudiomacion i

Recoil Range (cm. Appearance Totad Obsnged
ot Hragment Energy lMe
Calculated Observea Track By = E.+ Eg10
0430 0.32 ac 4,43
0.28 0633 X 4,66
0053 0035 =8 5.54
0.41 ' 0.36 X 5,63
0.38 0.365 X 7.13

In addition to the five events definitely identified, there

are two other possible sources of (Z,a) events; (a) in

which the fragments left the chamber and (b) in which the

ionisation change at the origin was too small to be observed

50 that the event was classified as a single.

(a) In FPig.II1l1.7, where the above five events are‘shown
shaded, there are no collinear flags with recoil
lengths greater than that of the highest energy (J,u)

event/



(v)

E.

event which had a fragment range of 2icm. The
probability of a track of thls length leaving the
chamber was less than 20% and for lower energy
tracks the possibillity 15 conslderably less so that
it 1s unlikely that there were eny (y,~x) events in
which the fragment left the chamber.,

The 16 singles of such a range that they could be
(y,x) events, were carefully re-examined and in every
case the classlflcatlon of the event as Q 'single!
was confirmed, The majority of these singies had the
appearance of protons from their low track density
and small multiple scattering but in three cases the
tracks had a resemblance to alpha particles although
this clagslflcation was doubtful. Hence the upper
1imit to the number of (y,~) events was eight,

Relative Probabilities of the Various Reactions

The relative numbers of éventslfound'for‘the-

various reactions are listed in Table III.5 for the differ-

ent peak energles of the synchrotron.

In order to facilitate comparison with the (y,n)

reaction only (X,p) events which were initiated by photons

of energy greater than that of the (y,n) threshold (10.54

MeV) have been included in the table, The numbers of such
(5,0)/



(y,p) events were obtained from the measured recoil ranges
of collinear flags., It was assumed that the numbers of
(y,d) and of (y,py) events were negligible.

The numbers of (X,pn) events have been taken as
the numbers of non-collinear flags, The possibility that
some of the unclassifled flags were (5,pn) events requires

investigation. There are two pleces of evidence:- °

(a) The unclassifled flags all have recoll lengths less
- than that corresponding to a three lleV proton and on
the assumption that they are all (x,p) events, with
short or steep recolls, good agreement is obtained
for the energy distribution of (y>p) events with that
found from the (p,j), inverse reaction. Thus few, Af
any, unclasssified flags will be (K,pn) events.

(b) From the known energy distribution of protons from
(X,p) reactions of energy up to 3 MeV, whose tracks
stopped in the chamber, and from the probabllity of a
proton of a particular energy leaving the chamber, the
number of protons of energy less than 3 MeV can be
calculated. This estimated number is 58 X 15 while the
observed number of unclassified flegs and’collinear
flags in this energy range whose fragment track left

the chamber 1s 73, which 1s not inconsistant ﬁlth the

estimate. A maximum of 30 unclassified flags which may

have/
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have been (y,pn) events, was taken and the resulting

upper linit to the numbers of (y,pn) events 1s shown

in Table III.5 in brackets, The number of unclassified

flags added to the total for the 19 lleV run 1ls probably

abnormally high due to one of the films being of poorer

quality due to an error in development,

Table III.5,

Helative Numbers of Events for the Various

Reactions at Three Peak Energles of the

Synchrotron,

Reaction 19 lleV. 21 leV.
(y,p), with E>10.54
MeV, 13 32
(y,pn) probadble. 4 22

"  upper limit (13) (27)
(y 5) 0 0
(y,star) 0 0
(y,n) calculated gr2 2315
No, of Roentgen at
lm, 0.014 0.024

No. of photogrephs. 304 265

23 MeV,

127
132
(147)
5+ (32)
8
5

0.050 -
333

The number of (y,n) events was calculated from

the induced activity measurements of Horseley et. al. (1952).

An exact number of (y,n) events 1s quoted for the 23 MeV

run/



run in Table III.H but to account for the uncertainties
of the energy scale of the synchrotron and of the moni-
toring, errors have been given to the numbers of (y,n)
events calculated for the 19 and 21 leV runs.

In Table III.5 the ratlio of the numbers of
(y,p) events at the three peak energles is 0.10: 0.25:
1.00, while the ratio of the numbers of (y,n) events,
O.1l: 0,.31: 1,00, is very similaer. Hence the variation
of the (y,p) cross section with energy must be almost
the eame as the verlatlon of the (y,n) cross section with
energy and the value of the (y,p) cross section can then
be obtalned by multiplying the (),n) cross section by
the ratio of the number of (y,p) events to the number of
(y,n) events. Thus the (y,p) cross sectlon 1s small near
16 MeV and rises rapidly at about 20 lleV. As the ratio of
the numbers of ()y,pn) events at the three peak energies are
0.03: 0.17: 1.00 (the upper limit values sre 0,093 0.18:
1.00), the (y,pn) cross section must increase more rapidly
with gamma-ray energy than does‘the (g,n) cross section,
This rise in the (y,pn) cross section has also been estab-~
lished by the work of Ferguson et. al. (1954), who measured
the sum of the (y,pn) and (y ,n) cross sections by observing
the total yleld of neutrons. The (y,pn) cross section
which was then obtailned by subtraction, had the same energy

dependance as the (y,n) cross section obtained by N13

activity/



activity measurements and was about three times as large.

The (y,~) and (y,star) cross sections similarly
increase at about 20 MeV, The (y,star) events were identi-
fled using the normal method of finding the smallest
momentum unbalance. The "appearance" of the tracks con-
firmed the allocation of four of the events to the (y ,xp)
reaction and three to the (y ,x«) reaction. The tracks of
the remaining event were too steeply inclined to permit exact
measurement, Thus the (y,x), (y,xp) and (y,xx) reactions

ell have cross sections about 1 to 2.10_28 sq. cm.

I1I.6. Discussion of Results

With the results of this experiment and of the .
previous (y,n) measurements 1t i1s possible to discuss all
photonuclear reactions exéept (y,d) and (),Y), in‘N14 up
to an energy of 23 MeV. The (},p) cross sectlon up to the
(y»n) threshold (10.54 MeV), which 1s known in more detalil
than any other photonuclear cross section, will be considered
first, then the higher energy region where several reactlons
cen tske place, will be dlscussed.

The range distribution of protons with energies
below 3 MeV shown 1n Fig.III.3, gilves the (x,p) cross sectlon
below 10.5 MeV with an emergy resolution of about 40 KeV.
This may be compared with the energy resolution of % MeV

or more which 1s obtailned with other methods of measuring

photonuclear/
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photonuclear cross sections. Although some earllier workers

had obtalned indications of a lével structure in photo- |
nuclear reactions, the (y,p) resonances found in the present
experiment are the most convincing demonstration of such a
level structure so fer obtained. However, these levels could
have been obtained 1n stlll greater detall by the application
of detalled balancing to the inverse resction, i.e. C 2(p,y )N-4.

It has been shcwn here that thls procedure of using detailed
balancing is Justiflable, It follows that many more detalled
photonuclear cross sections could be obtained from the lnverse
reaction using detalled balsncing.

The nature of the N14(g,n)Nl3 reaction cross sectinn
with 1ts small maximum at 13 MeV and the glant resoance at
23 lieV (see Fig,III.1l) led Blatt and Welmkopf (1952, p.651)
to suggesp that there were two different types of photon
absorption involved, It was known (Levinger and Bethe, 1950)
that the greater part of the sbsorption in the gilart resonence
region nust be electric dipole. Bleaett and Weiéskopr pestu—
lated that below 15 lieV only electric quadrupole and magnetic
dipole absorption were effective and that the sharp increase
ebove this energy was due to the onset of electric dipole
ebsorption. It 18 possible to test this hypothesis in the
present experiment as in the range from 7.5 to 10.5 MeV
the spins and parities of the leveles involved are known;
they are 1=, 0=, (2~) and 2~ for the levels in N14 at
8.06/ |



8.06, 8.70 (trosd level) 9.18 and 10.43 MNeV (Ajzenberg and
Lauritsen 1953, Willard 1955). As the ground state of
N14 ie 17 the absorption in each case 1s by electric dipole
transitions, These results are therefore in confllct with
the above hypothesls and suggest that the glant resonance 1is
due to a chenge in the probability of absorption rather than
to a change in the character of the radiation absorbed.

Ve will now consider the energy region above 10,54
leV. Only for the (y,n) reaction has the energy dependance
of the cross section been obtained, but as explalned in
Section III.5.E, the (y,p) crose section has been found to be
a constant multiple of the (y,n) crose section and hence its
variastion with energy cen be obtained. Similarly the (y,pn)
cross sectlion which rises more steeply wlith energy, has been
obtained, It 1s them possible to add all the cross sections
and obtain the total integrated cross section, These estab-
lished and inferred cross sectiohs are shown in Fig,III.8
where 1t should be noted that while the cross section 1s
known in detail below 10.54 MeV, the energy resolution was
not sufficient to identify any levels at hilgher energiles.

The inferred (y,p) cross section of Fig.III.8 1s in rough
egreenent with the cross section, shown in Fig.III.7 obtalned
by measurement of recoll ranges,

It has been shown that the cross sections of all

measured/
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meesured rgactions in N14 have & pronounced increase at
ebout 20 eV which is teken to be the cnset of the glant
resonance., This confirms the view that the glanl resonance
is an increase 1n the nucleer photon sbsorption cross
section and is not a resonance assoclated with only the

(y ,n) reaction,

As was shown in Fig,IIX.1l, the (y,n) cross section
in N14 1s smell compared with the (y,n) cross sections in
012 and 016. This result and the relative msgnitudes of
the (y,n), (Z’P) and (y,pn) cross sections may be explalned
by a detalled donsideration of the energy level diagram,
Fig.III.9.

The photo-emission of a neutron from N14 can leave
the N13 nucleus in its ground stete or 1n an exclted state.
If the N'° nucleus 1s formed in 1ts ground stete no further
reaction can take place and the event will be a (y,n) react-
ion. However, if the N13 nucleus is formed in any exclted
state, 1t can emlt a proton to give the final reaction
N14(5,np)012, and this is much more probable than the decay
of the excited state by gemma emission to give an (y,ny)
event which would be recorded ae a (J,n) reaction, Similarly,
following photoproton emission, i1f the 013 nucleus is left
in its ground state or in any of the three exclted states

of energy less than 5 lleV, a (X,p) reaction will be recorded,

while if an excited state of higher energy 1s formed with an

energy/



energy greater than 5 leV, neutron emission to glve a
Nl4(x,pn)012 reactlion is much more probable than decay by
gamme emission to give an (y,py) event which would be
observed as a (x,p) event. Thus, neglecting the decay of
the excited states by gamma emisslon, the (y,n) reaction
can only occur 1f the residual nucleus 1s formed in 1ts
ground state while the (y,p) reaction will occur if the
residual nucleus 1lg formed in the ground or first three
excited states.

Assuning that, spart from small corrections due to
coulomb forces and the neutron-proton mass dlffergnce, nuc-
lear forces are charge independent (Burcham 1955) then the
probability for the emission of & neutron which leaves N13
in a particular state differs only slightly from the probab-.
ility for the emiesion of a proton which leaves 013 in the
corresponding state. Hence the (y,p) cross sectlon 1is
expecﬁed to be larger than the (X,n) cross section by appfox-

imately the cross section for the formation of the first

three excited states of 013. Also the (X,n) cross section

1s epproximately the same as the cross section for the
formation of the ground state of N13.

As the (y,p) cross section 1s almost twlce the
(y,n) cross section, the probability that the emission of
a proton (or neutron) will leave 013(0r.N13) in its ground

state 1s equal to the total probabllity that the nucleus

will be left in any one of the first three excited states,
Ag/



As the number of excited states of 013 end N13

which can be formed will increase as the photon energy
increases, 1t may be expected that the (y,pn) cross section
will be initially small but will then increase more rapldly
then the (y,p) or (y,n) cross sections and this is what has
been found.

16

In 012 and 0" the thresholds for the (y,pn)

reactions are high (27 and 23 leV respectively) so that
following photoneutron emisslon, if the residusl nucleus 1is
formed in an exclted state, 1t can only decay by gamma
emission to give an event which would be recorded as a (y,n)
reaction. Thus the (y,n) cross sections in 012 ang 00 are
expected to be larger then the Q;,n) croseg section 1n.n14.

Thus 1t may be concluded that anomalous photo-
disintegration results may be understood by a detailled
consideration of the energy levels involved and thelr rela-
tién to reactionvthresholds.

The baslc assumption of the above arguments i1s that
the reactions proceed through levels in 013 ana N13, l.e.

compound nuclel are formed., Thus the experimental results

have been explained by use of a Compound Nucleus theory.
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CHAPTER 1V.
THE PHOTODISINTEGRATICON OF NEON

Introduction

In this chapter the photecdisintegration of neon
using a cloud chamber is described. ‘The importance of this
experiment is first discussed, Improvements and modifications
of the experimental method and apparatus are described and
the method of analysis is given. The experimental results
for the different reactions are then described in turn.

The (J,p) reaction was studied by measurement of the recoil
range. Results for the (y,«) and (x,star) reactions are
given and the energy of possible compound nucleus states are
calculated. Finally, the results are discussed firstly in
groups according to the energy of the photon producing the:
event, and secondly with reference to the operation of iso=-

topic spin selection rules,

1V. l. The Photodisintegration of Neon

The photodisintegration of neon was next studied
as it was of considerable theoretical interest and as the
cloud chamber technique which had been developed was con-

sidered to be particularly suitable for such an investigation.

on/



On the assumption of the charge independance of
nuclear forces, a number of Isotoplic Selection Rules have
been proposed (e.g. Radicati, 1952), If these rules were
strictly applicable and if the reaction proceeds through
Compound Nucleus states, then the (y,star) events which
would be formed in the photodisintegretion of neon, were
expected to have an unusual character and in peaerticular an
appreciable number of (X,ip) stars having a low energy proton
might occur, If the ranges of the tracks in these stars were
measured 1t should be posslble to declde whether the 12.51
MeV or the 12.95 MeV level in O'® haa an isotopic spin of
one, (These points are discussed more fully in Sectilon 1V.5).
Such low energy (X,star) events could be studled relatively
easlly by the cloud chamber method as the origln of the
event and the range of all particles could be found. This 1s
not easily possible using any other method e.g. neon being
an inert gas, cannot be included in photogrephic emulslons.

The (X,p) cross section in lightelements is expect-
ed to be large and of the same order as the (J,n) cross
section, but few measurements of (X,p) reactions have been
made. It was intended to measure the (X,p) cross section
and as the (E,n) cross section has been measured by Ferguson
et.al. (1954) the ratio of the two cross sections could be
found.

As/



As the Neao nucleus can be split into an integral
number of alpha particles, 1ts photodlsintegration is of
interest in connection with the alpha-particle theory of
nuclear structure, Also the yleld of alpha particles fron

neon may be exceptionally large.

1Vv.2. Method snd Apparatus.

The basic method and epparatus were the same as
those deseribed for the nitrogen experiment in Chepter III,
that 1s, the X-ray béam from a synchrotron of 23.5 iMeV pesak
energy was collimasted and passed through a Wilson Cloud
Chamber as shown in Fig. 1lV.l., The chamber was shielded

Fig. 1V.1l.

from neutrons by paraffin blocks four inches thlck. The

measurement of the synchrotron output was improved by re-

-cording 1t on a 100-channel kick-sorter, as well as noting

it on an oscilloscopé as before, The total X-ray dose was
0.1 Rantgen.

The stopping power of the gas was chosen to be

0.7/
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O.7 which was sufficiently high to stop nearly all 4 MeV
alphas or 1% MeV protons but still gave long recoils which
could be easily measured. The ges pressure was l.25 atmos-
pheres with the chamber expanded and this allowed easy
0perat16n of the chamber, .Water was used as the condensable
vapour,

With the success of the measurements of recoll
tracks in the nitrogen experiment, 1t was decilded to re-
deslgn the camera system to assist these measurements,
Previousiy only the film from the top caméra could be used
for recoil measurements as‘the lenses and the films in the
gide cameras were not horizontal (they were inclined to make
the focal plane horizontal) and complete calculations with
thlis camera arrangement were lmpractically tedious., The ‘
three cameras were altered 80 that the film and the lenses
were horizontal end this allowed calculetion of thé lengths
and engles of the tracks.

To simplify the calculations, two 3 - 4 - 5 tri-
anglés were used, no camera belng directly above the chamber,
a8 shown in Fig. 1V.1l. Lens dlstortion, which becomes.appre-
clable at large distances from the axis of the lens, was
avolded by using the two cameras nearest the event,

In the previous experiment, the chamber had to be
refilled at intervals wlth nitrogen due to leakege through
the/



the thin neoprené diaphragm., This was not serilous for
nitrogen, but with its higher cost, was important for neon,
hence the leakagelwas greatly reduced by using a thick dia-
phragm of butyl rubber. The compositions of the chamber

gas, before and after the photographs were taken, were analy-
sed by Dr. Reed of the Glasgow Universlty Chemistry Depart-
ment., The alr contamination at the end of the run was less
than 2% and therefore negligible, The presence of nitrogen
could also be estimated by the appearance of (J,pn) flags,
8ince these are energetically impossible in neon but large
numbers of them are found from nitrogen; only two (X,pn)
flags were found, confirming that the nltrogen content was
unimportant. The stopping power of the gas was calculated
from its composition and the expanded pressure. Thls value
was conflrmed by measurement of the ranges of alpha particles
from the polonium source on the chamber wall,

To ensure that once good track quality had been
achieved, 1t could be maintailned for long periods, the oper-
atlion of the chamber was made fully automatlc,

The basic component of the electronic unit was a
uniselector mechanism which conslsted of a switch of eight
banks each containing 25 contacts and these were ¥selected!
by & wiper arm which was moved round from one contact to the
next by energlsing the coil of a control solenold. The wiper

arm/



arm had a contact for each of the elght banks. The coill was

placed in the cathode circuilt of a thyratron whose conduction

was controlled by a varliable R-C network in the anode circult,

The first bank of contacts was used to select the appropriate

reglster which together with the 3QFF condenser, provided the

'required delay before moving to the next position. The other

banks of contacts were used to perform the following operations:

(a)
(b)
(c)

()
(e)
(£)
(g)
(h)

(1)

open the camera shutters

initiate the fast expansion of the chamber

send a slignal to the synchrotron‘controls which produced
a pulse of X-rays after the appropriate delay
flash the lamps

close the cemera shutters

operate the reset solenold

perform the required number of clearing expansions,
provide a delay of 35 secs. to allow the gas in the
chamber to achieve equllibrium conditions

operate a warning buzzer which indicated that the

chamber was ready for the next fast expansion.

The slow expansions were performed by means of a

magnetic valve which connected the chamber alternately to a

compressed nitrogen reservolr and to the atmosphere, the

timing used being 5 seconds to expand and 8 seconds to con-

tract. The whole cycle of operations took 2 minutes.

1V.3./
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1V.3. Analysis.
The fllms were first scanned with a low powered

microscope and the events were claselfied as singles, collinear
flegs, non-collinear flags, unclasslified flags and stars,
using the definitions given in Section III.3. The thresholds

of the reactions and the expected classlfications of the

' events are given in Table 1V.1.

As the (X,pnj threshold Was'almost the same as the
peak energy of the synchrotron, no non-collinear flags of
measureable length could have been produced by this reaction.
The two non-collinear flags with 1lghtly ionising fragments
that were found were agsumed to have been Neao(y,p) events
in which the recoll was scattered very close to the origin
or were (J,pn) reactions in nitrogen which may have leaked
into the chamber. Unclassified flags with Lightly ionising
fraguents were accordingly assumed to be all collinear flags,

The initial method of analysing the events was to
clamp the negatives of each of the three films to the table
of a mlcroscope and then measure:

(a) the co-ordinates of each significent point (e.g. the
origin of the event)
(b) the angle of the track relative to the central grid
wire which was placed in the directlion of the X-ray beam
(¢c) the length of the track image,

The/



Table 1V,1.

Photonuclear Reactions in Neoneo.

_ Threshold LieV.
20 19

Ne W=> n«+ Ne Single l6.91
p + FLI 12,87
a - 1’4‘:!'8 ) Colllinear 21.05

16
of, t o ® 6
Flags 4-14
prnt Fls 23,28
15! Non-collinesar
«+n+0 20.34
12
o+otr G 3 5 11.895
-Drong
4+p-+N15§ stars, 16.856
P.,.p-'. 018 20.82
5 & Hh-prong star. 19.07

The co-ordinates of the point in the chamber and the angle
of the track to the direction of the X-ray beam were then
calculated from the geometry of the cemerasystem.

This measuring technlque was found to be accurate,
but slow, as 1n the complete analysis of a star some 200
steps were involved in the calculation, Miss M.B. lMcClements
developed a device, shown in Fig., 1lV.2, which performed some
of these caléulations mechanicslly. It consisted of a straight
steel needle, 6" long, mounted in a brass ball which could

move/



move In a cup in a braes plate. To this plate were attached
two protractors, one in a horizontal plane and one in a

vertical plane, both being concentric with the ball, and the

Fig.IV.2.
latter being able to botate about the vertical axis through
the ball. The three images of a track were measured using
the microscopes as above and the position of the origin of
the event in the chamber was calculated. Using the repro-
jection table, the centre of the brass ball was placed in the
same position relative to the cameras as the origin of the

event./



event, Llghts were shone through the camera lenses torpro-
duce shadows of the needle on the table., For each track
the needle was then adjusted untlil the shedows had the same
set of three angles on the horizontal plane as thosemeasured
on the films. The needle was then lylng in the same direction
as the track end hence its angles with the horlzontal and
vertlcal planes cculd be measured. Then from the length of
the shadow of the needle and from the length of the track
image in the film, the true length of the track could be
calculated, Thls was done for all three films and the mean
of the lengths was adopted.

For stralght tracks the accuracy of the method was
found to be:-

1° in the angle 1n a horizontal plane

2° in the engle with the vertical

C.05cm, in length measurements,

As .very few events were observed out of the bean,

it waes concluded that the background was negliglble.

1v.4. Results.
The neon gas used in the experiment was that commer- .
cielly evailable and which consisted of 90% Ne<C, 3% of NeZt
end 9%% of Ne“2. TIn the analysis of the results 1t was
assumed that the neon was all of mass number 20, it belng

impossible to dilstingulsh between the isotopes.
The/



The threshold of the Neze(a/,p)le reaction was

caleulated to be about 17 to 18 lleV, for although F°* 1s not

known, 1t 1s probably stable and ite mass can be estimated.
Comparing the thresholds of the principal photo-

22 L1th those in NeZC, 1t 1s

dlsintegration reactions 1n Ne
found that the (X,n) threshold of 10,36 MeV is much lower

(by 63 MeV); the (y,s) threshold of 9:66 leV is higher by

5 MeV; the (J:P) threshold is 4 to 5 MeV higher; the (5,44)
threshold of 15.90 MeV is 4 MeV higher and the (g,dp) thresh-
0ld is much higher at 27.4 lleV. Thus the yleld of photo-

e2 may be higher than fron NeaO, while the

neutrons from Ne
yileld of charged particles may be expected to be rather less,
As the percentage of Ne®2 1s only 10%, then the assumption
in the analysis that the gas consisté entirely of Neao, will
probably not lead to serious error.

The results have been dlvided into three sectlons

according to the classification of the reactlon, the sections
being, (y,p), (y,«), and (K’ star).
(a) (y.p) Events,

The most épparent difference between the (y,p)
reactlons 1in nitrogen and neon, was that ln neon the fragment
was observed to stop ln the chamber 1n only three events,
Thus, 1t was not possible to obtaln a detalled energy
dietribution from the fragment ranges, but an approximate
energy distribution was found from the recoll ranges.

As/



As the energles of the (I,p) events were generally
high and as the etopping power of the gas was low (0,7), the
recolls were longer than in the nitrogen experiment and were
easlly measured. The very few singles and unclassified flags
which occurred were assumed to be (X’p) events as the frag-—

ments were lightly lonising.

As only three events were observed to stop in the
chamber, then, taking into account the fraction of tracks
of a given length which would be observed to stop, 1t must
be concluded that there are very few protons of energy less
then 1.6 leV and few protons of energles between 1.6 and 2.0
lieV. Thus the (X,p) cross section from the threshold of
12,87 MeV to 14.5 MeV 1s very small (about O.lmb.) and 1s
' low in the energy region from 14.5 to 14.9 leV.

In the inverse reaction, Fl9(p,X)NeEO, it has been
found (Sinclair, 1954) that there are no gemma ray trans-

o)

1tions direct to the ground state of NeZ for exclted states

in neon from 12,87 MeV to 14.23 MeV. From detasiled balancing,
this 1s in agreement with the result obtalned for the
Neao(g,p)F19 reaction. |

From the measurement of the recoll range the
energy of the recoll was found using the range-—energy for
F19 gilven in the Appendix, The energy of the photon pro-
ducing the reactlon was then calculated assuming that the
F19 nucleus was formed in 1ts ground state. ' From the

resulting/
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resulting energy distribution and the bremsstréhlung spec—

* .
trum , the (X:P) cross sectlon was obtalned and is shown

in Filg. 1V¢30

Fig.1lv,3.

It was not possible to distingulsh events in which
Fl9 was formed in an excited state which decayed by gamma-—
emission, hence in Fig. 1V.3 (X:PJ° events will have been
considered as (y,p) events. In this connection 1t has been |
found by Arthur et. al.(1952) that in the Flg(p,P)Fl9 reaction
with 8 MeV protons, the residual F19 nucleus could be formed
In any one of 11 excited states with energies petween O and
4.5 MeV, If 1n the Neeo(x,p)Fl9 reaction, the same states
of Nezo are formed, then, on compound nucleus theory, exclted

states of F19 will occur. Accordingly, in analysing the

(Xap)/
*® Assumed to be the ssme as that given by Katz and Cgmeron (1951)




(X,p) events, 1t was assumed that in the proton emitting

1
*3
reactions formed F19 in its ground state, % formed levels of

reactions produced by quantum of 19 to 23 eV of the

0 to 2 lieV excitation and'% formed levels of 2 to 4.5 lLieV
excitation. The resulting cross sectlon for the (x,p)
reaétion which 1s given in Fig.1lV.4, 1e similar to the (E,n)
cross section, shown dotted, obtained by Ferguson et.el
(1954) and the integrated cross sections to 23.5 lUeV are

both approximately' 0.04 MeV barns.
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The (X,P) cross section shown in Fig.lV.4 is not
exact and may require to be modified due to transitions to
.levels in F19 wlth energles greater than 4.5 eV but as
Fl9 is unstable to alpha particle emission above 4 lieV,
these levels have a higher probability of decaj by alpha
emission giving (y,p«) events, than by gamma emission.

The observed distribution of the angle,bf, between

the proton and X-ray beam directions, 1s shown in Fig.1lV.h5.

Ne.

_____

...................

Fig. 1V.5.
Cn the Compound Nucleus theory an 1sdtrop1c distribution is
expected and this would be observed as a Siny distribution
on Flg, 1V.5 on allowling for the differing solld angles.
With the Independent farticle Model, proposed by Wlilkinson
(1954), the experimental anguler distributlon would be of
the form Siny (1 +'§ "Sinzg) on L-3 coupling or Siny (1+ Sinegl)
on }-)] coupling. Fig. 1V.5 was compared with the relation
Sin/



L6l

Siny (1 + E—Sinaa) where a value for f of } was found. This
favours the Compound Nucleus theory but the resulf is not
statistically significant at the 5% level,

(x,d) reactions cannot be distinguished from (K,p)
events, However, the Neao(x,d) threshold is so high (21.05
MeV) thet the deuteron frack would have had a high probabillty
of stopping in the visible portion of the chamber, As such

WITH A Lone Reow

events,were not found it must be concluded that the (J:d)

cross sectlon 1s small below 23 lleV.

(b) (x,«) Events ‘

(ysx) events were 1dentified as collinear flags in

which the recoll was exceptlonally long and in which the
fregment wee heavily lonlsing so that the lonisation change

at the origin is small. A (J’“) event 1s shown in Plate 1V.1.
Nineteen events were thus ldentiflied. In addition 1h eleven
other events, the track was heavily lonising and had the
appearance of an alpha particle but the origin of the event
could not be distinguished, poseibly due to the smell change
in ionisation at the origin of (y,«) events,

- Assuming that the 016 nucleus was formed in its
gfound state, the energy of the quantum producing the event
wex calculated from the measured recoll range or 1ln case
of the six events in which the frégment stopped in the

chamber, from the fragment range., The resulting energy

distribution/
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distribution is shown in Fig. 1V.6.
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Fig. 1V.6.

It has been found by Erdman (1953) that on bombardirg
neon with 17.6 MeV gamma rays from the L17(p,5) reasction that
Heeo(ﬁ,d)016 reactions which formed O16 in excited states of
6 to T lleV energy were several times more probasble than ground
state transitions. Hence the values of EX in Fig. 1V.6 may
require to be increased by 6 to 7 MeV except for the three
events of energy greater than 18 eV which must be ground
state transitions., The form of Fig. 1lV.6 is discusgsed in
Section 1V.5.

(¢) (y,Star) Events

A total of 60 three-prong sters were observed. From
the "appearance® of the star, (i.e. ionisetion of the fragments
relative/



relative to one another, multiple scattering and angles
between the tracks) 1t was possible to classify the events

as (X'*p) or (K,dd) reactions, On Plates 1V.2, 1V.3 and 1V.4
(X,&d) events are shown while on Plate 1V.5 there 1s a (y,«p)
event in which the proton was of low energy. ‘

This method of classifying the (X,star) events was
checked for those events in which all three tracks stopped in
the chamber, The event was classified by its "“"appearance'"
and from the measured ranges and angles the momentum unbalance
was calculated, the momentum unbalance being defined as the
vector sum of the momenta of the three particles and of the
initial quantum. This momentum unbalence was always found to
be less than 50 MeV/C. The next most probable assignment was
given to be event and the momentum unbalance was calculated
when 1t was found to be always greater than 80 HeV/C. This
result is shown in Fig. 1lV.7 where the second assignments are
shown shaded and where, for comparison purposes, the distribution
of the momentum unbalances obtalned by Gowgrd and Wilkins (1953)
with the 012(3,3d) reaction using photographic emulsions is
shown dotted.

No (X,pp) events were found.

Of the 20 events which were ldentified as (y,dd)

stars, complete measurements could be made on 1l events 1n which

all three tracks stopped in the chamber. The 012 range-energy

relation/
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relation was checked by comparing the observed recoll range
with the energy obtained by calculation from the ranges of the
two fragments, Good agreement with the experimental points and
the proposed relation was obtalned as shown in Fig, 1V.8 except
that the renges were slightly too long — this ma& be due to
the stopping power of neon for 012 lons being different than
that of alr, leasurements were made on a further six (y,dd)
" stars in which only one fragment stopped, the energy of the
remaining fragment belng found from the angles énd the ranges
of the other two tracks, In the reﬁaining three (),4«) stars no
frégment stopped or one or more of the tracks was too steep to
be measured sufficiently accurately.

| On the basis of the Compound Nucleus theory, it was

assumed that in (X,xx) reactions, one alpha was emltted first

forming/



ENERGY, MEV.
~

 §

(o] i " ?
PANGE IN AIR MM,

Fig. 1v.8.
forming 016 in an exclted state which then decayed by emitting
a second alphs particle, 'As there was no means of declding
which alpha partlicle wes emitted first, two values of the
excltatlon energy of 016 were calculated for each event, 1t

12

being assumed that C~< nucleus was formed in 1ts ground state,

In Fig. 1V.9 where the values for the excitation energles of
016 are shown, the arrows lndicate the position of the energy
levels of 0%° from which alpha emission had been observed

(Ajzenberg and Lauritsen, 1955). Due to the impossibility of

declding which energy value 1s the correct one, 1t cannot be

stated that agreement with the observed energy levels has
been/
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been positively obtained,‘but it was found that by selection
of one of the two energy values for each event, 1t was possible
to construct an energy dlstribution which was not inconslstent
with the observed energy levels. The selected values of the
excitetion energies are shown shaded in Fig. 1iv.9.

01b of energy grester than

For exclted states of
11,7 MeV 1t 1s poesible for the 012 nucleus to be formed in
1ts firset exclted state of 4.43 leV but 1t has been reported

by Nabholz, Stoll and WAffler (1952) that in the 0%0(y,.)c12

reaction produced by 17.6 HeV gamma rays, less than 10% of
transitions led to the 4.43 MeV state of C
Forty (y,4p) events were iddntified. In nine cases

all three tracks stopped in the chamber and measurements were

also/



also made on seven events in which one fragment left the
chember. In the remaining 24 events the recoils which were
much snhorter than those from ({,xp) events, could not be
measured with sufficient accuracyf

For each (y,(p) event, the energy of the excited
state of 016 wag calculated on the assumption that the alpha
particle was emitted first and also the energy of the excilted
state of F19 was calculated on the assumption that the proton |
wae emitted first, there belng no way of distingulshing between
the two cases. The resulting energy distributions are shown
in Fig, 1V.10; the known levels in 016 are ilndicated by arrows.
N1 was formed in the ground state in every case as the first
level at 5,28 lleV, was not accessible.

The energy distribution of the qugnta producing the
stars 1s shown in Fig. 1V.1ll where the (y,<«) events are
gshaded. It was assumed that Gla was formed in the ground state.
It was noted in Fig. 1V.11l that all the events occur in the
glant resonance reglon except for three (y,««) events at
E = 16 HeV.

Discussion./

It may be noted that for the analysis of (y,star) events in
which one fragment left the chamber, an accurate energy value
had to be obtained from one recoll range measurement and for
this & fairly long straight track was required while for (y,p)
analysis the errors due to range straggling and measurement were
not important for any one event as the resulte were based on a

statistical interpretation of a large number of events,
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IV.5. Discussion
It will be shown thet the results obtalned above for

the photodisintegration of neon are conslstent with the plcture

ot/
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of photodisintegratlion processes which was developed in
Chapter III.

A compound nucleus theory is used; the cross section
for any reaction is assumed to be the product of two factors,
the cross section for absorption of the incident photon and
the probabllity of emlssion qf the required particle, this
probability being affected by the spins, angular momenta,
parities and isotopic spins involved and by the character of
the competling reactions, Sone of the concluslons are sumnar—

ised in Fig. 1V.l2.

(a) Photon Absorption
It is convenlent to divide the photon absorption

cross section up to 2% MeV into two parts, Firstly, there is
the 'giant 'resonance'! which 1s found in all nuclel and which
occurs at about 20 MeV ln neon. The large values of the photon
absorption cross section near this energy result in corres-
pondingly large ylelds of all reaction products. Thus in
Heeo the (y,n), (y,p) end (y,star) cross sections exhibit a
rise near 20 lleV, Secondly, at quantum energles lower than
those of the giant resonance, 1t is postulated on the basls
of the study of the photodisintegretion of nitrogen that
photon absorption 1s by individual levels and that reasction
croses sections are cqntrolled by fhe nature of the levels

involved. Recently there has been some evidence that the

giant/



glant resomance is not continuous 1in nature, but is also
composed of discrete levels,

Thus whille photodisintegration cross sectlons show
a general trend throughout the Periodic Table, the actual
cross section of any reaction can only be found by a detalled
conslderation of reaction thresholds end of the character and
number of the avallable energy levels., Anomalous results may
sometimes be explained by such detalled work. For elements
with a high 2, energy levels are numerous and statistical
methode may be employed, but for elements with a low Z, the
energy levels are widelyvspaced and such detalled consideration:
les necessary. |

(b) E, below the (y.p) Threshold
¥ \

From the Sum Rules 1t has been shown that photon
gbsorptlon is malnly by electric dipole transitions., The

ground state of Neeo

has an 1sotoplc spin T = O and as the
1sotoplc spin selection rules forbld electric dipole tran-
sltions to higher energy states with T=0, the photon
absorption cross sectlon 1s expected tb be small below the
energy of the first T=1 state which 1s close to the (H,p)
threshold, that 1s, the photon absorptlion cross section 1s
expected to be small at quantum energles below thel(y,p)
threshold of 12.87 ueV, |
There are only two competing reactions (y,«) and

(X’X) below the (X,p) threshold and as the probability of

particle/



particle emission is much greater thah that of gamma emission,

the total photon absorption cross section will bé only
slightly greater than the (J’*) cross section which has been .

found in this experiment to be small. Thus the total photon

. - 2
absorption cross section below 12.87 MeV is small (~10 28cm. ).

(¢) 12.87 MeV< E6’<15 MeV.

In this energy region, excited neon nuclei czn
decay by the emission of quanta, alpha particles or low
energy protons, An upper limit of three proton tracks from
(5,p) events were observed to stop in the visible region of
the chamber and it is possible that some or all of them
could have been produced in reactions in which quanta of
higher energy left the Flg nucleus in an excited states
This result is in striking contrast to the N14(x,p)013
reaction in which large numbers of protons of 0.6 to 2.0 MeV
were observed to stop. Thus the (J’P) cross section below
15 MeV is very small and this is in agreement with the inverse
reaction, Flg(p,g)ﬂezo in which ne gamma rays givipg ground
state transitions have been observed. (Ajzenberg and
Lauritsen, 1955), |

Very few if ény (X,a) events could be identified
as due to X~rays in this energy interval, It was conciuded
that the total photon absorption cross section is small up
to 15 MeV.

(a) Eg above 15 MeV

Above/



Above X~ray energies of 15 MeV, the yields of

proton - and alpha = emitting reactions in neon were found

to be very large corresponding to the giant resonance of the

photon absorption c¢ross section, The relative numbers of

events in which protons, neutrons and alpha particles were

the first particle to be emitted from neon are given in Table

1V.2, where it was assumed that in half the (K,dp) stars

the proton was the primary fragment.

Table 1V.Z2.

Primary Number of‘
Particle ¢ Reaction ' Events ' Total

H H ' H
Proton (X'P) 200 320

t (yspa) 3 20 $

| $ ¢ ‘

Neutron (yon) ¥ - 300
......‘.....z...............z.....'.........g...........l...‘.
Alpha 3 (U,x) 6 e 5 s

 (yoap) . 20 . 55

(Et&d) 30

.OO.."..00..000.0.0....0"...0..0...0.‘.0.......0.0...0........

® calculated from Ferguson et., al. (1954).

® Estimated number of (y,p) events in which Ey was above
the (5,p) threshold.

It was noted that the numbers of protons and

neutrons emitted were almost identical. It is believed that

‘basically proton and neutrons have equal probabilities of

emissions, but that Coulomb barrier considerations, the

availability/



availability of energy levels, etc., affect the actual yields,
but for Nezo such factors are not important and hence egual
yields of protons and neutrons are expected up to guantum
energies of 23 eV, at which energy the (x.pn) reaction will
start to contribute and so will not permit a definite separat-
ion of primary proton-emitting and primary neutron-emitting
reactions,

An important feature of the results is the relative-
1y large number of events in which an alpha particle is the
first fragment to be emitted. Table 1VJ2 shows that the yield
of primary alpha particles was asbout a sixth of the yield of
protons or of neutfons. This probability of emission is
relatively high considering the effecés of the Coulomb barrier
and of the isotopic spin selection rules. The explanatien
mey lie in the fact that it is possible to consider the Nezo
nucleus as being cam@dsed of an integral number of alpha

particles.




(e) Isotopic Spin

One of the major aims of this experiment was to
tést the applicability of the isotopit spin selection rules
for if these rules are absolute, then the character of the
(x,star) yvield is as expected to have an unusual but definite
form which couid easily be deterﬁined by an experiment using
a cloud chamber, |

Considering only the giant resonance region, then
as the greater part of the photon absorption is by electric
dipole transitions, the excited states of neon resulting will
have isotopic spins of T = 1, The emission of alpha particles
from T = 1 states is "inhibited" by the conservation of

isotopic spin unless the resultant state of 00

has an isotopic
spin of ome. The first T = 1 level in 00 is known to be at
about 12 to 13 MeV and to have a spin of 2%, There are two
levels, at 12,51 and 12,95 MeV which have a spin of 2  and

so could be the first T = 1 level in 016. In 016 the thresh-
0lds for proton and alpha emission are 7.15 and 12,11 MeV
respectively. Thﬁs if the excited state of oxygen has an

energy between 7.15 and 12,11 MeV, alpha particle emission,
giving a (X,&d) event, is the most likely mode of decay, but
as the isotopic spin of the states is T = 0, the selection
rules will inhibit théir formation and hence the yield of
(K,xx) events was expected to be small, However, the cross
section for the formation of T = 1 states with energies

above/



above 12.5 to 13 MeV will be much larger as they will
suffer no inhibition. When these T = 1 states of 01
have been formed, their decay by alpha-emission to give
T = 0 states of C1¥ will be inhibited by Isotopic Spin
Selection Rules, but they ¢an decay by proton emission to
T = 4 states of N1% without violation of the Selection Rules,
Thus, the most likely mode of decay of such states was
expected to be by proton emission to give (X,xp) stars which
would be easily identifiable and measﬁrable,due to the low
energy of the proton. |

- Experimentally, a large number of such (&q.gp,)
stars weré found one being shown in Plate 1lV.5, and from
the calculated excitation energy of 016, the first T = 1
state was identified as the 12,95 MeV level., The same
conclusion was reached by D.H., Wilkinson (1956). There
would appear to be a number of T = 1 states between 13
and 14 MeV but the statistics are not sufficient to identify
them, |

The yield of (ysoo) was surprisingly large and
in some events both the values for the excitation energy
of 01% lay above 13 MeV showing that "inhibited" alpha
eﬁission could compete with the "uninhibited" proton
emission,.

From these results it must be concluded that the

rules/



rules derived from the conception of isotopic spin are not
absolute; These results may be explained by assuming that at
these high atomic nurbers and energies, the states are not
npure" but have an admixture of other isotopic epins so that
reactions which would otherwise be forbidden, do have a

finite probability.
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APPENDTX.

RANGE-ENERGY RELATIONS OF HBAVY IONS.

Introduction

During the course of the experiment on the photo-
disintegration of nitrogen, 1t was found possible to measure
the range of tracks of recoll nuclel. It was hoped that from
,theae range measurements it would be possible to determine the
energy of the pmrticle and hence, wlth angie measurements, the
energy of the 1lncident photon, but this required a knowledge
of the range—-energy relatiohs for the lons which in this case
were of carbon, boron and lithium nuclei. However, it was.
found that little Ainformation was geherally available about
the range-energy relations of heavy lons apart from clond
chamber experiments on the collisions of alpha particles and
gas nuclel from which Prof. P,M.S. Blackett (1925) had deduced
the relation,

RoCM.Z’%. £(v) where r(v):vl'l e (A1)
where R 18 the range of an lon of mass M, atomlc number Z and
velocity V., A few more recent experiments ylelded results
inconslstent with this relation, also the originsl results
required corrections as the range-cnergy relation for alpha
particles which had been used, has since been determined more
accurately, It was accordingly declded to undertake a review
of the range-energy data avallaeble in order to obtaln a

satisfactory/




satisfactory range-energy relatlon to employ in the
photodisintegration experiments.

For range-energy data obtained from c¢loud chamber
experiments, 1t was found that a consistent relation was
obtalned between the range-—energy relation and the Atomic
Number of the 1lon.

Thus the accuracy of the particular range-—energy
relation employed in the photodlsintegration experiments could
be tested by 1ts relation to the range-energy relatlons found
for ions of approximately the same Atomic Number. Thls work
was extended to include range-energy relations in solids
(particularly photographic emulsions) and'energy loss problems,
but here only range-—energy relations measured in cloud chamber
gases wili be considered.

In this Appendix, a brief theoretlical discussion 1is
first given to assist in the 1nterpretation of the experimental
results, The experimental methods which have been employed,
are then discussed and possible sources of error are noted.
Each element 1s then cdnsidered in turn and experimental
measurementes of range-velocity relations for its ilons are
discussed and from these the most probable range-veloclty
relation 1s deduced. The derived relations for each element
afe collected and considered as a function of Atomic Number
when 1t is found that a consistent trend is obtained. It
1s suggested that the range-=veloclty reliations exhiblt a
periodicity/
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periodicity similar to that of the Atomic Table of Elements,
The values of the range straggling found in the various
experiments are discussed,

The valldity and applicability of varlious theoretical
range-velocity relations are considered. It is shown that there
18 no adequate theory avallable at present and that where
possible, experimental results should be used, A method of
extending the experimental results to high energles is
described. |

Mechanism of Energy Loss of a Charged Particle passging
through lMatter.

When a charged particle passes through a gas, or
matter generally, it loses energy mainly by ionisation and
excitatlion of the electrons of the gas., The rate of energy
loss, %% for an lon of Atomic Number Z, and veloclty v is
given by

Q.E.oczlz 1 (A2).

for the non-relativistic veloéities conéidered here. At high
energles the lon 1s completely stripped of its electrons, but
as energy 1s lost, its veloclty approaches that of its orbital
electrons énd it cean then capture electrons into these states,
There is also a probabllity of losing these electrons so that
the 1on 1s continually caepturing and losing electrons. The
cross section for capture is proportional to‘%S where v is

the/
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the veloclty of the lon, while the cross sectlion for loss of
electrons is proportional to‘%. Thus as the ion 1s slowed
down this proczes of ceplure and loss of clectrons, girradually
reduces the effective charge on the ion until eventually at

8

very low velocities (vuvi-j%7 = 1,1x10 cm./sec.) it 18 neutral
most of the time. As the lonisatlion is proportionsl to the
square of the effective charge on the ion, this 'pick-up! of
electrons reduces the rate of energy loss very appreciabiy.
For protons and elpha particles, the velocltles of the orbital
electrons are small and therefore elecfron plck-up is only
important at low velocitles and since thelr mass is small, it

is only important at very Low energies, about 0.4 MeV for

protons and about 2 lleV for alpha particles. For heavier.

particles, electron plck-up becomes important at high velocities

and very high energlies, e.g., about 20 MeV for Carbon and of
the order of 1000 MeV for fission fragments. In the experl-
ments described here, the most important factor 1s the effect
of electron pilck-up in reducing the ionlising power of the ion
and as electron pick-up 1s dependent on the velocity of the
ion but not on 1ts mass, we will consider range-velocity
relations rather than range-energy relations.

When the ion has slowed until 1t has captured most
of its orbltal electrons, 1t begins to lose an apprecilable
proportion of its energy due to collisions between its nucleus
and the nuclel of the gas,

These/
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These colllsions can be considered to be of two
kinds, a few 'near colllisions' in which there is a large énergy
loss (i.e. single scattering events which can be observed in a
cloud chamber as branches from the main track and which are
measured individually) and secondly, a large number of *'distant
collisions! each giving a small energy loss whose effect is
observed as a bending of the track due to the multiple scatter-
ing. The nuclear stopping effect has been treated as a

statistical process by Bohr (1948), who found the energy loss,
dE
dR,
through a gas with atomlc number Zo end mass number Ms to be

of a particle of Atomic Number Z, and velocity v passing

given by the formula

-D - .1~.L ® ® o s b 0 0 ® e 0 e e C I Y A Y
where L 1s approximately a constent.

For protons, nuclear stopping is negligible and for
alpha particles it 1s small but its effect can be observed by
the characteristic slight bending of the track nesr the end
of range. For heavier nuclel, nuclear stopping is importent
up to fairly high velocities, thus flsslon fragments are
severely scattered and have fragment branches e.g. see
Bfgglid (1948). Also the ranges of flsslon fragments in
hydrogen and in deuterium are different being 63% longer in
deuterlium, If the energy were lost only by 1on1éation the

maes of the gas atom would be unimportant but from equation (A2)

the/



the energy loss due to nuclear stopping 1s greater in hydrogen
than in deuterium.

At very low velocities less than %-157 when the
particle is mainly neutral, energy 1s lost in 'hard' collisions
between the neutral particle and atoms of the gas. Hard
collisione are generslly unimportant but they have been used
to explain the low values found for the total energy of
fission fragments in lonlsation experiments - called the
Ionisation Defect. The flesicn fragments produce a large
nunber of low energy gas atoms by nuolear-stopping and these
gas atoms lose thelr energy by hard collislons. Thils energy
loss 18 not observed in lonisation measurenents though it 1is
found 1in calorimetric reasurements.

These energy loss processes can be tébulated es
various collision or interaction proéesses.

l, JIonisation and Excitation Collision between ion and

electron
2. Nuclear Stopping Collision between nucleus and
. nucleus ,
3. Hard colllslons Collision between atom and atom.

That the varlious processes are 1mportant for ions
of different masses can be seen from Fig. A.l (reproduced from
Bfggild, 1948).

For the fission fragment the initlel decrease in the
rate of energy loss 1is due‘to the capture of electrons which
reduces the effective charge on the lon and therefore its

ionisation/



flsion fragment

w-particle <10

0
Range ~cm.

Fig. A.l.

lonisation cross section. At low veloclties nuclear stopping
becomes the dominant process and_results in a repid risé in
the rate of energy loss. For the élpha particle a maxima 1s
observed instead of a minima. Thls maxlima 1s due to the onset
of electron capture. Such a maxima which is observed at one
eV with the alpha particle, 1s also expected to occur with
fission fragments but at a very much higher energy (about
120 MeV). The minima observed with the fission fragments
may also occur with the alpha particle but as nuclear stopping
is unimportant it will oniy be found at very low energiles,
Thus all ilons are subject to the same processes of
energy loss but the relative rates of energy loss vary greatly
with the Atomic Number of the ion. |
The/
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The question of the amount of range straggling is
inportant for 1f the straggling 1s smgll,one range measurement
gives the energy of the particle, but 1f the straggling 1is
large, the energy 1s uncertaln for any one event and a large
number of measurements are required. Where the energy loss is
mainly by ionisation and excitation there are a very large
number of collisions, so that the total spread of energy loses
is small. 8imilarly the process of electron capture and loss
is repeated a very large number of times so that the straggling
due to 1t is small.

In nuclear stopplng energy 1s lost not only in a
large number of "distant" collisione with smell energy losses,
but also in a few "close" collislons where large energy losses
occur. Hence, with nuclear stoppling,the range straggling 1s
large. Thus, protons, whose range 1s controlled mainly by
lonlsation and electron plck-up have a small,b&%)’straggling
of ranges but with filssion fragments where nucléar stopping 1is

important, the range straggling 1s large.

Experimental HMethods

The experimental methods of obtaining range-=velocity
relations for lons in gases will be described in order, being

classifled according to the method of obtalning energetic ions,

1. Radio-sactive Sources

Radio—-actlve elements can be placed in a cloud
chamber and the range of the alpha particles measured. It
the/
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the energy of the alpha particles has been measuréd with a
magnetic spectrometer, this gives a fixed point on the helium
range-velocity curve. Similarly, flsslionable material cen be
placed on a thin plate in a cloud chamber and the range
measured.

2. Collisions with Rsdio~Active Alpha Particles

In thls method, from which the greater part of the
data has been obtalned, the element to be lnvestigated was
inserted in a cloud chamber in gaseous form snd the collisions
of alpha particles from a radio-active source at the side of
the chamber were observed. If the residual range of the alpha
particle or the distance of the collision from the source was
eeasured then the velocity of the gas ion was found while ite
fange was measured directly.

As the chanmber gas must contaln a condenseble vapour
there were frequently other ions in the gas and therefore 1t
waB necessary to distinguish which ion was involved in the
collision. The ratio of the mass of the lon to that of the
alpha particle can be obtained from the angles alone, but
when thé mass of the ion was considerably greater than that
of the alpha particle, the angle measurements became in-
gsensitive, Thus 1n a gas containing hydrogen, carbon and
fluorine, the hydrogen collisions could be easlly ldentified
from the angle measurements but the dlstinction between cl2
and F19 was not so certain due to the insensitivity of angle

measurements/
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measurements and to the difficulty of making precise angle
meaéurements vhen there was some multiple scattering,

This method yielded values for the range~velocity
relation at different velocities, but as the collision cross
section is inversely proportional to the velocity squared, a
large number of values were obtained at low velocities but
only a few were obtained at high veloc¢ities.

In obtaining the rangeevelocity relation for the ion,
a range~velocity relation for the alpha particle was employed.
As more accurate experiments were performed, new relations
were obtained for the alpha particle so that the range~
velocity relation for the ion also needed correction,

| In most of the early experiments the alpha range~
velocity relation employed was that found by Briggs (1927)
which givés velocities up to 124 too high compared with the
most recent values quoted by Bethe (1950). ILater experis
ments employed the Livingston and Bethe relation (1937) which
is now thought to be in error by up to 8%. All the experi-
mental range=-velocity relations for ions given in this
appendix have been corrected for the changes in the alpha
range=velocity relations.

In some of the earliest experiments the curve
through the experimental points was drawn to be in accordaﬁce
with the current theories which did not consider nuclear stop-
ping. These curves were re-drawn to give the best possible

fit with the/



the experimental points; this resulted in slight changes
in the velues and bigger changes in the gradlent,

3. Collisions with Faet Neutrons

Mills (1952) has reported an experiment in which

14 MeV neutrons were directed into a cloud chember filled
with oxygen. A large number of single heavily ionlsing
tracks were observed which were assumed to be due to elestic
collisions of fast neutrons with oxygen nuclel, It was
further assumed that the neutrons had not been scattered
and so were of 14 lleV energy. This experiment was liable

to error as 1t was difficult to correct for the effect of

collisions with neutrons which had been previously scattered.

4. Fast Neutron Reactions

Experiments have been performed by Lillie(1952) in
which 14 MeV ﬁeutrons were passed through a cloud chamber
containing first nitrogen and then oxygen and the N14(n,a)511
and 016(n,x)cl3 reactions were studled. They appeared as
non-collinear flags with both tracks fairly'short and the
origin clearly visible so that they were easlly measured.
As a check that the neutron had not been’scattefed, the two
tracks were required to be coplanar with the direction of the
neutrons from the target. As the (n,x) reactions-proceeded
by a number of different energy levels in the product nucleus,

11

a consldereble range of energles of B and 013 were obtained,

The stopping power of the gas was first calculated

from/



from the composition of the gas and was then corrected by
bringing the ground level groups to zero‘excitatibn.

Thus this is an excellent experimental nmethod since
it gives eusily measurable e¢vents, good statistical accuracy
up to fairly high energies and since the stopping power - can
be checked.

5. Slow Neutron Reactions
Slow neutrons enter a cloud chamber in which they can
react exothermically with an element in the chamber gas, e.g.
14
C

if tk¢ gas contazins nitrogen the reaction N14(n.p) occurs,

The energies of the particles are generally known from other
nuclear data and hence from measurement of the ranges, a
"fixed point" can be obtained on the range-~velocity relation
for the ions. |

If one of the residual nuclei is formed in an

excited state then a further "fixed point® will be obtained

eeZe in the B10(n,e14” reaction, lithium is formed in the

ground state and in an excited state of 0.477 MeV so that

two values are obtained for the lithium range-energy relation.
As the incoming particle nas negligible momentum,

the two particles produced lie in a straight lime, and if

they are of different masses the origin of the event will be

marked by a pronounced change in ionisation and hence the

be 14 '
ranges can)easily measured, Thue in the n14(n,p)c reaction

accurate range measurements are possible for the proton and

for/



for the 014 ion.

If the two particles have approximately the same
charge and mass, the ¢hange in ionisation at the origin will
be small and the ranges difficult to distinguish, although
the total range can be measured. This occurs with the qu
(n,m.)I.i'7 reaction. The solution of this difficulty is
discussed below,

" Thus this method can be employed to yield one or
more "fixed points" on the graph of range against velocity

for ions but it is not capable of widespread application.

6. Statistical Analysis

When an ion track is recorded in a cloud chamber
it is observed that branch tracks occur due to collisions
of the ion with gas nuclei. The statistical distribution of
these branch tracks with respect to the«residual range of
the ion can be used to calculate a range~velocity relation
for the ion. This has been used by Blackett (1922) for
protons and by Bfggild (1948) for fission fragments, when
good agreement was obtained with later, and more accurate,
results,

This method is little used as it is generally poss~

ible to employ simpler and more accurate methods,

Stopping Power of the Medium

In 21l the measurements of the range of an ion in



a gas other than air it was then required to calculate the
range the ion would haiifgn air., This was normally done by
measuring the stopping power of the gas for alpha particles
and assuming that the same stopping power could be applied

- to the ion. That this could lead to appreciable error has
been widely recognised, For instance, a préton will start
to capture electrons af approximately the same velocity

in all gases, but a heavy ion will start to capture electrons
at a lower velocity in hydrogen than in'a heavy gas where

the electrons have higher orbital velocity. Thus as the
effective charge on an ion is less in a heavy gas ite range
mey be expected to be slightly greater., A further point is
that for alpha particles nuclear stoppiné is unimportant but
with heavy ions nuclear collisions constitute a major source
of energy loss and hence.és the nuclear stopping cross section
is dependent on the gas (see equation (A2)) the stopping
powér for heavy ions will vary in a different manner to that
of alpha particles. Also the change of stopping power with
velocity will be different for alpha particles and for heavy
ions.

This question was treated experimentally by
Wrenshall(1940) who observed the collisions of radio-active
alpha particles with carbon atoms in two different gasés,

One gas contained only light atoms (Carbon, Hydrogen and
Oxygen) while the other contained a high percentage of heavier

Chlorine atome, He cbserved a significant difference in
tne/
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the value and in the gradient of the range-velocity relations.

Experimental Results

The -experimental range-velociﬁy curves obtained for each
element will be considered in order and then the results will be com-

bined to present an overall picture.

Hydrogen and Helium
The range-velocity for these two light elements are well

established and the principle results on which they are based are
summarised‘by Bethe (1950). A considerable number of exact measurements
wers possiﬁle‘frqm radio-active alpha particles and from nuclear reactions.
A small cofrection to the alpha particle range-energy relation is suggested

in the section on Lithium,

Lithium

No experiment has been performed to obtain a continuous range-
velocity relation for Lithium ions in gas but the B'O(n,<)Li! has pro-
vided two "fixed points" as when B10 captures slow neutrons it either

decays by emitting an alpha particle and leaving Li7

in an excited state
of 0477 MeV energy or, more rarely, it decays by emitting a long range

alpha particle and leaving Li’ in its ground state.
A number of early experiments were performed with moderate
accuracy, which are summarised by O'Ceallaigh and Davis (1938). It

was possible to observe the total range of short and long range groups

but the origin was generally indistinct. J.C. Bower, E. Bretscher and
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C.W. Gilbert (1938) analysed 20 short range tracks photometrically and
found a mean partition ratio for the ranges of the ions of

fie

— = 1.62%0.3
Rii

while the total track length was 11.3 mmn. This value of the range was
later corrected by Gilbert (1948) for errors in the stopping power
calculations to 12.5 mm while on the basis of an experiment by Wilson (1942)
he deduced a range of 1l4.9 mm for the long range tracks (i.e. ground

state transition) but as the chamber gas contained mainly Helium in the
earlier experiment and mainiy Argon in the later, this value may not be
accurate. The corrections employed by Gilbert for the variation of stopp-
ing power with velocity are extreme and therefore the total fange of

12,5 mm is an upper limit.

Bdgglid found total ranges of 11.35mm and 13.3mm for the
short and long range groups but he did not correct for the variation of
stopping power with velocity and hence his values are probably low.

He evaporated Boron on to a thin gold foil which was placed across the
chamber and measured the ranges of pairs of tracks from the foil. From
5 events he found a mean partition ratio of 1.60, but the method was not
very accurate,

These experiments were performed partly to find the energy
of the excited state of Li7 but this energy is now well established from
other experiments and hence the initial velocities of the alpha and

lithium ions are known., It is thus possible to find the range of the
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alpha particle and from the partition ratio, deduce the range of the

lithium ion. Adding these two together, the total range is found and
from the ratic of the ranges of tha shori to the long groups, the total
range of the long group can be calculated. From the known energy of

the long range alpha particle, its range can be obtained from range-
energy data and hence by subtraction the range of the Li7 ion is

obtained.

In deducing the range of the low energy alpha particle, Bethe
(1950) re-calculated Gilbert's correction to obtain’0.735cm took
O'Ceallaigh and Davis's value of 0.7l5cm and Bfggild's value of 0.709cm
and then assumed an average value of 0.720cm. However, he failed to
correct Bfggild's value for the change in étOpping power with velocity.
Making this correction of 3%, the average value of the ranges becomes
0.727cm,

Assuming a partition ratio of 1.62,

Range of L.’n.7 ion = 91—'2—221 = 0.449cm -

Assuming the reaction threshold to be 2.792 MeV and the
excited state of Li7 to be at 0,477 UeV, the wvelocity of the L17 ion is
Le82 x 1080m/sec. The total range of the short gréup is then 0.727+ 0.449
= 1.176cm. Using the ratio of the total ranges, the total range of the
ground state group = 1.176 x %1:35 = 1.3780m. From Bethe (1950), the
range of an alpha particle of energy'%i X 2,792 = 1.777 MeV is 0,875cm.
Hence the range of the lithium ion is 0.503cm and its velocity is 5.27

x loscm/sec. The partition ratio for the long range group is then 1.66



whereas if Bethe's original alpha range of 0.720 cm had been used this
partition ratio would have been 1.80. |
Boron

Lille (1952) obtained a range-velocity relation for Bll ions
from the Nll"(n,.e)B11 reaction by bombarding nitrogen in a cloud chamber
with 14,1 MeV neutrons. An accurate relation was obtained.
Garbon

A number of experiments have been performed with carbon lons.
Feather (1933) observed the collision of radio-active alpha particles
with carbon and fluorine nuclei in a cloud chamber containing CF,, oOf
the 63 collisions observed, 8 were assumed to be with carbon nuclei from
the angle measurements. The range-velocity relation derived by Feather
has been corrected for the error in the alpha particle range-velocity
relation which was used. The result obtained for Carbon is not considered
to be very reliable. G.A. Wrenshall (1940) in a careful experiment,
observed the collisions of radioactive alpha particles with carbon nuclei

in a gas containing carbon atoms as the only heavy atoms (apart from the
oxygen atoms of the condensable vapour). He then repeated the experiments
with a chamber gas containing 528 of CHBCl to discover whether the presence
of heavier atoms would affect the carbon range-velocity relation. In the

high velocity region where the greatast divergence was observed, only a
few results were obtained, but even so there would appear to be a

positive effect. The corrections required for the error in the Livingston



and Bethe (1937) range-energy for alpha particles used, were made.

The most accurate range-velocity relation was obtained by
Lilla {1952) wio observed Glé(n,nc)c13 events in a cioud chauber conlaine
ing oxygen which was bombarded with 14.l1 MeV neutrons.

A fixed point was obtained from the slow neutron reaction
1«11‘!‘(n,p')cll+ which has been observed in a cloud chamber by Bdggild (1945)
and by Hughes and Eggler (1948).

They obtained ranges for the Clh ion of 0.30 and 0.25mm

respectively.

Energy release in Reaction = 0.627 MeV

« « Energy of clb = %3 0.627 = 0.0418 MeV
Velocity of C1# = 0.757 x 10° cm/sec.
It is then taken that a ¢4 jon of velocity 0.76 x 108 cm/sec, has a
range of 0.275mn,
The range-velocity relation for carbon which was deduced
from the above results was tested twice in the present experiment and

found to be satisfactory as shown in Fig. III.5 and Fig. 1V.10.

‘Nitrogen
Blackétt and Lees (1931-32) found a range-velocity relation

for nitrogen ions which were produced by collisions with radioactive
alpha particles. The line through the experimental points was re-drawn
and then corrected for the more recent values of the range-velocity

relation of the alpha particle., Few experimental points were obtained

at high velocities,



Oxygen

Blackett and Lees (1931-32) have measured two range-
velocity relations for oxygen. In the first the cloud chamber gas
contained 50% Argon and 10% oxygen, hence the reduction of the result-
ing ranges to the range they would have had in air is uncertain. The

. 17 : 14 17
second relation was for O~ ! produced in the reaction N (x,p)0 '« Both
relations were altered corresponding to the corrections for Brigg's

range-velocity relation for alpha particles.

Fluorine

Feather (1953) observed collisiona of radio-active alpha
particles with fluorine and carbon nuclel in a gas containing CFA'
Brigg's range-velocity relation for alpha particles was used originally.

Neon

The collisions of radio-activé alphas with neon were observed
first by Eaton (1935) and then by McCarthy (1938). -Very similar results
were obtained. The alpha range-velocity relation used was f?om,Blackett
and Lees (1931-32) for low velocities and Mano (1934) for higher velocit;
ies.,

Sulphur
Alpha particle collisions with sulphur nuclei were measured

by Anthony (1936). Blackett and Lees' range-velocity relation for alpha

particles appears to have been used.

Chlorine
Hansen and Wrenshall (1940) measured the collisions

L]



of radioactive alpha particles with chlorine nuclei. Livingston and

Bethe!s range-velocity relation for alphas was employed.

Argon
Blackett and Lees (1931-32) observed collisions of alpha

particles with argon nuclei. Corrections were made for the alpha

range-velocity relation used.

Figsion Fragments

Range-velocity relations for fission fragments were measured
by Bfggild, Arroe, and Sigureirsson (1941) and the ranges of the fragments

in different gases were also measured (Bfggild, Bromstrom and Lauritsen,

1940, and Bgggild, Minnhagen and Neilsen, 1949).

Radio-Active Recoils

Joliot (1934) included radium and throium emanations in a

- cloud chamber gas at very low pressures and observed the tracks of

recoil nuclei after radiocactive alpha particle emission. The range

straggling was very large due to the large number of nuclear collisions.

Wood (1913), measured the ranges of recoil nuclei by moving a collecting

plate away from a radiocactive source.
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Combination of Results

To correlate the results obtained for different isotopes
the range-velocity relation for each element was corrected to
that of an ion whose Atomic Mass was chosen to be twice its
Atomic Number. As it has been found that the rate of energy loss
is proportional to the charge on the ion and is independent of
its mass (e.g. protons and deuterons of the same velocity lose”
energy at the same rate), the ranges for a given velocity were

calculated to be proportional to the mass. For example Liv ions

: 8 . o
of velocity 4.82 x 10 and 5.27 x loecm/sec. have ranges of 4,49

and 5,03mm respectively. Then Lis“ions of velocity 4.82 x 108

8 ‘
and 5.27 x 10 cm/sec. have ranges of % X 4449 = 3,85 and

% X 54,03 = 4,31mm respectively,

' The resultant range-veloéity relations for the elements
with Z = 3 t6 Z = 10 are shown in Fig.A.2. To illustrate the
trend of the results the fangeuvelocity relation for a (light)
fission fragment is shown, At low velocities, the range of the
fission fragment is much less than those of the lighter ions due
to the high rate of energy loss caused by nuclear stopping. At
higher velocities the effective ¢harge on the fission fragment
is comparable with that‘on thé lighter ions and therefore its
rate of energy loss is of the same o der, but, as its mass is
greater, the range is longer,

The most significant feature of Fig.A.2. is the con~

sistency of the form of the range~velocity relations from Boron

tO/
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to Neon. This suggests that the aceuracy of any one relation
may be checked by the values found for its neighbours. The
range~velocity relation drewn for nitrogen ions is inconsistent
with those of its neighbours and it is accordingly suggested
that at high velocities, above 6 x 108 cem/sec.y the ranges be
‘increased. In the experimental determination of the nitrogen
range-velocity relation very few events were observed at these

high vel ocities,

The other noticeable feature of Fig.A.2 is that the
two "fixed points" for Lithium are not consistent with the
other range=velocity relations.,

| fhe range~velocity relations derived for the heavier

ions are shown in Fig.A.3., where the fission fragments were
assumedvto be Ygg and I%gs‘/ At the higher velocities, above
2.5 x 108 cm/sec., the range of the sulphur ions appeared to

be ihconsisténtly low and it is proposed that they be increased
to bring them into agreement with their neighbours; the experis
mental rangebvelocity relation at these velocities was baseéd

on very few determinations, - ,

The form of Figs. A.2 and A.3‘SUggested that the range-
velocity relation could be expressed as a function of the Atomic
Number of the ion. This idea was tested by plotting the range
for a constant velocity, as a function of the Atomic Number.

In Fig.A.4 this plot has been made for three different velocities,

;t/
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It was found that the ranges were appyroximately a function of
the Atomic Number, but superimposed on this relation there was
another factor. Thus for a velocity of 5 x 108 cm/sec, the
trend of the ranges was to decrease as the Atomic Number
decreases, but Lithium gave a longer range than boron, and
hydrogen (actually H%) gave a longer range than helium. It is
suggested, that for the light elements at least, this other
factor is a periodicity the same as that of the Periodie Table.

The explanation of this periodicity may lie in the
fact that the first electron of a shell may be captured more
easlly than any subsequent electron, Thus the effective charge
on an element which is the first in its period, will be reduced
more easily than with other elements, so that the range will be
longerlas the rate of energy loss is proportional to the square
of the effective charge.

Range Straggling

Very little is known about the range straggling of
heavy ions of low velocity as the errors in measurement are
usually of the same order as the range straggling so that authors
are reluctant to publish results. However, for ions with ranges
between 0.5 and 2.0mm the values of the R,M.S. range straggling
expressed as a % of the total range, have been found and are
given in Table A.l., 1In agreement with theory, (e.g. Bohr, 1948)

the range straggling increases as the Atomic Weight increases.

TABIE A.1./



TABI:E: Ablo

0, e ;

Ion % Straggling Ion % Straggling
He 6.5 + 2 Ne 17.2 + 2.5
Cy 11.7 + 2.5 s 18,5 + 245
Co 14,5 + 3 Cl 7.0 + 3

F 13,5 + 2.5 A 17,0+ 3

€1 is for carbon ions in 2 gas containing chlorine nuclei
while C5 is for carbon ions in a gas containing only light
nuclei,

In addition: , values of 17% and 124 range straggling
have been obtained for nitrOgeﬁ and 6xygen iens respectively
but due to the small number of events, the statistical sige
pificance is not great. In Chapter III, a range straggling
of 15% was found for c13 ions from the (5,p) reaction proceeding
throuéh the 9,18 MeV level of H14, but this value includes the
errors of measurement which are of the order of 10%.

The % straggling of 012 with longer ranges was found
from the measuréments of Nezo(X.dd)Clzstars. In Fig- 1V.10,
the experimental pointe appear to lie on 5 line parallel to the
expected range-energy relation (this may be due to the s® pping
power of neon for c12 ions being different from that for &lpha
particles)s accordingly, the range straggling was measured from
this experimental line when a R.H.S.Astraggling of 7% was found

for/



for the 10 events with ranges between 2.7 and 6.lmm. ZXrrors
of measurement may be appreciable as the calculation of the
energy of the ¢l ion was ¢omplex,

These figures for the range straggling can only serve

as an indication but not as absolute values.

Brevious Theoretical Range=¥elocity Relations

Two methodsof calculating range~velocity relations
have been used., One is a purely empérical relation proposed
by Blackett in 1925 and the other is a semi~emperical calculation
by Knipp and Teller (1941). A detailed account of the theory
of the interaction of charged particles with matter has been
given by Bohr (1948) but this was purely qualitative and empha-
sized the difficulties and uncertainties of the calculations
rather than produced applicable formulae.

(a) Blackett's Relation

As & result of his experiments on the rangehveibcity
relations of ions of Nl4, 016 and 017, Blackett (1925) derived
an emperical relation for the range R, of an ion of Atomic

Number Z, Mases Number M and velocity v, which iss-~

Roo MaZ e £{¥) seveneerevnneensnneesnnnaldol)
where the function £(v) was approximately vl‘i, that is, almost
a straight line. This relation was intended to apply to
velocities greater than 2 x 108 cm/sec. as the range~velocity
relation was not linear bvelow that velocity.

Blackett's/



Blackett!'s formula may be checked from the results

of experiments performed since 1925, The main conelusione

weres«~

1)

the/

The range~velocity relations did ﬁof have straight line
portions as can be seen from Figs. A2 and A.3, that is,
f(v) does not have the form vii,
If we assume

Ree MoZ ™20 £(¥)  sevevennnssnsnsnnna(Aed)
then as can be seen in Fig. A.4, the index n, is not a
constant but varies with the velocity v. Thus it is not
Justifiable to express the variables v and Z as separate
functions, |
Blackett's relation would be expected to be obeyed most
closely at higher velocities where nuclear scatterihg is
not so important. In Table A.2 the experimental ranges
of ions with Atomic Numbers between 3 and 10, are given
for a fixed velocity of 5.108 cm/sec. These experimental
ranges are compared with the ranges c¢alculated from
Blackettt's formula with n = %, using the experimentally
measured range of the nitrogen ion as stmdard., Table
A.2 shows that the value n = 4 does not give agreement.
As shown in Fig. A.4 and Table A.2, the range-velocity
relations exhibit a periodicity which is not included in
equation Al

It is concluded that it is not possible to eéxpress



the range as a product of a power of the Atomic Number and a
function of the velocity, that is, no simple relation of the

form of equation A4 exists,

TABLE A.2.
Ion Lz Bg Cg Ny 0 Fg Nepo
EXQerlgzgézl 3,0 2482 3.4 3,57 3.9 4.3 5.53
Calculated

g

Range 2.34 3,02 3.31 Std. 3.82 4.05 4.27

(b) Knipp and Teller's Theory

A semieexperienced theory was devised by Knipp ahd
Teller (1941)- _

On the basis of equation A.,2 for the rate of loss of
energy s %%, due to ionisation and excitation, they assumed the
formula,

%% o0 12, o, U 099 )
where i iz theveffective charge" on the ion and og is the
specific electronic stopping cross section which ie assumed to
be the same for all ioms. Thus Os is the stopping cross sec¢tion
for a particle of unit charge. The effective charge is takeh
instead of the Atomic Number as a ¢orrection for éleatron pick-up
From measurements of the distribution of charges on-alpha part-

icles, the root mean square charge was calculated and this was

taken as the effective charge, i. ¥rom measurements of

4dE
dr /
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< for alpha particles, op was then ¢alculated,

To find thé effective charge i, Knipp and Teller -
assumed that the filling of the electronic states of the ion
could be considered one at a time and then introduced the
parameter Y, defined by, |

bu.oooo.tooto-oocno-snbcoooo(AtG)

Y =
. e

<i<d

where V is the ion velocity and Vo is the chgracteristic velocit;
at which the probabilities for capture and loss of electrons
becore equal for an orbital state. Vg Was calculated using the
Fermi-Thomas model for the ion. Assuming a constant value of
y for all velocities, the effective charge, i, was c¢alculateds
After making a ¢orrection for nuclear stopping, range-~
velocity relations were then derived for a variety of wvalues of
Y which was so chosen as to give agreement with the experimental
data, although the data only covered a small portion of the
range. \
The characteristic velocity, Ves was calculated on
two different bases:-
‘1. Vg was taken as the root mean square velocity of the ener-
getically most easily removable electron where it was assumed
that the electron's energy is determined by the average potential
of the other charges.,
2., V, was the root mean square velocity of the outermost elec~

tron calculated on the assumption that collisions between

- electrons/



electrons are very frequent so that states of a definite
energy have little meaning for an individual electron,
Oon assumption 1, ¥ was found to increasc with Atomic

12

Number, from 1.2 to 1.3 for ¢™° to 1.8 for the heavy fission

fragment, With calculation 2, ¥ decreased with Atomic Number,

2
from 0.6 with C1 to 0.35 for heavy fission fragments.

More recent experiments allow the theory to be tested:-
1) For carbon ions, ranges have been measured at higher
and at lower velocities when appreciable discrepancies
were found., Thus at v = 7,5 % 108 ¢m/sec., the experimen-
tal range is 6.0mm in air whereas the predic¢ted ranges
are between 4,0 and 5.,0mm and the difference was increas-
ing with increasing velocity. At v = 0.76 X 108 cm/sec.,
& C1° ion has a range of 0.24mm while the predicted
raenge is 0.13mm and this suggests that Knipp and Teller
assumed to00 high a rate of energy loss due to nuclear
stopping.
2) Walker and Fremlin (1943) measured the distribution of

14 ions of 15 MeV energy and deduced a

the charges on N
value for ¥ of 0.6 which favours Knipp and Tellert!s
second method of calculating Voo |

3) 1In assuming a constant vd ue for ¥, this theory d es not
take into account the effects of the periodicity of the
atomic electrons which are demonstrated in Fig. A.4s

The assumption that Y is a comstant for all velocities

is/



is not a reliable one. For example in helium it is found
that the first electron is captured more easily than the
second one, the values being

Het* = He'* oceurs at v = 1,6

while He = Het ocecurs at Y = 0.8

Thus it is concluded that Xnipp and Teller's semi-
emperical theory 1is unreliable as it has been found to give
inaccurate values and as it is based on doubtful assumptions,

particularly the constancy of ¥ for all velocities.

(e) Overall Conclusion

- The overall conclusion is that there is no adequate
theory which predicts range=-velocity relations in the region
in which electron pick-up is important and hence it is better
to use the experimentally measured range=velocity relatiéhs

and, if necessary, extrapélate frdm them.

Applications to High Znergies: Correction for Electron Picik-up
) Barkés (1952) has suggested a method of obtaining

range-velocity relations at high energies.

At wvelocities greafer than that at which electron pick-
up begins,.so that effective charge on the ion is in fact the
Atomic Number, then |
= 2°.g(v) (A7)

Bl



where g(v) is a function known from the theory of excitation

and ionisation processes,
2 .
% dR = ‘Vog(V) ody

2
Z;EJB = G(v) + 3B, ~ (a8)

where G(v) is a universal function and B, is a constant

"This formula will hold for all ions at high energies
but the constant B, is dependent on the atomic number ae it is
a correction for all the factors that cause deviation from this
relation at low energies, i.e. it corrects for the effects of
electron pick-up, nuclear stopping and hard collisions.

If a plot of Z;ﬁ is made against a function of vel=-
ocity (e.g. ﬁ) then the graphs for different elements will
appear as a series of parallel curves whose separation is given

by the values of B, €+ge for protons and alpha particles:

M ’ _

n

Ro (4E) + 0.20 cm. (Blackett).

Bethe (1950) stated that Bg ~ By Was 0.20 cme at low encrgies

and 0.30 cme. at high energies.,

The relation (A8) has been used for carbon ions of
120 MeV by Miller et. ale. (1950) when good agreement between

the calculated and experimental ranges was obtained,
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General Conclusions

It has been shown that by cloud chamber studies of the

photo-emission of charged particles, it is possible to obtain results

‘that could not be found by other techniques,

From the ranges of low energy photoprotons, an energy dis-
tribution was obtained which had a level structure, The detalls of
the levels were confirmed by detailed balancing calculations from the
inverse, (p,y), reaction, This was the most definite evidence obtained
up to that time, that photodisintegration reactions could proceed
through energy levels,

A new technique of the microscopic measurement of recoil
ranges was developed, This enabled the (X,p) cross section to be
measured at high energies, In connection with this, a survey was made
of range-energy relations for heavy ions, It was found that a consist=
ent picture was obtained for the elements from Boron to Neon and it was
suggested that the range~velocity relations have a periodicity similar
to that of the Periodic Table,

From the measurement of (X,star) events in neon, it was
shown that the Isotopic Spin Selection Rules could be violated, probably
due to the impurity of the levels involved at these high enérgies and
high Atomic Numbers,

It was demonstrated that the photodisintegration results for

light elements, could be interpreted on a Compound Nucleus model in



which the details of the levels and thresholds were importent; this was
in contrast to previous interpretations which had been based on
statistical methods and in which only the Atomic Number was important;
In particular the anomalously low (Y,n) cross section in Nlé-was

explained by such detailed consideration,

The yield of alpha particles from Neon was shown to be
much higher than from nitrogen or other neighbouring elements and this

suggests that the alpha particle model of the nucleus may have some

applicability,
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Plate II.1. Hed4(*p)H"Event.
The X-ray beam entered at the top of the photograph,
Its Interaction with the wall produced the background of
electron tracks. The five spikes round the wall were to
permit the alignment of the films. The radioactive

alpha source is on the right hand side of the photograph.

Note that both the proton and triton tracks are lighter

than those of the radioactive alpha particles.



Plate I1,2. (~,d) Event in O*or

The recoil is long and heavily 1onising. The
fragment ionisation is heavier than that of a proton and

is comparable with that of the radioactive alpha particles.



Plate III.I. NA*(v,p)Cr* and NAM*(G-,pn)C*" Evente

The (y,p) flag has a long fragment which leaves at

the right hand side of the photograph. In this flag the

recoil and fragment are almost collinear whereas in the

(",pn) event towards the foot of the photograph, the

recoil 1s non-collinear with the fragment.



Plate 111.2. NA(j,p)C" "

This 1s an enlargement of the event shown in Plate II1.1

to show the detail of the recoil track.



1
Plate IV.1. Ner™(™M,") 0 6 Flag.

The i1onisation change at the origin is small and
the fragment is heavily ionising with an intensity com-

parable with that of the radioactive alpha particles.
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Plate IV.2. Ne Star



Plate IV.3. Ne20(* 12 gtar



Plate 1V .4, Ner(y,0<«‘)C"’1'% Star

This is an enlargement of Plate IV .3*
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Plate IV.5. Ne”°(y» P)N Star,

The ionisation of the proton is considerably less than
that of the other two tracks. That the proton has very low
momentum is shovm "by the fact that the alpha and recoil tracks

are almost in a straight line.



