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FREFACE,

The first part of the thesis describes three experiments
concernéd with the study of the seattering of fundamental
particles by allowing the particles to pass into a nuclear
emulsion and studying their scattering by the elements of the
emulsion, These three experiments are described in the order in
which they were performed.

In chapters I - III 1s described a study of the single,
(large angle), Coulomdb scattering of electrons and positrons of
10 Mev obtained by means of nuclear reactions performed using the
Glasgow H.T, set, This work was carried out by the author in
collaboration with Dr, W, Bosley.

Tracks from the plates exposed for the aingl; scattering
experiment were used independently by the author to measure the
multiple Coulomb scattering of electrons and positrons of 10 Mev,
The results of this work revealed an unexplained difference in the
multiple scattering of electrons and positrons which is confirmed
by the measurements of other workers,

The third experiment in this group was an investigation of
the scattering of protons having an energy of 925 Mev by the
hydrogen nuclei present in nuclear emulsions, The emulsions were
exposed to the scattered-out beam of high energy protons from the
Birmingham proton synchrotron by Dr, O, Loeck, Dr. P, V, Mareh,
and Mr, P, J. Duke, of Birmingham University. The measurements
were carried out by these members of the Birmingham group, by
br, /




(iv)

Dr, M, Gibson amd Mr, R, McKeague at Belfast University, and

by Dr., H. Muirhead and the author at Glasgow University., The
analysis of the elastic scattering events was also carried out
jointly by all the members of the three groups., The method of
analysis for the inelastic scattering events involving the
production of mesons was devised by the author and this analysis
was carried out initially by the author alone and later with the
oollaboration of Dr, P. V., March.

The results for the elastic scattering are in general
agreement with those obtained by workers in the U,8.A, during the
course of this experiment, using cloud chamber and counter
techniques, For the inelastic scattering new evidence has been
obtained which suggests that the mesons are woduooé by the decay
of & nucleon in an excited state.

The second part of the thesis desceribes the development

of a method, suggested by an experiment due to Dr, D, H,
Wilkinson, of measuring the polarisation of gamma rays using
nuclear emulsions impregnated with heavy water, and the
application of the method to the measurement of the polarisation
of gamma rays from three nuclear reactions, The results
obtained enabled assignments of parity to be made to the ground
states of 25Na and ®7A/ and to the first exeited state of 27aZ
The polarisation experiments were carried out by the
author /
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author, assisted in the later stages of the work by Mr, D,
8inclair, following a suggestion by Dr., P, J. Grant,
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SHAPTER I

SINGLE SCATTERING OF ELECTRONS AND
POSITRONS BY NUCLEL

Since electrons become highly relativistic at

comparatively low energies the problem of calculating the
differential cross section for the scattering of electrons or
positrons by a point charge i1s that of solving the Dirac

equation
[ P‘ -+ V(f)/c_ -2mck (a-,r-/) +f_,m.c.] y: o
(where Po * e %z and o~ and f are matrix operators occurring in

the theory (Dirac 1928)), for the case of the coulomdb potential

V&) = 2¢/, . The solution has been obtained by
Mott (1929, 1932) and may be written as

o (8) = (ZZ‘P)‘(:-/;')F‘FMZ e 6uCs - 1.

The function F may be expressed in terms of an exactly known
function F, and of F, an integral over an infinite series, If
the series 1s integrated term by term an absolutely convergent
series is obtained which may be evaluated numerically to any
desired approximation, Similarly G may be expressed in terms
of a known function G, and a function &, which may be written

a8 a convergent seriles,
I /
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If the expressions for F and G are inserted in l«l we
obtein for electrons

e T GO ICEs A D TN e I
"’. + TERmS oOF ORDER/eH- J
where (X has been written for Zez/ke. = %43y
For positrons the orose section is obtained by
substituting —Z for £ in the expression I-2,
For smell z)(d«l )» we may write

= (B =Y BN -Fes%) — —x-3
and this expression has become known as Mott's simplified
formula, applicable to scattering by light nucleis If the
particles are non~relativistie, ,3 << | ,the expression

reduces to the classical Rutherford formula

ze* 'y w6
o = (m code /2. —_— e}y

where 27 4s the eleotron velocity.

It is of interest to note that the ratio of the exaet to
the Rutherford c¢rose section is almost independent of energy
ebove about 4 Mev,

(11) Evelustion of the differentisl erose seetions

8ince no closed analyticel expression is available, the

ealculstion of the differential cross section for a range of

eéenorgies and atomic numbers involves lengthy computation., The
eariier /




3.
earlier calculations were made for a single element and a
few values of the energy, (Bartlett and Watson, 1639; Massey,
1042), but the latest tables published by MeKinley and
Peshbach, (1948), and by Feshbech, (1982) enable one to obtain
rather acourate values of the coross section for angles from
30° - 180° and 2+ 13 - 80, for eny emergy, and for both
electrons and positrons, The methods of computation have been
very similar to that originally proposed by Mott, The
functions F, and (r, described earlier have been expanded in
power series inod and P and these series are then summed
numerically., DMore recent calculations by Curr (1055) have
corrected some small errors in Peshbach's results but are in
general in close agreement with them, There is also good
agreement between the results of Feshbach and the calculations
of Yadav (1952) for positrons, An analytical expression has
been fitted empirically to the computed curves by Parszen end
Wainwright (1954).

The ratios of the differential cross section, as
calculated by an accurate evaluation of Mott's formula I-.2, to
(a) the Rutherford expression I-4, and (b) the simplified Mott
formula I-3, are shown in figures I-l and I-8, Such
comparisons enable one to see how good a test of the validity
of Dirae's electromagnetic theory is involved in any
experiment, A parameter which is a distinctive feature of the

exact /




Ratio of the exact to the Rutherford cross section for
the nuclear scattering of electrons and positrons,

| DEFLECTION

FIG, I - 2,

Ratio of the exact to Mott's simplified cross section for
the nuclear scattering of electrons and positrons.




[
exanot oross seoetions obtained from the Dirae¢ eguation is
the difference between the scattering of electrons and
positrons, The ratio of the positron and electron cross
seotions as & funpgtion of soattering sngle is shown for various
Z walues in figure I-3, 8Since the ratio of the exact to the
Rutherford cross sections is almost independent of energy at
energies greater then sbout 4§ Meve the ratio of the scattering
eross sections for electrons and positrons is also independent
of energy above this value,
(114)

There are three effects which may modify the values of

the soattering cross section &s calculated for a point charge,
(a) The radiative correction, |
(v) Rffects due to the atomic electrons,
(¢) The effect of finite nuclear size.

(a) The radiative correction, In the treatment so far
presented it has been assumed that the incident and scattered
particles have identicel energicse Schwinger (1949) has
however pointed out that no scattering event can be completely
elastic and has evaluated the decrease in the elastic oross
section on this sgcount, The correction decreases with
deoreasing gnergy pesolution of the scattered particles amd
inoreases with inoressing engle and with incressing energy. A

typical /
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Ratio of the cross sections for the nuclear scattering
of electrons and positrons,
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typical order of magnitude for this correction 8 1 « 270 for
5% resolution in the energy of the scattered particles.
(b) Effects due to the atomie electrons, The observed
soattoring may be affected in two ways by the atomic eleotronss

(i) The atomio electrons themselves will cause seatitering
of the incident particles whioh in some types of experiment will
be indistinguishable from the nuclesr scattering. In such
circumstances .Z‘l in the scattering formula must be replaced by
Zz(z+1)

(i1) The nuclear charge may be partiaslly screened by the
atomiec electrons and the scattering is then not that due to a pure
Coulomb field. Bartlett and Welton (1941) have calculated the
differential oross section for the seattering of electrons of 100
Kev, and 230 Kev, by a mercury atom using & Hertree self-
consistent field, The results show that the effect of screening
is only noticeable ot angles < 60° for 100 Kev. electrons and
at angles S 15° for 230 Kev. electrons. Below these angles
the cross section falls below that for a pure Coulomb field.

Mohr and Tassie (1954) find that the effect of screening is almost
negligible at energies greater than 33 Kev. for the scattering of
electrons by gold and estimate an upper limit of 1 Mev. for any
soreening effects,

(c) Effeet of finite nuocleer size. In contrest to the
effects of screening the effects of finite nuclear size should
become /
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become more important as the electron passes closer to the
nucleus, Considerable deviations from pure Coulomb
soattering may be expected when the electron wavelength becomes
of the same order of magnitude as the nuclear dimensions.

A number of authors, (Rose 1949, Blton 1950, Acheson
1951, Feshbach 1951, Elton and Parker 1952, Schiff 1953, Smith
1954, and Yennie et al. 1954), have carried out caloulations
for a variety of energies and Z velues, and for different
assumptions concerning the distribution of the nuclear charge.
The exaect calculations depend on the solution of the Dirse
equation both inside and outside the nuclear charge
distribution, followed by fitting of the solutions at the
nuclear boundary to obtain exact values of the phase shifts,
Although some of the authors mentioned have used the Born
approximation in their calculstions, results obtained in thie
way can only be expected to be gualitatively true except for
the light nuclei. BElton (1950) finds differences of about
100% between the exact and the Born approximation calculations
for the scattering of 20 Mev, electrons through an sngle of
60° by gold nueclei. The effect of the finite nuclear size
is always to decrease the scattering cross section compared
with that for a point charge. The decrease is greatest for
large deflections and is greater for electrons than for
positrons, an effect attributable to the ocloser approach of
the electron to the nucleus for the same englee of secattering.

1t /
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_It is possible from the foregoing discussion to
distinguish three energy regionss

(a) < 4 l'n-. ¢ ratio of exact to Rutherford eross section
varying with energy; eoreening effective at
lower energies; effect of finite nuclear size
negligible.

(b) ~ 4 « 12 Mev, § ratio of exact to Rutherford eross
section independent of energy; effect of
screening negligible; nuclear size effects |
mttmbh 8t higher energies for intermediate and
heavy nuclei.

{e) > 12 Mev. t finite nuclear size effects becoming large,
possibility of distinguishing shape of charge

distribution,

We shall first consider briefly experiments on the
scattering of particles of < 3 Mev., that is felling within
the first energy region mentioned above. This group comprises
the vast majority of the experiments since only comparatively
regently has the more general availability of acceierators made
it possible to obtain particles of higher energy.

Experiments with psrticles of S 3 Mev. have been
performed by atwm the seattering in the gas of an expansion
chamber, in foils or plates in an expension chember, or in foils
using /
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using counters as detectors, We shall not attempt a general
survey of the results of these experiments, The position may
be summarised by stating that the considerable variations in
the results of the early experiments, giving ratios of
experimental to theoretical cross sections varying from 0,18,
(Barber and Champion 1938), to ~ 20, (Skobelsyn and Stepdnowa
1938), have not been confirmed by the more recent accurate
counter experiments of Van de Oraaf et al, (1946) and of Bayard
and Yntema (1954), who find close agreement with the predicted
theoretical values. It is notable also that some of the
early experiments were conducted at particle energies where the
effect of screening should be considered whereas the
theoretical ecalculations with which the results were compared
had not allowed for this effect.

Compared with the -ougt of work at energlies less than
3 Mev few experiments have been performed at higher energies,
Hofstadter ot al, (1953, 1954) have recently carried out a
series of experiments at 125 Mev and 150 Mev using magnetie
analysis of both incident and scattered electron beams and
detection of the particles by a Cerenkov counter, These
experiments are designed to investigate the shape of the nuclesr
charge distridbution, Experiments at 30-45 Mev have been
performed by Pidd et al, (1653) using targets placed inside a
synchrotron /
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synchrotron donut and geiger counter detection of the
scattered particles, At 18+7 Mev experiments have been
ecarried out dy Lyman, Hanson and Scott {1981) also using geiger
gcounter detection and with magnetic analysis of the scattered
particles, In these experiments a considerable finite nuclear
size effect was observed for the heavy elements used, ( ﬂ}, Au ),
while the results for the lighter elements show fairly close
sgreement with the theoretical formula, The only other
experiment at an energy greater than 3 Mev is due to Fowler and
Oppenheimer (1938) who used particles from pair production in
lead by Y -reys from the reaction TLi (py {)‘& to study the
scattering of both positive and negative electrons in a lead foil
placed in a cloud chamber, 1In the region of pure single
scattering, ( > 14° for this experiment), only 27 electron and 9
positron deflections were observed ziving a ratio for the
scattering cross sections for the two types of particle of
16 ¥ 0+4 compared with a theoretical prediection of ~ 1e8,

When the present experiments were first undertaken only
the work of Fowler and Oppenheimer had been published among the
group of higher energy experiments described above. Iec
therefore seemed desirable to make a teat of the theory at as
‘high an energy as practicable, A primary object of the
experiment was a direct comparison of the scattering of electrons
and /
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and positrons since even &t low energies there had been few
experiments of such & kind, (see Lipton 1952, Howatson and
Atkingon 1951).
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CHAPTER 1I

THE SINGLE SCATTERING OF ELECTRONS AND
POSITRONS OF 10 MEV IN A NUCLEAR EMULSION.

(1) Introductory.
All previous experiments on the large angle single nuclear

scattering of electrons and poasitrons had been carried out
using either counters or cloud chambers, The difficulty of
collecting sufficlent data to yleld statistically significant
results has been the principal limitation of the cloud chamber
technique even for the low energy particles studied in most of
the experiments, Since the scattering cross section decresses
as the inverse square of the particle energy the labour involved
in the successful application of this technique to higher energies
becomes very considerable as is illustrated by the rather
inadequate statistics of Fowler and Opponholur (1838). The
oountor mthod, on the other hand, involves some loss in
duootml ot‘;aornuon, rather long machine running times,
good monitoring of the incident beam to obtain absolute cross
sections, and, for positrons, possible difficulties due to a
bagkground of ennihilation radiation.

With these considerations in mind it was decided to
attempt a measurement of the difforonthl cross gsestion for the
nuclear coulomb secattering of electrons and positrons by
allowing the particles to pass into a thick nuclear emulsion and
examining /
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examining the defliections of the particle tracks arising from
peattering by the nuclei of the constituent elements of the
emulsions In this way mosi of the advantages of the ¢loud
chamber method are preserved bus, since the scattering takes
place in 8 falirly dense medium of moderately high effective
atomic number, the track length required for a givea number of
deflections i lese, even allouwing for the magnification
involved in the microscopic examination of the tracks in a
miclear emulsion, The emulsion method has alsc the advantages
of simplicity in exposure to the particles eand of shorter mechine
running times,
(11) B

Ilford G5 emulslions having en unprocessed taickness of
about xwo,a. and in the form of 3" square plates were used for
the experiment. Before exposure the overall thickness of each

plate was messured by placing & glase cover plate on top of the
emulsion and messuring the total thickness of emuleion, glase
backing, and cover plate using & micromeier screw gusge. The
plate was then placed in the box illustrated in figure II-l and
adjusted to make an angle of 9% 5 with the plane of this box.

Protons or deuterons were accelerated in the Glasgow H.T.
set to carry out two nuclear reactions which were used to obtain
the 10 Mev. ﬁrt&chc. The positrons were all obtained by
meens of the reaction 7Li( r,x)’h with incident protons of
about /
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FIG, II - 1.

Container for nuclear emulsion plates in the single
scattering experiment.
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about 600 Keve The 17+6 Mev y -rayse from the reaction were
intercepted by a lead convector 08 ems in thickness to produce
pairs of electrons and positrons, The electrons were obtained
by this method and also by means of the reaction L (4, p) e
uging deuterons of about 600 Keve The V¥, isotope decays with
& half-1ife of 0+85 seconds and thus the reaction leads to a
large yield of electrons with a maximum energy of about 12 Mev.

The experimental arrangement is illustrated in figure
II-2, The protone or deuterons bent by the resolving magnet of
the H.T. set fell upon a thin layer of lithiwm oxide on a water
cooled copper backings The lead convertor could be put in
place for the Li ( P x )8&- reaction.

Particles from the lithium target or from the lead
gopvertor passed through collimators into the field of a 180
hmn, double focussing magnetic spectrometer and to the lower
end of the magnetic channel vé.a attached the box containing the
nuclear emulsion. This box was shielded from direct rediation
eoming from the target by 7" of lead. Both the box and the
megnetic spectrometer had windows of thin aluminium foil (0+002"
and 0«004" respectively) so that the box could be removed and
the plate changed without bz:eanng the vacuum in the spectro-
meter, which was part oi’ th;a vacuum system of the H.T. set as
a wholes The box containing the emulsions was thus at
atmospheric pressure.

The /
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FIG. II - 2,

The experimental arrangement in the single scattering
experiment.
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The resolving magnet had been calibrated previously
by Rutherglen et al. (private communication) using Compton
electrons ejected by J’-raya of well known energy. For the
present experiment the magnet current was adjusted to give
particles of about 10 Mev. and field measurements to obtain the
exact energy were made using a flip coil and fluxmeter. By
means of the calibration curve an absolute value of the particle
energy was thus obtained having a standard deviation of about
¥ 2.5%. The fluxmeter measurements were repeated at intervals
throughout the exposure and confirmed the constancy of the
magne tic field.

Before fixing into place the box containing the nuclear
emulsion plate a geiger counter was put into the position to be
occupled by the box. Counting rates were then measured as a
function of proton or deuteron current incident on the
target, (determined by means of a current integrator), (a) with
the lead shutter in the spectrometer closed so that no particles
passing round the magnetic channel were counted, and (b) with
this shutter open. Thus was obtained a measure of the true
number of 10 Mev., particles passing into the nucleer emulsion
per unit of charge read on the current integrator. This method
gave only rather approximate values for the necessary exposure
times since it is difficult to allow for deterioration of the
target during the course of a run, In the first series of

exposures /
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exposures four plates were exposed to eleotrons obtained by
means of the 'Li (/,r £is reactions Only the plate having
the shortest exposure time, eight mimtes, had a sufficiently
low density of trecks, (about two tracks starting in each field
of view of 2¢2§ 10""-3). for setisfactory secanning conditions,
Two platee were exposed, each for a time of 2.5 hours, to
positrons obtained by mesns of pair production, These plates
had a rather low density of tracks, less than one entering the
surface in each field of views, In e second series plates were
exposed to electrons and positrons both resulting from pair
production in lead, [Exposure times were ~ 27 hours and with
rather improved proton beam current in the H.T. set, (50-60/. A
resolved beam), these times gave & satisfactory density of about
one track starting from the surface in each field of view,

The emulsions were developed by a conventional
temperature development method, (Dainton et al, 1951), using
smidol as a developing agent and a temperature of 27°C for the
hot stage.

(111) Anslysis of the tracks,

The measurements were made on Cooke M4000 series
microscopes using x 15 eyepieces and x 45 oil immersion
objectives giving a field of view of about 150/- in diameter.

The perticles entered the emulsion in & fairly perallel
beam, (% 12° from the mean direction), which extended across the
eentral /
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gentral inch of each three inch plate. Before proceeding
with the single scattering messurements a check wae made on the
uniformity of the energy of the particles of the beams An area
was chosen 25 oms square extending scross the width of the
beam and 0«5 oms clear of the edge of the plate nearest the
spectrometers Thirty-six tracke in this ares were selected on
-each plate used,such that they entered the emulsion surface at
pointes lying on s grid pattern of 0«5 em, spacing, Multiple
scattering measuremente were made on each of these tracks in
order to obtain & measure of its energy. The energy of the
perticles on each plate wes found to be uniform within the
accuracy of the measurements except that perticles on one edge
of the beam for plates in the second exposure were found to have
rather low energy velues, This feature was attributed to
scattering of particles from the edge of the collimators. In
order to ensure particles of uniform energy only tracke from the
central portion of the beam were examined,

Within this area tracks accepted for measurement had to
satisfy two oriteria:

(a) that they should lie within 10° of the meen beam
direction,

(b) that they should have a minimum length of 500 s« for
tracks entering end leaving the emulsion by the surface
and of 700 ) o~ for tracks entering the emulsion surface
and leaving through the glass.

The /
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The ceriterion (b) was introduced in order to ensure that

every track accepted for measurement was sufficiently long to
ensble the observer to see if it wes & fast electron or a
background track since a small number of slow, highly scattered
electrons, and of cosmic ray particles were present on most
plates. The cosmie reay background had been kept to a
minimum by storing ;ho unexposed emulsions in a mine at a depth
of 400 feet until immediately prior to use, The use of the
eriterion (b) necesesitated a correction to the results which is
described in section (iv) of this chapter,

Tracks setisfying the criterie (a2) and (b) were
followed from their point of entry into the emulsion to a
maximum length of 2000 ) or until they left the emulsion., 8Since
the tracks suffer appreciable multiple scattering it was
possible to make satisfactory length measurements only by using
8 calibrated eyepiece scele laid along successive sections of
the track, Initially all visible sharp deflections of a track
were measured, however small, but it wes soon decided to impose
@ definite lower limit on the deflections to be measured since
the measurement of very small angles is not of high esccuracy and
the main interest is in the large angle scattering where
electron-positron differences should be greatest. An eyepiece
graticule of the type illustrated in figure II-3 wes made
photographically. The distance between the two merks on the
horizontel /



Graticule used in the singls scattering experiment.
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horizontal line corresponds to the unit of length, (954), and
the inolined lines each mske an angle of 10° with the horizontal
lines Events were only accepted in which the deflected track
lay on or outside the V formed by the 10° lines when the apex
of the scatter was placed at the centre point eand the inecident
track ley along the horizontal lines Thus events were only
measured in which the horizontal projection of the deflection wee
greater than 10° Por ell such events the following three
measurements were mades
(a) Horizontal projection of the angle of scatterings
(v) Dip of the last 50« of the incident track before
the deflection;
(e)  Dip of the 504 of the scattered track immediately
following the deflection,
(a) was measured by means of a goniometer attached to the

microscope eyepiece, (b) and (e¢) by making measurements of the
change in depth of the track over the appropriate 50
horizontal length, by meens of the microscope depth gauge, with
subseguent correction for the shrinkage of the emulsion during
processing. The shrinkege factor was obtained from the
micrometer measurements mentioned in section (i) of this chapter
combined with e meesurement of the thickness of the processed
emulsion, using the microscope depth gusge, Measurements of the
shrinkage factor by the TAC' L =particle method, (Vigneron 1949)
were /
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were found to be of much poorer accuracy than the direet method
used unless a very great number of ol -particle tracks were to be
measured, The true deflection in epace was obtained from (a),
(b) and (e¢) above by using the Sigsbee diagram which affords a
rapid method for such aengular calculations, It should be
mentioned that, except for events in which an obvious loss of
energy had taken place, (as judged by & noticesble change in the
multiple scattering of the track, « less than 1% of all events),
tracks were not sbandoned after the first deflection and
occasionally more than one deflection was noted on the same
track, Tracks were of course abandoned when an electron-
electron scatter was observed.

In order to avoid measuring any track more than once the
co-ordinates of the beginning and end of each track were noted
and the start of the tradck was marked as a point on a map of the
plate before any measurements were made.

(iv) Regults,

380 em, of electron track and 520 em. of positron track
was scanneds, This total consisted of sbout 2500 electron tracks
and 3500 positron tracks. A minimum velue of 25° was chosen
for the deflection in events to be used in the eanalysis since at
such values of the angle the differential cross section is not
falling so rapidly and, provided that moderately large angular
intervals are used the effect of small errors in the

measurement /
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measurement of angles, (~ I 1+5%), gives a megligible smount
of "spill over' from ome intervel into the mext, By choosing
& minimum of 25° the correction for the effect of imposing @
minioum of 10° on the horisontel projection of the deflection,
is also made comparatively small, The total numbers of
deflections greater than 25° were 136 for electrons and 163 for
positrons, and the angular distribution of theee deflections is
shown in table II-2 (page 25 ).

Before a comparison with the theoretical predictions is
possible, it is necessary to apply to the measured data,
corrections for the following effects:

(a) Correction for the effect of dip on the measured
horizontal projections of the track lengths.

(b) Correction to the energy of the particle as obtained
from the field in the magnetiec spectrometer, to allow
for energy losees in passing through the emulsion and the |
windows of aluminium foil,

(e¢) GCorrection for loss of deflections due to the
minimum length ascceptance oriteria,

(@) Correction for loss of deflections due to the

[
|
|
[
|

epplication of & minimum to the horizontal projection of
the deflection,

(e) Correction for double scattering, - where two
seattering events lie so close together that they are not
distinguished separately.

These /
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These corrections will be discussed in turn, 1 |
(a) A semple of 500 tracks was analysed to give the [I
distribution of track lengths and the mean horizontal projection i
of the track length was found to be uso/a e The vertical hl
projection was taken to be the emulsion thickness, 400/ s for |
both surfece to surface and surface to glass tracks, The W
correction factor to be applied to the measured lengths in order |
to obtain the true value is thus 1.04, l
(b) The total energy of the electrons as obtained from
measurements of the magnetic field was, for all plates 1064 “
Mev. The positrons had energles of 10°64 and 10+81 Mev, Using ||

e mean track length of 14!0/. the average energy losses were

calculated asy

{collhion loss 0+380 Mev.

EMULSION -
Radiation loss 0384 Mev,
Loss in aluminium folils 0*1 Mev.
TOTAL 0804 Nev.

Thus the mean total energies in the emulsion were 9+84 Nev for
the electrons and 9+84 Mev and 10+01 for the positrons., The
error introduced in the calculated value of the scattering cross

section by taking a mean value of the energy rather than

for all plates were normalised to an energy value of 10 Mev by

b 3
multiplying the observed number of scatters by (Ejo) where E is
the /




the mean totel energy.

() The minimum lengthe of 500 « for surface to surface
tracke and 700 &« for surfsce to glass tracks tend to bias the
results ageinst the inclusion of tracks having & large
deflection in the first section of the track since such &
deflection increases the probability that the treck should leave
the enmulsion before attaining the minimum length. A
calculation of the factor to be epplied to correct for this
effect was made by W, Bosley and was later slightly modified by
the present suthor., The calculation consists of a geometrical
analyeis and subsequent numerical integrations to determine the
total probability of & scattered particle leaving the emulsion
with a track length lese than the required minimum, as a
function of the scattering angle, The results in terms of
correction factors eppear in table II-l, (psgelé )s The
factors depend very slightly on the angle at which the particles
enter the emulsion. This angle had been set for 9%.5 in the
experimental arrengement and direct measurements on & sample of
tracks yielded a mean value of 9°+6,

(@) 8ince no deflections were measured which had a
horizontal projection of less them 10°, large angle deflections
in which the scattered track dipped steeply in the emulsion but
had a emall horizontal projection would be missed, Thus,
referring to figure Il-4, tracke falling into 0ABC were not
measured, /




PIG, II - 4.

Illustration of the azimuthal angle correction. The
incident track is normal to the paper at O, A
track emerging from the paper at A has suffered a
deflection of 10° in the horizontal plane.
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measured, If § and O, are the limite of the anguler
interval under consideration then the correction factor is

g [Pt fir e Rl
/e, 8, (,—MB) cos 36

where we have assumed the simple anguler distribution of the
Rutherford scattering law, which should be sufficiently
accurate for this purpose. The integrals were evaluated
numerically and yielded the correction factors for this effect
given in table Il-l, The measured distridbution in asimuthal
angle of deflections having a horizontal projcétxon greater than
10° 48 shown in figure 1I-5 The statistical accuracy of
correction factors obtained from such a plot will however be
poor and the calculated value has been preferred, The values
obteined from figure II-5 are 075 & 0°08, 0°83 I 0405, and
0492 ¥ 0407, for the engular intervals 25° - 35°, 35° = 50°,
and 50° « 180° compared with calculated values of 0827, 0894
and 0991 for these intervals.

(e) Double scattering correction. It is possible that
twvo scattering events may occur within such & short distance of
each other as to appesr as & single deflection. A eimilar
problem has been treated by Wentsel (1922), and Wentzel's

results were adapted to the conditions of the present

experiment by W, Bosley. The suthor wes mainly responsible for i

carrying out an independent analysis and rather laborious
esloulations /
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Distribution in azimuthal angle of deflections greater
than 25°, The continuous lines represent estimated

meens for the distributions.
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ealeulations for the correction factor to be applied to the
number of deflections in the angular interval 10° - 15% yielded
a value of 0+986. Since this correction will certainly
decrease with increasing angle of scattering, it has been
neglected.  W. Bosley has arrived at a similar result using
the Wentzel method.

The correction factors to be applied to the measured
mean free paths are presented in table II-l, The measured

data and the corrected results for both electrons and positrons |

are presented in table II-2 in terms of the mean free path for
scattering through angles in the intervals stated.

ZABLE XL =2,
CORRECTION FPACTORS

i BQ BE APPLIED TO THE MEASURED MEARN FREE PATHS.

ANGULAR

INTERVAL 285° - 35° |38° - 50° |50° - 180°
CORRECTION
FOR ESCAPE 0+918 0+918 0+827

AZIMUTHAL ARGLE ‘ |
CORRECTION 0827 0+894 0«09

POTAL CORRECTION
FACTOR 04760 0+820 0+819
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ZABLE 11 = 2,
EXPERIMENTAL VALUES OF THE MEAN FREE PATH.

A, Positronss 517 ocm. Track Length (Corrected).

% 25° - 35° | 35° - 50° | 50° - 180°
NUMBER ownms . -
nonm_lesxn TO 10 MeV h—: %os .

( x 0°97)
EXPOSURE II 15 5 6
NORMAL eVl
( x 1.00) 15 5 6
TPOTAL NUMBER 83-8 486 273
| (NORMALISED TO 10 MeV.
# ,
MEAN FREE PATH 6+17 10462 18-94
(ou. )
CORRECTED MEAN FREE | 469 I 0¢52 | 8«72 % 1449 [ 1551 * 3.38
PATH (CM,) |
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B, Electrons: 381 oms Track Length (Corrected).

- -
THTESYAL 25° - 35° | 35° - 50° | 50° - 180°
— o T -

XPOSURE IT |
NORMALISED TO 10 MeV,
( = 0+97) x
MEAN FREE PATH 491 1033 3153 ‘
(om, )
GCORRECTED MEAN FREE | 373 & Oells| 8+46 % 1039|9+46 £ 2459 | |
’Aﬁ (Ol.) i

THE ERRORS SHOWN ARE ALL STANDARD DEVIATIONS.
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ZABLE II1 =1,

COMPOSITION OF ILFORD G5
NUCLEAR EMULSIONS,

ELeMEwr | ATOMS /G, C.
e e
CARBON 151
NITROGEN 0+31
OXYGEN 075
SULPHUR 0+02
BROMINE 1°15
SILVER 1417
IODINE 0+03
VT e,
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COMPARISON OF THE EXPERIMENTAL
RESULTS WITH THEORY

When the present experiment was first undertsken the
best oslculations available for the scattering from a point
charge were those of Yadav (1952) for positrons and en
eveluation mede by Lyman, Hanson and Scott (1951) besed on the
work of Bertlett and Wateon (1939) end of McKinley and Feshbach
(1948), for eleectroms. The resulte obtained by these authors
were checked against the later csleoulations of Feshbach (1952)
for both electrons and positrons and found to be in excellent
agreement,

For the purpose of the present experiment it was
necessary to obtain values of the scattering croes section for
a medium consisting of a mixture of the elements contained in
the nuclear emulsion, The emulsion composition as given by
Ilford Ltd., is reppoduced in teble III-l. The simplified
Mott oross section and the Rutherford cross section were first
evelusted for a series of values of the atomic number 2
covering all the elements contained in the nuclear emulsion end
for & renge of engles from 5° - 180°,

The /




The simplified Mott eross section for & mixture of H
elements and integrated over en angular interval (6 -6, ) may
be written

7¢¢ 2 29, _ 20 - 2
SR I AC A A N &

an b4y
w83, )

where N: 1s the number of atoms of the (‘‘ element having
atomie number Z, , present per c.c. of the emulsion. We may
re-write this expression in the form

ne 2
g FNz L@

(P 45 the particle momentum). S8imilarly we may write the

Rutherford crose section as F‘
nes

o3 = E;;g'u;zazF(e)

We may now write the exact point charge cross section as

.
e _7‘ A .
oz = i,—,';;z? N: Z; /(0) G (Zb)e)

where for a single element and a particulsr angle &(Z;6)
is the ratio of the exset to the simplified Mott cross section,
A similar relation may be written linking the exact and the
Rutherford ceross sections,

The values of (+ (Z{, a) end the Rutherford eross
section egquivalent, for each element in the emulsion and at &

series /
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series of angles, were obtained by interpolation in the results ;;}
of Lyman, Hanson and Scott and of Yadav (loe. c¢it.) who have i
pvngntod their pgnult' in terms of the ratio of the exact to r
thollott -1-p1111§d ocross section and to the Rutherford eross ‘J
section respectively. Thus for each angular interval Jc was |
found by summing the cross sections for the individual elements., ||/
It i» clear from the dependence of the cross section on N 2
that the scattering is mainly, (~ 97%), by the silver and

bromine nuclei. The calculated mean free paths for the angular |||
intervals used are given in table III-1 (page 32 ).

(11) Zhe effect of the finite muclear size,
Of the three subsidiary effects considered in chapter I, ||

(page 4 ), only the finite nuclear size need be considered in if

the present experiment. The conditions were such that the lﬂlll;;
deviations from truly elastic scattering which are involved in !;a
the radiative correction would certainly not be detected, the i
energy of the particles is such that the effect of screening is
completely unimportant, and scattering through angles greater
then 25° by an atomic electron will slways produce &

distinective two pronged event which is discarded.

_ For the calculation of the effect of the finite nuclear
size the results of Acheson (1951) for glegtrons have been
slightly extrapolated to the required energy of 10 Mev,

Acheson gives ratios of the scattering cross section for a point

nucleus /
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nucleus to that for a finite distribution of charge of radius 1
1°48,10" %" s, (a) of uniform density and (b) in the form of a |

HlEE
10

shell, VUsing these results the point charge oross sectioms for |
the individusl elements were corrected in each angulsr interval |

and the summation and integration repeated as before.

Calculationas of the size effect for positrons have only been
—ao for the particular case of the scattering of 20 Mev

particles by gold (Blton and Parker 19853). These authors have
caloulated the ratio of the cross section for seattering by a

finite nucleus to that for scattering by & point charge, as @
funetion of the scattering angle, for both positrons and

elegtrons, In the absence of exact ealeulations applying to
the conﬁ!tions of the preasent experiment it has been assumed
that the following ratio R 18 not very dependent on either

the particle energy or the atomic numbers
I~ OF /ot
Oc

R: /..0;'/02-

where O; : are the oross sections for the scattering of

positrons and electrons by & point nucleus and o~ 2 are the
 eross sections for scattering by a finite nucleus, This ratio
obtained from the results of Elton and Parker for gold at 20

Mev was used in conjunction with the results of Acheson for 10
Mev particles and the requisite Z values, and with the known
values of O7', to obtain Of for the conditions of the

present /
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present experiments Although the assumption used can only i
be expected to be approximately correct the errors introduced in |
this way will produce & negligible effect on the finsl result M
eince the correction for the effect of the finite sisze is small, |
The final correction factors to be spplied to the point ”

charge cross sectione to allow for the effect of the finite il
nuclear size are shown in table III-l, i

JABLE III o 1.
THEORETICAL VALUES OF THE MEAN FREE PATH,

THEORETICAL MEAN FREER
PATH IN CM. (POINT

NUCLEUS) .
RLECTRONS 2 &26 9+ 06
PO <98 10+ 62 18¢90
FINITE SIZE CORRECTION "
PACTOR,
RLECTRONSS

UNIFORM DISTRIBUTION 1+02 1403 108
POSITRONS

UNIFORM DISTRIBUTION 1+01 1+01 1«02
SHELL DISTRIBUTION 1¢01 1+01 1402

CORRECTED MEAN FREE
PATHS: (UNIFORM CHARGE

DISTRIBUTION).
ELECTRONS *59 665 9+81
* POSITRONS *93 10°51 18451

W
(144) /
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The theoretical and experimental results are compared
in table III-2’and figure III~l, Table III-2 also contains
the values of the mean free path predicted by the Mott
simplified expression and by the Rutherford formula, (equations
(3) end (4) of chepter I). The exact theoretical results have

been calculated assuming a uniform charge distribution in the
nucleus,

TABLE III o 2,

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS
FOR THE VALUE OF THE MEAN FREE
PATH FOR SCATTERING.

ANGULAR INTERVAL 25° - 35° | 35° -« 50° | 50° - 180°
ELECTRONS MEASURED | 370 2 Oelly | 8+45 £ 139 | 9°45 £ 1-59
THEORET ICAL 359 6+ 65 9+81
POSITRONS MEASURED |(4*70 % 0+52(8°70 £ 1-49|15-50 & {-33
THEORETICAL| = 493 10+ 51 18¢5
Tr'S SIMPLIFIED
FORMULA 4o 31 878 Uy 40
UTHERFORD FORMULA 401 7°33 9. 00

The following conclusions may be drawn from the
results:

(e) /

e e ]
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Theoretical and experimental values for the number of
scatters per cm, of track length as a function of
the scattering angle O , for 10 Mev electrons and

positrons in a nuclear emulsilon.
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(a) The results appear to confirm the theoretical
prediction of a difference between the nuclear
scattering of electrons and positrons at 10 MeV due to
the difference in the spin-orbital forces on the two
types of particle, The results also show that the
theories of single coulomb scattering based on the

Dirac equation prediet cross sections of the correct
magnitude at this energy.
(b) The statistical errors associated with the {

experimental data are too large to allow a detalled
examination to be made of the differences in the
seattering probabilities for electrons and positrons es
a function of scattering angle, The difficulty of
improving the statistical accuracy using this
technique is such that for work requiring such accuraey ﬁ ';;

at energies greater than 10 MeV it is clear that
gcounter techniques provide the only possible method.




35. l
MULTIPLE OOULOMB SCATTERING OF il
ELECTRONS AND POSITRONS 1
(1) Introduetory, it
The theory of the multiple scattering of particles “‘ AJ
involves (&) the operative single scattering law, especially as I
it applies to scattering through small engles, end (b) the
statistical combination of the individual scattering events to |
give the resultant deflection over & finite scattering tm.cm-af:
Studies of multiple seattering would thus seem not to be of suech |
direct theoretical interest as those on single scattering. ﬁ |
Multiple scattering experimente -;o of importance however in . “
studying the outer regions of the scattering potentiel, and .ha,
since multiple secattering, particulsrly using the mucleer 1l
emulsion technigue, has come to be an important adjunct to the
measurement of particle masses and momente,
The review which follows is not intended to give a

derivation of the theoretical results but rather es an appraisal ;%
of the influence on the scattering of the various parameters
involved, with particular regard to any factors which might lead

to a difference between the scattering of electrons and poutmq,"

(14) ZIheory of multiple scattering.
We shell first present a description of the multiple

seattering process which slthough simplified illustrates the
main /
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main features of the theory.
!.

The mean sguare angle of scattering for particles

passing through an infinitesimal layer of scatterer of tuemd il

d" “ enﬁr i

{03 .. = dacf

ennn

where 3 (6)dis the probability of a deflection O,and Omin, and
0 max. are the minimum and meximum deflections and will be |
discussed later, For small angles we may write

f

z? * dw I
3(0)dw = &N TG GE |
where the symbols have the uwsual meanings. Then ?!
6 l
: Bax
<9>ﬂv'4£ = Jx K 9“."
2 2 :
where we have written K for fr Y5 2% . ang the mean it
A . PRe il

square value of 6 for a scatterer of thickness & can be
obtained by integration of this equation to give |

&8s ~e= tké-_a__gﬂr |

Av, &

e‘j(e)znede il

The distribution function for & may be obtained by the

integration of & simple firet order diffusion equation, (Rossi |

—_

and Griesen 1941), and may be written 1t

-

F((.’,Q) - 2V t'/z < ¢ $‘

where o— = Yk %ﬂ“—:-whus the distribution of the f‘
Ml fh |

geattering angle is gaussian, }ﬁ(
i

In / |
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In most experimente it is most convenient to measure
the projection of the multiple scattering angles on & plane at
right engles to the line of vision. If this angle is denoted
u¢ it may be shown that for a geussian distribution of & the
aistribution ot¢ is aleo geussien,

Several features of the treatment outlined above
require further consideration,

(a) A simple Rutherford scattering lew has been used.

(v) The treatment leading to a gsussian distribution
function contains approximations which limit the result
to small angles,

(o) O mex. snd @ min. remein to be defined in terms of
known guantities.

Despite these limitations the formula obteined above for (95“‘ e

illustrates the principal features of the multiple scattering
process: dependence of the scattering on the inverse of the
particle momentum, approximste independence of the particle
mess, snd proportionality to NZ° , since the logarithmie term
oan only be a olovlg varying function of these parameters,.

We may now discuss the limitatioms (8), (b) and (e)
above, as they are treated by published theories of multiple
scattering.

Zheory of E, J, Williame (1939),

(a) Sgettering law, Williems discusses the magnitude of the

deviations to be expected from the scattering as caloulated
from /
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from the Rutherford single scattering law if the exaet Dirae

. equation is used and finds such deviations to be very small,

(b) Distribution funetion, An angle O, 1s defined such that,
on the average, a particle will suffer one deflection greater
than O, in traversing the scattering thickness, The
distribution of the resultant deflections due to individual
scattering events with angles less than O, 1s taken to be
gaussian, The influence on the distribution function and on
the mean value of the scattering angle, of individual
deflections greater than O, 1s calculated separately and added
to the original, A second angle O, is defined such that
beyond this angle single scattering 1s greater than multiple
scattering as calculated using the gaussian distribution, The
scattering beyond O, is taken to be single only and the junction
between the single and multiple scattering curves is smoothed to
produce a composite distribution for all angles,

(e) w Except for energles such that the
small angle scattering is influenced by the finite nuclear sige

O max. 1s the same as Willlams'O, . O min, depends on
the screening of the nucleus by the orbital electrons, For
exponential shielding the potential 1s V= ey, - 4R
where 'a' is the Thomas-Fermi radius, end in the Born
approximetion one obtains Gdn.'\'az_thorof 1s the perticle
wvavelength. For a more accurate treatment it is possible to

use /
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use & potential given by a better calculation of the atomiec
field, This wes in fect done by Williems who obtains O min =
22757 /8.  Williems has used the Borm epproximetion in
obtaining this result and the use of thies approximetion may lead
to errors in the scattering distribution eround O = %’/a.,
Williams also gives @ ténmnt for the purely classical case,

Moliere's theory is more exact but methematically more
involved than the trestment given by Williems,

(a) and (e): Sgettering law end O min, In Moliere's theory
the exact form of the scattering law only enters through the
parameter O min, Whereas Williems trests only the classical
end Born epproximation sxtreme ceses Moliere (1947) has given &
treatment which is accurate for the complete range. Using a
Thomss=Fermi potentisl Moliere obtains

O = Vi (14 3:76:0)
vhere A = Z Asyp (Born approximation o<<!, elassical
cased>) ), and the A* term represents the deviation from the
Born approximation,

(v) Distribution function, Moliere obtains the distribution
function in terms of a series of Bessel functions by & method

equivelent to solution of the standard diffusion equation.
This leads to the definition of the perameter B which is the

2!

greater solution of the eguation B- 'KB = ‘- 2 ,=0-ns

where /
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2 024 2z ek = |
vhere . =27 e (NZ)* 2%, g, end is o messure
of the aversge number of collisions suffered by the particle in
treversing the thicknese £ .« In terms of the projected engle
¢ the distribution function mey be written |

F$)dg - [ %,,’.e'f; F, (P)B_'«t [-'z(¢)5'z+ N E—p——

The first term of this expression gives the gsussian
distribution, the second leeds at large anglee to the single
secattering dietribution and the subsequent terme are |
corrections of rapidly decreasing imporiance. F,( ﬁ) end é(ﬁ) [
are tebulated by Molicre and, more extensively, by Bethe (1953).i |
Other theories have been published by Snyder and 1
Scott (1549) end by Goudsmit end Seunderson (1940). These
theories ere equivalent to that of loue\ro in the gemi‘al
mathems tical trestment and yield resulte in close egreement
with those obtained by him,
(141) J

==
S

Differences between the multiple seattering of
electrons and positrons might be expected to arise from the

following causess

(a) Differences in the nuclear scattering of the two
types of particle.
(v) Differences in the scattering of the two types of

particle by the atomic electrons.
(e) /
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(e) Differences in energy loss by the two types of
particle in peassing through the scattering medium, with
consequent differences in the effective energies of the
particles.

() The spin orbital effect operative in single scattering
will give rise to a small difference between the multiple
scattering of electrons and positrons, The finite nuclear size
will have no effect on the scattering at such small angles,
(Willieams 1!395 neem and Parker 1052), but the effects of
screening may be important, Caleulations of the difference to be
expected have been performed by Mohr and Tassie (1664) using the
second Born approximation and assuming that the fractional error
in the value given for the electron-positron difference by the
second Born approximation is the same for the screemed field as
for the unsereened coulomb field, Since the fractional error
involved can be ~ 50f for heavy nuclei this assumption may not be
completely valid, Mohr's results are reproduced in figure IV=l.

(b) The scattering of the particles by the atomlic electrons
will contribute a fraction ~ £ N %;z}( 274 in a muclear
emulsion), of the nuclear scattering, (the effect of the different
values of O min, for nuclel and electrons has been discussed by
Pano (/954 ). Por the conditions of the present experiment the
effect is negligible). The ratio of the scattering cross sectioms
for electrons by electrons and for positrons by electrons nB &':
obtained by taking the ratio of the Mgller (1931, 1932) and Bebhe
(1938) /
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(1938) oross sections for small angles, The difference in
the total cross section due to this source is obtained by
multiplying this ratio by e =Nzt

(g) Since the particles will lose different amounts of
energy in passing through the scattering material the effective
energy will be different for electrons and positrons,
Rohrlich and Carlson (1954) have integrated the Mgller and
w"ul sections to obtain the energy losses due to
collision processes and for 10 Mev particles passing through a
nuclear emulsion the difference between the losses of electrons
and positrons is 1+8% of the mean ionisation loss and this
fraction varies only slowly with both energy and atomic¢ number.
Neither the results of Bethe and Heitler (1934) nor of Maximon,
Davies and Bethe (1952) predict any difference in electron and
positron bremsstrahlung. One might however expect some small
difference due to the ec¢loser approach of the electron to the
nucleus, The upper part of the bremsstrahlung spectra due to
electrons and positrons has been examined by Fisher (1953) who
finds for particles ~247 Nev mean energy a ratio of positron
to electron radiative cross sections of 09783 T 0:017 for losses
greater than 6 Mev, This evidence ﬁogothor with the theoretical
predictions leads us to put an upper limit~2{ on the difference
in radiative loss even for low energy quanta.

Although all the effects mentioned reduce the
scattering /
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scattering of positrons compared with electrons the total
magnitude of the predicted difference in coroes sections is
emall (I S 1%) in all cases so far studied experimentally.
(iv) I

The experimental data obtained from any multiple
scattering measurement is the angular distribution of the

- scattered particles. It is posseible to take as a measure of
the scattering any qunantity which is determined by the width of
the distribution such as the root mean sguare angle, the half
width at half maximum, or the arithmetic mean of the scattering

angles.
In the simple treatmuh

# o[ SO [ Ly Gt

n MUN
and it is easily shown that a similar relation holds for the
angles projected on a plane normal to the direction of
observation, Williams obtains for the mean projected angle

» . b ]
¢w = {o.?o [57 (f«y;)f’;, Sy ] ) 4:} $

wherc we have written S for the unit of angle e

lolicre obtains a mean projected angle
/ 0-7982 o-1y
§ = B[+ 7Yy /s}s

where B has been defined earlier. Thus in each case we may

rr—

writ - o
‘ ¢ = /ﬂ b/Z/FV IV - 2.

where /

g = (_Q NeZ e*)‘/l
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where K’ is known as the scattering constant for the medium
and is independent of f“""’ only & slowly varying funetion of

Ee K, for the various theories is obtainsble from the
sbove expressions in terms of known properties of the
scattering medium, It 4o clear that, especially if the
statistical accurscy of the measurements is not high, the
presence or sbeence of a few large values of the scattering
engle in the tail of the distribution mey have a considerable
effect on its mean, To avoid this difficulty a ‘cut' value
of the mean angle and a corresponding cut value of the
soattering constant are frequently employed, in which all
angles grester than four times the mean value are excluded,
(v) Experiments on multiple scattering,

The experiments which have been performed on multiple
scattering fell into two classes: (8) scattering by thin foils
and (b) soattering in the gas of a cloud chamber or in e
muclear emulsion, Cloud chambers and muclear emulsions are
particularly suited to these measurements since the individual
perticle may, using these technicques, be followed inside the
scattering medium end it is thus possible to measure the
scattering for & very lerge renge of values of £ in a single
experiment, It should also be emphasised that, in contrast
with experimente on single scettering, multiple scattering
messurements using nuclear emulsions may be ecarried out in a

comparatively /

C N e
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comparatively short time with moderately high statistical

agecuracys.

We shall not present here a detailed survey of

previous experiments on maltiple scattering, The results for

the seattering of electrons and positrons in nuclear emulsions
are summarised in table 4 of chapter V and at the time when the

present experiments were undertaken the state of knowledge

concerning multiple scattering could be summarised as followss-

(a)

(b)

(e)

(8)

(e)

Experiments with foils confirmed the z-dependence of
Moliere's theory for low and intermediate z-values.

Experiments with foils and with nuclear emulsions
confirmed the momentum dependence of the theory except at
very low values of momentum (Hisdal 1952).

Experiments with foils and with emulsions confirmed
the theoretical predictions for the dependence on cell
size, (scattering thickness), for large cell sizes,
(greater than 1004 for emulsions).

The general form predicted by loligrc for the
distribution function had been confirmed by nearly all
the experiments within the limits of experimental error,

The ‘gbsolute values of the mean scattering angle were
in some cases, (particularly for lead), lower than those
predicted and complete agreement, (within 15%), had not
been attained concerning the scattering in nuclear
emulsions.

(£) /
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(£) The dependence on cell size had been found to be
anomalous for small cell sizes, (Bosley and Muirhead
1952) and the anomaly indicated a divergence between
experiment and theory concerning the tail of the
scattering distribution.

(g) The experiments of Groetzinger et al. (1950) on the
scattering of 1+*5 - 2¢5 Mev, electrons and positrons in
argon in a cloud chember and of Corson (1951) on the
scattering of 196 Mev. electrons and positrons in a
nuclear emulsion indicated & difference ~ 10% in the
multiple scattering of the two types of partiolof
Cusack and Stott (1955) obtein values of (93 I 5)% of
the theoretical value for the scattering of positrons in
nitrogen,(101 ¥ 5)% for electrons in nitrogen and
(92 £ 5)% and (91 £ 5)% of the theoretical value for the

scattering of positrons and electrons respectively in

argon.

*
Corson (1951) does not explicitly remark on this difference.
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CHAPTER V

THE MULTIPEE SCATTERING OF ELECTRONS AND
POSITRONS OF 10 MEV IN A NUCLEAR EMULSION,

(1) Introductory,
The purpose of the present experiment was to

investigate the last two anomalous fesatures presented in the
summary at the end of chapter IV,

It is clear from the results of Bosley and Muirhead
(1952) that for small cell sizes the scattering of electrons is
considerably greater than that predicted, theoretically, (fig.
V-la). If the experimental scettering distribution is cut off
at four times the mean value then the scattering constants
calculated for this cut distribution are in good agreement with
theory, (fig. V-1b) and thus the anomaly is a feature of the
teil of the scattering distribution. Since this anomalous
behaviour had not been noted prior to the work of Bosley and
Muirhead it was of interest to check this result.

The results of Groetzinger, Humphrey and Ribe (1952)
and of Corson (1951) indicate a difference in the multiple
scattering of positrons and electrons of the same energy.
Possible reasons for such a difference have been mentioned in
chapter IV but, (see page S4 ), en evaluation of the
anticipated magnitude of the difference gives values < 1%
whereas differences ~ 10% are observed experimentally. In
view of the theoretical interest and possible practical

importance /
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importance of such a difference it was thought desirable to
investigate this feature using the nucleer emulsions exposed
to electrons and positrons, under almost identical voond:ltiom,
for the single scattering experiment described earlier.

(11) Measurements,

The emulsions used were the Ilford G 5 uoo//- plates
exposed for the single scattering experiment described in
chapter II. Only tracks from the central portion of the beam
were used for measurement and the same length and angle of
entry eriteria were employed as in the earlier experiment.

The plates were fixed to the stage of M4JOO0 Cooke, Troughton
and 8imnis microscopes so that the mean beam direction made only
a small angle with the x -« movement. The measurement of the
scattering was made using a x 45 oil immersion objective and x
15 eyepieces one of which contained a graticule having a
graduated scale. This scale had 60 divisions and with the
umﬂcauon and interocular distance employed was found by
direct calibration to have a length of 100 4t ., The method
used for measuring the scattering was the co-ordinate
technique devised by P, H., Fowler (1950) and the eyepiece
socale was set so as to lie exactly in the direction of the

y - movement of the microscope.

Tracks satisfying the acceptance criteria were chosen
at random over the central area of each plate. It was

customary /
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oulto;nry to take the first reading on the eyepiece scale

about 100 4 from the beginning of a track in order to avoid the it

rather heavier deposit of grains on the emulsion surface. "

Readings of the position at which the track crossed the vertical 1"
eyepiece scale were then taken at intervals of 25/“ on the x - ;‘4
movement to & maximum length of 2000/4— . The eyepiece scale
was read to Q-1 un:t:, (eguivalent to O° 1665/,.. ), with &
probable error of - 0«1l units, If these readings of the
eyeplece scale are denoted y, 3 )/;,-—)/,..---.thcn first and second
aifferences, (y,~y2 )s ()2~ )s)----{Ya~Yas ) end

( Y- 2+ ¥ )---« )’1\."2)’»4-1 YAz )--e e were obtained, the
differences always being treated algebraically. Thus the
data obtained from a track of maximum allowed length consisted
of 78 second differences each with + or - sign.

(111) Results,
A fregquency distribution of the second differences,

such as those shown in figure Va2, was constructed for each

plate. The arithmetic mean of the second differences was then

Facx; /
obtained by evaluating et %-_-,,_; . With the
co-ordinate technique it is easy to obtain the angle between
chords having & length which is any integral multiple of the
measured chord length. Thus frequency distributions and

average values of the scattering angle were obtained for each

plate for cell sizes, (chord lengths), of 254¢ 4 504 , 1004 , ?5‘{:‘.

200/«. and l;OO,a—. The average values for electrons and for

positrons /
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positrons, with and without cut off, appear in teble Vel,

IABLE YV « 1,
AVERAGE ANGLES BRTWEEN SUCCESSIVE CHORDS, (DEGREES),

[ AVERAGE ANGLE BETWEEN |

CHORDS, (CUT).

CELL SIZE} 25 50 | 100 | 200 | 400 25 50 | 100 | 200 | 400 1

$- S

ELECTRONS| 12743 |20 146|20975| 425 | 601 | 1o4443| 10878 |20 760|3+925| 5+ 79

POSITRONS| 1°622|1+981(2+ 553 3¢ 5016 | 1e241] 146982+ 293|336 u-a?
E
(iv) Corrections,

The averages of the measured scattering angles reguire
corrections for the toliowins effectss
(a) Spurious scattering, ('noise'), due to uneven

movements of the microscope stage and to insgouracies of

measurement.

{») Inclination of the tracks to the x - axis.

(e) Distortion of the tracks during the processing of the
emulsion.

() Noise: The noise may be conveniently determined by
performing scattering messurements on the track of & very fast

cosmic ray paerticle passing through the emulsion at a small
angle. Such a track may be assumed to have negligible true

scattering /
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scattering and the measured values are solely due to noise.
This procedure was carried out for each of the two microscopes
used. The corrected value of the scettering was then obtained
from the relation of qp° (A~ )'/z where « ,is the average
spurious scattering angle, ol, the average measured angle end
ol cor  the corrected value.

(b) Inclination of the tracks to the x = axis: An inclination
of the track at an angle 6 can be seen by a simple geometrical
consideration to lead to an increase in the measured value of
the scattering angle by a factor secz @ and an increase in the

cell size by a factor sec e - Thus for scattering constants
Kene = Knensurer ™ (“9)’4
@ was determined in the present experiment from a sample of
tracks by noting the difference Ag in the 7. co-ordinates of
the beginning and end of the track for tracks with a continuous
variation in f and over the separate sections of tracks which
showed both increases and decreases. The length 'Z of each
track or section of track was also noted end &, for each track
wag taken as the mean over the sections of the track of angles
€ obtained from w6 = Af/@ . A mean value of 9,“, was
obtained for each plate from samples of thirty tracks. The
mean values obtained were 5° 6°, 5.7° and 7°0° yielding values
of (em® J72 of 0987, 04987 and 0+982 respectively.
(e) Distortions Distortion during the processing or the
subsequent drying of the emulsion will in general produce a

curvature /
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curvature in otherwise straight tracks which becomes apparent

if one examines the frequency distribution of the second
differences taking the algebraic signs into account,

Undistorted tracks should give a distribution symmetrical about
gero whereas a distorted track may be expected to give an
asymmetrical distribution., The amount by which the central
peak of the dietribution is displaced from zero is o measure of
the distortion and the distortion may be expected to increase
approximately ae the square of the cell size.

The 1004 and 40Q/n.cell size second difference
distributions were plotted with regard to sign for each of the
three »l.tes used. The distributions for 109/u-cell size are
reproduced in fig, YV - 2. It is clear that only plate II2 from
the second set of exposures shows evidence of distortion,

This conclusion is completely confirmed by the distributions
for 409,% cell size. For plate II2 the distribubtions were
examined for each cell size and the distortion was corrected by
displacing the zero so that SN =5 N7, The effect of the
correction is illustrated in table V-2, The correction for
plate II2 is ~ 3% for the loq/u-cell and ~15% for the 400
cell, The variation of distortion with cell size for this

plate is illustrated in fig. V-3.
(v) Discussion.

The corrections to the uncut values of the average

scattering angle are presented in table V-2; the corrgctiona

to /



FIG. V - 2.

Frequency distributions of the second differences
obtained from measurements on electron and positron
tracks for the three plates used, at a cell size of
100/«_. The medians for each plate are indicated by

arrows.



FIGO v - 3.

Variation with cell size, of the deviation from zero
of the mean of the second differences for plate
Il « 2, The dotted curve represents a variation of
the distortion as the square of the cell size,
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$o the ocut values are almost identical. The corrected

results, in terms of the scattering constant are presented
end compared with the values obtained by other workers in table
V-4, and are shown in figure V-4,

We may discuse the results under two headings: (a) the
difference in the multiple scattering of electrons and positrons
and (b) the absolute values of the seattering constant.

(a) The positron-electron difference: The ratios of the
scattering constante for electrons and positrons are shown in
table V-3 below, The values of this ratio calculated taking
into account the three effects discussed in chapter IV are also
shown and these effects are seen to be inadequate td account for
the experimental results if their theoretical treatment is
correct. The ratios obtained by other workers who have
measured the scattering of both types of particle under the same
conditions are also included and appear to be in approximate
agreement with the present work despite the great differences
in energy. The corrections applied to the results are small for
the 5Q/* ’ 1094_ and 209/4 cell sizes, and the results for these

siges must be considered most reliable. These results

TABLE V = 3, /
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PIG, V - 4.
Measured values of the scattering constant, (after
correction), for electrons and positrons,. The lines
correspond to the theoretical predictions of Moliere |
(1948).
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suggest a retio of about 1* 14, slthough if taken in conjunction
with the smaller and larger cells there is some evidence for en
increase of the ratioc with cell sizes It is of interest to
note that the retios for K, and [, aere of the seme order

* indicating that the difference is not a feature of the "¢ail’
of the seattering dietribution, |

No satisfactory explamation of the observed difference
has been found,

(b) Absolute values of the seattering constent: The
messured values of the seattering constant after correction,
ere shown in figure v,g’m in teble V-4 where they may be
compared with earlier results and with theory. It ie
difficult to summerise a oouplrlaop of the results of so many
workers but th@ present work may be seld to be in fairly good
agreement with previous results except for the values of the
uncut scattering constent at very smell cell sizes. In this
region th§ present results lie above those of Bosley and
Muirhead (1952).

A comparison with the theory confirme the anomalous
rise in the uncut constant at small cell sizes detected by
Bosley and Muirhead, Figure Va;>-howo that, apart from this
snomaly the values of the measured scattering constant for
electrons are greater and those for positrons emaller than the
theoreticel values of Moliere (1948),

|
i

{1
It

1|
{14

|
f LA
\“’
|




R4

CHAPTER VI

PROTON-PROTON SCATTERING AT VERY
HIGH ENERGIES

(1) Introduction,
At energies below the threshold for meson production,

(200 Mev), experiments on the scattering of protons by protons
yield values of the total and differential scattering cross
sections, while recently measurements have been made of the
polarisation of the scattered particles and also using polarised
incident beams, Above the threshold for meson production it is
also possible to measure the ‘distributions in angle and momentum
of all the particles emerging from the collision, It has become
customary to call reactions in which no mesons are produced
'elastic' and those from which one or more mesons emerge
"inelastie’.,

A complete theoretical treatment of all features of
proton-proton scattering would start from meson-nucleon and
nucleon-nucleon interactions based on a satisfactory meson theory.
Such a complete solution is not available and in its absence
attempts have been made to explain the low energy, (less than 10
Mev), and intermediate energy, (up to about 350 Mev), results by
means of static potentials with a possible spin dependence. This
approach compares the phase shifts calculated for certain assumed
potentials with those obtained from the measurements, in an

endeavour /
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endeavour to find a potential which will give a satisfactory
fit to the measurements for a large range of energies.,

The lack of a satisfactory fundamental theory has also,
for the inelastie processes, given rise to phenomenological
treatments such as those of Rosenfeld (1984), and of Gell-Mann
and Watson (1954), for energles near the meson production
threshold, and to the statistical type of theory and its
modifications, (Fermi, 1950, 1953; Heisenberg, 1949; Landau,
1963; Kovaes, 1956), for the very high energy region.

(2) Extension of the theoretical treatments applied at low
energies,

(a) Blastic scattering. Thaler and Bengston (1954),
Garren (1953), and other workers, have made phase shift analyses

for the results of nucleon-nucleon scattering experiments at

energies up to about 300 Mev, At the higher energles studied it

is difficult to obtain unambiguous assignments of phase shifts
even when a number of simplifying assumptions are made, such as
the neglect of possible mixing of 35S and 5D waves. The phase
shifts calculated by Thaler and Bengston (loc. cit.) have not
been confirmed by the more recent polarisation experiments,

(Chamberlain et al., 1954; Fried, 1954; Fischer and Baldwin,
1955).

Attempts have been made to find an interaction which will

give the correct magnitude for the total cross section at low and

intermediate /




intermediate energies, will reproduce the isotropic angular
distribution of the scattered particles, and will also explain
the n - p scattering results while preserving charge
independence, (Jastrow, 1951; Case and Pais, 10503 Christian
and Noyes, 1950). Only the Christian and Noyes tensor inter-
action has been found to give even approximate agreement with
experiment when compared with the polarisation measurements,

At an energy of 925 Mev for the primary proton it seems
possible that particles having angular momenta as high as 5K
may contribute to the secattering, In view of the difficulty of
making unambiguous phase shift analyses at energiles ~ 300 Mev
it would seem unlikely that such an analysis would yleld
significant results at 925 Mev where the number of contributing
phase shifts may be greater, and where the statistical accuracy
of the measurements 1is poorer, than at lower energies, Even were
such an analysis made, it would be improbable that the results
eould be intorprotod in terms of a statle potential, At such
an energy also, the neglect of relativistic effects would
introduce serious errors into a caloulated result,

(b) 1 er Rosenfeld, and Gell-Mann and
Watson, (loc. cit,), have analysed the cross sections for all
possible two nucleon events in terms of the three total cross
sections for the charges 1> 0 ,0—>1  and 1—>1 in the
isotopiec /




isotopiec spin of the two nucleons during the reaction, By
assuming, (i) that the meson 1s in an 8 or a P state with respect 1‘
to the two nucleon system, (i1i) that only the S-wave nucleon- w 1

nucleon interaction is important, and (1ii) that the effect of ,

the meson on the nuclear force can be neglected, it is then ]
possible to obtain the angular distributions of the product "
Bl

particles from reactions corresponding to the basic cross sections

described above, The variation of the cross sections as u‘

-

|
function of the maximum momentum of the meson may alsc be !,

I
\
1

obtained, The expressions calculated for the angular and

|

i
momentum distributions contain undetermined parameters which can |

1

only be expected to remain independent of energy near the threshold

L]

for meson production, The neglect of all but the S-wave inter- I

action between the nucleons becomes a bad approximation at energies
it
greater than about 20 Mev and since other features of the theory Fi

limit 1ts use to energies near the meson production threshold it
would be unprofitable to attempt to apply this treatment at I
energies as high as 925 Mev.

(3) s a le at ver energi

8ince the difficulties of extending the range of

applicability of the theories used at low energles are so !
eonudonblcl there remain the statistical type of theory such as |
that of Permi (loc. cit,) and the optical model treatment,
(Pernbach, Serber, and Taylor 1948, Serber and Rarita 1985), while

the /




the consequences of the excited nucleon model due to Peaslee
(1984) and others must also be considered. i
(a) Statistical theory. PFermi has proposed a model in ’
which, when the two nucleons collide, a great quantity of energy I
is released in a small volume around the two particles, Sinece f
the interactions of the meson fleld are strong the energy is
rapidly distributed among the various degrees of freedom nnihbh,g.’}
according to statistical laws, '
The only adjustable parameter in the theory is L. , the |
volume in which the energy of the colliding particles is E
released, If the Lorentz contraction is neglected (1. i3 taken
to be a sphere of radius R, where R is of the order of the range

ol W e 13 |
of nuclear forces; R e © 14,10°*° em,, (/«- is the meson
mass), If the Lorentz contraction is taken into account N is an ;?5

ellipsoid of volume .
3 2Me I!

LA m R 7

where W 1s the total energy of the nucleons in the centre of ’!
momentum system and M 1s the rest mass of the nucleon, The total |

cross section is approximately geometrical = T RS,

The probability of forming a final state of any given kind |

is then given by an expression of the type |
)t 4N |

- | |

where the square of the matrix element is taken to be

proportional only to the probability that, for the state in
question, /




question, all the particles are contained at the same time in

the volume £L. , Thus, for a state 1nvolving »' independent

jm*ee ()"

where V 1s the customary large normalisation volume.,

particles

Substituting expressions for the density of availlable states
dN/JE » Fermi obtains for the probability of producing n -olona,i

the expression

/(*)oc (3/1“.3724-_-.“':”)'”! - V] - 1.

where w has been written for “’/M,_‘nnd where the nucleons have ;':;

been treated as non-relativistic, and the mesons as extremely i
relativistie, i

The conservation of momentum has been taken into account i
in an approximate way in the analysis leading to equation VI - 1 1
by assuming that the momentum carried off by the mesons 1s very il
small compared with that taken by the nucleons and thus that only |

one nucleon but all the mesons may be treated as independent.
The conservation of charge and of isotopic spin may also be taken |
into account to divide the probability for producing a given
number of mesons into the probabilities for the various possible !
charge combinations, Fermi (1953) has made this extension to the 1
theory by writing P%) as the number of possible charge

combinations /
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combinations for putielu having a total isotopiec spin T = 1,
Then the u'obcbulty of obtaining » mesons becomes

/ by = T w.g/m/@)

We need not consider the possibility of a total isotopie apin |

T 2 0 for collisions between protons, When one meson is i
produced in a p - p collision the possible charge combinations

are (P N7') and (P P7°), The relative probabilities of these |
combinations may be shown to be 7% and '/,,ruweuvoly. Thus :;
since F») = 2 the probabllities of obtaining the combinations |
(px ") ana (P P7TO) are (1) x2x ¥, =3/z/(1) and ;ju

(1) =2 x /q = #, /(1) respectively. The relative prob‘biuuul ;

@

of obtaining all the various possible combinations of nucleons

end mesons when the energy of the primary proton is 925 Mev have ;
|

been calculated using this treatment and are given in table VIII. |
|
4
|

3 (page 7 ),
Permi (1951) has calculated the angular distribution of

the outgoing particles when the primary nucleon is of such an

energy that a thermodynamic model is appropriate ( ~ 50 Bev),
The conservation of angular momentum entalls a forward peaking of |
the angular distribution in the centre of momentum system, which fjl'j|
1s very considerable at the energies for which the calculation i
has been performed, At lower energles the prediction of the

angular distribution is difficult end no results are available.
By evaluating the density of available states in terms of

the /




the momentum of the meson it is also possible to predict the
momentum distribution of this particle on the assumption that
the nucleons may be treated as non-relativistie.

A less extremely statistical model than that of FPermi has
been proposed by Helsenberg (1949) and elaborations of the Fermi
theory which attempt to take into acecount the interactions of the
particles in emerging from the reaction, have been proposed by
Landau (1953) and Kovacs (1956).

(b) Optical Model, The optical model was suggested by
Fernbach, Serber, and Taylor, (1640), for the scattering of
neutrons by nuclei., When applied to the scattering of protons
by protons, (Serber and Rarita, 1955), the model considers the
diffraction and ebsorption of the wave representing each nucleon
by a black sphere representing the other, The total cross
section is thus 27K where R 1s the proton radius, and the
angular distribution of the elastically scattered particles is
proportional to

J" (AR~ 6)

~n? 6

where J, is the first order Bessel function, R is determined
from the total cross section and since 1 is known from the energy
of the incident particle, the shape of the distribution is
uniquely determined. It is doubtful whether the optical mdo;
can be applied in a situation where the wavelength of the
incident /




incident particle is of the same order of magnitude as the
radius R of the obstacle while another unsatisfactory feature
of this model is the apparent assymetry in the treatment of the |
two particles involved, i
(¢) Nucleon Iscbar, The 7 ~ 3/:) T=% resonance in |
the scattering of positive 77 mesons by protons has been
interpreted as an excited state, or isobar, of the proton having
an energy of excitation ~ 160 Mev and a br'udth ~ 100 Mev,

to the scattering of nucleons by nucleons this model postulates |

\
(see for instance Aitken et al,, 1954; Peaslee, 1954), Applied "
i
a two-stage process in which either one or both the nucleons are lf
4
l

first excited to the energy level at about 160 Mev and then decay

to the ground state by emission of a /7 meson, Peaslee (loec.
eit,), has used this model to calculate the yields of IT*, ¢ nd- 1:

end 77 mesons from p - p and n - p collisions in terms of two

parameters which are the cross sections for the excitation of one
or both the nucleons involved, Peas lee assumes that mesons are |
only produced from the decay of the excited nucleons which must
be in a state of total isotopiec spin T = %, ., With these

assumptions it is found that the fractional weights for decay of
only one nucleon in proton-proton scattering are ‘/6 for decay by

77T meson emission and ?‘ by emission of /7 © mesons,

(4) erimental results on the scattering of protons by protons |
Ei high energies, il

During the course of the present work results have been

published /




published giving values of the total and elastic cross sections
for the scattering of protons by protons at a series of energies H!
up to 5.3 Bev and results have also been given for the

differential cross section for a number of energiles up to 4+4 il
Bev., (Wright et al,, 19565; Cork and Wenzel, 1955; Cester et Eﬂ
al., 1956; Smith et al,, 1955; Morris et al.,, 1955; Shapiro |
et al,, 1954)., The measurements of the total cross section show iﬂ
@ rise from the nearly constant value of 25 mb., over the range ﬁ%
of proton energles 150-400 Mev to about 48 mb, at 500 Mev ,

Above sebout 1 Bev the cross section appears to fall slowly amd tho{

measurements of Wright et al, (loc. ecit,) give a value of
20+5 I 5+5 mb. for the total oross section at 53 Bev. The éﬁ

elastic cross section appears to fall slowly from 25 mb. at 400

Mev to 15 - 20 mb, at 1 Bev, The differential cross section for dﬂ
elastic scattering shows that, in contrast with the isotropile |
distribution observed at energies up to 400 Mev , (Hartzler md ﬁ%
Siegel, 1054) the differentlal cross section becomes rapidly more

peaked in the forward direction with increasing energy, (Smith et

al., loc. cit,).

Direct measurements concerning the inelastic scattering
have been made by Morris et al, (private communication), at an LH
energy of 900 Mev and by Cester et al,, (1955), at 3 Bev Yuan and |
Lindenbaum, (1054), have measured the distribution in momentum of

7t mesons emitted at an angle of 32° to beams of 1 Bev and 2°3 f
Bev /




Bev protons striking targets of beryllium, These results are
discussed and compared with those obtained in the present
experiment, in chapter VIII,




HAPTER VII |

THE SCATTERING OF PROTONS BY PROTONS AT il
925 Mev. it

(1) Description of the measurements. e

The method used to study proton-proton scattering was
to allow the primary proton beam to pass into nuclear emulsions
and to examine the interactions of the primary particles with the i;
hydrogen nuclei normally present in the emulsion, This ff
technique was first used by Goldhaber, (1952, 1953), and has
recently been employed by Kao and Clark (1954) to study proton-

proton scattering at 420 Mev.

Ilford G 5 nuclear emulsions having an unprocessed
thickness of about 409/~ were used in the present experiment,
The emulsions were exposed to a single pulse of the scattered-out F
proton beam of the Birmingham synchrotron, (Moon, Riddiford, and
Symonds, 1955), by members of the nuclear emulsion group in the i
Department of Physics at Birmingham University. The plates li
were placed soO that the protons entered the emulsion at grazing
incidence parallel to the edge of the plate. The energy of the

scattered-out proton beam has been calculated from the

accurately known energy of the circulating beam on the assumption “ﬁ
that the scattered beam is produced almost entirely by a process
of diffraction scattering at the inflector guide plate, When

allowance /




allowvance has been made for energy loss by the particles in
passing out through the window in the vacuum chamber the energy
is found to be 925 ¥ 30 Mev.

The plates were fixed to the stages of Cooke series
M4000 microscopes so that the mean direction of the proton tracks
lay nim the x-movement of the microscope stage. On an area
of the plate clear of the edges, tracks were followed which were
of minimum grain density and made an angle of not more than 24°
with the mean direction of the beam. Tracks were followed for
a maximum length of 26 em, or until they passed out of the
emulsion or produced an event. The length followed on each track
wvas read directly on the x movement of the microscope stage. A
rather low beam intensity of 8 x 10% protons per cm® wes used in
order to reduce the chance of an observer changing from one track
to another and missing events.

All events found were noted, including scatterings of the
primary track., For all two prong stars free from a short recoil
track or a P -decay electron, the following measurements were
carried outs

(a) The horiszontal projections @ , of the angles between

the secondary tracks and the track of the primary proton,
were measured using an eyepiece goniometer.

(b) The dips /3, and P, ) P‘ » Of the primary and

secondary tracks were measured by observing the change in
depth of the tracks over successive 100/4 or so/c. intervals.

(e) /




(¢) Grain counts were made on the primary and
secondary tracks over a length of 300 - 690/4- .

{d) The emlsion thickness ot a marked spot near the
¢entre of the plate was measured using the microscope

depth guage.

An elastic proton-proton collision appears in the
emuleion as a star with two secondary particles, (2 P event).
It is necessary to distinguish 2 P events corresponding to
elastic scattering from a background of events occurring in
eomplex nuclei and from events involving the production of
nesons.

2 P events could be discarded as not elastic without
further measurement 1f:-

{a) the angle between the tracks was greater than
90°,

(b) either track msde an angle of more than 90° with
the primary,

(¢) either track could be identified as due to and =
particle or heavier fragment,

Por 2 P events satisfying the preliminary criteria the
angles in space, A , between the primery and secondary tracks
were obtained from the relation

e d = WPOMP—'”."‘FOM;‘PMG
where /




7.

where [, and P are the dip angles of the primary and
secondary tracks respectively and 0 1s the horizontal projection
of the angle between them, In order to determine the dip angles
it 1s necessary to know the shrinkage factor of the emulsion.
Accurate values of this factor were obtained by measuring the
thickness of the emulsion and glass backing at a fixed point,
before and after processing, with a comparator., The microscope
depth guage was then used to measure the emulsion thickness at
the same spot each time an event was examined, (Duke, Lock, March,
and Munir, 19556), The shrinkage factor measured in this way 1is
believed to have a probable error ~ LS TN

The laws of conservation of energy and momentum give, for
the collision of a moving proton with a proton at rest in the
emulsion, the relation

lon &) lomih, = */c (1)

where E is the total energy of the two particle system
measured in units of the proton rest mass end & and A are the
angles between the primary and the secondary particles., For a
primary energy of 925 & 30 Mev 4nd ,&.d 204670 = 0401,

An elastic scattering event must also be coplanar and this
condition may be expressed in the form ?J:o , where ’ﬂ is the
angle which the primery track makes with the plane containing the
two secondary tracks, f 1s given in terms of the measured

quantities /
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quantities by the expression

a{:mmfnﬂ o d 2 [ Gn P2 ~ Gon Py #~B:  (a)
v @ t lon P . (6,-6) ]

where the [3_, are the dip angles and the O the horizontal

projections of the angles as before, and where @ is the true angle

between the two secondary tracks., For an elastic collision

between free protons @ =, to, and 1ies between 78° and 90° for

the bombarding energy used in the present experiment.

In order to separate elastic scattering events from those
of other types the amount by which the measured quantities falled
to satisfy exactly the condition (1) and the coplanarity
condition was measured as follows:

(1) The larger of the two values of the angles « was
substituted into equation (1) and the value of the other could
then be calculated since E was known, The difference
between this calculated value and that measured for the smaller
angle is called AA and is a measure of the failure of the
measured quantities to satisfy the condition (1),

(11) (/ was calculated for each event using equation (2),.
?ﬂ is a measure of the deviation from coplanarity.

FPor each event in which L/SS", lagl £ 59 and
70°< ® < 90° a point was plotted on a graph of ¢ eagainstod,
(fig. VII - 1), On this graph all true elastic scattering

events /
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events should be represented by points within distances of
the origin equivalent to the experimental errors involved in the
measured quantities, Repeated measurements and a consideration

of the effects of the errors in typical cases lead to the values

below: "
PROBABLE
QUANTITY ERROR

Horigontal angle,O - ¥ 15’

— -+ !

Dip angle, P r a8

]

True angle, » ~— T 80

Coplenarity, ?/) - X 3% %
10

Correlation, ac — I

If it is assumed that (/ and A« are independent, (the
effect of making the contrary assumption has been found to be
small), then all true elastic scattering events will correspond
to points lying within a semi-circle centred on the origin ad
having a radius ~ 1°8°,

It 1s clear from figure VII - 1 that there 1s a definite
grouping of the points about the origin, This feature is
i1llustrated in figure VII-2 where the number of events per unit
area in successive semi-circular rings centred on the origin is
plotted against the radius of the ring, The distribution in
this figure is fitted by a Gaussian curve with a long tall of
background events, The form of this distridbution is
cons istent /

H



consistent with the cholce of 1+5° as the limit within which '
points in figure VII.]l may be taken to represent elastic |
seattering events,

(3) [*) oton-proton secatter

The number of events falling within the semi-ecircle in

————

figure VII - 1 i3 65, while 56 background events lie outside the

semi-circle and within the 85° x §° area of the figure. This
background density implies that 4 such events will fall within
the 1+5° semi-circle giving a corrected number of 61 cases of t i
elastic scattering, Certain other corrections to this figure ””
may be necessary and are considered below, §i
(a) Correction for scanning loss, :
The distribution of the azimuthal angles of all events "

lying within the 1+8° semi-circle is shown in figure VII - 3(a) ‘.@
and this distribution is divided into events for which the smaller 5
of the angles oA is < 12°, and for which this angle is > 12°, in L
figures VII - 3(b) and (¢). PFrom these figures it would appear <’
that events may be missed in which the plane of the secondary !f
tracks lies at a large angle with respect to the plane of the ;

emulsion and that this loss is serious for events in which one of

the secondary tracks makes a small angle with the primery., It 1s
difficult to understand the reason for such an effect since any
deviation of the primery track is most carefully examined as are
also the few cases in which the primary stops without secondary

prongs .
Three /
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i Three methods of correction for the apparent loss of ,
events have been attempted. (1) The distribution of figure |
VII - 3(a) may be squared to produce isotropy. (ii) A correction
may be determined from separate data conecerning single

scattering events, 800 events were measured in which the

primary proton is scattered by a heavy nucleus., Thus the ?
statistical accuracy of the distribution of the azimuthal angles |
of these events is good, For the single scattering events |
evidence of loss was only found for deflections of < 12°, Thus
the azimuthal angular distribution of elastie Zp events having “l
the smaller space angle < 12° may be corrected using factors i
derived from the single scattering results, (114) If there is H
no loss of events for values of the smaller space angle > 12° il
we may assume that the apperent loss of figure VII - 3(b) is due
to statistical fluctuations and correct only the distribution of !
VII - 3(e) to give isotropy. Using the three methods of H
correction the measured number of 68 events inside the 1-8°
semi-oircle becomes 89°6, 71°7 and 775 for (1), (11), md
(414) respectively. ,;

(b) Assymetry of the points in the ¢/ - &d plot,

There 18 an excess of points having positive values ofdd

on the (/- Aol plot, and such an excess might be taken to imply
the evidence of & low energy tail in the incident proton beam.
Apert from the lack of any apparent source of such a low energy

eontamination,/




contamination, checks of the energy of samples of the primary
protons by several methods do not support this hypothesis.
Heasurements made by the Birminghem group have shown that almost
all the protons enter the emulsion within 1° of the mean beam
direction, ©Since protons of different energies produced at the
target must follow different trajectories in order to reach the
emulsion the small angular spread of the beam is evidence that
the spread in energy is also small, MNultiple scattering
measurements although seldom giving an energy measurement of high
accuracy were consistent with a primary energy of 925 Mev, In
the course of the scanning examples wers found of events in which
one of the secondary tracks stopped in the emulsion, The
energy of such a proton cen be accurately determined by a
measurement of its range, and can be used in conjunction with
measurements of the angles of one or other of the secondary
particles to obtain a value for the energy of the primary.

Bight out of nine events of this type gave primary energies
consis tent with 925 Mev, but in most cases the value of energy
obtained was somewhat greater than that found by evaluating the

2
expression £ ° e, e indicating a systematic effect

tending to displace O towards positive values.

The reason for this assymetry is not understood, dbut it
can have little effect on the value of the cross sectlon in view
of the strong grouping indicated in figure VII - 2, The checks

on /




on the primary energy described above all lead to the
conclusion that any low energy contamination of the beam must
be less than ~ 8%,

The total length of track followed in the search for
elastic scattering events was 1539 metres. If no correction for
loss of events is made the mean free path is thus
1839/, = 2821 1.7 metres. The free hydrogen content of the
emulsion corresponding to the humidity at which the plates were
exposed 1s (3°17 I 0.08) x 10°% atoms per ¢.c., (Waller, private
communication). The ecross section for elastic scattering,
uncorrected for loss, is then 12°56 I 2 mb. The cross sections
obtained when the azimuthal angular distribution is corrected by
the factors obtained from the single scattering data, by
levelling the azimuthal angular distribution for events with one
angle less than 12°, and by levelling the azimuthal distribution

for all events are 13°8 : 2:0 mb, 15~ 2:0 mb., and 17°6 % 2:0wd,

respectively where the errors indicated are standard deviations,
The last value is almost certainly an over-correction and the
values of 13°8 and 15 mb, must be taken to be most reliable.

The angles of the secondary tracks with respect to the
primary, in the centre of momentum system, (c-system), were
calculated from the formula

Y =
md = (1-p)* n?y,
where P,_ is the velocity of the c-system and o('u the angle of
the /

1’4
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the particle in this system., For protons of 925 Mev
)
A""}. = [/-226 '&1’\-*
2
The angular distribution in the c-system for the 65 events inside
the 1°5° semi-circle is shown in figure VIII - 8. (pages).

(4) Identification of events in whichy-mesons are produced.
The thresholds for the production of one, two, and three,

mesons occur at proton energies of 290, 600, and 940 Mev, Thus
both single and double meson production are possible in the
present experiment whereas triple meson production has a
threshold on or above the maximum proton energy available,
Events in which a single meson is produced may be of
three kinds:
PP 0 # Dl e
—s Tt ptn (b)
—=2plt Pt Py

We shall consider the identification of each kind of event in
turn,

(a) r«rr —s n7l+p In this reaction since there
are only two secondary particles both of which are observed it is
easy to apply criteria for distinguishing the event which are
similar to those required for the elastic collisions, The
prlﬁry and secondary particles must be coplanar and a unique
relationship exists between the angles of emission of the two
particles, A feature of this reaction is that the deuteron

cannot /




cannot make an angle of more than 17° with the primary proton
at the bombarding energy of 925 Mev. The relationships between
the energies and angles of the secondary particles were also |
determined., No event was found which satisfied all the | '
acceptance criteria,

(b) p+p — > W¥+p+n: The identification of this
type of event is more difficult than that of elastic scattering
or of the production of a meson and a deuteron since there are
three secondary particles and since one of these particles is

neutral and unobserved, These features of the reaction make it

impossible to apply acceptance coriteria dependent on the angles
of the particles alone, and it becomes necessary to measure in
addition, the energles of the secondary proton and 77 meaon. It
i3 seldom possible to determine these energies with a precision
comparable with that of the angular measurements, since the

|
energy determinations normally depend on grain counts or multiple

scattering measurements on & limited length of track.

Apart from events identified as cases of elastic

scattering, all 8 P stars without a recolil, a P -decay electron,

or an ol -particle track, were compared with the curves
1llustrated in figure VII - 4 which give the minimum grain
density or maximum energy of the proton or meson as a function
of the angle of emission of the particle, The maximum angle of
emission for protons from this reaction is 57°,

Events /
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FIG, VII - 4.

Relationship between the energles and angles in the
laboratory system for protons and mesons from the
reaction p+p —>mT+p+n . Possible values lie
to the left of the plotted curves.




Events satisfying these preliminary criteria were
subjected to an identification procedure based on a comparison
of the two energies of the neutron as calculated separately from
the principles of conservation of momentum and of energy. The
measured values of the angles between the primary particle and
the secondary proton and meson were assumed to be correct and
energles were calculated for these particles such that energy and {
momentum are simultaneously conserved in the reaction. The ﬁ
probebility that the proton and meson should have these requisite
energles was determined from a knowledge of the measured values
of these gquantities and their standard deviations. This B
probability is deacribed by a ratio R, PFor R = 0 the measured i
values of the energies give identical velues for the energy of the

neutron as calculated from the principles of conservation of

energy and momentunm, The calculated distribution of R for true

events of the type Frr—9rr*+r+m. 1s superimposed on the |
measured distribution in figure VII -« 5, The details of the j;
method of discrimination, the definition of R and the calculation E'
of its frequency distribution are described in eppendix II. |

The observed distribution of R shown in figure VII - 5 1is
somewhat broader than the calculated curve, This feature is due

to the fact that the calculated curve does not allow for any
inaccuracy in the computation of R which will tend to broaden the ff
observed distribution. It is important to compare the observed
distribution /



60

10.

40

20

1] e

!&. VZI - !.
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p+p —> Nt + p + n. The continuous line represents
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distribution with one for events definitely known not %o
correspond to the assumed reaction, This has been done in two
ways. f(a) A distridution of R ecalculated for a sample of
events consisting of some identified as elastic proton-proton
scattering and some rejected by the preliminary criteria is
flats (b) For all events in which a sufficient length of
track was available an attempt was made to achieve a definite
identification, by grain counting and scattering measurements,
of tracks postulated to be 77 mesons. In this way it was found

that for a number of events for which the value of R was small '

the track which had been postulated to be a meson was in fact a
protons Thus this type of background appears to give a
distribution of R which is peaked at zero. The existence of
such a background was suspected from an assymetry about 90° of
the angular distributions of the particles in the c-system,
When events had been discarded in which incorrect
identifications had been detected the angular distributions in
the c-system became symmetrical about 90° within the
statistical errors.

Of 82 events accepted as corresponding to the reaction
PTP e — n'*i'rﬂx only 36 had secondary tracks sufficiently
long to make a positive identification of the 7 meson possible.
The cases in which positive identification is not possible are
usually those where a track of low grain density makes a fairly

large /
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large angle with the primary track, since tracks of high grain
density are usually identifiable even when the track length
avalilable is small, Such low grain density, large angle tracks
are rather unlikely to be protons since a complicated mechanism,
such as double scattering of the primary particle in a heavy
nucleus, must be postulated to explain such events. These
considerations, combined with the symmetry of the angular
distributions and the agreement of the value obtained for the
total cross section with that measured using counters, (Shapiro
et al, 1954: see page 92 ), have led to the decision to include
as genuine cases events in which it was not possible to identify
the 7 meson but in which if one track was postulated to be a

T meson energy and momentum could be conserved, Almost no
events were found in which it was possible to postulate either
secondary track to be a 77 meson and for which it was possible to
balance energy and momentum with high probability for both cases,
If the unidentified mesons are divided in the ratio of the number
of postulated mesons positively identified as mesons to the
number of those shown to be protons then the number of accepted
events would in fact be reduced by a factor of 0.7, The
azimuthal angular distributions for the particles from this
reaction are shown in fig, VII - 6 and show no evidence of
scanning loss. 453 2-P events were found in the course of the
scanning 65 of which were identified as examples of the elastie
scattering /
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Distribution in azimuthal angle of protons and mesons
from the reaction p+ p——> p¥+ p + n,




33, i

scattering of protons by protons. 150 of the remaining 2 P
events were rejected as not corresponding to inelastic scattering
by means of the preliminary eriteria, 238 events were
subjected to the procedure for the balance of energy and of 1
momentum and of these 1ll4 appear in figure VII « 5§ with a value
of R less than 6.

Consideration of the distribution of R in figure VII - 5, |
of the dlstribution for events in which mesons were definitely
identified, and of the theoretical distribution, lead to a limit ,i
of R < 15 for acceptable events, Within this range there are |

92 events in 36 of which the meson has been positively identified. i
From the region R > 1+5 it is clear that there is pressnt a small 54;
continuous background. There will on the other hand be a small |
number of true events for which R > 1l+5, 8ince the corrections )
for both these effects ame rather difficult to estimate but will :
certainly be small and tend to cancel each other no correction for I
either has been made. The track length used in this experiment i;i
was 1076 metres giving a mean free path for the reaction of f
11°7 ¥ 14 metres and a cross section of 27 t 3 mb. Qualitative

considerations indicato' that the contribution to this cross section :"',

IE
by events occurring in a complex nucleus, which have failed to be ‘
distinguished from those with free hydrogen, must be very small, |

For the events accepted the angular and momentum
distributions of the particles in the c-system are presented in

tables, /
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tables VII - 1, 2 and 3. The ¢ system data for these I
distributions are immediately available from the analysis used
to distinguish the 7 meson events and described in appendix II.
Two sets of distributions are presented: (a) the ¢ - gystem
quantities corresponding to the measured values of angles and | |
energies and (b) the values of the quantities for which energy |
and momentum c¢an be balanced exactly. Only for the momentum
distributions of the neutron and proton are the plots (a) and
(b) significantly different. |
(e) e me+p t+p For this reaction the | , 3
preliminary acceptance eriteria are simllar to those for the
proton in 7t mesen productions In addition it is however
impossible for both tracks to make angles of more than 57° with |
the primary proton in the laboratory system. A relationship _
between the grain dongj,;ias of the two tracks for true events .{
may alse be found but 13 of little assistance in rejecting “"
reactions of other types. The detailed analysis applied for this |
reaction was similar to that described im appendix II for 7' |
meson production, 88 events were subjected to detailed aualyels |
and the distribution of R for eveats with R less than 6 is |
shown in figure VII - 7, 22 events with R< 1+5 were accepted as
examples of ° production yielding a mean free path of 49 = 9 |
metres and a cross section of 6°5 -8 mb. Although for this
reaction the contribution of protons bound in nuclei may be

greater /
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greater than in IT+ meson production the energy and momentum
balance criterion appears to be more stringent.

The angular and momentum distributions for this reaction
are shown in tables VII - 4 and 5.

(a) P*p ——ép-rr-rﬂ*" Ottho rour reactions
— r+a+n*+n° i‘
—-’.x+7‘+n +
———)Fq.P . LEY

involving the production of two mesons, we can only hope to

identify the firet WM@; \'1,11 appear as a four prong star., In ;

dan ‘emerge at an angle of more than 36°

such an event no protonm ¢

t0 the primary particles Using this criterion and applying the |

principle of momentum conservation it was possible to reject all

‘the four prong events as mot being examples of double meson
production. - Since no events of this type were found in a track

| length of 1539 metres an upper 1imit of 0«2 mb may be assigned to

the cross section for this reaction.
All the results obtained are summarised and discussed in

the following chapter.




CHAPYER VIII

DISCUSSION OF THE RESULTS OF THE
PRESENT EXPERIMENT i

(1) gross-sections, i
The cross sections for the elastic scattering of protons
by protons at various energies are summarised in table VIII - 1

which also includes the present result.

TABLE VIII - 1.

ENERGY | ELASTIC SCATTERING

(MeV) CROSS -:?ctxou REPERENCE

437 238 2 1°2 Sutton et al. (1988)
440 24t 2 Smith et al. (1988)
460 22 Mescheryskov (1954)
590 28 i g Smith et al., (1955)
660 23 = 2 | Bogachev and Vgorov

(1954)

800 2132 Smith et al, (1985)
900 211 2.8 Morris et al, (1955
928 42 Present work.
1000 193 Smith et al. (1988)

These results indicate that the cross section, which is

approximately /




approximately constant from 200 to 600 Mev , thereafter
decreases slowly with increasing emergy. The errors in the i
value of the cross section obtained from the present work just |
overlap with those of the value obtained by Smith et al,, (1988), 5"
at 1000 Mev using counters but lie definitely below the cross
section obtained by Morris et al, (1958) at 900 Mev, using a |
diffusion cloud chamber., The values of the cross section l

obtained by means of counter measurements always rely on an

extrapolation of the differential cross section in the ¢ - aystem H
from about 30° to 0° and it is possible that this procedure may ; |

x
lead to an error not present in measurements using cloud chambers L
or nuclear emulsions, In the present experiment the minimum
angle which could be measured was about 2+5° tn the ¢ - system,
although considerable corrections are applied to the results
obtained for small angles, Even if the possible systematic | |
errors discussed in chapter VII are assumed to have their ;_'
maximum value 1t seems unlikely that esgreement can be achieved }
with the result of Morris et al,, but sinece only preliminary 1
results of the cloud chamber experiment have so far been ;
published it is difficult to assess satisfactorily any possible !
reasons for the discrepaney. n’l?i
It is possible that destructive interference between the w ,
Coulomb scattering and the scattering due to nuclear forces may ‘

produce /
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produce a decrease in the cross section at small angles. At

an energy of 925 Mev however the Coulomb scattering is negligible
at angles greater than 5° in the ¢ - system. Due to the small
solid angle available in this angular region the effect of such
interference on the value of the total cross section must be very
small,

The total scattering eross section for protons by protons
has been measured by Shapiro et al, (1954), at a series of
energies, using counters, Shapiro et al, find values of
40 I 2 mb, at proton energies of 830 and 1075 Mev, Morris,

Garrison, and Fowler, (1685 loc. cit,, and private communication),

have briefly reported on measurements using a diffusion cloud

chamber and give a value of 38 1 6 mb, for the total cross section

at 900 Mev divided into 17 mb, for inelastic and 21 mb, for
elastic, scattering. The total cross section obtained in the
present experiment is 47 I 4 mb,, in good agreement with the
counter measurements., The division of this cross sectlion into
35 t 4 mb. for inelastic, and 14 I 2 mb, for elastic, scattering,
is however in marked disagreement with the results of Morris et
al,, (loe., eit.). It is possible that the value of the cross
section for inelastic scattering obtained in the present

experiment includes a contribution due to events in complex nuclei, *J

but, as mentioned earlier, this contribution is expected to be
small and could secarcely account for the differences between the

results /
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results gquoted above, In the results of Morris et al, no
correction has been made for possible scanning loss although the
angular distribution for the elastic scattering events indicates
that such a correction may be necessary., An incresse in the
total oross section due to such a correction would achieve better
agreement with that obtained from other meesurements but the
consequent inerease in the elastic oross section would increase
the discrepancy in the values obtained for this quantity.

The statistical theory of Permi, (1983, loc. cit,.),
predicts the relative probabilities of obtaining any combination
of nucleons and mesons from the interaction at a given energy for
the primary particle, Assuming a total ecross section of 48 mb,
a value of 13,0,10~5° em® is obtained for Fermi's inzorccﬁion
volume {1 and the cross section for the various possible events
are given in the second column of table VIIXI - 3, (page 9¢ ).

Peaslee (1954) has assumed that meson production is due
solely to the decay of nucleons in an excited state of total
isotople spin T = 9/p, For excitation of only one of the
nucleons involved Peaslee finds a ratio of 5: 1 for the cross
sections for the production of positive and neutral 7 mesons bdbut
does not relate these cross sections to that for elastle
scattering. |

It is possible to incorporate the hypothesis of the
excited nucleon into the statistical theory by postulating an

alternative /




alternative mode of decay for the compound system of this theory,
into a normal nucleon and an exeited nucleon in a state having ‘
total isotopic spin T = 3/2, When the energy available in the
centre of momentum system i3 sufficiently high compared with the

excitation energy of the T =9/p resonance state we might expect
that this state would be formed with a probability equal to that
for elastic scattering except that the resonant state will be
favoured by a weight factor of two due to the non-identity of the
two produet particles, If we now assume with Peaslee that all
meson production proceeds by way of the excited nucleon we may

obtain values for the cross sections for the possible reactions,
A state of ? = 3/p decomposes into states having 2
components of the total isotopic spin T, = 3/9 end P, = 1/2 with |
frectional welghts °/4 and 1/, respectively, The T, = 3/p state
oan decay only into a 77" meson and a proton but the Ty = 1/3
state has fractional weights of /3 and 2/5 for decay into a 77’
meson and & neutron and Into a /T © meson and a proton
respectively, Thus the weights for decay of the excited nucleon

are
PRODUCTS WEIGHT
me 3/e x 1=%/4 »
: 1, g Yo Ay | TORAE 7 2 e
n /4 % */3= “/12
n°p Ye x8/5:-Y¢

It would appear that at the present energy, excitation of dboth

nucleons /
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nucleons is not possible and this process has been disregarded, .
The probabilities of the possible events calculated using
this modified theory are shown in table VIII - 8,

JABLE VIII - 2,
smacrion .
+P ——— F-t r 1

—>ptn —1Pn| 2 x /4 = 148 TOTAL
_,P-fﬁ'—gﬂ* ~|gx 1/12 = +167 Tz 1667

-—)P‘r{——)norr 3‘1/. = 33
—ﬁrPﬂ’rr' 0

Normalising to a total eross section of 48 mb, the oross sections
for the various processes caleculated from the statistical theory i
and from the theory ineluding the excited nucleon hypothesis are
shown in teble VIII « 3 in which are also given the measured

eross sections,

DABLE /




2ABLE VIII - 3,
REACTION 'ﬁaﬁgw!ﬁ MEASURED
PHEORY THEORY | VALUES
P*P /> ptp 24 16 “Wie
= n? 4D e AN < 0.2
Rl 178 267 273
——>n%4p+p 6 B3 6te
—> 1 pry| .3 o |<o-e

The measured cross sections are seen to be in good agreement
with the modified theory though not with the original
statistical theory. A guantity independent of the slightly
arbitrary relative weight of two assigned to production of
excited nucleons compared with elastic scattering, is the ratio
of the ecross seections for the production of positive and neutral
mesons, For the statistical theory the ratio is 3 and for the
modified theory 5, (ef. Mho. loc. ¢it,), whereas the
measured ratio 1s 98/pp = 4+8 I 1.0, Morris et al. (loc, oit.)
state that in their experiment the ratio of positive to meutral
mesons may be a3 high as 8331,

(2)

$ie .

44444 . .

i dAad : MAD LE ALLW] L1
From the statistical theory in which the conservation of
angular /
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angular momentum 15 not considered, the angular distribution in
the ¢ - system is predicted as isotropic as also 1s the

distribution of the angle between the meson and either of the
nucleons, The conservation of angular momentum entails some
forward peaking of the distribution but no quantitative
calculations of the effect are available for energies near that
used in the present experiment., It is however easily possible | {‘

to calculate the momentum distribution of the 77 mesons from

inelastic scattering using purely statistical considerations, if
it is essumed that the nucleons may be considered as none ,f :
relativistic particles. 1 v

The results for the production of positive and neutral
mesons are considered in turn,

183" 'p e 77"+r +7n: The angular distributions
of the secondary particles in the ¢ - system are shown, Tolded
about 90°, in figure VIII - 1, In these and the following
figures are plotted the distributions of 'consistency values',

(see chapter VII, page 87 ), of the quantities, As pointed out
earlier these distributions usually differ only slightly from

those for the messured values, The distributions of figure i
VIII - 1 are isotropie within the statistieal errors although the i;
errors are not small enough to exclude & small enisotrople |
component, Although the results of Norris et al., (loec. eoit.),

appear /
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appear to show some peaking of the distributions for the proton
and the ﬂfnuon at small angles, the statistical accurasy of
thelr measwrements 1s poorer than that of the meesurements made
in the present experiment and the effect cannot be considered
significant,

An importent feature of the present results is the s trong
angular correlstion between the proton and the N"nuon. The
diatridbution of the angle between these two particles in the
¢ - system 1s shown in figure VIII - 2(a), The distridbution of |
the angle between the 77+uuon and the neutron is shown in j
figure VIII - 2(b) which gives little evidence of correlation, |
These features of the reaction are in good agreement with the
resulits 0 be expectod on the exclted nucleon hypothesis, On
this theory 8/¢ of the 7t *mesons are prodused by the decay of the

exclted particle into a proton and a n+unon while 1‘/9 are |
produced by decay into a neutron and ﬂ+mon. In the ¢ -~ aystem ;, i
of the exoited particle the angle between the produsts is 180° |
but since this system is moving relative to that for which the
angles have been celculated we should expeet that the angle would
in fact be less then this valve as is found in the measurements,
The small rise towards 180° in the distribution of the angle
between the meson and the neutron is to be expected since 1/9 of .,
the reactions pass through the execited neutron stete, The slight i
evidence of a rise in this distribution at small angles is also |

not /
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PIG, VIII - 2,

()

Angular correlations per unit solid angle between the
proton and the 77" meson and between the neutron
and the 77* meson from the reaction p+ p—>W +p+n.
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not unexpested since the tendency of the mucleons to emerge
in opposite directions in order to conserve momentum, combined
with the strong meson-proton correlation, may be expected to
produce such an effect. :

The momentum dlstribution for the 77 meson in the
¢ - system is shown in figure VIII - 3, in which is also drawn
the distribution to be expected from simple statistical
considerations of the density of the availadble momentum states,
The measured distribution tends to lower momenta than the
caloulated curve, having a maximum at an energy of about 70 Mev,
Yuan and Lindenbaum (1964, 1958) have measured the distribution
of momentum of I’ ‘mesons emitted at 32° to a proton beam of
energy equal to 1 Bev inecident on a target of beryllium and this
distribution shows a maximum at 60 Mev, Morris et al, (loo.
oit.,) state only that no mesons were observed with momentum less
than 50 Mev/c in agreement with the present results., FPor the
proton and the neutron from the reaction the momentum
distridbutions are shown in figures VIII - 4(a) and (b). These
distridbutions are notably different although from the
statistical theory with charge independence they must be
expected to be identical, Por the neutron the distribution
shows @ broad peak having a maximum at & momentum equivalent to
an energy of about 108 Mev in the ¢ - system, Such a peak 1is
to be expected if the reaction passes through an intermediate

stage /
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FIG, VIII - 3,

Momentum distribution of the 7' meson from the
reaction p+p —> ¥ + p + n. The line
represents the distribution calculated purely
from momentum space considerations,

=== i i
100 200 300 400
MOMENTUM lg.!.

| FPIG, VIII « 4,

Momentum distributions of the proton and neutron
from the reaction p+ p——> 71 + p + n.
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stage in which only two particles emerge one of which is in
an excited state of considerable breadth. The protons tend to
take the maximum momentum allowed by the kinematics of the

reaction, | j
It is possible that the high values of the proton 2
momentum and the low values of that for the /7 ' meson, may be "
[

explained in terms of the angular distribution of the scattering i
of n+mom by protons at energies near the T = ’/., J= 3/., i..
resonance. This angular distribution is peaked at 0° and 180° !
but the peak in the backward direction is almost three times es |
intense as that at 0°, Thus one might expect that the

mesons should be emitted predominantly backwards and the protons

predominantly forwards in the ¢ - system of the excited particle.

Such a distribution in angle in this system would lead to the |
observed trends for the momentum distributions in the ¢ - system |
for which they have been calculated, The angular distributions
in the ¢ - system of the excited particle are to be caloulated.
If it is assumed that the proton and the 7 meson
result from the disintegration of an excited nucleonm it 1s il
possible to caleculate the @ wvalue for this disintegration from
the energies and momenta of the product particles and the angle |
between them., Q values calculated for the 92 events
corresponding to the pi-oduuon of 'l"'r mesons are shown in

figure /
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figure VIII - 5, The distribution shows a maximum at ~ 100
Mev and has a median value of 115 Mev. The discrepancy between
the position of the maximum at 100 Mev for this distribution and
the energy of 160 Mev for the peak of the resonance in the
scattering of 1r"' mesons by protons, 1s not fully understood,
) pip —— n°+r + p:  Since only 22 examples of

this reaction have been observed the angular and momentum

i
\

distributions are of poor statistical weight., The distributions %

are shown in figures VIII - 6, 7 . Since it is not possible to |
determine which of the secondary protons is the result of the

|

|
decay of the excited nucleon any possible angular correlations T
will be very weak., The angular distributions of the particles I
in the ¢ - system (fig., VIII - 6) are rather similar to those ﬁ
for 7! meson production, The distribution in momentum of the fﬁ}
protons in the ¢ system might be expected to correspond to the ;;

sum of the distributions of the neutron and the proton in {;
production, In fact however there seems to be less tendency for ,
the protons to take the maximum possible momentum and the |
mesons show the equivalent trend to take higher momenta than the g;

717 mesons, Thus the data from this reaction although i
completely consistent with the decay of an excited nucleon

afford no positive evidence in support of such a hypothesis,

The angular distribution of the elastically scattered
protons /
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tho* decay of a compound
meson and proton and

particle consisting of 1

Q values calculated for
7T meson and neutron.
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protons in the ¢ - system is shown in figure VIII « 8, In

this distribution the points for the smallest engular intervals

employed hswe been corrected for loss as described in chapter VII,

The W6t line in figure VIII-8 represents the results of Smith

et al, (1955) while the present results are compared with those of

Morris et al., (1955) for 70 events in table VIII - 4.

VIII -
ANGULAR CORRECTED NO. | NO, OF EVENTS mb/s ter,

Iy Bsteey |mEskvr Bib. | (veoomsborat) | EXRT
2% - 10 §+3 3 15 1 114 2 3.0
10 « 20 12+4 £ 3.0 13 8°9 = 2.2
20 - 30 13 L 36 17 Be8 = 146
30 - 40 12 & 3.8 11 3.9 2 1.2
40 - 80 17 2 4°1 7 4°56 2 1.1
50 - 60 42240 5 0+9 & 0.8
60 = 70 4t 2.0 9 048 t 04
70 - 80 2 2 14 4 04 & 0.3
80 - 90 22 14 4 04 ¥ 0.3

The shape of the diastribution obtained in the present experiment

is in good agreement with those of Smith et al, and Morris et al.

(1“0 .1'0, .

Although /
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ANGLE IN C-SYSTEM

PG, VIII - 8,

Differential cross section for the elastic scattering
of protons by protons at 925 Mev. The cross
sections for the two lowest angular intervals have
been corrected for loss, The uncorrected values are
indicated by the dotted points. The continuous line
represents the distribution calculated using an
optical model, and the dotted line the results of Smith
MCReynolds, and Snow, (1958).
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Although the conservation of angular momentum will
produce a forward peak in the distribution, if allowed for in
the statistical theory, it is difficult to imagine that the
effect could be as strong as that observed when the energy
available for each mucleon in the ¢ « system is only ~ 220 Nev.
No quantitative calculations are however available,

As described in chepter VII, (page ¢4), the optical model
has been used by Serber and Rarita (1988) to calculate the
angular distribution for the elastic scattering. No details of
the work of Serber and Rarita are at present available bt the
angular distridbution for the present experiment has been
caloulated on the same basis as that of these authors. The

total cross section for scattering , 2m R s is taken as 48 mb, ||
yielding & value of R = 84, 10} cm, The angular distribdutien |

is then given by
" 7.3 (AR +6)

An20

wW(e) =

where J, dis the first order Bessel funmctiom and k is the wave
number of the proton, This distribution is superimposed on the
experimental results in figure VIII - 8, (continuous line),where
the curves have been normalised to the experimental value of the

elastic cross section. The agreement between the calculated and i

measured distributions normaslised in thie way is good. The
assumption of scattering by a classical black sphere however

appears /




appears to entall equal cross sections of 24 mb., for the

elastic and inelestic scattering in disegreement with the present
results,

(4) Gomelusions,

The cross seotions obtained for elastic and inelastiec
scattering at 925 Mev are in general agreement with those '
measured at similar img!u by Shapiro et al, (1054) and Smith
et al, (1955) using counters, although the value obtained for the
eross section for elastic scattering is lower than that obtained
by these methods,

The angular correlations and momentum distributions
observed for particles from the reaction Ptp —a s Pt
are satisfactorily explained if it is essumed that this reaction
proceeds by means of an intermediate state in which an excited
nucleon having total isotoplec spin T = a/g is produced, which
thereafter decays into a /7 Tmeson and e normal nucleon, The

excitation energy of the nucleon shows some digerepancy with that
expected from the scattering of 77 " mes ons by protons, The
results for the reaction pP+p —> rr"-o-r +p are also
consistent with such an interpretation,

The relative eross sections for the production of "
end Ji’mesons are found to have a ratio of 4°2 L 1.0 compared
with a ratio of 5§ predicted on the execited nucleon hypothesis
and about 23 as reported from preliminary measurements by Norris
ot /




et al. (loe. oit,) at a similar emergy., If it is assumed that
the omtio scattering process and the formation of the excited
nuclecn are alternative modes of decay of the compound state
described in Fermi's statistical theory, having relative
probabilities 1’ 2, then close agreement is found between the
caleulated and measured cross sections,

The differential cross section for elastie unttortu
as measured in the present experiment is found to be strongly
peaked in the forward direction and is in satisfactory agreement
with that measured by Smith et al, and Morris et al., (loec. c¢it.).
The shape of the distribution is fitted by a curve calculated
by means of an optical model with a proton radius R = 0+84,10713
cm, The optical model however gives relative cross sections
for elastiec and inelastic scattering which are not in agreement
with the measurements and the validity of its application to a
situstion where the particle wavelength and the radius of the
obstacle are nearly equal in magnitude is open to question,
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| CHAPTER IX
POLARISATION OF NUCLEAR x-nm.

e  tate: lovelstd In the

Both the clsseical theory involving the solution of
Maxwell's eguations, end the correct guantum mechanicel
treatment, give for the sngular dependence of the fields due to
8 distribution of charges, currents end magnetic material,

expressions
EoxX,.(s ‘f) Eo Z*[[{en(‘%?’)j
- )X =1 ?’Ix -2
Kot Uxl£Xen@f]) H& Xem (8

for pure multipole rediation, £ and H are the electric and
magnetic fields respectively, ( i{s @ constent, and X/, are
the veotor spherical harmonics of order 1, » (see for instence
Blatt and Weieskopf, 1952 ). The indices € and -m may be
shown to correspond to the angular momentum gquantum numbers £ and
m for a particle, In the most genersl case more than one set
of velues of £ and m are involved and the fields involve

summa tions over these indicee.

The angular distribution of the rediation is given by the
angular dependence of the Poynting wector $= z,, EXH » The
polarisation is described by the anguler distribution of E
or# alone. The peirs of expressions IX~1 and IX-2 above

eorrespond /




eorrespond to the two poesible types of radiation,megnetic and
electrie, respectively. The two types differ in the parity of
their fields. '
It is convenient in polarisation problems to express

£ orH es the veector sum of £ g, and E,Po. (H, end Hy),
where O, end ¢° are unit vectors as shown in figure IX-l.

1t £ g, 10 Mot equel to £y, the polarieation will heve the
general elliptical forms By writing the X ¢min terme of 6, »

g‘ and the ordinary spherical harmonics )2,‘( 6 .f ) we obtain

[£a),.. [Epdee < =5 5 [ Yem )] | o
E%JMM:[’E"O EL o 'aaB [Ye,m(e:l”)J

80 that the polarisations of electric and magnetic rediation of
the seme multipole order differ everywhere by 772 « Thus the
information obtained from a measurement of the polarisation is
the electric or megnetic nature of the radiation and, in turn,
whether or not the transition mo.ﬁu a change of parity.

8o far we have implied the existence of a fixed
direction with respect to which messurements of the polerisation
may be made, such as the direction of un_ magnetic field in the |
Zeeman effect for which the eguations IX-3 give the polarisations i
et once. In fect even if we have a defined direction the |
radiation from nuelei will be isotropic and unpolarised eas long

e /




Illustration of the veetors 6, and Yo
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a8 the sublevels of the initial state, corresponding to sll j |
possible values of the quantum number m , are equally |
populated, eince the redistions which have different ;. values i
alweys add to give isotropy. If however the nucleus is !
excited to an initial state in such a way that the populations g
of the states having different . velues are different then the l
rediation is unlikely to be isotropic and unpolarised, Such
an excitstion may be achieved either through a nuclear reaction
to give an 'angular distridbution’ or by a {-m cascade to
~ give en *angular correletion' between the two ‘(-un. The
wlg:tutun of the X ~-ray from the reaction may then be
measured with respect to the plane of the incident particle and
the {-uy direction or, for a correlation, with respect to the
plane of the two X ~rays, Anguler distributions are measured
with respect to the direction of the ineident particle in & {li
muclear reaction, angulsr correlations with respect to the b
direction of the first yeray. i'
Such correletions end distributions may alweys be El
written in the form 1‘1
W) * 5 e, w0
for pure multipole raediation, Thie form is easily obtained
for particular cases by adding incoherently the contributions
of transitions involving all the possible ,» velues for any
pure multipole trensition. The coefficients 2 sre functions

of /
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of the spine of the initial, intermediate, and final states,
the spin of the perticles involved and the orbital angular l
momenta of particles and ( erays. Yong (1948) has derived |
this result in a general manner by group theoretical methods,. !3 a
W () ie of course the ssme for electric and megnetic radietion |
of the same multipolarity. |
Since the polarisation and anguler distribution of

redistion are closely related it is convenient to express the
polarisation in terms of the coefficients occurring in the
angular distribution, Such & treatment has been given by
Hamilton (1948). The polarisation is taken %o be elliptical
and, if the transitions ere rendomly phased, is completely m
specified by stating the linesr intensities J, end 7‘} in the
directions €, end (J, « In gemersl the complete trensition |
consiets of the sum of trensitions between the sublevels of rb
the stetes teking parts Ve lot [3,, be the relative mumbers of !
trensitions for different ,m chenges for dipole radistion end it

FA"»,O ) /’M‘_’ represent the intensities of rediation
corresponding to a change Am and polarised in the & and ’”
directions, Then for dipole radiation

-Lr 0 P‘A g :/::i’r‘: po‘:FO‘(’ + oo
Fl °F0f "ﬂb

[J?J“— ‘[J;Jnne - /3"/‘"[’ ""zpvlecf

[JOJE‘-:[J:']HHG = Po/oe *Zp"ow

The /




The F, are easily calculated as @ function of & from equations
IX~3 and for electric dipole padistion

ho=0 hp o, footemd, Fopoti-coo I
Aloo\.(?)- [+ a, av’e for dipole radiation, If we normalise i
so that ‘
and equate coefficients of the powers of @O in equation IX-l
we obtain

Poza(/—a,) and ,B, = 3(/+az) ]
J +a, 7+ a, ;

Thus [J-/J‘J £ St end the inverse

+a‘

expression holds for magnetic radiation, An exactly similar (i '
treatment yieldes for quadrupole radietion
[:Te/ - U+ a1a,) = %2 “n'26
Jd, 7+ (ay + a.) cos 26 i
A measurement of the polarisation, that is of the ratio I’/T
at any polar angle O should thus give both the eleetrie or
magnetic nature of the radiation and also the coefficients :;

az)u¢ 2.5 R In practice direct measurements of anguler
distridbutions may be made with a much grester statistical f
accuracy then that obtained in measurements of polarisation,

Thus the principal function of polarisation measurements is to

determine /




determine the electric or magnetic nature of the radiation.
(11) Rarity sseisnmente end the shell models 1] i
The evidence for a shell structure in nuclei and the |j
features of the nuclear models which have been postulated %o |
socount for the experimental observations are well known, (see, o
for instance, Pryce 1954). In the one particle model it is
implicit thlt the paired-off nucleon core is in a state of even
parity end’ tlu panjty of the nucleus as & whole is determined
by that of the state of motion of the odd nmucleon, Since the
shell model can prediet the order of the one nucleon levels for |
any assumed potential it is nearly always possible to prediet |
the angular momentum stete of the odd nucleon and thus the
parity of the ground state of even-odd muclei. Thus for the ol |
firet shell holding two nucleons we have an 8 state of even |
parity, the mext shell, nucleon mumbers 3-8, consists of p = | |
ltlt.l" of 0dd parity, the third shell 9«20, of d and s states H
again of even parity, end so on. ﬁ
Two cases of disagreement between the measured gpin I
value and that predicted by the shell model, are well known. '
*3Ng (z=11), hae spin?; insteed of the predicted value of % o ‘;'i
|

end 554, (% = 25) has spin¥, instead of the predicted velue; «
Telmi (1951, 1952) celculates that for no reasonsble central ?
potential 18 1<% the lowest level in & configuration (a/,;,)’ g
mI-‘-"./z in (fysz they may come close to the ground
level. / E

T
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level, These caleoulations ere confirmed by Edmonds and

Flowers (1952) and some additional effect must be postulated to

In view of the impertance of the shell model in low
energy nuclesr physies it is of velue to make checks on the
perities of the ground states of nuclei,

(111) ihe meppuzerent oL She  2lonleollon ol Y =vaye,

The polarisation of b/ «rayes produces distinctive
effects in all the interactions of the rediation with matter.
Thus the detection and measurement of the polarisation may be
effected by observations on

a) Photo-eleatric effect.
i

agcount for the sanomaly.

Compton effect.
Pair produetion,
Nuclear photoeffect.

In general polarisetion is measured by examining an azimuthal

anguler distribution. In the non-relativistic photo-electrie

effect for example the asimuthal anguler distribution of the
ejected photo-electrons is proportional to covz¢ whare (/ ie

the engle between the szimuthel direction of the photo-electron

and the electric vector of the K wpray (fige IX=2), For any
method of measuring polerisation we may define a ratio of the

type
R = (dr)?'d/da‘)¢, %

where (da‘) Pgoc- is the eross section for the ejection of
particles /




particles in the direction of the electric veotor of a pleane
polarised x-rq ena(dy) (=7 18 the eross section for
ejection of particles st right angles to this direction. This
'sseymetry ratio' is & measure of the sensitivity of eny method
of polarisation measurements For the non-relativistic photos
electric effect R=00 ,
We shall summarise the predictions of the theory for

" the verious effects listed above by stating the form of the
eross section and the assymetry ratio for each in turn,

(a) Photo-electric effeets (fig. IXe2),.

Ao sscrmons = [ A (,6) +B(e,0) m*f]‘m dy
R = _Q_i_ﬂ
Pe. B
In this and future expressions & is the o’ ~ray energy, & the
polar angle of ejection of a particle, and A and B ere functions
independent of ¢ « Ry . 10 plotted as e function of
J-ny energy in figure IX-3.

(b) Compton effects (fig. IXeh).

doz = 7Y, ZZ{: [‘(/,(4“’64(—-2&.’9 cod'$]
E7A ﬁ/"—za’oj/[%+ ]

vhoru{;md 1 are the momenta of the incident and scattered

photons, 7; is the classicel electron radius, & is the ususl
polsr sngle, and f is the engle which the electric vector of
the incident (-m makes with the plane of the seattering. R,

is /
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ElGe IX = 2.

Illustration of the les involved for photo-
electrons o:wﬁod .;H larised Y = Tars.

RATIO

ASYMMETRY <
~ o » o o ~ @ ©

216, IX = 3. |
Variation of the assymetry ratio R for photo-electrons
ected from the K shell by linearly polarised |

vgncu for 6= "/, The photo-electron energy is
expressed in units of the electron rest mass. |

il




PIC, IX - &,

Illustration of the angles involved for the Compton
scattering of polarised ( -rays.

osf

Variation of the assymetry ratio R with ) -ray energy
for the Compton effect. This curve applies for the
most favourable polar angle o
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is plotted against quantum emergy in figure IX-5.
(¢) Pair production: (fig. IX-6).
doy = [ A(e,0) + B (g,0) «ws’y] d6dy
Rp= —p 1 i
|

({ in this case is the angle between the direction of the
electric vector of the b/-rw and the plane of the pair. The
plane of the pair will not normally contain the direction of the |
incident K «ray, and neglect of this cmidontioa led Berlin |
and Madansky (1950) to the result d0p = (n'tB ww) having |
maxima displaced by /2 from the distribution quoted above 1§
which is due to May and Wick (1951) and May (1951). |

(a) Fuclear photo-effect in deuterium: For the energy ;5
region B - 50 MeV the nuclear alisorption is almost entirely by
an electric dipole mechanism and the cross section may be |
written |

f (e, 0) emp dp
Thus R = oC for this energy range.
The absolute values of the crose sections per atom are
compared for all the effects in figure XI-7.
A consideration of figure XI-~7 and of figures IX-3y
and 6 leads to the following conclusions:

i gies S 1 MeV (except near 0+6
m). the photooleetric effect is a good detector.

(41) /




FIG, IX » 6,

Illustration of the angles involved for pair
production by polarised X-P‘yl ;
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Absolute values of the cross section per atom for
the interaction of ‘ -rays with matter.
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(14) For energice 1 « 5 HeV, the £fee
satistagtory valus BT ol ¢ ouf Leteatls Lire
seotion,
(114) At energies greater than 5 MeV, the nuclesr photo-
offect in deuterium ».m.f tn;uulu with t=° i “{

Compton effect as & detector of isat and at
energies greater than about 9 MeV. is undoud to
be preferred,

Apart from the factors considered in arriving et these
conclusions, purely experimentel difficulties may make 1%
difficult to employ a particular effect as a polarisation
detector and we have omitted pair production since such
difficulties would appear to be very considersble for the use
of this effeoct.

' Messurements of polarisetion have been made using both |
the photo-electric effeet, (kirkp.tﬂck (1931) , 25 KeV, Xerays;
MsoMaster and Hereford (1954), O°l = 0°8 MeV, ) =revs), and the |
Compton effect, (Metzger and Deutsch, (1950), 1 - 2 MeV, ¥ * i
rays), as detectors of polarisation at low o’ «ray energies. |
The experiments of Metzger and Deutsch and of other workers in
this energy renge were highly successful but French and Newton L
(1952) who sttempted to use the Compton effect to study the |
polarisation of the 613 MeV, J -rey from the resction |
F ',(Psd‘ x)O" state thet they consider that the photo-
disintegration of deuterium would be a betier detection method
at this energy.
At /




At the time when the present work was undertaken two
experiments had been performed involving polarised y =reys and
deuterium photodisintegration.  Wilkinson, (1952), had studied
the distribution in azimuthal angle of photoprotons ejected
from deuterium by the 5°5 MeV, (-nn from the reaction
¥( P) 6) ‘He . ‘The polar sngular aistribdution of these y "
rays is almost pure 4»*©@ which suggests that the resction may
proceed by & direct radiative trensition, If there is little
spin-orbit coupling then a transition involving only Am =0
would give a pure ssw O , plane polarised y “res. The
azimithal angular distribution of the photoprotons conformed
closely to w'f and this experiment may be taken as @
confirmation of the theoretical predictions concerning the _
relationship between the polarisation and the azimuthal angular i
distribution of the photoprotons ejected from deuterium.
Phillips, (1953), has used the photodisintegration of deuterium it
to study the polarisation of bremsstrahlung from a 20 MeV. |
betatron, |

During the oouru'r of the present work results were
published concorning the polarisation of ( -pays from the
resction ' F (r’dl) O , (Fagg end Hanna 1953), using a
technique very similer to that employed by the author.

Polarisation measurements of bremsstrahlung have also recently

been /




HY‘

been made using thie technique by Tsers (1954) and by
Muirhead and Masher (/954 )o
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CHAFTER X
MEASUREMENT OF THE I8AT ~RAYS
FROM THE REAOTZ ”;:?;f’bg‘i%‘(p[ )27

(1) Introduetory,

The intention of the present work was, in the case of ‘
the first tvo reactions studied, to check the parity sssignments |
of the shell model to the ground states of 27Al end Owe, the |
latter being of perticular interest in view of the disagreement
between the spin originally predicted by the shell model for
this nucleus and ite messured value, For the resction
"l‘( r)l )2TA1 the purpose of the measuremente was to f£ix the
parity of the first excited state in 27Al, A secondery purpose
of the work was the development of a technigue of measurement
for the polaerisation orJ «praye having energies greater than §
or 6 MoV, as o tool in muclesr spectroseopy.

The photodisintegration of the deuteron was chosen as &

i
polarisation detector for ressons made clear in chepter IX, The ;
theory of the pghriuuon dependence was regerded as relisble in
view of the oxﬁor&mm results obtained by Wilkinson (1952, |
loce ¢it.)s The method used, exposure to tlux ~rays of mloua
emulsions loaded with heavy water, was that employed by
Wilkinson, end, concurrently with the present experiment, by
Pagg end Hanna (1953).

(11) /
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(11) Buuleions end Impregmation,

Ilford G5 muclear emulsions ususlly 300« but aleo 40Q«
in thickness were used throughout the series of exposures.
Preliminary tests led to this choice of G5 rather than 02
emulsions since it wes very desireble o obtain well defined
tracks, and since the swelling of an emulsion with water eauses
attenuation of normally heavy tracks. Aleo, since long
éxposures were required, fading of the tracks was %o be
expeoted in a wet C2 emuleion but no evidence of fading was
observed wvhen using 05 platess The density of background
graine was not high vhen the plates were sereened against soft
X=-roys.

The method of introducing the heavy water into the
emuleion was to plage a plete, cut to 1" x 1-5%, in a perspex
box, insert a U~-shaped glase spacer to prevent the emulsion
resting against the front of the box and then to add sufficient
water to cover the plate.

Preliminary measurements were made to determine the
variation of the rate of swelling of the emulsion with time.
The thicknesses of two emulsions were measured by placing &
gover glase on top of the emulsion and teking measurements with
a miorometer sorew gauge of the total thickness of emulsion,
cover glass, and glsss backing at nine points distributed in a

regular fashion over the surface of the emuleion, MNeasurements

of /
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of the thickness of the cover glass at the same nine points
were then made and finally the whole procedure was repeated after i
the processing of the emulsion. The thickness of the processed
emulsion was measured using the microscope depth gauge. After
the initiel thickness measurements had been made one plate was
placed in heavy water and one in ordinary water. Thickneses
measurements were made at inereasing intervals for a total time
of 170 hours and the complete set of measurements was used to
obtain the curves shown in figure X-l1, the temperature being
19°C, It is clear from this figure that swelling is virtually
complete after sbout fifteen hours., At least this length of
time was allowed to elapse between immersion and exposure of
the emulsions, Less acocurate measurements indicated that at
temperatures below 19°C the swelling is less and saturation is
is attained more guickly. At temperatures sbove 20°C the
thickness measurements gave some evidence of distortion in the
form of a sag in the emulsion of plates allowed to stand
upright in water for long periods.

(111) Temperature Control and shielding,

The perspex boxes containing the plates were sealed and

|
(
t
f
! |
I
!
u
;I‘
|
i

plaged in the container illustrated in figure X-2, The
container wes constructed in two halves in order to facilitate
its removal when renewing the target in the H.T, set. The

cooling /
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FIG, X = 1,
Swelling of nuclear emulsions in ordinary and heavy
water as & function of time.
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BOX CONTAINING
PLATE IN HEAVY
WATER

IG -

Plate container used in the polarisation experiments.
(e) closes upon the back of (b) to form half the
eylindrical box the opposite half of which is shown

in (.) .
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eooling tubes on the outeide of the box were added after the
firet exposures in order to meintain the emulsions ot & constent |
temperature. Normel running temperatures wore between 15°C end f;
17°C as resd on the disl thermometer.

In the first exposures the emulsions showed &
blackening above a line st the level of the target bdloeck. Thie
was attributed to soft Xe-rays produced by protons in the target.
A sheath of " copper wae inserted as shown in the figure and
proved completely effeective in removing this background,

8ince the H,T. set is frequently used to accelerate
deuterons, the asccelerating tube end the resolving chamber tend
to become conteminated with deuterium, This gives rise to a
background of knockeon protons in the emulsions produced by
neutrons from the resction “H(<~ )Hes. In order to dotect
such a background, in each group of four plates held by the |
conteiner was included one impregnated with ordinery, instead of |
heavy, water, An emulsion impregnated with ordinery water is
en efficient detector of neutrons since it contains about eight
times se much hydrogen per sguare centimetre of surface area as
does an emulsion impregnated with heavy water. In come of the |
firet exposures the ordinary water emulsion showed tracke heving
e continuous renge distribution with & meximum corresponding to |
8 neutron emergy of 3¢3 MeV., ( figure X-3), which is exactly

equal /



PIG, X = 3.
Range distribution of tracks found in a plate impregnated
with water and exposed during an early

experiment. The arrow marks the upper limit for the
range of rotm knocked on by neutrons from the
reaction 2H(d,n)3He.
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equal to the maximum poseible emergy of neutrons from the l ‘

reaction gﬂ(ol,u)'b. This background tends to obscure photoe ;:
protons arising from z{ -rays having an energy of less than 8+8 ? g
MeV, In order %o eliminate this background the following il

mmﬂ.aua were hlum (a) all accessible parts of the inside }
of the ruolviaa chmbar were cleaned with emery paper, (b) the |
HoTy ut was used to accelerate protons for about eight hours
prior ta starting a run with target and emulsions in position,
{e) a large cylindrical block of paraffin wax having a length i
of 11" wae used to shield the emulsions from neutrons produced
in the resolving chamber of the H.T. set. These precautioms, |
particularly the wax shielding, yroved completely e2fective in

eliminating the neutron background as detected in the water
soaked emulsion, The arrengement of emulsions and shielding is |

shown in figure X4,

“" oA SEMANIZY NS - ot b > 1%
Targets were made by condensing a suitable vapour upon

"a oleaned copper or brass backing, To produce targets of n,
For the targets of

pure aluminium was condensed upon brass.
sal»,, analar grade sodium chloride was normally used bub in the

last exposure it was replaced by sodium sulphate, The targets

of sodium sulphate lasted better under bombardment and are less *

ukolr to oontain fluorine as an impurity. ror the reaction

lg( PY ) Al targets of the separated isotope were obtained
from /
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from AsE.R.E, Harwell,  All the tergets were of such @
thickness that only one resonance sould be exeited,

Deposition of carbon on the targets was experienced in
moet of the early exposures. Such contamination mey render
the target useless and also leads to a background of 8°03 MeV,

Y “reys trom the resction “O(wr )¥% when the proton energy
is 2 550 KeV, For the exposures using tergets of the
separated isotope "lg and for the later exposures with ”I.
the target was heated eleotricelly to sbout 230°C, @
temperature sbove the boiling point of the pump oil used in the
H,Ts sets The heated target is illustrated in figure X5,

A ¢ollar of stainlese steel prevented overheating of the O-ring- |
glass seal at the base of the tube, The temperature of the
target was determined by means of & thermocouple. It was
customary not to open the valve linking the resolving chamber
with the body of the H,T, set until the temperature of the |
terget hod atteined the requisite velues The heating proved
slmost ecompletely effective in preventing the deposition of

ecarbon on the targets,
(v) Exposure to Y =reyss

Before putting the plate container into position @
check wes mede on the terget thickness by varying the proton

accelerating voltage through the resonance to be studied and
measuring /
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measuring the ’om flux by means of a seintillation counter,
In this way it was ascerteined that in no cese wes the target
thickness such thot it wes possible to exeite a lower
resonance as well as the one intended, The seintillation
ecounter was retained nesr the target throughout ell the
exposures s0 that it was easily possible to determine when the
yield dropped and the target required replecement.

The resolved proton beam current wes normally sbout
lw/'—hp. and exposures were made for times renging from eleven
%o thirty hours, The results for x-mmm
bombardment of 27A1 were obtained from one exposure of eleven
hours, those for X-nn from 2Na from four exposures
totalling sbout eighty hours and those for y' =peye from 26yg

from one exposure of twenty hours.

(vi) Processing of the emulsiong,

The @5 plates used in the experiment had been stored

at a depth of 1400 feet below ground until immediately prior to

use and had little cosmic ray background, In exposures of
twenty or thirty hours however, even with the shielding used,

1t is 4ifficult to svoid some background of developed grains.
The purpose of the specisl form of development used for

processing these plates was to suppress such & background while

mainteining a sufficiently strong development of the proton

tracks.
Three /
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Three main types of development were tested with
veriations being tried within each type. The methods tested
were (8) the conventional, temperature development using amidael,
(Dainton et al. 1951); (b) Ven der Grinten development using
hydroquinone (see Yagoda 1948); (¢) a modificetion of a method
_suggested by Bomnet, (1954). The amidol development (&) was
used for many of the plates exposed and for 300 ) o emulsions the

procedure found most effective was as followss

(1) Plates washed clear of D20 in running water and
temperature lowered to about 7°C - two hours.

(2) Temperature lowered to 4°C, plates in still water in
refrigerator - one hour,
(3) Plates allowed to sit in developer consisting of 3 gm.

amidol and 6°7 gm. of sodium sulphite in 930 c.c. of
Temperature 4°C « one hour forty minutes.

water,
(4) Plates on hotplate at 22°C - thirty minutes.

*(5) Plates into 1% acetic acid (12° = 8°C) - thirty minutes.

During this time the surface of the emulsion was
The subsegquent fixing,

cleaned by wiping with chamois leather.
plasticising and drying of the emulsions followed the

conventional techniques, This development gave very consistent

results with well defined tracks but a moderate density of

background grains.
The Van der Grinten development produced the desired

result /
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result of good tracks with almost no background grains but was
found to be very unrelisble, in some cases giving almost no
development. Although numerous tests were cerried out
fnvolving veriations of the conditions of development, the
source of the instability was not discovered, Faraggi, Bonnet
and Cohen (1952), have also found the Van der Grinten developer
unrelisble and have modified ite composition by substituting
potassium carbonate for the potassium hydroxide in the original,
Bormet (1954) hes further improved this developer by the
addition of pyrogallol which appears to increase the speed of
penetration of the developer into the emulsion. The formula

proposed by Bonnet is as followsie-

Potassium csrbonate 50 pme
Anhydrous sodium sulphite 10 gm. i
Potassium bromide 1 gne

Water to 500 e.0
Hydroguinone .005 ne
Pyrogallol 06 gme -B
Water to 500 c.c.

Equal perts of A and B ere useds This developer was used at

temperatures of about 30°C by Bommet for processing C2
emulsions. With e different procedure it wes found to give
satisfectory results with G5 emulsions under the conditions of

the /
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the present experiment. For 300 emuleions the procedure lf
wess '
(1) Plates washed in rumning water at 7°C = two hours,

(2) Plates cooled in water to 190 « two hours., Developer
made up and cooled very rapidly to 1°C.

(3) Parte A and B of the developer mixed and plates
placed in developer st 1°C « one hour thirty minutes.

(k) Plates put on hotplate st 25°C « forty five minutes,
with the remaining stepes as for the amidol development,
It was found that this developer deteriorated rapidly
particularly at room temperature.

(vii) Measurements end Analysis,
Thickness measurements using a cover glass and a '
micrometer sorew geuge were made ss described in seetion (44) '
of thie chapter, (a) before impregnetion of the emulsion, (b) on
removal of the emulsion from the water, and (g¢) after the |
processing of the emulsion, The final thickness of the
processed emulsion was messured using the microscope depth gauges
From these messurements were obtaineds '

i';
dry unprocessed emulsion thicmni
processe sion 88

the shrinkege factor, # =

the overall shrinkege .« 8wollen emulsion thickness

faotor, ary processed emulsion TRiCKNess.

the }iing factor, , _ swollen emlsion thickness
¢ :'i’ dry unprocessed emuision Thlokess

Yor /




Por emulsions swollen to saturation C is & funetion of
the temperature and acidity of the impregnating liguid, In :
the present experiments G~ 4 for the emulsions impregnated with |
heavy weter and ~ 5 for emulsions impregnated with "“lll‘l !'
water. The corresponding values of 8' were 8¢5 and 105, The
variation of C and 8° over the area of the plate was found to
be sbout & 4%, some of which variation is probably due %o
measurement errors.

Plates were fixed to the stage of Wateon Bactil
mieroscopes 80 that the long edge of the plate lay parallel to
the ze-movement, Thus the x-axis was parallel to the original
direotion of the protons striking the target in the H,T, set.
On esch plate en area of sbout 45 em?®, centred near the level
of the terget and clear of the edges, was seanned using & x 20
objective and x 7 eyepleces, 8ingle trecks which both started |
end ended in the emuleion and had a horizontel length greater
than & certsin minimum were noted and examined under a x 50
0il immersion objective end x 10 eyepiecess On each such track

meagurements were made of

(a) the horimontal projection of the length, using an
eyepiece scalej

(b) the vertical projection of the length, using the
microscope depth guagej

the le between the horisontal projection of the track
(‘)ad th:nﬁuoouon of the x-movement.

The /



The measurements (s) and (b), together with the mean oversll
shrinkage factor 8' for the emulsion, were used to obtain the
true treck length. Tracks having e dip engle of more then
45° in the umprocessed emuleion were discarded.

(vi11) Experimentel results,

The range distributions for the reactions studied are
shown in figure X=6,

For the "u(m( )2881 peaction no tracke were
measured having a horizontal projection of less then lo/t and
for this reaction the background obeserved on the plate
impregnated with ordinary water was completely negligible. For
the reaction “.'(P:f )’74\1 no lower limit was imposed on the ';5
length of treck to be measured and the distribution of tracks p
on the 'background® plate is shown in figure X-7(s). In figure
X=7(b) 1 shown the distribution obteined from an emulsion ‘
impregnated with heavy water but not exposed to f «yaye., The
two pesks which sppeer in (a) and (b), and aleo in date from
emalsions exposed to X ~rays from other reactions when measure-

ments sre extended to this emergy region, are attributed to the
tracks of ol ~perticles from thorium, The observed renges,
(see page XV ), correspond precisely to those for the 6¢ 0 MoV,
A eparticle from thorium A end the 8°78 MeV, o ~particle from
thorium O. both of which may eppear as single tracks. The
relative intensities of the two peeks ore also in agreement

with /
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(6)

Range distributions of tracks found in emuls ions
exposed to U’-raya from the three reactions

studied.
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Range distributions of tracks ons (a) ean emulsion
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with epproximete estimates based on this hypothesis.

The dutpimnou for the reaction ”t( Py or )‘Il is
the totel of distributions drewn from four exposures, In the
first two of these exposures the emuloion impregnated with
ordinary weter gave evidence of & large background of knockeon
protons, The effect of this background ie to mask sny pesks
corresponding toJ‘ «praye of lese than 8+8 MeV, Thus in figure
X~6(0) the highest energy peak, (10°8 MeV, J ~ray), represents
tracks from four exposures whereas the lower energy peaks
represent trackes from only the two later exposures free from
background end are normalised to the remainder of the spectrum.
An additional umexplained spurious background appears to be
present in the distribution aseociated with this reaction,

The energies of the J-mo to be expected from each
reaction were accurstely known from scintillation counter
messurements, Gibson et al. (1952) have given s rango-energy

relation for protone in wet emuleions for a limited renge of

energies and swellings, A range-energy ocurve close to their's,

but extrapolated over a greater range of velues, was found %o
£it all the peaks of energy knowa from the counter measurements.

Detaile of this rengeeenergy relation are given in appendix B.
The resolution of the peaks in the range distributions

18 influensed by the following effectsi~
(e) /




(@) Observational end microscope errors im track
measurement, including the uncertainty in fixing the end
points of the treck - meximum spresd about 15

(b) Ohanges in the swelling of the emulsion due $o
temperature variations during the exposure, During the
exposure to (' eraye from the bombardment of 27A1 the
temperature varied by as much as seven centigrade degrees.
The improved resolution of the pesks when the
temperature wae held constent to within one degree, as
in the exposure tox-nntronmmmtd“h r
and the later exposures to X—mo from the ”l-‘o,,)"l. 'i
reaction, is clear from figure X-6, ‘

(¢) The dependence of the energy of the photoproton on the
angle it mekes with the incident x-m. This effeect
gecounte for most of the spread in peaks due “b""”
with an energy of 75 MeV, or greeter, The expeoted
ghapes of the photoproton peaks ealeculated teking only
this effeet into account, are shown by broken lines
superimposed upon the distridutions in figure XG4

Angular distributions were obtained for each of the

peaks in the renge spectra. It is possible that theese
distributions may be elightly distorted due to certaein features

of the geometry of the experimental arrengement,
(a) /
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(a) The angle measured for each photoproton treck was
the angle in the plane of the emuleion between the
track and the direction of the proton beam in the H.T,
8et. This is only the true asimuthal angle when the
x-mh incident at exactly 90° to the plene of the
emulsion, Thue the measured sngle is, in generel less
than the true angles A correction for this effect was
applied to the engular distributions for ’ «roye from |
the reaction “lc(gx)”u. Instead of using fixed
limits of 30° end 60° for the boundaries of the
angular intervels employed for counting, these limite
were veried with the position of the track on the 1
plate so that the true limits remained comstant at 30°
end 60°% The required veristion was ealoulsted from
gimple geometrical comsiderations and the correction
resulted in s transference of 7% of tracks originally
in the interval 60° « 90° to the intervel 30° - 60°
and of 6% of tracks in this interval to the 0° - 30°

interval, the sctual numbers involved being 3 and 4
The effeet of the correction is

tracks respectively.
to steepen the distribution slightly end a similer

glight steepening should take place for the other
distributions if this correction were applied,

(v) /
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(b) The area scanned on each plate was not symmetrical
sbout the x and the y axes, (figure %-8). A maximm
iimit is imposed on the dip angle end since the polay
angular distribution of the photoprotons with respect
to the y' ~ray is approximately proportionsl to ein’d
it is likely thet the esseymetry in the eres might lead
to a small spurious aseymetry in the asimuthal angle
distribution. A test of the megnitude of such an
effect vas made by exsmining the azimuthal anguler
distribution of tracks in the symmetrical area A,
(figure X-8) end in the whole area, No difference was
detected and no correction wes epplied for this effect.

The relative heighte of the peaks in the range
distributions have not been corrected either for the effects of
imposing a lower limit on the horisontal projection of the track
length or for the variation of the photodisintegration eroes
section with energy, since it was not en object of the

experiment to examine the intensities of the X «Pays.
The engular distributions of the photoproton tracke from

each of the pesks are shown in table XI-l and also in figures
XI « 1, 2, 3« The distribution of the contimuous background,

as assessed from regions between the puh, has been subtracted
{n the distribution shown for the zsln(p,( )"lc reaction,




FI6, X - 8.

S8hape of area scanned.
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CHAPTER X1

DISCUSSION OF THE RESULIS OF THE
PRESENT RXPERIMENT,

(1) Aas . o

id 27AL and to the firet sxoited stete of ZIL

It has been shown in chapter IX that, for dipole
redistion emitted in o (p, J ) resction and having a polar

angular distribution 5 |
/] + &y ¢? @ :
with respect to the incident proton beam, then the reatio of the

intensity of radiation plane polarised in the plane of incident
proton and emitted K «ray to that plane polarised at right
angles to this plane is

_/+Qa, L2l /= Ay 0y
R_. /+L‘z = I+ Ry ,ora /‘

J

for electriec dipole, and the inverse quantity for magnetioe
dipole rediation. Thus if the poler angular distribution of
the rediation is known the polarisation distribution may be

predicted ss having one of two complementary formse,
The azimuthal angular distribution of the photoprotons

ejected from deuterium by & x ~ray of polarisation described
by the ratio R 1s given by

|+ (R —1) e

In the present experiment & finite epread in the engle §

(70° /
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- (70° - 90° - 1°) was used and the valuo teken for R was

- _)(Ma,mze)-s 5 ('+4gm29) |
(1+2;) (6, -

S8ince all values of © are not equally probable R is strictly
a more complicated function depending on the geometrical
conditions, The error introduced by using the expression
given has been estimated in particular cases and found to be
negligibles The number of photoprotons emitted into an

anguler interval f (’0. is
Nr-(,"=J f (R—’)M(fjd?p
2 '/z((f @)1+R )+ %(R-D*~2(y*~¢)

Using this result the azimuthal an.gular.dutributiom of the
photoprotons nrércaloulatod trom' the poiavvnmhr
distributions of the corresponding \/ -rays measured by
Rutherglen et al, (1954) for the naouqﬁ z'ﬁ){ Ps ,) 854.
Grant et al. (1955) for the resction 22 Na (f, b’) "«0‘7 and
Rutherglen, Deuchars and Wallace (privete communication) for

the resction “l'47 ( f,b')”ﬂl. These caloulated values are
shown in table XI-1 for the alternatives of electric and

magnetic radiation, together with the measured distributions,
The measured distributions can be accounted for by these

caloulations in all cases except for the 10.8 MeV. X -ray from
the /
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the resction %3 Na ( P )‘""?' » and, where an sssignment of

the nature of the radiation has been possible, the auumum i

are shown graphically in figures XI - 1, 2, 3.

For all three of the reactions the x-nn which have
been studied are asnisotropies Since the proton resonance
energy is in no case sufficiently high to make it likely that

J -wave particles are responsible for the reasction, we assume

that all the resctions are due to p ~wave protons, The polar

sngular dietributions of Rutherglen et al. (1954), Grant et al,
(1955) and Rutherglen, Deuchers and Wellace (privete
commnication), indicate a dipole transition, and the present

measurements electric rether than magnetic radiestion, in each

¢ase, Thus esch reaction involves a double change of parity

and therefore the parities of the ground state of the initial
nucleus and of the final excited state of the produet nucleus

will be the same,
We now consider each of the reactions in detail:

(8) *7A1 (p, Z)”Sé ;652 KeV, rosonsnces The 10°5 MeV,

x ~pay from the reaction arises from a dipole transition

between the 12°23 MeV. and 18 MeV, levels m’ySi { Rutherglen

et al. 1954), figure XI-4, At the L4O4 KeV, resonsnce for this

precction Rutherglen et al, have shown that there is no A -

perticle emission to the ground state or";?,mon has spin

gsero with even parity. 8inee anisotropic x ~pays are emitted

at /
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at this resonsnce it muet, therefore, have spin and parity
2(«), 4(«) or 1(+), 3(+) sccording as the ground state parity
of 2TA1 1o even or odd. No Y “rey tremsition to the ground
state of 2881 15 observed end s0 7 = 4(«) or 3(¢) is asssigned
to the excited state formed at this resonance. Since only a
very weak transition is observed to the 1*8 MeV. excited level
in 284 this level is unlikely to have J greater tham 2 with
even paritys. J = 1 ie improbable sinee in the p «decay of
2841 the transition to the ground state of 2881 1s found to be

highly forbidden compared with the less energetic trensition to |

the 1°8 MeV. level indicating J > 2 for this level. In

addition no lowelying dipole level has been observed in an

evenw-even nucleus and such a dipole level is aleso believed to
be unlikely on theoretical grounds (Touschek 1950). 4An
eseignment of J = 2 (+) to the 1°8 MeV, level ie consistent
with all the date on r-m intensities,

8ince the present measurements indicate an electrie
pether then e magnetic transition we assign odd perity to the

12°23 MeV, level in 2851 end, essuming p ~wave protons, we thus |

have even parity for the ground state of 27Al, This
assignment is in agreement with the predietion of the shell
model for Z = 13 as discussed in chapter IX,

(v) /
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“'?(F,b’) ”94)’ 339 KeV, resonsnce: Since 2Sug | |
is an even-even nucleus, we may essume that it has even parity
in its ground state. The 7°6 MeV, X «ray results principally
from & dipole transition between the 8*5 MeV. level and the O+84
MeV. level, the firet exeited state, in 27A1 (Rutherglen et al,
privete communication). Thus by the arguments presented sbove '
| We aselgn even parity to the Oe8k4 MeV. level in 27Al, Tnis
" pesult 1o in egreement with the indications from other sources
(Daniel et al, 1953).

(¢) “’Na (P: b') 26 M? ;593 KeV, resonance: The 10°8 -@f'
MeV, & «pay in this resction srises from a dipole transition
between the 1227 MeV., and the 1038 MeV, levels in 2mg, (Orent
et al. 1955), and the 1+38 MeV, level is known to heve spin end =
parity 2(+) (of.Endt and Kluyver 1954), We mey therefore H i‘
assign even perity to the ground state of 2>Na, This
aspignment is agein in sgreement with the predictions of the
shell model. ﬁ'
It has not been found possible to explain the } '
discrepancy between the measured angular distribution for the
photoprotons produced by the 10¢8 MeV, ) ~ray from the I
pombardment of 2Na and the distribution se eslculated from the
polsr engular distribution of the z{ «ray. The discrepency may f 1
erise, in part, from the very low x-uy yield in this reaction t
and the consecuent ineresse in the importance of n«mmi

.mmo/
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An attempt was made to measure the polarisation of the
20 MoV, y' eray from the resction JH( Py Y4He which has &
polar angular distribution 1 + 10 sin® @ and mey thus be |
expected to be very nearly plane polarised. A target of | ;
tritium in zirconium was exposed to the resolved proton beam in | ”
the H,T. set for about twenty hours with beam currents ~ 50 c.A. |
Emulsions exposed dry, impregnated with ordinary end with heavy |
water, all showed a high density of proton tracks. An analysis | ‘l
was made of tracks on the emulsion exposed dry assuming that the
tracks were due to protons knocked-on by neutrons coming from |
the target and accepting only tracke the direction of which was
aseertainable and which made en sngle of more than 50° with the
ineident neutrons, (that is, having comparatively small dips in
the emulsion)., The neutron spectrum obtained in this way is i;‘; :
shown in figure XI-5. The probable errors in this :3 1
distribution are large, (ebout £ 2 MeV, at the higher energies),

gince the experiment was not designed to measure neutron

el e

|

energies, but the distribution seems to be mainly accounted for |
if one postulates the reactions Sﬂ(af, A )""BO giving neutrons of |
about 1l MeV. and JH(T,2n)YHe giving neutrons of sbout 56 MeV.
An approximate calculation Shows that if 2% of the deuterium

S eSS
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FIG, XI =
Energy distribution of neutrons as deduced from

plates exposed in an attempt to measure the M
polarisation of the y -rays from the resction 2 lpy) tHe,
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present in the natural hydrogen of the ion source passes round
the resolving megnet and strikes the target all the 1l MeV.
neutrons can be accounted for, Recoiling tritons cen give
rise to the JH(T,2n)"He reaction.

The considerable background of knock-on trecks due to
14 MeV. neutrons made it impossible to distinguish the photo-
disintegration protons without & prohibitive smount of labour,
It is hovever intended to attempt to eliminate the deuterons in
the beam by & thin coating of sluminium abesorber on the tritium
targets This technigue will only be possible when rather
higher sccelerating energies are achieved with the H.7, set.

It is believed that a source of plane polarised ’ -
radiation of moderately high emergy ( 2 15 MeV,) would be of
considersble use in studying the photodisintegration of nuclei
especially in so fer as direct processes may be concerned and
it was to this purpose that the measurements on the xonn
from the ~H( P’Zf )lc" reaction were attempted, Also for this
purpose end for studies of meson production it would seem
desireble to obtein & polarised besm of bremsstrahlung of high
energy. A preliminery study of this problem reveals very
considersble difficulties in obtaining a polarised beam of even

moderate intensity for high emergies.
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APFENDIX 3,
THE ANNINILATION OF POSITRONS AT 10 Nev.

In the course of the experiment on the single scattering
of positrons and electrons a number of examples were observed
~of tracks which appeared to stop abruptly in the emulsion,
Such an apparent disappearance may be due to a very steep
‘deflection of the track, to an insensitive region in the
emulsion, or to a true annihilation, A particularly careful
search through the depth of the emulsion and throughout the

area surrounding each event of this kind, was made independently

by the author and by Dr, H, Muirhesd, 1In this way all dut
four of the apparent electron annihilations were identified as
steep scaetters or gaps in the track, Two of the remaining
events were in areas of a plate where the density of tracks and
background grains was high and it seems possible that a
secattered track could have been missed, Eighteen positron
annihilations remained after careful examination, all on plates
having & low density of tracks and background grains,

Dirac, (1930), has given expressions for the
annihilation cross sections for one- and two-quantum
ennihilation. Dirsc's formula predicts 21 two-quantum and
one single-quantum annihilations for the conditions of the

present /
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present experiment,

Allowing for two spurious events among |
the positron annihilations the number of events found is 16,
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ADFENDIX 2,
IDENPIFICATION OF EVENTS OF THE TYPR
P+*p — rl"-pr-fn
The measured grain densities of the primary track and of
the tracks of the secondary proton and the meson may be written

G’oiAGo) GPIAGP) eytAG'w

where 4G,,A 6, and AGy are the standard deviations of the grain
densities G,, Gp, and 4 . B8ince the energy of the primary
particle is kmown it was convenient to express the grain
densities of the secondary tracks in terms of that of the
primary, Thus we obtain

Co-ae, . Gr . p. oy slstdlm Vg
Gof AG" G’l) G’o GPZ 7 Go‘a Gg P3

and three similar quantities for the 77 meson, These
quantities may be written in terms of the momenta of the

particles P P, P, and s Rl
where capitals represent the momentum of the proton and the
small letters that of the meson, The correctness of the
ealeulated calibration of grain density and momentum used was
checked by means of evaluating the energies of secondary tracls
in elastic proton-proton collisions from the angle of

scattering/
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scattering, and comparing this value with that derived from
measurements of grain density,

In the early stages of the work the balance of momentum
was made in two orthogonal planes in the laboratory frame of
reference. For the majority of the events examined, however,
the balance was made in the centre of momentum system end this
second technique is descrided, The centre of momentum method,
slthough less direct, derives the quantities of interest in the
centre of momentum system as a dy-product of the acceptance
ealoulation whereas in the earlier method these gquantities had
to be caleulated separately for agceptable events,

Using the values of P and p obtained as desoribed
above snd the measured angles o, and o, between the primary
and the secondary proton end 77 meson we may obtain the momenta
and engles of the secondary particles in the ecentre of momentum
system, (¢ - system), Thus we have the quantities

*

» » 5 .

K0 £ Pi > 2 pa } - (1)
L] * " ’

d:l,épl)J'.B d"'}*ﬂl)“n’

These trensformations to the ¢ - system and the subsequent
transformations back to the laboratory freme were made by means
of & number of specially constructed nomograms which gave the

solutions /
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solutions P and p of the equations !
2 _We— BePesrd ’ |
B T Rk P"= (s M) |

Ao kT w P gem ok
’:‘

vhere the starred quantities refer to the ¢ « system, W 1is

the total energy of the particle and X 1ts mass, while [Pe 48

the velocity of the ¢ - system with respect to the laboratory
frame,

Using the quantities (1) above we may obtain the
momentum of the neutron and its angle with the primary
direction in the ¢ - system by means of a triangle of momenta,
In the most general csse nine different combinations of the
proton and meson quantities are possible, leading to nine
corresponding momenta and angles for the neutron, Possible
simplifications of the general case are described later., The
triangle of momenta calculation was made using a simple
mechanical device and the several angular caleulations required
were made by means of the Sigabee dlagram,

The ¢ - sSystem neutron quantities obtained by
balancing moments were used to obtain the corresponding neutren
kinetic energles £ ;,, ..... E;, in the laboratory frame,

A second set of neutron energles in the laboratory frame
is derived from the principle of conservation of energy, If R
is the energy available in the laboratory frame, (E= energy of

the /
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the primary proton minus the rest mess of the meson), then

E-€p-En = Ey where Ep end E, are the kinetic energies

of the proton and the meson corresponding to the momenta P, and
Pr. In this way a set of neutron energles - Enp 18

obtained.

We now consider a three dimensional co-ordinate sys tem
having axes £, , £, , and £,, (figure 2 - 1), The points
corresponding to Ey; - - - - Eyglle on three parallel coplanar
lines ABC, DOE and FGH each of which corresponds to a constant
value of En with varying Ep . Thus the point O corresponds
to the measured values of E,and Ep while the other points
correspond to combinations of measured values and measured values
plus or minus the errors, The points corresponding to energies
Eip v E:,, obtained by balancing momenta, lie on a surface on
which the three curves RST, UV, and XYZ correspond to the
three parallel lines obtained by balancing energy. If the
curves and straight lines intersect at L, M and N respectively,
(figure 2 - 1), then the line L M N represents the intersection of
the plane defined by the conservation of energy and the surface
defined by the conservation of momentum, Thus points on LM N
give energies for the particles for which energy and momentum are
conserved with the angles of the particles as measured.

In figure (2 - 2), have been drawn curves joining points

for /
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Illustration of momentum and energy balanci
techniques. - -
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for which the probability that the measured values of the
energies of the particles have a given error is constant, the
probability decreasing as we move outwards from 0. It 13 clear
that, unless the line of intersection L M W is highly curved
compared with a contour of probability, L M N will always cross
its contour of maximum probability on one or other of the axes
DOE or BOG, This assumption 1s found to be completely
Justified in practice., BSuppose now that L M N cuts the axis
D OEat a point of higher probability than the point at whiech it
cuts the axis B 0 G. Then the ratio /op , (figure 2 - 2), is
a measure of the maximum probability that the event in question
can balance energy and momentum., Movement along the axis D O B
represents variation of the proton energy keeping that of the
meson fixed, Thus we may write

oM . 'Em = Epl

00 J Epo — Ers |
where Epis the energy of the protom corresponding to the
balance point M., Instead of using this ratic as a oriterion of

acceptance we in fact use the ratio

- |sz"G‘,
R= | Gpa = Gl

R 4s the ratio of the difference between the measured grain

density of the protom and the grain density which the proton must

have /

!
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Probability contours
LMN of the momentum and energy balance surfaces.
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have in order to balance énergy and momentum, and the

'maximum error' in the grain density of the proton, For the
present calculation the maximum error is always close to 1°S5
times the standard deviation. Thus the distribution of R for
true events should be of the form

1
W (R) o e
An exactly similar treatment applies if the line of intersection
L M N cuts the /7T meson variation axis at a point of higher
probability than that for the proton,
In practice several modifications were made to the
analysis as deseribed above:

(a) In no case were nine points caleculated for the neutron
energy. With seven points it was possible to draw two of
the lines on each of the surfaces through three points each,
and to estimate the form of the third line from the first two
and the seventh point, _

(b) In many cases the uximm error in the momentum of
either the proton or the meson is small compared with the
error in the momentum of the other particle, In sueh a
situation the three lines fall very close together and may be
satisfactorily replaced by a single lime. Thus only the
central value of the momentum of the particle having the

smaller /



i

smaller error is taken and combined with the three possible
values for the other particle and only three points are
plotted instead of nine. |

{e) In order to avoid the practical complications of
plotting points in a three dimensional co-ordinate system
the graphical work was always performed using a projection
of the 1ines on either the Ep,—~ £y or the £, ~Ey
plane, BSince the result obtained is in the form of a ratio
no alteration in the magnitude of the result is caused by
using this projection,
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AFPENDIX 3,

RANGE-ENERGY RELATION POR PROTONS A
EMULSION IMPREGNATED WITH HEAVY uxgll.'

Several authors have reported measurements and
ealeulations bearing on the range-energy relation for protons
in nuclear emulsions containing different amounts of ordinary
and h-_n_v:;_t_n};f,_ These results do not show complete agreement.

¥ ' $

The present experiment involved the measurement of the ranges of
photoprotons ejected from deuterium, in an emulsion impregnated
with heavy water, by x -rays of accurately known energy.
louurmntannmo of the range of photoprotons
ejected from am.ri'ui”b‘y lf -rays of 10+8 Mev, 8+09 Mev, and 7+01
Mev from the reaction ”la(p.()“t and of 7+6 Mev from the
reaction “k(v;( )"&l . The protons ejected at 90° to the
inecident )/-ny. therefore have energies of 4¢3 Mev, 293 Nev,
2+390 Mev and 847 Mev, The b’-uy onoul_« are based on
seintillation counter measurements, (Flack, Rutherglen and Grant,
1954; Rutherglen, Deuchars end Wallace, private communication),

and are thought to be accurate to within 1%, The ranges
corresponding to the centre of peaks in the range energy spectrum

have a probable error ~ < 8 or 3 .
The emount of water in the emulsion is specified by the

'swelling /
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'swelling factor' C, where C is the ratio of the thickness of

the swollen emulsion to the thickness of the original dry
emulsion, It is essumed that the volume of water and emulsion
add without any overall change in density. C was determined by
@ series of measurements made at specified points on the emulsion
using a cover plate and a miorometer screw gauge. The values
obtained for C have a probable error ~ + 4.

The results are presented in Table 3 « 1 in which the
caloulated values of Gibson et al,, (1962), and of Krohn amd
Schrader, (19528), are shown for comparison, Those obtained from
the present work have been

TABLE S - 1,
RANGE IN MICRONS
(IOVE C=88 | 0=8-3 C=3+8
Present|Gibson |Erchn  (Presest [Gibson [Krohn  [Present |Gibs on| Krom
work | et and work | et and work et and
al, |[Schrader al, - al. |Schredm
' I T ..
2,0 60 878 54 60 58 56 .64 59 87
30 |11 | 112 | 108 126 (118 | 100 [128 | 117 | 118
4°0 | 188 - | 172 1900 | - 179 | 197 -~ | 188
B0 | 263 - 254 269 - 268 284 - 277

extrapolated /
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extrapolated from 4+3 Mev to 5§ Mev and from 2+39 Mev to 2 Mev
for convenlence of presentation,

Gibson et al, (1952) have also measured the range of 2¢0
Mev and 2°4 Mev protons in an emulsion having C = 3+94 and find
close agreement with their own caloulated curve, Hough, (1980),
has measured the range of 2+0 Mev and 2.4 Mev protons in an
emulsion having C = 3+85 and obtains values in precise agreement
with the present work, Goldhaber, (1951), has measured the
range of protons of the same energies with a swelling factor
C = 1*7 and cbtains values in rough agreement with an
extrapolation of the present work although a detailed comparison
is not possible since the present measurements only extend down
to C = 2°8, Waffler and Younis, (1949) have measured ranges at
e number of proton energles, but obtain values considerably
larger than those of other workers.
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