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PREFACE

The material presented in this thesis concerns
an exﬁmination of the interactions of T -mesons of 88 MeV
kinetic energy with the nucleil of'the various elements
which constitute Ilford G5 emulsion. The experiment is
the first of a series of four in which it is planned to
examine the interaction characteristics of Tr -mesons in
the energy range (100-800) MeV. Some of+the results
presented here have already been published. (Allen et al, 1959)
In tae @ollowing pages, an-: outline of the main
features of'n-meson interactions'with free nucleons is given
first as being pertinent to the discussion which follows
of meson interactions with complex nuclei.‘ A considera-
"tiom is then made of prewious work and the need for further
clarification. The optical model of the nucleus is dealt
with in some detail as well as some relevant aspects of
emu;sion technique. There follow details of the experi-

mental procedure, end the presentation and discussion of

the results.
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CHAPTER 1

THE INTERACTING PROPERTIES OF 1T -MESONS

l.1 . Introduction.

The study of the interactions of w-mesons with
atomic nuclei has become one of the accepted means of
e;ucidation of deteils of nuclear composition. In its
peculiar role as the quantum of the nuclear field, the
nzmgsqqhas retained its fundamental importance despite
the growing bédy of informétibn which accumulates around
the other 'fundamental' particles. Meson field theory
depends for its verification on knowledge gained in
studying the strong interactions of Tr-mesons and nucleons
with both free nucleons and atomic nuclei. While it
remains as yet not possible to give an exact formulation
for the meson fieid, the most important theoretical work
has been concerned with the meson-nucleon interaction as
this would appear-to afford the most simple and rewarding

approaech to the problem.

Since it is with Tr-meson interactions that this

thesis is concerned, a broad outline of their essentidl

features as known et present will be given.

1.2. The scattering of w-mesons by nucleons.

The availebility of w-mesons of both slgns and

of a wide range of energkefnias made possible large numbers
. 73
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of experiments on the scattering of wr-mesons by hydrogen,
which involves the meson-nucleon interaction in its simplest
form. The variation with meson energy in the range (0-4500)
Mev of the total cross-sections gr,and o are shown in ¥ig 1.
The data for this figure are from Yuan (1956), with additions
from Burrowes et al (1959). On the basis of charge indepen-
dence- (conservation of isotopic spin) a satisfactory qual-
itative, and in part quantitative, account of the observed
magnitudes of the cross-sections has been given. (see Bethe
and de Hoffman.(1956); Lindenbaum (1957).).

| The most probable interéctions below 800 MeV and

neglecting radiative capture, are:-

™ + P — T + P
mT o+ P — m o+ P
m° + P — qT° + n

of which the first twq represent elastic scatterjing aqg the
third cherge exchange scattering. Isotopic spfgigﬁgwgs
that the first enteils ~a pure T: 3 spin state while the
gsecond and third are complementary mixtures of the L and %
states. From the maxima in the curves at about 200 MeV
the existence is inferred of an excited nucleonic state;
the apparent resonance is in a state of isotopic spin 3
and angular momentum i, The magnitudes of these maxima

in the cross-sections are accounted for by the 1 resonance,
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the-ratio of the Tr*to the T~ cross-sections, 3 to 1, being
equal to the proportion of the T-% state which contributes
-to the 1 cross-section. (At this energy the contribution
fromT:1 is negligible).

Other less striking maxima are apparent in the curves
at higher energies; that at about 900 MeV for them-pcross-
section has been shown to be a double peak (Burrowes et al,
1959),and'both are interpreted as resonances in a T:i state.
The magnitude of the resonant cross-sections are found by
subtraétion of the T:% contribution obtained from the *
cross-section. The peak ef about 1300 MeV in the 7* curve
is similarly thought to be due to a secend T:i resonance.
Exact interpretations at these high energies are compli-
cated by the increesing number of possible angular
momentum states, and other explanations,for example, in
terms of a meson-meson resonance in a T:= 0 state, have

been put forward.

1.3 mw-Meson Interactions with Complex Nuclel

1.31. General Considerations.

It is convenient to divide the interactions of
mesons with nuclei into two broad classes; elastic, in
which there is very little energy transfer and the nucleué
is unaffected by the collision, and inelastic, where greater
amounts of energy transfer are involved and the nucleus

becomes excited. The first type result from a deflecfion
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result of collisions between the incident particle and

the nucleon may be the production of one or more Tr-mesons.
Evidemce for the correctness of this cascade mechanism has
come from experimental work on the interactions of mesons

with nuclei. |

1.32 Inelastic Scattering

T-meson interactions with increasingly complex

| nucleli woﬁld be expected to show successive;y larger de-
partures from thé simple form of the mesoqhucleon cross-
sections already described. In the simplest case it

is found that the total qfoss-section for 1 -mesons on
deuterium,, ar,can be represented by the.sum ofq: and oz ,
(the latter is equel to q; by charge symmetry) with the
inclusion of a small correction term to account for inter-
ference effects (Ashkin et al,1954; Cool et a1,1956).
Support for the principle of charge symmetry is given by
the apparent equality of g with Trer For elements
bgtween beryllium end oxygen the resemblance bersists
with the curve corresponding to ¥ig. 1. becoming flatter
and broader in the resonance region (Ignatenko,1956).
.This'is in part due to the Fermi motion of the nucleons,
which leads to a Doppler broadening effect. The incident
meson may also suffer a preliminary scattering on one or

more individual nucleons, losing energy in the process, and
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it will then interact with the cross-section appropriate
to its new energy; the effect of this is to smooth out
. the energy variations of the total cross-section.

Further evidence for the interaction of the meson
with the individusl macieons of the nucleus is obtained from
- the study of the energy and angular distributions of 1r-mesons
scattered inelastically on various nuclgi. Ignatenko,
reporting Russian work in the energy region (140-400)MeV, and
other workers in the range, (Morrish,1953.; Miller,1957;
Belovitski,1959; Weng et al{l1959) have observed that, in
lighter nuclei, e.g., carbon, the angular distribution differs
little from that expected for 1T-mesénh scattering on free
nucleons. For heavy nﬁclei, however, e.g., lead, or silver,
and bromine in nuclear emulsion, the distribution for small
angles is quite different, though in the backward direction
there is again considerable resemblance. First. collisions
in these heavy nuclei may be expected to occur just within
the nuclear surface; thus a backward scattered meson will
in general have suffered a single collision, whereas
multiple collisions are probable for a forward scattered
meson. It is further observed that for increasingly
heavy nuciei the number scattered in the forward direction
diminishes steadily. |

The energy lods sustained by a meson in traversing

a heavy nucleus is of the order of the maximum possible
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energy transfer for a collisién with a single nucleon ,
which is interpreted by Ignatanko as evidenée for multiple
collisions; Mesons emerging in the backward direction
have in general_lost less energy than others, which fact
supports the q@gb conclusion. Belovitskii has suggested
the interaction of the meson with nucleon: complexes in
the nucleus as a means of accouhting for the smaller energy
loss in this case.

Observations in nuclear emulsion at higher energies
are generally consistent with the idea of multiple collisions.
The large energy loss sustained by escaping mesons remains
a striking feature of the interaction. At 300 MeV, (Blau
and Caulton,1954), the energy spectra for secondary mesons
emitted in the farious angular intervals are not signific-
agtly'different, and this obliteration of the features of
gcattering on single nucleons is most iikely due to repeated
ﬁultiple collisions. Lock and Yekutieli (1952), working
with stars produced by mesons of cosmic origin in the energy
range (50-;100)Mev, also observed the large energy loss
suffered by ;he escaping particle. Compering the charact-
eristics of meson end proton induced stars ‘they concluded
that the cascade in the nucleus is initiated by successive
collisions of the incident meson rather than by the secondary
nucleons. It is suggested (Blau and Oliver, 1956), however,

that the strbng angular correlations observed are not congistent



with the idea of repeated multiple scattering and that

an alternative ﬁechanism for lérge energy loss in a single
collision could be provided by the production and re-.
absorption of secondary mesons.

At energies approaching 1 GeV production of mesons
becomes an important feature and the qualitative picture
of'the inelastic interaction is made more complicated.
However, Metropolis et al (1958) have found it possible
to make extensive Monte-Carlo calculations based on the
céscade model for & range of incident meson energies.

They employed experimental values of the various meson-
nucleqn cross-sections and included the effects of meson
production gnd re-ebsorption. At 500 MeV, agreement
with experiment is excellent with regard to the frequency
of different types .of event, but a smaller energy loss
than that observed is predicted for escaping mesons to-
gether with an angular distributiqn more biaseed in the
forward direction. At 162 MeV, a comparison with the
resﬁlts of Nikolskii et al (1957) reveals a reasonable
agreement with the energy spectrum of the secondary mesons
after allowande is made for an attractive meson-nucleus
potential of the seame magniﬁude as observed experimentally.
The predicted angular distribution is again more seriously

in error, having too great a blas in thé backward direction.
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In contrest the Bologna group (Ferretti et al , 1956)
have reporfed-fairly good agreement between a Monte-Carlo cal-
culation and experimental results of the energy losses
and angular distributions of inelastically scattered
mesons at several energies between 62 and 120 MeV. At
the low energy value single nucleon collisions were found
sufficient for explanation of the results; at 120 MeV a
substantial coatribution from double scattering was invoked.

| Thus while the cascade model appears to some
extent an over-simplification, it has achieved a moderate
success, and especlally at low energies, the true mechanism

may be expected to differ from it only in detail.

1.33 Absorption

For the sbsorption of zero energy Tr-mesons in
hydrogen, the basic reactions are :-

™+ p — n + T° @)
TT'+—P—-——->n+X. (b
and these occur with about equal probability. In deuterium
and heavier nuclel , a more important process is

™~ + P + N — n + N ©
Here the binding energy of the_nuclei does not permit reaction
(a). Reaction (b) becomes rare, since most of ;he energy

is taken by tne ¥-ray and the exclusion principle forbids

the production of & low energy neutron. The dominant
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reaction is thus absorption by a proton in nucleon groﬁps
of two or more to rrovide for mogentum conservation. For
light emulsion nuclel there is evidence (Menon et al, 1950;
Clark and Ruddlesden,l1951; Demeur et al,1956) that the meson
interacts with the nucleons in.agparticle gréupings (together
with a deuteron in the case of nitrogen), and ome or more
.of these may be disrupted as a result. For the heavier
nuclel, the excitation energy given to the nucleus is of
a lower order compered with the binding energy and, as
deseribed by the evaporation theory(Le Coutear,1950),
this is shared among the large number of individual
nucleons independerntly of the meson interaction.

Absorption of non-zero energy mesons into the
nucleus has been logically consldered by Bruéckner et al
| (1951) to be the inverse of the meson production processes;
that is, by a nucleon pair, the pair to conﬁain at least
oné proton for Tr -meson absorption, and one neutron for
TTtméson absorption. The two absorbing nucleons will
carry away the rest'energy of the meson of about 140 MeV,

and the nucleus will be further excited by any scattering

that occurs as they leave it.

In order to test this hypothesis of the absorption
mechanism, assumed in his calculations, Metropolis.compared

the predictions for ¢-star characteristics, i.e., absorption
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of zero energy mesons, with the experimental results of
Azimov et al (1957). The agreement obtained was limited,
éuggesting,as outlined above, that in this case other absorp-
tion mechanisms are possible - on single low energy nucleons
Oor on more complex groups such as & -particles.

At 750 MeV, Blauw and Oliver observed a strong
angular correlatiorn of heavily ioﬁizing tracks at right
angles to the direction of the incident meson, which was
interpreted as_evidence for the interaction anda absorption
of mesons with nucleon complexes inside the nucleus. This
conclusion is nof necessarily in conflict with observations
at lower energies.

Tomasini (1955), in.a study of the absorption
of bound Tr'-mesons, found that limited agreement between
the experimental results and a simplified Monte-Carlo cal-
culation could be obtained by assuming that the absorption
téok Place preferertially on a proton-neutron pair rather
than on a proton-proton pair.

It still remains for calculations to be made
assuming the simultaneous existence of other absorption
mechanisms but it would appear that absorption on nucleon -

pairs is certainly the most important process for non-zero

energy mesons.
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1.4. The Present Experiment

The cross-seétions below 1 GeV as they are at
present known for the inelastic interactions of T -mesons
w;th'complex nuclei are shown in #ig 2. They have béén
separated into those for absorption, for chagge exchange
scattering and for inelastic scattering, and plotted as the
ratio of the cross-section o to the tosial inelastic cross-
section of. The pbints on the graphs have been taken from
experiments performed at a single energy in a variety of
media and with machine produced beams; where not explicitly
given in the paper, the values have been estimated from
the presented results.

It can be: seen that, within the energy range
' shown, all.three cross-sections vary greatly; at low
energies absorptioh is complete, yhereas at 700 MeV it
has become negligible and the probabilities of charge
exchange and lnelastic scattering are about egual.

However, results from similar experiments exhibit wide
Gariations, and at some energies only one particular
aspect of the interaction has been examined. Attempts
on a small scale to determine the variation in a single
medium of thé interaction parameters were made by Lock
and Yekutieli (1952) and Major and Parkash (private com-
munication), who eech examined about 80 interactions pro-

duced.by cosmic ray mesons. Their results have also been

included in Fig. 2.
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It was thought,therefore, that a useful purpose
would be sérved 1: & more extensive investigation were
carried out of the features of meson interaction#in one
material over a range of energies. The upper limit was
fixed at 800 ileV since, as has already been mentioned, the
cross-section for meson producﬁion becomes significant at
higher energies and eny analysis is thus made more complic-
ated. As a reliable method of determination of the in-
elastic cross-sections it was decidéd to employ only scan-
ning along the meson tracks. This method would necessarily
produce a large number of elastic scattering events which
could be compared with the predictions of the optical model.
Exposures of fouf blocks of G5 emulsion at energles of |
approximately 100, 300, 500 and 700 MeV were proposed, the
choice of fr-mesons rather than Tf'being made solely on
account of availability of suiteble beams. This, the

first exposure of the series, was performed at 88 MeV.
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GHAPTER 2

THE OPTICAL MODEL OF THE NUCLEUS

2.1 Introduction

. The interpretation of data on the scattering of
‘mesons and nucleons by nuclei has been carried out with
considerable success on the basis of the optical model of
the nucleus. In this, an extension of a simple potential
well model, the nucleus is considered to appear to the in-
cident particle as a well of complex potential or, alternat-
ively, as an homogeneous medium of complex refractive index.
The incident particle wave is refracted, attenuated or dif-
fracted by the complex potential, . the real component being
associated with elestic diffradtion scattering and the
imaginary component with inelastic processes including ab-
abrbtion.. The results are obtained in terms of three
parameters: K, the absorption co-efficient in nuclear
matter, ki, the chehge in wave number on entering the
ﬁucleus, and R, the radius of the potential well. The
form of the potential employed is a uniform square well;
~at higher meson enefgies better agreement has been obtained

with a tapered well (Williams,1956) but this refinement will

not be attempted here.
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2.2. The Theory of the Model

If the reduced wave number of the incident meson
wave is k, this is increased by the real component of pot-
ential in the nucleus, Vp, to k', where in the non-relativ-

istic case (Fernbach et al,1949)

i
K. k(l + V,/E) . (1)
Relativistically, this expression becomes (Fowler and

Perkins, private communication)

s
’ <
k = k{_' * 2V [ppe ¢ (Vf/?°)z] (2)
where E is the kinetic energy of the meson; p, the momentum
and @c the velocity. Weph Vr is small compared with E and p,

these eguations may be written respectively as
k[ = kvr /Z.E _ (5)

ke = kVe/ppe | (4)
where X, is (k' -k) the change in wave number.

' Iﬁterference occurs between the.refracted and the
original wave fronts and a diffraction pattern is produced.
An attractive or repulsive real potential will lead to
corresponding positive or negative values of k,. The
resultant diffraction pattern is the same for phase changes
of either sign; bhence neither the sign of k, mor that of
the potential can be determined from the diffraction effect.

The relationship between the imaginary component
of potential V; and the attenuation length of the meson
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wave An 18 given by An = h pc/?_Vi (5)
Ap 1s also the mean free path for interaction within the
nucleus, and its repiprocal is the absorption co-efficient K.

K may be expressed in terms of thse known cross-
sections oh free nucleons by assuming that, for the purposes
of the optical theory,either inelastic scattering or absorp-
tion is the dominant interaction process within the nucleus.
At 88 MeV absorption is expected to be the more important
of the two, but it will be seen that in either case a
similar result is obtained.

_ Considering first the sca?tering on individual
nucleons, the absorption co-efficierft? given by

K = 3A/41r'v3. [z, +_@—z)o;—,;]/f-\ ' (6)
in terms of the cross-sections crand o for T -meson
interactions with rrotons and neutrbns. A is the atomic
weight, 2 the atomic number and R the nuclear radius of
Ithe particular element. By the principle of charge
independence, the cross-sections qa,and'qapare equal, and
for meson energies below 300 MeV the ratio o, ~té op is 3 .
(See #ig. 1). Writing R as r, A%, the expression for K
becomes _

K = 3)ame’. o (3 - 22/a) (7)
The dependence of K on Z and A leads to slightly different

values for each constituent element of nuclear emulsion.
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This difference,for the extreme elements of carbon and
silver, is about 104.

In this celculation it is assumed thas all
energy transfers betﬁeen the incident particle and the
constituent nucleons are poss;ble, but the limitation
imposed by the Pauli exclusion principle leads to &
reduction in the velue of K. At 88 MeV, because the
momentum of the incident mesons is of a similar magnitude
to that of nucleons with the maximum Fermi energy (~ 20 MeV),
there is no simple way of allowing for the effect. However,'
absorption of the meson will take place and this leads to
an increase in K. Cronin et al (1957) have investigated
these two effects for 970 MeV 11 -mesons and different
types of nuclei, gnd found them to be approximately equal
in magnitude. Siice the two effects are of opposite‘sign
they will tend alweys to cancél each other, and for the

purposes of this calculation, the value of K will be taken

as being given by equation (7).
If it is assumed that absorption by nucleon pairs

alone occufs, the ebsorption co-efficient is given by

K - 3N,o;,/¢w1t‘ (8)
where N, is the number of effective mucleon pairs and
0z 1s the absorption cross-section of deuterium. From
the analysis of Brueckner et al (1951) it appears that

N, is equal torZ where I is of the order of 10. Thus
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K = Sro-_;/g-,-rras ' (9)
To the extent that I is constant, the absorption

co-efficient is the game for each element conteined in

niiclear emulsion.

The total cross-sections for inelastic interaction
and elastic or difffacfion scéttering are
ox - ﬂﬁf_l— I/ZK"R‘ {l—(n + 2KR) efzmi] (10)
of - 111&[1+|/zl3'lf{l-'(|+zm>ézml -
@ Y & {(K"/lp-k.t) v ém[zh'ﬁ(ﬁ’/q. i) + k,K] sin 2kR -

SO ) ¢ )RR ee k)] cos am}] )
as given by Fernbach. The differential cross-section is
_’“.dfdi/dn' . O;/Tf [J, (Kﬁsin9>/sin 9]2’ L(] + "059)/2_] z (12)

‘where J,. is the first order Bessel function and ©.the
spatial angle of scatter. This equation is an approx-
imation in the limit KR—->e, In practice KR=2, but cal-
culations using this and a more exact expression yield
angular distributions agreeing to better than 10%.
Equation (12) differs from that given by Fei‘nbach
in the incgrporation of the obliquity factor L(\ ¥ cose)/zT
(Brenner and 3rown, Fowler and Perkins, prévate communi-
cation) It is, however, not important at high energies
where the elastic scattering is confined to small angles.
. At low energies the meson wavelength becomes com-
parable with the nuclear size and this requires a further

correction. From Feshbach and Weisskopf (1949), the
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maximum total cross-section corresponding to a 'black!
nucleus is given by 2wCB+§Q; where A is the reduced de
Broglie wavelength of the meson. The cross-sections
of equations (10) and (1l1) are then modified to

oz’ (oz¥ + -n't?\)z

o’ = (ogt s TAY

(13)

2.3. Application to Nuclear Emulsion.

Nuclear emulsion has eight constituent elements -
hydrogen, carbon, nitrogen, oxygen, Sulphur, bromine, silver,
iodine-and the contributions to the diffraction scattering of

each of these nuclei must be considered. If there are N;

nuclei per ¢ém® of the ith element each having a cross-section
o7, then the mean cross-section,o— , for elastic or inelastic

processes is given by
= - SNor /5N (14)

It is the sum of the several cross-sections o7 according
to thelr frequency of occurence. Experimentally, the
quantity determined in emulsion is the interaction length A
given by _

A= 1 /S Nier (15)
and the experimentel value for inelastic interaction may
be compared directly with the predictions of the optical

model, leading fo & value for K, the absorption coefficient.
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A similar comparison of the cross-section for
elastic scattering or the_angular distribution determines
k,. This is made difficult by the_practical inefficiency
of detection of smell angles, and by contamination from
Rutherford scattering. Nevertheless, a value can be ob-
tained by fitting theoretical angular distributions to the
experiﬁental distribution wherelthese effects are unimportant.
The observation of Rutherford scattering affords a means
of determining the sign of the nuclear potential. If the
angular di;tributions for m-and T -mesons are compared
in the appropriate region, the effects of interference
between the Coulomb end nuclear potentials can be observed.
(Williams et al, 1956a,b,) In the one case ":ap increase
in the differential cross-section is observed where the
potentials have the same sign; in the other the cross-

section is correspondingly reduced.



SOME _ASPECTS OF NUCLEAR EMULSION _TECHNIQUE

Detalled accounts of the techniéue have been
given by Voyvodic (1954), Shapiro (1958) -ard Boneg& et al,
(1958); the discuséion here is confined to those aspects
which concern the present experiment.

3.1 Processing of Bmulsions

Tpe processing of nuclear emulsions is an
important feature of any experiment involving their use,
since it is at this stage that the quality of the developed
image is deﬁefmined.

With emulsions of a thickness greater than 50 pm
8 way must be'found of ensuring a uniform development; if
normal photographic methods are employed, a-greater degree
of development is obtained at the surface owing to the
considerable penetrgtion time of the solution through the
emulsion. The most satisfactory means of overcoming this
difficulty makes use of the hore rapid temperature variations
of development compared with penetration time. The emul-
sions absorb the solution at low temperatures; and develop-
ment begins whnen tLe temperature is raised fo a suitable
level, depgnding on the degree of development required.

A uniform cessation is obtained by reducing the temperature

to the original low value. A variety of developing solutions
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have been used including dilute photographic developers
such as Ilford I. D. 19. It has been shown, however,
Herzn(lgéz), that the best contrast between particle tracks
.and background grains, as well as the most rapid penetration
time, is obtaiged with.an amidol developer. The fixing
of the plates is similarly more complicated than in photo-
graphic processing. The maximum rate of fixing is obtained
with a 30% solutioﬁ of hypo and the osmotic pressure resulting
from a suéden transfer to pure water would cause the com-
plete disruption of the emulsibn. A slow dilufion of the
fixing solution is therefore employed, but even so it is
not always pbssible to avolid the appearance of small bubbles.
In this experiment, a block of Ilford G5 emulsion
made up of'zo strips, each 20 cm x 10 em x 0.04 cm, was
exposed to the 96 MeVTr-meson beam of the Liverpool synch-
rotron. A particle flux was obtained on the end face of
the block of about 104 mesons per cmz, Throughout the
period of transit and exposure the plates were maintained

at constant humidity, having a relative value of 55 at

19°¢C. Before carrying out the processing of the cbmplete
block a series of trial developments were undertaken to
determine the optimum conditions. A grein density for
the incident mesons of about 22 grains per 100 jm was

considered appropriate, and as an additional consideration

it was desirable tc have as small a background as possible

of single developed grains.
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The most important of the parameters that can be
varied in the processing cycle are the tempe:ature and
duration of the hot stage. An increase of 1°C in the
forme: results is en increase of about 0.5 grains per
100 P in the grain density of tracks of plateau ion-
ization. The chief effect of a greater duration of the
hot stage above some minimum value is to produce an in-
creased grain size, especially of the background grains.
The effects of the two parameters,however, are linked to
a considerable degree, and trial and error necessarily
play a greater part in determining their values for any
partiéulap experiment.

A standard temperature cycle method of processing
was employed. To begin with, each emulsion pellicle
was mounted on glass, using for the purpose a special
solution consisting of eéual quantities of air-free
distilled water and absolute ethyl alcohol, with 20 ml
per litre of solution of glyce:ine and 1 ml per litre
of a wetfing agent. The solution, cooled to 5°C, was
used to moisten the glass plates and the under surface
of the emulsions; the latter were then attéched to the
plates by rolling with a rubber squeegeewhich carried
a load of 2.5 Xg. to supply a constant pressure. The
plates were stacked under a 1 Kg. weight and, when dry,

were placed in a bath of distilled water at 5°C. A
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‘time of 1% hours wes sufficient for the emulsions to .

become saturated and they were then removed to amidol devel-
oper at the same temperature for a further hour and a half.
Having thoroughly ebsorbed the solution, the plates were
.faken out, excess liquid being removed by blotting, and placed
on trays in a thermostatically controlled enclosure at 24°C.
Eighty minutes later, development was curtailed with a stop
bath of a solution of 0.5% glacial acetic acid at 5°C, and
‘after a further period of—lﬁ hours the plates were removed

to a solution of 30% hypo at the same temperature. This

was replaced with fresh solution, also at 5°C, om two

occasions at intervals of about 6 héurs; on theé: second
occasion 2% of sodium sulphate was added to the hypo for
the purpos; of hardening the emulsion. Fixing took in all
some 22 hours to complete and was followed by a gradual
dilution of tae solution with water. As a result of the
slow reduction of the hypo concentration at a rate of about
1% per hour;_bubblibg of the emulsion was negligible. The
.piates were thoroughly washed to remove all trage of hypo,
then placed in a beth of 2% glycerine for 1 hour. This
plasticizing of the emulsions was done to preveut later
stripping from the glass backing. It is possible by
increasing the amount of glycerine, (up to 104), to restore
the emulsion to its original thickness; with a 2% solution

the shrinkage factor was -about 2.3. Finally the plates
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were removed from the bath and, after being carefully
blotted, -~ . dried in the forced draught provided by an
electric fan.

As a result of the development, the curvature dis-
tortion vector had the fairly high value of ~ 50 pm.
Normally, before processing and while still intact, the
block of stripped emulsions is exposed to a hard X-ray

.beam in such a way that, after_deveiopment, small marks
may be seen at selected points on the edéés of the emul-
-sion_which correspond exactly throughout the block. By
this means the matching of the separated plates after
development is facilitated. This X-ray treatment, though
carried out, was in this case unsuccessful, owing to a

too low intensity of the X-ray beam. The plates were
aligned, therefore, by tracing tracks from one to another,
giving superposition to about SOO‘Pm only. The means of
~alignment are two reference edges of the glass backing
the emulsion, whick are cut so that location on the micro-
scope stagé against a point and a straight eﬁge bfings

corresponding points of each plate into the same field

of view,

3.2 Measurements in Emulsion

The identification of the particle responsible for

a particulaf track in the emu}sion depends on the measure-

ments which can be made on that track. These are its
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range, multiple scattering and ionization, which are related
to the mass, charge and energy of the particle in question.
Well-established fcrmulae exist, determined by theoretical
and empirical means, relating - the former and latter
quantities (Voyvodic,1954). In general,a measurement of
any two of the three quantities is sufficient for identifi-
cation of the particle, but only within certain limits of
the kinetic energy.

Ip this expefiment it was planned to analyse the star
' data with regard to the identification of secondary Tr-mesons
and a possible determination of a detailed energy balance.
At 88 Mév secondary tracks may be expected to consist entirely
of fairly low energy protons with & very small fraction oft
o-particles, accompanied in certain cases by the emerging
incident meson. It was possible in a-large majority of
cases to determine the complete range of the proton tracks
"and thus an exact value for their energy. In cases where
the proton left the stack before reaching the end of its
range, the shortness of path in the emulsion was usually
a result of the steepness of the track, and therefore other
measurements such &s grain counting and scattering were
not easily applicable. In such cases an estimate of the
grain density at the beginning of the particle range was

used to obtain a velue of the momentum from a calibration

curve which had been constructed using proton tracks of
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known energy.

In most instances an immediate identification of
secondary mesons could be itade from the greater multiple
scattering of the track compared with that of a proton..
In about half the cases the meson could be followed to
ihe end of its range, ffequently in a o-star, and the
enérgy thus determined. Where this was not possible,
grain density measurements were relied on as for protons,
although in one or two instances, sufficient length of
track was present in a single emulsion for a scattering
measurement to be feasible. The value of the normalized
grain density(g*) corresponding to the maximum possible
energy of a secondery proton was about'l.a, and mesons of
this grain density were eB3gily distingﬁishable by inspec-
tion of the track. For lower values of g*, tue identification
of meson could be safely assumed.

Measurements of particle range were carried out by
recording the x,y,end z co-ordinates 8f the star of origin,
the entry and exit points of each emulsion and the end
point of the'track. In addition, the cq-ordinates were
recorded of any point at which Coulomb scattering produced
a change of direction. Correcting for shrinkage of the
emulsion, the range was calculated with an error of about
(2-3)%; the corresponding energy value was obtained from

étandard tables. (Fay et al,1954) - Wihere a grain counting
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technique was employed, the error depended on the number

of grains available, but was at best 10% and in a few cases

as much as 40%. Measurements on multiple scattering gave

momentum estimates to within (10 - 15)%.
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CHAPTER 4
n_-MESON INTERACTIONS AT 88 MEV.

4.1. Experimental Details

Four observgrs assisted in the scanning which was
performed on Cooke M4000 microscopes under a magnification
of 45 x 1.5 x 15. By the method of track scanning employed,
meson tracks selected at a distance from the emulsion edge
of exactly 1 cm, were followed to an interaction, out of
the plate or for a maximum length of 1 cm. The purpose of
this limitation was to keep the energy loss small. Thus
the eneréy of the beam at the beginning and end of the
1 cm strip was calculated to be 93 and 86 MeV with an average
value of 88 leV. | The average length of a track followed
varied between observers with a mean value of 0.6 cm, and
a mean length of 60 cm scanned per man-day was achieved.

The selection of tracks to be followed was limited to those
l&ins within ¢ 5°_of the general beam direction. An eye-
piece hair-line, aligned on each track to pe féllowed, was
readjusted at frequent intervals in view of the considerable
multiple scattering.

Denoting by n¢ the numbér of shower particles (g*< 1.5)
and by n,  toe number of heavily ionizing particles (g" > 1.5),
an initiel classification of observed interactions' was mede

into two groups; those of type (nh=0, ng=1l) classed as

elastic scatters, and the remaiﬁder.as stars. With this
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claggification, inelastic interactions of type (mp=0,ng= 1)

are included as elestdc scatters. If the number of such
events is comparable with the number of stars of type (np = 1,
ng = 1), then the total number of stars will be under-
estimated by about 5%.

Included in the-star group were 22 of type (np=1, ng=1)
and after closer scrutiny three of them were identified as
elastic interactions with a visible recoiling nucleus. An
examination of the dynamics of these three showed them to
be 1w-p collisions and they were classed therefore as elastic

scatters. Also included in the group were events of type

(Bp= g, ng=0),diseppearances of the meson in flight. The
emulsion region up to 150 pm around each of these was care-
fully examined for secondary trackqbr a continuing primary.
Following a preliminary visual estimate of star size,
each star was re-examined in a search fér possible secondary
T-mesons. A majority of secondary prongs were black and
of limited range, end could be identified at once as due
to low energy protons. Black or grey tracké of greater
range were followed through as many plates as necessary to
permit identification. Tracks having an ionization near
the plateau value presented a greater problem But were assumed
as heing due to mesons for reasons already mentioned. For
each star in which a meson secondary was identified as well

as for 101 other stars selected at random, a complete
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analysis was carried out. This involved the measurement
of the spatial angle of each secondary track relative to
the primary, and where appropriate its range or grain dehsity.

Measurements on elastic scatters were carried out to
an accuracy of lo end only where the projected angle was
greater than 8°. The latter limit was chosen to eliminate
that part of the angular distribution formed chiefly by
Rutherford scattering. It corresponds to a scattering
parameter just equel to the average nuclear radius for G5

emulsion.

4.2, Contaminetion.

At the time of exposure the synchrotron beam consisted
of 824 Tr-mesons, 4% F-mesons'and 14% electrons (Cassels,
privafe commnnicatién), and it has been assumed that the track
length followed was contaminated in these ratios. Some
possible sources of spurious events resembling those pro-
duced by Tr-mesons ére considered. '

The contribution of the elastiec scatte;ing of electrons
to the spatial angular distribution above 8° was calculated
from the Mott formulé for a point nucleus. For the beam
momentum of 130 MeV/c the contamination is estimated to be
-about 1%.

Th; interaction of the J-meson is very weak and no

spurious events were expected from this source. The
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interaction cross-secfion of electrons with nuclei is

known to be of the order of 10-29cm2, and thus shoﬁld produce
negligible contamination. However, the disappearance of

two electrons tracks in a track lengthof 103 cm, has been
observed by Barkas et al (1952) at this same momentum.

Such events would simulate the Tr-meson disappearance, but

as the statistical weight for this type of event is low, no
correction has been made. It may be noted that this could
lead to an overestimation by about 5 of the inelastic cross-

section.

4.3 Experimental Results.

4.511- The Interaction Lengths.

In a total treck length of 92.51 m, there were found
235 elastic scatters with horizontally projected angles
larger than or equel to 8°, and 371 stars, this figure
including_gz disappearances. After correcting for the
beam contamination of 18%, the interaction length for the
production of inglastic évents was (20.4 ¢ 1l.1l)cm, and for

elastic scattering through a projected angle ¢ > 8°,
(32.3% 2.1)cm. Tke geometrical inferaction length is 28.3cm.

The individual interaction lengths for the four observers
were very similar for all types of event, indicating little

relative inefficiency of detection.



-33-

4,32::. Comparison with Optical Model

In orde: to meke a cpmparison with the optical model,
the interaction length for inelastic events, A. , has been
computed from equations (10) , (13) and (15) as a function
of the absorption co-efficient K. The nuclear radius was

. =13
taken as I;AsWLth I's= 1.35 x 10 cm. From equations

(7) and (8) the value of K is expected, at a particular
energy, fo be constant to within 10% for all emulsion nuclei
with the exception of hydrogen, for-which the value is about
half that for the other elements. However, because of the
small size of the hydrogén nuélei, their contribution to the
interaction length is small; thus K is assumed constent.:

In curve A of _fig. 3 is shown the dependence of A, upon
the absorption co-efficient. In curve C correction has been
made for the meson wavelength. For'purposes of comparison,
curve B shows the increase in cross-section due to Coulomb
attraction compared with the uncorrected cross-section of A.
This correction, however, is only valid when the meson
wavelength is small compared with the nuclear size and none
has been made to curve C.. Using curve C of fig. 3, the
experimental value of the interaction length yieids an
estimate of the absorption co-efficient of K equal to
(4.0%%3) 10™ en™'. |

Using tunis velue for the absorption co-efficient , the
horizontally projected angular distribution for scattering
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was computed for assumed values of the change in wave
number k, equal to (0,1, £ 2) 10'z cm-', corresponding
to varibus values of the real nuclear potential, The

existence of Rutherford scattering at angles of about g°

has already been referred to, and a preliminary comparison
of the experimental angular distribution with the calculated
ones indicated thaet this would cause an increase in the
differential cross-section. An approximate correctibn
was made by adding the estimated angular distribution for
Rdtherford scattering for projected angles greater than or
equal to g°. The increase implied a nuclear potential
having the same sign as the Coulomb potential.

In fig 4 are shown the calculated distributions together
' with the experimental points, but from this greph it is
possible to deduce only an” approximate value of k,. It
may be obtéinéd more precisely from a numerical integration
of the functions shown, to determine the interaction'length
for elastic scattering through projected angles greater than
or equal to 8° as & function of k,. The experimental value
of the interaction length corresponds to k,equa} to -(1.86% 0.20,
ldmcﬁr'. The error quoted here derives from the expected
statistical uncertainty of the interaction length assuming
that the absorption co-efficient.is known exactly. The

uncertainty in the determination of K leads to a further

12 -1 ) .
error of approximately + 0.04 x 10 cm. . and is gafiaiderad
negligible, ‘i
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Using equation (7) and assuming an average value of
Z/A, an estimate of the free nucleon cross-section can be
obfaine¢ from the value of K. This is (20%)mb and is
quite consistent with the direct measurement at 88 MeV of
Anderson et al (1952) of (21*9)mb and the more recent value
_at 96MeV of Edwards et al (1959) of (21.9%0.7)mb. The three
collisions on hydrogen observed correspond to a cross-section
" of about 10mb.

Considering the absorption mechanism alone, from
equation (9) the approximate value for the cross-section
a7 is (9*¢)mb. Ey virtue of charge independence this
may be compared directly with a value obtained at 88 MeV
by Rogers and Lederman (1957) of (7.0%1.4)mb, and is
again consistent. It was found that some 1% of primary
mesons emerged from the inelastic interactions and this
suggests that both mechanisms contribute to the interaction
" process.

The attenpaticn length in nuclear matter of the meson
wave, A\p = 1/K,was found to be (2.5% 0.6)10 "cm. This

corrésponds“to an imeginary component of nuclear potential,

V,,.of -(32t)MeV.

. Sternheimer (1956) has calculated the value of k, for
a range of meson ene:gies. At ~88MeV, k, was found to be
2.4 x 10 cm | in reesonable agreement with the value of k,
above. The corresponding value of the real potential

Vr. is-(28% 3)MeV. ' Some values of the nuclear potential
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observed in othaer experiments near 88 MeV are shown in

table 1.

TABLE 1

Values of Vo and Vi from experiments at energies close to 88 eV

Enarqy Targel |
MeV |Porticke |elament| Vp  MeV Vi MeV Reference
48 | ¢ -(15¢ 158)| -(22%7) t | Shapiro, 1951
62 ™" ~ =19
80 it | G5 ~ =24 Ferretti, 1956
120 n* ~ =24
70 | M| ¢ ~ -18 ~ =9 Byfield et al,
1952
78 | T*| Cu |~-(35-45) | ~-20" Williams et al,
_ 1956 a,b.:
80| 1*| Al | ~ =20 ~-(10-25) Pevsner et al,
™" ~ -{30-40)| Any value 1955
88| 1| 65| -(28%3) -(321% Present work

1 Calculated from data in the paper.
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Frank et al (1956) have made calculations of the
real nuclear potential from free nucleon cross-section
data. For kinetic energies of 60, 80 and 100 MeV, values
of V» of 20, 29, and 35 MeV respectively are obtained.

A good comparison is made with the experimental figure
given .eBove.

The above analysis was based on a square well
potential of radius r, A% , where r, was chosen to be
1.35 x lo-ncm for consistency with previous work of this
'naturg (Clarke and Major, 1957). A weighted mean value
of recent determinations is ry= (1.29%0.01)10 " cm, which
would lead to even broader distributions than those com-
puted. For closer agreement a radius greater than 1.35

x 10 cm would have to be considered.

4.33" The Inelastic Interactions

The 371 inelastic events are shown in table 2,
classified according to the numbers o, and ng of

heavily ionizing and shower particles.

TABLE 2
Distribution of star sizes according to n, 8nd ng.
R '
ng ¢} 1 2 3 4 5 6

o |92 8 76 51 20 11 1

1 15 5 2 1
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A second classification is made in table 3 according

to the number of secondary TW-mesons in each star.

TABLE 3.

Distribution of star sizes according to n, and n,

!
0 1 2 3 4 S 6

0 92 76 62 S0 287 9 1
1 12 29 6 4 3

At this energy, as has already been pointed out, any lightly
ionizing particle must be a meson.

The mean value of ny for the two types of star - with
and without meson secondaries - is shown in table 4 togethef
with values obtained by Ferretti et al (1956) for T*-mesons
at 120 MeV.

TABLE 4

Values of the mean number of prongs, ns for stars with and

.- without meson secondaries at 120 MeV (Ferrarri et al,1956)

and 88 MeV (present work)-

TmTimesons 1 -mesons 1 -mesons
at 120 Mev at 120 MeV at 88 lNeV

Stars without 3.22¢0.16 2.20%0.15 1.61%*0.07
W secondary.

Stars with , 1.18x0.21 1.20£0.17 1.20%0.15
T secondary.




~30-

It can be seer that,where the incident meson escapes
from the nucleus, the mean star sizes are roughly equal .in
the three cases, but where absorption takes place the results
are significantly different. é;attering is most likely to
oceur on a proton for a mtmeson and on a neutron for T -meson;
the iéw energy recoil nuckeon , having a large cross-section
for interaction, mey be expected to share its energy with
the other nucleons of the nucleus, fhus a similar type of
star should result in either case. Where absorption takes
place, this is assumed to be preferentially on a proton-neutron
pair, producing two neutrons in phe case of1f'absorption
and two protons fortﬂ'absorption. The energy of the nucleons
will be sufficiently great for ome of them to heve a high
probability of esceping, and since only the proton will be
visible, a difference of one prong in the star sizes can be
- 6xpected. At 120 MeV, more kinetic energy is available for
transfer to the absorbing nucleus, and this will rééult in
a larger mean star size.

A comparison is made in table 5 of values of n, for
the stars in wihich no charged meson secondary is observed
with some recent results for o -stars, i.e., absorption of
T -mesons at reat. The comparison is limited to stars
with one or more prongs because of the likely inefficiency
of detection of zero prong o--stars by the area scanning

technique.
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TABLE 5

Distribution according to np ©of stars with one or more

prongs in which meson absorption has occurred at rest,

and absorption or charge exchange at 88 MeV. The numbers are

expressed as percentages.

mpEl 2 3 4 5 6

40.0 27.3 20.2 10.1 2.4 0.06

40.4 27.6 20.3 11.1 1.7 0.0
40.1 26.7 21.7 9.7 1.6 0.2

33.8 27.6 22.2 12.0 4.0 0.4

No of stars Refefence.
examined
1038 Demeur et al (1956)
788 Brown and Hughes(1987)
983 Azimov et al (1957)
317 Present work.

The distributions are very similar despite the

additional kinetic eunergy available in the 88 MeV stars;

there is, as would be expected, a slightly higher per-

centage of stars with nh> 4 at the expense of those with

np= 1. Of stars with np= 0, Menon et al (1950) found 28%

and Dememr 35% compered with 29% in the present experiment.

. The simllarity of the results suggests that the same absorp-

tion mechanism operstes in both cases.

15% of the sters were found to have inelastically

scattered mesons ané this value may be compared with one of

25% interpolated from the published results for 50 and 134

MeV of Metropolis et al (1958).

These authors state,

however, that no account has been taken of a meson-nucleus
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potential whidh in this'energy region means that the cross-
sections of and g may have been underestimated by two or
toree times, resulting in a similar underestimation of the
probability of absorption.

In fig 5 is skown the energy distribution of the
secondary Tr-mesons. The preponderence of those in the
loﬁest interval is due to a large proportion of qgite
steep tracks for which only a rough estimate of the grain
density, that it was near to plateau, could be obtained.
Thése particles were assigned a nominal zero energy loss,
but should properly be spread over the first two energy
intervals. Nikolskii et al (1957) give the energy dist-
ribution of 162 MeV- 17T -mesons scattered inelastically into
the angular interval (90-180)o from stars found by area scan-
ningf This is regulér with a peak where the energy loss is
about 70%,and bears a general resemblance to the distribution

of fié 5:
| The secondary mesons have been divided into two equal
groupslaccording to their greater or lesser energy loss, and
a comparison of the ﬁean slze of the star of origin for each

group 1s shown in teble 6.
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TABLE 6

Values of the mean energy lossdﬁé and fractional loss(égk)

of the secondary mesons and the mean number of prongs,

;h’ of the star of origin, with a division into two
equal groups according to the greater or lesser energy

loss of the meson.

0 Caefe Co's¥ [oseCaE/e 10
(BEJE) MeV 0.16 + 0.04 | 0.75 + 0.17
(AE) MeV 14 ¢ 3 66 ¢ 15
A 1.45%0.34 | 0.78%0.18

A greater energy loss by the meson appears to result
in a smaller star size. At 88 MeV the crosé-section Oon
_ is about three times as great as gzand there will therefore
be preferential produétion of neutron secondaries. In this
energy region, the interaction cross-section for neutrons
with hucleons decreases rapidly with increasing energy,and
a neutron of higher energy, as might be produced in a more
inelastic collision, will be able to escape more easily
from the nucleus; thus the visible energy release in this
case will be correspondingly less.

In fig 6 is shown the angular distribution of the
secondary mesons. The distribution exhibiﬁé the expected

peaks in the extreme forward and backward directions as
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well as a broader maximum in the region of 120°. This
latter is occasioned by the fact that the mesons producing
steep tracks.with smaﬁl eﬁergy loss already referred to fall
largely in the interval (90 -'140)°. The result, if sig-
nificant, might be explained on the basis of a meson which
makes a single colligion with small energy loss having a
high probability of escape only where the collision takes
Place on the nuclear periphery. If mesons exhibiting

‘a large energy 1osé are assumed to have undergone multiple
collisions, then a more isotropic distribution is expected
for them. Nikolskii found a distribution in which the
number of mesons increased with increasing angle, there
being roughly twice as many scattered into the interval
(180 - 180)° as into (0 - 40)°.  From the presented
distribution, the ratio of mesons emitted in the forward
hemisphere to those in the backward can be estimated as
(0.691 0.08). At 135 MeV,Géldhaber and Goldhaber (1953)
6btained 0.53 for the forward to backward ratio and these
values may be compered witih one of (0.50% 0.15) for the

present experiment.

For the random selection of 101 stars without visible
meson secondaries, it has been possible to calculate the
forward to backward ratio for black (g*>6.5) and grey

(1.5¢g*(65) tracks; tiese are given in table 7.
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TABLE 7
Values of the_forwar& to backward ratio F/B and the
mean number of prongs for black, grey and all heavy prongs

of the 10l selected stars.

Black Grey - All prongs

F/B|1.01+0.18 0.9%0.5 1.05¢0.17

1.46+¥0.12 0.15%20.04 1.60t 0.13

(=1}

It is seen that_the angular distribﬁtion for both black
and grey tracks is not significantly different from isotropioc;
" this would be expected if the secondary particles were emitted
as a result of absorption of the primary meson. The dis-
tribution may be compared with that for tiae sters containing
an inelastically scattered meson. In these 54 events only
two grey tracks were found, both emitted in the forward
difection, and for black trécks the fofward to backward
ratic is (2.1%0.5). The average star size (1.20% 0.15) is,
as would-be exﬁected; smaller than for absorption events.

The nature of the differences in the characteristics of the
two types.cf star suggests that charge exchange events form
at most a very small p:oportion of phose not identified as

inelastic scattering events.
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Because of the diffiﬁulty of -estimating the considerable
proportion of energy carried away by neutral secondary part-:
icles, no detailed enérgy balance has been carried out.

Brown et al (1949) found that the empirical formule for the
total energy release

Eg= 37n, + 4nh2 (16)
fitted closely their results from cosmic ray stars induced
by energetic heutrons, as well as by charged perticles,
over a range of n, frbm 4 to 24. Although apparently valid
over a wide energy range for stars of mixed origin, it cannot
be assumed to pe 80 in the particular case of low energy
negative 1r-mesons, because of the large probability for the
production of secondary neutrons. As yet, therefore, it
has been found not possible'to estimate the contribution
of charge exchange scattering to the absorption cross-
section at this energy. If it is reasénably assumed insig¥
nificant, the peréentage probabilities for inelastic scat-
tering and absorption are respectively (15% 2)% and (85t 5)%.
It has already been pointed out that the calcuiations of
Metropolis may be in error with regard to the percentage
of mesons absorbed; however, his estimate of the relative
 numbers emitted of charged and neutral mesons should be:
affected by tals to only a very small extent. Using his
value for the ratio of w°to mof d.45, the probability for

‘éharge exchange scattering so obtained is (6%-2)4 and the
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value for absorption becomes (79t 5)%. These figures

have been incorporated in'fig 2.
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CHAPTER 5
CONCLUSION

_ It has been shown that the optical model of Fernbach,
incorporating the modifications of relati?istic and
obliquity factors, provides a satisfactory account of the
interactions ofTquesohs with complex nuclel at 88 MeV.

The value of thechenge in wave number, k,, was found to
be -(1.86% 0.20)10 cm”' and the absorption co-efficient,
-K, (4.0tE:8)lolzcm -1. These gave values for the real
and lmaginary components of nuclear potential of V, equal
to -(28% 3)MeV and Vi equal to -(32 tzg)Me{r.

All evidence obtained from the inelastic interactions
suggests the correctness of the cascade model in this energy
region, and no serious disagreement has been found with an
absdrption mechanism involving proton-neutron pairs. It
is concluded that of the inelastically interacting tr-mesons,
‘some 154 are scattered and the remaining 85%, exzcept possibly
for 6% émitted as neutral mesons, are absorbed into the
nuéleﬁs. _

The study of similar ir-meson interactions at other,
higher energies is expected to provide results of interest;
some prpgress has elready been made with an analysis of
intéractions at 750 MeV. From the results of the present
work it seeﬁs fhat a comparison with w-meson interactions
at the éame energy values would help further towards under-

standing the exact nature of the inelastic collisions of w-meson:
with atomic nuclei.
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