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PREFACE

This thesis describes the experimental work carried
out by the author from 1958 to 1961 on the investigation
of the photoproduction of ﬂ+ mesons from hydrogen near
threshold in candidature for a Ph.,D, degree. The
research was motivated by the lack of experimental
measurements in the low energy region verifying the
predicted threshold energy dependence given by Dispersion
Relations and the violation in the well known connection
between the low energy pion interactions,

Chapter I provides a summary of the theoretical
attempts to describe the photoproduction of pions from
hydrogen and gives a detailed study of the field of low
energy pion photoproduction.

Chapter II is a review of previous experimental
methods and results in the field of low energy pion
photoproduction, and illustrates the necessity of an
accurate set of experimental results in the low energy
region.

Chapter III describes the construction of a specially
designed, preasufe compensated thinewalled liquid hydrogen
target, for the detection of low energy pions. The

construction and operation of the target and the



compensator design was carried out by the author. The
initial design of the farget was carried out in

collaboration with Dr. W. Hogg. Chapter IV describes

twvo methods of detecting x* pesons, one by a time of flight
method and the other by a delayed coincidence technique.

The construction and testing of the time of flight

telescope were carried out by the authob and the experiment
was performed in collaboration with Drs. G.M. Lewis and

R.E. Azuma. Preliminary tests on the délayed coincidence
technique, previously developed by Drs. G.M. Lewis and R.E,
Azuma were carried ocut by the author using a thin polythene
target.  Chapter V contains a description of the threshold
meson experiment which provides the most accurate information
showing the non-linear threshold enefgy deopendence of the
cross-section. The author was responsible for the operation
of the liquid hydrogen target during the c¢omplete experiment
which was of three wecks duratidn,while the operation,
nonltoring and collection of the experimental data was shared
with Drs. G.H. Lewis, R.E. Azuma and Mr D. Leith. The
analysis of the results have been evaluated iﬁdepandently

by the author. The thesis concludes with a discussion of
the present state of the knowledge in the field of low
energy pilon physics.

The author is deeply indebted to his supervisor,

:# The electronic and counting arrangements described
in Section III, Chapter IV, and used in the work of
Chapter V, were provided in the main by Dr. G.li. Lewis
in association with Dr. R.E. Azuma,



Dr. G.M. Lewis, for his stimulating interest and encourage=
ment at all times, and is grateful to br. R.E. Azuma for
his contribution at different stages in thié‘work. The
author wishes to thank Dr. ﬁ. liogg and Mr. D. Leith for
helpful discussion. Sincere thanks are also due to
Miss E., Muldoon for her valuable help at all stages of
this work. The author expresses his gratitude to
Professor P.I, Dee, F,R.S., for his interest in this
work, and Dr, W. McFarlane and the synchrotron crew for
providing an excellent beam during all the machine
experiments. Finally the author thanks the Ministry of
Education, N. Ireland and the University of Glasgow for

grants held during the course of this work,



CHAPTER X
l. Introduction

The investigation of pi-mesons and their interactions
is of fundamental importance to the understanding of
nuclear phenomena. For example, one thinks of nuclear
forces as resulting principally from the interchange of
pions between nuclear particles. The pi-~meson exists
in three basic forms, the neutral TT°. which decays into

: -+
16 sec.) and the charged T which

twvo photons ( 2,10"
subsequently decay into a }trmeson (2.5 x 10-8 Bsec. ).
Because of the basic nature of nucleons, i.e. protons and
noutroné, their interaction with pioﬁa is of particular
significance. |

Tho.improvement of the quantity and quality of the
knowledge obtained from plon experiments will‘aid the
theoretical interpretation of the processes involved,
Eventually it is hoped that sufficient data will be
available, so that an accurate check can be made on any
proposed theory describing the pion-nucleon interaction
and its associated phenomena.,

One important class of pion experiments is the

production of pions from nucleons by T-rays. The first

evidence of this process was given by McMillan et al (1949)



at Berkeley, where the first experiments were later
cérried out by Steinberger and Eiahop‘(lgsoi-on the
baglic interaction o

| Y + p-—%vﬂ* + N
Since that time extensive experimentaltstudiés have -
been performed in the field of photop&oductioh. and while
the main features are now underafood. thereo ére ati11
some details to be investigated in the ”classicai pion*
region, which corresponds to pi-mesons produced~by photons
of energy up to 40O MeV. Without doubt. among the most
outstanding problems in this region in recent years is
that of the ﬁ+ photoproduction from hydrogen near
threshold, in explaining the apparent incon#i#tency
among threshold pion phenomena. An accuraﬁe}series of
experimental measurements of these croaa-aectiona}noar

threshold forms the main material of this theaia.l

2, Theoreticél CQnsidératioﬁa
Low energy pion physics, although only téﬂ yéara
old, haa.grown into a field of éonaiderable éizé.
During this time, the theoretical approaéh to thié
subject has become mdre and more refined as new techniques

became available, analogous in many ways to the improvement



in experimental data. The pertinent experimental.
information, which is required by the theoriat~to
determine the validity of his theory are the shape and
the location of resonances in the excitatioh fﬁnction of
the reaction, the angular distribution, and the comparison
of the production rate of the various competing reactions,
Because of the success of weak coupling theory in
explaining clectromagnetic radiation processes, a weak
coupling approach was used in the early theoretical work
based on the Yukawa assumption, This assumption statean
that except for obvious differences in the mass, charge,
spin and coupling strength, the pi-meson plays a role
with respect to the nucleon, which is analagous to that
played by the photon with respect to the electron, It
is then assumed that in the !lamiltonian of the system,
the part corresponding to free particles will be much
larger than the term descridbing the interaction, This
interaction term can thareforé be considered as a small
perturbation in the Hamiltonian, and the usual.
perturbationlexpansion methods employed. \This thoory
has ﬁeen traafed by Marshak (1952) who showé& thé£ the
theory gnvé poor agreenment wifh experiment, | It failed

to give the observed shape of the angular distribution,



and gave qualitative asgreement in the low energy region
oaly. - | |

The strong coupling approach, in which pions and
nucleons were treated classically aasﬁmed that the
nucleon interacted very strongly with the pion field.
This treatment was undertaken by Brueckner amnd Case
(1951), watson (1952) and Brueckner and Watson (1952).
The agreement with experiment was poor however, because
the coupling between the pions and the nucleons was not
strong enough to allow this approach. The very strong
coupling and the very weak coupling theoretical treatments
were therefore both incpmpatible with experimental
information, but provided a good basis on which to build
moderatﬁly strong and weak coupling theoriesa, which
provided very good agreement with experiment,as will be
soen later, |

A very fund&ﬁental approach to an understanding of
expefimental data was the phenomenological one, in which
an appeal is méda'té the basic laws of physiés.
e.g. conservation of angular momentum, parity and
isotopic spin (X). In the enorgy region under
consideration, an analyasis of the photnproductioﬁ data

is possible in terms of § and P waves with a small




admixture of D waves by considering the incoming photon
aavaAmu;tipole expansion of the amplitudes for Yeray
absorption. This treatment wus considered by Feld
(1953) and since it gives valid conclusions, vhich are
based only on the pseudoscalar nature of the pion
independent of any meson theory, the results of his
predicted ungular and momentum depondence are shown in
table (1). Feld pointed out that W(®), the angular
distribution of the pion with respect to the incident
direction of the Yeray, depends only on 7J andlbx s where

J is the total angular momentum of the system and Lxﬂ
is the order of the radiation. The pion momentum
dependence 13 only reliable near threshold..and will be
compared with experimental results in Chapter IIX.

In particular, if only S and P waves contribute to

the photoproduction amplitude, then it 18 possible to
analyse the plon angular distributions in the form

iﬁ;'== A+ Bew® + Ccontd

vwhere @ is the angle between the meson and the photon
in the centre-of-mass co-ordinates, and B, B and ¢ are
complex quantities expressed in terms of tho electric

- and magnetic multipoles. In general, the crosas=-section



Tablo 1.

y Ray . Inter- | lof | W(0) mw-Momen-
Absorbed mediate |Meson tum
State : Dependence
Mag. dipole }+ 1 P; | constant p3
Mag. dipole 3+ 1 Py |2 4 3sin? @ p’
Elect. dip?le 1 — 0 S1 | constant P
Elect. dipole e 2 - D: |2 + 3sin? @ Pt )
}'.Eact. quadrupole 3 4 1 Py Al + cost @ p3
Elect. quadrupole 2+ 3 Fy |1 4+ 6cos?@ — 5cost ¢ p?




is now given in terms of several adjustable paramoters,
which can in fact be reduced or simplified by considering
a simple model, and the results compared with experizent.
Following the success of the applicatibn of charge
indopoendence to pion-nucleon scattering, Watson (1954)
and Gell=-lann and Watson (1954) considercd a model for
photoproduction based on three fundamental assumptionsi-
(1) range of interaction botween nuoleon and the
plon 4s liumitaed.
(2) charze independence is valid, i.e. Isotopic
spin is conserved.
(3) The state (I-* X:¥=%. L=l) hereafter roferreod
to as the (¥, X) state of the pion-nucleon
systen is one of strong interaction.
The authors analysed their results in terms of o sat of
scattering phase shifte which had been proved by Vatson to
be related to the complox nngular distribution coefficients.,
A brief survey of the situation at the end of 1954
shows that the theory 1is in agreement with the broad
general features of the experimental mnalysis as prosented
in fig.1 for =’ production. There was a maximum in the
cross-section for x' production frort hydrogen at EY ~ 320

MoV due to the strongly interacting (71' Z) state of the
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pion-nucleon system. This resonant behaviour was also
exhibited by the 171° crossesection. The angular
distributions all showed anisotropy at the higher Y-ray
energiesa, which was reversed at approximately 320 MeV
due to the B coefficient changing sign. The angular
distribution near threshold was almost isotropic, and
the cross-~section showed the F depgndence indicating
that the pion was emitted into an S-state., There was
however a lack of information at very forward'and very
backward angles in the angular distributions, and also in
the differential cross-section near threshold, which did
not permit any direct comparison with theory,

-The biggest step forward in the theoretical
understanding of pion photoproduction was provided by
Chew and Low (1956) in their static or "cut-off" theory.
This none-relativistic model, based on the Yukawa hypothesis
was derived from earlier models of Chew (1954%) and Low
(1954). One of the disadvantages in ovaluating the local
form of the Yukawa theory was that virtual nucleon=-
antinucleon pairs were formed in great abundance, In
the "“cut-off" theory, Chew and Low removed these
complications altogether by introducing a non-local

form of interaction and smearing out the region of the



pione-nucleon interaction, This introduction of & finite
- 8izoe of source was equivelent to a cut-off in the
emergent meson momentum, Essentially Chew and Low
removed the unphysical ambiguities, similar to those in
the perturbation weak coupling approach by replacing the
point source of fhe prion=-nucleon interagtian with a
sourco of finite oxtent, The theory therefore contained
only two constants, the pion-nucleon coupling constant
and the maximum meson momentum,and was stated to be
accurate to approxinately 15%.

The final expression for the photoproduction
amplitude contained a term due to the direct interaction

of the photon with the meson cloud given by

u:A\-_y”&

j:}ﬁrﬁ dT & £ 9.'-(4\-]!)

where the J'_S and _(_; are the photon momentum and polarisation,
Y and w are tho momentum and energy of the pion, and o

is the nuclear spin. The effect of this retardation or

photoelectric term was most easily seen at forward angles,
producing an abrupt flattening of the angular distribution

for photon energies not too near threshold, This

deviation from the previous quadratic in cos © (cf., fig.l)




was experimentally verified by Malmberg and Ilobinson
(1958), Uretsky et al (1958) and Lazarus and Panofsky
(1959), and 1s clearly shown in fig.(2). The cuteoff
model was therefore the first successful theory in
photoproduction, in that it made & definite contribution
which had not been previously measured, and gave a
semi~quantitative fit to the experimental data up to

the (%' %) resgonance. Chew (1955) has written a very
good review of this static theory,

Following the success of the non-relativistic
Yukawa interaction, the obvious consequence was to
examine the possibilities of deriving a completely
relativistic pion theory. An attempt was made to
deduce certain functional properties froé the Yukawa
scattering matrix derived by Low (1955). and modified
by Goldberger (1955). This was motivated by the desire
to generalise dispersion relations, which had been known
in electromagnetic theory for many years, so as to
includo the forward scattering of particles with mass.,
It turned out in fact that there was a plausible and
unique method to generalise dispersion relations, and
their application to the problem of pion photoproduction

was presented in the now famous paper of Chew, Goldberger,



22
18-
:S b
S
% 14
Y
|
e L
O
Q
S
5 10
E
E,=290Mev
ek
2~
T I Y RS I T S
0 40 * 80 120 160

G (Center of mass)

Ti1,2., Differential cross-scction for x* photoproduction
from hydrogen showing abrupt flattenirng at forward

anglos due %o rotardaticn torn,



- 10 »

Low and Nambu (1937).

At that time there was no actual'pfoof §f the
validity of the dispersion relatlions fér photoproduction,
but since then a rigorous proof of their exact derivation
has been given by Oehme and Taylor (1959) uaing fhe
general gxioms of field theory. It would therefore
appear that all the information contained in thequkawa
approach is also contained in the dispersion relations,
wvhen these are supplemented by unitarify. The
condition for unitarity for photoproduction requires
the phase of an smplitude leading to an outgoing plone
nucleon state of definite angular momentum,isotopic
‘spin and parity to be the same as the phase of the pion-
nucleon scattering amplitude leading to the same final
state, as given by Watson (1954). It was then possible
to project out dispersion relations for individual
multipole amplitudes, which depended only on the single
energy variable v, the tot#l energy in the centre~of~mass
systenm, |

The information obtained from the fixed momentun
transfer d;ape;sion relation was not very different from
the results obtained by the cut~off theory,!exceﬁt that

the overall accuracy was improved ( 10%). The dispersion



o 1]l -

relation pion theory stands on a much firmer footing than
the intuitive cut-off theory, and all the equations of

the lattexr model can be obtained as approximations of the
dispersion theory. Dispersion relations have been applied
to pion photoproduction using slightly different techniques
by Gartenhaus et al. {1959), in the hope of improving

the overall accuracy of Chew's results without success.
Hence the overall agreement between experiment and theory
is now fairly good in the classical pion region, although
some snall dilscrepancies still remain.

The single dispersion relations have however been
recently replaced by the so=called double dispersion
relations, conjectured by Mandelstam (1958) in connection.
with pione-nucleon scattering. The Mandelstam reprosentationwf
provides a method for extending scattering amplitudes into
the complex plane for both the energy and momentum variables
in contrast to just the energy variable in single dispersion
relations. This representation has necessitated the
introduction of the pion-pion interaction into the
pion-nucleon problem, and already experimental evidence
of this pion-pion interaction has been reported (Anderson
et al., 1961).

The application of the Mandelstam representation



to the photoproduction of 1T+ mesons has bgen carried
out in detail bf Ball (1960). He found ehat the results
of Chew, Low, Goldberger aﬁd Nambu remained practically
unghanged. The influence of a possible plion=pion
;ntefaction inkphotoproduction pfocessea has glso been
examined by Tollis et al (1960), who indicated that the
theoretical predictions of the -’ ﬂ?GT* ratio could be
brought into better agreement with experiment in the
region well above threshold by including the p;on-pion
interaction. The results obtained by Ball have been
confirmed by Gourdin, Lurie and Martin (1960),

The Mandelstam representation is now believed by
many theorists to have replaced the existing framework of
conventional field theory, and can now be used as a
starting peint to investigate the problem of astrong
interactions. The theory in itself will not be complote
until it is understood how to handle more than two
particle systems, which at present.limits this method.

It 1is believed however that a further understanding of
the pion-pion problem will be required before any further

progross c¢an be made in the pilon-nucleon theory.
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3 Pion Thresghold Phenomena

In recent years, much experimental and theoretical
attention has begn directed to the examination of pilon
physics at low energies near the threshold of the various
processes, This interest has‘been motivated by the large
amount of information which can be derived in fhe low
energy limit, Since this low energy région is very
sensitive to any attempted refinements of the theory,
accurate experimental information 1s obviougly of the
utmost importance.

The first attempt at a coherent interpretation of

the energy dependence near threshold of the procoss

X +P —7 T am

was given by Deneventano et al (1956) based largely on
their own experimental results. They derived the
conventional expression for the differential cross-

section

dWL

&L

(i‘f) = yw La2+a,,*me+a,:e'¢;‘e]
t. .
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where q = pion momentum
w = total pion energy ‘ '
all in the centre-
AR = photon energy
of-mass system,
M = pion rest mass

M = nucleon rest mass

Terms higher than cos” g have been noglected;{ﬁhich wvas
in agreement with the parabolic shape of their angular
distribution, and was consistent with the assumption
that only S and P waves contributed in the final state,
If cos © = 90° in the centre~of-mass system, then the

above expression can be rewritten

Qs = (l"’ &.*)L oo T
i) ()
?/w c.™m.

Q: is therefore a direct measurement of the cross-soction,
if the measurements arc made at 90o in the centre-~of-mass
syastem,

Figure (3) shows tho experimental results obtained
by Beneventano et al for <ﬁ: versus ET' the Y«ray energy
in the laboratory. A straight line extrapolation to

-+
threshold, substantiated by the measurement of A, by
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Leiss, Penner and Robinson (1955) gave a value
. -30. 2 |
ao(threshold) = 14,8 * 0,2,10 “"em”/ster.

As was first pointed out by Fermi (1952), a basic
counection exists between the experimental perameters of
low energy pion physics. The pertinent measurenents
argte

(1) The Panofsky Ratio P = o (M +p-> me+m)

(T +p % ¥an)

obtained by allowing negative pions to stop in hydrogen.
The reaction takes place from an S gtate, and the pions
are slightly below zero kinetic ensergy

(2) The charge exchange transition rate
a(nm +p —> 7%+ rw) |

measured at low 1~ energies and extrapolated to zero

giving

D= di- U3 = i~ 3

v
where {, and (3 are the S-wave scattering phase shifts,
corresponding to isotopic spin states T =» % and T = 3

11/ is tho pion momentum in the centre of mass,
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(3) The transition rate
o (¥+ P> wrem)

measured at low energies and extrapolated to threshold

(4) The ratio R = o (¥+m > w™+p) |

T (*""P'*?\'T*-l—m) ™

which can in principle be obtained from the experimentally
observed T /gt ratio in deuterium.

The connection between these various perameters is
clearly illustrated in fig.{4),from which it can be sesn
that it is possible to arrive at the product PAR
by two independent routes. Unfortunately neither of
these two routes are direct, as extrapolations are
necessary along the way.

Deneventano et al took the current value of P = 1,.,2%,
and a value of R = 1.87 * 0,13 obtained from deuterium

to glive

PAR(¥) = 2343 0o kb

This value therefore compared favourably with the value of

PXR(T) = 264 % 03
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when they assumed their value of o, at threshold, and
the current value of O = 0,27 * 0,03 given by Lederman
(1956). It was remarked by the anthofa that fheir
exporimental value of 1.87 was not in agreement with the
theoretical value of 1.4 predicted by threshold thecorems
(Kroll and Ruderman, 1954), but the higher value was in
agreement with the other threshold pion'pefametars.

The derivation of R from the measuredv‘ﬂ-/n* ratio
in deuterium has been calculated by Daldin (1958), who
obtained a value of R = 1.4, when the nuclear and
coulomb interactions are taken into account, The -
value of 1987, extrapolated by Beneventano et al from the
deuterium.measurements was shown to be consistent with
this new calculated value of R. Experimental evidence
for the validity of Baldin's calculations has been
provided by Adamovich et al (1958) using photographic
emulsions loaded with deuterium. By comparing their T
results with the T results of Deneventano, they obtained
a ratio R = 1,3 ¢ 0.1k, More rocently ﬁowever.
Adamovich et al (1960) have carried out a complete set of
measurcments on the photoproduction of positive and
negative pions from hydrogen and deuterium respectively,

and they derived a value R = 1,3 T 0,15 in agreemént
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with the previqus ratio, This latter experiment was
~ necessary bopause of the difficulty of comparing
measu;ementa carried out in different 1gboratories
using different beam monitors,

If therefore the value of R was taken as 1,3, then

PAR ) = b2

wvhich wvas in definite disagreement with the value
PR R (D) = 2.6k 2o

In order to remove this digcrepancy, the following
steps can be taken:
(1) Raise the value of P « obtained directly
from experiment,
(2) Adjust R - obtained indirectly from deuterium
measureménts.
(3) Docrease N\ = extrapolated from experiment.
(3) Raise @) <« extrapolated from experiment.,
(5) Introduce a new particle, the 1S |
The last proposal, thé introduction of a new particle
was put forward by Baldin (1958), who assumed that the

discrepancy wvas real. Hle thereforo concluded that the

T1° particle measured in the Panofsky ratio determination
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wag in fact a TT: s 1.¢. a neutral pseudoscalar mason
of isotopic spin equal to zero. Cassels et al (1959)
have excludad thelpossibility of‘the production of two
neutral pions by a precise measurement of the angular.
distribution of the two photons emitted in the Panofeky
reaction. The existence of the [, was also refuted by
a more direct experiment performed by Akimov (1959),

wvho gtudied the reaction
e L
D +D — 1, + He

which would be permitted by the charge independence
principle.,

The value of the Panofsky ratio has increased from
the original value quoted by Beneventano et al, but this
was not sufficient to remove the discrepancy. The value
of N\ at threshold was derived by Orear (1956), who
assumed that d) and W3 were constant at low energies,
end therefore made a linear extrapolation to threshold.,
Cini et al (1958) pointed out however, that the value
of [\ is energy dependent and hence nuast vanish at zero
pion energy. A value of /A = 0.24,which was 10% lower
than the previous value was obtained, using an S wave

effective range approximatien based on dispersion relations.
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The discrepancy in the pion threshold inter-
dépendent system was renoved by Gini.et;allinthe same
publicatioﬁ b& raising the value of Al ., They pointed
out that the preQious analysis by Beneventano et al did

not take into account the direct photo-meson interaction
C-(R-9)E.Y
wh = V.K

and dispersion relation theories, This term contains

term mentioned earlier in thovcut-off

the factor (1-f cos 9)2 in the denominator, and
therefore makes a contribution to all partial waves,
This has the prOpefty that at ET = 170 leV it provides e
fairly large contribution to the S~wave amplitude, but
goes to zZero at threshold, The experimental evidence
for this ternm was given in fig.(2) by the abrupt
flattening of the angular distribution at forward
angles,

The importance of the direct interaction term was
also pointed out by Moravesik (1956), who concluded that
the angular distribution should be written in tho‘form
(‘-'pme)‘g& = K[A+Buwb+ Ccro’® + Dundg +E wote]
vhere K is a kinematical factor, The energy dependence
of Cl: determined by Cini et al using single dispersion

relations is reproduced in fig.(5) showing the rising
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trend towardg threshold, when the retardation term 1is
included.‘ It is worth pointing ont here that the
originnl weak and strong coupling theories.both included
this retardation term (cf. Marshak, 1952), andltherofore
would have given the correct energy dependence near
threshold.

The value of (b: at threshold obtained fron
dispersion relations of 20 Mb /sterg can be combined

with the value of Q..a 0.24 to give
PAR(?) = 1852 02
in good agreement with
P AR (¥) = 1-45

It must be pointed out that the argument is 5t;11 very
dependent on the various perameters employed. in
pafticular. the dgrivation of R was based on a somewhat
Aprecarious analysia of the photoproduction from
deuterium. An experiment which would in fact measure
the energy dependence of the n* cross~section from
hydrogen in the threshold region was therefore of viﬁal

interest for. the following reasonsi=



(1) There did not then exist an overall set of
measurements in the threshold region.

(2) Any pnﬁlished measurements which did exist
(1958) were in complete disagreement with the
energy dependence predicted by single
dispersion relations.

(3) A diroct determination of ,ﬁL - thé pion-
nucleon coupling constant,

(4) Further evidence for the introduction of the
photo-pion interaction term.

(5) A concrete contribution to the relationship

betwveen the low onergy pion perameters,

An examination of the exporimental measurements and results
obtained in the threshold region are given in the next

chapter,



- 23 -

CHAPTER _II

Previous Experimental Results

l. General Behaviour

A study of the behaviour of pions produced in the

process
Y +p— x* +n

requires a measurement of the angle and energy of the
emitted pion, Lecause of the continuous energy‘distribution
of the bremsstrahlung bean. As the Compton Qlectron
end pair production cross-sections are of the order of
10723 cmz/ster compared with the 11* cross-section of
«410-29 cmzfster. 1t is5 neccssary to select the pions
from a large electron and Yeray background, especially
at forward angles. Unfortunately however, the kinematics
of the abovo reaction necessitato forward angle measure=-
ments to study the low energy region near threshold,
Further, since the 11* cross~section falls off rapidly
towards threshold, and the pions have very little
kinetic energy, very few measurements have been made in
this region, as can be seen from table 2 vhere all the
relevant previous experimental work has been tabulated.

From this table, it can be seen that the determination

of the pion involves the measurement of at least two
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characteristic properties of the charged particle. In
general, the magnetic spectrometer utilises the

momentum and the range properties of the particle,

wvhile the scintillation counter and photographic emulsion
employ the energy or range of the particle and the
characteristic ' Wyt decay,

The early experimental results in the higher region
were not very accurate, mainly due to the poor counting
rato. They were oll consistent however, in,that there
vas general agreement on the shape of the totél'cross-
section showing the pronounced (%_ 'z) reaoﬁance at
approximately 300 MeV in accord with a2 strong Pewave
rion-nucleon interaction. The angular distributions
2ll showed the anisotropy with more pions emitted in the
backward hemisphere than in the forward hemisphere
(cf, Bethe and De Hotfman, 1955 and figz.l) which was
reversed beyond 320 lMeV, as stated previously.

There was disagreement among the results of the
varioué;lahoratories‘in the measured values of the
total cross-sections, which was mainly due to the
uncertainty in the absolute calibration of the Y~-ray
beam monitoring systems; However:the,experimenta

performed at the California Institute of Technoloegy



using two diffarept dgtection techniques were in disagree-
ment by as much as 15% in the energy regioh‘where they
overlap. The scintillation telescope data was subject
to large corrections for nuclesar absorption in the
ebsorbers at high energies (50% for 100 MeV pions) and
the magret data required‘large cerrections for decay in
flight at lower energies (60% for 20 MeV pions in a

1.5 metre flight peth), The disagreement between the
experiments was therefore not surprising, when all the
uncertainties in the range and'scattering corrections
ctc. wvore taken into account.

I'rori the above considerations, it is obvious that
nagnetic spectrometer techniques in their present form
are  inadequate for accurate detection of low energy pions,
The photographic emulsion and the scintillation countery
therefore provided ihe nost promising method of detecting
low energy plons., DBoth of these methods have been
extensively used in previous threéhold measurémonts.
which are considered in some detail in the next‘aection

of this chapter.

24 Experiments Near Threshold

.Desplte the impact on low energy pion physics



introduced by Beneventano et al, it must be remembered
that theilr experimentvin it#elf was not the main cause
of the inconsistency. but rather the extrapélation.'
which was in fact diroctly substantiated by the experiment
of Leiss, Penner and Nobinson (1955). The experiment
introduced a new degree'of refinement inte the
rieasurenents of the field of photoproductidn of charged
pions,and provided a statistical accuracy of approximately
Beneventano et al detected the positive pions by
neans of nuclear pellicles immersed in blocks of enmulsion.
The pions werekproduced in a 1,25 im. diameter thin brasse
walled target,around which the emulsions were placed at
angles of b5°. 750, 105o and 1500. | It was therefore
possible to obtain a complete angular distribution in
the one exposure. Fig.(6) shows the angular distributions
for different Y-ray energies and the plot of Qz versus
EY‘ The scanning efficiency was reported to be around
99% and never less than 97%. The authors considered all
poassible corrections including decay in flight, nuclear
interaction of the pilons before coming to rest, background
from target wallé and edge effects of the pellicles.

It is therefore very difficult to offor any reasons vhy
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their results are~not in agreement with theory, and
‘the only valid criticism which can be nade was their
attempt to extrdpolate ffom 170 MeV to threshold,

The experiment carried out by Leiss, Peaner and
Robinson provided a determination of the differential
cross-section at a Yeray energy of 155 MeV which was
and still remains the value of Og nearest to threshold.
The exporiment 1tself was a novel one and the technique
employed for detecting the lowest energy pions was
quite ingenious.

A 1liquid hydrogen target was surrounded Ly a hollow
carbon cylinder 6 in. in diameter with 0.5 W walls to
stop most nresons produced by Yerays of less than 185 MeV,
as shown in fig.7. The duration of the Y-ray beam was
very short, ~ 2 psec, permitting the detection of the
positrons from the TI"*ut> 2% in a triple coincidence
scintillation telescope, By varying the betatron energy
in 2 MeV steps from 140200 MeV, tho activation cross=-
section at 155 MeV was evaluated. The background counting
rate from positrons produced by pair formation was
obtained froﬁ the counting rate measured below threshold.

The derivation of the crosse-section involved an

exact knowledge of the shape of the energy spectrun in
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the reglion of the bremsstrahlung end-point, which they
computed from the theoretical Bathe;neitler fornula.

The cross-section was then corroéted for the.counting
efficliency, which wés calculated from the fractién of
mesons-whichrstcp in thé hydrogeﬁ target or'in fhe carbon,
the solid angle of the counters,and the fraction of
positrons emitted iﬁrthe direction of the feleséope.
wvhiich are in fact counted. The authors claimed that
tha calcﬁlated efficlency was accurate to less than 10%.
and their results were also in agreement with those of
Deneventano et al.civing the lineax extrapolation of QZ
to zero.

The result of Leiss et al was retracted and the same
experimental data was re-analysed by Leiss and P'enner
(1959), who obtainod a value of 20.10-30 cmg/atar.in
130

contrast with their previous value of 15,10 cmzfsten.
a change of ~30%. This result was obtained by applying
corraections for a more accurate p+ epectrum, corrected
betatron energy scale, better beam calibration and a
correction for positron annihilation in flight in the
counter telescope. This statement obviously réfntes

thelr previous claims of a calculated efficiency accurate

to less than 10% and throws suspicion on their new
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determination of Qz s even though it is in ogreement
with dispersion relations.

Barbaro, Goldwassezr and CarlsoneLeo have_obtained
values of Q% at 160 and 219 MoV Y-ray onergy. The
values wore

a * (160 1ev) = 18.9 * 1.2 x 10770 ca®/ster.

aof (219 MoV) = 16,0 0.62 x 10"3°em2/ster.
Ho detaila of this coxperiment have been published, but
as the experiment was done at Illinois using nuclear
emulsions, it can Le assunwed to closely rosemble tha
experiment of Deneventano et ul. The value of oz
was in agreecnecent with the rising trend predicted by
digspersion relations, but one point is not eiough to
show the energy dependence,nor does it provide the
necessary information for a threshold extrapolation.
However, it did indicate that the Deneventano linear
gxtrapolation was net valid.

Thoe most complete experiment in the threshold
reglion from 153 to 175 MeV was performed by Adamovich
et al (1960) using the nuclecar emulsion tcchnique. The
experimental procedure involved three separate methods
corresponding to three Yeray cnergy intervals, The

cross-soction was neasured in the interval 153-161 MeV
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by simultaneous irradiation of thin polythene and carbon
targets, and the pions were detected'at angles of 60°

and 120° with nuclear emulsions. The experiment was
feasible in this energy region, because the Coulomb field
inside the carbon nucleus inhibits the preduction of low
energy 'n”'mosons. The cross-section was then derived
by a CHZ—O subtraction.

Tﬂe pions produced in a liquid hydrogen target: by
Yerays of energy 160«165 MeV were detected by inserting the
enulsions into the target vacuum chamber, at an angle of
78° to the Yeray bean. The cross-section for the
maximum energy Yeray interval was measured by placing the
nuclear emulsions right in the liquid hydrogen, at a
distance of 2 cm from the axis of the photon beam, thus
increasing the pion counting rate. The thin solid target
nethod was necessary because the low cnergy mesons could
not escape from the liquid target.

The results of the experiment are illustrated in
fig.(8), where the units differ from those given
previously by a factor of =x. The statistical accuracy
of the experiment however wes not sufficient to indicate
the rising trend of QI towards threshold. The authors

claimed that the comparison of their results with those
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of Deneventano et al at higher energies showed that the
experimental values of s was increasing towards threshold.
This is however not a very reliable procedure because of
the variation in absdlute beam monitoring calibrations
among the various laboratories. Indeed 1? was stated
recently by Goldwasser (1960) that the results of
Beneventano et al should be raised by 10% because of

errors in the beam monitoring which therefore nullifies

the previous cla%m.

The first experiment using the scintillation counter
technique for the direct detection of low energy positive
pions from photoproduction was that of Janes and Kraushaar
(1954), Using = CH,=C subtraction, they were able to
detect IO‘MeV pione at a laboratory angle of 90° to the
direction of the T-ray beam, corresponding to a Yeray
energy of 168 MeV. The method utilised the fast T '-7iL’
decay to separate the poaitivo pions, similar to the
detection method used in this experiment. The error on
the lowest energy experimental oross-section was of the
order of 50%, end it was difficult to compare their
data with other experimental results as the absolute
calibration of their synchrotron beam was uncertain by

a factor of two. They did provide the first experimental



evidence of the approximate linear dependence of the
cross-section with pion momentum, consistent with the
aessumption that only Sewave pion emission was important
for photon energies up to 200 MeV, as shown by the Feld
scheme in table 1,

The direct detection of low energy pions ualng tho
scintillation counter technique was developed further by
Lewis and Azuma (1959). They measured the T[T cross~
section from protons in the Yeray interval 165-190 MoV
using thin polythene and carbon targets. The
statistical accuracy of their results did not provide
any conclusive evidence as to thae energy dependence of cﬂg
but the method did show that 1§ was feasible to detect
positive pions down to 5 HeV, The scintillation counter
is therefore couparable with the photograﬁhic conulslions
as a lowv energy pion detector,

An overall picture of the available experimental
information on the photoproduction of poeitive pilons
from hydrogen as presented by Bernardini (1959) is given
in £1g3{9). It can be seen that there was not a complete
set of measurements in the photon enexrgy range from
threshold up to 200 MeV, which indicated the energy

dependence of the nﬁ'cross~section. The difficulty
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of comparing the results from different loboratories has
been amply i1llustrated, emphasizing the importance of a
complete set of measurements of the Tr+ cross-scction
from hydrogen in the energy region from threshold up

to 200 MeV,

3 Present Ixperiment

Consider an ideal experiment in which there is a
large number of quanta available for pion production,
The proton target could then consist of a thin film of
liquid hydrogen which would not disturb the pion once
it was createds The particle detector would only be
sensitive to positive pions and would be located plose
to the hydrogen target at a very small angle to the
Y=ray beam direction, By this method it would then be
possible to measure the energy dependence directly down
to threshold, Obviously such an experiment is out of the
question at the present time, but it does provide a
fundamental approach on which to design a threshold
expoeriment.

In the present experiment, a thin-walled flat
target was exposed to the 250 MeV bremsstrahlung beam of

the Glasgow electron synchrotron. Pions in the energy
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range from 6 to 40 MoV were dotected by a counter
telescope placed at an angle of 58° to the Yeray beam.
The counter telescope consisted of two counters, a thin
front counter and a second main counter in which the pions
were brought to reat and detected by their charagteristic
Tr+;q uf decay. Further separation of the picns fron
the electron and Y-ray background was provided by %ﬁ and E
pulse height selection measuremente in the thin and main
counters. Pions in the highor energy region were studied
by placing a copper absorber between the two counters.
This onabled the energy dependence of the cross~section
to be studied in the Y-ray interval from 160 to 195 MeV,
which according to the dispersion theory should show a
variation in the value of a: by ~ 20%, A description
of the liquid hydrogen target and the pion detection

system are given in the next two chapters,
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CHAPTER III
Liquid llydrogon Target

1. Introduction

In all branches of high energy nuclear physics,
involving a study of the free proton, solid CHZ targets
provide the simplest source of ﬁrotons. The crogs=-
section from hydregen is obtained by performing a sccond
experiment with a carbon target and carrying out a straight
forward subtraction, This type of target has advantages
over a liquid hydrogen target in that it 1s well defined
ceometrically and the experimental effort i1s greatly
reduced,

In a thresholad éxperiment however, when the pions
have very little penetrating power, the target must be
very thin to avoid absorption and scattering of the
cmerging TT*stons. Long oxperimental runs are
therefore required to provide a statistical accuracy of

5%, and unless the polythene and ¢arbon runs are
performed simultaneously e.g. Adamovich (1960), the
targets should be interchanged repeatedly to avoid any
error in instabilities of the aynchrdtron or the detection
system, Further, the background of electrons and Y-rays

from this s0lid target is a source of embarrassment at
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forward angles for an? detector of loy energy pions,
Figures (10a) and (10b) illustrate the angularz
distribution of the electrons and Yerays from paif
production and Compton effect reapectively. Since the
Compton process has a 2 dependence, and the pair production
has a 22 dependence, the carbon provideg & very large
proportion of the total background. The solid target

has the further disadvantage that it produces a large

flux of protﬁns from the photo«disintegration of carbon

(~ 10 pb/ster).

High pressure hydrogen gas targets have been used
extensively in the photoproduction of pions frpm hydrogen
(White et al 1952, Walker et al 1955). They readily
satisfy the condition of small energy degradation and
scattering of the reaction products, but a substantial
background is produced in the thick pressure windows,
The targets are generally of large dimensiops. gnd
therefore cannot be used with scintillation counters
because of the lack of angular reaolution.' ThisA
difficulty has been overcome by placing photographic
emulsions inside the pressure vessel (Kirk 1961).,
Nuclear emulsions have been irradiated with Yerays, the

enmulsion providing both the target and the detector
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(Adamovich, 1958), but the method has been mainlj
confined to TI star measurements in emulsions loaded
with deuterium. |
| The liquid hydrogen target has the advaﬁtage over
the solid target that long background runs are not
generally required and the background from the liquid
hydrogen is very much reduced, For the liquid hydrogen
target to retain thia advantage and exhibit a better
overall performance, it must satisfy the following
spocificationte
(1) The walls of the target chambdbor must be thin
to laet the pions escape, and of low Z material
to reduce the background as much as possible,
(2) The target must be parallel-sided and remain
uniform in thickness throughout the experiment,
(3) Small angle pion scattering from the walls of
the target chamber must be avoided,
(4) The distance from the target to the pion
detector must be as short as possible.
(5) The target should accept the total Yeray flux
to avoid any uncertainty in the bean profile,
A liquld hydrogen target was designed to meet these

requirenments,
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24 Doseription of Hydrogen Target
The design of the liquid hydrogen target from the

praétical poiht éf view is to keep the loss rates of the

liquified‘gésﬁs in fha system as low as‘poaeible. and to

facilitaﬁe ease in assembling. Thé target'waa thorefore

construéted in two separate aectiohs. as shown in fig.1ll,

which is a scale drawing of the complete target assembly.
The liquid hydrogen target A was enclosed in a liquid

hydrogen cryostat similar in design to thatrof Whalin

and Ritz (1955) and Bellamy et al (1960), The liquid

hydrogen refrigerant at atmospheric pressure was contained

in the hydrogen reservoir, which comprised a copper

cylinder 19 in in length, 3.5 in in diameter and three

litres in voluma.' This reservoir was auppbrted from

" a brass plate (fig.12) by four copper-nickel (1ow

conductivity) tubes, three of 3 mm diameter and‘one of

12 mm diameter; the latter provideﬁ the 1ﬁlet tube to

the liquid hydrogen reservoir, Thqso four tubes were

thermally anchored to the liquid nitrogen reservoir by

an intermediate bridge, which 1ncréaaed substantially

the temperature gradient between th;s bridge and the

top plate at room temperature, By this method. tﬁo

heat input by conduction to the liquid hydrogen was
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reduced at the expense of the liquid nitrogen. | The
level of the 1iquid hydrogen rétrigerant was mdnitored
by‘a level indicator device which relied on the small
change in capacitance (~ 12%) of two concentric tubes
when the intervening space was filled with liquid
hydrogen or liquid hydrogen vapour, This capacitance
(-uSOpF) formed part of a tunod circuit fed from a
standard oscillator, andlthe resonant current wvas measured
through a cathode follower output.
The small target reservoir €, silver-soldered to
the bottom of the main hydrogen reservoir was connected
directly to the liquefying coils as shown 1n_figﬁre (11).
Of the two thin copper-nickel tubes running the entire
length of the reservoir, one was coupled directly to the
target slice A and the other was coupled to B, The
target reservoir and the target chamber A forﬁed a
closed system separate from fhe rmain hydrogen refrigerant,
The heat input to the hydrogen cfyostat was reduced
by a liquid nitrogen radiation ahield. The nitrogen
reservoir consisted of two concentric brass cylindera
of 5 in and 6 in externnl diameter, suspended from an
annular brass disc by three equally spaced 10 mm diameter

copper~nickel tubes, The ennular volume of the liquid
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nitrogen reservoir was 4 litres. The target radiation
shield was maintained in thermal contact with the
nitrogen reservoir by a demountable copper ring, Good
thermal conduction was ensured by inserting indium wire
between the reservoir, the copper ring and the target
radiation shield. The latter, a rectangulur aluminium
box of 0,125 in wall thickiiess was attached to a 0,125% in
copper plate, which permitted the heat input to the target
radiation chield to be casily transferred to fho liquid
nitrogen reservoir. The walls of the radiation shield,
through which the Y-ray beam and the emerging mesons
passed,were covered with 0,0006 in aluminium. Very
thin target viewing slots were cut in this aluminium’

and were covered wlth Melinex.

The conplete low temperature cryostat was enclosed
in a brass~walled vacuum jacket, connected directly by
a 2 in diemeter port vo an oil diffusioc pump, which.
maintained & vacuum of less than 1070 mm Hge L The heat
input by convection was therefore eliminated, while the
heat input through the residual gas was negligible,

The outer vacuum jacket consisted of two parts which
were Jjoined togethexr Ly a rubber "0O" ring vacuum seal,

The beam exit and entrance ports of 3.25 in dianmeter
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were located in the bottom scction of the vacuum jacket,
to which beam extension pipes, one metre in length were
attached. The c¢ounter telescope was therefore easily
shielded from the considerable background produced by
the Y-rays in the air and also in the 0,001 in Melinex
beam windows,

- A 0,003 in thick Melinex sheet, through which the
pions emerged, covered a port, which was of large
diameter (5.5 in), to avoid small anglo pion scattering
into the counter system. An additional sheet of 0,001 in
Melinex was attached.to each window of the vacuum Jacket
forming a double wall, Dry nitrogen gas was passed
through the space formed by the double wall to prevent
condensation of water vapour on the aluminium walls of
the radiaticn shield, at liguid nitrogen temporature.

If this frost was doposited on the heat shield, it
introduced a slowly increasing background amd gave a
higher liquid nitrogen loss rate due to increased
emissivity.

Fig.(13a) shows the completely detachable target
chanber, consisting of a copper annulus 5.5 in o.d.,
.25 in i.d. and 3 44 thick, on both sides of which

32
thin Yelinex sheoets were cemented with Arcldite to form
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the walls. Compression rings, as shown in tiga(lja).

were provided to keep the walls taut. Thin targat

walls satisfy one of the reéuirements previously stated,

but these walls would bulge into the vacuum space, and

therefore would not remain parallel aﬁd uniform in

thicknesas throughout the experiment. For éxaﬁﬁle.

with this present target geometry the walls would bulge

outwards by 1l.5 cm at tho centre for a pressure difference

of 1 atmosphere. In order to ensure that the target

walls remained flat under all experimental conditiona,

a speciai technique of pressure compensati@n was developed.
A Melinex #heet wag clamped to the outer sufface

of each compression ring and the enclosed space B was

filled with a nonocondenaable gas et liquid hydrogen

temperature, e.g. a helium-hydrogsn mixtura. The liguiad

hydrogen part of the target is 1ndicated by A in the

diagram, The pressure of the gas mixture in B was

always mainteined exactly equal to the vapour pressura

of the liquid hydrogen in A by a compensator, thus ensuring

that the walls remained accurately flat, The target

buige has therefore been taken ﬁp by the oﬁter-w#lls of

the helium jacket. The description of the compensator

is given in section 3.
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The complete structure was clamped together by
twvelve 4 B.A. brass screws, and_the:vaéuumléeais;were
achieved with indium wire, which has.been found go taake
an excollent vacuum scal between metal and Hélinex at
ligquid hydrogen temperature, provided that a ﬁigh
uniform pressure distributionican be perménentlf maintained.
Araldite was préferred for the vacuum seal of the liquiad
hydrogen tdrget chamber A, since the hot setting Process
helped to keep the l}elinex walls taut, -

The actual target chamber which was in operation
in the threshold experiment is 1llustrated in fig.(14).
Two 68 ohm carbon resistors, situated at thevtop and
bottom of the vertical brass tube constituted tho target
ligquid level indicator. This device depended on the
principle of the more rapid dissipation of heat from a
carbon roesistor when in the liquid than in thé vapour,
and the high temperature coefficlent of a carbon resistance
at very low temperétures. In operation the resistors
were indepcecndently connected into an external Wheatstone
bridge, the resistor in the vapour causing a rapid shift
in balance point, in contrast to the negligiﬁle shift
when in the iiquid. The three thin copper tubes,

which cmerge frem the target, were soldered directly to



«

aM

Fig«X4o Liquid Hydrogen Target used for the aj"
measurements@ The target centre is defined

by the aluniinlaed spot*
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the three thin COpper-nickel tubes, which were connected
to the main hydrogen reservoir. One of theao tubes
was connected to the helium Jacket B, and the other two,
connected in parallel with the level 1ndieator, formed
the inlet and exhaust of the liquid hydrogeu chamhcr.

The target was in good thermal contact with the target
reservoir by the insertion of indium wire prassed between
fwo 0.25 in copper plates clamped together By G.B.A.

sECrews,

3 The Compensator

The compensator was designed to keep the farget
walls flat, i;e. to ensure that there was never any
pressure difference between A and B. The changas which
could have occurred in the vapour pressure.éf the liquiad
hydrogen in the target were due to the changes 1in the
atméspheric pressuﬁe, or due to orthoepara éoﬁver#ion in
the liquid hydrégen of the target, or the refrigerant.
For examﬁle. a normal day=toe-day variation in atmospheric
pressure codld change the temperature of theerefrigerant
by as much as 0,05 K. corresponding to a change of
approximately one ca Hg in the vapour pressure of the

target liquid. The change in vapour pressure due to



ortho-para conversion was a slow process in comparison,
and depended on the age of the liquid‘hydrogén. |

The compensator is illustrated iﬁ fig.(lﬂb)s. It
consisted of a thin flexible rubbef'bladdef..contained
within a § in diameter glass sphera at roomltémperature.
The bladder was connected directly to the hydrogen-helium
gas nixture in B; and the sphere to the vapour of tha
liquid hydrogen in A, Any pressure difference in A
and D was immediately referred to the flexiﬁle walls of
the rubber bladder, which autormatically deflated or
inflated to counteract this effect, The target1chamber
A, the target reservoir € + liquefying coils and the
glass sphere, formed a closed system, as did the helium
Jacket B and the bladder, The two closed syatems
could be Jjoined together by a tap T (not shown).

The overall performance of the compensator was
determined by measuring,with a microscore,the variation
in target thickness at room temperature agalnst an
applied pressure difference across tha target window
separating A and B, The results given in fig,(lS)
show that the corpensator operated successfully over a
range of approximately 45 cm Hg pressure difference,

This was equivalent to a range of ~~ 3 cm Hz when the
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target chamber was at liquid hydrogecn temperatures,
because the volume of the compensating gas was reduced
by a factor of ~ 15 in going froum room temperature

( ~300°K) to 1iquid hydrogen temperature (20,4°K),

L, The M1llins Procedura

As the filling procedure foi this type of target
was falrly complex, the opcration will be presented forxr
clarity in chronological steps. The target was inlitially
evacuated to diffusion pump pressures (‘—\-1.0"'3 rm Hg) at
roon temperature, and the hydrogen and nitrogen reservoirs
ware filled with dry hydrogen gas to one atmosphera.
The tap T was opened, and the target chamber A, helium
Jacket, and compensator were evacuated to approximately
10.2 mm Mg by a backing pump. The nitrogen reservoir
was then filled with liquid, and approximately 24 hours
were allowed for ﬁha whole assembly to »each an
equilibrium teéparnture. The hydrogon reservolr was
then connected to a liquid hydrogen Deﬁar by a vacuum
Jacketed transfer tubo, and the reservoilr was filled
with liquid hydragen by judicious use of a football
bladder to pfovi&e the overpressure required to fill

the target.
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To f1l1l1l the target, hydrogen gas was passed through
a cold trap to remove any moisture and through activated
charcoal at liquid nitrogen temperatures to remove any
impurities. The dry gas was filled in to both A and
B simultancously to a pressure of 4 cm Hg below the
pressure at which liquefaction occurred. The tap T was
then closed, and hydrogen and helium gas were slowly fed
into A and B separately until the liquefying pressure
was reached (~ 75 cm Hg). This process was carried
out manually using two separate needle valves, any small
pressure difference dbeing countéracted by the compensator,
The-compensator was then closed off from the target system
and ths hydrogen gas was fed into A, only, at a fow
c Hg overpressure. This was possible as the design
of the target allowed the walls of A to bulge slightly
outwards. The purified gas was cooled to 77°K initially
by the thermal bridge and was subsequently liquefied
in the coils and in the target reservoir. The target
was then filled by the flow of liquid from the target
reservoir into the target chamber under gravity. The
pressure in B was adjusted by adding or subtracting
gas until the bladder was in a semi-inflated position,

the pressuro in A equal to that in B, If the éomponeator
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was approaching the extremes of its operational range
i.e. fully infiated or fully deflated, it was returned
to its central position by addition or subtraction

of helium gas,

The background counting rate from the target was
measured by removing the liquid hydrogen, and filling
in the hydrogen-helium mixture into A and D with the
connecting tap T open. The error in this method
compared to the true background measurement with A

evacuated was very small (0.4%). Rapid background

- measurements were possible with a previous smaller target

chamber of similar design, by closing off the exhaust
tube from the liquid target and supplying heat to the
target liquid via the lower level indicator resistor,
This forced the liguid up into the target reservoir C

(f1g.11) where it remained as long as heat was supplied,

De Performance of the Liquid Nydrogen Target
The performance of the liquid hydrogen target was

Judged by comparison with the thin solid target which
had the advantage of a well defined geometry.
The target thickness of 1,47 cm, which was measured

to an accuracy of 0.3% by means of a microscope, remained



constant as long as the pressure in A, the targat
chamber, was equal to that in D, the helium jacket.
The target thickness was chosen as a compromise between
a sufficently high counting rate in the detector and
the smallest possible energy loss of the pions in the
liquid hydrogen. The performance of thes target was
improved by placing the target slice at an angle of 60°
to the Y-ray beam. This increased the effective
target thickness presented to the beam by a factor of
l1.16 and also lessened the energy degradation of the
pions in reaching the detector. The 'ﬁ*’counting rate
in the energy range 5 to 25 MeV for a solid ang{g of
3.10‘2 ster. vas approximately three per minute from the
target, bombarded by a 250 MeV bremsstrahlung beam of
169 equivalent guanta per minute., As the detection
efficiency of the apparatus for 'n* mesons was of the
order of 30%, the counting rate in the detector would
therefore be roughly one pion per minute in the low
energy range, The actual average counting rate during
the experiment was 0,5 meson/min, as the figure assumed
above for the Yeray flux was high,

It was of the utmost importance in the determination

of the number of target protons that the angle of theo



target to the Yeray beam was accurately 60°, since on
errar of 2 degrees would have changed the target thickness
by as much as 3%. The design of the target allowed
this moaauremsnf to be easily and accurately detoermined.
Similarly, it waé essential to ensure that the exact
central posgition of the target coincided with the centre
of the Yeray beam. The verification of this was
obtained by defining the path of the Yeray boam with a
parallel beam of light passing through the target and the
beam ports. The centre of the beam was defined by
cross-wires nttached to the beam ports and the procedure
was carried out with the nitrogen radiation shield
removed. The light beam, reflected through the large
60° port from the éentral aluninised disc (cf. fig.1h)
on the target wall, provided additional verification of
the inclination of the target to the beam direction.

The nﬁmber of pions in the absorber-out runs
detected in the counter telescope vas apprdximately
one in five of the total number of events which ﬁero
photograﬁhically recorded, when the liquid hydrogen target
was employed. The ratio of the number of pions to thae
total number of recorded events with the same detection

cystem was roughly cne in twenty for a thin polythene



- 51 =

tafget.' The subsequent analysis of the data was therefore
much easier. . and less tinme consuring with the large
reduction in the random counting rafo. dorrections fox
dead timo losses in the eiectronica were therefore

also reduced using the hydrogen target. Theseo

corrections are more fully discussed in chapter V.

The background plon counting rate from the cmpty
target was approximately jth of the full target counting
rate, This background was produced mainly from the
carbon and oxygen in the Melinex walls, and necessitated
a background run of approximately %th of the total time
to obtain the optimum statistioal accuracy.

From the above considerations, it can be seen
that the geometry of the liquid hydrogen target was as
accurately determined as that of the solid target,  In
addition, the lower background counting rates and the
considerable improvement in the efficiency of the true
pion counting rate from the target protons,emphasise
the importance of the liquid hydrogen target, h

In designing the liquid target, an estimate of the
approximate rate of transfer of heat into the target
assembly was necessary in order to determine the liquid

hydrogen and nitrogen loss rates, In general, heat
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may be transferred by conduction, convection and
ra&iation. Thefmai gas conduction and conveétibn can
be ﬁeglectéd as & source of heat transfer by maintaining
a vacuum of less than 10"'6 mm Hge The heat input to the
low temperatufé cryostat by conduction was reduced as
muchlas possible by use of low conductivity:éopper-
nickel tubing. The inside of the vacuum chamber, the
nitrogen and hydrogen reservoirs were lined with ﬁighly
polisghed aluminium foil of low emissivity to reduce the
heat input by radiation,
The ceffective heat transfer can be listed as
followsate
(i) Radiant heat inflow from the vacuum jacket to
the nitrogen reservoir and radiation shield
~ 70 watt,
(2) Neat conducted clong three coppe:-ﬁickol
tubes supporting the niirogen iesefvoif +
4 tubes to the thermal bridgé ~/- & watt,
(3) Radiant heat inflow from nitrogen reservoir
. fo liquid hydrogen reservolr and target
assembly O/ watt,
(%) Héat conducted along 4 Cu-Ni tubes from

thermal bridge to the hydrogen reservoir and



hydroéen target ~ 0./ watt.,

The total heat :lnp'ut to the nitrogen reservoir was~§-§ watt.
which corresponded to a rate of evaporation of liguid
nitrogen of ~ § 1litres/day. The corresponding loss

rates for liquid hydrogen was ~ /'3 litres/day. ‘These
calculated values, based on c¢ryogenic data from Vhite

(1959) were upper limits. The actual loss rates of

liquid hydrogen and liquid nitrogen during the experiment

were ~ 45 end ~ / 1litres per day.
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CHAPTER IV

Detection of Low Energy % _ Mesons

The detection of fast charged particles produced
by a Yeray beam is one of the most difficult problems
in nuclear physics because of the presence of a large
background radiation. The separation of particles
of different mass, which do not have a characteristic
decay, necessitates the measurement of two dynamic
properties of the particls, which have a separate mass
dependence. The dotection of TY* mesons is simplified
by its characteristic M'-> u*> ¥ decay, i.e. the
decays at rest into o MY of discrete energy 4.15% MeV
with a mean lifetime of ~ 2.5 10~0 sec. The ¥ then
decays at rest into a positiron of variable energy with
a mean lifetime of ~ 2.2 microsecond,

In general; the detection of charged particles
can be divided into two separate claasses, vioiﬁle and
electronic mathﬁds of detection. The photograpﬁic
emulsion and the bubble chamber are most comménly used
in particle physics as visible detectors, Tﬁey cive
very precise definition in the measurement of the energy
and angle of the reaction products and provido‘a
permanently recorded library of information. The
photographic emulsion is a continuously sensitive particle

detector, and the'samé is now true of the bﬁbble chamber,
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with the advent of fast cycling chambers, which can
record every beam pulse. Pions are in general
distinguished by their decay characteristic,and the

range of the pion in the detector before coming to rest
deternines the energy. The disadvantage of this
technique was the long time spent in collecting and
analysing the data to achieve the required statistical
accuracy. This disadvantage is however baing overcome,
with the availability of computers and automatic scanning
devices,

Thao electronic detector is generally designed to
count only one particular particle by means of suitabdble
electronic discrimination. This method therefore quickly
provides the required information in a given energy region,
but of course, involves much careful preparation and
precision, The most versatile electronic detector in
high energy particle physics i3 the plastic scintillation
counter, where the scintillation response produced by a
charged particle is converted into a pulse height at the
anode of a photomultiplier, The fast deeay.time of the

plastic phosphor (6,3.10‘9

sec) ensures that the
detector has a very fast recovery time, a2 most important

consideration whenever large particle backgrounds are
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present. For example, a background counting rate of
10“ particlees per beam pulse of one millisecond duration
is equivalent to a counting rate of 107 particles per
second. < The faast response of the plastic scintillation
counter enables the incorporation of the ' ut* decay
property as a mathod of separating ¥ mesons.

The most common method employed for the separation
of particles of different mass is the determination of
%i and L, where %i is the rate of energy loss of a
particle and E is the energy. It can be shown (Keck
et al, 1952, Wolfe ct al, 1955) that to a good approximation

3s -1
éé « r4°|+ Z‘

whera R 1s the range of the particle of mass M and charge
Z. It is therefore possible to distinguish single-~

charged particles of different mass M having the same
hE
-8 8
The detection of low energy positive pions necar

range by a measurement of

threshold presents an even more difficult problem because
of the low production rate and the small penetrating
power of tho pions. It is therefore essential that a

low energy pion detector can separate the n* mesons from



the large background of electrons, protons and Yerays

and possess a high detection efficiency. Two methods
have been developed combining fha eleétronic‘énd visible
techniques for the detection of low energy I+ ﬁosons.
The first method to be described, distinguished the
meaons by a time of flight technigue (Lewis, Gabathuler
and Azuma, 1960), and the second method was an improved
vercion of a fast delayed coincidence technique,initially
developed by Lewis and Azuma (1959). The description
and performance of these two detection methods are

presented in this chapter.

2 Detection of E* Mesons by Time of Flight

The secparation of low energy TI' mesons was possible,
thacretically, by correlating graphica;ly the‘energy E
of the particle and the inverse of the velocity, i.e.,
the tims interval for a given path length as shown in
£ig.(16). An increase in the particle separation was
easily obtainable by increasing the flight path (L),
but this had the adverse effect of docreasing thé solid
angle of detection ( & Z&” ). Conversely the possibility
of a very short flight path could only be entertained

by increasing the resolving power of the timing machine.
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In order to obtain the shortest possible resolving times,
high speed electronics werc therefore essential for the
optimum detection of low energy T11* mesons.

The TI% meson detector is shown schematically in

fig.(17a). The flight path was defined by two N.E.102

plastic scintillation counters, counter 1 (1.5 x 1.5 x 0,03

in) and counter 2 (3 x 2 x 1 in) placed 60 cmapart,

The convention employed in giving the dimensions is
height x width x thickness of scint;llator. Pulses
fron ths collectors of the twvo counters turned off

E 180 I' liniter valves, which generatad rectangular
pulses of 3.10-8 sec duration. These two pulses
overlapped and operated the time analysing coincidencs
unit illustrated in fig.(17b). This latter unit
consisted of a 6Bii6 gated beam valve, which haas the
property of producing & current pulse at the anode,
whenever two uniform pulses appl;ed to the separate
grids of the 6BN6 overlap in time (Janes and Kraushaar,
1954, Azuma and Lewis, 1957). The conversion of time to
pulse height was accomplished by integration of the
current output of the 6BNS. The integrated pulse was
then amplified and fed through a cathode follower output,

This pulse, whose height was proportional to the
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time of flight, was used to triggpr a Tetronix 517A
oscilloascope and was also simultaneously dieplayed
on the fast time sweep as a delayed pulse (fig;l7a).
The individual oscilloscope traces were photographed
on Ilford H.P.3 film, On this same trace was also
displayed the enersy pulse frem the 7th dynode of
counter 2, To increase the powér of the device, and to
help the assessmont of the method, the dynode pulses
from counter 2 were led into 100 ohm cablerto give pulses
approxinately 10-8 sec wida, This output pulse from the
7th dynode of the R.C.A. 6342 had been examined for
linearity against the scintillation response of the
counter over the complete energy ranée under 1n#estigation.
by a calibrated hydrogeh discharge tube (Leith, 1959).
The rfrparticle was then identified and properly
recorded, as both the TIV and awE decay pulse wero
.diaplayed a8 separate entities on the trace of the
oscilloscope (5..10-'8 soc/cn), provided that the pion
lived longer than ~ 10-8 sec. The time distribution
could therefore be plotted and checked with the
2.5 10°0 sec pion lifetime.

Countexr 3 served as an anticoincidence counter

for particles which passed through counter 2. The



R 60 - -

pulsep from counter 3 were appropriately delayed and
displayed on the trace with inveise polarity (fig.17a),
80 that traces exhibiting such pulses were rejected in
the anelysis, Unless the anticoincidence pﬁlsé»was
provided, particles passing fthrough counter 2 only
gave up a fraction of their energy and therefore
produced uncorrelated events in the time of flight
versus energy graph. |

The perameters which were in fact méasuréd during
the expoariment, were the pulse height corresponding to
the tims of flight of the particle and the scintillation
roesponse S,defining the energy E of the particle. Tho
apparatus had, therefore to.be calibrated for pulse
height against time of flight, which also verified
the 11néurity of the device. The resolving power of
the timing system was also of interest in aésaésing the
shortoest flight path vhich could be chosen, without
losing particle separation. An approximate tima
calibration was effected with the aid of the more

114 feray sour¢e passed

energetic electrons from an In
into the system, Various lengths of 200 ohm delay cabling
were then inserted between the counters and the time

analysing unit, A plot of pulss helght versus metres



delay is illustrated in fig.(183) verifying the linearitf
of the apparatus., - This time calibration, howvever,

when applicd to mesons and protons, could be uncertain
by n.10’9 sec because of the variation in pulse rise

time as a function of the pulse height. .

A rosolving tinme of 7.10-10

sec (fig.18a2) was
obtained with the system using an indium soure¢e, when
pulse height selection methods were employed. The
latter consisted of taking élow dynode pulses from each
counter, which were amplified and fed through
discriminators into a Rossl coincidence unit of
~1l microsecond resolving tinme. The output from this
unit was supplied as a gate pulse to a Hutchinson=
Scarrot type multie-channel kicksorter in colncidence with
the amplified pulses from the fast coincidence box.
By adjusting the discriminator bias,only those pulses
produced by the very energetic PBeparticles were selected.
The advantage of this method was that the resolving
power of the fast coincidence unit was measured under
conditions similar to those in an actual experimont.

The most difficult technical problem associated

with the counter syastem,was the light collection

efficiency required by counter 1 to produce a strongly
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limiting pulse at the collector for a fast charged
particle. An obvious way of avoiding this difficulty
was to increase the thickness of the thin scintillator,
but this was prevented by multiple scattering in the
plastic material, For example, a 10 Mav.pion suffers
a deviation of ~. 150 in traversing 0,25 in of plastic
cseintillator,and therefore wounld not have entered
counter 2, separated by 60 cm from counter 1; A
specially designed crystal holder coupled fo an R.C.A, 6810A
photomultiplier, which had superior gain to the R.C.A. 6342,
wvas therefore constructed to overcome this difficulty.

The crystal mounting comprised a c¢ylindrical can,
2,5 in diameter and 4 in in length, coﬁtainiﬁg 2 im ports
for the particle windows. The inside of thé'éontainar
was lined with Plaster of Paris, and the innermost
particle windows were of highly reflecting éluminiaed
Meliﬁex, which was found to improve the light céllection
efficiency by as much as 20%. The énergy feeoiution
capabilities 6flthe thin front counter were 56% full-
vidth at half-heigcht usins 280 keV Hg- ° Yerays. The
energy resolﬁtion of counter 2 was méaauxed'as 14%
using the 2,6 MeV Yeray from Th Gll. -

The time of flight telescope was set up at
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approximataly 1202 to the Y-ray beam of the Glasgow
synchrotron, with the front crystal 8 in from a J im
thick polythenc target, viewed.approximatnly end-on.,
The 60 m flight path was evacuated by means of a large
5 in diemeter aluminium tube, with 0,001 in Melinex
windows, to minimise scattering and ahsorption in the
alr, All the photoﬁultipliers ware magnetically
shielded from the stray aynchrotron magnetic field by
nu-metal shields. The syanchrotron was operated at
320 MeV and the duration of the beam was ~ 600 u sec.
The £ilm records of the individual traces were
analysed and the results plotted. The results of one
of a series of experimental runs is illustrated in
fig.(19). From this figure, it is seen that the mesons
(o), identified positively by the presence of the decay
pulses, all lie on the lower band, which 1s distinct and
apart from the upper band of particles, which were
predominately protons. The lower band also contained
n* mesona, which had decayed in such a short time that
the MY decay pulse was not distinct from the 7177 pulse,
and also M mesons from IT* decays in flight.‘ The

combined number of these was expected to be of the

saime ordexr as that of the identified 'ﬂﬂnmesons.x
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Some [T mesons also contributed to the space between
the bands, since thé energy released in tha'main counter
from the T~ stars displaced these points from the T
band. | R

The meson curve was to some extent solf—calibrating.
The (" mesons have a maximum energy of 24 MeV,
corresponding tb their range in the 1 in scintillatqr.
Since the TV decay at rest in isotropic in direction,
only 50% of the.pions vhich dacayed at the rear surface
of tha counter recorded a MY in the counter, This
‘cut-off provided a high energy calibrdtion point. A
low energy calibration point was then obtained ffom the
'cqnétant - ¥ pulse height by the Scitz rolation (Taylor
et al 1951). since the ratio of the n* masalto pﬂ7 naAss
is close to unity. This rclation states tﬁat the
pulse height from a n*'particle of energy h;ls x 1.33
eQual 0 5.5 HeV is given by 133 times that of the ™
particle. Two energy calibration points weré therefore
obtained and the time of flight associateﬁ wiih thess
mason energies calculated, These two check ﬁoiﬁts are
indicated in the meson band (+) and were cdnsiétent
with the previous time calibration.

The fluorescent response S of organic scintillators



to heavy lonising particles is known to be non-linear,

Birks (1951, 1953) has derived the expression

ds . R GoE
dx S oX

1+ RB4E
oL

where %ﬁl 18 the specific energy loss, and A and.ks are
constants for a given scintillator. The Béintillation
rasponse of N,E,102 for protons has been examined by
Evans and Bellamy (1959) and by Gooding and Pugh (1960).
They found that above relationship was closely followed
for k8 = 0,01, Assuzing that the saﬁe relationship
also holds for W* mesons, the upper curve was drawn
for protons and the lowver one for pions. The curves
were consistent with the experimental points, | It was
hoped that the experiment might have given a quantitative
measurement of the degree of non-linearity between 8 and
E, since thistcbnld'be a source of errorlin Aﬁy.éccurate
1T experiment involving pulse height measurements.,
Hoﬁever..the uncértainty in the time calibration and the
lack of [T statistics did not make any quantitative
measuremente of the non~linearity possible. | The
“experinental results were consistent with the pfediction

that the effect is small for nt mesons,



Tha results of the experiment provided the first
evidence that 1t was possible to soparate pioﬁe from
protons and electrons in the low energy region.  For
pion detection from Yerays, the difficulties apéear
increasingly at the lowest energies,vhere the random
counts are evident below 4 lMeV (fig.19). for'réliable

pilon detection; 1t is therefore essential to overdetermine

the piocn by the additional inclusion of M= WY ddentification,

The main disadvantages of this method for accurate
exporimental determinations of low energy n”'cross-
scctions are the small colid angle of the detector to
the target, and the uncertainty in the time calibration.
The corrections for ﬂ* decay in flight and multiple
scattering in the front scintillator would aiso introduce
uncertainties in the evaluation of the crosa-sections,
Any attempt to increase the dimensions of the main
counter in order to obtain a 1arg§r solid anglegdecreasea
the resolving poﬁer of the device,because of the time
taken by thé light slgnals to reach the photormultiplier
from different parts of the phosphor,

The method, however, does indicate the difficulties
involved in detecting low energy pions and did in fact

provide the starting point for the development of the
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second method, which will be described in section 3.
Time of flight methods have been succaasfnlly:
incorporated into the separation of K* rnesona from
plons and ﬁrotons. using magnetic spectrometeré at
narrow angles to the Y=ray beam by Donoho and Walker

(1957), and !McDaniel ot al (1958).

o+
3e TT_Detection by Delayed Coincidence
The I electronic detection methods ,which have

been considered so far in this chapter, have employed
variables which have a seﬁarate mass dependence to
provide the discrimination between the various particle
groups. In the time of flight technique, the T=ut
decay was incorporated as an additional labelling of tho
low cnergy positive pion, In the delayed coincidencc
detection methbd however, the W'=% uf decay provided
the basic identification of the pions, and the mass
diserinination was incorporated for additiocnal o
separation,

If the 'ﬂ* mesons are brought to rest i1n a time
which 1is short compared to their lifetine, thaﬁ the
majority of these plons will decay at rest. Heﬁce only

one single counter 1in principle is required for the



separation of [T mesons for energies up to a maximmm
determined by the thickness of the counter. . The advantage
of this system over the previous mathod 1s irmediately
obvious, since a single counter can be placed close to

the target, subtendins;; a much larger solid angle of
detection, 1.e. a greater counting rafe.

When the detector was operated in the présence
of clectrons and Yerays, it was possible to simulate
the TT*-m’ decay, and therefore a thin plastic
scintillation counter was inserted immediately in front
of tha rmaln counter for unambipguocus detection of low
encrgy plons, An additional method of identification
was included by examining the rate of energy loss
in the thin front =scintillator, which greatly simplified
the subsequent analysis,

The counter telescope and mode of display are
illustrated schematically in fig.(20). The thin counter
consisted of a N.E,102 plastic scintillator 3.25 x 2,06 x
0,025 in,coupled to an N.C.A. 7265 photomultiplier,
and a 3 x 2 x Y in scintillator coupled to an R,C.A, 6342
photomultiplier constituted the main counter, The
arrival of a 'nd.meson in the main counter produced a

pulse at the collector of the photomultiplier, turning
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off two B 180 F limiter valves, which generated a
8

rectangular pulse of 3.5 10™° sec duration, similar to
the previous method. This gate pulse was then delayed
before being applied to one of the grids of the 6BN6
fast coincidence unit, The output pulses from dynode
10 of the main counter led directly inte 200 ohm cable
in oxrder to keep them as short as possible, so that the
ﬂﬂ.and wr pulses were distinct. The length of the
tails of these dynode pulses were further reduced to
provide additional T '— U% distinction by the insertion
of a 0,5 metre 200 ohn clipping line terminated by an
80 ohm resistance. These pulses were then amplified by
2 Hewlett-Packard A type distributed amplifier énd fed
directly to the other grid of the 6BN6 fast coincidence
unit, This unit was then activated 1if the pulsé produced
by the ot decay particle appeafed in coincidence with
the roctangular gate pulse as shown in fig.(20).. The
coincidence unit therefore operated over a known interval
of tho [T*-> at decay curve, determined by the duration
of the rectangular gate pulse. The output of the fast
coincidence unit wes used to trigger the timé-baae of

a Tetronix 517A oscilloscope operated at a sweep spoed

of 2.10‘8 sec/cm,
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The output from dynode 8 of the main counter led
into a 100 ohm cable to give pulses of approximately-
10"'8 sec duration, which were delayed and subsequently
displayed, via a mixer unit, on the trace of the
oscilloscope. Any event was therefore identified
since both the 'ﬂ"*pulse and 1ts 4,15 Mev MY pulse
were displayed on the trace. Any 1T+'meson,pfoduced
in the target and stopped in the main counter must havo
passed through the thin counter. The .t meson however
produced from a pion of energy greater than 4 MaV in the
main crystal would not pass through the thin counter
and this provided a powerful method of T[T detection,
if the thin counter pulse was also displayed on the
oscilloscope. The output from the thin counter was
delayed, mixed opposite in phase with respect t6 the
output display from the main counter in the nixer unit,
and displayed on the oscilloscope as shown in fig.{(20),
The individual traces were then photographed on Ilford
H.P.S. filn.

A complete chart of all the delayed coincidence
events which could trigger the oscilloscope are presented
in fig.(21), as they would appear on the trace. Event 2

was produced by the passage of two charged particles into
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the main counter, with the correct time sequence, the
later particle giving the same pulse height as the ALY
meson. This event was easily discarded by the double
thin counter pulse. The most common random event
which simulated a real pion was due to a charged particle
followed by a Y-ray (3a,%a). Since these events were
random in time, their inverse must have occurred with
equal probability, i.e, a Yeray of the required energy
followed by a charged particle (3b,4b). Theso inverse
events were distinguished from the random events by

the position of the thin counter pulse on the trace.
Event 5 occurred because the tail of a large pulse,
produced by an energetic proton or cosmic ray particle,
was in coincidence with the rectangular gate pulse and
was readily discarded. This "single®™ event could have
been prevented by introducing extra delay into the
‘collector channel; which then would have separated the
'gate from the large "single" pulse. This step was
avoided as far as possible because it caused a rapid
reduction in the detection efficiency due to the
exponential nature of the 1'% ' deca;. The reasons
for making the dynode 10 pulses ée short as.posaible

and removing the tails of these pulses can now be
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~clearly understood.

The additional e¢riterion of ‘éi measurement of the

d

thin counter pulse made it possible to distinguish the
events of type (3a) and (3b). However event (4a) was
not directly recognisable as a random event, since it
gave the correct %ﬁ. phlse height. This event was
produced by a T which had rapidly decayed into a T
pulse, or had not decayed within the duration of the
rectangular gate, followed by a Y-ray of the correct
energy. It was however possible to estimate the
nunber of these events indirectly from a oeasurement of
their inverses (4b). A plot of 9%‘-( versus E, the
main counter pulse height for pions of energy up to

25 MceV produced from the liquid hydrogen target,is
presented in fig.(22). As expected, the random & « Y
and their inverse Y « 2 events appeared in roughly
equal numbers in the left hand corner. The number of
random events of type (4a) was very small, since their
inverses (o) lying in the meson band were few in number
(~1%)., From fig.(22), it can be seen that the
incorporation of %; and E measurements into the

decay detection system provided a very powerful tool

-+
for the unambiguous detection of | mesons down to
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| As the thin dountor provided infbrmatian on the
rate of energy loss %ﬁ of the pnrticlba entering
the wmain cocunter, 1its energy raaoiution cepabilitics,
1.e. light collaction efficienéy. was a vof& impoxtant
consideration. The crystal holder consisted of on
eluniniun container coated on the inoide with aluminium
oxide. The thin scintillator was coupled by a porspex
1ight guide to an N.C.A. 7265 photomultiplier, which was
chosen for its high photo=cathode sensitivity. Tho
thickness of the light guide was 0,25 &n to prevent
Cerenkov effuects, and the innermost foils of the particlo
windows were highly retlectiné 0.001 in aluminised Melinex,
The pulase height resolution of the thin crystal wis then
measured, selecting by a coincidence method the very
energo;ic B-rays’of Inll&v(~'2 MeV), which traversed the
thin counter. The rosolution obtained by this method
was 607, full width at half-height. |

" The maximum energy Compton clectrons of the 2,64

11 have a scintillation response in

HeV Y~rays of Th C
plaatic,which is equivalent to that of a pion of ~ 4 MoV
and just less than that of tho A" meson. This source

therefore enabled tho time gate to be set up and also
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the length and resolution of the gate to be approximately
determined,by inserting artificial delay between dynode
10 and the collector of the main counter, The main -
discrimination against unwanted events, €,g. low energy
electrons and "“single" events, triggering off the
oscilloscope trace was provided by the trigger amplitude
of the Tatron1x1517A. which discriminated on the output
from the fast coincidence unit,

In order.to ensure that the detection system did
not discriminate against the lowest energy 1fb mesons,

by Pr. GM. Lewss

& method was deve10peQAwhich provided an accurate knowledge
of the trigger amplitude setting. The main counter
dynode 8 display pulses from the'input mixer unit wvere
amplified, lengtﬂoned'and fed into the input display
chaﬁnel of a C.D.C. 190 channel kickscrter, A positive
gate pulse, obtained from the Tetronix 3517A was led into
the coincidence channel of the kicksorter as shown in
fig.23a, The Conmpton spectrum of the Yerays of T'hcll
in the main counter was then displayed either independently
("ungated” spectfum),or only in coincidence with the
output from the 6DNS coincidence unit ("gatea” spoetfum).
The latter choice was obtained by adjusting tﬁérzoo ohm

delay cables to the 6BX6 unit to give prompt coincidences,



liicksorter display,
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"gated" ThC® compton spectrus
togother with partial spectra corresponding
to different trigger cottings.




i.0. the dynode 10 signal occurred inside the rectangular
pulse of the collector. Fig.23b% shows the complete
"eated” Th Cu Compton spectrum, corresponding to zero
bias on the trigger amplitude, together with partial
spéctra, corresponding to various settings of the

trigger amplitude of the oscllloscope. Thia kicksortoer
display method was therefore capable of providing an
accurate visual assessment of the setting of the trigger
amplitude discriminator.

The detection system was tested by preliminary
machine runs using thin polythene targets., The validity
of the detection system was checked by observing the
counting rate for different E.H.T. voltages of the main
counter and different settings of the trigger amplitude.,
Measurements of the cross~sections of pions from polythene
were also carried out and the results were iﬁ accord
with those of Lewis and Azuma (1939). Similar teats
were also carried outAwhen the apparatus was placed at
an angle of 60° to the Y-ray beam direction,proving the
validity of the detection system despite the‘fairly‘
high background.

The detection system was therefore in an operational

condition, and the experimental measurement of the
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cross~section for TT+ production from the hydrogen

target was then carried out as is described in chapter V,
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CIIAPTER V

The Determination of the 'ﬂ% Cross=section from Hydrozen

l. General Experimental Method

Ths genardl layeout of the experiment in the beanm
of the Glasgow University synchrotron is shown in
fig;(Zh). The bremsstrahlung beem passed through the
evacuated target chamber and intersected the liquid
hydrogen target, which was inclined at an angle of 60°
to the beam direction, The counter telescope was placed
at an angle of 58° to the direction of the beaz, with
the main counter 13 im from the centre of the target.
The main counter §as separated from the thin counter by
approximate;y ane inch. A 0,25 in thick copper screen
was inserted 1a a fixsd position between the two counters,
allowing & higher range of pion energies tc be defect&d.
The electrons in the synchrotron were nécelerated
to an energy of 250 MeV before traversing the 0,06 in
diameter tungsten wire to préduca the bremsstrahlung béam.
The duration of this beaﬁ wvas kept as long aé posgible
during the entire experiment (~ 2 millisec,) and this
was an important factor in the aucce#s 6f the experiment,
The bremsstrahlung passed through a 0,25 in defining

collimator, through two scrubbing magnets and finally
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into the quantametef of the type developed by VWilson
(1957) at Cornell. A vacuum system extended from the
beam window of the vacuum jacket through the sweeping
magnet to the collimator to minimihe the electron
background. Lead and iron shielding blocks, which
prevented any stray radiation from entering the counters,
were positioned so as to avoid possible pion scattering
into the telesacope. The naxipmum diameter of the beam
at the target was 1.2515; providing a one inch clearance
from eny metal parts of the target and vacuum system.
The energy of the Yaray, which produced the maximua
energy 'ﬂ* meson detected by the telescope was 196 MeV,
The maximum beam energy of 250 MeV was therefore chosen
to prevent scattering of a high energy pion into the
detector from the target walls. Any further reduction
of the maxinmum beam energy would entail a very detalled
knowledge of the shape of the upper region of the
bremsstrahlung spectrum,

As the‘experinent was of 3 weeks duration, every
effort was made to ensure that the counter system remained
stable in operation throughout the entire run. A 1%
stabilised voltage regulator provided the A.C. supply for

the counter telescope and the oscilloscope, and a
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stabilised heater supply was provided for the limiters

and the fast coiﬁcidence unit, | ThéE.H.?. voltage

of the main counter was checked and recorded every
morning and evening, and remained constant throughout

the experiment. A continuous monitor of the stability
of the apparatus was of course provided by direct
examination of the pulse hoight of the Aﬁ* meson, recorded
on the film. Rough subsidiary checka were alsoJobtained

ll;pulaea every evening using prompt

by photographing ThC
coincidences, A direct method of checking the overall
stabllity was performed every morning and evening using
the kicksorter display method previously described.

The display of the "ungated" Thcu spectrum recorded

for a given time interval provided direct evidence of the
stability of the main counter and mixer unit, The
stability of the oscilloscope and fast coincidence

channel were determined by the position of the cut-off

in the overlap coincidence apectruﬁ. The trigger setting
of the oscilloscope was however not critical, as it was
possible to reduce the discrimination level slightly,
without any undue rise in the counting rafe of the

detector., The counter system was able to record mesons

down to an cenergy of 3 MeV in the 1 in counter from the
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hydrogen target.

Tﬁe kicksortor display method was also employed
during the experiment to check the efficiency of the
gaté for all pions which decayed within the time interval
of the gate, The number of counts in the gated spectrum
(recorded at the experimental trigger amplitude setting)
which fully overlapped the ungated spoctrum above a
given channel were compared for the complete length of
the rectangular ﬂ”'gate pulse, The results showed
that the pion detection efficiency was 100% in the main
operating region of the gate for the energies concerned,
Further evidence for the 100% efficiency of the gate
was obtained from the analysis of the T ut time
distribution.

The liquid hydrogen target required very litile
attention during the experiment, since the liquid
nitrogen was automatically supplied every three hours
using a time switch, and the liquid hydrogen cryostat
only required filling every second day. A photogragh
of the target assembly and the filling systems is
presented in fig.25. The compensator operated
successfully and required very little ad justment during

the experiment. The background runs were performed
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at the beginning and at the end of the experiment to
. minimise any effects of electronic or accelerator drifts.
Similarly, the absorber out and absorber in runs were
regularly interspersed throughout the experiment.

The total energy content of the beam was measured
by a Wilson type quantameter, since the energy calibration
of this device is indopendent of the Yeray energy, in
contrast to the thick-walled copper ionisation chamber,
which is the standard laboratory monitor at 320 MeV
Yeray energy. The quantameter is designed to
autonatically make a Simpson's rule integration of the
shower curve produced in the chamber by the bremsstrahlung
bean. The chamber consisted essentially of twelve
electrically pure copper plates, accurately machined
to a thickness of 1 em, and spaced alternately 2,0 and 1.0
rm apart, oxcept for the last gap, which was made 6.5 mm
to Eompensate for any leakage of energy out of the
chamber, The chamber was filled with a mixture of 95%
argon and 5% carbon dioxide to a pressure of 800 mm Hg
at room temperature, A small mercury manometer, one end
of‘which was open to the atmoaspheros, and tho other tb
the chamber, recorded the gas pressure in the chamber.

The total energy of the beam was accurately proportional
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to the 1onigation charge, which was then collected
and recorded. The calibration constant relating the
energy to the charge has been calculated by Wilson (1957)

to an estimated accuracy of 2%, and is given by

18
B—' = R TI9RXI0 X 0150 % 213

T T mv/coulomb
Its |

where UL 1s the total beam energy in MeV, L is the average
plate separatioh in cnm, 3@- is the ratio of gas pressuré
in um of Hg to the absolute temperature and 1/ is the
charge collected in coulombs., P and T were therefore’
continuously recorded throughout the experimént.

The charge 1/ from the chamber was collected by an
infegrating electrometer and recorded as revolutions on
2 decatron counting tube; one integrator unit corresponding
to one revolution. In order to determine‘the nunber of
coulombs required to give onelintegrator counf. a
standard condenser, charged to a known voltage was
discharged through the electrometer, and the number of
revolutions recorded., The linearity of the integrating
system was checked by repeating the process for various
known charges. Linearity checks were élso carfied out

continuously during the exporiment,



The total energy of the beam U, is normally specified

in "equivalent quanta® defined as

R
& total enorgy content of the beang So A N(R)dk
maximun photon enargy \ 7 XRe

where N(R)dR 1s the number of photons betwéen AR and
‘h+ dk. Combining this expression with the constant

for the quantameter and the integratbr éharge calibration,
the constant for the monitor was then expressed in units.
of equivalent quanta/integrator. The total number of
equivalent quanta which have been used in any run was

then determined from the monitor reading.

2, Calculation of Cross-sections from Measured Counting Rate.

The filus collected during the experiment weore
subsequently analysed and all available information was
recorded and plotted. The %"—i versus E plots, sinmilar
to those of fig.(22), provided unambiguous detoction of
all the x* mesons down to an energy of 6 MeV, which was
the lowest energy used in determining the differential

cross=gsections.

+
Fig(26) shows the AL time distribution plotted
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on a logarithmic¢ scale of all mesons of energy greater
than 6 MeV. This plot gave a preéiae méasuremeﬁt of
the length of tho delayed coincidenco gate-aﬁd,éhowed
that the edges of this gate were shérp. The.time
distribution was in accord wifh the mean lifetime of .
2,55.10"0 sec. (Ashkin, 1959), indicated by the straight
line, end is further evidence of-the 100% éffiéiency of
the detection system for all 1Tﬁ'maéona greétef than
6 MoV energy in the main crystal. The ainé wave output
from a signal generaicr, calibrated against fho 95 HMc.
B.B.C, transmission, wog displayed and photographed on
the Tetronix 517A to check the linéarity of the time
base; |

The histograms of tho pion energy distribution
obtained with absorber in and absorber out ére showva 1in
figs.{27a) and (27b) respectively. The energy'scale
wag graduated in pulse height divisions, accurately
determined on the film projector to X 0,5 divisions.
This scale was calibrated in terms of plon energy in
MeV by the sharp cut-off in the energy spectrum, shown in
£1g.(27), at 24 MeV. The ALY pulse height is also shown
and provided a low eneorgy calibration boint uéiﬁg the

Seitz relation, as determined previously. A statistical
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accuracy of 5% was provided by the selection of three
energy intervals from the absorbar‘out hiatoéram. The
threeo energy intervals extended from 6 to 23.5 MoV in
the cryatal, and the meson energy 1ntérvéla at creation
in the target were then determined from the range-energy
tables of Rich énd Madey (1955). Only one energy
interval was selected from the abaorﬁer 6ut hi#togram.
in order to mininise the possibility of large angle
scattering in the copper absorber, Separate time
distributions were also plotted for these energy
intervals, which allowed en assessment of the tire gate
to be made, as can be seen in table 3, where all the
experimental data is presented, |

Defore the ‘ﬂﬂ'cross-sections vere evaiuated. fhe
- raw oexperimental data had to be corrected for the various
factors, which determined the overall efriciency‘ror the
detection of 1T* mesons produced in the liquid hydrogen
target, Corrections were made for the folldwing energy
dependent factors. |

(a) Decay in Flight

The distance from the centre of the target to the
pain counter was 33.5 cm, and therefore a propoffion of

the low energy TT+'mesons decayed in flight before



'TABLE\Q

5.8 ‘—1200
HeV

12,0 — 18,2
MeV

18,2 — 23.7
HeV

10,0 — 23.7
HeV '

j

.%’ Energy
In Telescope

544

612

568

L6k

Total nuadber
of x
(target full)

Humber of
inverses
(target full)

5851

| 5851

5851

3399

Hoe.of In 4
1 tlt”hozx

66

83

83

56

Total no. of
x*(corrected)
target empty |’

b73

523

L82

ho8

Nett no.
of x*

0.33

0.35

0,35

0.31

Fraction of
total M= .t
decays
detected in
counter

0.0808
0.0042

0,0398
0.00h5

0.0824
0.00hB

0.1200
0.,0070

No. of
="' /integrator
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reaching the nain counter. The calculation was
straightforwvard since only K*—aru* decays ware counted

by the deteactor, The quantity

_ [
¥os 3 3T(M>ut) R
No

wvaos computed, where R = n.r/(_ ) g'= \f_l_!'-:—fi‘ ) L was the
distance from the centre of the energy interval of the
crystal to the centre of the target.'[(nt;*f)waa the
mean life-tine for the decay of a X at raest, and %ﬁ
was the fraction of those mesonsgs startinz which entered

the main counter. The effect was quite considerable

ranging from 75 to 11,59 in the low energy interval.

(b) Solid Angle Variation.
The eolid angle subtendod in the laboratory system

was defined by the area of the counter and its distance
from the target. The solid angle therefore depended

on where the nesons were produced in the one inch cryastal.
The correction was largest in the highest energy interval
without absorber ‘(~12<5»3). The finite thickness of the
target introduced an uncertainty intoc the value of the

solid angle, which was less than 1%.
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(c) Multiplo Scattering and Nuclear Absorption

The geometry'of the counter telescope w§s~arranged
to nminimiso the-erfors due to multiple ecatferiﬁg as much
as po&sible. For the thin counter and the copper
absorber, a graphical evaluation of these effacts showed
that as many pions were scattered out, as were scattered
into the main counter, This was further sﬁbstantiated
by calculation,using the extensive results of Sternheimer
(1954). The multiple scattering of pions out of the main
counter was calculated, and the correction was = 2%,
The nuclear absorption cross-sectiona were taken from
Martin (1952) and Stork (1954), and were used to calculato
the absor?tion in the plastid seintillator andninithe
copper. The maximum correction in the plastic was {
24, and the corfection in the copper absorbar'waa also

26%hs

(a) Target Corrections

The target corrections due to energy distortion of
the pilon emission épectrum were complex, because of the
continuous creation and degradation of the éidns acrdéé
the target tﬁicﬁness. A detailad-an#lyéié of=££e targot

corrections has been developed by Lewis and Azuma (1961),
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which showed that the target correction was relatively
small (~~1%),because of the  falling cross-section and

the thinness of the hydrogen target.

(c) ‘Nonélinearit of pion ener Scintiliation
ﬂesgonée |
Tha calibration of the pion enorgy scale was
performed assuaing S = E dependence. A small correction
vas applied for the non-linear dependence,which was
derived by Birks and was consistent with tho previous
experimental observations. The correction was zoero in
the low energy interval and ~ 5% for the higher energieas.
Corrections were made for the following factors
which were not dependent on the energy of the piqn

(1) T*% 2% decay

A T* moson which decayed into a ' meson was not
counted in the analysis 4if the 2t particle from the uf
decay occurred within "-'10"'8 8GC, This correction was

small (-~ 1%),

(2) Edge_effects
A small fraction of the volume of the detector did

not provide 100% detection of the pions in tho crystal,
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since the ,u." meson could escape. This correction was

also ~ 1%.

(3) Dead=time of the detector

If a2 T meson waa preceded by a Y=ray or an
electron within ~ 10'7 sac, 1t was possible fc;r' the
system to miss the \T"'g unless 1t occurred within the
delayed coincidence gate,produced by the eleétron or YTeray.
These dead-time losses were determined from the film
records by the inverse effect, i1.2. the T meson followed
by an electron or a Yeray, and were of the order of 2%.

The differential laboratory cross-~section for the
production of n"' mesons from hydrogen AT was derived

dw

from the corrected pion counting rate I by the expression

N= o9 x £t » Dww % NIR) Dk
duv
where W(AR) DR is the number of photons of mean energy R
within the interval AR , Qw is the solid angle of
detection in sterad, and € is the number of prrn»tm‘ts/c:sm2

in the target.

AR = [dK DE,
dE
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where QA E 1s the energy interval at creation in the

target, and &k is a factor, deoternined from the
dEyg -

kinematlics of the reaction, which have been evaluated

using the recent value of the pion mass (Crowe, 1957).

The expression for the differential cross-aecfion(é!)
c.

: dw
can then be written

+*
v = EL‘-'-) x 20t x Nik) QER[dR
(5 i "(Ién)“w

dend”
dwab -
laboratory to the centre-of-mass frame of reference.

whers is the s0lid angle transformation from the

The value of NIR) has been computed by Penfold and
Leiss (1958) as a function of R , for different values
of Ao s the maximum photon energy. The calculationsa
were based on the thin target bremsstrahlung crosse
sectiona, as given by Schiff (1951), and tho validity of
this assumption i1s now considered. ¥hen the synchrotron
R.T. power is slowly turned off, the electron besn
spirals inwards and begins to traverse the edge of the
vertical 0.06 in tungsten wire target. Any electron,
which does not radiate on its first traversal, can therefore
do 80 at a later time, since the normal energy loss of

the electron in the target should not seriously effoct



the electron orhit. The photon angular distribution

is thefafara uncertain due to multible scattéring of the
electrons in the tungsten wire. The collimatién of ths
energing bremsstrahlung beam by o 0,25 in collimator,

placed 125 ém from the targét,selects only fhe bremsstrahlung
in an angular 1nterv§1 of 0,002 radian, The.characteristic
angle of the breméstrahlung 18 given by @%ﬁ; = 0,002
radian and hence the bremsstrahlung at the hydrogen

target is produced predominently in the firat few
thousandths of an inch in the tungsten target.

Calculations (Powell et al 1951) indicated that this
collimation system would produce 2 change in the thin

target spectrum by only 3%. A small allowance (—~ 2.5%)

was made in the determination of the cross-section for

the redunction in the end-point energy of tho beam due to

its 2 millisec duration,

The centre-ofemass differential cross-sections were
calculated at mean Yeray energles of 162, 168 and 175 MeV
with absorber out and 192 MeV with ~bsarber in. The
results are presented in column 2 of table 4. The errox
liﬁits refer to relative valuass in order tec show the
observed trend of the differential cross-section with

energy. ‘The errors quoted in table (4) are of the
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order of 7%, and were compounded from the statisticel
deviations,.which form the laigést contrib#fion;.tho
uﬁcértaintias in fhe correction factors'pré§iousiy
determined, together with small uncertaintiéé in the
range-energy determinations, |

An error in the absolute calibraﬁian ceuld have
occurred 1n‘addition. which would shift the‘éxparimental
poiﬁts as a whole,because ofvuncertainties in the beam
calibration., The information pertaining to the bremsstrshlhimg
beam monitors has been discussed by De Wire (1959), and
from the evidence presented there, the absolute error in the
calibration for the gquantameter is & 5%. A comparison
of the quantameter with the Cornell thickevalled copper
chamber was obtained at 320 lMeV (Aitken and CGabathuler,
1961) and the measured ratio was consistent with the given
ratid of the calibration constants of the monitors.

A transformation of the cross-sections at‘the
centre~-of-mass angles, shown in table 3,to 90°% in the
centre~of-mass was necesséry in uvrder to compare the
results with the theoretical predictions and'ﬁith the
previous expériméntal data, Tﬁe expreéaiﬁﬁ fér the
crossesection presented in Chapter 1 was

dr

+ +
S < Wla] s ofme + 0l wrB e ]
W R

<m.




and therefore the values of Q: and <$: which determined
the anisotropy of the angular distribution were required.,
Accarding to Adambvich (1960), this<anisatropy vas small
for the pion angular distribution for 7~rays of energy
185 eV, llence the wvalue of G: wvas determined directly
fronm %—;} by the kinematical factor W , which was
calculated as a function of the Y-ray energy. The

values of d; arc shown in the last column of table 3.

Je Discussion of Results

The graph of the variation of ag with Yeray energy

i1s illustrated in fig.(28), and the predicted rise of a:
towards threshold is clearly visible. The solid curve
shown for comparison 1s the single disﬁerﬂion rolation
of Chew, Goldberger, Low and Nambu {(1957), calculated

by Robinson (1959) for a laboratory angle of 58%,  The
two peramaters of this theory aro the coupling constant

{SL and the (Z-Z) resonance energy. The theory

relies in addition on the choice of experimental valuesof
the § wave phase shifts, but the results are not sensitive
to this choice close to threshold. The experiméntal
results are in good absolute agreement with the single

dispersion relations and theraefore with the value of

t‘= 0-08.
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The solid curve also corresponds very closely to
the double dispersion relation predictions given by
Ball (1960). The inclusion of the x~-x interaction
is represented by the dotted line in rig.(28), which
limits the %x~x interaction to the value N\ = X |-&2
The experimental results do not lie outaide these resultis,
and seen to favour the /A =0 curve.

This experiment was also carried out sinmultanecusly.
in this laboratory by Rutherglen et al. (1960), by
detecting the n* mesons with a four-fold coincidence
telescope, employing %i and E selection, to provide
a separate independent measurement of a;’ « The results
of this experiment are shown in fig.(29) together with
the experiment results presented in fig.(28). The
expérimente were carried out using different modes of
detection and different beam monitoring systems, yet the
overall agreement between the results is good. Rutherglen
et al. in their transformation to 90° in the centre-of-
nass used the values of a.."‘ and a;‘, given by Beneventano
et al. (1956), which raised the values of Q. at the higher
enorgies by as much as 15%. If the angular distribution
given by Adamovich 1s assumed, then the value of a:

determined by Rutherglen et al. at 191 and 200.6 HeV

t
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would coincide with the solid curve giving even better

agreement botween the experiments.

Conclusions

When this experiment waa commenced in 1958, there
were discrepancies in the field of lbw.energy nion
physics. Since then more accurate information concerning
the various other low energy experiments has been put
forward. This recent data will now be compared with
tiiec valuoes given in Chapter 1l,and an assessmcnt of the
overall state of the field of low energy pion physiqs
will be made with reference to fig.(4).

The value of A, the difference in tho S-wave
scattering le=ngths, which was derived by Cini et al in
Chapter 1 was

A = 0.24 2 0,02
and gave good agreement with the other low energy
peramneters, Barnes (1960) derived a value of

A = 0.3202% 0.06 |
which had the effect of increasing the value of PxR 1)
by as much as 40%. Hamilton and Woolcock (1960)
collected togoether all the avalilable S-wave scatteringl

experimental data on which they performed a threshold
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extrapolation as illustrated in fig.(30). They obtained
a value of |
A = 0.265 £ 0.007
wvhich iz still relatively high ccmpared to that given
by Cini et al. They pointed ocut that in ordaf to obtain
the correct phase shifts for pion-nucleon scattering,
it was necessary to remove a factor due to pure Coulocmb
scattering, which had been ignored previouasly. This then
gave a value
A =o0.285 % 0.007

consistent with the previous value given by Cini et al,

The results of this thesis are in agreement with the
threshold value of Qp; , predicted by dispersion relations
as given by Hamilton et al.

at = (20.2 2 1.5)10'30 em*/ster.
These results can now be combined as shown in fig.(h)
to give |
PXR{t)= 2.0 = 0,15

The Panofsky ratio (P) has been measured in many
different laboratories and the results are presented in
table (5). Despite a wide fluctuation in the initial
measurements of the ratio, the value

P=1.60 % 0.06
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TABLE %,

Panofsky Ratio Year Group
0.9% ¥ 0.30 1951 Panofsky ot al.
1.50 £ 0.15 1957 Cassels et al,
1.87 £ 0.10 1958 FPisher et al.
1.60 = 0.17 1959 Xuehner et al.
1.46 ¥ o.10 1959 Koller et al.
1.47 £ 0.10 1959 Derrick et al.
1.62 ¥ 0.06 | 1960 Samios et al.
1.56 £ 0.05 1961. Jonoes et al.
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is now fairly conclusive, in agreement with the results
of the Liverpool measurements,finally quoted in Chapter 1.
In the previous discussion (Chaptér 1), it was

stated that despite any precise experimental meaéurements
of tho “7&+ratio in deuterium, the exact derivation of
R, the free nucleon ratio was somewhat precarious.
Fortunately, this part of fig.(4) has been by=-passed
very recently by a very noat experiment,undertaken by
Gatti et al (1961) at C.E.R.N., indic-ted by the dotted
line. They measured the differential cross-section
for the reaction

x +p->Y+n
by detection of the emorgithneutrén using time of flight.
The incident pion energy was 92 MeV..whiéh‘w#s equivalent
to a Yeray energy of 188 MeV in the centre-ofe-mass of
the reaction. They derived a value o |

R= 1,34 0,15
using the 'lT‘t experimental results of Beneventano et al
(1956). The result of Gatti et al was in gbod agrecment
with the vaiuo of 1,30 predicted by bisporaion relations,
an& opened the way to more measurements closer to threshold
by this method.

If the value of R is therefore taken as 1.30,
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then

PAR (V) = 2.08 I 0,08
which is in good agreement with

Px RIN)= 2.0 ¥ 0.15
Although the threshold discrepancy was theoretically
solved by the introduction of the retardation terz into
the interaction Hamiltonian, this step has been borne
out by the experimental results of the energy dependence
of a: s presented in this thesis. To extend the
experimental values of a; closer to threshold (151.4
MeY) requires the measurements to be carried out at very
forward angles ( ~30°). It is doubtful if any new
information would be gained,because of the difficulties
in making accurate measurements by the present method.
For exanmple, there is a very rapid increase in the backe-
ground radiation in moving to forward angles as can be
seen from fig.(10).

An isotropic distribution based on the resulta of
Adamovich et al. was assumed for the determination of d:
fron the differential cross~sections. Any deviation
from isotropy had a verysmall effect ( ~2%) on the
values of 0: near threshold, but changed the value at

the higher Y-ray energies by as much as 15%. An
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accurate angular distribution is tharefore of importance
in the Yeray interval up to 200 Mov; to give ah accurate
agsessment of the eﬂergy denendence of a:‘. and 4in
addition to provide a precise determination ofytho
pion-nucleon coupling constant. It is difficult to
foresee how any rew information on the 7 /gt ratio
from déuterium will accurately determine R, The moast
likely measurements to assess IR ére those similar to
that carried out by Gatti et al, takgn in conjunction
with the T' cross-section fronm hydrogen.

The role of the x meson in underétanding nuclear
phenomena is already demanding a higher degree of
experimental accuracy with the introduction of the
pion-pion interaction. In view of the recent experimental
evidence of the pion-hyperon and kaon resonance states,
it may be that a complete understanding of the role of
the pion will not become avallable until the K-maesons

and hyperons are also included in the overall picture.
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