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PREFACH

Deuterium provides the most suitable target for
studying the banic process of negative plon photoproduction
at a freo neutron. For photon energies well above
threshold the spectator model has been used to relate
pion photoproduction in deuterium to photoproduction at
a free ncutron. In 1957 when the work described in this
theais was initiated no exporimental test of the
spectator model that cleerly supported its validity for
negative pion photoproduction in deuterium had been
reported. An experiment done using the bremsstrahlung
beam of the Glasgow electron synchrotron is described.

A scintillation counter technique was used, and the
energy spectrum and angular distribution of tho recoil
protons detected in coincidence with negative pions fron
deuterium were conpared with the predictions of theo
spectator mnodel, Ileasonable agreement was obtained.,

Charged pion photoproduction in hydrogen and deuterium
is discussed in Chapter I. A dotailed discussion of
axperimental tests of the apectator model and the impulse
approximation is given,

The calibration of the response of comumercially

available plaastic scintillator is described in Chapter IIX.




This worl:s was largely my own.

The construction, tcsting, and calibration of the
scintillation counter telescopes and the associated
electronies is given in Chaptar IXX. The proten
teleoscopo was constructed by mysolf. Tho pion telescope
was adepted from an existing counter telescope. The
author assisted in the construction of the display unit
and was entirely responsible for the counter tests
described.

In Chapter IV tho measurement of the recoil proton
energy and angular distributions is described end the
resulta.prnaented. None of the work included in the
description of the synchrotron was done by the author.
The liquid targot was constructed and operated by
Mr. D. Miller. I was assisted in the collection of data
by Mr. B. Patrick. The analysis of the data was done
by qyself;

Tho racoil proton enargy spoctfa and angular
distributions for ¥ + n—>p + % and for the spectator
model description of ¥ + d > 2p + % are calculated in
Chaptex V, The computation of the spectator wnodel
kinematics using Deuco was done by Mr. I.Barbour, The

remainder of the work was done by the author.
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CHAPTER I

(a) Introduction

The existence éf the pion was first postulated by
Yukawa (1933) in his theory of nuclear forces. Their
existence in cosmic radiation was confirmed by the
Bristol group led by Powell in 1947 (Lattes et al, 1947)
by observing the decay of the pion into p-mesons in
nuclear emulsions. As high energy particle accelerators
became available the production of pions in the laboratory
in nucleon~nucleon and photon-nucleon collisions made
possible detailed investigation of their properties.
Pions are zero spin particles. They form an isotopic
spin triplet and have odd intrinsic parity with respect
to the nucleon. The masses and principal decay modes of

charged and neutral pions are given below.

Pion Decay Hode Life Time Mass
s . R (sec.) (Mev.)
= T — B+ Vv 2.54 x 10" 139.6
x° x° — 27 5 x 10-16 135.,0

The first observation of pions produced in photon=-
nucleon collisions (photoproduction) were made at
Berkeley (McMillan, 1949) using a carbon target. The
investigation of photoproduction of charged pions carried

out since then has been largely directed towards



understanding the basic processes for photoproduction

of a single charged pion at a nucleon,

Y+p-—>x +n (1.1)

Y+n—>x%x +p (1.2)

Only the first of these can be observed for free nucleons
zdue to the lack of a condeﬁsed neutron target. The most
}suitable nucleus for investigating (1.2) is the deuteron.
The low binding energy and loose structure of the
deuteron lead one to expect that the nuclear binding has
less effect on charged pion photoproduction from
deuterium than from heavier nuclei. The reactions

for charged pion photoproduction in deuterium are

Y+ada—>x"+ 2n (1.3)

Y+d—1x + 2p (1.4)

The interpretation of (1.3) and (1l.4) in terms of the
free nucleon reactions (l.1) and (1.2) is complicated by
a number of effects.

The photon beams aveilable for experiment are
produced by allowing artificially accelerated electrons

to strike a target., This produces a bremsstrahlung beam



which contains photons of all energies between zero and
the maximum energy of the incident electroﬁs. The
energy of a photon involved in productidn df'é pion at

a nucleus is in general unknown. In the special case
of (1.1) which is a two body reaction, measurement of the
angle of production and the energy of one of the final
state particles uniquely defines the incident photon
energy. This is due to the requirement of simultaneous
energy and momentum conservation.

In the simplest model for reactions (1.3) and (1.4),
photoproduction is considered to take place at a freae
nucleon, which is given a momentum distribution
appropriate to a nucleon in deuterium, This is the
spectator model, so called because the other nucleon
takes no part in the interaction. In this model the
measurement of the angle of production and energy of a
pion allows one to define a range%;nergy for the
incident photon. The interaction of the 3 particles in
the final state oaq:be expected to introduce additional
effects, In reaction (1.4) there are 3 charged
particles in the final state and Coulomb-interaction,
which is absent in (1.3) is important at low energy.

In most experiments involving pion photoproduction

from deuterium, only the pion is detected and the results



are infarpreted in terms of free nucleon kinématica.
Experimenté in which more than one final state patticle
are observed allow one to investigate the vﬁlidity of the
various models used to interpret observations of (1.3)
end (1.4). The purpose of this thesis is to describe
an_experimaht done using the bremsstréhlung beam of the
Glésgow elécfron synchrotron, in which a recoil proton
was detected in coincidence with negatiﬁe pions from
deuterium using a scintillation counter technique.
Béfore discussing the detailed investigafion of
reactions (1.3) and (1.4) a brief account of pion
photoproduction in hydrogen is given for the energy

region up to 350 MeV in which pions are produced singly,

(b) Positive Pion Photoproduction at Protons

Photoproduction of positive pions at pfotona has been
thoroﬁghly investigated and the main features of this
reaction are well known. The total cross section rises
as the photon energy increases above threshoid and
reaches & maximum value in the region of 290 to 300 MEV.
At higher energies the cross section decreases rapidly.

Thiaybehaviour is due to a strong resonance in the
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T = 3/2, J = 32 pion nucleon state, where T and J are
the isotopic spin and total angular momentum respectively.
The totel cross section is shown as a function of photon
energy in figure 1.1, which has been taken from a review
article by Bellamy (1960). The low energy data of
Beneventano et al.(1956) obtained using nuclear emulsions
at Illinois and that of the Cal. Tech. groups {Tollestrup
et al, 1955 and Walker et al.1955) are plotted together.
The agreement between the three aet; of data is good. |
Measurements of the angular distribution show that
plons are emitted almost isotropically in the centre of
mass system near threshold. As the photon energy is
increased an excess of production at backward angles
beconmes apparant, At 290 MeV & large maximum in the
angular distridbution is observed in the region between
90 and 120 degrees, the angle being measured with respect
to the incident photon direction. This maximum decreases
as the photon energy is increased further. At 380 MeV
the angular distribution riseg towards forward angles,
For photon energies below 350 MeV it is reasonable
to assume that only S and P wave production are important.
This assumption has led to an analysis of the angular

distribution in the centre of mass system in terms of



;3 quédrntio expression in cos 9,

i—o—i—: A+ Becos8 + Ccos*b (['52)

where O i1s the angle of pion emission monsured from the
incident photon direction. Moravesik (1956) pointed

out that the direct interaction between the photon and

the meson current introduces & term containing (1 - B con G)2
in the denominator into the diffaerential cross saesction.

ile has suggested that the analyeis of the angular
diptribution be done uasing the fourth order polynomial

in cos O,

(|‘BCOS e)L —EI-E—-—: A + Beos8 + Lcos™6 + Deos’O + Ecos™6
dst

(1)

In the analysie the coefficients A to E are to be
determined from the detalls of the theory and the
resulting curve is compared with the measured angular
distribution.

Recent angular distribution measurements (Halmberg
et al), 1958, Uratgky et al, 1938, and Xnapp et al, 1957,
and 1959) have boen compared with dispersion relation
calculotions of Chow et al. (1957) using this recipe.

The angular distributions obtained by Uretsgky et al. for
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260 and 290 MeV photon energies are shown in figure 1,2,
The various curves are obtained for different assumed
values of the small pion-nucleon phase shifts, é;ll.
813 and 831. The subscript are twice the isotopile
spin and total angular momentum respectively.  The
agreement shown between the experimental values and the
theoretical predictions in figure l.2 18 reasonable,

A pracise knowledge of the values of the small ﬁhase
shifts will be required before a detailed comparicson
with the theory can be made,

An interesting relationship exiats between various
threshold values in pion physics. It depends updn the
well established principles of charge independence and
detailed balance., The quantities involved in this

relationship, that can be measured experimentally are;

| T +p 2T °+n)
1, the Panofsky ratio, R= xt#":i‘?x-fn?

2, the charge exchange scattering transition rate,
w (T +p —> T +n]
3. the threshold photoproduction transltion rate

w(¥{+p > T+ n)

w(len = T +p)

4, the ratio, Y =
w(Y¥+p STY +n)
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The ielationsbip between these quantities ié showvn 1in
figure 1,3. The Panofsky ratio is measured for zero
energy pions. The experimehtal observation of 2, 3,
and 4 are made at positive energy and must be extrapolated
to threshold, Initially the measﬁred values of 2, 3
end 4 led to a prediction of 2,5 for the Panofsky ratio
as coﬁpared with 1,5 %.1 for the experimentally observed
ratio., Cini et al. (1958) shdwed that the discrepancy
may be resolved, if the extrapolation‘to gero energy of
pion photoproduction and charge axchange'ecattéring

are done in a manner consistent with the theoretical
energy dependencé for these processes,

The meaauremenﬁ of the 90 degree differential cross
section as a function of photon energy provides an
experimental test of the Cini extrapolation. The
coefficient a is plotted in figqfé 1.4, where a, is

related to A in equation 1.5 by
a = A/W where W = pp (1 + V/H)f2 (L7)

where p and B, are the pion momentum and energy respectively,
V is the photon momentum and M is the nucleon mass.

The experimental points are those of Rutherglén and
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Walker reported at the Rochester Conference (1960).

They provide experimental confirmation of the dispersion

relation predictioné.

The minus - plus ratio, r , for pion photoproduction

that is measured experimontally is that for deuterium.

It must be correctad for the effect of ﬂuclear binding

before it is introduced into the threshold relationship.
in deylerium

A discussion of charged pion photoproduction?is given in

the next section.

(c) Charged Pion Photoproduction in Deuterium.

It was pointed out above, that one of the main
reasons for the interest in pion photoproduction in
‘deuterium is that it is the most practical targes for
studying the basic in¥eraction (1.2), for pion photoproduction
at a neutron, The many measureﬁenta of the’negative to
positive ratio fﬁr pion production are the best example
of this approach. The study of pion photoeproduction in
deuterium may also be directed towards understanding the
effaect of nuclear binding on the fundamental-pion
prﬁduction reactions, An exampla"of this approaph is

the measurement of the ratio of positife'pion photo-



production cross sections in deuterium and hydrogen.

The investigations directed towards the understanding
of 1.2 require a model to relate the measurements of
pion photoproduction at the bound neutron to photo-
production at a free neutron at rest. The simplest
model is the phsnomenclogical speétator medel in which
the photoproduction takes place at one nucleon only.

The other nucleon leaves the interaction with momentum
equal to its initial internal momentum., Photoproductinn
in deuterium may then be reduced to production at a free
nucleon. This nucleon is not at rest and must be given
a momentun distribution appropriate to the bound nucleon.
The effect of the binding energy may be included in this
model., The measurement of the angle of emission and
energy of the pion say, permit the complete solution of
the two body kinematics involved in the spectator model
for assumed values of the initial nucleon momentum.

Thus the energy épectrum of photons that can produce a
pion at a‘particﬁlaf angle and energy may be evaluated
for any assumed nucleon momentum distribution. In the
interpretation of experimental results for pion photoe

production in deuterium the kinematics for production a%



a free nucleon at rest have often been used to relate
photon-energyAto pion energy and angle. This procedure
implicitly assumes the validity of the spectator model
and in addition that the spread in photon energies due to
nucleon momentum is not large. Although the spectator
model has generally been assumsd to be valid in the energy
region well above threshold (EY?200'HQV) no experimental
work clearly supporting it had been published until a
year ago.

At photon energies below 200 MeV the spectator
model is not expected to give a good description of
pion photoproduction in deuterium. This model ignores
final state interactions which become increasingly
important at low energies. In the energy region near
threshold and up to 200 MeV the impulse approximation is
useful, It was suggested by Chew (1950) and was first
used by him to deduce free neutron-neutron scattering
cross sections from neutron-deuteron inelastic scattering
data. The application of the impulse approximation to
pion photoproduction in deuterium has been discussed in
detail in a series of papers by‘Chew and Lewis (1951),

Chew and Wiek (1952), and by Lax and PFeshback (1951, 1952).



The fundamental assumption of the impulse
approximation is that the pidn production amplitudes from
various nucleons are linearly superposable to form the
production amplitude for the whole nucleus, Thé conditions
required for the validity of the impulse apprﬁximation
are threefold. They are stated below in the form
given by Chew and VWwick,

1. The incident particle never interécts strongly

with more than one nucleon at the same time.

24 The emplitude of the incident wave falling on
each nucleon 1s almost the same as i1t would be
ir the.nucleon were alone,

3. The binding forces between the nucleons are
negligible during the decisive phase of the
interaction when the incident particle
interacts strongly with the nucleus,

Conditions 1 and 3 must be satisfied if the many body
‘features of the problem are to be avoided. The
transparency conditiﬁn 2, i8 not essential but permits
a considerable simplification. The third condition
is sometimes resfated in an alternative form, namely

that the collision time is short compared to the period
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of_the nucleon systen.

?he above condifions are expected to be well satisfied
for pion photoproduction in deuterium, Condition 1 is
certainly satisfied for the incident photon due to the
emallness of the fine structure constant.

The transparency condition for the two nucleon
system may be restated in terms of the probability of a
meson produced at one nucleon being scattered at the
second., Unless this probability is small the effect of
multiple scattering will be important. A simple indication
of the magnitude of the multiple scattering error may be
obtained by considering the ratio of the pione~nucleon

scattering cross section, to the size of the deuteron, i,e.
o3 =2
/'IT‘R
vhere R 18 the mean nucleon separation. 1If we assume
20 millibarns for 0s and use the value taken by Chew
(1952) for R = 3.2 x 10713 cn., the above expression
gives a multiple scattering error of 7 percent. This is
in good agreement with the estimate of 5 percent obtained

by MacDonald (1959) from detailed calculations,

The collision time is expected to be small compared



to the nuclear period since the energy conservation
violation in the intermediate state is on the average
equal to the pion rest mass.

The determination of the cross section in the
impulse approximation is done by evaluating the
transition matrix element for free nucleon photoproduction
between initial and final nucleon states. The nucleon
binding forces determine the initial and final states,
and do not eneter the calculations directly. The
procedure is illustrated by giving the calculation of
Chew and Lewis (1951) in some detaill,

They express the differential cross section for

pion photoproduction in deuterium in the form

dog  _ (Zﬁ)“z Q(aj(/uo + €+ DY m— V)
dudD (.2

where j§i and "o are the pion momentum and energy,
v and v, are the photon momentum and energy,
D is the total momentum of the recoiling nﬁcleon
system,

and M is the nucleon mass,

€E=€5—€| where €4 is the internal energy of



“ 15 =

the final state nucleon system and - €{ the deuteron
binding eﬁergy. |

Q 15 the matrix element which ias to be evaluated in
the impulse approximation. In 1.8, A=C =1 and the
pion rest mass is set equal to 1.

The matrix is to be approximated by T = Tl + Tz

-

where T; is the part of the matrix element which
describes photoproduction from the jth nucleon acting

alone.

Ty = (o K+L) explilvop)-Tgd 7T (1.9)

where Yi » 0; and T; are the nucleon position, spin,
and isotopic spin respectively. The matrix element is
written in two parts, Gj+ K represents the spin
dependent production in which the spin of one nucleon is
reversed, i.e., spin-flip occurs. L represents the

spin independent part in which the nucleon spin state
remains unchanged. The matrix element is evaluated
between the initial deuteron state and the final
synmetric and antisymmetric states. The matrix element
is squared, summed over final nucleon states, and

averaged over initial spin states and photon polarization



0

Figure 1.5. Exclusion principle function F(D)
' calculated by Chew and Lewis (1951).



- 16 =

giving,

|le = % avq Ef 'z

+[F (KD avg, +2 ILlj(IOl?‘Z (1.10)

where the K and L are the same as in (1,9) and E; and Og

are defined bjr the integrals
E, = fuf:(f) exp (i ke pluilp) d p

= [u,co*/,p) exp (ikep) u;(/O) dp 1)

wvhere U;. and U;, are the symmetrical and antisymmetrical
final state wave functions and Ui is the deuteron wave
function,

| When the dependence on the pion momentum is eliminated,
the cross section may be e:?preased as a function of D2

in the form
| d o= dot
d% Da = [-I - %F(D) dGD—?' + [‘ (D)] ' ‘Z)

in which the spin-flip part C’OR/d D?‘ and the non spin-

flip part dﬁ/dDT' are written separately. The function

F(D) is shown in figure 1.5. The corresponding
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oxprossion for photoproduction at a free proton is

dD*  dD° d D*
the

The effect of "Pauli exclusion principle is illustrated
by 1.12, VUWhon D = 0 F(D) = 1 and the non spin-flip
production is suppressed while 2/3 of the spin-flip
production is allowed. This may also be seen from a
sirple consideration of the initial and final aucleon
setatos involved. The initial state 4s the ground state
of the deuteron which is a 35 state. The Pauli principle

fllows traonsitions to 18. 3?. 1D states oetc., but forbids

1P. 3D states., Near thraeshold where

tranaitipns to 38,
the enorgy available is not sufficient for the nucleons
to be in a P state the transition will be inhibited ir
spin-flip production does not occur. In the region
near threshold D will always be small, and the depondance
on D obtain@d bf Chew and Lewls is expected.,

Their analysis showed that small valuaﬁ 6f D
corresﬁond to enission of the pion aﬁ small angles to the
incident photon direction. It follows that experiments

designed to determine the nucleon gpin dependence nmust

be done at forward angles where the exclusion principle
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effect is large. = 1In principle a measurement of tho

ratio of positive plon photoproduction from deuterium to
that from hydrogen at small angles will determine the

spin dependence. Experiments at small forward angles

are difficult to perform due to the high electron background
and the resultsof experiments of this type are not
conclusive.

The final state interaction of the particles in
positive and negative pion photoproduction from deuterium
(1.3 and 1.4) are considered in detail by Baldin (1958)
for photon energies near threshold, He expresses the

cross section in the fornm

do _ A(p, IKI"+ B(p,q) Ll (1-14)
dpdq
where p = % (pl - Pz)o
qa=1% (p; + Pyl
and Py and p, are the momentum of the two final state
nucleons in the laboratory systemn. ’K’z and |L|2 are
the squared spin-flip and non spin-flip matrix elements
for pion photoproduction at free nucleons,
A and B are functions of p and q and express the

dependence of the cross section measured for deuterium
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on the initial and final nucleon states. For positive
pion production they are the equivalent of the

1 -'% F(D) and 1 - F(D) obtained by Chew and Lewis,
Baldin has evaluated A and B in a detailed manner
appropriate to the threshold region. The Coulomb
interaction between the two protons is included in the
evaluation of A and B for negative pion production. The
Coulomb interaction between the negative pion and the
protons is introduced separately. These calculations
represent the most rigorous treatment of the final

state Interaction, that has yet been done for mnegative
pion photoproduction in deuterium, The effect of the
Coulomb correction near threshold is to increase o6~
measured for a deuterium target relative to the value for
photoproduction from a free neutron. The Coulomb core
rections in the threshold region are summarized in the

table below.

Pion Energy Positive Coulomb Negative Coulomb

Correction Correction

p~R*” interaction p=p interaction
< 10 MeV can be > 10% negligible
> 10 MeV negligible can be appreciable.

Baldin concludes that the final state Coulomb corrections



can not be neglected in the evaluation of ¢ for free
neutrons from the deuterium data. | The results of
Baldin's calculations have been used to interpret the
result of an experiment done by Adamovie et al. (1959)
in which negative pion photoproduction was investigated
near threshold. This experiment will be disbugsed in
detail later,

Photodisintegration of the deuteron

Y+d > na+p

will compete with pion photoproduction. Wilson (1956)
has developed a theory in which the photodisintegration of
the deuteron takes place through a process of pion emission
and reabsorption. He assumed that the plion 18 reabsorbed
and that photodisintegration is the result, if the nucleons
are within a pion Compton wave length of each other. He
obtained good agreement with the measured photodisintegration
cross sections for deuterium above 100 MeV, when he used
reasonable values for pion photOprodﬁctipn cross sections.
Even at high energies where the spectator model is
expected to be valid the competition of photodisintegration
may be expected to reduce the cross section for positive

pion production from deuterium below that for_hydrogen.
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The preceding consideration of charged pion photo~
production in deufefium 1ndicatés that a careful
consideration of the experimental conditiops that obtain
for any particular experiment is required if pion
production in deuterium is to be-related to reactions

(1.1) end (1.2).

(d) Review of Published Experimental Work,
The experimental investigation of charged pion

photoproduction iﬁ deuteriunm may be divided into two
categories, experiments in which only one final state
particle is detected, and those in which two or all three
particles are detected., Experiments in the first
category have the advantage of being suitable to the use
of counter techniques and good statistics are in gene:al
possible. The 1ntérpretation of the results of these
expgriments require#a model to relate pion photoproduction
in deuterium to that in hydrogen. Experiments in the
second category éuffer from poor statistical.accuracy.
whether the éxpefiment employs a visual technique where
the analysis is tedious, or a counter technique requiring
the simultaneous deteation of more thaﬁ one particle

where counting rates will be low. These experiments
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allow an investigation of the validity of the various
models for pioh photoproduction in déutérium in addition
to measuring pion photoproduction cross sectiong.
Experiments in which one particle only is detected will
be discussed first, | |

The negative to positive pion ratio from deuterium
(hereafter c#lled the =/+ ratio) was measured by
Deneventano et al.(19%4, 56, 58). A liquid deuterium
target was irradiated by the 300 HMeV bremsstrahlung beam
of the Illinolis betatron. The pions were detected in
pellicles which were immersed in a large block of emulsion.
This arrangement compensated for scattering losses, and
the effective solid angle was defined by the pellicle
size, The pellicles were underdeveloped to reduce the
effect of the large electron background preasent near the
photon beam. Identification of the negative and positive
pions depended upon the track endings. A knowledge of
the star-prong frequency of negative pion endings was
required, This was obtained from sxposure—ocf plates
exposed to a negative pion beam from the Chicago cyclotron.
Several exposures were made in which the electron background
was greatly reduced. This allowed normal development,

and the positive pions could be identified by the g = €
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decays. The prong-frequency for thg negative p;on
endings obtained from these exposures agreed well with
that obtained fromvthe plates exposed to the cyclotron
pion beam. The uncertainty in the negative to ppsitive
ratio due to pion identification was small, The «/+
ratio obtained by Beneventano et al. at 75'dégrees iﬁ

the laboratory system is. shown in figure 1,6.

The =/+ ratio from deutefium has been measured by a
number of groups using various typés of counters as
detectors and magnetic deflection to separate negative
and positive pions: Sands et al. (1954) measured the
~/+ ratio for pions produced in a cooled high pressure
gas target at 3 angles in the laboratory system.,

Their measurement extended over pion kinetics energies from
30 to 200 MeV. Hogg and Bellamy (1958) detected

15 to 70 MeV p1ona produced in a liquid deuterium target
at 75 degrees in the laboratory. The measurements of
Sands et al. and Hogg and Bellamy are shown with those of
Deneventano et al. in figure 1,6 The agreement between
the three sets of data 1s good. The golid curve is the
extrapolation to threshold used by Beneventano which gives
a value of 1,87 for the ~/+ ratio at threshold. The

Coulomb corrections reduce the crosé section at a free
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neutron by about 10 percent. Moravesik (1958) has shown
that by applying small but reasonable corrections to the
parameters used by Deneventano a significant difference
in the extrapolation is obtained. The dashed curve is
due to Moravcsik, His extrapolation implies a =-/+

ratio from free nucleons of 1.4 in good agreement with the
theoretically predicted threshold ratio of 1l,.3.

Ademovic et al. (1959) measured the negative pion
production cross secticn in deuterium very near threshold.
The same workers elso measured positive pion cross séctions
from hydrogen (Adamoviec, 1960). They obtain a threshold
value for the -/+ ratio of 1.3 2 .1% for photoproduction
at free nucleons. The agreement among the various sets
of data is good, and the threshold «/+ ratio from free
nucleons may be regarded as well established,

It 18 interesting to note that the three sets of
data shown in figure 1.6 were obtained with very different
peak photon energies namely, 235 MeV Hogg and Bellamy,

300 MeV Beneventano et al, and 500 MeV Sands et al.

The agreement between these measurements indicates that
the ~/+ ratio is not strongly dependent upon peak photon
energy at these energies. Near threshold however the

measured -/+ ratio from deuterium may be strongly effected
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by the maximum photon energy évailhble due to the
different threshold energles for negative and positive
pion photoproduction (Khavlomov, 1959). The effect will
be large i1f the maximun photon energy 1is close to the
threshold.

Recently Land (195%59) has measured the -/+ ratio from
deuterium due to monoenergetic photons using a photon
difference method. The M.I.T. synchrotron was operated
with maximum energy E max at 307 and 292 MeV. The pion
yields measured at these values of Z are normalized
and subtracted to give the yleld due to monoenergetic
photons at 292 ¥ § MeV. The pions were detected using
magnetic deflection and a scintillation counter telescope.
The -/+ ratiosobtained for monoenergetic photons are,
0,90 X .23 at 73 degrees for 98 MeV pions and 1.07 & .16
at 120 degrees for 30 to 90 MeV pions. These values
are below those obtained in this experiment, and below
values obtained by other workers for the =/+ ratio
measured using bremsstrahlung beams. Land suggests
that for production due to a bremsstrahlung boean, pipns
will be couhted due to photons outside the 292 % 8 MeV
interval, Since the ratio rises with decreasing energy

and little contribution can be expected from higher energy
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photons (E = 307) the contribution from lower photon
enérgies will tend to increase the ratibimeasuréd using
bremsstrahlung beams, This suggestion 1s surprising,
considering the aéreement between the various measurements
shown in figure 1.6, The errors assigned to the
monenergetic measurement need to be reduced beforo a
definite disagrement can be said to exist,

A convenient summary of the experimental data from
=/+ ratio measurement prior to 1957 is giyen by Moravcsik
(1957). He compares the «/+ ratio calculated using
various approximationé with the measured ratio over a
wide range of photon energy ﬁnd pion production anglec.
The ~/+ ratio 1s always greater than one. Except at
backward angles it decreases with increasing photon
energy. The -/+ ratio rises towards backward angles at
all enerxgiles, | |

The ratio of positive pion photoproduction from
deuterium and hydrogen ( hereafter called the D/I ratio)
has beea measured in a number of experiments (Beneventano
et al. 1958, Hagexrman et a131957}AWhite et a1q1952). The
techniques nséd ére silmilar to those employéd in‘the Sy
ratio measufeménis¢1 The measurement b& Bengventano

for photon energies up to 230 MeV shows that the D/H
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ratio is less than unity and that it decreases towards
forward angles and low energy. This behaviour is
predicted by the Chew and Lewis calculations, since low
photon energies end forward angles is the region of small
D. Attempts to obtain spin dependence of pion production
from measurement of the D/H ratio have 1éd to inconclusive
resulta.

Photoproduction of negative pions in deuterium near
threshold has been investigated by Ademovic et al. (1959).
This experiment is the most complete study of this
reaction that has been reported, It will be described
in detail.

Nuclear emulsions loaded with heavy water were
exposed to 200 and 2%0 MeV bremsstrahlung beams from the
Lebedev Physics Institute synchrotron. In this
experiment the loaded emulsions acted as target and
detector, Pions up to 30 MeV kinetic energy could be
registered'in the heavy water loaded emulsions allowing
neasurement of the cross section for photon energies up
to 174 MevV. Juast over 2000 cm2 of emulsion were scanned
and 720 events due to photons between 17ﬂw:;d threshold
were found, A few more sensitive plates were used to

measure the cross section for photons between 174 and 202
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MeV.

The three final state charged particles were
registered in the emulsion. The identification of particles
that stopped in the emulsion presented no problem. Some
tracks which left the emulsion were identified bi
multiple scattering and grain counting #echniquoe. A
small fraction of the events (8%) in which one or two
particles left the emulsion were identified using the
momentum and energy conservation conditions for reaction
v(l;“); ' All 3 prong stars were analysed using this
condition and an error AP was obtained for each star.,
The star disﬁribution was plotted as a function of AP
for the heavy water loaded emulsion, and compared with
the distribution in AP obtained from plates 1oaded‘with
water., No avents were found in the latter set of plates
in the range of AP where events were ascribed to
reaction (1.4). The identification of stars due to
(1.4) was considered to be unambiguous,

For each event the photon energy, pion energy and
angle of emission p = % P, - P, ,and q = 3 P, + Py
were determined. The impulse approximation calculation:
of Baldin gives the eross section for reaction (l.4) as

a function of p and q. A detailed comparison between



‘suojoid

oM} Syj Jo uorjouw m>ﬁm~mu ay} jo wnijoads AB1auy L 2aab1 g

AN T
¥, 07 4l 2l g 4 J
| _
_




* % AB1sua uojoyd ayy
uo 0/S'Coone1ray jo
souapuadag 81 =40big |




- 29 =

the predictions of Baldint's calculations and the
experimental results wae ma&e. The energf gpectrum of
relative motion of the two protons is shown in figure 1l,.7.
The theoretical spectrum is calcuiated for L = 0, and a
value of |Knl2 obtained from the positive plon cross
section from hydrogen and the theoretical value of 1.3
for the -/+ ratio. 1In figure 1.8 the ratio 0is/ /0o~

is shown as a function of photon eﬁergy. ~ Here o 18 the

total cross section and 0, is the cross section for

- production of a pion when q/p > 2.5. The solid curve

represents the theoretical ratio 03.s/0> the dashed curve
was calculated omitting the Coulomb interaction,

The observed crdss section is isotropic in the centre
of mass system, and shows an 7., dependencp. yhere Nomax
is the maximum possible pion momentum. .Adamovib (1959)
compares these properties of the data with the dependence
predicted for various transitions. |

Finally the squared matrix element for pion
bhotoproduction at a free nucleon IKnI2 i3 obtained from
a careful consideration of the experimental and calculated
érosa sections for values of p and q where the calculations
of Baldin are known to ﬁe accurate., In a subsequent

experiment Adamovic et al. (1960) measured the cross
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section for positive pion production near threshold.

The statistical accuracf of the data is not sufficiently
good to enable-the cholce to be made befween lxplz and
lKnI2 constant and the Cini extrapolation. |Kp|2 and
\Kn|2 were extrapolated to threshold using fhe Cini
method to obtain the threshold -/+ ratio. This ratio
should be independent of systematic errors in beam
monitoring.

The results of these experiments may be summarized

as follows: I |

l. The 4impulse approximation is valid for this
interaction provided the Coulomb interaction . in
the final state is included.

2, lNear threshold the transition occurs through
electric dipole aebsorption of the photon, the
pion is emitted in an S state and the nucleons
are left in a singlet S state, i.e. spin-flip
production occurs. | |

3+ The -/+ ratio at threshold is 1.3 2 .15 in good
agreement with the predicted valuo‘of 1.5.

An experiment in which the bremsstrahlung beam of

the Berkeley electron synchrotron was passed through a

4 inch deuterium bubble chamber is reported by Swanson
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(1960). ©Negative and positive pion production in
deuterium were obgerved. The former reaction was
identified using energy and momentum consérvation conditimns,
the latter by the characteristic range of the decay

p. meson.  The -/+ ratio for deuterium obtained by

Swanson is shown in figure 1.9. The photon energy and
centre of mass plon angle were assigned using the two-

body kinematics for both reactions sinco the true photon

energy was not determined for positive pion production.

to obtain the ~/+ ratio for free nucleons. The ratio
for thellowest eﬂergy "bin" is below the theoretical value.
The average value for tho «/+ ratio for deuterium and froe
nucleons are 1,38 t .12 and 1.27 % .11 respectively.
The distribution of photon energies contributing to
negative pion production for events in "bin" 22 is
presented., The distribution is peaked about the two-
body photpn energy, but extended 10 MeV below and 20 HeV
above that value. ~ The width of this distribution
indicateg that considerable uncertainty may be introduced
by use of two bédy kinematics to}assign photon energles.
Although separate measurément of negative pilon
production in deuterium and positive pion productiﬁn in

hydrogen can introduce uncertainty in beam monitoring,



- 32 -

this procedure ias to be preferred to that of Swanson et al.
since the kinematics are then completely defined for both
reactions.

Keck and Littauer (1952) have investigated the
spectator model for pion photoproduction in deuterium
using a scintillation counter technique. In this

20 and nzo targets were irradiated by 310

experimant D
HeV bremsstrahlung., A three counter telescope detected
pions emitted at 90 % 10 degrees with an energy of 56 % 9
HMeV. The pions were identified by their gpecific ionkation
and range, the first two counters were operated in
coincidence and in anticoincidence with the third counter.
The protons were detected in a NaXI(Tl) crystal that could
stop 69 MeV protons. The proton energy was measured
using a pulse height analyser. The angular distribution
and energy spectrum of the protons detected in coincidence
with the pions are shown in figure 1.10. Curves A were
calculated for pion production at a free neutron at rest.
The angular resolution and energy macceptance of the
counter system is inélnded. Curves D represent the
distributions expected if the spectator model is assumed.
Once again the resolution of the counter system is

inc¢luded,

The agreement between the observed angular distribution
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and that prediéted by the spectator modél is satisfactory,
The.eiperiﬁental points for the pfoton energy spéctrum

do not agree with either curve A or B. They appear to

be shifted towards higher energy by 12 to 15 MeV. This
discrepancy‘was not resolved. The energy calibration

of the pfoton counter wes done using three different methods.
The pulée heightvin the protbn cdﬁnter ﬁaé méadufed for

the Cs 137 photopeak at .67 MeV. The pulse height
producéd By cosmic-ray mesons at 9.5 HMeV wa-'measured.

The number-bias curve abtaiﬁed using a beaﬁ of inhomogeneous
protons was extrapblated to high energy cut off at 69 MeV.
These methods agreed to within %5 percent. Other sources
of error were consideéed. The effect of pions scattering
around the third counter in the pion telescope was shown

to be negligible. Multiple scattering of the protons in
the targets, and possible variations in the pion cross
section were shown to be small effects.

The differentiel cross section for negative pion photoe
production accompanied by a correlated recoil proton was
calculated using curve B for the angular distribution. This
gave 10,8 ¢ 1 x 10-30 om? per steradian in good agreement
with the value 11.8 * 1.2 x 10720 om? per steradian obtained

from the total pion counting rate and the =/+ rétio for
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deuterium measured by Littauer and Walker (1952)

’ The impulse approximation theory of Chew end Lewis
was used by Thie (1952) to derive an expression for the
cross section tor detection of a pion and recoil proton

in coincidence. The expression is

do-\ - M P _u u, E/u (/uo‘f‘a.M) ~— Mo Vs Cosle’uj %,
dSLu dEp dfLp 32 M ' ,u.(/uo + M) +u. Pcos (Bp+Ou) —uo vo Los Ou |

{1.1¢)
where P is the nucleon momehtum.
E, = p%/2 M,
+ =[-§- ]Etlz +-§ loflz] K? + |°r‘2
Ou and Op are the pion and proton angles respectively,
dSLa andAdﬁ¢ are the solid angle for the pion and
pfotonvrespectively, and the remaining éimbols have
been defined. Curve C in figure 1,10 waé ﬁﬁtaiﬁed from
fﬁéiabove ezpression.by a numerical 1ntegrafion} Although
the maximuﬁ'occurs at higher energy than for éurv&s A
and B‘it doés not égree with'the expérimentéi4§oiﬁts.
" Reaction (l.h) was studied by White et.al;(1960)
fbi phofon energies between 200 and 1600 HeV; They uaed
a large ditfusion cloud chamber filled with deuterium gas
at 14 atmoapheres and operated in a magnatic fiold of

6 kilogauss. The 10L0MeV bremsetrahlung beam from the
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Cornell synchrotron‘was hardened~using lithium hydride
to reduce the relative number of low energy photona and
paased through the chamber. Reaction (1 4) was
distinguished from other three prong events. multiple

pion production fcr example. by a detailed kinematical
analysis of each event. o

The spectral shape of the hardened beaﬁ was known
80 that the cross section for negetive pion production
in deuteriunm was obtained. The cross section for
photoproductioﬁ at a free neutron at rest was derived from
the measured cross section, by first franaforminq each
event into the centre of mass system to obtaiﬁ the cross
saction for a bound. neutron at rest and thén'by dividing
this quhntity by the D/II ratio. The crose sectién
derived in this way agrees well with that obtained by
the more conventional method ofrmultiplying-tha.positive'
pion cross section at a proton by the -/+ ratio.

A direct comparison is made between the abserved
momentum distribution of the spectator proton and the
momentum distribution of the nucleon bound‘in thé
deuteron. -Figure 1,11 shows & histogram of the iaboratory
distribution of the spectator momenta. Thevﬁﬁéérved

distribution has been corrected for a cross section bias

3
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due to the nucleon momentum. The curves are the -
momentum diétributions éalculated from tho Gartenhaus

and Hulthgnfwdve functions. The spectator ﬁodel has an
inherent ambiguity in identifjing the lower moﬁentum
proton as the spectator. This effect will Be greatest
for large spectator niomenta. The ”méasured" curée{
includes the effect of thisc ambiguity on the shape of the
momentum distribution. The agreement shown in figure
1,11 is good. A few proﬁons of high nomentum were
observed and must be considered to have interacted in

the final state. White attributes the deficiency in the
100 to 200 MeV/C region to the competing photodisintegration
process., The number of events did not permit a detailed
analysis of the angular distribution. A definite excess
of spectator protons was observed in the forward direction
for photon energies abo#e 250 MeV. This could be
interpreted by assuming an average momentum transfer to
the spectator proton of IG.HaV/C.

The work of White et al. gives strong support to the
validity of the spectator model description of pion
photoproduction in deuteriuh in the regioﬁ from 200 to
500 MeV, At higher energy the data is scarce. On the

other hand the discrepancy observed by Xeck and Littauer
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in the recoil proton energy compared to the spoctator
model predictions would indicéta that ihe spéctétor

model 1s suspect. The expoerimental étudy of ﬁegativa
pion photoproductian in deuierinm described in this thesis
was directed towards inveatigaﬁing this discfepancy'

from the experimental side.

(e) The Present Experimant.

The oxperim&ntal method consisted of simultaneous
detection and measurement by acintill&tion counter
telescopes of tho proton and negativa pion'éréduced~in
the roaction ¥ + d-} pep+x (L), A thin:liquid
deuterium target was irradiated by the 307 MeV
bremsstrahlung béam of tho Glaagow'elactran synchrotron.
Piong were dotected at 90 & 3.7 dégree. in the laboratery
and in an energy range from L6 to €0 HeV usinéyal
scintillation counter telescopo. The coincidéﬁt protons
wore detected in a second scintillation countar‘
tQIGQOOpe. The angular distribﬁtion and energy spectrum
of the coincidentprotons were measured. |

The pion tele?copa'conaistod of A aeintillaiion'
countera operated in a 1 + 2 + 3 - 4 coincidence-

anticoincidence sequance. Thoe pions were identifiled



by thelr specific jfonization in counters 1 and 2 and by
their rangé.‘ The twvo counter déterﬁiﬁation of specific
ionizatian-parmitﬁed zmiuch better separatibn bf piona
rom 6thar éhﬁrged particles than is poasiﬁle with a
single counter. |

The protoh tolencope had three scintillation counters.
The front scintillator was thin, &he socond hnd e range
equal to that of 81 MeV protone. This counter telescope
identified protons in the energy range from ;2 to 81 MeV,
by means of their specific ionization and energy.

The detection of a pion by the first counter
telescope triggered the sweap of an oscilloscope. The
pulsos from oauﬁtora 1l and 2 in the proton telescope
vare diaplayed on the oecilloscope trace which was
photographed. The position of the pulses on the
oscllloscope trace were used to eliminate the background
ovents. The energy specctrum of the protons wes obtained
from the pulse height distribution of the pulsestffom
counter 2. The ability to identify both the pion and
tho proton gremt1y reduced the poesibility of including
events due to interactions other than (1,4). Tho use of
the liquid deutorium target marks a definito improvement

over the nao - nzo subtraction tochnique.
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- CIAPTER XTI

Tho Responsa aof Plastic Scintillator.

In may experinenta in nuclear physics the pulse
height produced by charged paéticlea in scintilletion
counters is used to measure the energy loss in tho
acintillator. The present investigation is an example
of such an experiment. Secintillators having a lincar
regponse to particle energy are to be preferred in auch
applications. The inorgenic ecintillators, sodium
iodide and caosium iodide, are often used for this reonson.
Wheon intenso pulsed scources of readiation are uscd tho
long scintillation decay time cormon to inorganic
scintillators (df the order of & U second) makes their use
difficult. Orgonic scintillators have decay times of
a few nanoscconds, and may be used where very high
instantaneous counting rates asre expected (e.g. 107 per
sec.). Tho response of orggnic scintillatbra tqheavily '
ionizing particles 18 known to be non-linear, The response
to a particular particle,protons or pions aay} mnst be
deternined before calibration at one or two energles
only will permit accurate measurement of partidlo energles.
Tho commercially available plastic scintillator is the most

counvenient acintiilator foxr use. in counter experiments in



o~ !{0«

which large srean counters are required. Since tho
response of pl&afio scintillator to protons héd nét beoen
weasured a direct calibration was done (Evans and Dellemy,
1959).

Birks (1953) has developed a theory describing the
scintillutioh process in organic scintillators. Ile
interprets the scintillation phenomena in terms of
emiasion of primary photons by moleculesn tha&vare lonized
or excited by the incident particle. These photons are
in the ultrawviolet region and are reabsorbed. Tho
reabsorption may be agcampanied by fluorescewce in the
visible or near ultraviolet region. Non-radiative
capturo is a coopeting process, and the relﬁtive importance
of the two processes willlargelyvdetetmina the scintillation
efficiency of a particular material. The aatuiation
observed in the rosponse of organic sciatillators to
heaviiy ionizing particles is explained by molocular
damage in the ionization column. Let A dB/dx-fepreaent
the nuﬁber of lonized or excited molecules pdr unit
path length capable of primary photon emisstoh. where
di/dx is the specific ionization. The number of
dzmaged molecules is also proportional to dE/dx=, i.o.

I ar dx. If‘thé probability for capture by a damaged
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wolocule for the primary photon ia &k times that for
capture and fluoresceonce by an undamaged one then the

specific fluoreaconce is

dS _ _A dE/dx (2-1)
d x | + KB dE/dx

For small values of dE/dx, kBAZ/dx « 1 and (2.1) seduces

to
ds/dx = AdL/dx (2.2)

in agreement with the linear responsse observed for
electrons in organic scintillator. For veory heavily

ionizing particles, kBdE/dx » 1 and (2.1) becomes
dS/dx = A/KkB (2,3)

indicating that the specific fluorescence approaches a
limiting value for heavily ionizing particles.

In organic solution phosphors or phosphor-plastic
mixtures, tho primary cmission is by the solvent or
base, and the values of A and kI would be expected to
depond upon theo nature of the base and the fluorescent
material and its concentration.

The response of a plastic scintillator hLas been

investignted by Boreli and Grimeolend (1955), They
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assumed equation (2.1) to be true and measured dS/dx
for electrons and polonium 210 alpha particles. Using
(2.2) and (2.3) they obtained a value of kB = 10.5 cm
air equivalent per MeV, The scintillator they used
was of a different manufacture than those currently
avallable. ‘The calibration of plastic scintillator
described below does not depend upon the assumption
that (2.1) correctly described the specific ionization
and is the first direct calibration of plastic
scintillator response to protons reported,

Protons of an initial energy of 14,8 MeV were
obtained from the reaction d + Heaﬂ-a-p + He+ﬁ using
deuterons accelerated in a Cockroft-Walton high voltage
machine, The He’ was preaenf as a decay pr&duct in a
tritium target so that the feaction d + Hg?e~n + He'
also occurred producing 14 MeV neutrons. The ylield of
prxrotons re;ative to neutrons increases as the energy of
the incident Qeuterons.is reaised above 120 KeV where a
resonance in the neutrdn production occurs., The high
voltage machine was operated at 400 kilovolts near the
resonance for proton production. To further reduce the
background due to knock on protons froh the high neutron

flux the protons were detected using a coincidence



Figure 2.1. Thin proportional counter and
head amplifier.
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countexr telescope.
The front counter was & thin gas filled counter
operated in the proportional region shown in figure 2.1.
¢ was constructed by mililing a 4% by 2 inch hole out of
a 1 inch thick piece of brass. The central wire was
3 thou tungsten. Since only the cantral'portion of the
counter was used no special precautions were tnkoﬁ to
¢liminate end effectn. Celophane eluminized on the
inside was used for the windows. - The colophane sheeto
wore semaled against "O" rings by means of clamping plates.
The counter was £illed with a 93 percent argon 7 percant
nethane mixture at a pressure of one atmosphere. The
regponse of this countor was test#d using protons and
polonium G-particles snd shown to be approximatoly
proportional to the particle enefgy lost in the counterx,
The use of the counter to discriminate against necutrons
however did not depend upon this property.

In the secoﬁd counter tho scintillator under test
was viewed by en R,C.A. 6810 photomultiplier. A short
length of lucite was interposed between ihe scintillator
and tho photamultiplier to reduceo effects dua to uneven
response over the area of the photocathode, The

photomultiplier output was integrated at the collector
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g0 that the counter pulses corresponded to the total
ecintlllaﬁion response.

The proportion&l counter.wns used to gate the
'output from the scintillation counter. The latter was
nmplified and displayed on a 100 channel kickeorter. A
delay weas 1ntroduced betwean the scintillation counter
and the kickaorter to allow the kickaorter gate time to
operata. Tho amplitude ol the 1nput pulsa to the
kicksorter wvas adjusted so that the peak 1n the pulge
height distribution occurred near the middle of the
kicksorter range. This was done using en ﬁtfenuator
in the amplifier, which was adjustable in 2 db ﬁtepa.
The accuracy of the attenuator settings wae cheﬁked and
found to be correct to within 2 percent. No.correction
wae nade for thie orror. The pulse height at thé collector
of the photomultiplier was never groatér than .3 volts
s0 that saturatién,in the photomultiplier was'avoided.

A block diagram 6f the ciréuit iz sghown in figuie~2.2.

The experdiumental arrangement is shown 1# figure 2,2
A 1 thou ﬁylar window allbwed the protons tb 1e§vo the
vacuun system of the high voltage machine with minimum
loss of enexrgy. The scintillator was 11 cm,from the

exit window and the marximum proton cneorgy ontexring the
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diagram of cirecult used in calibration
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scintillator at that position was 14,0 HeV. The energy
of protons sentering the scintlillator was varied ﬁy
interposing sluminium absorbers bet%een the two counters.
The pulse height distributions for protons at nine
energies between 14,0 % ,0% ﬁev andlg.oe ¥ .18 HeV were
determined. The protons entering the scintillator

were collimated by a 1% incﬁ hqle‘in a 1/16 inch sheet
of aluminium to reduce the spread in energy due to
protons traversing the absorber at large angles. The
pulse height distribution for protons of energy 1.2 * .1
eV was obtained using protons from the reéction

c'*

+ d 4’0@' + Po
The response of the scintillator to protons was
normalized to the electron response using the Compton
edges for 2,62 MeV thorium gamma rays and the 1,28 MeV
sodium 22 gamma rays.

The pulse height distributions obtained for 14.0 * .05
‘HeV protons is shown in figﬁre 2.3, The two curves A
and B are the distributions obtained with and without
the gate. The pulse height distributions for protons
that have traversed 245 milligrama/cm? of aluminium is

also shown., Considerable deterioration in pulsé height

resolution 1is evident,
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Figure 2,3, Pulse height distributions obtained
' for protons in scintillator
calibration,



The response of two commercially available plastic
scintillators was measured. A 2 inch diameter } inch
thick sémplw of 33'102 produced by Nuclear Enterprices
G.D. Ltd.. and a J inch dlamoter 2 inch thick sample
manuraotured bf Moasrs. Na@h and Thompson Ltd., w#ro used.
Both scintillatofa have a polyvinyltoluene basa.

The rosults of tho measurements are giv§n in toble
2,1, The thickness of the aluuinium absorber is given
in the first column. The range onergy tableﬁ of
Atkinson end Willle (1957) were used to determine the
residual energy of the proton entering the scintillator.
The proton energy is givon in the second column. .The
errors include uncertainty in abaorbeé thickneaé and in
initial proton‘encrgy. In the third column the pulso
height relative to that for a 1 MeV electron is gsiven.
The half width af half maxinum of the pulse height
disir;bution obtained at each energy is also givon.

The fasponse of plastic scintillator NE 102 is shown
in figure 2.4. The experimental points aré taken fron
tabla'z.l. Tho calibration points obtained frbm the
Comptdn édgés for thorium and sodium 22 garma rays are
s&oan The’indiéated errors are the epfeéd in ﬁulse

height from 4 to 4 height on the Compton edge.



Table 2.1a,

Response of Plastic Scintillator NI 102 to Protons.

Absorberx Proton Pulse Héight
(ggz;ggg?a Inergy Raia&i;eto
=z 10~7 (Mev) Llectrons,
0 14,0 £ .05 6.08 ¢ .55
27.0 % .1 13;2 : .03 7;u5 pa ;6
74.5 ¢ .2 | 11.8 £ .05 6.30 ¢ .5
147.3 £ .4 9.4 % (08 4,73 £ 4
172.6 £ .5 8.4 % .10 4,07 £ .5
219.2 ¢ .6 6.4 ¢ .12 2.84 ¢ 4
244,5 £ 7 | 5.1 % .14 1.80 % .4
259.% ¥ .7 ho2 ¥ .15 1.37 ¢ .4
274.5 * .8 3.8 £ .18 82t .4
ct?(a,p)ct3 - 1.2 ¢ .13 25 ¢ .1



Table 2.1b.

Response of Nash and Thonmpson Plastic Scintillator to
Protons.

Absorber Proton Pulse lleight
Thicknegg Energy Relative to
(cms/ceny.™) 1 MeV
x 10-3 (2aV) Eloctrons.
C 3.8 * .c8 733 % .7
25.3 £ .1 - 13.1 ¥ .05 6.83 ¢ .6
72.8 & .2 11.7 ¢ .05 | 5.89 & .6
28.1 * .3 10.9 * .05 5.26 £ .5
ks ,7 £ b 2.3 * .08 4.37 ¢ 5
170.0 £ .5 8.3 ¢ .08  3.52 % .5
219.0 ¢ .6  6astii 2,31 % b
24 Y 7 4.8 1.2 1.39 £ .4
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Figure 2.4.
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Response of plastie¢ scintillator to
protons. The curves were calculated
using Birks' expression for specifio
fluorescence in organic secintillator
for the values of kIl shown.
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The response of the scintillator predicted by
Birks' expression, (2.1), may be obtained by integrating

tho specific fluorescence over the particle range.

S(E) = [RE‘_E dx _ R dE/dx
b 4 T ) T+xB dE/X

E__
E.
Q:ELl+ﬁBéEMﬂi | (2.4)

01
wvhere A = 1 corresponding to normalizing the pulse height
to 1 MeV electrons, (dE/dx)i is the specific ionization
eppropriate to a proton of energy L, and R is the particie
range., The last expression in (2.4) was used to
célculate the curves in figure 2,4 for various'assumed'
valuss of kB, - The rangoc energy relationshié in plastic
was taken as that for CH given by the tables of Rich and
Madey (1954). The composition of plastic scintillator
is given by the manufacturers as CH .. ~. Since the
difference between the range energy relationship for CH
and CHa ie small, the error in assuming CH for plastic
is negligible. |

It 18 evident that a 10 percent variation in kB

does not introduce a large change in the calculated
response. | The experimental points for NE 102 are:best

fitted when kB = 1,0 x 10-2 gms-cmfz Mev-l. A value of
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1.1 x 10 gms.cm.a eV 7 was adopted for the Nash and
Thompson sanmple.
Theso values agree well with that obtalned by

Joreli and Grimeland which was equivalent to 1.1 x 10-2

gma.cmTz Hev ™t

if the air equivalent range i3 deofined
at 15°¢ and 760 mm Hg.

Recently Gooding and Pugh (1960, and pri#ate
communication)have moasurcd the regponse of plastic
scintillator NE 102 to protons up to 160 MaV and to
deuterons up to 120 HMeV. They compared theiy measurements

to the response calculated {or these particles by

1ntegrating the formula

4s/dr = log (1 + a dn/dr) (2.5)

for the specific fluorescence due to Wright (1953). The
measurerisnts described above imply a value of 25 % 2 mg,

en~? uav™t for a. Gooding end Pugh obtain a bost fit

2 1

to their measured response for a s 28 % 5 mg.cm.” MoV .,
There is good agrcement among the various measure-

msnta. Since the concentration of fluoresceat matorial

used by the manufacturers is generally chosen to optimize

the light output, and since samples using both polystyrene

and polyvinyltoluene bases behave sinilarly 1t is plausible
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that similar values of kB would apply to all such plastic
ecintillators. Uncertainties,in the value of kB of
about 10 percent lead to small inaccuracies in proton
energy measurement uesing electron calibration.,  Thie

can be soen from thae table belovw.

Electron Equivalent Pulse Height from Protons

Proton Energy b 10 50 100
s(kB = 1.1 x 10°%)  ,19 4,82 97.26 82,70
S(KP = 1.0 x 10™°) .20 5,03 39.96 83470

The results of thé calibration of plastic scintillator

are swuuarlzed Lelow.

l., Dirks' expression (2.1) for specific fluorescence
of organic scintillator accurately predictas the
response of plastic scintillator to protahs.

2. The value of tho coefficient ki is clonme to
1.0 £ .1 x 10™% gms.cm?a %oVt for comaercially

available plastic scintillators.

It is reasonable to assume that (2,1) may be uased to
cbtain the recponse for plastic to other heavily ionizing

particles.
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CIIAPTER IIX

The Detection Systen
(a) ZIntroduction.

Many experiments in nuclear physics require the
detection and identification of charged partialea.
An experiment in which a bean of particles are incident
on a target is a typical example. The identification
of particles of a particular mass among a flux of different
particles emitted by the target is an essential require-
ment in most experiments of thies type. In general the
particle identification will require simultaneous
measurement of two properties of the particle which
have different dependence on particle mass. The
specific ionization and range, or specific ionization
and energy are often used. (Wolfe et al. 1955, Keck, 1955,
Rutherglen and Walker K 1960).

The dependence of specific ionization on energy for

non relativistic particles may be expressed as

.8 2
(JE/Hx =< Aﬁz.zl (3!)

where M, Z, and E are the particle mass, charge and

enersy. The specific ionization for single cha&ged
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particles is nearly proportional to particle mass. The
specific ionization foxr pions, protons, and deuterons
of the same energy are in the ratio .22: 1t 1,7

Welfe showed that the specific tonization and

residual range, R of & particle are related by

A5 8

dE/d)( ol M Z | , (3.2)

R04$

The relative specific ionization for pions, ﬁrotons. and
deutercns having the samo roesidual range is J%: 1 1.3
respectively.

Scintillation ccunter telescopes are suitable for
idcentifying charged particles by cither of the above
me thods., The specific icnization and energy can be
measured using a thin front acintillator and e thick
scintillator 1n whick the particles stop. Particle
range may be defined by pulse height selection in the
second counter or by introducing a third counter
operated in anticoincidence with the other two. The
separation of charged particles obtainable in practice
is not as good as indicated by (3.1) and (3.2). The

need to have reasonable pulse height resolution in the

dE/dx measurement means that the energy loss must not be



too small. The pulse height is then not strictly
proportional to dE/dx. WVhen organic scintillators are
used the saturation of specific fluorescence for heavily
ionizing particles makes particle identification wmore
difficult. A comparison of (3.1l) and (3.2) indicates
that the method of specific ionization and energy is to
be preferred.

Two scintillation counter telescopes have been
construcited to identify and measure the encrgy of protons

énd plens, They are described in the foliowing sectiona.

(b) The Proton Telescope.

The scintillation counter telescope used to detect
the protons (here after called the proton telescupe)
consists of 3 counters in which plastic scintillators
are viewed by R.C.A. 6810 photomultipliers. The front
scintill#tor was 26 thou. thick and 3 by 2 3/8 inches
in area, The second and third scintillators were
cylindrical in shape being 3 and 4% inches in diemeter
end 2 and 4 inch thick respectively. Plastic scintillator
NE 102 was used.in counters 1 and 3. The seoqnd
scintillator was the sanmple, manufactured by Nash and

Thompson Ltd., used in the Scintillation calibtration.
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Good optical coupling between the scintillatora and
perspex‘light guides and between the light guides and
Photomultipliers was obtained using slilicone fluid.

Thia counter telescope ldentified protons by means
of dE/dx and E. The development of a thin dE/dx
scintillation counter was cruclal to the experimental
technique used. This counter will be described in
detail.

The thin plastic scintillator was made by heating
and pressing a plece of plastic. It was carefully
cleaned and placed on a clean piece of plate glass, A
second pilece of plate glass was supported above the
scintillator, The glass plates and scintillator were
heated in an oven to 150°C. After about an hour the
supports for the top glass plate were rcecmoved and lead
blocks loaded on to press the scintillator. The
thickness of the pressed scintillator was determined
by spacers placed between the glass plates. When the
top glass plate appeared to be resting on the spacers
the oven was switched off and allowed to cool slowly with
the door closed. The slow cooling annealed the
scintillator. The scintillator was removed from the

glass plates by placing them under water and waitiné for
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them to separate. In order to obtain high quality
scintillator it was necessary to produce a large sheet
and to cut the required scintillator from the best part,
The scintillator mounting istshown in figure 3.1,
The scintillator was clamped by the perspex strips. The
aluminium enclosure surrounding the scintillator has two
windows covered with % thou aluminized mylar and a double
layer of 0.2 thou aluminium foll: The intcrior shapae of
tlhie enclosure was moulded using plaster of Paris, and coated
with mzgnesium oxide by burning magneéium ribhon inside
the enclosure. The photomultiplier used in this counter
was selected for low nolse level, .Tﬁa pulse height and
resolution obtained with this counter were satisfactory.
The pulse height calibration was obtained using
160 KeV internal conversion electrons from an indium
114 source. The source was collimated and placed close
to the counter window., The electron energ& incident on
the sgintillator.waa 96 KeV. The pulse heighf distribution
due to the indium eleétrons was obtained using a 100
channel kicksorter, A typical pulse height;distribution
is shown in-figure 3.2, The backgfound, vhich was mainly
due to photomultiplier noise, 1s a}so shown. | The spectra

shown in figure 3.2 were obtained by counting for one
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Pigure 3.2, Pulse height distribution obtained
with the thin scintillation counter -
for indium 114 internal conversion

electrons. The upper curve includes
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minute, When the kicksorter blas is allowed for an the
background subtracted the resolution of the peak 1s
60 percent half wiath at half height.

The proton telescope was operated ina 1l + 2 =3
coincidence - anticoincidence sequence. The modifled
form of the Bell coincidence circuit shown in figure 3.3
wasg used. ‘Each input 1is terminated in a shorted 100 ohm
line, and is connected to the common point A through a
germaniun diode. For coincidence inputs the dicde is
normally conducting. VWhen the coiﬁcidence bias is
properly adjusted a coincidence to singles ratio of 20
to 1 is possible with this circuit. The diode at the
anticoincidence input is normally biased off. A
negative pulse causes the diodq to conduct and prevents
a large coincidence pulse from being formed at A, The
negative input is obtained by inﬁerting the limited
pulses using a pulse transformer, Conventional limiterx
circuits using E 180 F valves are employed. VWhen 1,5
metre shorted lines were ussed the coincidence resolving
time was 5 x 10,9 geconds., A nopo inverting output from
the limiter valve of counter 3 was used to dgtermine the
correct delay relative to the other counters. The

principal advantage of this circuit lies in the separate
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minute. When the kicksorter blas 1s allowed for an the
hackground sgbtracted the resolution of tha peak 1s
60 percent half width at half height, |

The proton telescope was operated in a 1 + 2 - 3
coincidence - anticoincidence sequence. The modified
form of the Dell coincildence circuit shown 4n figure 3.3
was used. ELach input is terminated in a shorted 100 ohm
line, and is connected to the common point A through a
gerrianiun diode. For coincidence inputs the diode is
normally conducting. VWhen the coiﬁcidence bias is
properly adjusted a coincidence to singles ratio of 20
to 1 is possible with this circuit. The diode at the
anticoincidence input is normally blased off. A
negative pulse causes the diode to conduct and prevents
a large coincidence pulse from being formed at A. The
negative input is obtained by inferting the limited
pulses ueing a pulse transformer. Conventional limiter
circuits using E 180 F valves are employed. ¥Vhen 1,5
metre shorted lines were used the coincidence resolving

time was 5 x 10-9

seconds. A nop inverting cutput from
the limiter valve of counter 3 was used to determine the
correct delay relative to the other counters. The

principal advantage of this circuit lies ia the separate
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termination at each input. The addition of an extra
coincidence or anticoincidence input does not involve
complicated impedence matching.

The circult used in the testing and calibration of
the proton teleaéope is shown in figure 3.k, The
pulses used to measure specific ionization and energy
wore taken from the 12th and 11th photomultiplier dynodes
of counters 1 and 2 respectively. The pulse from
counter 2 was inverted using a pulse transformer. A
2.2 i sec delay was inserted between counter 2 and the
White cathode follower. Counter 1 was counected directly
into the delay line at a point separated from counter 2
by Ol pu seconds. VWhen a 1 + 2 = 3 coincidence occurred
a 541 Tektronix oscilloscope was triggered and the
signals from counters 1 and 2 displayed. ' The oscilloscope
sweep speed was .2 |l 86C per cm. The inversion of one
pulse greatly facilitated the identification of pulses
due to 1 ¢+ 2 coincidencesc from random baclground. The
pulse hgight discriminator was uaed'fo prevent low energy
particles, mainly electrons, from triggering the
oscilloscope.

Counter 2 was calibrated using pulse height distributions

for thorium C& and sodium 22 gamma rays. These sources
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produce Compton edges at 2,39 and 1,07 MeV respectively.
Counter 1 was calibrated usiné indium 115 internal
conversion electrons. The counter pulses were amplifiedq,
langthened,and the pulse height distribution was
displayed on a 100 channel kicksorter, o

The pulse height measured.using the kicksorter was
related to the observed deflection on the oscilloscope
trace. A thorium source was pléced between counters
l and 2 &end a slow coincidence counting rate was obtained
(a few counts a minute) by setting the blocking oscillator
trigger level to trigger only on the largest coincidencé
pulses., The kicksorter was gated to accept pulges
when the blocking oscillator was triggered. The
osclilloscope traces were photographed and the kicksorter
channel in which each couht occurred was recorded. A
dozen pulses sufficed to obtain the correlation betwaen
the pulse height displayed on the oscillnscope and on the
kicksorter. The above procedure was used each time the
counters were calibrated so¢ that the calibration did not
depend on the long term stability of the distributed
amplifiers.

The performance of the proton telescope was tested

using the 310 MeV bremsstrahlung beam of the Glasgow
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in proton telescope tests.
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electron synchrotron. The various properties of the
synchrotron and the photon beam areidiscussed in Chapter

Iv. A 1/16 inch perspex sheet was placed in the beam

10 metres from the synchrétron target. Placing the

perqpex tgrget in this position allowed the counter

teasts to be done at the scma tima as the beam was belng

used for another experiment. A six inch;thick steel

shield waa.poaitioned Just in front of the target to

shield the counters from the large flux of charged particles
produced at small anglea to the bo#m. The experimental
arrangement 1is ghown in figufc 3.5. The coﬁnter

telescope was positioned with its axis at 65 degrees to

the incident beam direction. The lead shielding which

was 1 inch thick was provided to reduce the random
background in the counters. The aperture of tha counter
telescope was defined by a 24 inch hole in the lead

block between counters 1 and 2. For the geometry used

the aperture was .01%5 steradians. The éverage beam
intensity and width during this test were 3 x 108‘
equivalent quanta per minute and 400 p seconds respectively.
1 + 2 - 3 coincidencei were used to trigger the oacilloscope.

The oscilloscope traces were photographed with a camera

having an f 1.0 lsns using Ilford HPS film. The
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Figure 3.6. Plot of deflection in counter 1 against
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separation of pions, protons, and
deuterons obtained by the method of

dE/dx and E.



recorded traces were projected in a picrofilm reader and
the position, separation, and height of the two pulses
measured. Events for which the séparation or position of
the pulses differed by more than 20 or 50 nénoseconds
respectively from the mean wore rejected, The absence
of any traces in which the pulseg occurring in the
reverse order satisfied tho position and separation
requirements indicated that the probability of random
pulees simulating a trus 1 ¢+ 2 = 3 event 1»s negligible.
Thoe measured deflection of the pulse from counter
1l was plotted againat that from 2 for all traces that
satisfied the above conditions. The spots shown in
figure 3.6 were obtained in a 15 minute run. The curves
were calculated using the counter calibration obtained
with the sources and the response of plastic scintillator
for different charged particles, A.reaaonable.separation
between the various charged partic;es is obtained. The
shape and position of the band of protons agrees well with
the calculated curve. The X indicates the expected
endpoint of the proton band at 81 MeV corresponding to the
range of counter 2. The points lying between the
proton and pion curves may be attributed to negative

pilons stopping in the second scintillator, Nuclear
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disintegraiion resulting from the capture of the
negative plons produces a varying number of charged
particles. Since this process happens very quickly the
pulse heigit due to the charged nuclear particles will
be added to that due to the pion kinetic energy. The
arrows indicate the deflection expected for minimum
ionizing particles traversing the scintillators.

The endpoint of the proton spectrum may be used to
obtain a calibration of the counter telescope at high
aenexrgy. In the test run described above a total of 740
protons were identified. The uncertainty in this number
was of the order of £ 20 due to the difficulty of
separating protons from pions and deuterons. A graph of
log AN vs log x was plotted wherea AN is the number of
spéts in tie proton band 1n an interval AX about the
deflection x. Figure_3.7 shows a typical iog_A;N vs,
log x plot. A straight line least squares fit was made
to the points for log x < 1. The straight line through
the points above log x ¥ 1 was drawn by eye. The end
point was defined as the deflection where the ordinate on
the second line equals log (A N/2) as defined by the firsy
line. The energy calibrations, determined using sources‘

and the end point of the proton spectrum, agreed to within



5 percent,

The procedure outlined above may be Jjustified by
considering the known energy spectrum of protons produced
in photodisintegration. Keck (1952) measured the energy
spectrum of protons from carbon and cadmium produced by

300 MoV bremsstrahlung. He found that

dosge <~ 7Y (3:3)

where E is the proton energy in MeV and Y depends on
the nucleus and the angle at which the protons are detected,
For carbon he found ¥ = 1,7 up to 130 lleV at 67 degrees.
Since a perspex target (composition 05H802) was
mistakenly used in the proton counter tests a direct
comparison with Keck's measurement is not possible,
However the proton spectrum from porspex may be expected
to show an approximatg exponential energy‘depeudence..
The pulse height in counter 2 is proportional to the
proton energy to a first approximation go that the log AN
may reasonably be expected to show a linear dependence
on log x. To check this assumption the energy spectrum |
of protons from perspex was obtained from the pulse height
distribution using the average of the two calibrations.

After correcting for energy loss in the target, the energy



spectrum was best fitted ‘b)}"f’\'!ﬁ)".r dependence with Y = 1.5,
The test of the proton counter telescope indicated
that the separation of protons from thé cher charged
particlés is adequate to allow tﬁair identificatiﬁn by
the method of sihultaneous measurement of specifiec
ionization and energy. The close agreement between the
energy calibrations done at 2.4 and 81 MeV indicates
that the pulse height in counter 2 may be used to measure
proton energies‘between 15 and 81 MeV. The.ability to
register protons over the entire energy range that 1ls of
interest is very 1ﬁportant in an experiment where low

counting rates are expected.

(¢) The Pion Telescope

The method of'simultanebus ﬁeasuremant‘of épacific
ionization and energy is unsultable for the détection of
negative pions. The difficulty due to production of
charged particles in negative plon capture by nuclei is
avoided when specific ionization and range ére used to
identify pions. The energy lost by a charged‘particlel
travéraing a counter which is thin with respéétlﬁo the
particle range may deviate substantially from the most

probable energy loss. In particular large deviations
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towards higher energy loss are observed. The
distribution of energy loss has been described by Landau
(1944) (see also Cranshaw,61952). The loss in
resolution in the measurement of specific ionization due
to this effect may be largely avoided by measuring the
specific.ionization in two or more counters. The gain
in the counters is adjusted so that the most prdbable
pulse heights are equal and the smallest pulse selected.
The counter telescope described below makes use of this
rethod.

A scintillation counter telescope (herafter called
the pion telescope) consisting of four countere was used
to detect plons by the specific ionization and range
.method. Plastic scintillator NE 101 was used in counters
1 and 2, and NE 102 in counters 3 and 4. The scintillators
1, 2, 3, and 4 were 3, 3, 2 5/8, and 5 inches in diarceter
and 2, 4, %, and § inch thick respectively. The
aperture of the counter telescope was defined by counter
3. Particles which stopped in counter 3 produced a
1+ 2+ 3 -4 coincidence - anticoincidence in a Bell
type coincidence circuit having a resolving time of
20 nanoseconds, This circuit has been described by

Rutherglen and VWalker (Rutherglen, 1960, Walker, 1960).
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The pulse height at the collector of counters 1 and 2

was measured using a display system described later,
Absorbers were introduced into the counter telescope
(see fig. 3.8). Absorber AS served to increase the width
of the particle range defined by the telescope. Az
prevented charged particles produced by negative pion

capture stars in counter 3 and A, from entering counter 2,

3

A, was chosen so that the counter telescope detected

1
plions in the required energy range. When Al. Aa. and

A3 weré 1,-}. and 1} inch thick perspex sheotg respectively,
the telescope detected pions in the range 45.8 to 60,0
MeV and proténa in the range 102 to 132 MeV,

The effect of negative pion star particles may be
shown to be small. When Az is 4 inch thick only protohs
with energy 35 MeV can enter counter 2, It is known
that 10 percent of all negative pion captures in carbon
produce protons of energy 30 MeV (Ammiraju and
Lederman, 1956). From a consideration of the counter
telescope geometry-it was estimated that less than one
percent of the negative pions produced star pdrticles
that enter counter 2, Counter 4 was placed as far behind
counter 3 and A3 as was consistent with efficient
anticoincidence operation to reduce the number of particles

from negative pion stars that enter counter &4, Vhen

this happens the event will not be registered.
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The pulsea from the collector of counters 1 and 2
and a pulse signifying al+ 24+ 3 ~4 coincidence -
anticolncidence were fed through 70 ohm cables to the
display system. A block diagram of the display systenm
facilities used in this experimenf is shown in figure
3.8. The complete display system has been described by
Rutherglen and Walker (1960) and by Walker {1960). The
coinocidence pulse trigzers a blocking 6scillator‘trigger
circuit which produces a 20 volt pulse . 2 U seconds long.
This pulse was used to operate a linear gate which
allowed the collector pulses from counters 1 and 2 to
pass through to tha lengthener circuit. The lengthened
pulses are rectangular, 2 j seconds long and proportional
in height to the input pulses. They are amplified by -
two paraphase ampliflers and fed to the X and Y deflection
plates of_a cathodé ray tube. A negative 40 volt pulse
is simultanecusly fed to the cathode of the C.R.T. This
systen produces-a spot on the C.R.T. face which khas X
and Y deflections proportional to the pulse height in
counters 1 and 2. The double discriminator - 1is used to
prevent the "bright up® occurring for X or Y deflections
less than a ninimum deflection. This eliminates'a

large number of spots due to low energy electrons. The
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information is recorded by photographing the C.R.T.
display. The selector is a conventional diode coincidence
circuit which was designed to give an outpuﬁ proportional
in height to the smaller of the two input pulses.. The
selector output was displayed on a 100 chennel kicksorter.
The kicksorter was gated by the double discriminator to
provent a large number of electrons from introducing
large dead time losses. The kicksorter display was used
as a continuous check that the system was operating
satisfactorily.

The performance of the plon telescope was faated
using the 307 MeV bremsstrahlung beam of the Glasgow
electron synchrotron. = A J'/:I.6 inch perspex target was
pleced in tho bean 6 metres from the synchrotron target.
The plon telescope was 12 inches from the target. The
telescope aperture subtended an angle of ,019 steradians
in this position. The beam passed through a hole in a
ateel screen which shielded the counters from charged
particles produced by the beam in air. Signals from
the counter telescope were fed to the display system
leccated in the beam research room,

The E.H.T. supply voltages to the counters were

adjusted so that collector pulses preduced by 2,6 MeV
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thorium 011 gamma rays fully cut off the limiter valves

of the coincidence circuit. The L.H.T. supplies fo
counters 1 and 2 were then set so that the pulse height
due to particles produccd 1in the perspex target and
stopping in counter 3 produced equal pulse height at the
X and Y deflection plates of the displey unit cathode
ray tube. The C.R.T. display of pulses from counters

1 and 2 was photogréphad.

A typical spot picture is shown in figure 3.9. Hoat
of the spots llie close to a line bisecting the angle
batween the X and Y axes. Spots that appear well of
this line are produced when the energy loss in one countex
i8 large with respect to the mean energy loss for the
particle. The spots are seen to lie in 3 groups
corresponding to electrons, pions, and protons. A
thorium source was placed behind counter 2 go that
energetic beta particles could penetrate counter 2 and
enter counter 1. In the resulting C.R.T. display the
spots coincided with the part of the electron group in
figure 3.9 closest to the origin. 1t was concluded
that the spot groups have been properly attributed to
electrons, pions, and protons. |

A typical pulee height distribution obtained using
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the 100 channel kicksorter is shown in figure 3.,10.
A distinct sepafafién’into three groups 1s obseorved,
The C.R.T, énd kicksorter displays were éorrelated using
a pulse generator. The height of pulse§>féd fo the two
signal inputs of the display unit were varied
independently. Thenloci of C.R.T. deflection§ corresponiing
to a given kickéorter channel was obtalned. They were
found to be “L" shaped. Typical loci are‘the lines
separating the electron, zion, and proton fegiona in
figure 3.9. .The brackst in figure 3,10 correéﬁonds to
the pion fegion in figure 3.9. It was conciﬁded that
the three groups shown in the kicksorter display
corresponded to eleétrons, plons, and protons as indicated.
The work descfibed above indicated that the pilon
telescope was capable of detecting and identifying pions

by the method of specific ionizatlon and range..

(d) Detection of Protons in Coincidence with Hegative
The simultaneous detection of negative pions and
protonsa ftoﬁ déuterium was accomplished using thé counter

telescopes described in the preceding sect;ons. A

block diagram of the complete electronic system is shown
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in figure 3,11. A 1 + 2 + 3 = 4§ coincidence -
enticoincidence is formed in the coincidénce circult,
The pulse heights from counters 1 and 2 are displayed
on the cathode ray tube display system and a pulse
proportional in height to the smallexr of 1 or 2 is
fed to the 100 channel kicksorter, A single charnnel
kicksorter is set to select pulses in the pion group.
When 2 pulse occurs in the pion group the single channel
kicksorter opens the gate and a trigger pulse from the
display system blocking oscillator is fed to the trigger
input of a 541 Tektronix oscilloscope. The ﬁignal pulses
from couﬁters 1l and 2 of the proton telescope are
displayed on the oscilloscepe trace., The signal delays
are adjusted so ﬁhﬁt the signallﬁﬁlses appeaxr in the..
niddle of the oscilloscope trace. The trigger<ﬁulse.
i3 delayed to ailow the gate to open fully. No difficulty
in distinguishing negative and positive pions arises
since protons will only be produced in coincidence with
the former,

The operation of a coincidence counter telescope
at small angles to the bremsstrahlung beam is difficult,
The large number of charged particles (mainly electrons)

produced at forward angles produces high counting rates,
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Large doad time losses and high random coincidence rates
may then be encountered. The negative pion-proton
detection system avoids these difficulties by demanding
coincidences from the pion telescope only. It was
situated at 90 degrees to the beanm.

A preliminary test of the entire detection system
was made using a heavy water target. An envelope was
constructed by folding and welding 2 thou mylar sheet
and was filled with 10 gnas of heavy water, The heavy water
target was suspended in the 307 MeV bremsstrahlung beam
of the Glasgow electron synchrotron with the normal to
the target at 45 degrees to the beam. The average
thickness of heavy water in the beam was } inch. The
pion telescope was placed at 30 degrees to therbeam with
counter-J. which definad the counteqéperture, 17 inches
from the target. The proton telescope was placed at
30 degroes to the incident beam. A 2 inch diameter
hole in a 4 inch thick lead block, placed between counters
1 and 2 and 16 inches from the target, defined the proton
telescope apertuﬁe. Lead blocks 1 inch thick were
placed either side of the proton telescope to shield the
counters from the general room background., The photon

beam passed through a hole in a 6 inch thick steel screen
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which shielded the counters from charged particles
produced‘in the air. The arrangement was identical
to that shown in figure 4.6 except for the target. The
total photon flux was monitored using‘a Cornell thick-
walled copper ionization chamber,

The oscillogcope vas triggered when a plon was
detected in the pipn telescope and the oscilloscope
traces were photographed. A single channel kicksorterxr
was set to accept pulses which were registered baotween
channels 11 and 4% of the 100 channel kicksorter. Tha
upper end of the electron group was included (see figure
3.10). This was done to ensure that pions were not
missed. It was not expected that protons would be
observed in coincidence with the extra electron triggers.

A total of 556 traces were recorded on film
corresponding to a total beam flux of 8,0 x 1010
equivalent quanta, The film was analysed as described
above. Saventeen traces were found which satisfied the
criteria of pulse separation and position. The pulse
heights from counters 1 and 2 were measured for these
traces and a diagram simlilar to figure 3.6 was plotted.

Comparison with the calculated response curve for protons

indicated that 12 of the plotted points were consistent
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with the particles being protons. The remaining 5 points
lay well Below the proton curve. The background of
random pulses that occurred on these traces was not large
and there was no ambiguity in the identification of the
17 coincidence particles. ,

The numberrof plon-proton coincidence events expected
in this run was calculated. Free nucleon kinematics were
assumed and the -/+ ratio and differential cross section
for positive pion production at a proton were obtained
from Moravesik'!s paper (1957). Thiz gave 70 negative
plons. It was assumed that 1/5 of the recoil protons
would enter the proton telescope (detailed calculations
later showed 1/10 to be the corrgct fraction) indicating
that 14 pion-proton coincidence events were expected.

The detection system has been shown to operate
satisfactorily under more serious background conditions
than are expected when a liquid deuterium target is used,
An unambigudéus identification of pilon~proton coincidence
events was obtained. Tﬁe cathode ray tube and kicksorter
dieplays provide a useful ekack that the aystem was
functioning properly. The nixber of pion-proton
coincidence events observed in this short run was of the

order of magnitude expected. The detection system nay
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be expected to provide a satisfactory measurement of the
energy distribution of protonsobserved in coincidence

with negative pions,
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CHAPTER IV

Photoproduction of Negative Pions in Deuterium.

(a) The Synchrotron.

The scintillation counter tolescopes described in
Chapter IXI were used to determine the angular
distribution and energy spectrum of protons detected in
coincidence with negative pions from deuterium, The
bremsstrahlung beam of the Glasgow electron synchrotron
(McFarlane et al., 1955) provided the source of photons.
In the Glasgow synchrotron the electrons are accelerated
in a circular orbit 12% cm in radius, The guide field
is5 provided by 20 C sectio. magnets which are pulsed by
discharging a condenser bank through the magnet coils.
Electrons are injected at 70 to 80 KeV by a diode gun and
are accelerated to relativistic velocity by betatron
action. Synchrotron acceleration is obtained using two
quarter wave resonators. The maximum energy of the
circulating electron beam depends on the guide field and
energies up t9 340 MeV are obtained by varying the
voltage on the condenser bank. The recent addition of
D.C. bias to the magnet allows the maximum energy to be
extended to 440 MeV. The bremsstrahlung bean is

produced by allowing the maximum energy electrons to



spiral in and strike a ,06 inch tungsten wire. The
photons produced in the synchrotron target pass into an
edjacent experimental beam room, The nature of the
rhoton beam and the experimental conditions that obtein
necessarily play a large part in the design of experiments
using the synchrotron beam,

The bremsstrahlung beam contains photons of all
energies between Emaz and zero, where Emax is the
maxizmum energy of the circulating electron beam. Over
a considerable range of energy the number of photons is
inversely proportional to their energy. There is a

ax
calculated by Schiff (1946) for an infinitely thin

sharp cut off at Em . The energy spectrum has been

target. For targets available in practice, multiple
scattering of the electrons is an important effect.

In circular accelerators multiple traversals of the target
also occurs. The brémastrahlung spectrum of the
collimated beam from the Glasgow synchrotron operated at

a maximum energy of 314 MeV hes been measured by
Rutherglen and Walker (Walker, 1960) using a magnetic

pair spectrometer. This instrument used 30 degree
deflection. The electron-positron pairs were detected

in coincidence using scintillation counters. The results
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of this measurement are shown in figure 4.1. The energy
resolution 1s shown at 300 MaeV, The cur#é 1svthe

Schiff thin target spectrum, and fhe experimental points
are in good agreement with it above 100 MeV. At lower
energy multiple scattering of electrons introduced large
errors.

Photons produced in the bremsstrahlung procaés are
emitted in the direction of the incident electron with an
angular épread'vmoz/Emax where mo2 is the electroﬁ rest
mass and Emax is the incident electron energy. For
300 MeV electrons the anéular spread 1s~1/10 degreea;

The angular width of the beam 1is increased by multiple
scattering of the electrons in the target and by variation
of the initial direction of the electrons due to multiple
trgversals of the target. The intensity distribution

of the‘bremastrahlung beam from the Glasgow synchrotron is
bell shaped and has:an angular full widfh ét ha;f

maximum of .46 degfaés (Atkinson et al., 1957). The
width of the ream is thus mainly determinedlby multiple
scattering. To improve the geometry of the beém a
collimation system waa developed and is described by

Atkinson et al. The primary collimator is a 4 inch

hole in a 9 inch long lead cylinder placed 125 cm. from
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the synchrotron target, The median plane section of the
collimation system is shown in figure 4.2. The
contamination of charged particles produced at the
collimator is removed by a scrubber magnet, C. A
secondary lead collimator serves to remove photohs and
electrons scattered in the primary collimator. The
pailr spectrometer magnet, D, may be used as a secondary
scrubber, The beam tube is evacuated, The full width
of the collimated beam is 0,20 degrees. An Xeray
photograph of the collimated beam at 6.5% metres from the
target is shown to scale in figure 4,5,

A bremsstrahlung beam is usually described by its

maximum energy Em

ax and the number of equivalent quanta,

'Q, per unit time where,

Emax

Q=UE = ?j E/E_,_ N(E) dE (4.1)
(o]

where U is the total energy in the beam, and N(E)dE is
the number of photons between L and E + dE per unit time,
When Q, E___ and‘tﬁe spectral shape are known N(E) is
defined.,

The bremsstrahlung beam of the Glasgow synchrotron

is monitored using a Cornell thick-walled copper ionization

chamber (Corson et al., 1953). The thickness of the
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copper walls 1s chosen so that the charge developed

is largely due to ionization by electrons of a shower
near the shower maximum. The number of electrons at the
shower maximum 18 nearly proportional to the photon
enexrgy. The total charge collected is then roughly
proportional to the total enocrgy in the bean. The
sensitivity of the chamber is expressed in MeV par
coulomb and is dependent on Emax‘ The Cornell chamber
is open to the atmosphere and the calibration is referred
to normal temperature and pressure. Several of these
chambers have been calibrated at Cornell, the agreemsent
between the different chambers is good. The Cornell
calibration 18 assumed for the Glasgow chamber, An
ionization chamber constructed from the quantametex
design of VWilson (1957) is also avallable but was not
used in the work described here.

The maximum energy of the Glasgow synchrotron 1s
determined by measuring the maximum magnet current; the
guide field being known as a function of magnet current,
Measurement of Emax made using thepalr spectrometer
showed good agreement with Emax obtained from magnet

current measurements (McFarlane, private communication),

When the bremestrahlung beam 1s used in counter
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experiments it is desirable that the ratio of
instantaneous intensity to the average inténsity bé as
low as possible. The random coincidence rafa, pile

up, and dead time losses depend on the insfantaneoua
intensity. The width of the beam from the Glasgow
synchrotron may be extended to 2 milliseconds by suitable
modulation af the radio frequency power supplied to the
resonators. The beam shape is monitored by a thin

scintillator placed directly in the beam,

(b) The Target

The thin liquid deuterium target used in this
experiment ﬁas constructed by D. Miller and has been
described Yby Bellamy et al. (1960). A section through
the cryoatat is.shown in figure 4.3. The target chamber
is in good thermal contact with a 1 litre reservoir
containing 11quid~hydrogen refrigerant at atmospherio
pressure. The target and liquid hydrogen reservoir
are surrounded by a radiation shield at liquid nitrogen
temperature (77°K). The vacuum in the cryostat was
maintained at less than 10~0 mm.Hg by an oil diffusion
pump .

The target chamber is shown in figure 4.4, The
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thin target walls are .001 inch mylar. The central
section, A, contains the liquid deuterium.  The outsr
sections, C, are connected together and filleé wifh '
hydrogen gas. .A zero pressure difference is maintained
across the inner target walls so that the liquid_target
is flat and of uniform thickness. Slow changes in
deuterium vapour pressure are compensatad'for by the
slack foil device D, The target thickness was measured
at room tempergture using a microscope and found to be
1% .,003 cn. Resistance type level indicators are used
to show whether the target was empty or full.

The thickness of material traversed by the incident
photon beam and by particles emitted from the targef wvas
‘small. The total target wall thickness was 004 inches,
Ports cut'in the radiation shield were covered with
.0002 inch aluminium foil. Mylar windows ,004 inch
thick were provided in the outer vacuum Jjacket. Two
of these windows were large (4% x 16 inches) to allow the
detection of emitted particles over a large angular range,

A wooden ring was attached to the top of the
rectangular part of the outer vacuum Jjacket (see figure
h.B). The centre of this ring was located above the

centre of the target to within 2 mm.by a complicated



Figure 4.5- X-ray photograph of bremsstrahlung
beam showing one of the crosses
used to line up the target.
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procedure using, marks on the target viewed through small
- holes in the radiation shield, and plumb lines suspended
from the wooden ring. Since it was necessary to move
fhe proton teleescope to different angles during the
experimental run a system was devised to aid the l1lining
up of this telescope. A bracket attached to the proton
telescope trolley fitted loosely éround the cylindrical
part of the‘target vacuum Jjacket, It was located by
L serews so that the axis of the counter telescope passed
through, and was constrained to rotate about the centre
of the targect.

The deuterium used to £i1ll the target was produced
by electrolysis of heavy water and was stored in a 160

litre tank at 80 cm.Hge.

(¢) Experimental Procedure.

The deuterium target was placed in the 307 MaV
bremsstrahlung beam 6 metres from the synchrotron target
with the normal to the target surfaces at 40 degrees
to the beam. The target was located in the beam using
crosses suspended from the wooden rihg. The alignment
was checked by obtaining X~ray photographs. The final

alignment is shown in figure 4.5
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The beam passed through vacuum between the primary
collimetor and the target except for 1 inch of eir between
the beam tube and the target vacuum,. The experinental
arrangement is shown in figure 4,6. A general view of
the apparatus in the beam room is shown in figure 4,7.
The boum tube passcd through a 6 inch steel screen
placed between the target‘and pair spectrometer, This
provided extra shilelding against ;harged‘particles
swept out of the boam by the pair spectrometer magnet.
The scrubber and pair séectrometer nmagnets were always
on whon data was belng recorded.

The pion telescope was placed with its axis at
90 ¥ 1 degreesto the incident beam direction with
counter 3, which defined the telescope eperature 17 ¥ .2
inches from the target. In this position it subtended
an angle of ,0187 * ,0005 steradians at the centre of the
target, The angular acceptance was X3.7 degrees. The
plion telescope was operated in a 1 + 2 + 3 = 4 ecoincidence-
anticoincidence sequence and detected piong incident on
it, between 45.8 and 60,0 MeV,

The energy distribution of protons detected in
colncidence with the pions was obtained. The proton

telescope was positioned with its axis at 30 f 1 degrees
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Figure 4#2. General view of apparatus in the beam
room showing the target and the two
counter telescopes.
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to the incident beam. The tolescope aperture was.
defined by a 2 inch diameter hole in a half inch thick
lead block placed between counters 1 and 2. - The centrzal
plane of this block was 16,5 } .2" from the centre of
the target and defined a solid angle of .0115 % ,0003
steradians at that point, The angular acceptance of the
‘proton telescope was %3,5 degrees. Lead blocks 1 inch
thick were placed either side of the proton telescope to
shield it from charged particles produced by the beam
in the target window and in the air near the counters.,
Pulees from counters 1 and 2 were displayved on an
oscilloscope whenever a pilon was detected. The
oscilloscope traces were photographed.

The angular distribution of the protons detected
in coincidence with the negative plons was measured,
Protons were detected at 4 angles, 22, 30, 38,and @6
degrees mecasured from the incident beam direction. The
uncertainty in the position of the proton telesqope was
1 degree in each case.

The experimental run lasted 33 days in which time a
total flux of 5 x 1012 equivalent quanta passed through
the target. The empty target background was measured

at the beginning and end of the experimental run. The
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proton telescope 81 MeV endpoint calibration was obtained
at the begimming and end of the run using protons
produced at 65 degreses in a perspex target, and once
during the run using protons produced in the deuterium
target. The proton telescope was calibrated at the
beginning and end of each day's run using thorium Cll
2,62 MeV, and sodium 22 1,28 MeV gamma rays,and 160 KeV
internal conversion electrons from indium 11k, At

least one hour was allowed after switching on for the
electronics to become stable before calibration.

The performance of the pion detection system was
checked several times each day by photographing the
cathode ray tube spot display (seo figure 3.9). The
100 channel kicksorter diaplay (figure 3.10) was used as
a continuous monitor of the pion dqtection system,

The operation of the single channel kicksorter and the
oscilloscope trigger system waavmonitored_by phqcking
that the oscilloscope was triggered whenever an event
was recorded in the pion group on the 100 channel
kicksorter display. The E.H.T. voltages and the
various trigger levels were checked each day before

data was recorded. The operation of the amplifier-

integrator system which was used to record the total



Figure 4,8,

N2

T .

—~ 0.4 p SEC+

Typical oscilloscope traces. The
dashed lines indicate the delay
between counters 1 and 2,



charge collected by the Leam monitor was checked several
times ooch day. The various checks gave a good indication
of tho operotion of the detection system and allowed
faults fo be found quickly.

Data recorded when tho operation cf the detqction
system o1r the beamn monitor were suspoect were reJécted.
The remaining film vas analysed to select coincident
protons. Tho position and sepearation of pulsecs freon
countersl and 2 ware used to select coincidoent particles.
The traces shown in figure 4.8 were selected to 1llustrate
the various types of traces that were found. Positive
deflections are produccd by counter 1, negative ones by
counter 2. The first trace is due to a coincident
prarticle entering the telescope. The najority of the
traces were like 2 in wvhich no particles wore detected
in eifther counter. In 3 the trace produced by a random
particlé entering the telescope is shown. The last
pulse 1g not associated with a pulse from counter 1 and
may be attributéd to a photon or to a charged particle
that missed counter 1. Four 1illustrates tho traco
expected when a coincident neutron produces a knock on
proton in counter 2. . Since the plon telescope does nqt

disctinguish between negative and positive piona. there is
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a high probability of traces like L occurring. The
counter geometry prevents particles produced in the
target from entering counter 2 direetly without
trayersing counter 1. The background zruns indicatod
that traces of this type were due to particles from the
target, All traces like 4 were attributed to neutrons
produced in reaction (1.3). Coincident charged particles
which traverse counter 1 only produce traces i1ike 5.
The probability of random background pulses producing
traces like 1 and 6 is expected to be equal. Since no
traces like 6 were found it has been assumed that all
traces like (1) were due to coincident particles.

The height of pulses from counters 1 and 2 were
measured for all coincident traces. The pulse height
from counter 1 was plotted against that from 2 as shown
in figure 4,9, The specific ionization and cnexrgy
selection of the proton telescope was used to eliminate
events not due to protons. In all 17,000 traces were
scanned and 453 coincidence protons were identified at
all angles. In figure 4.9 the coincidence events
observed with the proton telescope at 30 degreses are
plotted. The expected response to pions protons and

deuterons 1s also shown. The bottom edge of the proton
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band is more sharply defined than the upper edge. This
ia a consequence of tﬁe Landau distribution of energy
loss in the thin scintillator. All spots aﬁove the
dashed line were attributed to protons.

The calibratioﬁ of the proton telescope éhanged by
about 8% during the run. VWithin the uncertainty of the
calibration the pulse height from both counters 1 and 2
decreased uniformly throughout the run. The pulse
height resolution did not change. The decrease in
pulse height was most likely due to change in gain of the
distribﬁted amplifier in the oscilloscope. The gain in
this type of amplifier is very dependent upon valve
chafacteristiés. A direct check that the change in
gain occurred in the oascilloscope could not be made
since fhe initial sensitivity was not known to better
than 10 percent. The morning and evening calibrations
doné each day rever differed by more than 6 percent, which
was within the uncertainty of the individual calibrations.
Té allow for the change in calibration the measured
pulse heights were normalized using the average source
calibration each day before they were plotted in figure 4.9.
After the normalization the proton end point.calibrations

done at the beginning and end of the run agreed to within
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0.5 percent, and differed from the average aource
calibration by 6 precent. The avcrage of the source
and endpoint calibrations was adopted., =~ Expressed in

deflection measured in the film reader it was

+ .003%
- ,003

Ag an additional check on the energy calibration

.0483 inches/l MeV.

of the proton telescope; the pulse height produced by
fast electrons traversing counter 2 was measured, A
«005 inch copper sheet was placed in the bremsstrahlung
beam., The oscllloscope was triggered by 1 + 3
coincidences and the pulses from countera 1 and 2 werxe
displayed on the oscilloscope trace. The discriminator
was set using a thorium source to select particles
loosing more than 2 MeV in counter 2., A 4 inch thick
perspex absorber‘was placed between counters 2 and 3 so
that only electrons leaving counte; 2 with energy > 2
MoV were selected. The oscllloscope traces were
photographed and the heights of ﬁulses from céunters

1 and 2 were r.easured. A histogram of the pulse helght
distribution for counter 2 is shown in figure 4,10,

The most probable pulse helight estimated from the rektive
numbers in the two most probable intervals is shown by the

arrow. Following the suggestion of Cranshaw (1932) it
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Figure 4.10.

25 50 A .75
PULSE HEIGHT

Histogram of pulse height prouduced in
counter 2 by relativistic electrons
traversing the proton telescope., The
arrow indicates the most probable pulse
height,. The curve 18 the Landau
distribution including counter
resolution.
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was assumed that published wvalues of specific ionization
refer to the most probable energy loss. The most
probable energy loss for the electrons in counter 2,

9.5 MeV, was obtained using 1,8 MeV cmz/gm as the
specific ionization for minimum lonizing particles,

The curve in figure 4,10 1s the Laﬁdau distribution of
energy loss with counter resolution (assumed 10 perceﬁt
full width at half height) folded in. The Landau
distribution was obtained using the prescription of

Rossi (1952). The pulse height distribution implies the

+ ,007
- 0003

agreement with the adopted calibration.

energy calibration is 0462 inches/MeV in good

The energy measured in the connter telescnpes'must
be corrected for energy lost by the particlés escaping
froma the target to obtain the particle energy at creation,
As the productlon occurs uniformly throughout thé targaet
volume a'single energy for particles entering the
telescope will correspohd to a range of energy at
creation. Thus 15 and 20 MeV protons produced at the
near and far sldes of the target will have the seme
energy entering the counter telescopo. At higher energy
the spread is less being 2,5 and 1,6 MeV for 40 and 70

MeV protons respectively. The creation energy of both
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protons and pions have been related teo measured particle
energy by assuming that production occurr;d at.the
median plain of the target.

In the background runs a total of 6.49 x 101l
equivalent quanta passed through the empty target, No
coincident recoil protons were observed,

The continuous spot distridbution in figure 4,9
was divided into bins corresponding to 10 MeV intervala
for protons produced at the median plané of the target,
The energy intervals are given in colummn 1 of table 4,1.
The numbex of protons in each interval wes obtained by
counting the spots in the proten band and is given in
column 2, The R.,M.S, deviations are given 1# tﬁe third
column,

The experimentally observed angulsr distribution
is presented in table 4,2, The number of protcns
observed 2t each angle is given in column 2 and the
corresponding total fluﬁ at eack aagle in columm 3.

The erfors arsy R.M.S, deviatiohs only. The error due to
relative monitoring of the photon flux were 5% and are
small compared with the R.M.S. deviations. Thev

angular resolution is indicated in column 1.

Figure 4,11 shows the energy spectrum for recoil



Table 4,1

Energy Spectrum of Recoil Protons from Negative Pion

Photoproduction in Deuterium

Proton Energy

Interval
17 - 27
27 - 37
37 - 47
h7 - 57
57 - 67
67 - 77
> 77

No. of
Protons
15
82
133
8%

54
23

R.M.S.
Deviation

3.9
9.0

11.6
9.2
7.4
4.8



Table 4,2

Angular Distribution of Recoil Protons from Negative

Pion Production in Deutexrium.

Angle No. of Protons Total Photen No. of Protons
dzgfges Detected lﬁiﬁxq per 10il Q
22 23 3.59 6. 2 1.3
10 396 2647 14,8 £ .74
38 32 YN 9.3 1.6

14+

L6 2 1.73 1.2 <85
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Figure 4.12. Angular distribution of recoil protans
detected in coincidence with 46.3 to
60.4 MeV negative pions produced at
90 degrees in the reaction Y + d>p + P + X .
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~protons measurgd'at 30 ¥ 3,5 degrees in coincidence with
46.3 ‘to 60.4 MeV negative pions detected at 90 ¥ 3.7
degrees. The experimental points are takoﬁ from table
4,1. The vertical bars indicate R,M.S. deviations.
The‘horizontal bars indicate the uncertainty due to the
energy calibration which was + 7.2, = 6.2 percent. Curve
A 1is the energy épectrum calculated for negative pion
production at a free neutron at rest. Carve B 1is the
energy spectrum obtained in the spectator model
calculations. Curve D was nofmalized to the area under
a histograa drawn through ths experimental points.

The angular distribution of recoil protons detected
in coinciden;e with the negative pilons is shkown in figure
k.12, The experimental points wexre obtalned from table
4,2, The vertical bars are R.M.S. deviations. The
horizontal bars ropresent the angular resolution, 3.5
degrees, of the proton telescope. The curves A and B
are the angular distributions calculated for nagative
rion producti.n at a free neutron at rest, and for the
spectator model description of pion production in
deuterium., The curves were normalized to the experimental

point at 30 degrees.
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CHAPTER V

Calculation of Energy and Angular Distributions.

The experimental angular and energy distribution
for recoil protons detected in coineidence with negative
pions from deuterium are compared with the distributions
calculated when fhe process 1s described by the spectator-
mbdel. The agreement between the experiménta1 and
calculated distributions furnishes the test for validity
of the spectator model. The simpler raaction |
Y+n->p+x (1.2) is also considered, altﬁough 1t is
not expected to give a good description of tholproton
energy and angular distributions. The compaiison of
the distributions calculated in the two approximations
illustrates the effect of nucleon momentum on the observed
distributions,

The energy and momentum conservation conditions

for negative pion photoproduction at a free nucleon are

Veps+?P

- | (5.1)
Vo + Mﬁ Mo * Tp + Mp |

wvhere V and Vo are the photon momentum and energy,
p and B, are the pion momentum and energy,

and P and Tp are the proton momentum and kinetic energy.
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Figure 5.1 Diagram of pion kinematics for negative

pion production at a free neutron.
angular resolution of the pion telescope

is shown.
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Diagram of proton kinematics for
negative pion production at a free
neutron. The anguler acceptance

of the proton telescope is indicated
by the arrows. '
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Mn ard Mp are the neutron and proton rest masses,

Equations (5.1) are a special case of the general
two-body erergy and momentum conservation conditions
.that have teen used to compute tables of kinematic
relations for many reactione., Reaction (1.2) can not
be observeddirectly and kinematical tables for this
reaction have not been published., A desk calculator
was used to compute the kinematical relations for
reaction (1.2) for the small energy and angular range of
interest here. The solutions given by Malmberg and
Koester (1953) were used to solve for Tp. Op. Tﬁ and Qp
for various values of Vo and Gp* and Ox*. where Op and
o, are the proton and pion production angles measured
from the incident photon direction and Tﬁ is the pion
kinetic ensrgy . The asterisk indicates quantities
éxpressed in the centre of mass system, Tha}convantional
kinematical diagrgms are shown in figures 5%.1 and 5,2,
Pion (proton) laboratory angle and energy are plotted on
the X gnd Y axeas requctively. Lines of constant
photon energy and pion (proton) centre of mass angle are
drawn on these diagrams. The two diagrams and the
relation between pion and proton centre of mass angles,

Gx* m 180 = Qp*. may be used to obtain laboratory angle
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and energy for the pionnandvproton for any particular
centre of mass angle and incident photon energy.

A graphical method using figures 5.1 and 5.2 hasg
been used to calculate the angular and energy distributions
expected for recoil protons observed in coincidence with
h6.3 to 60.4 MeV pions produced at 90 degrees. The
angular resolution of the pion telescope is shown in
figure 5.1. ' The effect of a finite target and the
counter aperture have been considered. The angular
acceptance of the pion telescope, 7.5 degreos, is the full
width at half height given by the angular resolution
Curve. The pion energy and angular range accepted by |
the telescope 1s indicated by the rectangle in figure 5.1.
The corresponding energy and angular range for the recoil
protons ls represented by the "diamond shaped® area in
figure %.2. If the cross section for pion production is
assumed to be constant over the range of pion energy and
angle accepted by the pion telescope, then to a good
approximation the relative probabllity of a recelil
proton being observed at a particular angle is given
by the length of a line of constant Op which lies inaide
the "diamond shaped" area. The effect of finite target

volume is considered by replacing the target by a number



of sources and adding the contribution from the wvarious
sources at each angle. The angular resclution of the
proton telescope was folded in to obtain the expeocted
experimentally observed angular distribution. Curve A
in figure 4,12 is the angular distribution expected for
recoil protons detected in coincidence with negative
pions produced at 90 degrees and 46,3 to 60.4 MeV at a
free neutron at rest.

The enocrgy distribution of recoil protons was obtained
in a similar way. The length of a line of constant Tp
lying inside the "diamond shaped” area in figure 5.2 was
used to obtain the relative probability of a rscoil
proton being produced at a particular energy. The
energy resolution of the proton telescope was taken to
be 10 MeV wide, the width of the bins used to obtain the
experimental senergy distribution. The effect of the
energy resolution was included in calculating the energy
spectrum by taking the probability of detecting a pion
at an energy Tp to be proportional to the area under the
energy distribution between Tp - 5 and Tp + 5 MeV. The
observed energy distribution calculated for recoil protons
from pion photoproduction at a free neutron is curve A

in figure 4.11. Since the angular acceptance of the
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proton telescope was wider than the distribution of
recoil protons shown in figure 5.2 no restriction on
proton angle was required in calculating the observed

energy distribution.

Spectator Model Calculation
The energy and momentum consorvation conditions

for negative pion photoproduction in deuterium ere

V+D=pu+ P + 8

(5.2)
vo + Hb = Zﬁh + Tp + T' * By |

where S8 and Ts are the momentum and kinetic energy of
the spectator proton, and D and MD are the momentum and
mass of the dauteron. Although there are only two
particles in the initial state, there are three in the
final state and measurement of the angle and energy of
one final state particle does not allow a solution of
5.2, The spectator model assumption is that the pion
is produced at the neutron and the proton momentum is
the same in the initial and final states, Since the

deuteron is at rest

DelN +8 =0 | (5.3)

where N is the neutron momentum. S may be eliminated



S,” ’ X

Figure %.3. Geomatry of spectator model description
of negative pion photoproduction in
deutaerium.



- 97 -

from (5.2) and the spectator proton energy, Tb ='N2/2Hp
in the non relativistic limit. The binding energy of
the deuteron B; ig included since Mb = Hb +-Mn - B
Pion production in deuterium has nowlbeon reduced to a
two body reaction in which neither of the particles in
the initial state are at rest. The geometry of the
spectator model reaction is i1llustrated in figure 5.3.
The photon is incident along the Z-axis. The pion
momentum is shown directed along the negative X-axis
corresponding to %the detection of the pion at 90 degrees,
The initial neutron and recoill proton momenta are shown.
LCquations (5.2) have been solved in the spectator
model for proton energy Tp angles Op and ¢p and for the
laboratory and centre of mass photon energy. The solutions

ac'e.

Tp= A- { A* - [Mp ~A]"= [INlsin6n sinn] -

; 2) V2
L—(/Uoz' /Vlﬂ\z)/a t 'N) sinBn cos ¢n] é (53)

- - (MP“‘A)*"TP 4 |
eP = ¢€0s (2 Mp TP)l/z. ( )
IN| sin6n sin®, (5.5)

£5in ¢P = (2 IV]pTP)l/a cin@p
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»* Vo
Vo =
| — [NI* + 2IN|vo cosBn + Voo %2 X
(\/o+ Mn)L

Vo + IN|cosOn
{' - Vo + Mn z (5-7)

where A = M -B- Ts - K, - IN| cos 9,

Vo* 1s the centre of mass photon erergy,and C = 1,
The variocus angles are defined in figure 5.3. The non
relativistic relation between proton energy and momentum
has been used.

The numerical computation of Tp etc. requires that
the plon energy and the initial neutron momentum be known.
The pion energy was defined by the pion telescope. The
probability distribution for nucleon momenta in the
deuteron was obtained from the lulthén wave functiomn.

It is

= K Nz 5'8)
P(INI) [(N?‘+°<l) (N-.__t_ ﬁz)]?. . {

where o = (MB)% = 45,7 MeV and B = 260 ¥ 2 MeV (White et

al,,1960, The nucleon momentum distribution is isotropic
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in space. The numerical computation was done for the
range of nucleon momenta appropriate to the deutoron.
The Glasgow University Deuce computer was used and T ,

P
® ., sin ﬂp' VO and Vo* were computed for

P
10 values of N from 10 to 190 MeV,
7 values of ﬂn from 0 to 180 degrees,
5 values of Qn from 30 to 150 degréea.
3 values of Ex from 188.2 to 197.6 MeV,
a total of 1050 combinations in all. The reaction is
symmetrical about the X - Z planc in figure 5.3.
The pion centre of mass angle Qx* in the photon

neutron centre of mass system corresponding to pion

emission at 90 degrees in the laboratory system is

8. = Tan™ [cos28 cosrfo + sin*@n]™ | | (59)
= {Qa
K " ‘\/[sine cos On t Vem (/U%H)J

2 2
where V_ = (N° + 2INJV° cos O + V_ )*/’(vo + M)

1s the velocity of the centre of mass in the laboratory

2

T=1/,/1-v_

2 2,¢
cos © = (Vo + || cos Gn)/(N + 2}nlvo cos & + V )
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2 2,4
and sin 6 = |N|sin e, /(X" + ZINIVo~cos o +V, )4

Ox* ﬁas calculated for each combination of Onland ﬁn
fof a few values of |N| and By = 193 MeV and graphs of
Qx* vs |N| drawn.

The probability of a pion being produced by e
photon of energyva. at a neutron with momentum N is

proportional to the weighting function

W= p () 2D pley) p(V) AT, (Vo o 2) (5.10)

where £ ( [Hl ) 1s the area under the nucleon momentum
probability distribution (5.8) between N = 10 and N + 10
MeV.

/9(¢n) = 1 and ,ﬂ(On) = sin O for an isotropic
distribution.

/9(Vo) was obtained from the Schiff thin target

gpectrum with Em = 307 MeV,

ax
anddi4bL(Vo* Ox*) is the differential cross section for
negative pion production at a free neutron expressed as
a fnnc#ion of centre of mass photon energy and the pion
production angle.

The appropriate weight W was assigned to each

calculated recoil proton energy and angle. The energy
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spectrun was obtained from the assigned weights. The
probability of a recoll proton being produced in an
energy interval AXEP about Ep is given by thg sum of the
welghts W assigned to protons in the intexrval. iIn
calculating the proton energy spectrum to be compared
with the experimentally observed spectrum the requirement
that the recoil prbton enter the proton telescope was
imposed by considering the calculated Op and sin ﬂp.
The effect of the finite target was included by considering
that protons were produced at a number of sources, The
limits on Qp and sin ¢p depended on the proton telescope
aperture and the source position in the target. The
relative probability of detecting a proton at energy
Ep was then proportional to £'W where the sum was taken
from EP - 5 tc Ep + 5 MeV, corresponding to the width of
the energy bins used to obtain the experimental spectrum.
Curve B in figure 5.2 shows the energy spectrum
calculated in the spectator model for recoil protons
detected at 30 t 3,5 degrees in coincidence with 46,3
to 60.4 MeV pions produced at 90 degreos.

The angular distribution of the recoil protons was
calculated in a similar way. Only protons for which

sin ”p indicated that the proton entered the proton
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telescore were included. The telesacope angular
resolutién vas included by suwrming I W from Op ~ 3 to
Op + 3 degrees. The calculation was done for the centre
of the target only. The angular distribution calculated
in the spectator model for the recoil proton detected in
colncidence with a negative pion at 90 degrees isshown
in figure 5.1 curve B.

The differential cross section for pilon photoproduction
was obtained from Moravcsik's paper (1957). Grapha
were drawvn of positive pion production cross sections as
a function of centre of mass photon energy Vo* for different
contre of mass plon angles Oﬂ*. The «/+ ratio was
assumed constant over the range of Vo* and Om* involved
and was not used in calculating V. Apert from the =/+
ratio the use of cross sections for pion production at
a nucleon at rest is not strictly correct since the
transformation of the cross section from the centre of
mass to the laboratory system depends on nucleon
nonentum N,

The efficiency of the detection system may be checked
by calculating the cross section for negative pion
production. The number of recoil protons n, is related

to the pion photoproduction cross section by



n=|= Av 5 aAx N]xF (s.1)
dLdE Vo ' : '

where Q is the total flux expressed in equivalént quanta

ASL 1s the solid angle subtended by the pion
telescope at the centre of the target,
and N 1s the total number of nuclei in thevboam per cmz.
The photon energy and interval V  and Z\VO are determined
by the kinematics for negative plon photoproduction at
a free neutron at rest. The gquantity in brackets 1is the
usual expr~<sion for the number of pions detected. F
is8 the fraction of the recoll protons expected to enterxr
the proton teiescope. The spectator model calculation
gives F = ,097,

The number of recoll proetons detected was cérracted
for counting losgea due to multiple scattering and
absorption of pions in the counter telescope and for pion
decay in flight. The multiple scattering correction was
calculated using the graphs of Sternheimer (195&). The
data of Shapiro (1951) and Byfield et al, {1952) for
negative pion absorption in carbon including_elastic and
inelastic scattering was used. It was assumeﬁ‘that all

pion decays in flight resulted in the | meson being



scatterad out of the plon telescope. The corrections

were,
multiple scattering + 3 percent
absorption + 13 pexcent
decay in flight + 8 percent.

The cross section for negative pion photoproduction
calculated from (5.11) is then 15.8 =x 10~3° cm?/steradian
MeV 112 percent.

The erroxr assigned to the cross section was obtained

from the errors listed below

beam monitor 10 percent
R.M.S, deviation .5 percent

definition of photon
energy interval 4,5 percent

determination of Em 2 percent

ax
pion telescope solid
angle 1.5 percent
The error in I depends on the impulse approximation
calculations and was not included. The large error
assigned to the heam monitor was largely due to
instability in the amplifier integrator system used.

The cross section for negative pion production in
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dcuterium may be calculated using the experimentally
measured positive pioﬁ cross section from hydrogen and the
«/+ ratio from deuterium. The valuc obtained by
interpolation of the experimental points given in
Moravecsikt's paper (1957) was 17.5 = 10™30 cm?/steradian
MeV . 110 percent. <The cross section obtained from the
experiment 18 ~ 10 percent lower. This may be due to -

the competing photodisintegration process.
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CHAPTER VI
Discussion and Conclusions.

The agreement batween the oxperimentally observed
angular distribution for the recoil proton from negative
pion photoproduction in deuterium and fhe distribution
calculated in the spectator model is good. Figure 4,12
indicates that the width of the mngular distribution ias
several times that expected from negative pion production
at a free neutron at rest. The additional width of the
spectator model angular distribution is due to the neutron
momentumn. The angular distribution, like that obtained
by Keck and Littauer (1952) supports the spectator model
description of negative pion photoproduction in deuterium.

The energy spectrum observed for the recoil proton
from negative pion photoprodﬁotinn in deuterium differs
from the spectrum calculated using the spectator model
approximation. The disagreement between individual
experimental points in figure 4.11 and the curve D is
not large but the fact that all the experimental points
are shifted towards higher energy is significant. The
"shift" is approximately 8 percent with respect to curve
B for all points, and is slightly larger than the

estimated uncertainty in the energy calibration., The
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shgpe of the observed spectrgm is well represented by
the spectator model calculation. 1In particular the
excess of protons above the most probable energy agrees
with the experimental points,

It is tempting to speculate that the"shift®" is due
to an error in the energy calibration of the proton
talescope. ‘The energy calibration has been done using,

11 and sodium 22 gamma

high energy protons, and thoxrium C
ray sources. - The calibrations agreed to within %3
percent, The independent check of the calibration
using relativistic electrons agreed with the adopted
calibration well within the accuracy of the measurement,
There is no evidence that the error in the energy
calibration is larger than indicated in figure 4,11.
It was concluded that the "ghift" can not be entiraly
due to errors in the energy calibration.

“he possibility of including random eventa or
particles which were not protons has been considered,
The single channel kicksorter was set to include pulse
heights that extended well above and below the pion group
to ensure that no pions were missed, The oscilloscope

was triggered on large electron pulses and the probability

of detecting electron pairs was considerable. The
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electrons were well separated from protons by the dE/dx
and £ measurement of the proton telescope. The spots
occurring close to the origin in figure 4.9 were
attributed to electro# pairs,

The separation between the pion and proton groups
in the kicksorter display waas large and few protons were
expected to trigger the oscilloscope. Consideration of
the kinematics indicates that protons from pion production
are not expected at 90 degrees. The detection of =
coincident negative pion in the proton telescope was
very improbable.

The probability of detecting a recoil deuteron from
elastic neutral pion production in deuterium was small.
The correlation between a x° decay photon and the
recoll deuteron is weak and the efficiency for the pion
telescope detecting such photons is small. The two
particles, pions and deuterons, most likely to be
confused with protons in the proton telescope are thus
very unlikely to occur in coincidence with an oscilloscope
trigger. |

The total absence of inverted coincidence events
(trace 6 figure 4.8) 1s good evidence that the probability

of a random particle being included in the energy
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spectrum is small,

Coincident recoil neutrons from positive plon
photoproduction in deuterium were excluded by the lack of
a dE/dx pulse. A total of 32 events of this type wero
found., Most of the pulses produced by counter 2 for these
events corresponded to proton energies between 20 and 35
HeV. An appreciable distrotion of the observed recoil
proton spectrum would have occurred if the 4dE/dx and E
proton identification had not been used,

Multiple scattering of the protons in the deuterium
target was a small effect and was not strongly energy
dependent. Scattering in the thin front scintillator
in the proton telescope may be neglected. The counter
geometry indicated that the number of protons striking
the edges of the lead collimator equalled 6 percent of
the number passing cleanly through it. An inelastic
proton scatter in the edges 9 the collimator orxr
penetration of the edges would produce a distortion in
the proton spectrun. Since only a few spots occur in
figure 4,9 that are not clearly electrons or protons 1t
was assumed that effects due to the collimator edges
were small, The counting losses calculated for the pion

telescope were nearly independent of pion energy in the
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energy interval defined by the telescope.

The energy resolution of the detection system due
to counter resolution and particle energy loss in the
target, was typically 3 levV. It was narrower than the
10 MeV intervals used to obtain the experimental spectrum,
The width of tho intervals was mainly dictated by tho
need to have significant statistical accuracy for the
experimental points.

The consideration of ths experimental technique
outlined above did not reveal any effect likely to
produce a aigﬁificant distortion in the energy spectrunm,

The calculation of the energy spectrum in the |
spectator model approximation necessarily involved a
number of approximations. The pion ~/+ ratio was
assumed constant. The data included in Moravcsik's
paper (1957) indicate that it may be expected to vary
by about 10 percent in the energy and angular region
that was expected to make the main contribatiqn't& the
proton energy spectrum. The relation between the
centre of mass and the laboratory cross section for pion
production was assumed to}be independent of thé‘neutron
momentum N, The error introduced by this approximation

i1s difficult to estimate. It was considered that the
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general accuracy of the spectator model ca;culationa
did nof warrant detailed consideration of the ~/+ ratio
or the cross section transformation. The errors
introduced by the othser assumptions made in the spectator
model calculation are expected to be smaller than those
discussed above, It was concluded that the Curve B in
figure 4,11 gives a good representation of the recoil
proton energy spectrum predicted by the spectator model.
A small discrespancy between the recoil energy |
“spectrum predicted by the spectator model and the
observed spectrum exists. Although it is unlikely to be
entirely due to experimental errors or errors in
calculating the recoll proton energy spectrum, this
possibility can not be completely ruled out. The
spectator model neglects the interaction of the particles
in the final state. The 1mpu1§a approximation which
includes the final state interaction has been shogn to
describe accurately pion‘phofoproductiou in deuterium:
near threshold (Adamovic et al.1959). It is expected to
be.valid at higher energy aleo. - The impulse app:oximation
calculationq of Thie (1952) fof the recoil pfotpn’energy
spectrum (curve C figure 1.10) indicate that the impulse

approximation predicts an energy distribution shifted
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towvards higher energy with respect to the spectator
model calculations. Thg final state interaction is
considered to be the most probable cause qf the
discrepancy observeq between the spectator model spectrum
and experiment.

Although the energy and angular acceptance differed
slightly, the results of the present experiment may be
cdmpared with those of Keck and Littauer (1952). The
energy spactra of the recoil proton obtained in the two
experiments differ. In particular the peak of the
energy spectrunm obtained by Keck and Littauer was shifted
towards higher energy by 10 to 12 MeV compared with the
spectator model predictions. In the present experiment
the peak is shifted towards higher energy by 3 to 4 MeV,
Keck and Littauer did not obtain an excess of protons
above the most probable energy wvhich wae obtalned in the
present experiment and is predicted by the spectator
model calculation, The experimental technique used in
the present investigation was superior to that of Keck
and Littauer in that a liquid deuterium target was used
and the identification of particles included in the
energy spectrum was more complete. It is coﬁsidered

that the large discrepancy observed by Keck and Littauar
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was due¢ to an experimental effect., This view is
supported by the difference between the measurad cross
sections. In the present experiment a value of

15.8 £ 1.9 x 10~30 cm?/(ateradian MeV) was obtained in
good agreement with the cross section pradicted by recent
experimental values of the -/+ ratio and positive pion
production cross section. Keck and Littauer quote
10.8 ¥ 1,0 x 10™2° cm?/(steradian MeV). for the same
cross section. Unless the difference is due to errors
in beam monitoring the two values indicate that a
substantial number of events were not detected in the
earlier experiment,

It may be concluded from the present worlk that the
spectator model provides a reasonable description of
negative pion photoproduction in deuterium for photon
energies about 230 MeV. There is some evidence that the
interaction between particles in the final state has a
small effect at this energy. A large discrepancy between
the experimental energy spectrum for the recoil proton
and that predicted by the spectator model is ruled out.
The present findings agree with thosge of Vhite et al.
(1960) that the spectator model description of pion

photoproduction in deuterium is justified at energles
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well above threshold,
The differential cross section for negative pion

photoproduction in deuterium at 90 ¥ 3.7 degreas and

53 2 7 MeV is 15.8 % 1,9 x 10™30 cm?/(steradian MeV).
This 1s ~ 10 percent below the value calculated from the
-/+ ratio in deuterium and the positive pion photo-
production cross section in hydrogen. Although the
difference can be accounted for by the Wilson (1956)

model for photodisintegration of the deuteron the errors

are too large for the difference to be significant.
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Summary of Ph$D# Thesis

Photepro4lictlon of Negative Plona in Deutarlmm

by H.C* Evans

Deuterium provides the most suitable target for
studying the basic process of negative plon photo-
production at a free neutron. For photon energies well
above threshold the spectator model has been used to
relate photoproduction In deuterium to photoproduction
at a free neutron. Until recently no experimental
test of the spectator model that clearly supported Its
validity for negative plon photoproduction In deuterium
had been reported. The spectator model has been
Investigated using the 307 MeV bremsstrahlung beam of
the Glasgow electron synchrotron. The simultaneous
detection of plons and protons produced In a thin liquid
deuterium target was accomplished using scintillation
counter telescopes. The plons were detected at
90 1 3.7 degrees In the energy range 46.3 to 60#4 MeV,
The angular distribution of recoil protons, and the
energy spectrum of recoil protons detected at 30 t 3*5

degrees were measured.
The measured angular distribution was well described

by the angular distribution calculated In the spectator



model. The measured energy spectrum has a broad
maximum at 42 MeV. The shape of ttw spectrum /Is well
described by the spectator model calculations”® “T”*he
measured spectrum appears to be shifted towards higher
energy by 3 to 4 MeV. It may be concluded that the
spectator model provides a reasonable description of

negative plon photoproduction In deuterium for photon

energies about 230 MeV. The differential cross section

for negative plon photoproduction In deuterium at

90 I 3.7 degrees and 53 * 7 MeV Is 15.8 £ 1.9 x 10"~°

2
cm /steradlan MeV.



