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ABSTRACT

This thesis describes an experiment to investigate

the reaction

P+pP—D+Dp+ x°

at 1 GeV incident proton energy. Optical spark chambers
and scintillation counters were used to detect the final
state protons. The geometry of the apparatus was such as
to select events in which one of the protons had kinetic
energy (T) between 50 eV and 200 eV and in which the
invariant mass (w ) of the other proton + pion lay in the
range ~ 1150 lleV to ~ 1300 ieV.  luminium absorbers
between spark chambers were used to measure T to + 3.6 .eV,
“vents with 1185 € «w < 1285 eV were selected for full
analysis, and the variation of the reaction cross-section
with and T is compared with the predictions of the one
plon exchange (CPE) model. The data is in good agreement
with calculations which take into account the virtual
nature of the exchanged pion,

A Chevi-iow extrapolation to the one pion exchange
pole yields values for the xop elastic scattering cross-
section, averwuged over w in the ranges 1215 ~ 1245 eV
and 1245 - 1285 eV, of -5.5+132 mb and 84.2+153 mb,
These are compatible with cross-sections caiculated froa

pion nucleon phase shifts.



A review of the scope and liumitations of the OPE
model and, more generally, the veripheral aodel, is given.
Thi: includes a discussion of the infiuence of absorptioc:.

processes.,
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Chapter 4 Introduction
This thesis describes the design, performance and

analyais of an experiment to investigate neutral pi-meson
produetion in proton-proton collisions at 1 GeV incident
proton energy. At this energy single pion production
dominstes, and this was the process investigated. A small
part of the allowed kinematic region was selected by the
dealign of the experiment.

The reaction

P +Dp =~ p+p+‘x°
is one of a elass of reactions, the soc-called peripheral
procesges, apparently involving one particle exchange,
which seem to dominate inelastlic processes, Such reactions
have been subjected to considerable theoretical investigation,
the extent of which 18 outlined in chapter 2 with partieular
reference to the contributions of Ferrarl and Selleri to
the understanding of single pien production in nucleon-
nuecleon collisions,

The experinent, to be described in chapters 4 and 5,
was intended to investigate the applicability of the Chew-~
Low extrapolation procedure to this reaction and to test
the validity of the Ferrari-“elleri one pion exchange
caloculations which, at the time of the design of the
experiment, were in fair agreement with bubble chamber

data on the assoecliated reaction



-1.2-

P+p = pP+n+ x
at 0.97 GeV, Optical spark chamber and scintillation
counter techniques were used to obtain, it was hoped,
a large sample of interactions in the kinematical region
selected., However, because of detection blasses only a
small fraction of the events recorded could be used.
This is a general limiting feature of the spark chamber
technique,

The experiment was performed in summer 1963 and since
that time, while it was being analysed, the calculations
of Ferrari and Selleri have been refined and bubble chauber
data on pp = ppxo at 1 GeV has been published. The agree-
ment between theory, with a somewhat ad hoc cut-off function,
and experiment is good; the results of this experiment
confirm this agreement over the narrower kinematical region
covered,

Recent theoretical developments, discussed in chapter 2,
involving explicit consideration of the influence of
absorptive processes in the initlal and final channels
lead to the belief that the cut-off function procedure
used 1in Ferrari-Selleri type calculations is little removed
from curve fitting, belng an empirical representation of
the effects of many processes on the initial and final
channels. This view 1s strengthened by the evaluation in

chapter 6 of the expected one pion exchange distributions
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for the reaction pp ﬁ-ppxo by three different methods,
two being rather crude approximations, the other more
sophisticated. Suitable choice of a cut-off function
for each method allows the data of this experiment, and
of the bubble chamber experiment, to be fitted.

In the one pion exchange model the cut-off function
required should be indepmndent of the incident proton
energy. This would not appear to be true of the functions
needed for the less sophisticated calculations but would
appear to be true of the latest Ferrari-Selleri calculations.
This implies that the basic ideas of the one pion exchange
model are sound, and that the .odification to its .redic-
tions, possibly caused by absorption, can be represented
by an eadirical factor only slowly varying with the incident
proton energy. No absorption model calculations have been
made for nucleon-nucleon collisions, but this would appear
to be inagreement with qualitative expectations based on
absorptive considerations since the total pp inelastic
cross~-section, which indicates the strength of the absor:-
tive channels, is very nearly constant at high energies.

sbsolute cross-sections from this experiment are in
some doubt because of normalisation uncertainties so the
best that can be said is that the results are in agreement
with one plon exchange predictions normalised to bubble
chamber data,
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An atteupt to extract the ﬂOp elastic scattering
crosc-section at two energies bty zueans of the Chew-~Low
extrapolation procedure was hauwpered by the poor
statistical accuracy of the data and the range of the
extrapolation. The results were consistent with cross-—

sections calculated from pion-nucleon phase shifts.
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Chapter 2
This chapter will comprise a discussion of pion

production in nucleon-nucleon interactions. These processes
appear to be well desecribed by the peripheral wmodel, 80 some
space will be devoted to a consideration of the general
principles of this model.

Throughout the chapter a nucleon, neutron or proton,
will be denoted by N, an anti-nucleon by ﬁ, and the nucleon
mass by m. The pi-meson (x) mass will be denoted by u.
Reactions will be written without "+" signs between particles
e.g. NN - NNx denotes an interaction in which a single pion
is produced in a nucleon-nucleon colliision. Full charge
independence will be assumed,

2,1 FEarly Ideas

Cosmic ray work (1) first showed that pions were
produced in nueleon-nucleon c¢ollisions. To explain such
high energy interactions Fermi (2) advanced a statistical
theory which proposed that in any such interaction thermo-
dymamic equilibrium was established inside an interaction
volume of radius equal to the range of nuclear forces. The
relative probabllity of & given final state was taken to be
proportional to the phase space available to it; that is,
nuclear interactions were ignored except in so far as they
established equilibrium and all final state matrix elements

were assumed to be identical. This theory agreed fairly well
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with cosaic ray data, but not with the more accurate work
of Lindenbaum and Yusn (3) on pion production in proton-
beryllium and proton~-proton collisions at 1.0 - 5.0 GeV.
They suggested that the dominant process was the excitation
of one, or both, of the nucleons to the I, JP = 3/2, 3/2"
1238 M¥eV isobar (N¢(1238)), followed by its subsequent decay
into nueleon plus pion,

The existence of this isobar had early been shown in
wig scattering (4) where it appears as a peak in the I = 3/2
cross-section at an ineident pion energy of approximately
200 eV, At this energy the ﬁ+p elastic scattering cross-
section is only slightly larger than the limit for pure
J=3/2 elastic scattering and the angular distribution is
very near the 1 + 3 c0829 expected of J=3/2. Since the
I=1/2 cross-section does not show this peak the conclusion,
confirmed by phase shift analysis (4), is that there 1is an
1=3/2, P3/o plon nucleon excited state at ~ 1238 MeV (the
mass at which the resonant phase shift = ®/2),.

Kovacs (5) modified the statistical model to take into
account final state interactions between pion and nucleon
and on the basis of N*(1238) isobar dominance Peaslee (6)
deduced the ratios of X', % , X  mesons expected in either
single or double production by applying the principle of
conservation of isotopic spin. The predictions of both
Kovacs and Peaslee were ln much better agreement with the

data than the statistical theory.
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Lindenbaum and Sternheimer (7) then advanced the
'isobar model', superseding the approach of Kovacs., In
this model one pion production is simply
NN+ NN, N - DNx (2.1.1)
and the probabllity P of exciting an isobar of mass w i8

L) o Ples, 1) T po(w) (2.1.2)

where V' i3 the total centre of mass energy available and
F(w,¥W) is the two-body phase-space for isobar production.
cincn) is the 7N scattering cross-section at a pion-nucleon
centre of mass energy W,

By assuming specific eangular distributions for N*
production and decay (for which the model can make no
predictions) the spectrum of all final state particles was
calculated; agreement with experiment was very good for the
distributions in w, rather less good for the distribution
in kinetic energy of the reaction products.

Conservation of isotopic spin, applied to reaction
(2.1.1) makes definite predictions for the ratios of x',
x., x° in the final states. Considering pp collisions ss

an example, the isobar model predicts

P
PR pnx  _ 2 :
pp - ppx° 1 (2.1.3)

Any deviation from this indicates that channels other

&
than N (1238)N are of importance. The experimental values,
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at various energies, are

1L.95 + 0.5 at 1 GeV (8),

4.17 + 0.25 at 2 GeV (9) and

3,95 + 0.48 at 2.85 GeV (10).
That is, the I=1/2 channel whieh can contribute strongly
to the pxo relative states in pp - ppxo becomes more
important as energy lncreases, This is in agreement with
pion nucleon scattering dats, which shows a steady increase
in the I=1/2 total cross-section up to about 1700 eV, and
the existence of two I=1/2 resonances at 1512 ¥eV and 1688 L.eV.
(In fact, at very high incident energies (25 GeV) the N$(1238)
resonance seems scarcely excited at all (11).) Lindenbauam
and Sternheimer extended their model to take into account
the I=1/2 resonances (12) and applied the results with some

success to pion-nucleon inelastic processes,

2.2 ew-Low Extrapolation

The lsobar model does not inelude any details of the
interaction mechanism leading to isobar production.
Similarly the approach of Chew and Low (13) does not
consider the detailed dynamics of the interaction, but
provides a recipe for isolating the contributions of certaln
pole terms in the S-matrix element linking the reaction
initial and final states.

Any S-metrix element can be considered as the sum of

the contributions of many Feynmann diagrams (though this
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should not be taken too literally as such summations
involving strong interactions are notoriously divergent).

1f the diagram of Fig. 2.2.1 can contribute to the process
aB - Cab (whiech implies that BC has the same quantum numbers
as b) then the overall S-matrix element for the process will

contain a term, the contribution of this diagram, of the

form

1 Y
=M i (2.2.1)
P24 P2y
BT, a2

Here MBC’ Mab are the matrix elements corresponding to the

ab

upper and lower vertices linked by the propagator for the
2
exchange of the virtual particle b (of mass mb). D, the

L4-momentum trensfer between B and C, squared, is defined by

o - (pg - pB)2

where the p's are the 4~momenta of the subscript particles,
i has & pole at.A? = - mi, an unphysical value of A? corres-
ponding to the exchange of a real particle b. At the pole
Moy will therefore be the matrix element for the real
scattering process ab —» ab, Chew and Low suggested that
extrapolating the (measurable) cross—section for aB - Cab
from the physical region (A?2=0) to A@ = —m% would allow

the evaluation of the residue of the pole and hence a
determination of the cross-section for the process ab — ab.

Since this process could well be incapable of direct

investigation (e.g. %% scattering) the procedure is clearly
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of conesiderable value. It does, however, demand that MBC
be known as a function of Az. Field theory will give the
structure of MBC for all meson-nucleon vertices, and 1its
value at £@ = -mg as long as the relevant coupling constant
is known.

The S-matrix element for the interaction NN -+ NNX
will have a pole term corresponding to the exchange of a
single pion, since both NN and NNx can have the quantum
numbers of a single pion (Pig. 2.2.1a). There will, of
course, be other pole terms corresponding to the exchange
of other particles or composite systems of zero strangeness
end baryon number,cbut these will be further removed from
the physical region. Similarly the S-matrix element for
the interasction xN - Nxx will also have a one pion exchange
pole term and Goebel (14) first suggested extrapolating data
from the physical region to this pole to obtain information
on the "x interaction. The complete Chew-Low expression for

the contribution of the one pion exchange diagram 1s

320. - 1 G2 Aﬁ ? 0.7(7{((»)

s e e 2

Wk 2 g T e . W - 2
3L dw” ad=y 2xq3 Ix* Lm2 T Ta2niZ)?
= £2 wN w= /=y ® NS

2% Cf; .(Ad -HJZ ):2 0-7‘:7{(0)) (20202)
where 45 = cross-section for AN - NAn
W = KRR invariant mass

Q4 = lab. momentum of incident pion
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1‘2 = rationalized pion-nucleon coupling constant
= 0,08 for xON
0.16 for xN
G = rationalized, renormslised pion-nucleon

coupling constant. Gz/lmc ~ 14,5 and
£2 = (6%/unp°/1n®)
Sxx(w) =x=% scattering cross-section at ®x centre of
mass energy .
The extrapolation is performed at constant @,
Such an extrapolation was performed by Carmony and
Van de Walle (15) in the analysis of
sty » pxtaC
at 1.25 GeV/c and a marked increase in S:K+xo at w~ 750 .eV

was seen: this corresponds to the g -meson. The extrapolation

was performed by fitting the function (derived from the data)

27g? <_
G(/Si‘ (3.)) - (ﬁ2+”2)2 Q1- LC)QO' \
A%, fgw\m v wres (2.2.3)
with the polynomial expansion
2 2
G(A ,w) ~ Ay v A (A2+92) + A, (62+p2)2+ .o

2

for each region of W < considered. Then O',H(U) == A,

o
If this pole term dominates the physical region,
which it could as 1t is the nearest singularity, this

expansion reduces to

6 (8%, %) ~ Ao = Ay (8% 4 Bt f2.2.4)
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giving a fit linear in A2, por the data of Carmony and
Van de .alle (8 ¢ + 7p2) a linear fit was uore than
adequate, supporting the hope that the one pion exchange
pole dominates the nearby physical region (small Az) .

For the process pp - ppxo the expression 1is

3o - 7 2w) Uﬁ“p(w) AT i0.5.5)
e a—— I 3 2 ] B | : 8=~ 8L
6.5 cw s T 2’)((11': oL

: L2 2 2 2 2
where RW) = %{wu - 2% (m +p ) + (o = )%}% , and the
extrapolation procedure is based on

a1 =20 aeye 829 2.2.0)

A -

Terms other than the exchange term being isclated will be
removed by the (‘52+u2)2 in the numerator above; only those
terms with a second order pole at 22 = -pz will remain.

The extrapolation needs very good statistics over a
wide renge of %% ana 9% if it is to be meaningful. For
this reason ‘7xqp has never been investigated in this
fashion., However, the analogous reaction pp - pn.x+ has
been used (16) to obtain values of "xfp in the region of
the N‘(1238) resonance in good agreement with direct x+p
scattering experiments.

It should be noted that the N* is not explicitly
consldered. Iiowever, if the pole term is taken to dominate
the hearby physical region then (2.2.5) may be integrated

over *32, for small f‘2, to give
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do R'(w
aw’ T T g° Uﬂp(w) (2.2.7)

1

where R'( “) isslowly verying with . This is very
similar to the isobar model expression (2.1.2) with the
addition that the one pion pole model gives absolute values
for the cross~section. Thus the qualitative success of the

isobar model is not unexpected.

he Peripheral iodel

Goebel (14) in discussing inelastic pion nucleon
collisions had assumed that the one pion exchange (OPE)
pole strongly influenced the nearby physical region.
Bonsignori and Selleri (17), considering both &N - N=®x
and NN - NNx, argued that the OPE process would be dominant
in the physical region, at least for small values of the
4-momentum transfer. Their caleulations reproduced the
qualitative features of the data available at the time: no
quantitative comparisons were made.

Drell (18), Salzman and Salzman (19) and others extended
the ideas of OPE to other processes and to higher energies:
the wodel was quite successful. It has since been general-
ised to include the exchange of particles other than a
single pion, leading to the "peripheral" or single particle
exchange model. This has been particularly successful in

describing the production of resonances in quasi two=-body
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processes, in which the exchanged particle is taken to be
a meson, either pseudo-scalar or vector. The principal
feature of these processes is a strong forward/backward
collimation of the reaction products (or, equivalently,
the dominance of interactions involving low momentum
transfers). This collimation is much more severe than
that given by the field theoretical propagator of the
exchanged particle; the simple peripheral model needs
modification to explain this.

It is an experimental fact that most multiparticle
final states are reached via resonance production. i/ork
on the peripheral model has therefore been confined mainly
to quasi two-body processes., Fig. 2.3.1 shows the peripheral
diagram for such a process. Four such diagrams, related by
the interchange of initial and/or final state nucleons, are
possible for the process NN — NNX : these diagrams, in which
N*(1238) formatlon need not be explicitly considered, are
shown in Fig. 2.3.2, in which the p's and g¢'s represent

four-momenta, In diagram 1 the four-momentuu transfer,

squared, 1is
2 2
A% = (g, - py) (2.3.1)

and other invariants are

a2

l

- (q + Q1)2

2
it = (Q1 "'P1)

[ ]
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Similar invariants can be defined for each of the dlagranms;
a total of five independent invariants is needed to describe
the process,

The S-matrix element for the process can be written (20)
L %
1 m k I
8pq =~ 1T 572 (PP, M., (2.3.2)
1 (2x) 72 (290‘110‘1201’10920 rirn

with Pf =q+q, +4q, and Pi = P1 + Py

Mo, =M, = M_ -1 +§ (2.3.3)

£ 1 T2 Tz T Y

Mi being the matrix element corresponding to the ith
diagram and the + or - signs being due to the 1identity
of initial and final nucleons,

The Mi are related to u1 by the exchanges P, Py
(M, > My), g = q, (M, ~ ¥;) and p, > p,, q > q, (M, > ¥ ).
Suppressing spin variables,

R 2, K'( A%
4= u(q,) Grz u(p,) K( A%)
1= ulay) Grg ulp, "

a(q“){ "L"l(‘—’f tf Az) + i(Y.Q)B(u29t2s A2) } 11(_’91) (-203

The component parts of this expression are
a) the pseudo-scalar pion nucleon vertex matrix
element, with G the pion nucleon coupling constant
(Gz/ux = 14.5) and K(ZSQ) the vertex structure form factor,
b) the first order perturbational pion propagator

(A° + uz)'1 and 1ts correction function K'(t&?),
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¢) the off-shell pion-nucleon scattering matrix

]
elenent (21) (through which the N (1238) resonance

would appear).

The general differential cross-section 1s
3 43, g3

L d”q d7q q

1 4 m 2 31; R 1 2

dc‘ = . T, mm— M (P ""I ) (2.305)
(2x)? ¥ 2 Z' fil r-d 99 %440 %20

where Z indicates a sum over final, and an average over
initial, spin states. F is the invariant flux factor,
Since G is known the predictions of (2.3.5) are absoclute
in magnitude.,

In order to extract a particular cross-section from
(2.3.5) ‘ Mfilz must be evaluated; there are two difficulties:

a) the (unmeasurable) off-shell pion-nucleon scattering
matrix element has to be evaluated,

b) there are interference terms of the form 2 Re:E: Miﬁg
whose values depend strongly on the amplitudes b
appearing in the off-shell scattering.

The former point was considered by Iizuka and Klein (22)
and Ferrari and Selleri (23) who used dispersion relations
in the various amplitudes to extend them into the non-
physical region. The normal appvoximation, however, is to
assume that the off-ghell amplitude is given by an empirical
ZS?-dopendent function times the on~shell amplitude, but to
take the full ZS? depéndence of the scattering angle into

account. The on-shell scattering differential cross—-sectlion

can be written
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Ié(wz,cosé)lz (2.5.6}

(‘*’ y COBE, A il ) = 1
1 L'Z" o E

where m(uz,coee) is the =N - Nx matrix element, 8 = centre
of mas: scattering angle and k(g) = centre of mass three-
momentum of the incident (final) pion. In a physical
process kK = q.

The standerd partial wave ex.ansion 18

: w [ 2
%-‘-"5 = %ur.zo ((("”)fm(“) +eof ( )) : {;("069)(

% {f (w) - f, (w) } sine ' \0089;\ (2.3.7)

| o=t

where <, refer to total enguizr .oucentut €iz aud f’.+ are

the parti.i wave aupliitudes, related to the phuse-shifts

3, , by
yd i 3

— oy ij [ 6 7y o

 § = 2 sin ./ q (2,3.8)

v vy d

1t A° # -H-z the f's depend on A‘i, as do k znd coe@,
The sim.lest approxiaation consists of keeping the full
A2 dependence of k and ¢os® but repl:dng f (‘“ A‘i) by
y(a 9f () where ¥ (A% 16 some function, evaiuated
explieitly by Ferraril and “elleri (o3) for the P3/o state
i.e. for f1+. Thie 1s useful since in msking calculations
of'ten only f‘1+ is retained. -uitiing \H Az) = 1 results
in the "pole approximation". This is not the same as
replaeing m(wz, coso, Az) by fi(wz,COEzg,"gl2), which 1s
equivalent to extending the Chew-lLow expression (2.2.5) to
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e,
<

the physical region. However, as Az - —. the CPE
expression reduces to the Chevi~Low expression (since
V(—pz) = K'(nuz) = 1), and the extrapolation remains valid.
Da Prato (2i) considered the interference effects
between ( . diagraus for the reactions pp - pnx+ and
pp -~ ppao, evaluating all dlagrams in the pole ap roxiuation.
He concluded that only interference between diugraus 1 and 2,
and 3 and 4 was sigunificant, whiie interference: between
4 and 4, 2 and 3 were identically zero., In the region of
N*(1238) formation pp — pnx’ will h-ve diagrase 3 and 4, in
which the pion and neutron emerge from the same vertex,
suppressed relative to 1 and 2 by an ‘sotoric s;in factor
of 1/9 so that, essential.y, only disgracs 1 snd 2 need dbe
considered. This is the basis of the ex:ression for
do /47T ( AzazmT) (evaluate¢ without form factors) given
by “elleri (20) and compared with data =t 0.97 GeV. (Barnecs
et al. (16)). The agreement is good at low Az, ~oor at
nigh (A% 210 9).
Later caloulations by Ferrar! and Selleri (29,26)

ineluded the forw ractors: they uscd a cut-off function

g (A% = x2(82) x'(A%) (4% (2.3.9)
and found an e.uirical f£it to data at 0.97, 2.02 and
2.85 GevV (8, 9, 10), takin; into acc-unt all possible

diagrams, with

2, _ L 2.5.10)
g (A°) = Az, 2 (2.5.10)

and o in the range 60 - 90,
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More elaborate calculations have been made (26, 27)
which include the effects of higher pion~nucleon resonances
and in which different forms of @ A2) have been used.
Ferrari and Selleri used, for the N#(1238) production region
where they assumed only f1+ to be significant

o o 5 0.72
K(A)K'(A)=1+ A2, 2 +0.28 (2.3.11)

.73

with VY ( Az) as determined in their esrlier work (23, 25).

The reaction 7l — N¢@ can be considered in the same
way (20, 27) and imaldi ana Selleri (z8) fitted data with
(2.3.11). However, Goldhaber et =1. (29), considering
KN » K N, used (0.132—p2)/(0.132+ A2) @2, A® in (GeV/c)ﬂ
g0 that although empirical fits .ere good there was no
unanimous choice of cut-off function,

Objections were raised to the use of these ad hoc
functions, the principal objections being that they involved
unphysically small characteristic masses with no real
relationship to the nucleon electromagnetic form factors,
and that they varied too strongly with 132 to satisfy the
dispersion relations they should obey (L4, L5). So in spite
of the model's success in many different interactions (34)
its physical justification was uncertain.

This was even more true of interactions involving vector
meson exchange (35), where the form factors required were so

drastic as to mask the effect of the exchange propagator.
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As a result, it is impossible to deduce the nature of the
exchanged particle from the distribution in momentunm
transfer, deo /d nZ .

An approach to thils problem was suggested by Treiman
and Yang (30) as a test of the OPE model. Since the particle
spin states at the two vertices in the peripheral diagranm
are linked only by the spin state of the exchanged particle
a process involving pion exchange (zero spin) should result
in no angular correlations between the products at the two
vertices, This conclusion is valid indepencently of any
assume@& vertex structure, For the common final state of
resonance plus stable particle the Treiman-Yang criterion
reduces to the requirement that the production cross-section
should rot depend on the angle between the decay plane of
the resonance and the reaction production plane, as seen in
the rest frame of the resonance, or, equivalently, that the
rest frame decay angular dlstribution of the resonance
should show no azimuthal dependence about the direction of
the exchanged particle., (This equivalence was proved by
Jackson (31)).

$ -exchange, with the ¢ interaction analogous to photon
excitation via i1 padiation, was considered by Stodolsky
and Sakurai (32) and by Jouvet et al., (33) and another
isotropy requirement formulated.

Interactions (34) expected to go dominently via OPx:

gave decay distributions in agreement with OPE predictions
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(for example, ¢ -decay must be a:cosze since only the

j,=0 state of the @ can be populated in =N -~ N¢, and in
NN — N*N the N$ decay must be & 1 + 3 00829 since only the
|;],jz> = |3/2, + 1/2> states of the N can be populated).
The Treiman-Yang criterion was also satisfied. Interactions
in which pion exchange was forbhdden (35) gave distributions
in fair agreement with the predictions of Stodoleky and
Sakurai who would, for example, have N$ decay £ 5 - 3 cosze
if formed via g-exchange.

The Treiman~Yang (or Stodolsky-“akurai) distributions
are easily calculated when there is only one diagram contri-
buting, as in 7 - Ny. The four diagrzius possible in nucleon-
nucleon collisions are all kinematically different as far as
the resonance direction is concerned, and all interfere
coherently, complicating the problem considerably. This has
been considered by Ferrari (36). 4 full solution required
the evaluation of each diagram plus interference ter.us,
which strongly affect angular distributions. The theory is
not sufficiently refined for these distributions to be any
more than a guide, so the Treiman-Yang test is indecisive
when applied to NN =+ NNX and any admixture of vector
exchange (expected at energies » 2 GeV) would be difficult
to establish,

Jackson and Gottfried (38) gave a unified treatment,
based on the density matrix formalism, of decay angular

distributions, The values of the various density matrix
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elements of the resonance are related to the spins of the
exchanged p.rticle and of the resonance, and immediate
comparison with experimental data is possible. ‘“uch
comparisons have proved powerful tools for the interpretatici:
of data and heve shown deviations from the expectation of
pure pseudo-scalar or vector exchanges (44) although thelr

qualitative predictions were well satisfied.

2.4 Absorption Effects in the Peripheral liodel

Ball and Frazer (39) had pointed out that the lowest
OPE partial wave amplitudes violuted the unitarity 1limit
of WKX?(2JH) and, although this was disputed by sAmaldil
and Selleri (28, LO) several authors (41, L2, 43, LL)
considered the effects of absorption in both the initial
and final channels as a way of reducling these partial
amplitudes. The absorptive model modifies the peripheral
diagram to look schematically like Fig. 2.4.1, the absorption
being represented by a 'blob'.

This aouel has been developed in a manner analogous
to the distorted wave Born approximation of low energy
physics by Durand and Chiu (45) and by Jackson and others
(4L6) to the point where good fits to experimental data have
been obtained, both for production distributions and decay
angular distributions including, gratifyingly, deviations
in the latter from simple peripheral model predictions.

%/ith certain simplifying assumptions (see below) the jth
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amplitude can be written

J
- éiaf

d - 1 (2.4.1)

where Tg is the pertipheral amplitude and é g, 32, are the
phase shifts for scattering in the initial and final strntes;
the 51 are obtainable frou elastic scattering experiments,
the Sf are usually hot obtainable w.i are left in parasctric
form to be deteruined by a best fit to data. The model, ~ich
does not use fora factors in calculating Tg, is most succeon-
ful for pion crxchange: Jackson sug ested that a mild fora
factor coulc be reasonable for ¢ exchange, but neither
ex, criment nor theory is sufficiently refined to confirm
this. '.ith absorptive effects tuien into account the Uhcuw-
Lovw extrapolation scheme can no longer give the correct ansvicy
since the &18 factors remain in the residue and must be taken
into account,

Absorptive calculations have not been made for
NN - N$N ~» NN® and, furthermore, the basic assumptions of
Jackson's anproach are of doubtful validity in this case.
These assamptions are (46) that

(1) the absorptive interactions =zre of much larger
range than the peripheral interaction,

(1i) the peripheral process, while contributing to cic
initial and final stazte absorptive processes, is not a

significant part of either,
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(1ii) both initial and final state elastic scattering
amplitudes are purely imaginary (i.e. the elastic scattering
is purely diffractive or "black sphere" in nature and the resl
parts of the phase shifts are zero),

(1v) the absorption can be described by a complex
potential,

For NIv - N*N the only significant competing channel ut
incident energies £ 2 GeV (8, 9) 1s elastic or charge exchwi.€
scattering: the tacit assumption in (i1i) above of many
competing inelastic channels is not valid. Measurements of
the pp elastic scattering amplitude (47) show that it is about
30; real at high energies, so (iii) is doubtful, while (iv)
is a rather . ross assumption to make about high energy
collisions,.

Development of the absorptive model continues (47, 48)
with approaches incorporating unitarity ab initio but the
basic conclusions are not much altered. That is, that tie
four-momentum transfer poles in the S~matrix elenent,
corregponding to the exchange of one particle. strongly
affect the hearby physical region to the extent of dominatin,
inelastic matrix elements (but approaches to, for example,
pion-nucleon charge exchange via 9 ~exchange have been less
successful), while interactions in the initial and final
channels, although significant, do not mask the character-

istic effects of such exchange processes,
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The Interaction pp - ppﬂo

This thesis is concerned with the reaction pp ﬂ»pp%o

't is releveat at this point to relate the previous
ssion to this interaction.

The interaction pp - ppﬂo has been investigated 1in
bubble chauber experiments, at 0.97, 2.02 and 2.05
8, 9, TO}. The observed processes were dominated by

ic scattering and pp — pnx+, and statistics were poor.
:r, the reaction w:s cle=rly peridipheral with procesces
vilg Llovi momentum transfer dominant. Only at 970 eV

;he expcriuental distributions for 49 /4T coapared with
srrari-“elleri OP% predictions, with -nc without form

8. 1he dominance of Nw+(1238) - pﬂo was not marked,
-space bein; adeyu.te at Y70 wmeV, but both h*(1238)
F(1520) (at higher energies) appecared, so the predictions
> lsobar model were satisfied. The poor statistics

1 Chevw-Low extrapolation impossibiec.

ngular distributions, including the Treiman~Yang
lbution, «re of doubtful significance (as remarked

sr) and were not given for the ppx° final state.

vere given for pnrx+ and were in fair agreement with

ified pion exchange calculations (36/. It would,

2r, be impossible to rule out vector exchanges on

evicence,

Data frou all three experiments were used by Ferrari

elleri (26) when finding the best cut-off factop:
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2,5 The Interaction pp - ppﬂo

This thesis is concerned with the reaction pp ﬂ»pp%o
sand it is relevant at this point to relate the previous
discussion to thie interaction.

The interaction pp - ppﬂo has been investigated in
three bubble chai.ber c¢xpcriments, at 0.97, 2.02 and 2.85
gev (8, 9, 10}. The observed processes were dominated by
elastic scattering and pp - pnﬂ+, and statistics were poor.
However, the rcoaction vw:s clearly periipheral with processes
involving lovw womentum transfer dominant, .nly at 970 ..eV
were the cx_er.uental distributions for 49 ,/dT coupared wit!:
the Ferrari-Selieri OrL predictions, with =nd without Tora
factors. The wouinsnce of N 1(1238) — pa° w.s not marked,
i se-spacc veing adegu.te at 470 weV, but both 1" (1238)
and N$(1520) (at higher energies) appeared, so the predictions
of the isobar wmodel were satisfied. The poor statistics
made a Chev-Low extrapolation impossible.

angular distributions, including the Treiman-7ang
distribution, :re of doubtful significance (as remarked
earlier) and were not given for the ppvco final state,

They were given for pn.'x+ and were in fair agreement with
simplified pion exchange calculations (36/. It would,
however, be impossible to rule out vector exchanges on
thlis evidence.

Data from zll three experiments were used by Ferrari

and Selleri (26) when finding the best cut-off factor:
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with (2.3.10) they fitted the datx. at all three energles.
An experiment to investigate pp — ppﬂo in the region
where one of the outgoing protons plus the pion would be

o
initially in the 1. (1238) state could enable

2a 8% to be measured and co.pared

(a) values of d26‘ /dw
with the Cii preaictions of Ferrarl and Sellerl so that wuy
variation of the cut-off factor with 002 coulc be seen,

(b) the experimental peak in the pﬂo mass distribution
to be found, compared with that expected (31) for N$+
production .nd the N*+ intrinsic aass and width found
{production cxperiucnts (5C) showed the N Y peak to be
at ~ 1215+5 ..eV),

(¢) a _hev=ion extrapolation to the OPE _ole at A?:—VQ
to be made, from which wop elastic scattering cross-sections
could be deduced. Deviations from cross-sections calculated
froa picn-nucieon phase-shifts coulc show the influence of
absorptive effects.

Selectin_ events with %op wass around 1238 LeV greatly
simplifies the OILE calculations since to good approximation
only the 93/2 amplitude need be retained in the partial wov:
expansion (2.3.7). =ven s0, the angular distributions so
calculated for the xop decay must be treated ..ith caution
since it is known (4) that the 1=1/2, J=1/2, 3/2 amplitudes
are not negligible, even at the resonance, and will markedly

affect the angular distributions if not total el.stic crosc-

sections.,
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Chapter 5. Design Considerations

The experiment to be described was designed to

investigate the interaction

P+p — pP+Db+ x°

at an ineident proton energy (governed by the Birmingham
proton synchrotron) of 1 GeV. The target matter was liquid
hydrogen, for which the loss in density compared with, say,
polythene is adequately compensated by the lack of correction
factors (apart from those due to interactions in the container
vessel) to be applied,

% (notation

as previous chapter) for a small range of w (1238115 w.eV),

The experiment was intended to measure

and for A? from about 5 to 20 u2 (. = pion mass). In the
design dominance of OFL diagrams 1 and 2 was assumed (see
Fig, 2.3,2) so that a measurement of the direction and
energy of the reeccil proton fully defined w and 0?. To
complete identification of the event the other (isobar)

proton had to be detected within its kinematically allowed

voluame,

The kinematics for the interaction
*
pp - pN

are suumarised, for the region of interest, in Figs, b % |
and 2,2. Clearly, the seintillation counter spark chaumber
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system to detect the recoil proton had to be mounted at
about 300 to the beam line and had to be about 20° wide.

To measure the recoil proton energy, a stack of chambers,
with aluminium absorber between each, was used. (The

energy sbsorption for protons traversing Al is well known.)
This had an energy resolution of 7 ieV, but multiple
scattering in the aluminium made 1t inadequate for azmeasuring
the proton direction. Two pairs of chambers, between the
range stack and the target, were used for this. Two counters
before the stack and one after were required to indicate
that a charged particle had entered, but not traversed, the
set of recoil chambers,

The proton from the isobar decay lies within a cone
centred about the isobar direction. The opening angle for
this cone varied between about 10° and 20° (Fig. 3.3) and
could, in xzost cases, intersect the outgoing beam, The
counters and two pairs of spark chambers to detect this
proton had to be mounted with adequate clearsance for the
beam; they fully covered one half the decay cone of events
of' interest.

The detection system as described sbove would be
triggered by any interaction giving rise to two charged
particles entering the counters. pp elastic scattering
at 1 GeV has a <winimum opening angle of 78o and 8o could
not enter the counters, but

pp - ax’

- pnx'
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wuld both trigger the system. Interactions with more than
one pion can be ignored at 1 GeV, and of the above pnx+ has
a much larger (~100x) cross=-section than ax*. Any x*
entering the system was rejected by

a) requiring a minimum energy loss in the scintillation
counters before the range chambers (at the same energy, the
x energy loss im ~ 50% that of a proton)

b) putting & threshold Cerenkov c¢ounter in the isobar
proton detection arm, Typically, this had to distinguish
betwee:. plons with velocity 295, that of light and protons
with veloeity £ 84% that of 1light.

So that geometrical correction factors should not vary
tco much, the target had to be as small as was compatible
with an event rate of about 1 per machine pulse, 4 c¢ylin-
drieal target,~3 cms diamter, equivalent to 0.21 gms/cm2
hydrogen, was used. The walls of tuis were 0.005" thick
nylon, to minimise interactions in the walls and hence
reduce background subtraction.

The beam had to be well collimated and focussed, s0
that at the target its dimensions were small compared to
the target.

Coincidences between the first two counters of the
recoil telescope were to be used us a monitor of the number
of protons into the target, per event, This is necessary,
of course, t0 establish magnitudes for cross-sections

measured, the ratio of monitor counts to total beam being
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established by simultaneous measurenent at low beanm
intensities. This roundabout procedure was necessary
because the operating beam intensity (~108 protons/sec)
would have saturated the counters. In practice, this
monitoring system met with difficulties and was ahandoned.
Cetails of the experimental design are given in the

next chapter; the general arrangement is shown in Flgh 2.1.



4.1 The Bean

The beam layout is shown in Fig. 4.1.1. 1 and Q2
were 6" aperture quadrupole magnets. When full beaa
intensity was required, they brought the extracted proton
bean to a focus at F1. Because the spill time was about
1 msec. only, the beam intensity of 7>107 protons/pulse
would have saturated the spark chambers, and to reduce
intensity these guadrupoles were not used. It was possible
to reduce beam intensity further by scattering the internal
bean off the edge of the extraction coil, rather than
extracting it. This reduced intensity at the target to
about 10° protons/pulse,

C1 was a large C-magnet (aperture 48" x 16" x 6")
which bent the beam through 14.85°. The field in this
magnet was stabllised by controlling the magnet current,
using a Nuclesar Magnetic kesonance probe to monitor the
field. The field of 9.75 Kgauss was stable to + 0.5 gauss.

23, Qb, Q5 and Q6 were a quartet of 4" aperture
quadrupole magnets, which brought the beam to a horizontal
focus at F2, the target position. These magnets were
current stabilised.

COL was a 24" long steel collimator. It had an
aperture 1 cm. wide and 0.5 cm. high. Both this, and the
beam exit channel through the synchrotron shield wall,

were surrounded by lead bricks.,
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Between the collimator and the target the beanm
travelled through 4" vacuum piping, in two sections:

a curved 6ft. section inside the C magnet aperture, and
a 12 ft. section through the quadrupoles. The vacuum
was a Pather coarse 1-2 am. of mercury, sufficient to
reduce multiple scattering in the air from ~ 4 to ~ 0.15
milliradians,

The 3 ft. thick wall of lead bricks surrounding the
vacuum piping iamediately before the target was constructed
in an attempt to reduce the number of non-beam particles
(especially neutrons) travelling with the bean,

Initial beam transport calculations were made using
the AERE-IIIRNS computer programme TR/ALP. The bean elements
were accurateily sited sccording th the "Tramp" calculations,
and tuned to their optimu: current settings by triasl and
error, starting from the TRANF predictions. tolaroid Land
film (hizh speed Type 3000) was used tc ooserve the bean
profile at various polints along its path. ..nn exposure of

108-10%

protons en™2 gave a clear image on the film.

A eounter scan of the beam at the target position was
then made, using two counters with 1/8" x 1/2" and 1/4" x
1/4" scintillator fingers {former dimension facing beam)
and an ionisation chauber iaomédiately in front of the
counters to give a ameasure of absolute beam intensity.

The table on which the apgratus'was mounted was then aligned

accurately with respect to the beam line (to + 1 mm,),
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During the course of the experiment the beam focus and
apparatus alignment were frequently checked by exposing
Polaroid Film in holders before and after the target vessel.
These holders were marked to define the beam axis of the
apparatus, XFig, bL,.,41,2 shows such an exposure at the entrance
to the target vessel: the beam profile is clearly visible, st
the target the beam was about 1.5 cms high and 3 mms wide.

No attempt was made to measure the incldent beam energy.
From the parameters of the synchrotron the beam momentum at
extraction was calculated to be 1,705:+0.015 GeV/c. ‘\hen
allovance has been made for the material en route, this gives

990+10 eV for the kinetic energy of the protons at the target.

4,2 The Experimental lquipment
The overall layout of the experiment is shown in
Fig, 4.2.1. The ligquid hydrogen target, counters snd the

spark chambers with their lens and mirrors were mounted on
an alumigium platform bolted to a rigid steel stand, mounted
on castors for ease in positioning. ‘“hen it was in position,
screw jacks took over from the castors and the platform
levelled and aligned with respect to the beam line., A survey
showed this alignment"to be accurate to better than + 1 nmm,
but the target was not ineluded in this survey since it was
bolted to the platform and aessumed to be accurately placed.
Later, it was found to have been out of its true position

(see Chapter 5).
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2.1 _The Liquid H en Targe

This was of entirely conventional construction. Ilade
essentially of brass, the target system comprised four separable
sections: the outer vessel, the liquid nitrogen shield, the
liquid hydrogen reservoir and the target appendage (ggihhghéggg).

The beam entrance window in the outer vessel was 1.25"
diameter and covered with 0.001" thick "Melinex"; the exit
window, much larger because of the angular spectrum to be
covered, was 8" x 4", with 0.01" "Melinex". ™Araldite' epoxy
resin sealed the "delinex" to the brass. The system vacuun,
with liquid nitrogen and hydrogen in, was about 3.10 ' torr.

Two pumps were used to maintain this vacuum: a rotary backing
pump and a 2" oil diffusion pump.

To guard against target rupture and the danger of subsequent
explosion, a spring loaded flap valve, venting directly to the
atmosphere via 4" flexible hosing, was fitted to the outer vessel.

The 1liquid nitrogen shield was suspended from the top of
the ocuter vessel by 3" diameter german silver tubes, used as
boil-off and filiing tubes. German silver was used because of
its low thermal conductivity. The copper radiation shield
attached to the bottom of the liquid nitrogen shield had windows
cut into it, matching those in the outer vessel. These windows
were covered by 0.001" thick aluminium foil, so that the target
appendage was completely surrounded by conductor at liquid

nitrogen temperature, minimising heat radiation to the appendage.
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The liquid hydrogen reservoir had a large upper chamber,
capacity 1.2 litres, connected via an externally controlled
(from the top of the target) needle valve to the target 'dump’
reservoir. This filled the appendage via a siiall-bore stainless
steel tube, ahd both it and the appendage had separate german
silver boil-off tubes. The appendage could be emptied into the
'dump' reservoir by closing off its boil-off tube and allowing
the pressure in it to rise, foreing liquid to return up the
connecting tube,

The c¢ylindrical target appendage, 1.25" in diameter and
about 10 cms. tall, was machined from a block of solid 'Lelrin’,
a hard nylon of high tensile strength. It is shown in Fig.h.2.3,
which also illustrates the veacuum tight nylon-brass joint. The
target walls were 0.005" thick, equivalent to about 5 milili-
gramnmes material. Others were made with walls 0.003" thick,
and of hard nylon, but were not used.

2 system of resistors was used to provide an indication
of the liquid levels in the various vessels. Thelr approximate
positions are shown in Fig, &,2,2. Carbon resistors, nominally
68 ohms, 1/L watt were used. These had a residgance of about
120 ohms in liquid nitrogen and 150 ohms in liquid hydrogen, but
much less in vapour because the slower heat dissipation allowed
the resistor to heat up. wirach resistor formed part of one arm
of a Yheatstone bridge network. For the liquid hydrogen levels,
the networks were balanced when the resistor was immersed in

liquid, and any out-of-balance current was shown on a alero-auueter,
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This system proved unreliable for the target appendage. !owever,
a quick check of the counting rates with fulil electronic logic
proved a reliable method of assessing the state of the target,
which was useful, since at one point during the experiuzent an
intermittent blockage of the appendage boll-off tube made uuch
of the data useless because of the aumbiguous target status. .fter
this had cleared itself a more frequent checx on counting rates
was instituted.

The liquid hydrogen reservoir had to be replenished by hand
every 12 hours or 8o, but tae ligquid nitrogen refilling system
was automatic. ‘ihen the bottom resistor in the nitrogen shield
was about 1/4% above the liquid level, the out-of-balance voltage
across its bridge network activated a small zoving eoil relay.
This activated a larger relay which switched on a 3 way scienoid
valve. Lormally this allowed a dewar of liguid nitrogen to vent
to the atwosphere; when switched on, lLowever, &t connected the
dewar to an overpressure of about 1 psi. of nitrogen gas, forcing
the liquid from the dewar into the shield via an asbestos lagged
transfer tube. The top resistor balanced its network .aen in
vapour: on becoming submerged the above procedure wcs repeated
with the solenoid valve being switched off, and transfer stopped.

Before the experiment, considerable trouble was experienced
with the glass-to-metal seals through which electrical contact
to the liquid hydrogen level resistors was made. These invariably
cracked when c¢ycled between room and liquid hydrogen te..peratures.
They were replaced by ceramic seals and no further trouble was

experienced.
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The scintillation and Cerenkov counters, and the
gpark cha.bers with their mirrors and lens, were mounted
on two subframes bolted to the top of the experiuental
platform (Fig, L.2.,4). This system allowed easy assenbly
with accurate positioning.

The size of the counters was dictated by the need to
make the event rate reasonable st about 1 per pulse, and
the geometrical biasses nearly constant in the kinematicsal
region of interest. NE102: plastic scintillator was used:
1/8" thick in counters 1.8nd 2 (to reduce wultipde scattering),
1/4" thiek in counters 3 and 4. These scintillators were
mounted in 1/4" thick perspex frames connected via perspex
light guides to the Mullard 56 AVP 2" photomultiplier tubes.
The 1ight guides, about 10" long, relied on total internal
reflection, and to reduce light losses aluminium foil was
wrapped round scintillator and light guide and the assembly
made light tight with black P.V.C, tape. lWith about 2 KV
across the tubes and a dynode chain current of about 0.8 m:,
990 ileV protons gave a dynode pulse height spectrum centred
about 1.6 volts., All the photomultipliers were supplied
with £,15,T., via a distribution board, from a single
"Oltronix" 3¥V unit. This was very stable.

The 12" x 7.5" x 5 cms. thick threshold Cerenkov
counter was filled with fluorochemical FC75 (CgF, 0) of
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refractive index 1.275, corresponding to a mimimum B of
0.785 -~ equivalent to 575 lieV for a proton or 83 lieV for
a pion. The body of the counter was made of perspex, the
interior being pa inted with a diffuse spspension of magnesiunm
oxide in clear lacquer to provide the internal reflecting
surface, Four 56 AVP photomultipliers,mounted in pairs on
two of the sides, looked directly into the counter and the
system was again made light tight with aluminium foil and
P.V.C. tape. There was no evidenece that light collection
efficiency varied significantly from one position to another
in the counter,

The output pulses from the four photomultipliers were
added, and the added pulse went via a discriminator into
the anti-coincidence channels of two of the coineidence units.
This arrangement enabled pions to be distinguished from protons,
as can be seen by reference to Fig, 4,2,5 which shows the
theoretical estimates of the pulse height spectrum for each
of the three caseé;

a) maximum velocity protons from imobar decay

b) 970 eV protons

¢) minimum velocity pions from isobar decay
By setting the discriminator bias at the halfway point in the
integral bias curve for beam (990 MeV) protons (Fig. 4.2.6
shows a typical bias curve) practically all pilons gave dis-
criminator output pulses, whereas few protons from genuine

events could do so.
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The cutput pulses of ccunters 1 and 2 were also put
into diseriuinctors with bias levels set by looking at
990 MeV protons. The integral bias curve for protons of
this energy showeca a peak at an energy loss of about 0,72
MeV, well below the 1.L YNeV mean loss for a 200 HeV proton
(maximumn legitiuste energy in recoil stack) but greater
than the energy loss of 50 ..e¢¥ (or more) pions. Thus zost
of the pions vwere eliminated by tiiis pulse height requirement:
later discussion of the observed baékground will show that
much of it was attributable to slow ;ions in the recoil
stack of chambers.

Initially, a larger scintillation counter was mounted
behind the Cerenkov counter, but as it did not affect
counting rates, and as visual inspection of test photographs
sliowed that all tracks on the isobar side went through the
Cerenkov, it was renoved.

A block diagram of the electronic logic is shown in
Fi h.2.7. The spark chambers, spark gap and sFPe0-qV12
triggering circuit will be described in the next section.

Vhere possible, standard A,L.R.E. 2000 series equipment
wag used, with 100 ohm co-axial connections throughout. To
keep deiays short, all equipmen: except the scalers and the
i.H.T. power supplies (which were in the control room some
25 ft. away) was mounted in racks as near the target as

possible (typically, 6 ft. away).
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The coincidence units used in the final data taking
runs were AERE 2035C unite, With 3ft. clipping lines on
the coincidence channels and 6ft. on anti-coincidence
channels, thelir resolving time was of the order of 10 mnsecs.,
adequate to cope with the bean intensities used and the time
Jitter in the 56 AVP tubes. (Initially coincidence units
of our own design had been used, but they proved unreliable
at the high singles rates in the counters, and had to be
replaced. A large proportion of the total running time wss
lost because of the faillure of these units.) The slow
coincidence circuit (a remnant of the previous coincidence
circuitry) was used as a pulse generating and gating ecircuit.
It was gated off by the control box after an event, and was
kept gated off until the next machine beam pulse (3 msec.
before beam).

Events satisfied the “"slow" coincidence requirements
c, ¢} C, c
driven by the slow coincidence circuit which triggered the

c 53 C, C and were counted on two scalers, one

spark chambers, and one by the 2035C unit in parallel with

the 2035C driving the slow coincidence cirecuit. This provided
a check on the operation of the slow coincidence circuit,

In addition, the "fast" channel (c1 C2 Ch) went into a

scaler: consistency in the "fast"/"slow" ratio gave an

indication that all was well with the system. 410 mc¢/s

scalers were used,



"'14.11-'

Besldes gating the slow coineidence cireuit, the control
box counted events which triggered the spark chazbers, drove
the camera and fiducial lights, and operated the event oount
register on the experimental platform. This latter was
included in a photograph of the chambers, and was illuminated
by fidueial lights.

The timing of the control box is shown in Fig, 4.,2.8.
The sequence of operations wasg

1) 3 msecs. before the beam, the machine beam gate
pulse triggered a univibrator which opened the event gate
for 14 msecs,

2) if an event pdlse was received, another univibrator
closed the gate again, for 25 msecs. (during which time the
rirst univibrator would have c¢losed it, anyway). The event
pulse also triggered & unividbrator whose output was amplified,
to switch a relay controlling the fidueial lights, This
univibrator reverted to the stable mode after 1.0 sec.,
triggering another univibrator which produced the 0.4 sec.
pulse for the camera drive and asdvanced the event registers
by one,

3) with this sequence completed, all univibrators
were back to normal and the gate closed, awaiting the next
bean pulse,

The univibrators initially tended to piek-up R.F.
radistion when the spark chambers were fired. Redesign to
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reduce sensitivity cured this fault. The scalers also
suffered from pick-up, and could not be cured, in spite

of extensive shielding with ecopper, although several types
of scaler were tried. Direct counting while data taking
was in progress was therefore impossible, and the original
scheme of beamn monitoring using Cy 02 coincidences had to
be abandoned, and an lonisation chamber substituted. This
wag unsatisfactory for two reasons: it was unaffected by
the event gate, and so counted total beam, and not beam per
event, and it also developed a severe zero reading error

which became worse as data taking proceeded. Thus estimates

of total beaﬁ/event are rather unaccurate,

2. Spark Chamber. aAssoelated Fgquipment

Two methods of constructing the spark chambers were
used, the chambers to detect the 'isobar' proton being of
later design. An exploded view of each type of chamber is
given in Fig, 4,2,9. In both cases the frames wre masked
with 0.005" "Helinex" to stop edge breakdown, caused by a
spark traeking along the inside edge of the glass or perspex
(where the field discontinuities are greatest). Glass was
used for the recoil chambers because 1t was thought to make
for easier construction within the close tolerances demanded.
Later experience showed perspex to be superior, and as it
also has a lower dielectric constant (2.5 as against ~ 5)

glass was abandoned.
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The plste separation in all chaumbers was 1/4", chosen
because thie diumension secemed a good com.romise between the
conflicting reguirements of large separation for high
efficlency and small separation to ensure & low ..7. pulce
to induce =valanche breakdown, and to reduce the clearing
field reguired to sweep away unwaented ions., (“ee e.g.
... Yienzei (1) for a .ocfern review of the spurk chamber
field, and copious reference to the iitersature.)

The first four chaunbers on each side were .ounted in
pairs, in T™afnol cla:ps, with an .7,  L:te between tve
earthed _.lates. These vwer: uo 3 to define the direction
of the oulgoin_ yrotons witn sn angul r resolution of + %O
for tr.cks unesarly pernencdicular to the . lates 1.e, for all
tracks of interect.

The rangce chamber was made up of 22 Individual chaabers.
6" x L4;' sctive area, of the glass frame type. 3Between these
chambers .ere graduated thicinesses of aluwminiuwm sbsorber,
chosen so that the mean difference in kinetic energy betieen
protons stoycing in adjacent chanbers vas 7 ieV (Table L. .i..
Thus a proton traversin, the first chauwber only hud a kKinetic
energy between 53 eV and 60 .eV, there being & considerable
amount of waterial before the recoil chaibers, while a proton
stopping in the final absorber had a kinetic energy betvcen
193 ueV and 200 xeV, 7oth ranges and range straggling
figures vere taxen from the tables of “ternheimer (2).

Tarn,e struggling veried from .3, to Cel%



Range Total Absgrber Upper Limit on Energy (MeV)

(no. or gn/cm of normally incident
chambers
traversed) Proton Pion
0 3.250 53 25.2
1 L4 .049 60 26.5
2 L.926 67 29.7
S 5.878 T4 33.0
L 6.899 81 36.2
5 7.990 88 39 .4
6 9.149 95 L2.7
7 10.369 102 L6.2
8 11 .657 109 49.7
9 12.993 116 53 .1
10 14,397 123 56.6
11 15.857 130 60,2
12 17.373 137 63.8
13 18.94l 144 67.4
14 20.567 151 70.9
15 22,248 158 4.6
16 23.977 165 78.3
17 25.754 172 82.1
18 27.579 179 85.8
19 29 .451 186 89.6
20 31 .372 193 95.5
21 33.334 200 97.5

Table 4.2.1 Range Chamber Absorber Parameters
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- nuech less than the 7 i'eV uncertalinty due to absorber
thiekness, This 7 MeV uncertainty also s.aumped the
correction to range because the protons were generally
not travelling perpendicular to the absorber (£ Z.).

Argon, with alcohol as a gquenching agent, was slowly
fed through the chambers, st atmospheric pressure. Jeon
was considered but not used because of 1ts high cost and
lower light intensity per spark. 7he chief advantage of
neon is that it allows multiple sparks per g-, without
impaired efficiency, and a lower '.T. pulse for breakdown.
.ultipls tracks were not a feature of this experiment, and
the cha.aber was essentially 100% efficient with argon.

The spark chauber pulsing systez 1is shown in Pilg.L.2,10.
The svalanche output pulse from the slos coincidence circuit
was auplified in two stages, by an =7 &0 valve and then a
'J1z 10 valve, giving an output pulse - 12 Kv.,, with a rise
time of about 10 nsecs. This was fed onto the 1 un diameter
cylindrical tungsten trigger pin of the spark gap. This
trigger pin was cconcentric with the earthed pole piece of
the spark gap, which had been drilled out to admit it. The
cole p ieces of the gap were hemispherical, made from copper-
nickel alloy, «.d mounted in a perspex cylinder containing
nitrogen at 75 p.s.i. At this pressure, and with careful
ad justment of the gap geometry, the delay 1 the spark gap
could b made less than 60 nsecs.

The spark gap was run with 20 KV between pole piefes,
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Since the storage capacity before each set of chambers was
very much greater than that of the chambers {~ 4O pF each)
essentially -20 v with a rise time of ~ 5C nsecs. was
applied to the ¥,T, plates on gap breakdown.

An adjustable clearing field wos &vailsble, but was
kept at + 200 v. With an overall delay in the system of
~ 200 nsecs,, about half in the (V 12 and spark gap, this
clearing field was perfectly adequate. The resclving time
of the chawmbers was not measured,

Because of the low (<0.1 m.) current capabiiity of
the 20 KV power supply, the recovery time of the system
was of the order of 1 sec. Thus the uaximum possible event

rate from spark chaumber considerations alone was 1 per pulse.

2 Dat. ordin

The spark chambers were photogra.hed with a 35 mm,
Shackman step-by-step automatic camera fitted with a 150 mm.
Zeiss lens. Plane, front surface alu:inized 1/4" glass
mirrors were used to enable both vertical and horizontal
views of each chamber to be included in the same frame,
The lens above the chambers, machined from normalised perspex
as two segments of a 15 ft. focal length plano-convex s-herical
lens, brought parailel rays of light from the chambers to a
focus at the cauera,

Fiducial grids, comprising lines engraved on 1/8"

perspex sheet, were mounted on each viewing side of the
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chambers. They were illuminated for about 1 sec. before
the camera wound on by small bulbs set into the perspex.
The intensity of the l1lighting to each grid was varlable,

so that uniform illumination could be achieved. The events
count register, which also appeared on the film, was
similarly illuminated.

Kodak 35 mm. PAN X film was used, with the camera
aperture f/11. This gave a depth of field of about 12",
more than enough to cover the spark chambers. Disbrtion
on the film was not measured directly, but in the course
of scanning: this will be considered in the next chapter.

Apart from test strips developed in the course of
the experiment, using Kodak D19b developer, the filmn was
developed commercially by Brent Laboratories,

Mechanically, the camera proved most unreliasble and
as a result of clutch failure many frames were superimposed
on the film, making them unscannable, llearly 25. of the

good data was lost in this way.

g,z Experimental Procedure

Before the start of each session on the wmachine, all
equipment was checked. The scattered-out beam (intensity
3

~ 10” per pulse) was most conveniently used for this, since
its low intensity allowed one to be in the experimental hall

while the machine was running.
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First, however, the beam line coumponents were checked
by exposing Polaroid film at several places along the beam
line. The full extracted beam was required for this.

vhen the photomultiplier E.I.T. levels had been checked,
using a Co6o source, the counters were wounted behind the
target and timed with respect to each other. At the same
time the E.H.T. curves were checked, and the bias levels
on the 2035C coincidence units set to lie on the plateau
between singles breakthrough and complete cut-off in each
chanhel.

Counting rate vs. discriminator bilas curves were taken
for counters 1, 2 and the Cerenkov, and the discriminator
bias set at the half-way point. (An =xa.uple of one of these
curves is shown in Fig, 4,3.1 .)

leanwhile, argon was being passed through the spark
chaubers. These were checked visually for correct operation
and then, witi. the counters remounted in their correct
positions, a short test strip of film was run off and
developed. This enabled camera focus and fiducial intensity
to be checked as well as the chambers.

Zata taking conmuenccd after a test of counting rates.
Data was taken in "runs", ezch run nuuber bein, .worked on
the board by the events rcgicter, and appeared on the film,
Each run corresponded to about one 100 ft., reel of film,
..fter each run a short tcst striy vwus aeveloped, the target

and
status checked, and the counting rates C, C, Ch 53 Cy C;

A
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C C'2 53 Ch . were measured. :8 required for the next

run, the target was filled or eaptied. Icau time was

divided between target fuil and target e.pty runs to get

equal auounts of beau ypcr good event, the optimum arrange-

aent from the point of view of background subtraction. In

oractice, tnis division oi beam wes not achieved, partly

because of the impossibility of c¢stimating beam/event and

partly because of the impossibility of estiumating the number

of good events from looking at test strips.

The beawn line, and the target reservoir levels, were

checked less frequently, and neecdeu very little attention.

(1)
(2)

Wen. ienzel, snnual .eviews ..uclear lcience 14, 205 (1964)

R.&. Gternheimer, .uys. sev. 115, 137 (1959)
ibid. 117, 185 (1960)
124, 2051 (1961,
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Chapter 5

“hen data teking at the synchrotron was completed
the information required was either on film or in the
experiment log-book. The developed film had to be scanned
and events of interest aeasured for subseguent geometrical
and kinematical reconstruction by an electronic computer
which then extracted the various distributions of physlcal
interest, The final stage in the analysis was the correction
of these distributions for detection efficiency, scanning
biasses and  bagkground events. rrom these corrected distri-

butions the relinsted cross-sections were obtained.

The film taken in this experiment was scanned and
measured by physicists at Oxford using a measuring machine
designed and built at Cxford. This has been described in
detail elsewhere (1) 80 only a brief description will be
given here.

The f£ilm was projected onto a horizontal table using
a commercial 250 watt projector fitted with a condenser lens
and a 4" focal length Xodak enlarging lens. The magnification
in projection was about zix and the projected image, as
calculated from the 1 cm. spacings of the fiducial gridse,
was 0.686 + 0.013 times life size,

The general scheme of the measuring table is shown in
Fig, B5.1,1. It comprised & horizonial 27" diameter flat

cireular table which could be rotated about a vertical axis,



Cursor

Engraved Lines

Edge of Tablle

Figure 5.11

Scanning and Measuring Table.



N Arbitrary 8=0° Axis
~
SX

P is the point (rcosB, r sin®)

LPL is the line y=-x/tan® + r/sin®

Figure 5.1.2
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with a 24" x 12" cursor mounted so that it could slide
along a diamter of the rotating table, The table rotated
in two large accurately aiigned bearings, and the cursor
8lid on linear bearings along two hardened steel shaftis
fixed onto the table. The upper surfaces of both table
and cursor, onto which the film was projected, were of
white plastic. Four reference lines xErm used in ameasuring
were engraved on the upper surface of the cursor to eliminate
parallax errors in measuring.

The table and the cursor were connected to two
mechanical (coded disc) binary digitizers, manufactured by

Hilger and VWatts Ltd., which read up to 213-1. A protation

of 360° was divided into 2'°

parts and the full travel of
the cursor was divided into 2088 parts. Tests showed each
scale to be linear throughout its range.

The systew would thus measure the polar co-ordinates
(r, ©) of a point, with @ measured from some arbitmary axis
and r corrected for the reading of the cursor digitlizer when
the cursor centre coincided with the centre of rotation of
the system. LEqually this system could measure the perpen-
dicular distance of a line from the centre and its gradient
(Fig. 5.1.2), thus specifying the position of a line in a
single messurement. Since angular measurements were relative
the arbitrary 6=0 axlis was of no significance, but the position
of this axis was measured each morning, along with the reading

of the cursor digitizer at the centre of the table, as a check



-5 e D=

on the machine,

The digitizer resdings were decoded and punched onto
paper tape in pure binary form. The circuitry to do this
was designed and built in Oxford.

A typewriter with micro-switches connected to the keys
allowed the nachine operator to put additional information
on the tape.

Distortion in the projection system was examined by
projecting an accurately ruled rectangular grid onto the
table and measuring the variation in grid spacings across
the table. The magnification was 1.4 greater at the outer
edges than in the centre; entirely acceptable since measure-
ment was confined to a small region near the centre of the

table,

2 3 £ and iea ing the ri
The print of a frame showing a possible good event 1s
shown in Fig, H5.c.1. Clearly visible are the two tracks
and thelr stereo views, together with the fiducial grids,
ruled in 1 cm. squares above the direction chambers, and,
bottom right, the frame count register and run mamber.

Such an event was selected in scanning by demanding

that
(a) there was only one track in each set of chambers,
(b) the track in the range chambers stopped inside the
stack, and

(c) both tracks originated from the target.
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. frame satisfying these requirements was measured by
recording on paper tape via the typewriter the number of
range chamdbers travereed and then measuring the positions
of the
(1) 31° fiducial line ('range' side),
(11) Airect view of track in 'range' direction chambers,
(111) stereo view of track in 'range' direction chambers,
(1v) 21° fiducial 1ine ('isobar' side),
(v) direct view of track in 'isobar' chambers,
(vi) stereo vie. of track in 'isobar' chambers,
recording them cn paper tape.
ifeasuring the tracks entailed aslking a best fit by eye
with the straight line on the cussor »o the line defined by
the four spari:s in the direction defining chambers. The
width of the s;arks and the relatively short length of track
in the two palirs of angle measuring chamnbers on each side
meant that there was an error of sbout x+ 10 units (~%O) in
measuring :ngles and about + 2 units in r (figures obtained
by measuring the same track 100 times, and repeating this
at different times for 10 different tracks). It would perhaps
have been more accurste but would have involved more co.. uting
if the position of e:ch spark had been measured and & llne
found by least squares fitting.
A much more serious cause of inaccuracy was distortion
on the film, caused by imperfect ex erimental o tics. The

magnification was lecs at the edges of the film than at the
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centre so that, for exauple, the angle between the 21° line
and the 31° line was 50.5° on the filia., Angles were corrected
relative to the 21° or 31° lines when 1t came to cou.uting

the event {(i.e. all measured angular differences were multi-
plied by 52/50.5). The error on a track re)surement from

this source alcne would be ~ O.2° (1.e. ~ 1:7), less than the
error in setting on the track.

41ll fremes were categorised., To each category there
corresponded a nu.uber which w.s recorded on the paper tape,
Aapart frou ,v3sible good events other cutegories catered for
frames

(1) with two traeks in one or both sets of chaabers
(Fig. 5.2.2) at least one of which u.ould satisfy the reqiire-
ments of a possible good svent,

(i1) with a scutter in the recoil stack so that the
particle lef't the chawber (Filg. 5.2.3),

(111) in which the interuction point lay outside the
target {usually in the exit window In the target outer vessel)
(Fig. 5.2.%Y,

(1v) in which there were no discernible tracks or 1in
which there wag any other rub.ish such @s tracks which could
have originated from a coliision in the lead .all in front
of the target,

(v) which overlapped {caused by the camera failiny to

wind on correctly).

one of these frame: could be measured,
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Double tracks in a chamber resulted from the combination
of the long sensitive time of the chambers (not measured
but ~ 500 nsecs), the short mean time between particles
(~ 10 neeecs) and the delay in firing the chambers (~200 nsecs).
The probability of any pp interaction in the target alone
was ~3.10-3 so in 200 nsecs there would be ~ 0.05 inter-
actions, 1If it is assumed that about one half of these
have at least one product detectable by the spark chamber
systeu ~ 1/40 of all frames would show two tracks in one or
other of the cdhambers. The actual figure was higher, at 1/12,
doubtless due to the "bunching" of the beam decreasing the
effective mean time betu.een protons., These frames need to
be considered when evaluating cross-sections since they are
a sample of all posslibly good events,

“very ten events or so during scanning the frame number

was typed onto the paper tape so that the computer could

check its frame by frame counting.

5.3 Computer inaiysis

1. Geometrie ireconstruction

W

The computer used in the initial analysis was the
Ferranti lercury at Oxford. This was programmed to read
in the output tape from the scanning machine frame by frane,
counting the total number of frames and histogramaning in
each category as it went along. Vhen it had read in a

possible good event it reconstructed the track measureiments
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a8 lines in a plane and found the point of intersection of

(a) the 21° and 31° fiducial lines,

(b) the Jdirect view tracks in each set of chaubers, and

(c) the stereo view tracks in each set of chaubers,
correcting the angles as previously mentioned.

If the turget .ere in the correct position (a) :ould,
within measuring errors, be its centre while the dis;lacement
of (b) from (a) would give tie horizontal co-ordinates of
the interaction points The vortical position of the inter-
action point is related to (c¢) by an :ccitive constant
obtainable from the separation of the stereo and direct
view centre l1ines on the fllm,.

A run with tiis geometry programue alone established
the distribution of interaction points relative to (a).
This snowed that interactions occurring in the target could
be readily separated from those occurring in the radlation
shield or beam exit window (most of which would have been
rejected on scanning) and allowed 1liuits to be set on the
position of the reconstructed interaction point. the:ze
limits were then incorporated into the full analysis
programme and < possible good event n.f to have its inter-
action point within these limitc if any <inematical recon-
struction was to be made.

The horizontal distribution of interaction points
along and perpendicular to the beam direction is shown in

Figs and 2. The distribution for the t .rget
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eiply events shovws two peaks corres.onding to the target
walls. The separation betwecn the two peaks is consistent,
within the 2 uncertainty in measuring the overal. magni-
fication, with 3,175 cm or 1.25", the target width. The
target centre seeme to be displaced 1.1 cm riearer the
synchrotron and the beam seems to be 0.1 cm to one side
of the nominal beam line. This point will be returned to
when geometric efficiencies are discussed.
I1I Kinematical reeonstruction

In the kihematical reconstruction the kinetic eneryy
of the proton stopping in the range chaunbers was taken to
be that of a normally incident proton stopping half-way
through the relevant piece of aluminlium absorber., Unless
the proton interacted along its path this results in a
maximum error of i 3.6 WeV, 132, the square of the four
momentum transfer, is given by 2aT, where T is the kinetic
energy.

The reconstruction was made on the assumption that the
event was genuinely pp - ppﬁo. The progrsame calculated

(a) the p%o invariant mass @ (for the proton not in
the range chaubers) and

(b) the laboratory co-ordinates (8, 4) of the proton
from the pﬂo combination relative to the p%o direction and
the reaction plane. This g differed from the normal azi-
muthal angle used in the liter:ture, which is ..easured frou

the normal to the reaction plane. 3ecause of the selection
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blases inherent in the apparatus only events with
1175 HeV < @ < 4285 eV were retained for further
consideration. This comprised a bout 75 of all possible

good events,

The angle © in (b) above is limited by kinematics
to lie within the cone 0<646_  (see Fig. 3.2) where e,
the maximum cone angle, is a function of « and 132.
It was found that the ratio 9/9m was greater than unity
for about 10% of the events. This could be due to

(1) measuring inaccuracy plus the uncertainty in

the proton kinetic energy, or

(11) background events, possibly pp — pnx'.
The distribution in 9/9m for target full events is shown
in Pig, 5.3.3. The target empty distribution had relatively
more events with 6 > em. It can be seen from the distri-
bution that the majority of events with Q/Gm:>1 have
Q/Gm < 1.3: it is plsusible that most of these events had
been badly measured or that the energy or angle of the
stopping proton was inaccurate (due to an interaction or
to multiple scattering in the target). The distribution
of interaction points for these events was, within statistics,
the came as that for all events,

After the kinematical reconstruction events were
histogrammed in 10 MeV bins in @ and 7 .ieV bins in T. The
resultant distributions are summarised in Figs, 5.3.4, 5.3,5,
5,},6, Be3sl. Calling events with 6 > Qn + 2° background
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events (the other source of baskground, the target walls,

is removed by the target empty subtraction) it is noticeable
that the lower w values are enhanced in the background events
and the distribution in T for background events falls off
much more sharply than for good events. Both these effects

are statistically significant, the actual r:-tios being

8 <, + 2 B~? 8, + 2

w £ 1225 KeV

0.71+0.04 0.86+0.11
w 2 1225 weV
T { 95 LeV
0.91+0.04 1.9740.1¢
T 7 95 eV

4 rescan of =z sawple of 74 background events showed
that approximately

35. had perfectly good tracks in both chaubers,

30:. had a poor tr=ck in the isobar chaubers,
often with one or two sparks displaced, and

3% showed a track in the range chambers with a
lar,;e scatter at some point.

The 35. with perfectly good tracks could be made up
of (a) badly measured events, (b) interaction in the target
walls, where the Fermi momentum of the target roton would
alter the kinematics from those of a frece proton, and {c)
events of the type pp - pn.x+ where the x' entered the rar; e
chambers. 1o have done this it must have had an energy low

enough for there to have been & reasoncble ;robabiiity of
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satisfying the discomination requirements ou C1 and o2

(see 4.2.2). This implies an enerygy ~ 100 eV 80 the
distribution in 7T should strongly favour the lower T values.
An event with low =« energy has &a large x+p opening angle

so that the x° would be at = large angle to the bean,
favouring low values of w when the event was interpreted

as pp - ppxo. This is entirely in accordance with the
observed W, T distribution.

Events of the saue type in which the x* entered and
failed to give a signal in the éerenkov counter can be
ignored since the rroton from such an event would have an
energy greater than 200 [.eV and would have been rejected
by C3.

The relatively greater proportion of 'outside cone'!
events in the target empty data (37. as opposed to 1L4%w)
supports the supposition that many of tucse background
events resulted iroa target wall interaction., 7These are
removed by the "turget full"” - "target eupty" subtraction.

Those 30% of baciyrouuc events with poor isobar tracks
could be events in which the iscobar track was not related
to0 the track in the range chambers but caue irom a .uore
recent intercction and had suppressed the true isobsr track,
suffering some daumage itselfl in the proce:s. -uch a spurious
track hLoc .ore chance of being outside the computed cone it
the cone angle is small wunu tae cone axis 1s new.r the beam,

exactly those conditions satisfied by events with small @, T

(see Figs, 3.2 end 3.3).
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The isobar chawbers had a warginally poorer performance
than the range chamnbers, due to edge brea-downs, and this
would help the "robbing' of tracks postulated above., It
would also affect soue genuine tracks by making them diffi-
cult to measure, and so would contribute to the background
events,

Those events which showed a strong scatter in the
gluminium of the range chaubers would presumably consist of
elastic and inelastic proton-aluminiua coliisions, The
cross~section for such a coliision at a proton energy of
100 eV is ~ 600 mb, so the probability that a proton would
interect somewhere in the stack of absorber plates was ~1/30,
in agreement with the observed figure of ~ 1/L0. Tor these
events the value of T would be too low. This has the effect
in wost cases of making the compyuted vaiue of w too high; #ig.
3.1 shows that this will be most severe when W~ 1215 heV
and T > 10C eV,

It can therefore be concluded thut about 50%, certainly
no more, of the background events are truly beckground events
caused by

a) target wall interactions,

b) pp - pnA’

c) "robbing" of tracks in the isobar chambers,
while the resasinder were poorly messured and wrongly binned

good events.
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11l _Geometric Detection Efficiency

The detection efficiency on the 'range" side for an
event of a given kinematical configuration (w , A?) depended
on the position of the interaction point in the target. The
mean detection efficiency was obtained by integrating across
the beamx profile and along thr beam path through the target.
To do this the beam was assumed to be of zero width (this
does not affect things much as it was ~ 3 man wide) and 1.5 cm
high. The position of the target relative to the counters
and spark ch:oubers was also needed.,

Detection efficiency on the isob:r side could only be
calculated if the angular distribution of the "isobar" proton
was known. Since the atteupt to extract this angular distri-
pution failed (see Chapter 6) a geometrical cut-off on events
was used to obtain an unbiased sample.

The distribution of interaction points in the target
(£igs. 5.3.1 and 5,3.2) seemed to indicate that the target
was 4.1 cm behind its correct position and that the beam was
displaced 0.1 cm to one side of its correct line. This latter
is within the errors on the "Polaroid" exposures n:Ge during
the experiment and the survey of the apparatus, but the former
ie not, although the actual target position was not checked.
Since the geometric reconstruction was .7ce relative to the
21° and 310 fiducial 1ines distortions on the fila could only
have the effect of broadering the distributions and this, plus

measuring accuracy, explains the 0.6 ca ..casured beam width
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as compared to the 0.3 cm obtained from 'Tolaro:d’

exposures,

By this stuge in the analysis the s paratus had been
dismantled and returned to (xford. I!iowever, the target
assembly was mounted on the exgerimental pl-tform and its
~0sition checked. The result - unreliable becausc of the
time celay and moveument - was a shift of 1.3+0.2 cu baek
along the bee.. direction and a sideways shift ~ 0.2 cm.

This is consistent with the 1.1 ciz shift from the . eometric
reconstruction. To produce this shift the iiquid hydrogen
reservoir support tubes must hive been bent wiiile the assembly
was being transported. This was certainly _o:zsible.

The best estimate, therefore, of the target centre
position, taking into account measuring accuracy and survey
accuracy, was 1,.,1+0.2 cm behind the _oint of intcrsection
of the 21° and 310 fiducial lines. The beam direction was
0.1+0.1 ca to one side of its correct line but in what foilous
it was taken to be alcn,_ the correct 1inc as this does not
affect things apireciably.

The relative mean detection efficlency wus calculated
as the average, over bins of 10 MeV in w and 7 ..eV in T,
of the azimuthal angle about the beuu direction for which
the recoil .. proton would have been detected. In this, the
major limiting fuctor was C2, then the spark chambcrs., The

s x
calculation also showed whether half (3 < £ < 25) the cone
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in which the 'isobar' proton should be was covered by CL
ané the isobar chambers (f is the engle defined on page
5.8) for all possible angles between the reaction plane
end the horizontal. Only events within this half of the
cone were accepted in the later stage: of th: analysis.

The solid angles subtended at the t:rget by the cone
of half-angle Qm + 2°, and by that region of C4 for which
®/2<P <3%/2 (1.e. the solic angle available for hack-
ground events) were also calculated, to be used later when
allowing for background events.
IV __Corrected Histograms

The output tape of the geouetric and kinematic
analysis programme containing infcrmation on 2626 target
full and 324 target eapty events was used as data for
another prograiie, run on the Atlas computer at the
Rutherford Laborsatory, which produced corrected bin
populations for both target full and target enpty data.

To eliminate isobar proton detection biasses this
prograiiie selected events with %/2 <P<3R/2 and in aw, T
bin with full coverage of half the isobar cone. These
events were binned in the same 10 eV bins in @ and 7 XeV
bine in T as were used before. The events in each bin
were subdivided according as © < (or ¥) 6_ + 2° and the
number of events in each bin was normalised 1o an aziuuthal
detection angle of 0.400 radians. The background events

were assumed to be uniformly distributed in solid angle
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across C4, and were subtracted after having been normalised
to the 'in cone' solid angle. 2~ bin which had n, events
with © <.em + 2° and n, outside em + 2O was given a corrected

number of events n

=efe i g

where ﬁi was the detection azimuthal angle previously
calculated and cii)i(ckilo) were the 'in cone' ('out of

cone') solid angles. The error on n was taken to be

$n2 = {ni ¢ n (‘m‘i) § (;fﬂ)

i.e., the errors on ny and n, were assumed to be purely
statistical.

The resulting histograus for target full and target
empty, with m.:s bins combined to give three bins in w
(1185-1215, 1215-1245, 12L5-1285 .eV), are sho:n in

Pigs, 5,3.8, 5.,5,9 and 5,3,10. These bins were chosen to

glve roughly equal statistical accuracy in each bin, and

to cover the w regions below, on and above the N*+ resonance,
In each case the uncorrected histogram of 'in cone" events

is given for comparison. The error flags on the corrected
histograms indicate the statistical uncertainty, their

large size being due to the poor statistics of 889 (76)

"in cone" events and 130 (39) "outside cone' events, target
full (empty). The systeuatic error referred to in the

figures is that due to the geometric correction factor only.



50F T
T
40 F
T
302_{_ 1 T T
LT T _
- —L ] _’...
20 r] 1
- i [
4 :Jr L 4 -lr _J_ 'I’
101 1 l _T_,—— T
T - [Ty
0 I I S
67 95 BT T ‘ 200
(C]) Mev)
30¢
20+
‘ol — — |
1~
o I | - T

(b)
Figure 5.3.8

(a) corrected and (b) uncorrected histograms,

target full and empty, 1185 <w <1215 MeV.
Systematic error (not shown) +30°%,-20%



v

30

20

10

40

30

20

10

.

T T
. l ) |
———J—‘.—TT,LJLF.LLLJﬂi
95 151 T (MeV) 200
(a)

Systematic error <2%

o L

(b)
Figure 5.3.9

1215 €w <1245 MeV

(as 5.3.8.)



40 -

30f T
' T T -F_T“ T
20;“ J-'_‘——T 1 TJI_ T
11 _l. . l TTL
10 _I_ l
h T
, T T
T T L7 L
116 151 200
(a) L7 (mev)
Systematic error < 1%
30}
L
20 | 11_- L
10 - i
—1__\_1___!—[_
0 e . L L . S | _ L
(b)
Figure 5.3.10

1245<w<1285 MeV



"5017"'

As the lower value of w increases the lo.er limit of 7T
for which there was 100/ detection efficiency for the
half-cone also increases from 67 MeV to 81 MeV to 116 ..eV
for the three ranges of w,

The above method of selection and subtraction of
background events needs soiue justification. The cone + 2o
limit was set somewhat arbitrarily as being about two
standard deviztions in the wmcasurement of 6 (see below),
so that ~ 955 of all well measured events with & ~ 8,
would be within this 1limit. 1In the discussion of the
source of those events with & > e, * 2% 1t was concluded
that ~ 50/ were good events but incorrectly binned and
~ 50% were true background. iithout @oing large Monte
Carlo calculations on the sources of background it is a
fair assumption that these events were uniformly, distri-
buted in solid angle (for large 9/9m the distribution in
9/9m is gently decreasing, as would be expected if coae/cosem
were aporoximately constant). However, those events with
wand T incorrectly assigned should be reassigned larger
(but unknown) values and the bins of larger w and T will
therefore be systematically low by something of the order
of 5%, but the uncertainty in this is equally large. The
statistical error in these bins is ~ 50% so a 5 uncertainty
is relatively unimportant.

Those background events resulting from interactions

in the target walls will still be removed by the target
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empty subtraction (see p. 5.25) since the same solid angle
factors were applied to the target full and target empty
data when subtracting the outside cone events.

Monte Carlo caluulations were made to establish the
accuracy of the values of W, 8, £ calculated by the kine-
matical reconstruction progra..e. In these calculations the
incident beam energy was given a gaussian profile centred
about 990 keV with a standard deviation of 10 iieV, the angles
measured on the scanning table were giver a stand:-te deviation
of 0.5o and the rec:.il proton kinetic energy vus alloved to
vary through = 4 MeV aboul the mean value used in the kine-
matic reconstructlion progra.une., 7The results showved the
deteriaination of w to have an uncertainty of about 4 ..eV,
independent of wor T, and & to have a standard deviation
betwee:r. O.5°'and 1.&0. @ was completely undetcrizined when
0 ~ Oo but for & ~ 10o the uncertainty was about 5-100.

(rigs. 5.3.11, 5.3.12, 5.3.13)

5.4 Cross-Sections

The partial cross-section for a particular bin inw, T

can be calculated from the number of events in the bin per
unit incident proton. Ivents from the target walls, chance
coincidences snd other sources are eliminated by subtracting
the target empty cross-section from the target full cross-
section.

In this case, however, the bin populations in the

corrected histograms of the previous section had 1o be
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corrected for scanning efficiencies and biasses, This

can be done spparately for target full and target emptly

histograms by caleulating the following correction factor.
Let N, be the total number of frames teken, ~ total

nuaber of triggers,

N1 the number of frames scanned and entering the

computer,

N2 the number of frames measured as possible good

events, and entering the computer,

N5 the nuuber of frames made unmeasurable because of
cazera fallure, but scanned and accounted for by the coaputer,

Nh the nusber of frames showing possible good events
but with two or more tracks in one or both sets of chambers,

N5 the number of possible good eventis in which the
proton scattered out of the range chambers, and

m the number of good events scanned and neasured but
ljost because of format errors on the tape, bad punching or
sone other cause which prevented the computer rroa reading
thea,

The m events are an unbiased sample of N2, the N} are
an unbiased saanple of all scanned events N1. and the Nh are
an unblased sample of all possible good events (i.e. of N2)
{f their mechanism is &3 described on pp. 5.5, 5.6. The
NS' however, constitute a plased sample of N2 since some
of them will ha
in @, T will have been strongly affected by the geomeiry

ve had T > 200 veV and their distridution
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of the chambers, N5 was much smaller than Nz or N3 and

events of this type were not corrected for since any such

correction would be small and unreliable.

Had the NB events been classified m, Nz, Nu would

have been increased by a factor

N
(1+ﬁ-:£-)
173
(since m, N, N}4 are based on N,-N_, classified frames),

173

Similarly m and Nu contribute to N increasing it by a

2’
factor
N, +m
(1 + =—).
2

Thus the correction factor to the population of a given

bin is
N

N, +m
(1 + F=) G+ =)
2 173
- N, +m
- A
173 2
The total beam used, however, was for NO triggers so

there is an aaditional factor NO/N1, making the correction

factor
N N, +m
O (1 + =)
ﬁ1-33 N2
The values of the various N's were
Target Full Empty
8396 3122

N 7580 2890
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Ny 3451 Lu7

Ny 929 30

N, 763 104

N5 114 16

n 52 7
Correction factor 1.56:0.03 1.36+0.04

(The errors are statistical,)

These figures depend on the classiflcation and
weasurement of events and to check on their accuracy
some 1000 frames were rescanned and remeasured, then
computed as before. In the second measurement 273 events
passed the geometry requirements with 46 having 6 > 0‘ + 2°
whereas in the first measurement the figures were 271 and
46. Cne event which had been inside the &, + 2 limit on
the first scan was outside on the second, two outside on
the seeond were not classified as good events on the first
(the tracks in the isobar chambers were poor) and three
which had been outside on the first scan were inside on
the second. From this the scanning errors can be deduced
as approximately 3/273 or ~ 15 on the "inside cone" figures
and 2/46 or ~ 5" on the “outside cone" figures.

The rescan did not alter the numbers corresponding to
NS’ Nh above (these refer to frame types which are readily
recognised) so the uncertainty in classification of events

only affects N,, and by about 0.75. Thie alters the
correction factors by ~ 0,15 to 1.56+0.04, 1.3610.05.
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The figures for Nu in the table above are based on
a rescan, but not remeasure, of less than half the target
full data but all the target empty data. The original
gecan had not classifled this type of event unambiguously.

The total beam used was, in units of the full scale
deflection of the ionisation chauber, 27.7 (target full)
and 28.1 (target empty). Cne #.S.D., was ~ 2.107 protons
but this figure was not known accurately and could be in
error by +25..

The ionisation chamber could not be gated off after
an event so these total beam figures do not mean very much,
The average beam per event must be obtained from counting
rates taken without triggering the spark chambers. The
average rates were L36+8 triggers/F.S.D. (target full)
énd 200+7/F.S.D. (target empty). These rates need to be
corrected for dead time losses, mainly in the so-called
"Pagt" c1 02 C“ 53 channel which had a rate oi ~ 103/F.S.D.

when teking rates the beam was ~ 107 protons/burst or

~ 1010 protons sec~1. The fast channel counting rate was

therefore ~ 5.105 sec-1, well within the capacity of the

10 Me/s scalers. If the electronic dead time after each

count is taken pessimistically to have been 50 nsecs an

upper limit on the dead time/sec is 1.';:.10-3 sec, A 0.15.

correction to count rates can be ignored.

7

Taking 1 F.S.D. as equivalent to 2.10' protons the

beam used was (38.u&i0.73)107 protons (target full) and
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7 protons (target empty).

(31.24i1.10)10
The number of events in a given bin is related to

the partial cross~section for that bin by
Ng =ABF°-b(p+d)

n, =4 By A (p' + d) (5441)

where nF(nE) 1s the corrected number of events for target
full (eupty),, A is a geometrical factor, B (BE) is the
total number of protons for target full (empty), p(p') is
the number of scattering centres (protons) per cm2 in the
liquid (gaseous) hydrogen, and 4 is the number of scattering
centres per cm2 in the target walls and other background

sources., The partial cross-section, o,, 1s given by

‘r 3o Y qo d%c |
o, = Aw’dily, ~ (==w=m=) 2wawoeT
b jj Tar dw“dT ' mean

bin

with, in this case, Aw= 10 .ev and AT = 7 .eV,

xlipinating the unknown quantity d,

(o yf— { 2”’--3—% (5.4.2)
b Z?“Q')A BF Bb
The beam went through 1.25" of hydrogen, the 3 am.
width of the beza altering this to a wean value of 1.23".
The density of liquid hydrogen at its boiling point is
0.,0704 gms/cc. while the gaseous hydrogen in the "empty"
target had a density of about 0.001 gms/cc. since its

temperature would be near out slightly above that of
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boiling liquid. Thus

r _ (0,0704-0.001) 12 -2
1.6714.10
and A = -0-33 X i

2K
since the histograms were normalised to an azimuthal angle

about the beam of 0.4 radians and only events in half the
possible cone on the isobar side were accepted. The
factor 3 assumes that there was no variation of the proton
distribution with its azimuthal angle @ about the cone axis
or, less strongly, that there was no cos@d depéndence. In
fact the g distribution for the evente was nearly flat
(Fig. ). 4lso, previous experiments (see Refs., of
chapter 2) on pp = pnx+ had shown a variation in g between
0 and X, but would seem to indicate symmetry between

g'= 0> x, x> 2x, No distributions for pp w'ppxo have
been published. Since it proved impossible to extract
angular distributions from this experiment this assumption
of no asymmetry was the most reasonable.

The values of ‘55 calculated are shown as a function

of T over the reglon of T covered in Figs. 5.4.2 (a), (b)
and (¢). The possible systematic error of ~ 25% on By, Bp
and the geometric correction uncertainties were not

considered when calculating the errors shown.
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5:5 Uncertainties in the Cross-sections

The principal sources of uncertainty in the measured
cross~-sections have already been mentioned when the parti-
cular stage of the analysis in which they arose was discussed.
For completeness, they will be reviewed here.

(a) The poor overall statistics are clearly the largest
source of uncertainty. More events could only have been
recorded by longer running at the synchrotron, which was
not possible. Had there been no trouble with the experi-
ment's electronics or the synchrotron about three times as
many events would have been recorded. In addition the cut-
offs introduced to obtaln an unbiased sainple reduced the
number of events further, from 2626 to1019 (target full)
and 324 to 115 (target empty), purifying the sample at the
cost of statistical accuracy.

(b) The calibration of the ionisation chamber was not
known to better than about 25%. This affects the overall
normalisation. The chamber waes borrowed when the intended
beam monitoring system falled and there was insufficlent
time (the synchrotron failed!) to calibrate it in a low
intensity beam against a counter telescope. The method
adopted to estimate the number of protons per good event
is subject to statistical uncertainties in the average
counting rates and in the total number of triggers.

(¢) The ionisation chamber was the source of another
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inaccuracy. Travelling with the be-m was a 'halo' of
protons scattered out of the beam in the collim-tor or in

the magnets, and not focussed. These protons would miss

the target but hit the 12" diameter ionisation chamber.

The lead wall iumediately in front of the target was intended
to remove this 'halo'., Tow successful it was is not knovn.
The counter scan of the bcam profile showed there were few
particles in the 'halo' near the t:urget.

'n acdition the 0.35 gm.c:m“2 in the beam in the target
region would cause about 10-3 of the incident protons to
interact. Perhlaps half of these would .iss the ionisation
chanber. This would tend to reduce the cha.uber reading, the
'halo' would tend to inere:se it so an upper limit on their
net effect on the normalisation is 0.1%. This 1s comparablie
with the timé drift of the ionisation chamber sc:.le due to
cosmic rays and stray radiation,

(d) The so-called background events h-ve been discussed
at length with the conclusion that they have been dealt with
satisfactorily but that there could be a systematic error
of ~ -5% in the high «, T bins.

(e) A few badly measured good events could have been
rejected in the geometrical reconstruction. The iimits set
in the reconstruction programmne were generous to allow for
this, and from the shape of Fig, 5.3.1 it is clear that no

more than four or five events could be expected to have been

incorrectly rejected. This is ~ 0.157 of the total, and can

be ignored.
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Classification and statistical errors contrgbute to
the uncertainty in the scanning correction factor. This
was about 3% for target full events and 4% for target empty.

(f) The target position relative to the spark chambers
and counters was in doubt by +0.2 cm. This affects the
relative geometric detection efficiencies, particularly
those for events with low w and T ~ 120-150 LeV, for which
the proton in the range stack goes very near the outer edge
of C2 and has a high probability of missing C2. Those bins
with low w values have an uncertainty of between +40%

(w~ 1185 MeV) and 115 (w ~ 1225 .eV) from this source.
Typical values of the relative detection efficiencies are
given below:

Target Position

W T 1.5 cm, 1.1 cn. 0.8cms
(z:8V) (MeV)

1185 74- 81 0.0834 0.1333 0.1708

11%5? 116-123 0.0484 0.0980 0.1355

158-165 0.13599 0.1901 0.2278

( 74~ 81 0.3380 0.3667 0.3766

12?5} 116-123 0.2441 0.2946 0.3314

1215) 158-165 0.3195 0.3604 0.3755

used because of their low number (11) and this large

Events in the lowest w bin, 1175 ¢ w < 1185 LeV were not
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uncertainty. Bins with w 21225 MeV are not affected by
more than 1% by this uncertainty. It should be noted here
that the apparatus was designed for w > 1223 leV 80 the
trouble in extending 1t to lower masses should not be
unexpected.

Any error of the order of 0.1 cm. or so in the relative
positions of C1, C2 and the spark chambers would result in
a comparable uncertainty. This is particularly true of C2,
the limiting factor for low w, low T events. If C2 were
displaced 0.1 cm. along its length this would have roughly
the same effect as a target movement of 0.2 cm. Since the
counters were being moved in an out of position, for checks
on delays and dscrimlnation levels, such a displacement 1is
quite credible.

(g) The beam direction was knqwn to be correct to
within 0.1 cm, and its width was 6.3 cm. The target is
thought to have been centrally situated with respect to
the beam, so the maximum error from this source wogld be 1.

(n) The experimental resolution of i4 .LeV in W, deter-
mined by lonte Carlo calculations, would have the effect of
smearing out the true distributions, but with a bin width
of 10 MeV this should not be too serious. Similarly the
inaccuracy in T would result in a slight (1%) movement of

events to lower T value, which should be compensated by

the 1% range straggling.
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(1) There was no evidence that the spark chambers
were less than ~ 100: efficient although the resolving
time of the isobar chambers must have been near the delay
in firing the chambers.

Uncertainties other than those in the absolute
normalisation add up to typically a few percent for all
but the lower mass bins, where the error is ~ 15..

This is less than the statistical uncertainty from the

nunber of events and the event rate per proton, which

is that shown in Figs,., 5.4.2 (a), (b) and (c).

(1) J.C..W. Madden D.Phil, Thesis, Oxford University 1964
(unpublished)
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Chapter 6 Interpretation of iesults
6,1 Distributions in .roton xinetic nergy

(a) One pion exchange model
The predictions of the OP. model, particularly as

developed by Ferrari and Selleri (1), (5), were evaluated

for pp - ppxo in the kinematical region of interest. Three
different sgspproaches were used to evaiuate d26'/dw2d152,
each taking all four possible diagrams into account.

I "Pole" approximation

This calculation used the "pole"” approximation
expressions given by Ferrari and Selleri (1), with the
contributions of all four diagrams added i.e, the inter-
ference ter.is were neglected. Thilis is not a good approx-
imation, as other calculations (2) have shown, but this
can be disguised by the cut-off function used. In evaluating
Ferrari and "elleri's expressions U%op (w) was calculated
from MeKinley's (3) parametric form of the pion-nucleon
phase shifts (chosen because of its easy adaptability to

computing) .

7or comparison with published calculations

a® 2
ds/dT = 2m 2552 dw

was evaluated and, with a cut-off function

1
A“Z 2 (6.1.1)

Qi
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(as used by Ferrari and Selleri) a good fit to bubble
chamber data (4) on the same reaction was obtained with

¢« = 60 : the curves a:e shown in Figure 6.1.1. The result
of the more elaborate caluwulation of d6/dT by Ferrari and
Selleri (5) 1s also shown in Fig. 6.1.1. The simple "pole"
approximation calgulation would appear to fit the data at
least as well,

2 2
6/dw d A° involved considerable

Evaluating 46/dT and 4
numnericcl integration. For this 6-point Gaussian integration
was used and the results checked, in a few cases, against
6 x 6 point Gaussian integration. The differences were
never wore than a percent or so, so 6-point integration
was used in evu.iucting all integrals. The actual compu-
tation was performed on the "Atlas" computer at Harwell,

11 "lon-pole" approximation

In addition to using the "pole" expressions of (1)

the "non-pole" expressions were evaluated with the physical
cross-section skop@”) (again calculated from McXinley's
phase shifts) used instead of the off-shell (&, AZ), and
again the interference terms were neglected. Because the
on-shell pion momentum, which appears linearly in the "pole"
approximation, is replaced by the much larger off-shell

momentum a different cut-off function has to be used. The

same form, (6.1.1), was used and with a=14 the resultant

values of dw/dT (Fig.6.1.1) are very close to those of
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Ferrari and Selleri while the curve with ¢=20 fits the
data better.

IIT 1,J=3/2 suplitude only

In their latest published calculations (5) Ferrari
and Selleri used only the I,J=3/2 awplitude f1Q0for which
they had calculated the off-shell correction (6)3 They
included interference betweern diagrams 1 =nd 2, 3 and 4
(Fig. 2.3.2), the omission of other interference terms
having been justified by Da Prato (2).

With only f1+ taken into account the differential
cross~section d<sKoP@»)/dJ1rused in I and IT 1s replaced
by If‘1+luzl(1+300829) and o-xop(“) by 8x ,f1+,2 (times
the Clebsch-Gordan isotopic spin coefficient of L/9 for
xop elastic scattering). The effect of the f1+ correction

factor is to .ultiply the "pole" approximation expression

by a factor (6) ( (s ) X
t “ral I 43,
(r/Q) ( 4 é'lf:)( (1+a,) (6.1.2)

where a, = (A2+M2)/2m(wr-m),

W, = resonant mass (N * mass),
p1(q) = off-(on-) shell pion momentum.
A cut-off function incorporating the vertex forw factors

has still to be determined. Ferrari and Sellerl used

——Q&Z%—jg + 0.28 (6.1.3)
)
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to obtain a fit to data at several energies (see chapter 2,
p. 2.15 ff). (6.1.3) decrkases much more rasidly than
(6.1.1) as A2 increases. This behaviour is necessary
because of the (p1/q)2 term, which increases with A2.

The result of their calculation of d9/4dT is that shown

in Fig. 6.1.1.

Use of only the I,J=3/2 amplitude f1gﬁis Jjustified
for w~ 1238 X¥eV, where it is dominant. In the present
experiment the incident proton energy of 990 eV limited
the maximum value of w to 1382 eV so the use of only f,,
is a reasonable approximation throughout the range of the
calculation. ™ecent unpublished calculations by Selleri (7)
have shown that the “-wave I,J=1/2 amplitude increases
strongly off-shell, but for w~ 1238 MeV and 42 < 20p2 is
|§ 0.25 f1+ and can be neglected, with resultant simplification
of the calculation., Its inclusion would alter the calculated
values of d%SVdc?dJAQ, even in the 1238 ‘eV region where
tne cross-terms ~ fé{z ffiz would be sgnificant, so the
cut-off function (6.1.3) would no longer give a good fit
to data. Towever, “elleri also gives a new correction
factor for the off-shell behaviour of f1+, but no calculations
of d6/dT with these new expressions have been made.

The (p1/q)2 factor in (6.1.2) is a dynamical factor,

a consequence of the p-wave nature of the J=3/2 vertex,

and was first derived by Salzman and Salzman (8).
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Jackson (9) also derived (6.1.2), without the l(1+3ao)/
(1+a°f12 factor, and claimed that the Ferrari-Selleri
result was incorrect. Comparison with experiment is
difficult because (6.1.3) varies so strongly with H2
that the effect of this extra factor is slight, except

at large A? ihere the theoreticsl foundation of the model
is suspect, anyway.

A fair test of the 0O’% preddctions is only possible
when as much of the physics as possible has been explicitly
evaiuated., This is the iuntention of the off-shell a mplitude
corrections. .hen this is done all that are unknown in the
expression for the cross-sections are the vertex form factors
and the propagztor correction function, which can then be
deter..ined empirically. The result:nt function of A°
should show no variation with incident energy: the fact that
Ferrari and Selleri fitted pp inelastic data at ceveral
energies with the same cut~off function can be regarded as
a success for their model.

This is, however, entirely in accord with qualitative
predictions of the absorption model. Iiere the effects of
the absorptive processes in the initlal anc fincl channels
are inferrec¢ frow elastic scuttering differential cross-
sections (10). The pp elastiec differential cross-section,
plotted as a function of momentun transfer squared, shows
11ttle variation between 1 GeV (11) and 7 GeV (12). Hence

any absorptive correction calculated from these results
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would show almost no variation. If, as seems likely, the
form-factor function used by Ferrari and Selleri is no
aore than an empirical representation of the effects of
absorption it is hardly sur.rising that it also shows
little variation with energy. It is true that this is
no ..ore than a plausibility argument: there is room for
work to be done on absorption effects in nucleon-nucleon
collisions.

Xeturning to the data of :this experiment, Figures
6.1.2 (a), (b) and (c¢) show the predictions for o,

b

h -
wnere TS r

(

J J

=33 W,

b

d*o do™
duwtd Az

calculated from the "non-pole"” expressions (II) and the

f amplitude only equations (3.76 and 3.79 of reference 5)

1+
The experimental points are those of Fig. 5.4.2.

The "non-pole"” curve is a best fit with w=26: the
"pole" expressions, even .ith very large «, gave cross-
sections too low to fit the duta. .ith a>100 the cross-

sections are relatively insensitive to «. The quality of

2
the fits is indicatea by the table of l values below:
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wev R GISes emmetet f)
points only
1185-1215 19 29.6 19.3 14.6
1215=-1245 17 AL 27.3 26.0
1245-1285 12 5.8 L o1 4.1

The f1 only calculation is clearly favoured. In perfor-
ming this calculation iicKinley's (3) expression for S 33
was used, then £, = 1833 sin & 3/q. Ferrari and Selleri

1+
used a Breit-/igner @hape, so to check on the compatibility
of the two calvulations d6/dT was calculated and compared
with their published results (reproduced in Fig. 6.1.1).
Agreement was to within 2%, with tre curve based on
lchinley lower than Ferrari and selleri's,

The agreement between calculation and experiment
extends to all three mass bins, suggesting that the
systematic errors (not shown in Fig. 6.1.2) may have been
set somewhat oepssimistically and that the ionisation chamber
was readlng correctly to within 5-10¢ . These uncertainties
cannot be ignored, however, and their existence weakens the
case in favour of the Ferrari-“elleri calculatlons. However,
the curves of Fig. 6.1.2 show that their predictions follow
the general slope of the experimental points better, so the
conclusion must be that the CPE model provides a good fit
to the data of this experiment with

(a) only the I,J=3/2 pion rmucleon scattering amplitude,



~6.8-

corrected for off the mass shell effects, taken into
account, and

(b) a cut-off function (6.1.3) deteriined by ewpirical
fits to data covering all values of W, and at several
incident proton energies.

In this connection it should be noted that the '"non-
pole" calculation fitted dAo/dT from bubble chamber d ta
best with u~20, but needed «~26 for this experiment's data

in the range 1185 &£ W< 1285 1.eV, whereas the £, only

1+
calculation fitted both. This can be considered evidence
in favour of the off-shell correction fictor (6.1.2) or,

at least, of the dominant (591/q)2 part of it. The bacsic
criticism (see Chapter 2) of the cut-off function procedurs

muct still stand, however,

(b) ChewsLow ixtrapolation

2
An average value of d20‘/dw d A% over the histogramming
bin concerned was calculated from the experimental partial

cross—-gection c‘b :

ey s
dodlhy ~ Al B(&)

where A(w2)= 121 52 - 11852 MeV2

1245% - 1215° Mev?e

12852 - 12,5 1eve

and A(Az) =2m X 7 = 14m (i‘ev)z'
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Because of the large possible systematic errors in
the lower w bin only data in the two bins 1215 { w4 1245,
1245 £ w £ 1285 KeV was used.

The Chew-Low expression Gﬂd,llz) (equation 2,2.6) was
calculated from the average value of dzo/dwzd Az, with W A°
taken at the uid-points of the bin. The resultant values
of G(w, Aa) are plotted against Az/u2 in Figures 6.1.3 and
6.1.4.

In both ranges of w the louest A? value (8.7}:2 and
12.3;.:2) is far removed from the pole ( A2=-92) and the
extrapolation could not be expected to be reliable. Least
squares straight line fits to the points were made (shown
in the figures), the resultant lines being

~6(1230, &%) = (10.729.5) AZ + (163+11L)

19.52, and

~3(1265, B%) = (20.6:9.5)!32 - (63.6£152)

for which X2 = 8.34.

=
b
ct
g
I

These give the mean values of 6';Eop(a) as

s‘xop('lz}o) = =152+115 mb
c;xop(1265) = 84.2+4153 mb.
The former is meaningless, but it is clear from Fig. 6.1.3
and the calculated X2 that this line is a poor fit to the
points.
If the three points at £57p2=1u.u5, 18.07 and 18.74

p2 in Fig. 6.1.3 are eliminated as the result of large
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fluctuations the best line (shown dotted in Fig. 6.1.3)
becomes

~6(1230, AZ) = (23.218.9) B2 & (28, 54132)

( x2=16.1), giving
Trop(1230) = -5.54132 .b.

Using the »henoumenological pion-nucleon phase shifts
of iicKinley (3) the xop elastic scattering cross-sections
were calculatco as

o;op(1230) = 86+5 mb

o%op(1265) = 5048 wb
so the Chew-Low extrapolation yields cross-sections consistent,
within the extreauely large errors, with those expected from
pion-nucleon scattering data.

Tuadratic and cubic fits to G(w, A2) were made, but
the results vere inconsistent; the curvature of the quad-
ratic it changed sign when the three 'bad' points for
U=1230 LeV were removed, and had different signs for
w=1230 MeV and @=1265 weV. Since data which fits any CoE

X form factor expression must extrapolate to c%o (w) at

Y
the pole, the above illustrates the chief difficulty of
the Chew-=Low extrapolation procedure - performing the

extrapolation in a meaningful manner. In this case the

large range of A2 to be traversed did not help.
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6.0 ol Mass (W) Distribution

The co.rected number of events in 10 ..eV intervals of
W, summed over the range 116 eV < T < 200 1.eV, are shown
in figure 6.2.1. Thi: range of T had to be used because
everits with T £ 116 keV did not have full coverage of half
the isobar cone for all values of Q.

The rectangles extending the points (circled) in the
figure are an estimate of the extreme liuits of the effect
of any syste.atic error in the geometrical correction
fuctors; as mentioned in peara. 6.1.1(a), these are probably
pessimistic. The bins of low W are very strongly affected.

The solid curve is the prediction of phase space,
normalised to the same tot.l number of events. In spite
of the consid.rable errors on the points there is some
indication of an enhancement over phase space for w< 1225
MeV, in agreeiient with the expected production mode

pp ~ N 'p
Ly e

The phase space curve was calculated by a Monte Carlo

method. FPFrom the expression for the Lorentz invariant

phase space integral for = three particle final state

the spectrum of the invariant mass w of any two of the
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particles can be obtained (13). For the case in :joint

—doﬁ-é ) 9' ‘72(02 z(w2-(m+“)2)(“2‘(m—v’)2)(’v’¢2°(m+0)2)(“12-((0-111)2}

where W 1s the total available energy. In the calculation
vaiues of w2 were cener:ted with frequency =zccording to

this expression. The value of “P fixes the reaction centre
of mass momentumn of the renaining proton. Random values of
the cosine of the reaction centre of mass scaitering argie
were generstcd snd the proton momentum transformed into the
lab. If its lab. kinetic energy was between 116 ..eV and

200 ie'Y the event wuzs accepted. The phase space curve

shiownn is based on 7,000 such events with 1175 £ w £ 1285 eV,
116 € T € 200 keV selected from a total sample of 100,000

random events.

6.3 ngular Distributions

in atte.pt was made to obtain the form of the pwo
centre of iasc angular distributions of the proton (or
pion) from the pxo system., ..s remarked in chapter 2,
para. 2.3, the OPL calculstion of this is extremely
complicated and has not been made. For this reason the
angular distribution extracted would be of limited physic:i
interest but would allow corrections to be made for geometric
detection efficiencies on the isobar side.

A L.aximum Likelihood approach to the problem was

adopted since this could use all the events. For any given
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event the ostulated pno centre of mas: distribution had
to be transformed into the lab. frame and the resultant
lab. distribution modified to take into azccount the

(1) inaccuracy in calculating the spatial position
of the (pﬂo) direction (the transformation axis)

(i1) inaccuracy in .easurin; the direction of the
oroton in the isobar chambers,

(i1i) it ackground or "outside cone" events.

With the OPE .uodel in mind the natural axis in the
pxo centre of mass for these distributions is the direction
of the virtual exchanged gion, which is opsosite to that of
the incident proton in the simplest case (diz. r... 1 of
Fig.21.3), and crposite to that of the turget proton in
diagram 2. It is not uniquely cefined in dlagrams 3 and 4
in this ex eriment, since the energy of the proton from the
upper, 3 particle, wertex is not meazsured (it is the one
seen in the isobar chambers). Also, in these two diagraus
the 2aass and directidn of the pxo from the lower vertex are
not uniquely defined so there is no natural axis available,
nor is there a well defined transform:tion direction. :or
this reuson a simple distribution about the (pwo) direction,
calculated on the basis of diagram 1, was assumed., The form
chosen was

a+ b cos@“I + C 00329’ + d sin292c0825 + € sinzegcosé

where 9*, p are the centre of mass spherical polar angles.
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For an event of given 02, T the transformation of
this distribution to the lab. system was qulite straight-
forverd, and from this was obtalned the likelihood of
seeing such asn event with the observed lab. angles 0, £,
in the absence of resolution =nd background problens.

The resolution varied from event to event. Iost

events haa |e-6 | & 2°

(9m is the maximum cone sgle
defined in Chapter 5), and their calculated liielihood
depended very strongly on the resolution function used, so
for each event a two dimensional angular resolution function
about the observed angles had to be calculated, integrated
through space with the transformed distribution and a back-
ground probability added. *s before, background events were
tel.en to be proportional to the solid angle about the inter-
action point, with an additional, variable, parameter
controlling their proportion relative to genuine events.
Calculisting each event's resolution function by a
Monte Carilo uethod proved difficult and the only way to
check that the functions obtained correctly represented
the ex-erimental situation would have .uieant generating
Monte Carlo events from the observed events, ther seeing
if the experimental e/em distribution was reproduced. But
to do this the angular distribution would have been needed,
so the problem was insoluble without further iterations.,
This meant that the computing needs were impr.ctical, and

the project was abandoned.
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