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PREFACE

The work described in this thesis concerns two bubble
chamher experiments which have lLeen performed to investi-
gate certain aspects of the scattering »f high energy =
mesong in aydrogen and deutsriua,

The trend in bubble chamber experiments.is tovards
the analysis of larger numbers of photographs to obtain
sreater stetistical asnalysis and to examine events which
occur with very small cross sections; generally the
facilities of =several luborutories are coabined for the
analysis of the dats. Both experiments reported here have
been performed in such collaborrtions. The situdy of the
elagtic scattering of 6 GeV/c nt mesons in deuterium is
the combined work of the Blcole Polytechnigue, Paris snd
JuRil and Durham University. The investigation of the
inelastic scatterinz of 5 GeV/c 7' mesons in hydrogen has
been undertaken by the Universities of Bonn, Durham,
ifijmegen, Paris (1.P.), Strasbourg snd Turian. The exposure,
in which the cuthor assisted, was planned by representatives
of 211 the laborstories and was made at CBERL,

The results presented in this thesis represent ti: b
prrt of the analysiz which was the porticular concera of
the suthor. Acknowledgeuent is made in the text to »ny

ic c:rtributionﬁﬁgﬁ@ﬁﬁg his colle=sgues.
= ‘e s

("-' T olh .'.‘-y
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IHTRODUCTION

The first beams of pions with energies into the GeV
region became available a little over ten years ago and since
then an intensive effort has been made to examine the pion-
nucleon interaction which is fundamental to the understanding
of strong interactions. The inelastic processes have proved to
be particularly suitable to be examined by the bubble chamber
technique as the multiple production of particles, which is the
dominating feature of pion-nucleon interactions in the GeV
region, cannot be observed easily in any other way at present.
Over the last few years many resonances have been discovered
between the particles of the final state and many of their
properties e.g. their cross sections, lifetimes and quantum
numbers have been determined from bubble chamber experiments.
This information has provided the basis for various theoreti-
cal models for particle production in this energy region, the
most successful of which has been the peripheral model. There
is still, however, no universal theory to explain =211 pheno-
mena. observed and much more information about the less frequent
processes is needed. An increasing number of bubble chamber
photographs are becoming available for analysis and the study

of interactions of very small cross sectioin has become possible.

Such a study is reported in Chapter 4 concerning the production
. . . . +
of six charged varticles in the final state when 5 GeV/c =

mesons interact in & hydrogen bubble chamber.



Bxperiments in deuterium bubble chambers have generally
been performed to study scatterings on the loosely bound
neutron which closely resembles a free particle in its in-
elestic interactions. ilowever, information other than on
n-n scattering can be learned from collisions of pions in
deuterium; knowledge of the bound nucleon-nucleon state can
be obtained by observing interacticns with the deuteron as a
whole, =such as elastic scatterings. At present only bubbhle
chambers and nuclear emulsions have sufficient resolution %o
distinguish between elastic scatterings and interactions in
witich the proton and neutron are separated. In Chapter 3 an
invertigation into the elastic scottering of 6 GeV/c 17 mesons

:

in a deuterium bubble chamber is described. A report is
given of the determination of the angular distributioan of the
scattered pions at this momentum and of the comparison of
different deuteron wave functions for the interpretation of
the experimental d=ta.

The first two Chapters contain a description of the
experinental and analytic technigues used in the.eVAluation of
the data, The experimental conditiong are described in
Chaoter 1 and details of the data reductio., comwiaon to both

exnerimeunts, are given in Chapter 2. It has been considered

appropriste to introduce the last two chapters separately.

2



CHAPTsR 1

wab R TdE TAT, JCnIITLIONS

fv:ip exposures have beoen -iade nt DA, one with the
112 bean and the Saclay 81 cii. Bubble Chamber filled with
deuterium, and ths second using tihe U2 bea . and the 150 cu.
Sritisn watiousl ayuro;oa 3ubble Cheasber (J..0.4.8.C.).

The carentinl ferturer 2f the beanz asnd bubhle chambers

rre Gescribed briefly here ~nd fuller details can be Tound

in the references pivean,

1.1 ‘the Deunterium Exposure

An exposure was assde in June 1963 in which a total of
about 70,000 photogravhs were taken of the Saclsy Bubble
Chamnher 0 provide data for a general study by CERM and the
wmecole Polytechnigue, Paris of the interactioné of 6 GeV/c nt

nesons in deuteriwn, and by Durham, also, of certain aspects

of the two- and six-pronged intersctions.

1.11 The M2 Beam

The layout ot the M2 beaw is shovn in figure 1 and a
complete description is given in the CERw internal report
of Goldherg and Perreau (19563). The besn was built

specifically to provide separasted kaon beas up
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to 3.5 GeV/c and antiproton and pion beaas are also
available up to & GeV/c. The length of the beam from
target to the Saclay Bubble Chamber is 87 ma, The beam
is produced at an angle of 8.5° to the internal P.S.
beam to provide a suitable intensity of particles
(particularly kaons) in the chamber. The production of
secondary particles from the target is pesked strongly
forward and the angle is therefore kept as low as
possible. ciomentum separation takes place in the first
part of the beam; the first bending magnet B.M. 1
produces dispersion in the horizontal image at the &lit
no. 8 where the momentum bite is defined. The quad-
rupole triplet Ql, w2, and 3 at the start of the beam
produces a converging beamn in the first 10 m. electro-~
static separator and a focus a2t the mass slit no. 10,
In the second identical mass sgeparator the beam is
horizontal so that the maximum separation may be
produced and the final mass separation is made at the
slit no. 18 where the beam is focussed by the doublet
q7 snd y8. Before entering the bubble chamber the beanm
is given the desired spread by the quadrupole magnet Q9.
The beam momentum during the exposure was computed

by the programme '1RAP' to be 6.07 GeV/c.



1.12 ‘The Saclay 81 cm, Bubble Chamber

The Saclay Chamber has a conventional through-
illumination system, shown in figure 2, which uses
vertical linear flash tubes as light sources focussed by
two~section condensers, The chamber windows, 81 cm, in
length, are rectangular with semi-circular ends and the
depth of the chamber is 32 cm. TFor this exposure the
chamber was filled with about 100 litres of liquid
deuterium. The three cameras were located in the positions
shown in figure 3 and 35 mm. unperforated film was used.
The chamber was expanded and photographed every two
seconds. The reference system of crosses engraved on to
the inner surfaces of the windows was used to define the
fiducial volume as shown in figure 4 which is a photo-
graph taken by the lower camera, View 3. It was necessary
to define the fiducial volume on this view instead of the
usual central view because the photographs taken by
camera 2 were of poor guality and difficult to scan.

The magnetic field varied by up to 4% at the edges of the
chamber, having an average value of 20,0 Kilogauss and
was measured accurately throughout the chamber. The dis-
tortion of the optical system and of the chamber as 2
whole is very small and the trajectories of the tracks

have been reconstructed in the geomeiry programme 'THRESH'
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without difficulty. Wo corrections for distortions have

therefore been attempted.

1.2 The Exposure in Hydrogen

Approximately 150,000 photographs were taken of the
B.N.H.B.C. exposed to a beam of n' mesons of 4.98 GeV/c
momentum in an experimental run during February 1965.
The film was divided between the five collaborating
laboratories - Bonn, Durham, Paris (E.P.), Nijmegen, and
Turin; subsequently the film of the Ecole Polytechnique
was shared with Strasbourg. The run was made in the

kast Experimental Area using the 02 beam.

1.21 The 02 Beam

The 02 beam was built to provide reasonably well
separated beams of kaons, protons, antiprotons and pions
with momenta up to 15 GeV/c. Initially the beam served
the British 150 cm. chamber and in this experiment was
set up to produce a beam of 1" mesons at a momentum of
close to 5 GeV/c. The beam, described fully by Keil and
Neale (1963), is interesting technically because it com-
bines in a single channel hoth electrostatic and R.F.
separation. However, for the purpose of providing the
" beam at this momentum only the electrostatic separators

were needed, the R.F, separation being of greater



efficiency at higher momenta.

The layout of the beam, which is about 180 m. long
between the target and chamber, is shown in figure 5.
The internal target produces positive particles at an
angle of 5.1°, The circulating proton beam of the P.S.
had an intensity of about 5.1011 protons per pulse and
the 02 beam was given about 10% of the intensity. 1In
the first part of the beam the angular acceptance and
the momentum bite are initially defined. In the second
part, after mass separation the angular acceptance and
momentum selection are redefined and the beam is finally
shaped for entry into the bubble chamber. The anglilar
acceptance from the target is defined by the collimators
Cl and C2 and later, in the final stage,by C9 in the
vertical plane and by the vertical bending magnet in the
horizontal plane. The bending magnets M1, 2, M3, and
M4 and the horizontal collimator C3 provide the momentum
selection in the first stage and Cll redefines the
momentum bite just before the beam enters the chamber.
The quadrupole triplet yl, 42, and y3 focusses the bean
st the centre of the collimator C4 in the vertical plane
which then acts as a source for the mass analysis stage.

The lens triplet w4, 46, and Q7 produces a parallel beam
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in the vertical plane and an intermediate focus inside
the mass separators which have a total plate length of
27 m, The final mass analysis is made at collimator
C6., The beam is brought to a sharp vertical focus just
inside the bubble chamber by yl6 and Q17 and this is

then swept across the chamber by the pulsed magnet PM.

1.22 The British National Hydrogen Bubble Chamber

The initial testing and operation of the B.N.H.B.C.
took place at CERN. The chamber is described in several
papers e.g. Welford (1964). The aperture of the two
plane parallel windows is rectangular with semi-circular
ends and the clear dimensions are 150 cm, by 50 em. The
windows are 15.5% cm. thick and the spacing between the
inner faces is 45.0 cm. producing an effective volume of
liguid hydrogen seen by the three cameras of about 300
litres. The optical system is of the through-illuminstion
type using ring-shaped flash tubes and a condenser system
in three sections. The cameras, 122.2 cm. from the front
window, have axes which are perpendicular to the windows
and they are loaded with 3% mm. unperforated film in
300 m., lengths. The chamber, its surrounding magnet and

the optical system are shown diagrammatically in figure 6.
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Again, the reference system of the chamber in the form

of engraved crosses on the inner window surfaces isg used
to define the fiducial volume and this may be seen in a
photograph taken by the central camera, figure 7. The
crosses on the camera-side have four eyual arms and on

the light-side have one longer arm. During the experi-
ment the film was monitored and the chamber working
conditions adjusted to produce minimum ioisation tracks
with twelve bubbles per mm, he magnetic field had an
average field strength of 13.5 hilogauss and varied by
about 3% at the sides of the chamber. The field strength
was accurately measured throughout the chamber and the
results of this survey recorded in the usual way in matrix

form for use in the fitting programme.

1.23 Distortions

The distortions produced by the optical system of the
chanber are not negligible and reliable geometrical recon-
struction is not possible witnout meking corrections,
Kellner (1465) has nade a study of the corrections re-
guired and these are now included in the geometry programme
. THR&S5hi., The optical distortions were determined with the
aid of a glass plate upon whicii was engraved a grid of
intersecting rulings. It was then possible to make use

of the optical corrections to determine accurately the






positions of the cameras relative to the chamber.

The grid plate was photographed in three positions
. corresponding to the inner surfaces of the front and back
windows and to the centre of the chamber. These positions
of the grid were aligned using a telescope arrangement
and the positions of the cameras were estimated carefully.
With the relative positions of grid and cameras established

m
the coordinates of the grid intersections xi, yg

on an
ideal film plane were then calculated. The actual co-
ordinstes X;y ¥y On the photographs, were determined hy
accurate measure.:ents and the effect of film stretch was
reimoved by measuring also the camera-based fiducials
printed on to the film in the camera gate., Film tilt and

lens distortions were tnen calculated by a least sguares

fit to the expression.

lq m i
T wi (x'—xl)2 + (y'—yT)z) = mininmum
i=1

where (§)' =

2 2 2 2.2
X S S AN+ 4 x_ y_ (xZey 7 )"
(p) L+ gropproay5+a sragigrag g )

dere, w is a weight and f the film-lens distance.
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The general formula for fitting film tilt and
spherical lens distortions would include coefficients
only for x, ¥, r2 and r4, where r2 = x2+y2. The co-
efficients a3, 04 and g were introduced to study the
effects of non-rotational arrangement and other contri-
butions which were not obvious. The corrections made by
these coefficients, oy in a typical case would be about
5 microns for a track measured on the film 10 mm. from
the optic axis.

FMnally it was necessary to determine the camera
positions relative to the chamber and for this purpose
photographs were taken of the chamber fiducial crosses.
The coordinates of these crosses were measured and
corrected by the polynomial expression given above and
the camera positions were then reconstructed. Using the
camera positions thus determined and the correction
expression given it has been found that points in the
chamber space can be reconstructed by TnARESA with a

similar precision to that of the Saclay 81 cm. Bubble

Chamber.
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CHAPTER 2

DATA REDUCTION

The system of data reduction by which events of
interest were selected, measured and analysed is shown

in the block diagram of figure 8,

2.1 Scanning

2.1l Scanning Tables

The tables upon which the film was scanned were
designed in Durham and constructed in the Departmental
Workshop to accomodate a Prevost projgction system, To
project the film on to a horizontal reflecting surface
of convenient height it has been found necessary to tilt
the projectors and to use a single reflection from a
large cantilevered mirror which is also tilted. The
lenses of 135 mm. focal length allow the projected images
to be 2/3 full size and by using other approprinte lenses
50 mm, and 70 mm. film may also be scanned., The table
tops whicih serve as reflection screens are designed to
be unobstructed enabling the inmages to be viewed from

three sides if required. Generally the film is scanned
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by viewing froa the direction of the ingoing beamn.

2.12 Scanning of the Hydrogen Film

une fifth of the total number of vhotographs of the
hydrogen film were analysed at Durham, comprising of
30,000 pictures on 25 triads of film, Six of these were
rejected after a brief initisl scan because the picture
quality on one or more of the views was bad. The reasons
for the rejections were various - faintness, blurring,
fogging and too many tracks in each frame. The remaining
film was scanned initially for six-pronged interactions
inside the chosen fiducial volume shown in figure 7.
Interactions ineide the volume were recorded only if the
beam track entered the volume somewhere along its bottom
edge, The fiducial volume was divided into six =zones
vertically and horizontally and on the scamning sheets
were recorded both the zone of entry and the zone of
interaction for each event. In addition to this the

following characteristics of eacn interaction vere recorded:

(2) BSecondary intersctions
(b} Stopping tracks and decays

. . - . )
(c) Associated electron nairs and V' s

(d; Identified protons
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The protons were identified where possible from their
curvature, estimated by comparison with calibrated curves,
and by Jjudging their bubble densities visually. It was
found possible to identify protons up to a momentum of

about 1.3 GeV/c.

2.13 Zfficiency of Scanning

A complete re-scan of the film for six-pronged eventis
was made and the scanning efficlencies calculated in the
usual way (Burhop 1962) for the scan and re-scan of each
triad. For the first scen the average efficiency for all
the film was (94.8il.0)% and .for the re-scan (95.6t0.8)%.
The overall efficiency with which six-pronged events were
found is therefore (99.77t0.06)%. The assumption has been
made as always that the finding of the events was a
statistical process and that the same events were not
missed in both the scan and re-scan. This assumption
ghould be valid for six-pronged events since the visi-
bility ot such evenits is generally much better than for

events of smaller multiplicities,

2.14 Scanning of the Deuterium Filwm

The film of the Saclay Bubble Chamber which vias



studied at Durham for elastic scatterings had already
been scanned and re-scanned completely at CiERN as part of
an investigation of four-pronged interactions in deuter-
ium. As the results of the study of elastic scattering
were of immediate interest and because at that time the
scanning eyuipment was largely committed to the hydrogen
experiment it was not possible nor thought necessary to
re-scan the film in Durham. Instead the two-pronged
events recorded on the CERi scanning sheets were re-
examined and 2 selection made of those events which had
the visual charascteristics of elastic scatters. This
procedure and the manner in which the interactions were
analysed is described in section 3.5. The later comparison
of the results of the analysié with those of the Rcole
Polytechnique have shown that the efficiency of the CERW
scanning for two-pronged events in which the recoil track
is shorter than about 2 mm. is low and that re-scanning
would be desirable. This has not been possible because
of the deterioration of the film in handling and the
experimental results have been shown qith the appropriate

errors.
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2.2 Labelling

Before measurement the six-pronged events were
'labelled' by a physicist. Ior each event a sheet was
prepared with the track labels for each view in the order
in which they were to be measured. This preparation was
undertaken mainly to save time at the measuring tables
and to minimise errors which might be made by the
measurer. In events with six secondary tracks it was
found that frequently the relative positions of the tracks
changed from view to view, Whilst these changes were
easily noted at the scanning table where the labelling
took place whexre and all the views could be consulted
simultaneously it was much more difficult to0 observe them
at the measuring table where only one view may be seen at
a time., For interactions with smaller multiplicities the
labelling was carried out by the operators as the tracks

were messured,

2.3 lieasurement

A standard measurement procedure was adopted as
follows, TIor each interaction four selected fiducial

crosses viere meassured first and then the interaction point
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(apex) of the event and the tracks in counterclockwise
order starting with the primary. In general, for the
tracks of non-stopping particles the coordinates of six
evenly spaced points along the track were measured. TFor
some of the slower non-stopping tracks the curvature

could be seen to change significantly along its length

and for these care was taken to measure only that part
near to the apex where the curvature was essentially
constant. No allowance is made in THRESH for energy loss
by the particles and therefore these tracks cannot be
accurately reconstructed unless this precaution is taken.
For stopping tracks of very short range only the coordin-
ates of the end-point were measured and the momentum was
then determined in the kinematics programme 'GRIWND', after
a mass assignment had been made, using known range-
momentum data. In the case of stopping tracks with visible
curvature, points were measured along their length as well
as the end-point. The momentum was then determined from
both the range and the curvature and the calculatgd values
checked for compatibility. A weighted average of the two

values was finally used.
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2.31 Measuring Tables

The machines used for the measuring were designed
in Durham and built within the department. The basis of
each measuring table is a stage which moves on linear
bearings and the movement of the stage is digitized in
two directions using the well-known technigue of counting
Moiré fringes. To provide measurements with sufficient
accuracy for the reconstruction and fitting of the events
digitizers with a least count of two microns are used.
The film is projected on to a vertical screen on which
is marked a reference point of about the size of a pro-
jected track bubble. The y-motion of the stage moves the
optical system and the x-motion moves the clamped film so
that any point of the projected imagé may be brought to
the reference point. This arrangement allows the stage
to be of compact dimensions but there is a difference in
the magnification in the two directions. THRESH takes
this difference into account providing four fiducial
crosses are measured. The motion of the stage is con-
trolled through servo- and stepping motors for the course
motion and the fine motion respectively. It is found
that on average the settings can be reproduced to an

+ —
accuracy of ~ 2.5 counts,
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The coordinates of the measured points are punched
on to paper tape and the read-out from the counter banks
to the tape punch is by way of a buffer store which en-
ables immediate movement from one point to the next with-
out waiting for the punching cycle to be completed. The
counting and read-out system is illustrated in block
diagrammatic form in figure 9, The output from the four
photocells of each reading head, after being amplified
and shaped, 1s taken to a sense detector and then to the
gate control which is connected to each of the binary

17

counters, These counters cover the range 22 to 2 ' counts,
A read pulse (manually operated when a coordinate is to

be recorded) transfers the information from the two
counter banks (x and y) to the buffer store, figure 10,

by a parallel read system. LEach of the binary counters
has its own location in the store which is counnected as

e shift register with six locations per row. The upper
row is connected through amplifiers to the eight-hole
punch which operates on automatic trip. As each row is
punched a synchronised signal returns from the punch to
the store shifting each row up by one posgition and filling
the store with 'zeros' Ifrom the bottom. After six cycles

the information is completely read out and the store empiy.

1f sne of the rows of a coordinnte is completely empty
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(as by chance it may be) the punch is tripped by a six-
rov shift register connected to act as a counter. Thus
each coordinate is punched on to the tape in gix rows.
Between the store and the punch amplifiers is an even
parity generator.

Together with the measuring tahle is an electric
input typewriter coupled to the punch by way of a diode
matrix arranged in the £lliott code., All the other
information needed with the coordinates is punched on to
the tape using this typewriter. The read pulse is also
operated by a ltey of the typewriter so that a complete
record of the order in which each event iz measured is
kept on paper. The information required by the computer
in addition to the coordinates includes lables for each
point and track, and a 'title' for each event, This
title is a series of reference numbers for a) the frame,
b} the event in the freme, c) the event type, and 4) the

operator.

2.4 Data Processing

The output from the measuring tables was recorded

using the programme 'REAP' and then put on to magnetic



tape to serve as input data for the geometry and kine-
matics programmes, THR#SH and GRIND. These two CHRHN
Library programﬁes were used by all the laboratories in
both collaborations. Although these programmes are well
known and widely used & brief review of their main
features is given here for the purpose of la ter reference,
The computing of the Durham six-prong events was per-
formed using the Bonn I.B.M. 7090 computer and the
deuterium two-prong events were processed on a similar

computer in Paris.
2.41 RuAP

In the form in which it leaves the measuring tables
the data cannot be read into the geometry ﬁrogramme. The
programme REAP, written by H. Halliwell for the particular
requirements of the Durham data, both reorders the data
and at the same time checks the accuracy and the complete-
ness of the measurements. REAP is written in such a way
that in reordering the data considerable latitude is
allowed in the exact form the measurements take. Errors
of measurement noted at the time they are made may be
corrected simply by relabelling the point or track and

repeating the measurement. REAP also allows a general
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title, punched on to the tape with the first measured
event, to serve as the title for each of the following
events, with only those reference numbers sltered which
change from event to event. In this way usuelly only the
frame number will need to be changed by the operrtor.

The output from REAP, which is run on the Durham
Tlliott 803 computer, consists of a paper tape in Ferranti
code with the ordered THRESH input data and a second tape
with information about the quality of the mensurements.

If ingufficient fiducial marks have heen measured or if

they have been incorrectly measured the event is rejected.
Similarly if a track has been badly measured (perhaps as

a result of a counter fault) a simple fitting routine allows
this to be noted snd the event can usually be remeasured
before the film lesaves the measuring table so that consid-

erable time can be saved,

Eefore entering THRESH the input data is transferred
on to a magnetic tape using an I.B.:J. 1401 computer and

the code is changed from Ferranti to I.B.M.

2.42 THRESH
THRESH is the mass-independent geometricéal recon-—
struction programme and the version used for these experi-

ments was written in the PFortran ITI language. Using some
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general information about the bubble chamber used e.g.
the positions of the cameras and fiducial crosses and
data concerning the optical system, the measurements of
each event are used to calculate the curvature (or range)
and the direction in the chamber of each track and also
the coordinaztes of all interaétion points. The output
lists the angles of dip and azimuth at the starting point
of the track and the curvature at its middle. Tor each
of these guantities the error is calculated from the
difference between the measured and the fitted points,

Thig is the 'internal' error of each quantity.

2.43 GRIND

The kinematics programme GRIND tests the various
hypotheses for the interpretation of each interaction.
For each experiment the possible exit channels of an
interaction are assembled in a 'title' to the progfamme
and these indicate the mass assignments that may be made
to the tracks. The other GRIND titles contain data con-
cerning the magnetic field, the range-momentum relations
and the 'external' errors,

Besides enabling the different hypotheses to be

distinguished GRIND also provides the best estimate of the
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complete kinematical state of each particle (given by its
four-momentum) after the correct fitting has been made.
These values are then used in later analysis. The
relativistic conservation laws are imposed upon the inter-
actions by four constraint eyuations - one for each
component of four-momentum. The masses of the particles
are fixed by the hypothesis and all the measured quantities
are adjusted within prescribed limits until the best fit
to the constraint equations is found. The fit is made

by the minimisation of a xz function which depends on all
the measured quantities, In the case where there are no

. unmeasured variables the fit has to fulfil all the con-
straint equations and there are four degrees of freedom.
ilhere there are unmeasured variables, such as the momentum
and direction of a neutral particle, some of the equations
must be used to calculate these variables and in the case
of one neutral particle three of the eguations are auto-
matically fulfilled leaving only one degree of freedom for
the fit. Mo fit at all can be obtained when there is more
than one neutral particle produced in an interaction unless
the decay products cen be measured. In such cases only
the missing mass can be calculsted for the interaction.
IFor any one interaction the number of fits is not neces-

sarily limited to one. The actual number will depend
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largely on the particular kinematice of the event and
upon tine amount of adjustment which is allowed.

The output of URIWD contains a geometry record of
the complete unfitted event and for each hypothesis a
record of the assigned masses and the corresponding value
of wz. For each hypothesis, whether fitted or not, GRIWD
also calculates the squared missing mass using the un-
fitted quantities. The relative ionizations of the tracks
are determined 28 seen on the central view from the 1/[3-2
denendence and these are corrected for dip. Certain
tests are applied during the fitting which if not satis-
fied are indicated as errors in the printed output. TFor
example, the expected 'external' errors which are defined
by certain formulae, are compared with the internsl errors
computed by THRSSH for the curvature and the angles of
each track. If the internal error is greater than three

times the external error then the correspond,-error is

signalled.

2.5 Examination and Analysis

Lach six-pronged interaction was studied at the scan-

ning table together with the output from GRIWND and a
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visual comparison was made between the computed bubble
densities of the tracks and those seen on the film, all
hypotheses which were not consistent with the ionization
of the tracks were excluded. Hypotheses with strange
particles were not written in to the GRIND title so it
was necessary to identify the proton only to distinguish
betvieen hypotheses. Protons can be distinguished from
pions up to a momentum of about 1.3 GeV/c when the proton
ionization is close to the plateau level. TIFor events
where more than one hypothesis satisfied the above exam-
inrtion the values of the sguared miassing mass,:ﬂﬂg, and
of %2 were considered@ to choose the more probable inter-

pretation. The necessary condition for the calculated

Mﬂz to be acceptable for a hypothesis was that

W2 - 20(WMZ) < M2 < wZ + 28(idi°)

vhere MO was the mass of the missing particle corresponding
to the hypothesis e.g. Mo = 0 for 4C fits. 'The greatest
acceptable value for w? wag 6 for the 1C fite and 24.%

for the 4C fits. Where two or more hypotheses still
remained the following order of precedence vas observed.

Pour-constraint hypotheses viere accepted rather than 1C

fits and where further distinction was reqguired the
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hypothesis with the lowest value of ”2 was chosen,

Some events which had not been sufficiently well
measured failed to be reconstructed in THRESH and these
were picked out from the GRIND printout for remeasurement.
Certain other events which had produced fits in GRIWD
vere also remeasured if the errors signalled as a result
of the GRIND tests were sufficiently important to cast
doubts on the validity of the fit obtained. If, for
example, an event had one track too badly measured to be
reconstructed a 1C fit might nevertheless be made which
could be satisfactory in every other way and in such a
case the error signalled would ensure that it was re-
measured .

2.51 %° Limits

The 02 limits used for the n+p experiment were the
ones that had been found previously to be adequate in
distinguishing between the following interactions of one

and no degrees of freedom
- + + = -0
PP > T M A RN

+_+_—_=_0
S A AR A
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Events of these two types were generated by a lionte Carlo
programme 'FAKE' with errors of the variables similar to
those found in experimental values. These simulated
events were then used as input for GRIND and a study of
the resulting fitted hypotheses and associated w2 values
indicated the extent to which misclagsification of events
might be expected. It was found that selecting a value
of %2 £ 6 for the 1C fits gave a confidence level of

0.01 and this has been adopted for the 1C fits of the
six-pronged m' p interactions also. For the 4C fits a
value of x? € 24.5 was thought to be adeguate and

corresponds to a confidence level of 0.00G0l.

2.52 Data Summary Tape

From the GRIND output a summary tape was prepared
which contained only the hypotheses selected by the
examination. IFor each event GRIND produced a 'SLICE'
card and upon this was punched the number corresponding
to the selected hypothesis. Using these cards the
programme SLICE compiled the Datas Summary Tape (D.S.T.).
Thie tape held the records of the unfitted and fitted

2 2

geometry, MM“ and X° for each event. As the experiment
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progressed and more events were fitted the D.S.T. was

kept up to date.

2.53 SuUMX

The CERN Library programme 'SUMX' was used to cal-
culate the differentisl cross sections (dc/db?) and the
effective mass and angular distributions from the D.S.T.
By adding the appropriate subroutines SUMI may be used
to plot any distribution relevant to the experiment.

The distributions may be plotted with any 'cuts' needed
to study particular features of the interactions by

requiring that certain tests be satisfied.

2.6 Phase Space

The distributions prepared by SUMA from the experi-
mental results are presented later and are often compared
to the distributions predicted by statistical factors
only - usually called 'phase space'. The deansity of n
particles in Lorentz invariant phase space is given by
the integral wvhich is defined thus

n (135:I

1 n n
) = T[ 3@ p;-P)&(L 1, -&)
1 2Ei 1 1

R (E;,?‘I".I'_E

n n
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where ﬁi are the momenta and Ei the energies of the
particles in the centre of mass system of total energy 2
and total momentum P.

For any particular final state Rn is calculated
using the programme FUWL which generates events by a
Monte Carlo method. The progranme has been used cliefly
to calculate the phase svace distribution of effective
mass for all the different combinations of particles
possible in the six-pronged intersctions. ‘%When the dis-~
tributions are calculated for meany thousands of events
the regults agree well with the curves produced analyti-
cally. The weight with which each generated event is
plotted is given by the phase space integral and the
total weigint is normalised to one. To take into account
postulated resonances in the final state a Breit Wigner
function is introduced to increase the weight of those
events for which the effective mass of the particles of

the funcition lies within the width of the resonance.
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CHAPT=R 3

SLASTIC SCATTERING OF 7' maSONS I DuUTHRIUM AT 5 GuvV/C

3.1 Introduction

The analysis of elastic scattering of pions and
protons on nuclei is usually made with the optical model
which describes very well in terms 0f a Bessel function
the characteristic diffraction phenomens observed experi-
mentally. Bellettini et al. (1966) at CuRe have studied
the elastic scattering of protons on nuclei renging from
Li to U and have made such an analysis with an optical
model which additionally takes into account the Coulomb
interaction. For the heavier nuclel the agreement is very
good and evidence for the secondary maxima can be seen;
for the lighter nuclei these secondary maxima become
masked because the structure of the nucleus, with dif-
fraction from individual anucleons, is then important. 1In
the case of the heavy nuclei the optical analogy works -
very well beczuse the partial waves are strongly absorbed
up to a clearly defined maximum value. This maximum is

given by 1 = kR, where k is the reduced wave number of

max

the incident particle, and defines the radius of the

nucleus R.
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In an approximation usually made for the Bessel
function at small angles the differential cross section,
do/dt, has a simple exponential dependence upon t, the
negative square of the four momentum transfer. Using
nuclear emulsions Kirillova et al. (1964 ) have made a
study of proton-deuterium elastic scattering ahnd have
examined the dependence of do/dt upon t. They have shown

that their results are in fact fitted by the relation

do/dt = (do/at),__exp(btrot?)
. 4, 2
where (dc/dt;tzo = mR ' /4h

The differential cross section has an energy dependence
which reflects the well-known 'shrinking' of the dif-
fraction peak for nucleon-nucleon scattering. It is
unlikely that the simple optical model for a uniform
nuclear potential can be used to describe the deuterium
nucleus which has a very small binding energy and conse-
quently diffuse structure. 1In the analysis of the present
experiment, therefore, an attempt has been made to intro-
duce more realistic nuclear potentials into the optical
model calculations, based on the Hulthen wave function and

an approximation to a 'hard core' wave function.
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It has been shown by Fernbach, Green and Watson .
(1951) and others that the elastic scattering in
deuterium may be described in terms of the free neutron
and proton scattering amplitudes, F(n' p) and f(n p)
respectively. In the case of ntd interactions these are
both known -- f(ﬁ+p) from direct measurements and f(n' n)
from the measurements of f(mn p). Quasi-elastic scattering,
in which the deuteron breaks up, may also be considered
from the same point of view and Harrington (1964), taking
into account double scattering effects, has derived
expressions for the differential cross sections for both
elastic and guasi-elastic scattering. Bellettini et al.
(196%) in their p-d scattering experiment at 19.3 GeV/c
have analysed their results using these expressions and
obtain good agreement for the assumption that both the
real and imaginary parts of the p-p and p-n scattering
amplitudes are identical. They have at the same time
extended the analysis to the results of Kirillova et al.
for p—-d scattering at 10.9 GeV/c and again have found
good agreement. The results of the present experiment

have also been studiéd in this way to try to confirm that
the analysis holds for the scattering of pions as well

in the lower energy region, namely 5 GeV/c.
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3.11 Technigues for Studying Elastic Scattering in

Deuterium

The spark chamber and nuclear emulsion technigues
have been used most often to study elastic scattering in
deuterium, 1In both cases only one of the particles
taking part in the interaction is observed. In counter
experiments only the scattered particle is measured and
this is performed with extremely good angular resolution,
about C.1 mrad. The momentum resolution, however, although
about 1/2% at 19 GeV/c, does not allow the elastic inter-
actions to be separated from the quasi-elastic interactions
by means of the kinematical constraints between angle and
momentum., At present this represents a limitation when
studying deuteriwn scattering with this technigque but with
improved momentum resolution and the very large statistics
obtained by spark chambers very accurate measurements of
elastic cross sections will be possible.

In the emulsion experiments performed at Dubna the
proton beam is incident on e thin foil target loaded with
a, heavy hydrocarbon and the recoil deuterons, which are
enitted at almnost 900, sre detected with nuclear emulsions

nlac

®

d a short distance away. Very accurate measurements



of the momenta and angles of the deuteron tracks enables
the elastic and guasi-elastic interactions to be distin-
sguished. Momentum transfers down to -t«0.005 (GeV)z

may be studied in this way. ZExperiments on the elastic
scattering of pions are more difficult to perform because
of the need for very intense, pure and well collimated
pion beams which are not available as readily as similar
proton beams.

In bubble chamber experiments at high energy the
angles through which the incident particles are elastically
scattered are 1oo smell to be easily detected at the
scanning table. The recoiling target nuclei, however, are
more readily visible snd it is by scanning for these
characteristic 'black' tracks thet elastic scatterings may
be seiected. It is not possible to separate the guasi-
elastic scattering visually nor simply by the fitting of
GRIUD. “The elastic sample is selected by requiring certain
testes to be satisfied which are imposed by the constraints
of the interaction. The range of momentum transfers which
can be covered by the bubble chamber technique is not as
great as csn be obtained using counters or emulsions
because deuteron tracks of range less than 1 mm., 2re not

seen whilst scanning Thus the smallest transfer which can

(=2
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be resolved is -t = 0.015 (GeV)2 which corresponds at

6 Gev/c to an angle of scattering of about 20 mrad. For
this reason the bubble chamber would not be useful to

study the real part of the scattering amplitude by obser-
vation of the interference betvween this part and the
Coulomb amplitude (essentially real) which is imvortant
only a2t emall =2ngles. However, to study elastic scattering
at very small impact parameters, bubble chambers would be
more suitable for observing and measuring the long recoils
than nuclear emulsions where long tracks would have to be

followed through the emilsion stack.

3.2 The Ontical wmodel

In the optical model a particle scattered by a
nuclens is treated =2s a wave propagating through an 2ttenu-
gting medium h:.ving a refractive index. In this case
vhere absorptive effects are considered the interection
poteutial will be complex. The elastic effects, the
refraction inside the nucleus and the diffraction around
the nucleus (which is considered to be spherical), are

described by the real part of the potentisl, V_. Because

r

the thin nuclerr surfece is considered to be diffuse
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reflection may be neglected. The refraction increases
the wave number of the incident particle fron k to k'
ingide the potential and in the relativistic case

(FPowler and Perkins, 1956)
- 2.1/2
k' = k(1 + (2Vr/pﬁcj + (Vr/pc) )

where p is the centre of mass momentum of the incident
particle. Then if pc is large in comparison with Vr the

change in wave number kl is given by

ky = kV_/pBec (1)

The attenuation inside the nucleus by the inelastic
channels is described by the imagingry part of the
potential, V., which is therefore related to the coef-
ficient of absorption, K. This coefficient is defined by
the product of the nucleon density and thes average cross
section for scattering of the particle by a nucleon, and

is related to Vi in the following way
K = 2Vi/hﬂc (2)

The refracted wave front re-emerges from the nucleus with
smaller amplitude and is out of phase with fhe wave

diffracted around the nucleus., The resulting interference



pattern may be described by Bessel functions. Fernbach
et al. (1949) have shown that the scattering amplitude,

f(e), may be written as follows

R
£(8) = ik_[(l—e(zlkl‘K)s)Jo(kpsine)pdp (3)
0

where Jo is the zero order Bessel function, 2s the distance
across the nucleus at distance p from the centre, ana & is
the angle of scattering. The differential cross section

is given by

do/aQ =|f(e)|2

In large nuclei the wave passing through the nucleus is
almost wholly absorbed. The elastic scattering is then
essentially diffractive only and the following approxi-

mation is usually made,.

k2R* [25 (kReine)?
dﬂ/dQ =

4 kRsin&

I'or small angles of scattering this may be further simpli-
fied and written in terms of -t, the four-momentum trans-

fer squared, becomes

4
do/at = BB exp-[(8/2n)2 141]
- 4h2
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This expression is valid only inside the first minimum of
the diffraction pattern.

It may also be shown (e.g. Lock, 1960) that the
imaginary part of the forward scattering amplitude is
related to the sum of the elastic and inelastic cross
sections, the total cross section Orps in the following way

Inf(0) = KO (4)

4n

This relationship is known as the optical theorem.

In the optical model the potential inside the nucleus
is generally taken to be constant but in the calculations
presented later the structure of the deuteron nucleus has
been taken into account by considering both the real and
the imaginary components of the potential to be dependent
upon the nucleon density. An alternative approach to the
problem of scattering on deuterium, the model based on
the impulse approximastion, considers the nucleons separatel]

is

and allowances/made tor diffuseness of the deuteron by the

inclusion of a strong interaction form factor.

3.3 High Energy Scattering in the Impulse Approximation

The problem of high energy collisions of particles
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with deuterium has been trested in detail by Harrington and
by Franco and Glauber (196%) whose work is closely followed
in this discussion. In the approximation used the two
nucleons are considered to be stationary during the inter-
action which takes place on the mass shell, Both single
and double scatterings are taken into account and the
deuteron elastic scattering amplitude is expressed in terms
of the elastic scattering amplitudes of the proton and
neutron and of the deuteron form factor.

High energy scattering takes place predominantly at
small angles and so double scattering may occur with
appreciable intensity but scattering of higher orders will
require one or more backward séatterings and is therefore
of negligihly small amplitude. At the high energies con-
sidered the wavelength of the incident particle will be
mach smaller than the range of its interaction with a
nucleon and diffraction theory may be used to describe the
collision.

A general expression may be written to describe the
two-prrticle elastic scattering amplitude at small angles

(%' ,k) = Ejexn [(i(lz"—k' ).b j(l-exg(ix(Ta)))dTa (5)
2T



- 41 -

where k and k' are the propagation vectors of the particle
before and after deflection, and b is the impact parameter
vector vernendicular to the direction of the incident
particle. The scattering process is characterised by the
tunction ¥ (b) which represents the change in phase at a
point b of the emerging wave front resulting from its
pagsage tarough the interaction region. Absorvntion of the
vwave as a result of incoherent processes is represented
here again by allowing ¥(D) to take complex values., Since
the Lorentz transformation does not affect the tramsverse
components of the momentuw nor the phase shifts, equation
5, 1s aleso the correct reoresentation for the scattering
amplitude in the laboretory system when the laborntory
velues of k and k' are used.

The internzal ground state wave function of the
deuteron iz ¥, (T) and Y,(T; is the internsl final state
wave function where T is the vector separation of the
eroton and neutron whose coordin-tes are ?ﬁ and ?h. In
the case of elastic scattering the final state will be
the ground state again., The amplitude for the process in
which the deuteron is left in a final state |f)> and in

which the incident varticle transfers momentun Ay

i

(k- )
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may be written as

ik
Fei(T) = _éﬂ'emg(ia.s) <{z| [;'O,G(B,;p,;lly 1) ab (6)

where the abbreviation hss been introduced

-

= - _
I:ota.l(o’ prTp) =1 exp[l total(E’rL’r')]

1'he total phase shift depends upon the coordin: tes FD and
T s viell as b,
n

Since in the processes considered the momentum trans-
fer is small the recoil of the nucleus may be neglected
without introducing any significent error. The centre of
nass of the target nucleus is considered to remain Tixed

at the orizin and Eq. 5 may be revritten as

Fei(Q) = | (7)

ik = TyvarivE S [ . {. e S by L—‘}] (-
= exp(l-.o,db'Yf(r) l-exp 1xh(b—181+1x%( +%8) ﬂ&\r, ar
T &
Here, ® is the projection of T on the Hlane perpendicular
to the Girection of incideace and %h(ﬁ—%E} and x%(F#{E)

£

*re the phase shifts nroduced by the neutron sud vroton
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in their 1netrnt*ae)ur ponitioas.,
To assist in separatiang the individual scattaring

contributions r‘ and T; are introduced for the proton and

neutron resp ctlvely These obey the relation

1-exp [1% (545 )+1% (B+‘;_E)]

(8)

[»] I
=
i
]
ey
'/\.
o
Nl
V)]
|
[a] ]
=]
|l
’rjal
L] ]
o
-
E:I

=

froa Sy, (5) it can be seen thet the nuéleon scattering
giplitude iz & Mourier transform_af'ﬂand an approxi.nete
inversion is wade by multiplyins tnis egustion by

exp(-iy.D') snd integrnting the variable  over a plane

perpendicular to the direction of incidence. Then

- 1 —
rzb) = — Iéxp(—iq.b}f(q)da

2nik

substituting the identity (8) into the intesral (7)

Fil(:) = <T| Kp(zlu.F,g—J‘“XO(J .b) r‘(b‘db


http://approxi.ii

The first two integrals are easily expressed in terms of
the neutron and proton elastic scsttering amalitudes by
means of ug. 5. In the taird ilategral r; and [; are
expressed in terws of fn and fp and making use sf the
Pourier integral representation of the two dimensional

delta function it is found that

e (@) = C2[R(G3)] 1)

Vhere (L, 8 = eXpC%iE.E)fn(E) + exg(—%if.g}fp(a)

Iexg(i-;- )2, (T T (T

+
21k
The effects of'single and double scattering have been
separated in tais expression. The first two terme are the
single scattering amplitudes for the proton and neutron
and the third term represeﬁts the double scattering
amplitude. The form factor of the deuteron in the ground

gtate 1s
S(q) =_fexp(ig.?}r+(5)|2d?

and this expression is used to rewrite the elastic
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scattering amplitude in the form

Fo (a) =

SEDEL (D + S(-$DEL(D) + gm,f 5(3')f, (£3-1')fp(¥a-3' )dg

This is the disgonal element >f F(,s) in the deuteron
ground state and by syuaring the modulus of the matrix
element the angular distribution of the elastically

scattered intengity may be obtained

(dg/d9) -\|2

elestic = lﬂii(q’

as/a%; = s I, (D %+ |2, (D) % 2rele, (D2 (D))

Tk

_1 S(%_E)Im[[fn(i)-rfp(aj]fs(q o (Bura’ )E (dg-q )dq}

2

R

(an)2

[san,aane, 5 e

The three ter.s above each have 2 straightforward physical
significance. The first term contzins the intensities for
scattering by the neutron and the proton and the interfer-
ence of the two wave anplitudes. The second term cor-

responds to the interference between the double scattering
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amplitude ana the two single scattering amplitudes. Since
the form factor is peaked sharply in the forviard direction
this term has an appreciable contribution only if in the
double scattering process the scattering by one of the
particles occurs with a momentum transfer very close to

E and the additional scattering by the other nucleon occurs
with nearly zero momentum transfer. The third gives the
intensgity for pure double scattering.

To derive the form factor, S(%q), for the above
expression two different wave functions have been use,
described below. These wave functions have also been
employed to describe the structure of the deuteron in the

optical model calculations.,

3.4 The Deuteron Wave Function

If an attractive central force of short range is
assuned between the proton and neutron a potential, which
must be negative, may be derived having a value different
from zero only within the range of the force. The ground
state of the deuteron would then be =z singlet state,
being spherically symmetric, and the radial wave function
u(r), (=r¥(r)), would be dependent only on the absolute

value of the separation r. For large values of r the



- 47 -

radial wave function is then given by

u(r) = e-r/p

where p =k 1_ ﬁ(ZHB)_i = 4,31 fermi,

Ik being the wave number, i the reduced mass of a nucleon
and B the binding energy of the nucleus. From the value
of the 'decay length' p which is considerably larger than
the range of the force between the nucleons (about 2 fermi)
it may be seen that the deuteron has a very diffuse
structure.

From measurements of the deuteron guadrupole magnetic
moment it is knowﬁ that there is, besides the S state, a
D state probability of about 3%. This gives rise to a
spin-orbit interaction so that in addition to the central
force there is a tensor force also. Gartemhaus (1955),
taking into account the two states, has studied the inter-
action potential using the Yukaws theory with cut-off.
The resulting potential at large separstions (>1 fermi) is
similnr to the potential with no cut-off. At simall distance
however, the tensor potential is close to zero and the

central potential is strongly repulsive. The corresponding
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wave function, which is given in numerical form, describes
a deuteron with a 'hard core'. The proton and neutron
cannot then overlap as would be the case without cut-off.
The binding energy and quadrupole moment which may be cal-
culated with this theory are in good agreement with experi-
ment. Moravesik (1958) has approximated the Gartenhaus
wave function by several analytical expressions and two

of these have been used in the present calcul~ations. The

first is a iulthen type wave function which has the form

ul(r) = C (e—ar—e—ﬁr)

Agreement with the asymptotic behaviour of the Gertenhsus
S function determines the value of C and o (= 1/p) and B
is given by the normalisation. The D-wave function con-
tributes only 7% té the total normalisation ana we have
neglected this. The resulting approximation to the whole

wave function is

(10)
This wave function does not give good agreement at small
separations and cannot be thought to resemble a 'hard

core' description of the deuteron. A much better



spproximation to the hard core is given by a second

function which, however, retains a simple asnalytical form

u(r) = K (l_e—l.59r)(e_0.232r_e—1.59r) (11)

We have used this approximation as our hard wsve function.
The two wave functions are shown in comparison with the

Gartenhaus S-wave function in figure 11.

3.5 Experimental Analysis

From the two-pronged events found in the scan at

(]

LR about 1,250 eveunts were selected from 31 triads of
film for measurement as condidates for the elastic inter-
action mw d»n 4. At the Ecole Polytechnique a further

1550 events, selected from 38 triads, were measured. As
explained previously the elastic scatters have a character-
igtic appearance, namely a track of minimum ionisation in
the forward direction and a 'blzck' recoil track. For
momentum transfers typical of elastic interactions and for
evente inside the Tiducicl voluwe, the recoil stops inside

the chamber. The contzminstion in the samnle selected by

']

o~ PR V> e I~ ~n o - e o T 5 - o~ ~" 4+ 3 - = e = e
SCailiiilg 1S lax g,cly made up of yuasl—e185T1C interactions

[y

in which the deuteron nucleus breaks up, =2nd the proton
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stops in the chamber. in thece cases the interzction may
tske place on the neutron when the vroton acts as &
'apect=tor', or it may take nlace with the deuteron as =z
whole and raise its internal energy so that it subseyuently
breaks un. Since the ¢euteron is & loosely bound nucleus
the impact of a high energy perticle may be expected to
produce many events of this kind.

Whilst events of the above types cannot be separated
vigually it i= poesible to exclude nearly all inelastic
events from selection by adopting certain acceptance
criteria., It was reyuired that the selected interactions,
besides heaving a stopping recoil trasck, should also be
characterised by a second-ry pion with momentum greater
then 4 Gev/c, an angular deviation of less than 6° (which
allowed momentum transfers up to about 0.6 GeV/c) and =
transverse momentum opposite to thet of the recoil. There
vere no other restrictions. The momentum of the secondary
pion was estimrted at the sceanning table using sets of
calibrated curves.

After measurcment in Durham and Paris the events were
eanalysed by the Paris versions of TriimSH and GRI:D on the
Saclay I.B.wm., 7090 computer. ''he events were fitted to

the following hypotheses
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nnd-n d (i)
> pn (ii)
s>t an° (iii)

All fits to the 1C inelastic hypothesis (iii) were
rejected from further analysis, This did not introduce
any bias into the sample of elastic events finally
selected becauze ambiguous fits were obtained in a few
cases only between hyvotheses (iii) and (ii). It waé
found, however, that nearly all of the events which make
2 4C fit for the elastic scattering hypothesis (i) were
also able to fit the 1C hypothesis (ii) for quasi-elastic
scattering. Thus of the events analysed by GRIND a total
of about 21CO interactions from both laboratories gave
fits to the 1C hypothesis {ii) and of these about 1200
events also fitted the elasstic scattering hypothesis (i).
That some of the events can be fitted by both hypotheses
is mainly a result of the comparatively large errors which
are made in the mesasurement of very energetic and very
'slow' particle tracks. «hen GRIND tries to fit a recoil

deuteron as a proton it is abhle to adjust the angle and
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momentum of the neutron until = reasonable fit is made as
the limits of adjustment are rsther wide. 1In general, for
a fit made in this way, the angle which the fitted neutron
makes to the direction of the recoil should be very small
because the deuteron binding energy is very low and the
deuteron can therefore be approximated by a proton and
neutron moving in the same direction. For quasi-elastic
interactions in which the recoil is genuinely a proton the
fitted neutron is expected to be distributed isotropibally.
Two tests have been made to confirm that the 4C hypothesis
is the correct interpretation of those events which also
give 10 fits, The first test is based on the expectation
that if the recoil is really a deuteron then the angle
between the fitted proton and neutron should be close to
wero, In fact the projected angle is examined rather than
the spatial angle because the former is more accurately
known. PFigure 12 shows the distribution of the projected
angle between the proton and neutron directions for all
the 1C fits, the shaded part being the contribution of
those events which also gave a 4C fit. The distribution
has been folded about the ordinate at Oo, and covers a
range 0° to 180°. It may be seen that the shaded events

form s narrow peak at small angles whilst the other



o
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interactions are isotropically distributed as expected.
The events in the peak are identified as genuine elastic
scatters.

In the second test measured rather than fitted
gquantities are used. The recoil track is postulated to be
a8 deuteron and the events sub-divided into grouns according
to the momentum derived from the range. For each inter-

actipn the following guantity is calculated

4 =T - fipcos®

where p is the momentum, T the kinetic energy, & the angle
of emission and Bc the c.m.s. velocity of the supposed
deuteron. For elastic interactions it is expected that
the tested quantity A should be close to zero. This

follows because in the transformation relationship

B' = Y(B - ppcose)

the total energy of the deuteron in the laboratory system
after the collision is given by
E =DM, + T

d

whera Md is the rest mass of the deuteron. The total
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energy of the deuteron in the centre of mase for an

elastic collision will be

E' = Yy Y =1/ /1—-_52_
from which it follows that T - Bpcos®& = 0,
The background expected for the other events has not been
calculated. The distribution of the events for the
momentum sub-groups is shown in figure 13 snd again the
shaded events are those which give 4C fits., In each sub-
group these events all fall into s narrow peak centred at
A = 0 and the background is fairly isotropic. This test
confirms the results of the first and it may be assumed
therefore that the 4C fits are the real elastic interactions
and that the dontamination of the selected sample is at
most a few percent. The second test also shows that the

fits are egually good for all ranges of recoil,.

3.51 Corrections for Scanning Loss.

Before calculating the cross sections a correction
for scanning losses has been made to the number of events
found. Hvents are missed whilst scanning mainly because
the recoil tracks are very short. Besides the loss of

events having recoils of short range, events with longer
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recoils may also be lost where the tracks are foreshortened
by steep dip in the chamber. For tracks in the film
plzne the minimua range detectable is about 1 mm. as
pointed out previously. The sample has been divided as
before in 'test A' according to the momentum of the
recoil deuteron and for esch momentum interval a plot
haz been msde >f the distribution of the =ngle which the
recoil makes with the normel to the film plane. These
distributions, separately for each laborstory and com-
bined are shown in figure 14, It is seen that for small
moments there is a marked difference between the numbers
of events measured by the two laboratories. The high
loss of evente with short recoils (up to 2 mm,) in the
CliRn scan may have been the result »f a primary concern
with interactions of higher multiplicities. Because of

thi

on

discrepancy only the results of the licole Polytech-
nique have been used to determine cross sections for
deuteron momenta less than 0.22 GeV/c. Above this
momentum the scsnning efficiencies of Paris and CERu
become comparable as may be seen from the normalised
diagram of figure 1%, where the ratios of the numbers of
4C¢ events found by each laboratory in the di

momentum intervals are shown,
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To correct for the losses resulting from steep tracks
it is necessary to assume that the angle of dip is dis-
tributed isotropically. [For each of the momentum ranges
of figure 14 it is assumed also that the number of events
found will reach a vplateau value when the recoil makes a
certain large angle with the normal to the film plane.

The angle and the plateau value are defined for each
interval and the corresponding corrected number of events
is then calculated. The corrected number will have only
the same statistical weight as the smazller number of
events falling under the plateau. TPFigure 16 shows the
correction factors (i.e. the ratio of the corrected number
to the wncorrected number) which have been determined for
each of the momentum divisions. A curve has been fitted
to the values which has an asymptotic behaviour for very
large and very small recoil momenta. Using this curve

the corrections have been made for the points of the
differential cross section which are separated at intervals

of -t = 0.02(GeV)?.

3.52 mxperimental Differential CUross Section

The experimentally observed differential cross section

. . . + Co .
for elastic scattering of 6 GeV/c ' mesons in deuterium
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is shown in figure 17. "The two points closest to the
origin are based on the Paris data and the other eight
represent the corrected combined data. The errors shown
have been calculated to have the statistical weight of
the uncorrected events found under the plateaux of
figure 14. The points have been plotted for a cross
section per event of 2.44 ub. calculated from the

estimated track length scanned at Paris.

3.6 Optical Model Calculations

The differential cross section predicted by the
optical model for a uniform deuteron has been calculated
for a range of possible values of the radius R using the
expression of Eg. 3. For a uniform nucleus the coefficient
of absorption, K, may be written as

.
jnR
from its definition given in 3.2, where A is the atomic
veight and ¢ is the average total cross section for
n-nucleon scattering. At 6 GeV/c, o = 27.35 mb. (Galbraith

et al., 1965) when for R = 2 fermi the coefficient of




100

&

=)

Od

HARD CORE WAVE FUNCTION

UNIFORM DEUTERON
HULTHEN WAVE FUNCTION

N
\
\
3
\-
\l
\,\.\.
\
\l
\ 7 \\\ \
‘\ ," ™~ \'\
! i
\ i
1 ]
v
! i
| ]
\
5 01 o5 O 25 O3 035
0-05 O15 o2 025 3 .
-1(GeV)2
FIG.17. COMPARISON OF EXPERIMENTAL

DIFFERENTIAL CROSS SECTION
WITH PREDICTIONS OF OPTICAL

MODEL .



-~ 58 -

absorption has typically a value of about 0.13 fermi_l.'
To determine the change in wave number, kl’ inside the
nucleus using Eg.l it is necegsary to assume a value for
the real potential, Vr. dxamination shows that the exact
value is not critical and Vr = 35 KeV has been taken
(Fvans 1955). Substituting the centre of mass values for
k and p the value of ky is 0.177 fermi’l.

To calculate the scattsring aaplitude given by =q. 3
the exnresgion has been divided into its real and
imaginary »narts each of which hese been integrated numeri-
cally using tne wlliott Y03 coaputer. 'The imaginary part
or the torward scattering amplitude, Imf(0), has been
normalised to the value given by the optical theoréﬁ,
3g. 4. IFor a total cross section at 6 GeV/c of o(n-d) =
£2.8 mb. (G:.ldraith et al.,196%) tae optical value of

0) ig 4.68 Termi. hne ritio of the real to imaginsry
pnrts of the forward scetiering -mnlitude is found o be
very small, oodut U.02. ‘The differentisl cross sectiocn
a8 calculated for a ruage of rigles in the centre of mess

° 45 5% in the

- o} . s ! -
of 0° to 15 , corresponcing to ~bout O
labar: tory. for convenlicnce the cistributiorn is vlotted

finaily as do/at acainst -t waere tne followins




N
\0
1

relationships have been used as good approximstions for

small angles

do/dt = - 22 do/aQ
P
and -t = 9292

The differential cross section predicted by the uniform
naclear model gives best agreement with the observed dis-
tribution for a deuteron radius, R = 2,10 fermi and the
two distributions are shown together in figure 17. It
can be seen that reasonable agreement is obtained only up
to values of -t less than 0.1 (GeV)2 and the predicted
secondary maximum at -t = 0.25 (GeV)2 is not observed
experimentally. This result is not surprising since the
deuteron has a diffuse structure rather than a clean edge.
A nmore detailed calculation hasg been made using the
Hulthen and hard core wave functions described in Ig. 10
and Bq. 11, To use these wave functions in an optical
model calculation it is necessary to rewrite them in terms

of the distance from the centre of the nucleus, the half-

separation, which is considered to be equivalent to the
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radial parameter of the optical model. In this form the

Hulthen wave function is written as

YR__-6R

WY(R)GLE:—j%E-——

wita R = § and Y = 0.464 fermi ™™ and & = 2.404 fermi™L:

The density of nucleons at radius R is then proportional

toIV(R)Iz, and is normalised to the number of nucleons in

the ususl way. The coefficient of absorption may then be
written in the following way, using the previously given
value of & :

-YR_ -aR]z

= J FPermi™T (12)

K = 0.743 [e
R

The expected value of K at the centre of the nucleus is
then

K(0) = 0.743 (6=Y)? fermi™t

5.80 fermi *

-YR__-0R |2 &
and therefore, K = 0.265Fi———3——— K(0) fermi
R
If it is assumed thst the real potential is related to the

density then the change in wave number may be written fronm

sy. 1 as

= kVr/pfc =

pBe  (5-v)?

o Kk vr(0) [e_YR—e—aR > . .1

R
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where Vr(O) ig the real potential at the centre of the
nucleus given in MeV., Then for 7 mesons at 6 GeV/c in

the laboratory system

p=1
k - 11.13 fermi™*
c.rn.sl
_ 3.
Poom.s, = 2.20 10 weV/c

and using these values

k; = 1.34 10‘3vr(0)[ﬂ§i_ﬂ]2 Permi > (13)
Using the expressions above, lig. 12 and Eg. 13, the
variation of Ks and kls with impact parameter has been
calculated and the results for Ks are shown in figure 138
together with the corresponding curves for the hard core
wave function and for the uniform nucleus. The curves are
plotted for impact parameters up to 3 fermi, beyond which
they have values close to zero.

The real and imaginary parts of the forward scattering
amplitude have been calculated from Eq. 3 using a numeri-
cal method as before but in this case with Ks and kls as
functions of the impact parameter p. ‘The values of K(O)

and Vr(O) vere adjusted until the imaginary part of the
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forward amplitude, Imf(0), attained the value given by
the optical theorem. Until recently the real part Ref(0)
was believed to he zero but there are indications that it
may nSt be negligihle. An arbitrary value one tenth of
that of Imf(0) has been adopted; the differential cross
section is not sensitive to the exact value when it is
small, Having normalised the distribution the complete
differential cross section wags computed for a range of
angles 0° to 15° in the c.m.s. Again the distribution
has been finally plotted as do/dt. In figure 17 the
differential cross sections for the Hulthen and hard core
vave functions are shown in comparison with the experi-
mental data and also with the prediction of the uniform
nucleus. The secondary maximum associated with the uniform
deuteron does not appear in either of the two predicted
distributions but apart from this feature the agreement
is very poor. Both distributions are too broad and the
radii which would correspond to the two distributions if
a uniform model ¥ere fitted are 1.7 fermi for the Hulthen
wave function and 1.85 fermi for the hard core wave

function.




3.7 Impulse lodel Calculations

In order to evaluate the expression, kq. 9, given for
the angular distribution we require the functions fn(q),
fp(q) and 3(q') and the forms suggested by Harrington

have been used. These are

£.(p,q) = 1a,(p)exp[-a_(p)q® ]
£,(0,a) = 1A (plexn[-a (»)a®] + 7,

The parameters An, A a

y & , and a., are functions of the
b, n p d :

incident momentwn p and are chosen to fit the low momentum.
transfer experimental data. Fc is the Coulomb amplitude
and is given at these small momentum transfers in the

notetion of Bellettini et al. to be

2
Fo = = Z% P where ) = —3
q hpe 1378

An(p) and An(p) are complex numbers proportional to the

total crosn sections for m-n and m-~p elastic scattering




respectively., Then

hp(p) = £,,(+ip ) and 4 (p) = £ (1+ip))

pGT(nn)
where f__ is an abbreviation for ———, gnd f for
on - 4t op
pop(mn) _
———— and p_ and p are tne ratios for the real to
P n P
4nh .
imaginary amplitudes for neutron and proton scattering
respectively. Making these substitutions the differential

cross section is obtained after integration to be

2 2 2 .
dc/dQel =S (%q)[]fnl + |fp| + 2(RefnRefp + Imfnlmfpﬁ

(14)

L 22 2
- 8(zyq) [J.J(Imfn + Imf_) - N(Ref_ + Ref )]+ (M‘)z
TP P P (2mp)

M and ¥ are given below. written in the above form the
differential cross section d¢/dQ may be evaluated

numerically.

M =

. 5 ) .
2n(pppn—1)pzfopfonex9[}%(ap+°n)q2] Lomsp fonpnexPG%anqz)

2
(ad toog + an) q (ad + an)
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2 ; . ' 2 2 \
2n(pp+ pn)p fopfonexP[fF(“p+“n)q?]_ 16mgp fonexPe7anq2)

2

Gy + G + « +
( d P n) 9 (“d an)

The form factor constants ¢y in these expressions for M

and 1 are related to the counstants ay used previously thus

0y = 284

The differentisl cross sections have been calculated
using ug. 14 for both form factors of the strong inter-
action, derived from the .ulthen and hard core wave
functions., The final calculations have hewanr made on the
I.B.i. 1620 computer in Paris using a modified CaRW
programme., For the ratios of the real and imaginary
amplitudes for the proton pP and the neutron Pn the

folloviing values have been used (Bellettini et al., 196%)

- = — 3
Py = Py 0.32

and for the total cross sectiona (Galbraith et al., 1GAF)

for n-p and m-n scattering

O'T(np) = 26,2 ab,


http://G-albra.it
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GT(nn) = 28,5 mb,

Por the constante of the form fzctors similer values to

those of Bellettini et al.(196%) have been used.

. 2
oy =@y = 7,5 (GeV/c)

; . -2
g = 44 (GeV/e)
The results of the calculations are shown in comparison

witii the observed differential cross section in figure 19

and it can be smeen that the predictions of the impulse

5

waodel are in very good agreement with experiment. For
the curve derived for each vave funcition has been calcu-
lated the corresponding value of %2 for the ten observed

values of do/dt . It is found that
X2 Hard Core = 8.58

)
X = Hulthen

3.3
and 1t may be concluded thet the hard core wave function

ig a satief-ctory description of the deuteron whilst the

Hulthen wave function is not.
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CHAPTLER 4

INELASTIC n+p Lilidalllons OF H1Gd wmULLLIPLICITY AT 5 Giv/C

4,1 TIntroduction

The majority of the secondary particles produced
vhen meson and proton beains are in collision with nucleon
targets are found to be m mesons and o feature of the
interactions is the forumotion of unntable multi-pion
resonsnces and nucleon isobars. The information learned
from tie kineuw~tic correlation of the particles in the
final =state is mostly for the energy region up to about
10 GeV and generally only final states containing two to
five pmarticles have been closely examnined. Comparsatively
little detailed information is available for interactions
in which more secondary particles are produced, largely
becaunse of the small cross sections for thesme events and
also because of the difficultiez of analysis when so0 many
different combinctione of particles must be considered.
Until experimentzl data are ade.uately available it is
difficult to devise a dynamical model for the analysis of
very high multiplicity interactions but lately & group of
physicists at CiRii, under the guidance of Professor Van

dove, have begun to study the theoretical aspects of the



problem, At the present time therefore the analysis of
such interactions can only be "ade in general terms
following the models which have been successful in inter-
preting the interactions of lower multiplicity, and in
particular the peripheral model whose most important

features are described briefly here.

4,11 The Peripheral liodel

A detailed analysis of inelastic interactions in
which there are less than six particles in the final state
shows that frequently the production takes plesce by way of
a quasi-two-body intersction in which one or both of the
mass centres are resonances. Such processes are found to
occur usually for small momentum transfers with the decay
products of the resonances collimated into the forward
and backward directions of the centre of mass system. It
may be inferred from this that there is a tendency for
the directions of the incident particles to be mainteined
end that therefore the interaction does not take vlace
centrally after 2 head on collision but that rother the
particles meet in 2 glancing manner., Frou this point of
view 2 meson scattering on a nucleon will interact only
with the outer structure of the nucleon, the mesic 'cloud'
and n>t with its 'core'. For such peripheral interactions

the long range force concerned is deceribed, using the



Yulkawa theory, in terns of the exchange of a virtual
particle. Generally it is assumed (Ferrari snd Sellari,
1962) that the exchanged particle is a meson since these
are the lightest of the strongly.interacting particles and
have, therefore, the largest interaction radii. The
Feynman diagram for a two-body reaction with one meson

exchange (0.M.£.) of the type
a+ b-»c +d

is shown in figure 20 and occurs with the exchange of
particle e. Generally ¢ and d are resonances which later
decay into the particles seen in the final state, sometimes
by way of other lighter resonsnces. The invariant square
of the four-momentws transfer between particles a and ¢ or

between b and d is defined by

A2 2

~(p,-p, —(pd—pb)2

= —(m§+m§) + 2B E_ - 2505'&00539'iE (15)

a

' . o . E 3
where the p; are the four-momenta of the particles and @
1s bthe production sngle. The notation is

P iR 2 _ —
.) , from which ny = BY ;o= ml

p; = (Ejypy
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vihere 4.

, 0., 2nd m. are the
i* * i

i’

and meseg of the particle indicated.

total energy, three-momentum

It follows from the

conservation of four-momentun thet P = P,7P, and therefore

2

A° = —n is the

vihere m
e

N D N

Since A

tne mass-siell end mé

eletent for this rer.ction

JAass

is a virtual mzss.

of the exchange particle.

is always positive the interaction takes place off

The matrix

see e.g. Schaitt, 1965%) includes

Ly 9‘ .
a tern, L/(Ad+m;), the propagator of the exchanged particle,

and thie term has a singulsrity in the unphysical region

2

at the point A° = -’

Me being the physical mass
of the jropsgrtor upon the

dc/dA?, will depend on the

vilere the

of the particle.

gxchange particle is real,

The influence

differential cross section,

physical mass of the exchange

perticle and will be greatest for the exchange of a pion

because the pole will then lie close to the physical region

and the distribution will be

peaked at small values of AZ.

In a typical example of one pion exchange, the reaction at

4 GeV/c

+ T
T p-»HN

reported by the Anglo-Ger.uan

~

2 . .
A" is peaked

of the events occur for A2

distribution of

<0.5 (ueV)®,

0
p

Jollrbor=stion (1965 the

. 2 .
GeV ) and slmost 2ll

ct

U.l

~~

Mg

P
<l

It ig found,
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liowever, that the differential cross section predicted by

the O.w.d, nodel has a much larger peak =2t small A? and
falle off less rapidly than the observed distribution
(Jackson, 196% from data of the Saclay-ursay-Bari-Bologna
Collaboration, 1964). By including form factors in the
natrix element (Ferrari and Sellari, 1964) it is possible
to fit the experimental distribution using the V....d. model
but the fitting is largely enpirical and it is found also
thot the fora factors have an energy dependence, A more
satisfactory explanation can be made if the absorptive
effects of the other open inelastic channels are considered
(Gottfried and Jackson, 1964), At high energies there are
:nany other open inelastic interactions competing wiith the
guasi-two-body process and this lezads to thie reduction of
the amplitude of the two-body process particularly for
small impact parameters., The quasi-two-~body interaction
then depends almost entirely upon high partial waves which
lead to large scattering angles and it becomes possible to
predict satisfactorily the observed distribution of Az.

In peripheral interactions the resonant particles will be
produced in a mixture of spin states (sece e.g. Jackson,
1965) demendent upon the spin and parity of the exchange

narticle, Information may therefore be obtsined about the

-

exchange particle by observing the decay distribution of

the resonances.



In the present experiment the data have been exemined
to see whether the periphersl model is still applicable to
the interpretation of very high multiplicity interactions.
svidence for peripheralism has been looked for in the
distributions of the production angles of the secondaries
and in the distributions of AE. The effective mass plots
of the differeit particle combinations have been studied
to see if yuasi-two-body processes occur snd a systematic
study has been .nade of the decay distributions of the

regsonances which have been observed.

4.2 Bxperimental Results

From the 150,000 photographs of the interaction of
1" mesons in hydrogen at 4.98 GeV/c the six laboratories of
the collaboration have analyéed approximstely 3,500 events
in which there are six charged particles in the final state.
These interactions have been fitted to the following

interpretations which include only non-stroinge particles

A opapantatnTn” 1052 events (i)
-»p ntate T Tn® 159% events (ii)
= watata T " 279 events (1ii)
>n n T Tw® : 152 events (iv)

+>p ntatntn-n~+ mnd, md?2 389 events (v)



The analysis into the 4C channel, (i), ~nd the two 1C
channels, (ii) and (iii), has been made in the manner
described in section 2.% using the bubble densities of the
tracks and accepting eveunts with %2$ 6 for the 1C fits and
X2 < 24.5 for the 4C fits. The two nofit channels, (iv)
and (v), hove been sepzrated by mesns of the sguatred
Aalssing nass calculzted for eech interaction froin the

measured guantities.

4,21 (Orosd Sections

The crosg sections given here have been calculated
from the Durhem dats. after determining tne average number
of tracks per frane. Corrections have been madc to teske
into account

i) the dip and curvature of the beam
ii} tuae nuaber of tracks l=zaving the
side of the fiducial volume
iii) +the shorter track length of particles
which interact in the volume,
and the total length of track scanned has been calculated

to be (16,20 £ 0.02) 10

metres. The error given is due
msinly to the statistical error resulting from counting

tracks in only one tenth of the frames of each film. The
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overall scanning efficiency is (99.8 % 0.1) (see Chanter
2, 2.13) and the corrected totsl number of six-prong events
is found to be 743. M BEL wew- calipn fr T cue- proged wals
W

+ ..
g’l‘otal = (1-13 - 0.07) mh.

The partial cross sections for the different channels are

sunmsrised in table I.

TABLE I
Partial Cross
Channel . .
Section pb.
o A - - SN
PUTATRNT X 400 + 30
+ + + = - - +
PEAATT N 70 600 - 40
+ + + = - +
AMTRATN R T 110 = 10
+ + 4+ + =~ ~ 0
AMTTARNTTRT }
+ + + - - o) Nt oA
DAHAMTA T + mR 210 - 20
m2 2

yerinon aof the cross sections ~iven above with the

[}

resulte derived from small statistics by the Aachen-Berlin-
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Bonn-damburg-unich Collaboration (196¢) for the same
reactions at 4 GeV/c shows that the cross sections for
high multiplicity interactions have a strong energy
dependence. In channel (i), for example, the cross section
at 4 GeV/c is 250 = 40 pb. and the same cross section is
given for channel (ii) at this. lover momentum,

In this dissertation a report is given of the results

of the study of the 4C events in chanuel (i).

2

4.22 Distributions of MMa and X~ for 4C events

The distribution of the missing mass sguared is shown
in figure 21 for the events of this channel and as expected
the distribution is peaked sharply at MM2 = 0 having =
width of 0.0004 (GeV)z. The distribution is skewed
slightly towards positive values of MM2 but this asymmetry
is not thought to represent any significant hias of the
sample., The x? distribution, shown in figure 22 is in
reasonably satisfactory egreement with the theoretically
predicted curve for four degrees of freedom. The sample
of 4C events is believed to be free from any systematic

biases due to faults of messurement or selection.
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4.23 uffective liass Distributions of pn', m'm , and pm

The overall effective mass distributions of the pn+
and = m_ comhinations are shown in figures 23 and 24 and
contain three and six entries per event respectively.

Both mass distributions differ greatly from the predictions
of pure phase space and they show that, as in the lower
miltiplicity interactions in this energy region, there are
large numbers of the N*(1236) and of the p resonances
produced. The pn+ mass distribution is =een to_be dominated
by the N* formation centred at 1210 lieV. The large shift
from the accepted value of 1236 MeV has been observed in
other experiments (e.z. Boldt et zl., 1964) and is thought
to depend on the angular momentum of the resonant state

and the orbital angular momentum of the two—ﬁody decay
(Jackson, 1964), The width,r1, has been estimsted by
fitting to the observed mass distribution a Breit Wigner
shape and the best fit has been obtained for['= 125 MeV.

In the n'n~ mass distribution the only observed en-
hancement is the peak centred at T30 MeV which is
attributed to the production of the po particle. The
shifting of the centre of the peak from its accepted value
of 765 MeV may be due in part to interference effects as

well as to an angular momentum effect. It has not been



+8 d 4O SSYN 3AIL03443 <2'Old

002 A (, 3d)IN oS oz 90|
Z
g
m
2
los 9
4]
<4
@
Z
5
{001
n
b ]
m
b+
N
o
{os1 £
<

30VdS ISYHd Y%lZ Jd %S
duN %65 <N %S!
SAYLNI 9SIE

— ooz



14 4]

& B 4O SSYW 3AILD3443 ="M 2913
A3 (L3, 3)N 00 2L0 0S-0 820
- 400
.)o.‘._
osl
#Ovn
30VdS 3SVYHd Y%l J %S
JaN %65  oN %SI

S3I41N3 2IE9

A3N OZ ¥3d SNOILVYNIBNOD IO d38NNN



- 17 -

possible to estimate the width of the observed peak because
the large background prevents the fitting from being
gsensitive to the value of the width. An enhancement at
670 MeV in the m'n~ distribution has been reported recently
for the same reaction at 4 GeV/c (Aachen-Berlin-Bonn-
Hamburg-hunich Collaboration, 1966) and it is suggested
that this might be connected with the e meson (Hagopian
et al., 1965), In the present experiment which has much
larger statistics there is no evidence for this enhancement
vihich is therefore believed to be a statistical fluctuatioﬁ.
An estimete of the proportions of the production of
the N* and the p0 has been mede as follows. liass spectra
have been computed by FOWL for both combinations, pn+ and
nfn_, hased on the assumption that all the interactions
take place by way of
i) pure phase space
or, ii); the production of an N*
or, 1iii) the production of a po

. . . X 0
or, iv) the production of an #" and a p .

The two observed eftective i1ass distributions have then
been fitted with backgrounds wiich are the sum of these

four spectra in proportions which have been estimrted by


http://ms.de
http://pla.ce

a least squares fit. The best fit has been obtained for
the following proportions

15% N*, ) po, 59¢4. Nipo, and 214 pure phese space,

Whilst it is.believed that the estinations of the total
¥ and pO production, 749 and 649 respectively, are valid
representations of the dat=2 it should be pointed out that
the proportion of the correlated pro canndot be sensitively
determined. Therefore the estimated £9¢ of correlated
broduction is considered to be an upper Llimit and the true
oroportion moy lie between this figure and the 474 expected-
statistically. The calculsted backgrounds ars shown with
the exverimentsl distributions in the figures z2nd the fit
is seen to be satisfactory. The background spectra for all
the effective mass distributions have bean calculated with
the proportions given and the pure phase space distributions
are not shown, It is hoped -in this way to avoid large
deviations froin the backgrounds resulting from kinemstic
reflections of the H® and of the po nraduction.,

The effective mase distribution of the pn~ combinstion
is shown in figure 2% and ao enhsucenent is obzerved in the

region of the N¥(1235).
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4 .24 Angular Distributions of the Secondary Particles

The sngular distributions of the outgoing particles,
proton, n" and 7, in the centre of mass of the interaction
hzave been plotted in figure 26, The protons show a pro-
nounced peak in the backward direction between ~1 < cos @ ¢
-0.75 with a forward-backvard ratio, F/B, of 0.52, The
secondary n+ mesons are almost isotropically distributed
ywhilst the m~ mesons are peaked, though not stroangly, in
the forward direction. Table IT below contains the results
for the forward-backward ratios and the asymmetry perameter,
(P-B)/(P+B), for the three distributions. I snd B are
numnbers of entries contained in the forward and backward

hemnisnheres respectively.

Taplhiy IT
Secondary /B (F-B)/(P+B)
proton  |0.52 = 0.03 |0.32 £ 0.02
nt 1.09 £ .04 l0.05 £ ¢0.002
n 1.2 L o006 |0.11 £ 0.01
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Plotting the overall pn' and n'n  angular distributions,
figure 27, shows tihnt the backward peaking of the proton
is reflected in the rather broader distribution of the gn+
whilst the forward peak of the n'n” gistribution is rather
more pronounced thrn that of the m . This forward peak is
attributed to the pO and examinotion of the distribution of
those pn+ cortbinations which lie in the mass region 1120
to 1320 .ieV, figure 28, showis that the M* praduction is
strongly collimated in the backwerds direction. I'rom these
distributions it ig sapparent that an appreciable pronortion
of the collisions are glancing, and peripheralism is
therefore still important. The lack of a forward peak in
the distribution of the n' is not considered to be in
contradiction to this in view of the large numbers of N*
isobars which are produced backwards and whose decay
products also trevel predominantly in thet direction.
Whilst evidence of collimation of the secondaries is
found in tﬁese differential cross sections it should be
noted that the FP-B asymmetry is rawuch less pronounced than
in the case of interactions of smaller multiplicities. It
is therefore of interest to look at the reflections of

istribution of A2 for

[}

these angulsar asymmetries in th

w

the pn+ and in particular for those events which both the

¥ 4 4 o : .
N™ and the p are produced.
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4 .25 Distribution of A2 Between the Incident Proton
and the pn+

The overall distribution of A2 between the incident
proton and the pn+ combineation is shown in figure 29
together with the baclkground predicted by phase space for
an egual number of events, Although the dhserved distri-
bution is very broad there is a marked tendency towards
lower values of A2 than would be expected for statistical
production only. This represents the effect of the peak
in the p'n+ angular distribution, A2 and cos ®* being
related by £y. 15. 2o illustrate the values of G which
are associated with the most peripheral six-prong inter-
actions and to provide a basis for comparison with values
of A2 typical for guasi-two-body processes a selection hszs

been made of the interactions of the type

nfp + N*© po '
where the N is produced in the backwards peak,
~1<cos ® ¢ ~0.75. The sample has been chosen by requiring
that the mass of the pn+ taken as the n* should lie between

1120 and 1320 MeV and that the n'n~ taken as the po should

have =z mass between 670 and &50 kieV. The additional
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angular condition also represents a constraint upon£x2
and the phase space for the sample will, as 2 result of
this, be peaked at smzall values of A2. This distribution
mast, however, lie witain the phase space for sll the
events., It can be seen in figure 292 that the observed
aistribution of the sample has a significant pezk outside
even the overall phase space and this may be consideied
to be confirmation of the peripheralism of the events in
which the N™ is produced backwsrds. The peak is centred
at 0.8 (GeV)z, and it is apparent that, altiiough the
tendency to small values of‘A2 is significant, the momen-
tum transfers typical of a peripheral interaction of high
maltiplicity are much larger than those cheracteristic of
guasi-two-body interactions with four or five particles
in the final state. Small partial waves evidently are
still of importance for peripheral interacticns of high
miltiplicity. Greater momentum transfers are to be
expected generally for interactions of higher multiplicity
simply in order to create the larger number of particles
but it seems unlikely that quasi-two-body interactions
should occur with such high values of A2 unless the
exchange pérticle were particularly massive. It may be
that the peripheralism of the six-pronged interactions
has & more compliceted explsnation in teras of multi-

peripheral diagrams with several vertices (Amati and

Stanghellini, 1962)
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4.26 Three-pion Effective iass Distributions,

+ + - + - -
MM and T T |

The results have been examined for evidence of the
production of the Al and A2 particles both of which are
reported to decay principally by way of the mp mode
(Chung et al., 1964 and others)., There is still some
uncertainty concerning the enhancement, seen in the region
of 1100 neV in the mp mass distributions of these experi-
ments, which is tentatively attributed to the Al resonance.
Declt (1964 ) has suggested that the peak could be the result
of k¥inemntic effects whereby mp masses just above thresh-
hold are favoured. Certainly the indevendently reported
enhancements which are found in both cherged and neutral
modes cannot be explained as statisticel fluctuations.

The intervretation of the peak st 1320 lieV in the mp
system as a genuine resonance is well established and en-
hancements heve also been observed at this mass in the KE
end 7 systens (Chung et 2l., 1964 and the Anglo-Germusn
Collabor:=tion, 1964 ). If these are decay modes of the

same particle then the guantum numbers of the A? are

established to be, in the usual notation, JPG = 2¥7. fThe

isospin is I = 1 found from the observation of both charged



and neutral forms of the A2.

The present experiment should be very suitable to
observe resonancez wnich decay into a p0 and a ©m or m_
as there is abundant formation of the po and there are
additional vions besides those ascociated with the * ana
the po. Murthermore, it has heen vointedéd out that the
periphersalism of the six-proanged events is not dominnted
so conpletely by hizh particl waves as are four and five
pronged interactions so that kinematic effects dependent
upon very low aiomentun transfers should not be important.
The overall eftective mass distributions for the n m'n~
aid 1+n—n— co.binations are shown in firures 30 and 31.
Sursrisiagly therc are no significent enthrncements in
either distribution. The background of the w'a =~ distri-
bution is not in good agreement with the observed spectrum
but tuis is thought to be the result of some dynamical
reflections of the procuction vaiich cannot be included in
the computation of tie bockground using Fudlh, If tze aisss

distribulions for the two pion c bove are

9]
EI'
=
b
v
ct

arns

3]

plotted with the requirement thet one = n combination
: W oma o s . o 41 0 cr A o
should lie in the aass region of the p (670 to 850 .ieV)

there is still no indication of any resonsnce production.
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unly when the additionzal condition is imposed that there
\ + . . . . - L -
should be & pn combination in the mass region oi the w*
-1wving backwards (—1<cos(3*< -0.75) is oy evidence for a
Tp resonance odbserved. PFigure 32 shows the effective mass
. . . o . o_+ . . . .
distribution for the p™n conbination in these events which
must largely be of the king
+ ¥ 0 _+_-
Tp->N p W
and an enn'ncement is seen, centred at 1300 LleV, which

may be ettributeble to the A,. The distribution hns been

N

plotted together with a normolised control distribution
produced for the same ness restrictions but for the angular
region ~i.75<coe @ 7€ 0. Agninst this baclkground the en-
hancément hes about a three standerd deviation effect.

The smaller enhancement observed in the same distribution
at about 1000 1ieV is about two standard deviations above
the background but it has the asymmetric appearance of a
statisticsl fluctustion. In the complementary distribution,
for the n—po with the same conditions there are no enhance-
nents and this casts Goubt upon the peak at 1300 MeV in

the n+p° system. The surprising result of this study seems
to be thet in the gix-pronged interactions there is

essentially no production of the Al or A2 particles in
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spite of the general importance of po formation., In view
oF the lack of evidence for the production of the A2 which
is considered to be a genuine resonance it is not possible

to put forward any evidence agsinst the Al.

. e s . . . + - =
4,27 Pour-pion Bffective nass Distribution = A

The effective mass distribution of the n'n m n~
combinsation is shovin in figure 33 and it can be seen that
in spite of the rather poor agreement of the background
there are ho statistically significant enhancements. Any
important gquasi-two-body processes involving the N* and a
four-pion resonsnce are therefore considered to be unlikely.
Imvosing various conditions on to the selection of events
does not h=zve the effect of revealing any peaks which are
difficult to see on account of the background. Both the
f° meson =nd the recently reported g particle (Goldberg
et al., 196%), which has a mass of about 1670 LieV, may be
expected to decay into this four-pion mode but peaks in
these regions are not sezn snd no conclusions can be de-
rived about the upper limit of the branching ratios of

these particles into two ~nd four pions until the full

analysis has been made of the four-pronged events,
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4.28 digher nucleon Isobars

Thne possible production of higher nucleon isobars
bein, produced in the interaction and later decaying into
the M* hes been inverticated by looking for enhancenents
in the effective mass distributions of the combin~tions

+ + +_— +_ = - . b= .
pt®, 97 n, pRunNn, and punwn vihich are shown in

M WL

figures 34 to 37. The backgrounds are not all in very

50048 agree-lent but none of the deviations seem to he

statistically significasnt snd they are not enhanced by

in the .uass region of the W Aoves backwards., It seems
that hisher nucleon isobars are ndot = feature of the six-
nronged interrctions. Taking into account the negstive
results in the searcit for the multi-pion resonsnces (other
then the po) it is clear that the cuasi-two-body processes
vhich cre fzvoured in four and five particle finsl states

d> not occur with appreciable freguency for these inter-

actione of higher multiplicity.

. . . - N + -
£ ,22 Decay Distribution of the m T

the distribution >f the decsy sngle of the dipion

coahin<tions in the po bond has been exsninadé in a
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aample Of peripheral events of the type

; 3+ + -
T p - N o°

A

The usual constraints upon the aass zad zngle of -the NET

have been imposed, 1120<r.;p,n+ <132¢ eV and -14c3s 8 < -0.75
respectively, and the po masge region hras been tolen between
670 and 850 LeV, The angle of decay, &g hrs been defined
as tne ocngle between the direction of the 7" meson in the
centre of mess of the p0 and the direction of the po. The
resulting distribution for the conditions given is shown

in figure 38(e). The distributiosn does not appezr to be

consigtent with isotropy and a curve of thne form

N\

1l + a cos “d has been fitted by a le~si squares method.

™
f'or tiue ten observed values of cos“decvy the value of ¥

. 2. . -
for the best fit, 1 + 1.6% cos & is 20.5 and may be com-

2 - 29.5 for an isotropic distribution. In

pared with %
case the effect might be the result of kinenatic reflections
from the pion decaying from the nucleon isobar two control
regions have been plotted, fizures 38(b) end (c), for the

d

I...I.

pion mass regions on either side of the p0 band, 490 to-
570 eV and 850 to 101y eV, Both dirtributions are

ecssentially isotropic and it is believed therefore that

5]

. , ) . .
tihe decay soyametry of the p region is & real effect

indiceting a spin polarization of the resonence in its
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production. To confirm this tentative counclusion
experiments a

t higher energies would prove helpful as

the control region 450 to 1010 MeV does not contain meny

events in the present experiment.
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CONCLUSLIONS

An experiment has been réported in vhich the elastic
scattering of 6 GeV/c 7' mesons in deuterium has been
investigated. The observed differential cross section is
in very good ogreement with the prediction of the impulse
approximation to high energy diffresction scattering vihen
the deuteron form factor is derived from a hard core wave
function. It is shown that the dulthen wave function does
not provide sn adeguate description of the structure of the
deuteron. The diffuseness of the deuteron does not allow
the optical model d.scription of elastic scettering to be
-extended to this light nucleus.

In a second experiment which hags been reported on the
high wultiplicity interactions of 5 GeV/c m' mesons in
hydrogen the partial cross sections have been determined
for the different channels leading to six charged particles
in the final state and these have been shown to be increas-
rapidly with energy. The 4C channel is dominated by

ing

«

the production of the W¥(1236) and of the po; there is no

evidence to show that these are the products of the decays
of heavier resonaices. There is & surprising absence of
any significant enhrncements in the mp system and in

varticular there is no evidence for thne Al and apparently
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only & small number of A; particles are formed. The
exaiination of the effective mass distribution of the
four-pion combination, n+n+n—nf, does not reveal any
evidence for the four-pion decay modes of the £° or the
g particles. The po is therefore essentially the only
pion resonance observed in the interactions. The search
for higher nucleon isobars has also produced no positive
result and it seems thaet yuasi-two-body processes do not
play any significant part in internctions of very high
maltiplicity.

The angular distributions of the secondaries, and in
particular that of the pﬂ+ combinetions in the H® mass
region, show that a significant proportion of the reson-
ances are produced in glancing collisions. In view of
the absence of quasi-two-body processes it seems unlikely
that the interactions take place by the exchange of a
single psrticle; such an exchange particle would have to
be very massive to lead to the comparitively broed angular
distributions. Perhaps = multi-peripheral model with
several vertices should be used to explain the association
0

of the two pions which do not take part in the N* and P

resonances. The six particle final state is apparently



reached through a more complicated production mechanism
than that of four and five particle gystems and is
dependent upon smaller partial waves.

A decay asymmetry of the po is observed in the most.
peripheral interactions which seems to be the result of
polarization of its anguler momentum at production.
Confirmation of this effect should be looked for in
experiments at higher energies where possible kinematic

effects could be more easily distinguished.
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