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Director’'s Foreword

The year under review is dominated by two events outside the Rutherford
Laboratory, which necessarily have had a considerable impact upon our
programme. First of all, the decision to go ahead with the construction
of the new accelerator at CERN has resulted in a reduction in the funds
available for the Laboratory programme. At the start of 1972 we therefore
carried out a detailed review of all aspects of our work and decided where
the reductions should be made. In spite of the pruning, the work in the
Laboratory is going ahead with considerable vigour, as I hope this report
will illustrate.

Secondly, the Intersecting Storage Rings have come into successful operation
at CERN and the Laboratory has built equipment for one of the first
experiments to be accepted for it. The trend towards increasing use of CERN
has therefore continued and about one-half of our high energy physics
programme is now being carried out on the CERN accelerators. The Nimrod
programme is, however, still very active and this year the number of protons
accelerated was 35% higher than in 1970. Our 50 millionth beam pulse
coincided with a visit to the Laboratory by members of the Royal Society
and their distinguished guests as part of the celebrations to mark the
centenary of Lord Rutherford’s birth.

The computing power available to Laboratory users has been greatly
increased with the installation and successful commissioning of the IBM
360/195 computer. Plans are now being considered for installing computer
terminals in a number of University Departments linked directly to the
IBM 360/195.

During the year the Science Research Council agreed to the formation of a
Neutron Beam Research Unit at the Rutherford Laboratory, which will

reinforce the support which is available for University research workers in
this field and increase the scope of the Laboratory’s activities.

AN

G. H. Stafford




Divisional Organisation (December 1971

HIGH ENERGY PHYSICS DIVISION

Experiments in fundamental particle physics and experiments on
nuclear structure, in collaboration with University groups, at Nimrod
and CERN. Nuclear Electronics. Photographic Services.

DIVISION HEAD & DEPUTY DIRECTOR: G. MANNING
DEPUTY DIVISION HEAD: J. J. THRESHER

NIMROD DIVISION

Operation and development of Nimrod (7 GeV Proton Synchrotron
Accelerator). Accelerator design. Experimental area management.
Design and installation of beam-lines. Superconducting beam-line
elements. Liquid hydrogen targets. Bubble chamber operations and

development.

DIVISION HEAD: D. A. GRAY
DEPUTY DIVISION HEAD: G. N. VENN

APPLIED PHYSICS DIVISION

Superconducting magnet studies. Rapid cycling vertex detector
studies. Polarized targets. Radio-biological studies and radiation
protection. Superconducting power supplies. High Flux Beam
Reactor design study.

DIVISION HEAD: L. C. W. HOBBIS
ACTING DIVISION HEAD: D. B. THOMAS

NEUTRON BEAM RESEARCH UNIT
HEAD OF UNIT: L. C. W. HOBBIS

COMPUTING & AUTOMATION DIVISION

Operation and development of the Central Computer System and
Satellite Computers. On-line applications including hardware and
software for bubble and spark chamber film analysis. Theoretical
High Energy Physics.

DIVISION HEAD: W. WALKINSHAW

ENGINEERING DIVISION

Design and manufacture of nuclear physics apparatus and applied
research equipment. Engineering Science. Mechanical, Electrical and
Building services. Chemical Technology. Safety services.

DIVISION HEAD & CHIEF ENGINEER: P. BOWLES

ADMINISTRATION DIVISION

Personnel, Finance and Accounts, Stores, Library, Transport, General
and Specialised Administrative Support.

DIVISION HEAD & LABORATORY SECRETARY: ]J. M. VALENTINE
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High Energy Physics

There has been continuing high activity in the Fundamental Particle Physics
research programme during 1971. Reports are given on 39 experiments com-
pared to 31 experiments in 1970. There are 11 new experiments and the
remainder are either experiments whose analysis has continued or which have
moved to the data collection and analysis stage during the past year. Two of the
new experiments use the bubble chamber technique (Experiments 38 and 39)
and the remaining 9 use electronic techniques.

The involvement of Rutherford Laboratory groups at CERN has increased and
new collaborations with institutions outside the UK have been arranged. Table 1
shows a list of Universities and Institutions who are participating in experimental
work supported by the Rutherford Laboratory.

An important development in the facilities of the Laboratory has been the
successful commissioning of Phase II of the secondary beams in Experimental
Hall 3 so that two new beams (79 and N4) are now available from a second
target station in the extracted proton beam (X3). There is provision for the
installation of a third secondary beam at a future date. Figure 1 shows the layout
of Hall 3 as of December 1971. It can be seen from the figure that X3 now
supplies four secondary beams in Hall 3; the second target station is supplied by
refocussing the proton beam after it has interacted in the first target. The proton
flux available for refocussing is dependent on the length of this target and in
practice, when the first station is operating under normal conditions, about 50% of
the available proton flux reaches the second station. This flux is quite adequate for
the experiments using this target station at present.

Experiments using Electronic Techniques

It is convenient to separate the experiments into two classes, those whose chief
aim 1s the study of the strong interaction between particles and those which seek
to gain information about the electromagnetic and the weak interactions. These
are listed in Tables 2 and 3.

From these tables it is clear that a wide variety of work is in progress covering
many aspects of particle physics. In this introduction to the reports themselves a
review of one class of experiment, namely the study of the strong interaction
between fundamental particles by means of measurements on two-body scattering
processes, is given. This is a field in which the Laboratory has been active for
several years and in which many important contributions are being made.

Table 1

Institutions Participating in the High Energy Physics and Nuclear Physics Programme

Counter Experiments

AERE, Harwell

AWRE, Aldermaston

Queen’s University, Belfast
University of Bergen, Norway
University of Birmingham
University of Bristol
University of Cambridge
CERN, Geneva, Switzerland
University of Chicago, USA
Daresbury Nuclear Physics Laboratory
University of Genoa, Italy
University of Glasgow
Harvard University, USA
University of Liverpool
King’s College, London
Imperial College, London
University College, London
Queen Mary College, London
University College, London
Westfield College, London

University of Mainz, Fed. Rep. Germany

University of Manchester

University of Oxford

University of Paris-Sud, Orsay, France
University of Pisa, Italy

University Research Reactor, Risley
University of Rome, Italy
Rutherford High Energy Laboratory
University of Southampton
University of Surrey

University of Stockholm, Sweden
University of Sussex

University of Warwick

i
N @ (T
\ g ety

X3 is the extracted proton beam.

e

Figure 1. Beam lines in Experimental Hall 3 (January 1972).

Bubble Chamber Experiments

University of Bologna, Italy
University of Birmingham
University of Brussels, Belgium
University of Cambridge

CEN, Saclay, France

CERN, Geneva, Switzerland
College de France

Ecole Polytechnique, France
University of Durham
University of Edinburgh
University of Glasgow

Imperial College, London
University of Liverpool
University of Oxford

University of Pisa, Italy
Rutherford High Energy Laboratory
University of Strashbourg, France
Tufts University, USA
University College, London
Westfield College, London

w1

X3X
N4

X3X is the extension of X3 to a second target station. ' .
(This figure and also one showing the layout of beam lines in Experimental Halls 1 and 2 is
~ shown in larger scale on pages 222 and 223).

1]
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The strong interaction is believed to be responsible for the cohesion of the atomic
nucleus and generates many new and interesting effects when it is studied in the
Laboratory. The elucidation of the pattern of these phenomena and their inter-
relationships is proving to be an exacting task. The main tool in this study is the
scattering experiment — a tool which was first used by Geiger, Marsden and
Rutherford to reveal the separate identity of the atomic nucleus. The simplest
form of scattering process is the two-body reaction in which the incident beam
particle and the target particle interact to produce only two outgoing, final state,
particles. In a completely elastic process these final state particles will be identical
with the beam and target particle but two-body processes in which the final state
particles differ from those in the initial state are also quite common. Several
examples of two-body reactions being studied by Rutherford Laboratory counter
groups are shown in Table 4. From the experimental point of view, these reactions
are very amenable to study using electronic detection techniques. They have
this feature because conservation of energy and linear momentum impose a
complete correlation on the directions and momenta of the outgoing particles.
This can be used to identify the two-body events within the limits of accuracy of
the cxperiment. A measurement of the directions of the two final state particles
or the momentum and direction of one of them is sufficient to provide this
identification. The equipment to detect these events usually consists of large arrays
of scintillation counter hodoscopes or spark chambers surrounding a hydrogen
or polarized proton spin target. The size of the detecting equipment makes
possible a high data collection rate so that results of high statistical significance
can be obtained in a short period of time. In order to handle this high rate of
data collection, the detecting equipment is usually linked to a small computer
which provides a buffer store for data received during each beam pulse from the

accelerator. Between beam pulses, this data is written onto magnetic tape for

subsequent analysis using the large computer of the Laboratory. This can often be

the most time-consuming part of the experiment because, although the general
plan for the analysis of the data is usually clear, it is the detailed programming

to deal with problems which cannot usually be foreseen which involves a large
expenditure of time and effort.

Any two-body reaction can be described completely in terms of mathematical
functions called scattering amplitudes which are related to the experimentally
measured quantities. It is the aim of each experiment to determine the behaviour
of these amplitudes as a function of the total energy of the interacting system.
The simplest reactions which can be studied experimentally are the pion-nucleon
and kaon-nucleon scattering processes since, because the pion and kaon have
zero spin, two amplitudes are sufficient to describe each of these processes.
However three independent quantities must be measured because the amplitudes
are, in general, complex quantities and we require to know their relative phase as
well as their magnitude. These three measurements are the angular distribution
(or differential cross-section, do/dS2), the polarization (P) and the A and R

parameters which describe the spin rotation of an initially polarized target
nucleon.

The measurement of do/d can be made using a simple liquid hydrogen target
since no information about the spin direction of the proton is required. The
measurement of P requires a polarized target in which the average spin direction
of the protons is known. The measurement of A and R also requires a polarized
target and (for the elastic channels) a second scatter of the recoil proton (a
“double scattering” experiment). No measurements of this third type have yet
been made in the energy region accessible by Nimrod and the analysis of the results
obtained from do/dQ and P measurements must rely at present on theoretical
constraints to make up for this deficiency in the experimental data.

Table 2

Strong Interaction Experiments using
Electronic Techniques

Expt. Proposal

No.

1

10

No.

40, 63

30, 74

33,92

55

68

50,99

67

43

73

75

Experiment Team

Univ. of Birmingham

*p Di i -Sections in the
K*p Differential Cross-Section ey

Momentum Range 045-0-90 GeV/c

Univ. College
Rutherford Lab.

Momentum Range 0-9-2-2 GeV/c (K)
and 1-6-2:4 GeV/c (K')

Study of Hyperon Resonances Decaying Univ. of Oxford
into Neutral Final States

K*p Differential Cross-Sections in the

Univ. of Oxford

izati fects in 7' p Elastic
Polarization Effectsin T p L e

Scattering
Queen Mary College,
Univ. of Bergen,
AERE

Rutherford Lab.

Wide Angle Elastic pp Scattering

An Investigation of Narrow Width Mesons ImPerial College
produced in 7 p Interactions Univ. of Southampton

Univ. of Cambridge

ion-Nucleon Interactions
S Rutherford Lab.

Univ. of Bristol
Univ. of Southampton
Rutherford Lab.

K*p Differential Cross-Sections in the
Momentum Range 1-2 GeV/c

Univ. of Birmingham

: i * Charge Exchange
K*n Elastic and K arg g L g

Differential Cross-Sections

Queen Mary College
Univ. of Liverpool
Daresbury Lab.
Rutherford Lab.

pp Elastic Scattering and two-body
Annihilation

Differential Cross-Sections and Pglarization Univ. of Glasgow
Effects in 7 p = 7 nand 7p =7 n from Rutherford Lab.

0-6-3'5 GeV/c

Differential Cross-Sections in 7'p >7'p
from 0-6-2-0 GeV/c

Univ. of Bristol
Univ. of Southampton
Rutherford Lab.

Differential Cross-Sections and Polarization Univ. of Cambridge
Effects in T p ~ K°A between Threshold Rutherford Lab.

and 15 GeV/c

Study of Strangeness Zero Bosons using a  Univ. -of Birmingham
Neutron Trigger Westfield College

Polarization Effects in 7°p Backward CERN

; Univ. of Paris-Sud,
Scattering at 6 GeV/c Univ. of Oxford

Study of the Mass Spectrum of X° in the Univ. of Rome

;i = A°X° CERN
Reaction 7 p Rutherford Lab.

Queen Mary College
Univ. of Pisa

Univ. of Mainz
Daresbury Lab.

7-N Scattering Lengths from Precise
X-ray Energy Measurements on Pionic
Hydrogen and Deuterium

Univ. of Birmingham
Univ. of Stockholm
Univ. of Genoa
CERN

Rutherford Lab.

A Study of the Reactions 7p > K"
and K'p—+7 ¥ at 10 GeV/c

Beam

K12

K8

K108

K14A

271

w7

CERN

K15

KI12A

CERN

m9

K15

K13C

CERN

CERN

CERN

CERN

CERN

Status (at
Dec. 1971)

Analysis

Analysis

Analysis
Data
collection
Analysis

Analysis
Analysis
Setting up
Analysis

Analysis

Data
collection

Data
collection

Setting up

Data
collection

Setting up

Setting up

Data
collection

Data
collection

Setting up

Setting up

1.3




14

No.

19

20

21

22

23

24

Table 3

Electromagnetic and Weak Interaction
Experiments using Electronic Techniques

Eropsal Experiment Team Beam
No.

31 Test of the AL =% Rule in the Decay Westfield College K14 Analysis
Zr>prm Rutherford Lab.

45 Test of the AS = AQ Rule for K° Leptonic  Univ. of Cambridge K13 Analysis
Decays Rutherford Lab.

70 Search for Charge Asymmetry in Westfield College 8 Analysis
n Decay Rutherford Lab.

76 A Seagch for the C-violating Decay Westfield College m8 Analysis
n—>me'e Rutherford Lab.

72 ISR Search for the Intermediate Boson Univ. of Bristol CERN Data

Univ. of Cambridge collection

Univ. of Liverpool
Univ. College
Westfield College
Rutherford Lab.

96 Muon-Proton Inelastic Scattering in the Univ. of Oxford NAL In
100 GeV Region
Harvard Univ.

A complete determination of the scattering amplitudes requires a programme of
work spread over a period of several years. A set of measurements of any of the

observable quantities by a group of physicists can take at least three years if the
time for data analysis is included.

Until recently most of the research of the Laboratory has been directed towards
pion-nucleon scattering, almost exclusively in the elastic channel, and about
one quarter of the useful life of Nimrod has been devoted to this subject. This
work has yielded rich dividends and the analysis of data obtained over the past
few years has made it possible to map out the behaviour of the scattering
amplitudes up to a total energy of 2 GeV. The data obtained at the Rutherford
Laboratory accounts for well over 50% of the total world collection.

The behaviour of the amplitudes has proved very interesting and indicates the
formation of many short lived states known as resonances, which are formed as
intermediate states of the pion-nucleon system. The revealing of this amplitude
behaviour has lead to the theoretical idea of duality which attempts to relate,
with considerable success, the high and low energy behaviour of these amplitudes

and therefore correlate, for example, data obtained at Nimrod and the CERN
Proton Synchrotron.

Status (at
Dec. 1971)

Univ. of Chicago preparation

In view of these developments several groups are making measurements oi}ila/d.ﬂ
and P to greater precision than before, it being essential to test the nefv:'1 gg())nfs
with improved experimental data. For example the measurements of af phs
Experiment 12 and of P in Experiment 4 represent a deg'rc_e of prec_151tc)>n whic
is much greater than anything achieved previously. In addition work is legmiung
on a study of the np charge exchange reaction _for wh%ch f;her;farela most :11
good measurements of do/dQ and none of P. T_hls reaction is difficult to stu y
because the final state particles carry no electric ch_arge. Ho‘fvever the -mealsu?:
ments on this reaction, involving the same scattering ampl}tudes a;)s ine asjE }iz
scattering in a different combination, will bring new constran;tsht_o ear ?;ent
analysis of the data. Figure 2 gives some_1dea of th.f: s_cale of this exper . rs.
The neutrons are detected in a large matrix of _2'00 liquid scmtll!atlon ct(‘);m 1:0%
The two y-rays from the decay of the neutral pion are detected in a ILE 011: o
counter hodoscopes in which the y-rays are.converted to an electrpn sk opﬁe ok
sheet of lead. This shower is then detected in three arrays of plast;c tsl,;:m i 2_11 blé
This arrangement detects scattered p-artlclf:s over almost 70%f'0 1€ avia; ihis
solid angle. The polarized target, which will be used for the ITSE'UI%% 2%, e
cexperiment, employs a separated function superconducting rgagne in i St
target is polarized under optimum conditions and then {novg to ta mag

region which gives optimum access for the scattered particle detectors.

Table 4

Two-Body Reactions being Studied by Electronic Techniques

Measurement and Experiment No.

Reaction
Differential Cross-Section Polarization
n'p > TP T . 4, 15¢%

q ' 7* 157
- ’ 11
Tp->n°n 11, 18

i o 11 11
Tp—~>n’n
7p—> A°K® 13
D= 'K 197 197
Kp-— Kp 1,2
Kn—-Kn 9

- A 3 3
Kp-> A®n .
Kp-»>n°2° 3 ‘
Kp->n°z® 3 3
pss 7t 19+ 19+
K'p > K'p 1,2,8
K'n -+ K'n 9

Iq‘n —> Kop 9
PP~ P 10%

f’g e EPW' 10t * CERN Synchrocyclotron

pp > K'K 10F + CERN Proton Synchrotron

REP > pp

15
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Many of the resonant states observed appear only as small effects in the analysis
of the elastic scattering data. Work is therefore in preparation to carry out a
similar programme for the inelastic two-body reactions. Experiment 13 is an
example of this. It is most important to confirm that effects observed in the
analysis of the elastic channel are in fact present also in an inelastic process. It is
also possible that new resonant states will be . observed which have not been
detected in the elastic studies. An added attraction of this experiment is that
measurement of the angular distribution of the decay products of the baryon
(in this case the A°) makes it possible to measure P without the need of a
polarized target. The latter is only required for A and R measurements and in
this case the decay properties of the baryon obviate the need for a double
scattering experiment.

Similar remarks can be made for the kaon-nucleon system as for the pion-nucleon
case. However the work is less advanced, mainly because of the lower intensity
of kaon beams, but excellent measurements are being made as Experiment 8
indicates. A most important difference between kaon and pion reactions is that
the K™ and K* have quite different strong interaction properties. Whereas for the
K'+ nucleon system, similar resonant states have been observed as in the pion +
nucleon system, for the K* no resonances have been clearly seen. This absence
of resonant states is a most important effect. It is related both to the ideas of
duality, mentioned earlier, and also to the quark model. In this model the
resonant states are regarded as excited states of a triplet combination of basic
particles, known as quarks, and the observed states do in fact fit quite well into
such a scheme. However resonant states formed in a K*+ nucleon interaction would
require a combination of five quarks. The search for such states therefore
constitutes an important test of this model.

The work on two-body strong interaction processes may be summarized by
saying that we are now moving into an era in which the quark model and duality
provide a theoretical framework into which the experimental data can be fitted.
The requirements now, from the experimental point of view, are for several series
of well planned and well executed experiments on the major processes (both
clastic and inelastic) which will yield data which is either quite new, or of much
greater accuracy than before. That is one of the aims of the research at the Nimrod
accelerator at the present time.

Figure 2. Apparatus for Experiment 11. The polarized target is surrounded by scintillation
counters to veto charged particles produced in the target: further out from the target an
array of neutron detectors and a y-ray hodoscope are being assembled.

: UNIVERSITY OF BIRMINGHAM
Experlment 1 RUTHERFORD LABORATORY
1 i 1 g d K'p elastic

alysis of the data from this experiment to measure K'p an P
gil’lfgef;ltijaftl cross-sections is now almost complete and several results have been

reported.

The K'p data at 13 momenta between 430 a'md_94:q MeV/c have confirmed the
existing idea that the low momentum angular dlS‘tl‘lbuthIlS are almost structurele_ss.
They have established beyond doubt the repulsive nature of the nuclear scattering
amplitude (see Figure 3) and show that the elastic cross-section 1s almost
independent of energy below the inelastic threshold at 700 MeV/c, which contra-

dicts some earlier counter measurements (Figure 4).

The improved accuracy of the data will allow the I = 1 KN phase ShlftSTf‘ be
determined much more precisely. (I is the Iso-spin of the KN system.) is is
important not only for K'p scattering but also for the analysis of K n §catte1;in§
(sce Experiment 9) where a good knowledge of tl}e'I = 1 phase s}nfts is neede

before the I = 0 phase shifts can be found. A good fit is obtained with the cogv?n-
tional, namely s-wave, type of solution, but other types of solution are being

investigated.

The K'p data at 14 momenta between 590 and 940 MeV/c show considerable
variation and encompass a region previously investigated in s.everal other e?{p_erli
ments using bubble chambers and spark chambers. The increased sta'glstlﬁg
accuracy will help in finding the properties of the several Y* resonances in this

region.

50 _‘

432 MeV/c

4.0

30

dg_
dS2
{mb/st)
20

1-0

90 -95 1-0

cos Gcms

Figure 3. Differential cross-sections in the Coulomb-nuclear interference region fo'r K'p
clastic scattering. The smooth curve is the prediction for a repulsive nuclear amplitude
interfering constructively with the repulsive Coulomb amplitude. The dashed curve is the
Prediction for an attractive nuclear amplitude and is clearly a bad fit to the data.
Experiment 1).

K?*p Differential
Cross-Sections in

the Momentum Range
0-45 to 0-90 GeV/c
(ref. 1, 125, 126, 177)

17




i i eriment is designed to study the final states An® and E°1r_° which
il 7 :rléli)ﬁﬁzzls‘if;izxs};in states, I = lgzilnd I = 0 respectively. Tl}e unambiguous 1dent.1f1-
I cation of these states and others like A7°7°, depends on high gamma ray detei_tli)ln
efficiency, for it is essential to observe all the gamma rays from the (:lecay of the
neutral pions. The high efficiency is achieved by surrounding the liquid hﬁrdrog}eln
target as completely as possible with st_eel plate spark chamb.ers..In these 'L 1e
gamma rays have an individual probability of 98% of converting into a v1s§' l'cl
electron-positron shower. A scintillation counter system rejects those events whic

do not correspond to an ‘all neutral’ final state, from which a later A decay p'rodu(?es
charged particles. These charged particles are detected in magnetostrictive w1r§
chambers, which lie between the hydrogen target and the gamma chambers, an

also in the gamma chambers.

Cross-section (mb)

Stubbs ‘61 Figure 5. Angular distributions in the momentum range of 685 to 805 MeV/c for the reaction
S = 3 data collected in Experiment 3.
Bland '68 0O elastic | Kp =~ An from data p

Glasgow ‘70 685 765
Present expt _

Bugg ‘68
Bowen ‘70

gomp>

Kycia '60
Goldhaber ‘62 O tot

o x + b

04 <

0:3 -

gﬁ' 02 4
0 | | | | ] “ mb/sr

0 200 400 600 800 1000

P (MeV/c)
LAB 0-0

£

mb/sr

0-1 4

Figure 4. Measurements of the K+p elastic cross-section. (Experiment 1). The points labelled
gtot are taken from measurements of the total cross-section in a momentum region where

the inelastic cross-section is negligible. The data of Bugg et al and Bowen et al indicate a
structure not seen in this experiment.

: UNIVERSITY COLLEGE, LONDON
Experiment 2 RUTHERFORD LABORATORY

&

K* Differential Precise measurements of the differential cross-sections of K'p and K'p elastic e

Cross-Sections in  scattering over a wide momentum range have been made in this experiment. The
the Momentum Range aim is to improve the classification of some of the hyperon resonances and look
0-9to 22 GeV/c (K) for evidence of the existence, or otherwise, of ‘exotic’ Z* resonances.
and 1-6 to 2-4 GeV/c

(K*) Data acquisition was completed in May 1970 and during the past year, further
analysis of all the data has continued, in order to obtain reliable normalisations
of the cross-sections and in order to provide a clearer understanding of an
apparently anomalous behaviour of the K'p data at small angles and low momenta.
As a result of this, the preliminary data will be slightly modified. This assess-

05 1 805

ment is almost complete. An absolute normalisation has been achieved, yielding 03 1

total elastic cross-sections which agree to better than 7% with existing data, where ﬂ?‘i

cross checks are possible. Final phase shift analyses of the K* data and also *p mb/sr 02

data (obtained during the course of the experiment) are being undertaken at

present. g
00

-1-0
Expe riment 3 UNIVERSITY OF OXFORD

Study of Hyperon resonances with strangeness - 1 are formed in K'p interactions in the low
Hyperon Resonances energy region. They exist for times of the order of 10" seconds before decaying
Decaying into  into KN, as well as other final states such as A°7° and =7 and can thus be studied
Neutral Final States by analysis of the formation of these states as a function of the incident K
(ref. 128, 169, 178, momentum.
180, 182)

19
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Data was initially taken at 16 values of K’ momentum between 685 and 990 MeV/c,
and a partial wave analysis of this is now approaching completion. Improvements

to the apparatus have been made, and in particular a new set of low-mass magneto-
strictive wire spark chambers have been added. Further data runs are now in pro-
gress and there will be new momentum points in the range 900 to 1100 MeV/c,
each point with approximately five times as much data as before. Approximately
5000 =°7° events should be obtained and a detailed study of Z°n production near
threshold will be made.

Experiment 4

UNIVERSITY OF OXFORD
RUTHERFORD LABORATORY

The amplitude describing the scattering of a pion by a proton depends on the
orientation of the proton spin with respect to the scattering plane. In order to
investigate this spin dependence some scattering experiments are performed with
a polarized target in which there is a net alignment or polarization of the proton
spins. Measurements of the differential cross-section with the target polarization
direction up and down with respect to a horizontal scattering plane will in general
give different results. Changes in this asymmetry in the differential cross-section as
a function of incident pion energy may indicate the formation of very short lived
(~ 107 sec) intermediate states or resonances in the interaction process. Their
properties are determined by the technique of phase shift analysis.

This experiment (see Figure 7) used a polarized target to measure the asymmetry
described above for 7*p elastic scattering between 0-6 and 2:6 GeV/c in approxi-
mately 2% momentum steps. Because of the high statistical precision of the data
(in some cases better than * 1%), great care has been necessary to avoid any
systematic error in the substraction of background. A considerable fraction of this
background arises from quasi-elastic scattering on protons in the complex nuclei
of the target (lanthanum magnesium nitrate crystals). These unpolarized bound
protons outnumber the free polarized protons in the hydrogen of the water of
crystallization by a factor of 15 to 1. In order to check the method of background
subtraction some data was taken using a dummy target which had the same
properties as the polarized target but contained no hydrogen.

In general, phase shift analyses at any particular energy give a large number of
solutions all with comparable x? probabilities. This is partly due to the less than
perfect statistical quality of existing data. In an effort to eliminate some of the
alternative solutions, twice the normal number of events were recorded at three
selected momenta. Results at two of these momenta are shown in Figure 8, and
are compared with the predictions of two recent phase shift analyses.

Figure 7. Schematic diagram of apparatus used in Experiment 4.
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Figure 8. Polarization data at two momenta from Experiment 4
compared with recent phase shift analysis predictions (smooth curves).

Experiment 5

QUEEN MARY COLLEGE, LONDON
UNIVERSITY OF BERGEN
AERE, HARWELL

RUTHERFORD LABORATORY

Wide Angle This experiment measured the differential cross-sections for elastic proton-proton
Elastic pp Scattering scatteringat large centre-of-mass angles 0 *. The experimental work was completed
(ref. 117) n 1970. Analysis of this data was finalised in 1971 and the results have been

published.

Differential cross-sections for 50°<0*<90° at 12 momenta from 1-3 GeV/c to
3:0 GeV/c have been obtained. A sample of these are shown in Figure 9. The
cross-sections at § * = 90° are shown as a function of t (the squared four-momentum
transfer) in Figure 10. It can be seen that the data in this region cannot be fitted
by a set of straight lines of monotonically varying slopes, in contrast to what has
been claimed at higher t values. The previous simple picture had been suggestive of
scattering from different regions within the proton or as reflecting the onset of

various production channels.
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An Investigation

of Narrow Width
Mesons Produced

in w p Interactions
(ref. 21, 22, 129,
130, 131, 184, 189)

. IMPERIAL COLLEGE, LONDON
Exper iment 6 UNIVERSITY OF SOUTHAMPTON
This is a ‘missing mass’ type of experiment in which the yield of neutrons and
protons from 7'p interactions is studied as a function of the pion momentum and
the nucleon time-of-flight. The measurement of the momentum and direction of
the outgoing proton or neutron determines the mass of the ‘missing meson’ X,
assuming interactions of the type

THp->X +p
7 +p>X"+n

The general intention of the experiment is to search for and study narrow mesons
in the mass range 500-2000 MeV/c?.

The equipment consists of a precisely controlled pion beam of variable momentum,
ahydrogen target, six neutron counters near the forward direction and, surrounding
the target, a set of 60 counters differentially sensitive to both charged particles and
photons. Such a counter system defines common decay channels and permits high

data acquisition rates. It has high mass resolution which is almost independent of
the decay.

Most data were collected in the mass region around the A, meson and here the

UNIVERSITY OF CAMBRIDGE
] QUEEN MARY COLLEGE, LONDON
Experiment 7 RUTHERFORD LABORATORY
of 7N interactions in the region around the first N* resonance is
gr:l:c{la?:grelfa%eto a general study of meson-nucleon physics at hlgher_ energies. Pno;
to this experiment the available data were sparse and relatively inaccurate, .211111
warranted a comprehensive series of measurements of total cross-sections (at the
19 level of accuracy) and angular distributions (at the 1% level of accuracy) over

the energy region 80 to 300 MeV.

i i f 1970. The analysis and the
Data collection was completed during the summer of 13 :
tha:zoretical implications of the results have been studied since then, and this work

is now in its final phase.

UNIVERSITY OF BRISTOL

Expe riment 3 RUTHERFORD LABORATORY

This experiment was designed to measure differential cross-sections for K* f,

elastic scattering over a wide angular range. '_l"hese measu}'ements,.combmed vtflltd
olarization measurements from other experiments, pro_v1d§ a basis fo'r a detal‘e

phase shift analysis of the K'p interactions. This analysis will be used in studying

Low Energy
Pion-Nucleon
Interactions

(ref. 25, 26, 159,
170)

K*p Differential
Cross-Sections

in the Range
0-9to 2-0 GeV/c

; : : “ s ces in the positive (ref. 171
analysis into the 2r and 37 decay channels has been completed. It was found the existence or otherwise of possible “exotic™ Z¥ resonan g i )
possible to examine the A, mass spectrum in three regions of four-momentum kaon-nucleon system.
transfer, ranging from -0-9 to - 0-2 (GeV/c)?. Evidence, difficult to explain away . ;
on statistical grounds, was found for a structure at low t in the channel Figure 12. An isometric view of the differential cross sections in K'p elastic scattering
A3 - 7 + neutrals. measured in Experiment 8.

Itis planned to take further data with the same apparatus during 1972. In particular ai
the 7, w and A, mesons will be carefully investigated. | I

t
Figure 11. Yield of neutrons into a fixed narrow time-of-flight gate as the beam momentum
is varied in 3% intervals (‘bins’) from 1373 to 1701 MeV/c. The X° and ¢ can be clearly
identified on the basis of their masses. No decay selection has been used. (Experiment 6). '
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K*n Elastic and

K'n Charge Exchange
Differential
Cross-Sections

(ref. 90, 91, 92)
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The measurements of the differential cross-sections are almost complete and the
results are being finalised for publication. A total of about 250,000 elastic events
were collected at 17 momenta in the momentum range 900 MeV/c to 1900 MeV/c
during the year 1971. The angular range covered by the measurements is
—1:0 < cos 6* < (0.90 at low momentum to 0.97 at the highest momenta).
As soon as the final results of the measurements have been obtained they will be
used in a comprehensive phase shift analysis. Comparison of preliminary results
with published phase shift solutions indicates that the differential cross-sections
from this experiment will enable a considerable number of them to be eliminated.

. UNIVERSITY OF BIRMINGHAM
EXpCI‘I ment 9 RUTHERFORD LABORATORY
Data taking started early in 1971 on this sonic spark chamber experiment to
measure K'n charge exchange and K'n elastic differential cross-sections using a
liquid deuterium target. Several thousand good events have been recorded at each
of 7 K* momenta between 430 and 940 MeV/c and 14 K™ momenta between 590
and 940 MeV/c. These represent a large addition to the meagre existing data. The
K* data should clarify the still unsettled question of whether the large peak observed
in the K'n elastic cross-section at 0-75 GeV/c is an exotic I = 0 resonance (ZX),

while the K results will be useful for the further understanding of the Y*
resonances.

Elastically scattered kaons are identified by observing their decay in flight after
their momentum has been measured in a large spectrometer magnet (M5). The
time of flight of momentum analysed protons from charge exchange events is
measured in a large counter array (3:3 x 1-5 m?). The correct time of flight in con-
junction with the absence of a count in a counter almost surrounding the deuterium
target uniquely identifies these events at all momenta.

The analysis of the large volume of data is proceeding satisfactorily and preliminary

differential cross-section results look encouraging. Data taking is almost complete
(December 1971).

Figure 13. Typical time of flight spectrum at 600 MeV/c. (Experiment 9).
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Experiment 10 RUTHERFORD LABORATORY

i bers as the mesons

ton-antiproton system has the same basic quantum num
’ﬂl Ztlzarﬁgzze?sl zﬂro. Hen{:e mesons with a mass greater t}}llan ’ibatdof t(;vo m:fii:l?:csl
inpp 1 i t lived and are
f dinpp interactions. Such mesons are very short I ! -
g‘; };k?;roéér;Zy in¥c)cl>3 various final states. The experiment is designed to investigate
the reactions Bpr
f) +p—+> T +7
prp+ K+ K
The Nimrod energy is too low to provide sufficient fluxes of anl_ltipi'otonsT.‘h/i&S ne;:
i i i for the CERN synchrotron. w.

enriched beam of antiprotons was designed G S MO SAs
1 tested during the early part of 197.1 and the yields :
'lfr‘l}ztcige:r: r:l'lloiilein E igu%e 15 and agree well with the 'predlctlons of a ther.rgo
dynamic model. Antiproton selection is by time of flight. The beam ﬁ)rol\)qa;j
particles up to a maximum momentum of 2:4 GeV/c. By varying the 1ed
momentum, a mass range of 2:0 GeV/c? to 2:6 GeV/c? can be studied. This includes
the T and U meson regions.

1000
Figure 15. Antiproton yields
in Experiment 10.
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Figure 14. Charge exchange
angular distribution at
600 Mev/c. (Experiment 9).
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The apparatus was set up and tested during the first half of 1971 and the final
item, a 130 ton spectrometer magnet belonging to CERN, was installed in
June 1971. A plan view of the apparatus is shown in Figure 16. Counter hodo-
scopes and spark chambers define the positions of the incoming and outgoing
particles from a liquid hydrogen target. The momentum of one outgoing particle
is determined from its trajectory in the spectrometer magnet. Wire spark chambers
with ferrite core read-out are used, the largest chambers having an active area of
2:69 m x 0-77 m. Information from the chambers is read into a PDP 9L computer
which also provides an on-line monitor of the experiment and which writes all the
information from each scattering event on to magnetic tape for subsequent off-line
analysis. The entire apparatus apart from the beam chambers and counters can
rotate about the hydrogen target, angular distributions at any particular momentum
requiring two different positions of the rotating platform. Data is collected
simultaneously for all three channels under investigation.

Data taking commenced in August 1971 and by November full angular distribu-
tions had been measured at 12 momenta between 1-0 GeV/c and 2-0 GeV/c.
Running time has been allocated until Easter 1972 by which time data at some
20 momenta will have been taken with, for example, 2000 77~ events each. Pre-
liminary analysis has begun at CERN and full scale analysis will be completed on
computers at the Rutherford and Daresbury Laboratories.

Figure 16. Schematic diagram of the apparatus used in the pPp scattering experiment
(Experiment 10).
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UNIVERSITY OF GLASGOW

UNIVERSITY OF WARWICK
Expe riment 11 RUTHERFORD LABORATORY
erential cross-section and the asymmetry for pion-
proton charge exchange scattering from a polarized target will be me}?:Ergg atio?)r?-
laboratory momenta between 600 and 4000 MeV/c. A large num =9 OIt)hgrS
nucleon resonances are known to be produced in this momentunll1 ranlg)t? e
have been suggested by current theoretical models. Qne of t 610' Jg; o
experiment is to provide new data to be incorporated into an analysis f1 e
partial wave amplitudes. From the behaviour F)f these amp!ltu.des as at.u g
momentum of the incident pion, it is possible to qbtam mfn;)trm_a 1oriocess.
properties of any resonant states which may be formed in the scattering p

In this experiment the diff

on counter

Differential
Cross-Sections and
Polarization Effects
in the Charge
Exchange Reactions
np = 7w nand
Tp>n'n
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The experimental arrangement is shown in Figure 18. The target consists of a
mixture of glycerol and water in which the free protons are polarized by means of
the “solid effect”. The target assembly is of the new frozen Spin type; it is des-
cribed in detail on page 113. A very important feature of this new target is that it

allows scattered particles to be detected over about 67% of the total possible solid
angle.

The counter arrays surrounding the target are designed to take full advantage of the
available solid angle. The neutron counters consist of cells, one metre in length,
filled with liquid scintillator. The neutrons are detected in these counters when
they suffer nuclear collisions which yield charged secondary particles. The scintilla-
tion light from the secondary particles is detected by photomultiplier tubes.

The 7° and 7° mesons travel only a minute distance (<10™ cm) before decaying
Into two 7y-rays. These Y-rays are converted by large sheets of lead and produce
electron-positron showers. Each shower is detected in hodoscopes of plastic
scintillation counters placed immediately behind the lead.

With this arrangement neutrons and Y-rays can be detected with sufficient angular
resolution to distinguish charge exchange events from quasi charge exchange
scattering off bound protons. Plastic scintillation counters placed around the target
and in front of the counter arrays are used to reject charged particle backgrounds.

Figure 18. Schematic diagram of the apparatus in Experiment 11.
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the detection efficiency of our apparatus. Th<'r efficiency cali iain 2B
counters will be done in a neutral beam dfarlved from a targe b el e
proton beam. The calibration apparatus is shown in Flgure_:11 b; Lol
chamber spectrometer to the left of the hydrogen _tal_’g?[_t w1ation B e
the momentum and angle of the scattered proton. This in <erm gy e |
sufficient to determine the angle and energy of thc? scattered S:The m;mber it
of the number of neutrons of known energy Emd dlrcctlfon V\gon i ekl
in the neutron array gives the detection efficiency as a funct

: . -
The y-ray hodoscope will be calibrated using electrons presein;lllrfuﬂle ;;19 a1’)etail in
The forward-going photons produced from electron bretrgss f o ngbefore B
radiator will be “tagged”” by measuring the momentum of e e cthe S
after the emission of the photon. This measurement dEtC}”ﬂﬁll&fS the energy of the
photon. Comparison of the number of photons tagged \A;lft the .
in each y-ray hodoscope then gives the y-ray detection efficiency
Cnergy.

i ici d test:
The apparatus is in the final commissioning stage. Test ef’ilc1en§yFiaifasca;rlle d:ta
Charge exchange data have been recorded and are being analysed.

collection will commence in 1972.
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UNIVERSITY OF BRISTOL
RUTHERFORD LABORATORY

Experiment 12

n'p Differential This experiment uses the same equipment as Experiment 8. Its aim is to systemati-
Cross-Sections in the  cally measure differential cross-sections in 7*p elastic scattering over the momentum
Momentum Range range 06 GeV/c to about 2:0 GeV/c. These measurements will be of a higher
0-6 to 2-0 GeV/c statistical accuracy than any obtained before and will cover a wide angular range

as in the case of the K'p elastic scattering measurements.

About 400,000 elastic events in the momentum range 800 MeV/c to 1600 MeV/c
were collected at 16 different values of the central momentum in 12 days of ‘good
beam’ time. The momentum bite is + 2% which means that almost all the runs over-
lap in momentum. The accuracy of determination of the relative momenta for the
incident pions before scattering is better than 0-4%. It will be possible to produce
7'p differential cross-section measurements at central momenta corresponding to
those of the extensive polarization measurements done in this Laboratory.

Figures 20 and 21 show differential cross-sections for two momenta, one at
800 MeV/c and the other at 1451 MeV/c. It is interesting to note that the measure-
ments extend very well into the forward region and in the case of the lower
momentum the rise in the cross-section at small scattering angle is due to Coulomb
scattering effects becoming important.

Figure 20. Differential cross-sections for 'p elastic scattering at 800 MeV/c from
analysed data of Experiment 12.
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Figure 21. Differential cross-sections for 7p elastic scattering at 1451 MeV/c from
analysed data of Experiment 12.

. UNIVERSITY OF CAMBRIDGE
Experlment 13 RUTHERFORD LABORATORY
Nucleon resonances have been extensively studied thl.‘ough phase shift analysis
of the elastic np reactions. Very little information is available fgorg _melastn;
channels. A study of the associated production reaction 7 p = K°A® is usefu
because polarization data is obtained simultaneouslyo without recourse to a
polarized target by measuring the decay asymmetry A" = pr, and the .ﬁea:lctfon
is pure I = } without diffraction scattering. The objective of a detailed low

2 . -
energy programme is an inelastic phase shift analysis to

(a) identify baryon states in an inelastic channel for confirmation that the
elastic channel Argand diagrams do represent evidence for resonant states;

(b) search for “daughter” states in the threshold region where angular momentum
barriers inhibit higher spin states;

(¢) determine branching ratios; and

(d)

provide input for analyses in terms of the.finite energy sum rules which
may allow inferences about high energy amplitudes to be made.

Differential
Cross-Sections

and Polarization

in the Reaction
+p>K°+A°
between Threshold
and 1-5 GeV/c
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Figure 22. A possible 7 p = K°A° event taken in a setting up run for Experiment 13.
Three views of two ten-gap chambers are shown with the Brenner mark and data box alongside.

Setting up is in progress. Figure 22 shows a K°A° candidate obtained in 2 run to
Investigate triggering. The film will be automatically digitised using Cyclops.
Prototypes of magnetostrictive chambers which will supplement the film informa-
tion have been tested. Data taking is scheduled during 1972.

UNIVERSITY OF BIRMINGHAM
. WESTFIELD COLLEGE, LONDON
Experiment 14 RUTHERFORD LABORATORY
An important development in the experimental technique of high energy physics
is the use of very large magnets filled with spark chambers. The Omega system,
nearing completion at CERN, will be the biggest magnet spark chamber system in
operation. Its first use in an experiment is expected in mid-1972. Such devices are
starting to encroach on what was formerly the territory of the bubble chamber,
namely the detection of multi-body final states. These final states may come
from a quasi two body process in which one (or both) of the intermediate state
particles is unstable and decays. Thus, by being able to deal with this situation, a
whole new range of interaction studies is opened up. The Omega system should

have a number of important advantages over present day bubble chambers. These
include:

(a) it is a triggered device, so that an enriched sample of events of a selected
type can be studied.

(b) higher data taking rates are possible. The Plumbicon television camera spark
co-ordinate recording system can cope with up to 30 events (pictures) per
burst. This is in contrast with 1 picture per burst for most bubble chambers.

(c) the accuracy in determining particle trajectories (momentum and direction)
is higher than with present day bubble chambers.

(d) the pictures are expected to contain fewer unwanted tracks than bubble
chamber pictures, making automatic analysis simpler.

With these significant advantages, the Omega project has already developed a
large following (some twelve European collaborations). The many groups hoping
to make use of Omega have contributed to the planning and building of the device
and its ancillary equipment. Equipment is being prepared by the collaboration for
an experiment which will be carried out in the Omega project in late 1972 and
1973. It will bring together counter and bubble chamber physicists. It is a study
of neutral bosons in the mass range 1-2 GeV/c? using a recoil neutron trigger.

: : o "
The number of events expected is in the region _of one million, vzry mucl;li)?:gzs
than in any experiment carried out so far in which the decay products o

have been observed.

Two major pieces of equipment are in preparation: these ac]{e tlie ne:trr;)nfglgtg}(:z
i isi era read-out syste
ay and the Plumbicon television cam
ﬁgn: eirl?r(fhz:mber gaps shown in Figure 23. The neutron counter l}as beenltis‘tid
ina chparged particle beam and has achieved the expected £0-25 ns tlr;llc‘ resocﬁ) 1:11?01—;
Efficiency tests using neutrons will take place at the Harwell synchro-cy

early in 1972.

i ied out at CERN and the Rutherford
ts of the prototype Plumbicon cameras carrie
E.;ls)csar(;tory Eave pZopved to be satisfactory, and show that the cameras have adequate

resolution and sensitivity.

to the development of other aspects of the project at

The gromp 1t coninbaring beam detectors and both on-line and off-line software.

CERN including the beam,

Preparations for the analysis of the bulk of the data at the Ruthergc_)rdt[.alf)rc;r;t%rgé
andeirmingham University are in hand. The dlgltl?ﬁd spa;k cg-o:n 11211 tf;sctors .
1 ith information from the bea .
Plumbicon cameras, together wit : b e B
i i i hain of programs similar to
counters, will be submitted toac an j _ 2
{)rlll%)%)elre chambe;“ analysis. Automatic pattern recognition will b; an n{lpsci)srt‘z:rxi*lll
feature of the method, but some events which fail tl_rus stage of the analy
be recovered, if possible, by means of an interactive display system.

Figure 23. Diagram of the Plumbicon television camera system for the Omega
Magnetic Spectrometer at CERN. (Experiment 14).

Plumbicons
for R.H. view

Plumbicons \
for L.H. view I\ P o
\ e

Stereo pair
of plumbicons

2 modules outside

10 modules in Omega magnet Omega magnet
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(ref. 4, 127, 150)

Figure 24. Experimental arrangement for polarization measurements in backward Ttp elastic
scattering. (Experiment 15).

CERN
UNIVERSITY OF PARIS-SUD
UNIVERSITY OF OXFORD

Experiment 15

This experiment is a continuation of the programme at CERN to study the spin-
dependence of elastic scattering at high energies. The programme was initiated by
the CERN-Orsay groups who over the course of the last four years have published
detailed measurements of the polarization parameter in mp, K'p and pp forward
scattering at high energies with four momentum transfer |t| < 2 (GeV/c)*. The
present collaboration has utilised the most recent developments in polarized proton
targets (Butanol at 0-55K with a free proton polarization = 70%) to extend these
measurements in 7*p at 6 GeV/c to the region of backward scattering where it has
been possible to make measurements of the polarization parameter down to
differential cross-section levels of 1ub/(GeV/c)?. The kinematic region covered is
that of four momentum transfer from the incident pion to the outgoing proton
lul < 1:0 (GeV/c)? equivalent to [t| = 942 to 10-42 (GeV/c)*. Measurements of
backward scattering at high energy investigate the region where baryon exchange
processes are expected to be dominant.

05

Figure 25. Measured polarization at 6 GeV/c from : Y J I r
the analysis of all the 7'p backward elastic - § 4
scattering data taken in Experiment 15. Also shown 3
is the differential cross section dg as a function of i b
four momentum transfer u. du - 3 .
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Figure 26. Measured polarization at 6 GeV/c fror_n thi il;aly;ﬁeoiuﬁ:;l;rc
- i i in Experimen 3

half the mp elastic scattering data taken in _

tl?e theoregcal predictions from three different models of mp backward

scattering.

g . "
s of plastic scintillator hodoscopes to record positions o

The experiment uses array ]
the traFi)ectories of the incident, forward scattered and backward scattered particle

ically 6 mm wide
I tn - pnt. The elements of each hodoscope are typic
?nt:lhi\rf)g Cﬁegsz]ﬂplcl)lotc?multiplier tubes are used in the five large hodoscope arrays.

The experimental layout is shown in Figure 24.

The experiment has been set up and run in the P4 beam of the CERIIEThPS;Byd;}:z
end of 1971 about 10 weeks of data taking had been complete%.l. - edfr 1}: Sor
has been completely analysed and a subset of the d.ata already publis f s

of about 15,000 elastic events have been recorded with |uf <1 (GeV/c)*.

Figure 25 shows the results of the differential cross-section and j{he p;)ll;arzlﬁ:lﬁ)r;
parameter in 7*p backward scattering from the comple*.ce data set.b si(ma s
the polarization parameter can be observed in the region of the backward p s
the differential cross-section which goes to zero at the dip and then becli)mes.3 coi ;
and negative beyond the dip in the differential cross-section. Tl_mse rIe\Isu tsaz_lzctor

sistent with the idea of Ny, Ag exchange scattering with a dominant N, traj y-

The 7np data taking has still to be completed but 3000 events, re:presentmlg al})lout
half the final data set, have been recorded and analys?d. Preliminary results _ a.\:'ce
been published and are shown in Figure 26. The striking feature‘o.f the data is its
non-zero value at small |u| values and a cross over from positive to negatn{e
Polarization values at [u] ~ 0-4 (GeV/c)?. This data is in dls:atgreement w1th‘ simple
Regge models having a single trajectory (Ag) exchange which would predict zero
polarization.
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Study of the

Production of Neutral
K Meson Resonances

38

The Pion-Nucleon
Scattering Lengths

; UNIVERSITY OF ROME
Experlment 16 RUTHERFORD LABORATORY
The object of this counter-spark chamber experiment is to study the peripheral
production of neutral K*’s in the reaction:

7 FprA® o X
L (s neutrals
v

in the momentum interval 5 to 10 GeV/c. The experiment is planned to yield over
100,000 events in the mass range 1000 to 1800 MeV/c? with a mass resolution of
+ 6 MeV. All the information presently available on the mass spectrum of the I = }
strange mesons comes from bubble chamber experiments and consequently there
is a limited number of events. There is considerable interest in both the mass
range 1200 to 1350 MeV/c? (the Q region) and the range 1600 to 1800 MeV/c?
(the L region).

By a system of veto scintillation and water Cherenkov counters, slow lambdas are
selected in association with neutral K*’s. Measurement of the A° decay angles and
the decay proton momentum, together with the momentum and direction of the
incident 7, are sufficient to determine the mass of the missing system. Setting up
is in progress at CERN. Range chambers to measure the decay proton energy are
under construction. Film from the spark chamber system will be digitised at
Rutherford Laboratory using HPD II. Data taking is expected during 1972.

QUEEN MARY COLLEGE, LONDON
DARESBURY LABORATORY
UNIVERSITY OF PISA
UNIVERSITY OF MAINZ

Experiment 17
A precise measurement of 7p scattering in the S wave at very low energies is of
interest for the information it gives on long range nuclear forces due to exchange
of two pions (¢ exchange). Previous accurate experiments have been in the
momentum range 100 to 400 MeV/c. The present experiment is aimed at pro-
viding a precise anchor point at zero energy.

The idea is to stop # in hydrogen or deuterium gas, when the 7~ is eventually
captured by a proton or deuteron, and cascades down through the Bohr orbits,
emitting X-rays. The radius of the Bohr orbit in the ground state is 2 x 10! cm.
The wave function of the pion overlaps the nucleus sufficiently to shift the ground
state by 8 eV in the case of np.

The X-ray emitted in the transition from the first excited state 2P to the ground
state is observed. This X-ray is shifted from 2429 to 2437 eV in np and is at
2595 £ 4 €V in 7d: the uncertainty in the latter case arises from the present errors
in the scattering lengths.

The apparatus is shown schematically in Figure 27. A 7~ beam of 1-5 x 105 [sec
from the CERN Synchro-cyclotron is slowed down in a beryllium moderator inside
the target containing gas at a pressure of 8 x atmospheric pressure. A counter
30 microns thick defines heavily ionising pions close to the end of their range. A
veto counter almost completely enclosing the stopping region defines pions which

stop. X-rays are measured in the proportional counter which views the target gas
through a membrane 12 microns thick.

Plastic Scintillators

B3 Beryllium moderator
firieh ]

Lead
Stainless steel tank

Concrete

i
i i for Experiment 17. 1, 2 and 3
i 97. Schematic drawing of the apparatus :
g;glg:m defining counters; 2 is a Cherenkov counter to veto t::lCCtI'OIlS. 4 is the
anti-coincidence shield inside the target vessel. 7 is the proportional counter.

The first run took place in August and after a number of refinemeptsdtof the
electronics the spectrum of X-rays shown in Figure 28 w;s obta}l)ngweé'o;g
deuterium. This is the first item that m-mesic X-rays have been ohs 2
deuterium. The experimental problem is that very few pions stop in the gas an

i i ’ ignal/noise ratio is of paramount
ting rate is only 30 X-rays/hour. The signa 0 :
fr?l;r:)rltrzlaice. Liquid hs;drogen cannot be used because Stark mixing causes absorp

tion of all the pions before they reach the 2P state.

Figure 28. m-mesic X-ray spectrum obtained from deuterium. (Experiment 17).
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The Line Reversal

Reactions

T Ep=E+K
and K +p—+n +Z'
and other Two-Body

Processes

To establish the energy of the X-rays their absorption in a foil of Bismuth will be
measured. Bismuth has a photoelectric absorption edge centred at 2603 eV and
20 eV wide. This absorption edge can be measured accurately by conventional
X-ray techniques, and thus provides a delicate calibration of the energy scale of
the X-ray. It is hoped that the energy of the X-ray can be measured to about
& 0-5.e‘V, which will give a factor of 8 improvement in the nd scattering length.
Transitions to the md ground state from higher excited states have energies
= 2-8 keV and are filtered out with a foil of Saran, containing Chlorine, which has
a photoelectric K edge at 2820 eV.

Data taking will continue until April 1972.

CERN

UNIVERSITY OF STOCKHOLM
UNIVERSITY OF GENOA
UNIVERSITY OF BIRMINGHAM
RUTHERFORD LABORATORY

Experiment 18

The following two-body hypercharge exchange reacti 1 b .
10 GeV/c using the CERN PS e mepki wlk 06 FROle. 5

i Epes K2 (L+2-> 3+4) (1)
and the line reversed reaction
K"+p—>~11-'+2+ (§+2—>T+4) (2)

where T and 3 imply the anti-particles of 1 and 3 respectively in reaction (1).

Line reversal invariance requires equality of the differential cross-sections, and
although separate measurements of these reactions at lower momenta have given
1nd1cat19ns_ of a breakdown of this invariance principle, there are large systematic
uncertainties in the data.

RESIDUAL
BEAM

INCIDENT
BEAM
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Figure 29. Schematic diagram of apparatus to be used in Experiment 18.

To reduce such systematic effects and to extend measurements to higher energies,
this experiment proposes to measure both reactions in the same apparatus. This
experimental equipment is designed to measure cross-sections out to large
momentum transfers (t ~ - 8 (GeV/c)?). After scattering, the fast forward particles,
namely K* for reaction (1) and n~ for reaction (2), are detected with scintillation
(Tg) and Cherenkov counters (C; and C,), and are momentum analysed in a
magnetic spectrometer fitted with capacity read-out wire spark chambers (W,-W ).
In addition the proton from the decay of the Z* (2" > p + n°) is detected in the
wire chambers, W;-W;,. See Figure 29. This information will enable the deter-
mination of the I* polarization in the two reactions to be made, this being an
important additional quantity, also related by line reversal invariance.

Independent of the line reversal tests, it is necessary to obtain precise cross-section
measurements for such two body reactions out to large t values, in order to com-
plement the accurate data already existing for the elastic channels (rp, Kp, pp, pp)
in this energy region. These should be of value in assessing or formulating theoretical

models for these processes (e.g. Regge pole, Regge cuts, etc).

Several other processes could be studied in the apparatus, in particular the two
body coplanar reactions such as np and Kp elastic scattering and pp ~ XX (where
X =7, p, K). Another pair of related reactions which will be studied are

m+p—> K+ =(1585)
and the line reversed reaction
K +p—a +X(1385)

The experiment should be ready for installation in a beam at CERN by the end of
1972. The analysis of the data will mostly be done at the Rutherford Laboratory.

UNIVERSITY OF SUSSEX

. WESTFIELD COLLEGE, LONDON
Experiment 19 RUTHERFORD LABORATORY
The current-current structure of the weak interaction Lagrangian, gives rise to
non-leptonic AS = 1 transitions with both AI =% and AI = 3. (AS is the change in
the strangeness quantum number and AI the isotopic spin change.) There is
strong experimental evidence for a AI = % selection rule. The only evidence for the
presence of a AI =% amplitude comes from K" - n"n° decay, which would require
a AT = 3 amplitude that is ~v5% of the AI =+ amplitude observed in K3~ 27. The
Al = 3 may be suppressed for dynamical reasons or there may be an explicit
AL =  selection rule in the weak interaction. The decay rates and asymmetry
parameters of the non-leptonic sigma hyperon decays are sensitive tests of the
Al = } rule. Angular momentum conservation in the decay £ - Nm requires that
.the decay nucleon and pion be in an S or P state; parity violation in the weak
interaction allows a linear combination of these two states. The decays Z°~ - nm
denoted by £_ and I* - nr* (Z!) have been determined to be almost pure S and P
Waves respectively. The decay £* - pr° (%) has approximately equal S and P
waves; the exact ratio of S/P can be determined by measuring the asymmetry
Parameters a, § and v in the decay of polarized sigmas.

TlmG:_ reversal invariance and the requirement of unitarity in the 7-N scattering
Mmatrix imply that g8 will be small. The Z* polarization Py is readily observable
through the up-down asymmetry of the decay proton angular distribution in the
2 rest system. The polarization of the proton is a function of Py and «, f and 7.

Test of the AL = %
Rule in the Decay
Tt -spu’

(ref. 193)

41




i:ﬂ;z;zr::ldo?*mparticlfs welr(i {)rgduced by the reaction 7*p —~ K'Z* using a separated

: omentum 1- €V/c incident on a target of liquid hyd i

t;:ﬂ_*sparic chambers measured the direciton of the K*gand thcci deca;’, prrc;gtzl; 'ffgiill
p7, and the polarization and range of the proton were measured in a 60 gap

aluminium spark chamber. The i
on-line using a vidicon system. image of the spark chamber tracks were digitised

From the observed scatterin ies i
. obse g asymmetries in the aluminium
maximum likelihood method yielded the following result (assunmilr?ggf1 §e= %}Tmbcl’ :

o = <0852 and ¥ = 215 gy
This experiment yields the first umabiguous determination of the sign of y

Figure 30 shows that it is possible to fit simultaneously the S and P wave ampli-

tudes for the £ decays. Th t i i
e b AL %yrule. e vectors should form a closed triangle in the (S, P)

:gli_gl_l:e 30. +ThiAI =4 rule for the = decays Z' = p + n° (Z3)

; thn + 7 (Z() and Z >n+w (Z-) requires a closed triangl,e
or the S-. and P-wave amplitudes of these decays. The present

situation including the data from Experiment 19 is shown

108 [10%sec™]

o
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. UNIVERSITY OF CAMBRIDGE
Experlme nt 20 RUTHERFORD LABORATORY
The present theory of weak interactions based on a current-current Lagrangian has
had considerable success in predicting the properties of particle decays. One of its
more fundamental consequences is the AS =AQ rule which states that, in strange-
ness changing leptonic decays, the total change in strangeness (AS) is equal to the
change in charge (AQ) carried by the strongly interacting particles.

The rule may be tested by studying the time dependence of the K°® > n'év and

K° - 7 e7 decay rates, from which the amplitude ratio

_ AS = —AQ amplitude (forbidden)
X~ A8 =AQ amplitude (allowed)

may be calculated. Many experiments have been performed to do this over the
past decade, but the desired precision has been difficult to achieve.

This experiment obtained a large sample of K — mev decays resulting from the
decay of a pure K° state produced in the reaction np > AK® by 1-02 GeV/c pions
incident on a polythene target. The A and K° decays were detected in optical
spark chambers, and the electron from K — wev decay identified by means of a
threshold Cerenkov counter and steel plate spark chambers which induced shower

formation.

Over 5,000 K - mev events have been obtained in which the sign of the electron is
known, and all these have been examined by physicists after measurement and
kinematic fitting. In addition a number of K° - n*n decays have been measured to
provide a check on the Monte Carlo program which was used to calculate the
detection efficiency of the apparatus. Satisfactory agreement was found between
the observed and predicted A and K° lifetime distributions for these events.

In determining the detection efficiency for K — mev decays, it was also necessary
to take into account the effect of the Cerenkov counter. Internal checks have shown
that this had a uniformly high efficiency for the sample of events from which a
preliminary value of x has been calculated.

The chief sources of background in the experiment were K° - r*n decay and
K°® - 7°7° decay followed by Dalitz decay, 7° - v ¢'¢. Cuts on the data sample
removed the majority of these events and a correction for the residual background

was made in calculating x.

The preliminary result, based on two-thirds of the total data (1800 events after
cuts), is

= -+0-08
Rex = -0-142500

Imx= 0-07 £0-08

Althf)ugh further investigation of the systematic errors is required this result
provides no evidence for violation of the AS = AQ rule.

Test of the AS =AQ
Rule for K°
Leptonic Decays
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Search for Charge
Asymmetry in Eta

Decay

WESTFIELD COLLEGE, LONDON
UNIVERSITY OF SUSSEX
RUTHERFORD LABORATORY

Experiment 21

This experiment is designed to look for a possible charge asymmetry in the decays
of the eta meson

n>arn’ (1)
and also n-> Ty (2)

Such an asymmetry if it exists will show itself as an unequal sharing of the energy
by the 7" and 7" particles, studied statistically over a large number of events.

The n* and 7~ are particle and antiparticle, and C symmetry requires that nature
should treat them both with equal respect. Thus if:

N"is the number of times the 7* is more energetic than the 7~ and
N is the number of times the converse is true, then C symmetry implies:

N - N _
A_N‘*+N‘ =0

The most recently published value for this quantity is:
A=15%¢t 0-5%

for a measured sample of 36,000 7 decay events. This is a result with three
standard deviations of significance, and clearly requires confirmation.

Violation of C symmetry in this electromagnetic process — if it is confirmed —

would have very important repercussions on the theory of electromagnetic
interactions.

This experiment is a measurement of the possible asymmetry with ten times
higher statistics. Construction of the apparatus was completed in September 1970

and data was collected in 1971. Some 6 million events were recorded on magnetic
tape.

Data from the spark chambers which recorded the trajectories of the 7* and 7~ from
the n decay was digitised by the TV camera system and transferred to an IBM1130
computer. This computer enabled a continuous watch to be kept on the quality
of the data and all the fixed parameters of the experiment, and in turn transferred
all events on to magnetic tape. Tapes were filled with 5,000 events at the rate of
one tape every 2 hours. Analysis of the data is well under way and some typical
kinematic plots are shown here. In Figure 31 the separation of  events from the

20
m
=
x
£ 15
2]
F
Figure 31. Plot of 5
[(mass X/mass neutron)]? 5 10
where X is the total E
missing neutral mass in 3
the reaction
np—>n'm X (Experiment 21). 5
0-8 1-0 12 1-4 16
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Figure 32. Missing Mass X in 7 p > n 7'n X (Experiment 21).

main background (7p > n + 7 + ) is obtained by plotting the m;sgglfhr;lz;ssailz
the two charged decay particles (z* + m°) whose momenta are measured 1 = pand
chambers inside the magnet. The backgll*ound has a missing neutron only
hence gives a missing mass squared of 1 unit. The required events

Tprntn’

L) { T’

Ty

o
i J i is essentiall
have a missing mass of two neutral particles n +{ o The higher peak is e y

£
the n » 7"z n° events and the flat region between the two peaks the n > 77y
events. By this means the eta events have been separated.

A further separation is obtained when the kinematic in“form_atlon on the delftizedd
neutron is used. In Figure 32 the missing mass to the 7™ + 7 2+ ileuztrori? is p ess.
In the case of process (1) an” is missing and a peak occurs a;t m? =m ;t For E;that
(2) a v ray is missing and a peak indeed occurs at an m* of zero. It 1s se e
both kinematic tests are giving a clean and very satisfactory separaglclm
processes of interest. Final yields of the two decays of interest should be:

350,000 events
90,000 events

Prior to publication of asymmetries for these two _elec'troma..gneltllc decaz:ilsa
detailed study is being made of any possible geometric b.1ass.es in the appa::r1 Off.
This study makes use of data runs in which the magnetic field V\;las turnf:eu—icEli
The straight particle tracks through the detectors are used to check the geom
efficiency and reconstruction of events.

n—>ann’

n-o oy
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‘ WESTFIELD COLLEGE, LONDON
Experiment 22 RUTHERFORD LABORATORY
One way of looking for C violation (i.e. violation of charge conjugation invariance)
in the electromagnetic interaction is to search for the decay n - ¢'e’'n’. Estimates
of the C-conserving two photon exchange rate yield a branching ratio of ~ 107°
compared with all n decay modes. This is far below present experiment accessi-
bility. Thus observation of this decay must mean that the (¢"e’) pair are in a
C-odd (one photon) state and hence a violation of charge conjugation in  decay.
In certain respects measurements of a non-zero rate is more favourable than
measurement of a non-zero asymmetry in n - 7*n"7° since the decay is relatively
insensitive to possible systematics in the apparatus. The basic problem is back-
ground reduction but once achieved the result is unambiguous.

The basic trigger for the €'en° decay remained the same as Experiment 21 but to
identify the charged particles as electrons the top half of the decay spark chambers
were backed up by gas Cerenkov counters. The primary requirement of these
counters is that they have a low probability for detecting n’s or u’s; their
efficiency for electron detection is required to be well known rather than fully
100%. This led to the design of three relatively large counters filled with Freon 12
at one atmosphere and viewed radially by 32 RCA 4522 5 inch phototubes. The
electron trajectories are relatively straight and radially directed outward (to ~ +20°)
in this part of the magnet and since the Cerenkov light is emitted in a narrow
forward cone a spatial requirement can be made to further supress randoms.

Another process under study with this detector is the C-allowed Dalitz decay
n = €e’y. The interest in this reaction is to determine the distribution of events

as a function of the mass of the Dalitz pair and hence to measure the “timelike”’
form factor of the 5.

Figure 33. A schematic diagram showing the electron Cherenkov counters over

the decay spark chambers used in search for the n—éen decay. (Experiment
22y,
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Figure 34. Data from Experiment 22 analysed as 7p = e*e” Xn. All data

Tp—>Tan
Background
10 4
>
and N> TTY
8
e+e_ events
6 from N Dalitz
Decay or 7Y

Conversions

|

Number of events X10°

2 8 24 30
12 ) 2'I )2
Imass of e'e pair/100) (MeV/c*)

g i ding at
Figure 35. Data from Experiment 22 analysed as 7 p —> e*e”Xn after demanding

least one Cherenkov tube to have fired.
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Figure 36. Data f i = = ;
alignmcm. ata from Experiment 22 analysed as 7 p—> ¢'e Xn after demanding tube-track

A total of 3 x 10_6 triggers were taken with the Cerenkov counter in position.
The present upper limit of 2 x 107 for the process n -+ n°¢*e” leads to an estimated
mgnal of 60 events with a background of less than 5%. For the reaction n = ée’y,
w1_t>h +t%le pair mass >50 MeV, we expect 120 ‘useful’ events (branching
ek .

e =6x 1073).

UNIVERSITY COLLEGE, LONDON
UNIVERSITY OF BRISTOL
. UNIVERSITY OF LIVERP

Experiment 23 RUTHERFORD LABORATORY
The CERN Intﬁjrsecting Storage Ring (ISR) facility came into operation ver
successfully during the course of 1971. The machine provides a total centre o)g
mass energy of up to 56 GeV, equivalent to a 1600 GeV conventional accelerator
I't is hoped_that tl‘{is machine will open a new ‘window’ into high energy interac:
tions and, in particular, will allow the possibility of discovering particles whose
mass 1s so large as to exclude their production at the energies available in normal
acceleratf)rs. By the end of November 1971 the currents of protons in each of the
storage rings had reached a level that was between one quarter and one half of the
design vaI_ue. Serious experimental measurements have begun, even for quite low
Cross-section processes.

The ISR experiment being carried out by thi : )
objectives: g y this collaboration has the following

(a) The first aim is to search for the intermediate boson (or W particle), which
has bet?n postulated as the ‘carrier’ of the weak interaction between pa;rticles
The Wis thought to decay into various leptonic modes, including W* - it + v
The suspected large mass of the W will mean that the muons will emerge z';t
large angles with high momenta.

(b) Massive virtual y-rays may be produced in electro-magnetic interactions and
these will produce muon pairs whose mass spectrum will be observed.

(c) The experiment is one of a number around the ISR which will be carrying
out a search for ‘quarks’. These particles have been suggested as the con-
stituents of baryons and mesons and are likely to have fractional charge and a

high mass.

(d) Finally, the experiment aims to carry out a systematic measurement of the
yields of strongly interacting particles, including their momentum spectra, over
an angular range from 30° to 90° in the laboratory. These measurements are
of intrinsic interest as tests of various models of high energy particle inter-
actions and are also required for the detailed interpretations of the first three

aims of the experiment.

The apparatus consists of two large detector systems. First, there is a large volume
thick plate optical spark chamber system interleavedinto an array of magnetized
iron plates, for the identification of muons (in connection with aims (a) and (b)
described above). This system, which occupies a volume of about 67m> and weighs
300 tons, has been assembled on one side of Intersection Region 2 at the ISR,
together with an array of approximately 100 mirrors. Scintillation counter banks
are inserted into the spark chambers to provide a suitable trigger. Studies have
already been carried out which have resulted in machine background triggers being
reduced to a manageable level, so that the major contribution to unwanted triggers
arises from the cosmic radiation. In January 1972 it is planned to install veto
counters which will largely remove this source of background. In the meanwhile,
preliminary data has been taken and some of the first film strips have been
measured on the HPD Il measuring machine at the Rutherford Laboratory.

Figure 37. A view of some of the apparatus at ISR Intersection 2 at CERN (Experiment
23). The equipment shown here was constructed in collaboration with a Scandinavian
group and consists of a large movable arm carrying an arrangement of two magnets, eight
scintillator hodoscopes and thirty-six magnetostrictive wire spark chamber planes.

(CERN Photo).
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On the other side of Intersection 2, the wide angle spectrometer arm has been
mounted and this forms the second detection system in the experiment (see
Figure 37). This part of the equipment has been constructed in collaboration with
a Scandinavian group at the ISR. The large moveable arm can carry various arrange-

ments of detectors depending on whether high or low momentum measurements
are in progress. The first arrangement that has been assembled consists of two
magnets, eight scintillator hodoscopes and thirty-six magnetostrictive wire spark
chamber planes. Two separate momentum measurements and four independent
time-of-flight measurements are made on every particle and the pulse heights from
each counter bank are noted. Particle identification is thus carried out with a high
precision and it is hoped that any massive particles (e.g. quarks) will be detected
down to a level of 1 in 10” of all particles produced. This arrangement is also
suitable for the low momentum vyields experiments, but for momenta above

2 GeV/c additional high pressure gas Cerenkov counters will be added and only
the larger magnet will be used.

A considerable quantity of data has already been taken at a range of centre of mass
energies, with the first arrangement on the arm, and the first analysis of the data

indicates that the equipment is reliable. By early 1972 preliminary physics
data should be available on the yields of particles at low momenta.

UNIVERSITY OF OXFORD
UNIVERSITY OF CHICAGO
HARVARD UNIVERSITY

Experiment 24

A Study of The study of inelastic scattering of electrons on nucleons at the Stanford Linear

Scattering at NAL
(USA)

Accelerator Centre has lead to the discovery of cross-sections greater than
expected and with magnitudes suggestive of ‘point-like’ structures within
nucleons. The form factors are found to obey a scaling law.

Muon inelastic scattering should explore the same structure and this experiment
aims, by using a muon beam at the National Accelerator Laboratory at Chicago,
to extend the Stanford investigations in the following ways:

(a) To investigate cross-sections and scaling over a very much wider range of
kinematic variables than is possible at Stanford.

(b) To investigate the behaviour of the cross-sections in various channels of the
hadronic recoil system.

The equipment consists of a muon beam adjustable from 50 to 200 GeV/e, a
liquid hydrogen target, a large analysing magnet and various detectors for the

scattered muon and the recoil products. The experiment is scheduled to begin on
5th July, 1972.

The University of Oxford, supported by the Rutherford Laboratory, is designing
and building three large scintillator hodoscopes in the detection system, six smaller
hodoscopes to be placed in the muon beam and a beam Cerenkov counter. In

addition, Oxford is producing computer programs to predict the detection
efficiency of the apparatus and to analyse the data.

Bubble Chamber Experiments

i i large part of the data used
hamber technique continues to supply a larg _ :
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Table S

Bubble Chamber Experiments

Expt.

No.

25

26

27

28

29

30

31

32

53

34

35

36

37

38

39

Reaction

Kp

Kp

Kp

7d

ﬂ"+p

Kd

K*d

np

K in heavy liquid

Electromagnetic
Processes

?r+p in neon-hydrogen
track sensitive target

Hyperon Interactions

KOL decays and
Interactions

Momentum range

GeV/c

1-25 to 1:85

0-96 to 136

1-23 to 1-43

14:25
4-0
0-8 to 16

1-45 and 1-65

2:1 to 29

2-2,2-45 and
2

<o

1:0 to 3+5
1-0 to 80

2-2

10 to 20

04 to 0-85

Team

College de France
Saclay

Strasbourg

Rutherford Laboratory

Rutherford Laboratory

Univ. of Liverpool
Rutherford Laboratory

Ecole Polytechnique
Saclay
Rutherford Laboratory

Univ. of Birmingham
Univ. of Durham
Rutherford Laboratory

Univ. of Cambridge
Imperial College
Westfield College

Univ. of Birmingham
Univ, of Edinburgh
Univ. of Glasgow
Imperial College

Saclay

College de France
Imperial College
Westfield College

Imperial College
Westfield College

Univ. of Cambridge

Univ. College
Univ. of Brussels
CERN

Tufts University

Univ. of Cambridge

Univ. College

Univ. of Durham
CERN

Rutherford Laboratory

Univ. of Cambridge

Univ. of Bologna

Univ. of Edinburgh
Univ. of Glasgow
Univ. of Pisa
Rutherford Laboratory

No. of pictures
x 10°

1-65

0'43 at CERN

0-1 at CERN

0-8 at CERN

0-42 at CERN

042

0-71

0-21

0-75
0-09
0-11

0-68

0-29

0-06

0-35 at CERN

To be taken at
CERN

Status

Analysis

Analysis

Analysis

Analysis

Analysis and data
taking

Analysis

Analysis

Analysis

Analysis

Analysis
Analysis

Analysis

Analysis

Development and data
taking

Data taking and
Analysis

Approved proposal

On the other hand, the search for direct channel boson resonances remains
elusive: an investigation of pp annihilations into 7 or K mesons over a range of
energies, Experiment 27, reports no evidence for formation of a resonance in the
mass region around 2200 MeV/c? where existence of the T meson has been

claimed.

An unusual effect has been observed in a K™ experiment in the heavy liquid bubble
looking at events with two A° decays in the final

chamber (Experiment 35):
state, a resonant-like enhancement in the A-A system is observed. Up to now this

has been the subject of very few investigations.

en observed in Experiment 28. The exponential

decrease in cross-section with incident energy for the reaction K'p - K*p,
observed in lower energy experiments, cannot be extrapolated to their result at
14 GeV/c; instead, there appears to be a flattening-off of the cross-section in this

high energy region.

A very interesting result has be

At somewhat lower energy, a collaboration of several university groups is con-
ducting a large-scale analysis of the K-nucleon system. This study has led to new
results on cross-sections and on certain final states in K'd interactions in the
1-2 GeV/c region (Experiment 31), while the study of K'p interactions from
2-3 GeV/c (Experiment 32) has been completed.

During 1971 the Rutherford Laboratory bubble chamber group has processed
data obtained from exposures in three high statistics experiments in the 2 m
chamber at CERN. These are the 14 GeV/c K'p experiment, mentioned above,
with 800,000 pictures, of which 400,000 were taken during the year; the new
Kp survey experiment (Experiment 26), which, with 430,000 pictures, forms a
continuation of the K'p study started with Experiment 25; and a 4 GeV/c 7'd
experiment for which 420,000 pictures have already been taken, and a further

400,000 are expected in 1972.

It is clear that a powerful data reduction system is necessary to cope with data
on this scale. In 1971 the system of twelve measuring machines connected to an
IBM 1130 computer, which was set up in the previous year, has produced a
consistently high flow of digitised events ready for precision automated measure-
ment on the flying spot digitiser (HPD). Figure 38 is a histogram of the number
of events digitised per week, with entries for 37 weeks during 1971. The average

is over 8,000 events per week, double the rate of the previous year. Further

improvements in this rate are expected early in 1972 when a new multiplexor

designed at AERE, Harwell, with interfaces designed at the Rutherford Laboratory,

Figure 38. Histogram of the number of events digitised per week.
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Mass Energy range
1915-2168 MeV
[ref19, 20, 51,92
132)

will be connected between the IBM 1130 and peripherals of the IBM 360/195,
the Laboratory’s central computer. This will permit much faster transfer of data

between these two computers and thus reduce the main cause of delay in the
present system.

After pre-digitisation, events are measured on the HPD. With over 300,000 events
measured in 1971, the HPD has had a very successful year’s running; details of
its performance are given in pages 177-178 of this report.
The two film plane measuring machines which were acquired in 1970 for
measurement of events which prove difficult on the HPD are being connected
to a PDP8L computer. The system developed for them will include machine

controlled track prediction, so that manual intervention during measurement
will be minimal.

The group is looking ahead to receiving film from the 3-5 m European bubble
chamber (BEBC) being assembled at CERN. Two BEBC scanning tables have been
ordered for delivery in 1972 and they will be incorporated in the IBM 1130
system to pre-digitise film for measurement on the HPD.

COLLEGE DE FRANCE
CEN, SACLAY
& ’ UNIVERSITY OF STRASBOURG
Expenment 25 RUTHERFORD LABORATORY
The K'p system in the centre of mass cenergy range 1915 to 2168 MeV is being
studied in terms of the formation of resonances in the s-channel. 1,650,000
pictures were taken at 13 equally spaced incident beam momenta in the range

1-263-1-843 GeV/cin the Saclay 1808 bubble chamber at Nimrod. Approximately
150,000 events have been measured.

Emphasis has now shifted from the study of genuine two-body reactions such as

Kp » KN, A7, Z7 to the analysis of the large number of quasi two-body states
such as

Kp » Aw (1)
~ K*(890)N (2)
~ 2 (1385)n (3)
- A(1510)n (4)
- KA(1236) (5)

found in the three and four body final states K#N, Ann, Znm, Arar. Dalitz plot
analyses are under way in all these channels in order to measure the relative
fractions of the various final states as a function of total centre of mass energy.
Hopefully resonant effects in these channels will show up as bumps in the cross-
sections for the reactions. As an example Figure 39 shows Dalitz plots for the
reaction K'p - K'pr°. Strong bands corresponding to K*(890), A(1236) and A(1520)
production can be observed. By fitting the distribution of events on the plot by
the maximum likelihood method, and including the effects of the decay angular
distribution of the resonances and interference between the resonances, the cross-

sections for the production of these resonances can be determined. Figure 40 shows
the cross-sections for the reactions:

Kp ~ K¥(890)p 6)
Kp - K*°(890)n (7)

obtained from the final states Kpn°® and K°pr~ for reaction (6) and K'n*n for
reaction (7).

It can be seen from Figure 40 and from Figures 41 and 42 :’vl}i(_:hf show:E }I;Iéaj\snlj');?:;
for Am combinations from the Anm final state and the 7'n 111 r;;g ik
final states respectively that reactions (1) to (i ) are very is;tzocr)lfg;/1 L
i to obtain samp
. It has thus been found possible : “ient
33;:1?;' to perform partial wave analyses of these rea(i;.lons. T_he aplplgcgt;%% \cff icl}:z
i i i -body reactions liste

i lysis technique to the quasi two : é -
D e i i 1 two-body reactions such as K'p > An:

ater advantage over its use in normal © ; :
2ng;ecan obtain ingformation about the partial wave amplitudes r;ot oni]?; fr;)nm tllzlr
differential cross-sections and hyperon polarization, but ilsg)goromhic hc aregll:ro_
correlation in the decay products of the resonances e.g. w, K (890) w ol
duced. As an example, a single event in the Aw final stateo(reactlon PP
six times as much information as one from the final state A7~

The partial wave analysis of the Aw channel is complete. The branching fractiorsl

of thgf\(2100) into A has been measured to be (1:013:2 )% and two new reso.n.::mcef

of mass 1950+30 and 2000+50 have been observed. The preferred spin pta[:ltl:if]gd
” ively but other assignments cannot be

these two states are D3 and Fs respectively : . .

i fit to the data including these reso

out. The Argand diagram for the best ; i 2

i in Fi ; imi lts are also available from the par

is shown in Figure 43. Preliminary resu ' -

i ' the values of the square r
1 f K*(890)N and Z(1385)m. Table 6 gives t
(a;?ihf:ia(s)ticit; time)s the branching fraction into the given channel for the A(2100)
and =(2030) and K*(890)N, (1385)r and Aw.

Table 6

K*(890)N (1885)r Aw
A(2100) 0-25 +0-05 not observed 0-06 + 0-04
% (2030) 0-10 + 0-05 0-12  0-08 -

These are in good agreement with SU(3), which e

A(2100) > K*(890)N
A(2100) = Aw

Figure 39. Dalitz plots for the
reaction K'p = Kpm with
incident K~ momenta in the range
1.26 — 1.84 GeV/c. (Experiment

25).
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Figure 40. Variation of cross-section with incident momentum for reactions (6) and (7).
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(ref.2, 178)

EXpCI‘ iment 26 RUTHERFORD LABORATORY
Very high statistics K'p formation experiments are now required to resolve the
ambiguities in the partial wave analysis which extends over the range from
threshold to 2:0 GeV/c. This experiment covers the momentum range 1-0-1-4
GeV/c and will provide a uniform distribution of events within this region.
Approximately 300,000 events have now been measured from the 420,000
pictures taken in the CERN 2 m hydrogen bubble chamber, and the measurement
will be completed by the summer of 1972. The number of events in any channel
in this experiment will be a factor four greater than that in previous experiments.

. UNIVERSITY OF LIVERPOOL

Experiment 27 RUTHERFORD LABORATORY
The two prong annihilation channels of the pp interaction in the cm energy range
2150 to 2240 MeV are being studied. This range approximately covers the width
of the isospin-one structure seen in the NN total cross-section at 2190 MeV and
contains the T-meson observed in the CERN missing mass spectrometer experi-
ment. The film was taken using the CERN 2 m bubble chamber with four anti-
proton momentum settings centred at 1-23, 1-:30, 1-:36 and 1-43 GeV/c. A total
of 75,000 two prong events were measured by the HPD of which about half are
annihilations. The events were analysed through the standard Rutherford
Laboratory geometry and kinematics programs.

PP - 7'n” and pp - K'KI The cross-sections measured for these reactions are
shown in Table 7. They fall rapidly with beam momentum and, when taken in
conjunction with results at neighbouring momenta, show no obvious structure in
the T-meson region. The centre of mass angular distributions are shown in
Figure 44. None of the coefficients of the Legendre polynomial expansion for
the di-pion final state show any structure which could be attributed to the
narrow T-meson.

Table 7

pp Annihilation Cross-Sections

Momentum | 1-23 GeV/c[1:30 GeV/c|1:36 GeV/c|1-43 GeV/c|Mean Value
Final State Cross-sections in ub
T 23523 | 211% 24 171+ 21 153 + 19 —
K'K~ 59 + 11 B2+ 11 66+ 13 44 + 10 —
Tt 2019+ 75 | 1894+ 78 | 1719+ 72 | 1742+ 71 | 1843 £ 46
pEn* 313+ 84 | 30885 151+ 82 | 215+ 78 260 = 39
p°r® 256+ 61 304+ 71 216 £ 64 251+ 61 264 + 52
n° 356+ 71| 30078 | 290+76| 295+73 | 313+ 38
n'r+nr’ (n>1)[17660 + 36017100 = 360[16740 + 350/15860 + 330 —
p°+nr’(n>1) - - - - 624 + 60

z i-pi ion in this channel was
pp — r'nn°. The amount of di-pion resonance production in tk hannel
Ic)lge}tenrnined by a maximum likelihood fit to the Dalitz plot density dlstrlbugo;.
The results are shown in Table 7 from which it can be seen that p an

production account for almost half of the channel. Again, there is no striking
evidence of direct channel effects.

pp > mn + neutrals. The majority of two prong annihil@ations occur with mor}e:1
than one accompanying neutral. The p contributes to this channe} but to (;3. mufl

smaller extent than in the three pion final state. Those events which fl'tte hto tie
7*nn hypothesis showed some indication of a small enhancement in the 7=n

mass spectrum at the 6§ mass.

. e +_ -
Figure 44. Centre of mass angular distributions for the reactions pp > 7 7 a_“d
Ppp — K'K™ shown as a function of the laboratory momentum of the incident P in the

range 1.23 GeV/c to 1.43 GeV/c. (Experiment 270
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ECOLE POLYTECHNIQUE, PARIS
. CEN SACLAY

Experlment 28 RUTHERFORD LABORATORY
14 GeV/c Kp The CERN 2m hydrogen bubble chamber is being used to study the interactions of
Interactions K mesons with protons at high energy. A total of 800,000 stereo photographs
(ref. 13, 27, 58, have been taken at a beam momentum 14-25 + 0-10 GeV/c, using the CERN r i
118, 119, 136) separated beam. A further 500,000 pictures have been proposed for the coming
year, which would make this experiment the largest such exposure taken at any
laboratory to date. The first published result of the experiment was a relatively

accurate measurement of the Kp elastic scattering cross-section.

At the Amsterdam International Conference on Elementary Particles, preliminary
results were presented on the production of the K*(890) resonance in the reaction

Kp - K*(890)p.
Rr

The K°n~ effective mass distribution is shown in Figure 45, clear peaks due to the
production of the K*(890) and K*(1420) resonances are observed above a very
small background.

A new and unexpected effect was observed when the cross-section for the above
reaction was plotted against beam momentum (or total energy); as seen in Figure
46, the cross-section decreases with energy much more slowly than expected
from the lower energy measurements of earlier experiments. The theoretical
interpretation of this effect is not straight-forward and it provides a test of various
exchange models for particle interactions.

Analysis is continuing on other quasi two body reactions. These studies are greatly
aided by the high energy of the experiment since the meson resonances (as-
sociated with the incident K') and the baryon resonances (associated with the
proton) are well separated in the laboratory system.

Figure 45. The invariant mass distribution M(K°n) from the reaction
Kp = K*7(890)p at 14.25 GeV/c. (Experiment 28).
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Figure 46. The variation of the cross-section for the' reaction
K'p ~ K*(890)p with incident momentum. (Experiment 28).

UNIVERSITY OF BIRMINGHAM
. UNIVERSITY OF DURHAM

Experl ment 29 RUTHERFORD LABORATORY
Although the study of boson resonances has up to now produced some firmly
established results, there are still a large number of possible boson states whose
existence is doubtful, or whose properties are not w‘ell known. tflns fxperlmer:t
is intended to study some of these states, produced in the reaction 7 d > ppB,
where B° is a neutral boson whose decay products are fitted from bubble

chamber measurements.

A total of 800,000 pictures in the CERN 2 m chamber ha.ve been approved, and
roughly half of these have been taken. A further 200,000 pictures are expected to

be taken shortly.

Scanning and digitising of the film (and also digitising of film pre-scanned at
Durham) is under way at the Rutherford Laboratory, and is expected to be

completed by mid-1972.

Preliminary results obtained from analysis of a sample of the film, show evidence
for production of well-known boson resonances such as {°(1260).

The Study of
4 GeV/cn'd

Interactions
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(ref. 32, 34, 174)
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CAMBRIDGE UNIVERSITY
_ 4 IMPERIAL COLLEGE, LONDON
Expenment 30 WESTFIELD COLLEGE, LONDON
A systematic study of the inelastic decays of A resonances in the mass range 1550
to 1950 MeV/c? is being undertaken using film from the 80 c¢cmand 1-5 m hydrogen
bubble chambers exposed at the Rutherford Laboratory.

0-9 to 105 GeV/c. Work on this experiment, which was carried out by Imperial
College and Westfield College, was completed last year. A paper on the constrained
phase-shift analysis of the elastic data has been published and a paper describing
the single pion production channels has been submitted for publication.

1-1 to 16 GeV/c. Most of the 130,000 events at the seven momenta of this
exposure have been measured and are currently being processed through the
geometrical reconstruction and kinematic fitting programs. A remeasurement pass
has been started for part of the film. Data summary tapes for some of the momenta
should be available within a few months.

0-8 to 1-25 GeV/c. In August 1970 110,000 pictures were taken in the 1-5 m
bubble chamber at four momenta between 0-8 and 1-25 GeV/c. Measurement of
the 45,000 events in the film is nearing completion.

UNIVERSITY OF BIRMINGHAM
UNIVERSITY OF EDINBURGH
g UNIVERSITY OF GLASGOW

Experl ment 31 IMPERIAL COLLEGE, LONDON
Activity has continued at a reduced level on the analysis of this experiment. The
pictures (equivalent to 1-6 events/ub at 165 GeV/c and 3-0 events/ub at 1-45
GeV/c K~ momentum) were taken in the deuterium filled Saclay 80 cm bubble
chamber in the K1 beam at Nimrod. Event selection at the scanning stage
concentrated on K'n reactions, having an initial pure state with I =1,8 =-1 and
B=1.

An analysis of cross-sections and a description of the general features of various
channels has been published. The cross-sections observed in two particle final
states (not including K'n elastic scattering and K'd - K'd), 3 particle and >3
particle states are given in Table 8. However, almost all (~90%) of the observed
3 body states, and a large proportion of the 4 body states can be accounted for
by quasi-2 body states. The production mechanisms of these quasi-2 body states
in the s and t channels continues to be of interest.

The difficulties and resultant uncertainties inherent i_n experimentation with virtual
neutron targets have been discussed in two publications:

(i) Intermediate state rescattering in the 7 (X N) state leading to the A°pr” final
state could explain all of the enhancement in the Ap mass observed at

2:129 GeV/c?.

(ii) A major problem in the treatment of the K'n(p) el.astic scattering 1; ’glle
separation of this reaction from both KP(H) clastic scattering an . ei
coherent K'd scattering. All of these reactions are dominantly perip eraf
leaving the nucleons with low laboratory momenta, of the same order o
magnitude as the Fermi momenta internal to the deuteron.

Table 8

Cross-Sections in Observed Channels

Beam Momentum 1-45 GeV/c 1-65 GeV/c
2 body (excluding Kn, $-16 mb 2:98 mb
K'd elastic)
3 bodies 9-71 mb 9-70 mb
>3 bodies 1-01 mb 1-53 mb
CEN, SACLAY

COLLEGE DE FRANCE, PARIS

. IMPERIAL COLLEGE, LONDON
Experiment 32 WESTFIELD COLLEGE, LONDON
In this experiment K*p interactions have been studied at f_our momenta spanning
tﬁe third Il):)urnp observed by Cool and his collaborators m the K'p total cross-

section.

Analysis of the 200,000 photographs taken in the 1-6 m hydrogen bubble Fhamber
is now complete and four papers presenting final results are being submitted for

publication.

Cross-Sections. Cross-sections for the elastic scattering'channel, al! single pion
production channels and those two pion and three pion production char'mels
which do not involve more than one unseen neutral particle have been determined.
The results when combined with data from other experiments show no enhance-
ments which could be associated with s-channel resonances. T.he third Cool bump
might be associated with threshold effects in the three pion channel§ but a
considerable increase in statistical accuracy would be needed before this could

be established with certainty.

Elastic Scattering. The slopes of the forward and backward peaks of the elastic
differential cross-sections at four of the momenta have been measured and
compared with results from other exper'imc.nts. There is no evidence, from the
present experiment, for resonance formation in the elastic channel.

K*p Interactions in
the 2 to 3 GeV/c
Region

(ref. 23, 24, 110, 183,
187)
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Single Pion Production. Resonance fractions for all three single pion production
channels have been computed. A study has been made of the production
mechanisms of the K*(892) and A™(1236) resonances in the K°#*p final state.
For the K*, there is evidence that the slope of the forward differential cross-
section and the p,, density matrix element (see Figure 47) show structure in
Fhe energy range of the present experiment. The K°n'p channel will be investigated
in more detail when data from the K'd experiment discussed below becomes
available.

Multi-Pion Production. Cross-sections and density matrix elements for K*(892)
ar{d A(1236) Eroduc’giogl in the two and three pion channels have been deter-
mined. The K*°A™, K°1°p and K°w °p final states also have been studied.

Figure 47. Momentum dependence of the observable density
matrix elements of the K*(892). The dotted line is the result
of an absorption model calculation at 3 GeV/c. (Experiment 32).
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Experiment 33 WESTFIELD COLLEGE, LONDON
The data for this experiment comes from an exposure of the 1-5 metre deuterium
bubble chamber at Nimrod. A total of about 750,000 pictures were taken at K'
beam momenta of 2-2, 2-45 and 2-7 GeV/c. The Fermi momenta of the individual
target nucleons smears the centre of mass energy distribution, so approximately
the same range as in experiment 32 is uniformly covered.

Almost all of the scanning and road-making is complete. Measurement has begun
on the Imperial College HPD. About 20% of the total sample has been measured.
HPD measurement of bubble density is being used to determine the reaction
channel for events as far as possible.

The scanning criteria are designed to select all events on a neutron target
(spectator proton) and events on a proton target in which two charged particles
and a seen K° are produced. These last contain the K*'p final state mentioned in
Experiment 32. Coherent deuteron events are also accepted. The initial analyses
are concentrated on K'n charge exchange and single pion production channels.
Preliminary results are expected early in 1972.

Experiment 34 UNIVERSITY OF CAMBRIDGE
Pion Production. The following channels are being studied using longitudinal
phase space techniques:

np > ppm_

np > pprmwm

np > ppratTaw

No evidence has been found for N(1470) production in the np - ppr channel
which is at variance with the findings of Shapira et al.

Figure 48. Distribution in angle w for 250 events of the type np ~ E_pf.qz, ax
and qp are longitudinal momenta in the c.m.s. (Experiment 34).

K*d Interactions in
the 2-3 GeV/c Region

np Interactions in
the Range 1 to 8 GeV/c
(ref. 172)
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Figure 49. Diagrlams corresponding to isospin amplitudes M(L,1).
M(Oé) and M(1,3) occur for both NN = AKN and ZKN, whilst
M(1,3) occurs for NN = ZKN only. (Experiment 34).

Strange Particle Events. The 3-body processes

np -+ ApK®
np - Z°pK°®
and np-> ZpK'
have been studied at mean neutron momenta 5-2 GeV/c and 6-8 GeV/c. Figure 48
shows the distribution in the Van Hove angle w for 250 ZpK" events, the peaks
centred at w A 145° and w A 235° belonging to events in which the (£7K*) com-
bination is produced from the neutron vertex and target proton vertex respectively.
When our np data is taken with existing pp data in the same momentum range,
cross-sections for a total of 7 charge channels for NN - ZKN and 3 charge
channels for NN - AKN are available. This data has been used to perform a
complete isospin analysis in terms of the 3 isospin amplitudes M(LI), where I and
I are as defined in Figure 49. Preliminary results for NN - ZKN indicate that
I = 0 exchange occurs approximately 20% of the time, and that I = 1 exchange

with production of an I = 3/2 (ZK) — system is predominant with 43% of the
total amplitude.

Figure 50. Distribution in Van Hove angle w for the reaction np Z7(1885)pK".

(Experiment 34).

np = Z (1385) pK* at 48 GeV/c

=i : 1L =

60 120 180 240 300 360
w (degrees)

The 4-body processes

np + ApK'n~
np + Z pK'n
np > ZFpK’ nt

show very strong production of the Z(1 385) resonance, which enables an isospin
analysis of the reaction NN - Z(1385)KN to be made in similar fashion.
Figure 50 shows an w-distribution equivalent to that of Figure 49 for 75 events of
the type

np -~ £7(1385)pK"
LAN'.

A general analysis of 4-body events using reduced longitudinal momentum
techniques to identify reaction mechanisms is proceeding.

In November 1970 about 90,000 pictures containing on average two 3-prong
events per picture were taken in the 1-5 m hydrogen bubble chamber. The
neutrons are contained within a band 2 cm wide.

It is proposed to measure v 40,000 3-prong events (about 8000 have been
measured so far, on Sweepnik), which on the basis of a preliminary analysis
should yield v 25,000 events of the type npa'n™ and v 12,000 events of the type
np - ppn_ the remainder being np—ppr n° and np—~>5 bodies events. As expected
it seems possible to resolve the few ambiguous solutions (~ 10% of the events)
on the basis of ionization estimates. A special study will be made of single and

double A(1286) production from threshold up to 3-5 GeV/c.

UNIVERSITY COLLEGE, LONDON
TUFTS UNIVERSITY, USA

. UNIVERSITY OF BRUSSELS
Experiment 35 CERN
670,000 pictures were taken in an exposure of the 1-4 m Rutherford Laboratory
Heavy Liquid Bubble Chamber to a 2:2 GeV/c K beam at Nimrod. The liquid
used was a propane-freon mixture with radiation length of 30 cm.

The main purposes of the experiment are to determine the lifetimes and the decay
parameters of the cascade particles and to study the A-A, A-y and the A-p final
states.

In a search for the radiative decay Y* (1327)~A+y, which had been reported by
Bogachev et al, no evidence was found for the existence of this state. As mentioned
in last year’s report, our experiment has placed an upper limit of 98 u-barn on the
cross-section for the reaction

K +p~>Y¥* (1827) + n*n (+nn°, where n>o)

— =t O
= ]

To study the properties of the cascade particles (=, = ) the entire film was doubly
scanned and 3640 events were measured. 2400 of these had an acceptable
topology for the reaction:

K+A-KS +Z° + A (+nm)

AT

np Interactions in

the Range 1-0 to 3-5

Geljc

K Interactions in
Heavy Liquid
Bubble Chamber
(ref. 175)
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Anomalies in
Electromagnetic
Processes

where A and A' represent the initial and final nuclear states. In scanning for
these events detection of at least one gamma ray was essential. Further inspection

of the events, and the application of kinematic fitting, reduced the sample to
232 Z°’s and 840 Z7s.

The big reduction in the number of Z°’s is due to the elimination of the events
with spurious gamma rays. The existing sample of 232 Z%s contains some back-
ground and various cuts must be applied to remove it. The effects of these cuts

are being studied and the results will be published in the near future. An attempt
will also be made to determine the masses of the cascade particles.

A Russian group claims that they have observed four peaks in the invariant mass
distribution of the A-p system produced in n-C'* reactions. Since the interactions
in our experiment are on complex nuclei a similar effect could be observed. A
small fraction of the film has been scanned for the A°p(nr) final states, obtaining
1500 events. The preliminary results show only one peak which may be significant
just above the A-p threshold. The observed peak is not in the same place as any of
the peaks reported by the Russian group or by K'-deuterium experiments.

Using events with two visible A° decays in the final state -- (we have over 400 of
these) — it is possible to study the A°-A° interaction. There is no sign of strong
S-wave correlation at low A-A mass. There is, however, a significant mass peaking
at 2870 MeV/c® in the A-A system. This seems consistent with a A-A resonance,
probably as a final state interaction in the process EN -+ AAn. This result has
been reported at a number of conferences in 1971 and will be published soon.

Experiment 36

UNIVERSITY OF CAMBRIDGE

Approximately half the 290,000 pictures taken in the 15 m hydrogen bubble
chamber at the Rutherford Laboratory in 1970 have been fully analysed.
Separate studies of the electromagnetic processes of electron bremsstrahlung and
electron positron pair production by photons in hydrogen have been made. In
each case good agreement with the Bethe-Heitler theory for these processes has
been obtained, no evidence for the previously reported anomalies being found.

Figure 51. Shows the distribution obtained for the
bremsstrahlung energy losses of 1 GeV/c momentum e~

in hydrogen based on measurements of 139,000 tracks.
(Experiment 36).
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Figure 52. The distribution of the momentum partition
function, &, obtained for a sample of 27255 electron
positron pairs of energies between 80 MeV/c and

2000 MeV/c. (Experiment 36).

UNIVERSITY COLLEGE, LONDON
UNIVERSITY OF DURHAM
" CERN

EXp eriment 37 RUTHERFORD LABORATORY
November 1971 saw the successful operation of the Track Sensitive hydrogen
target in the 1-5 m bubble chamber filled with neon-hydrogen. The design and
operation of the target are discussed in detail on page 116. From the v_iewpoint of
high energy physics the principle is simple. The hydrogen is contained in a perspex
walled chamber 4-5 cm deep situated centrally inside the main chamber so that
beam interactions occur in hydrogen. The walls of the target are 6 mm thick and
the expansion is transmitted from the main chamber by movement of the target
walls (maximum deflection less than ~ 1 mm). Products of reactions occuring in
the hydrogen pass through the perspex into the heavy liquid neon—hydrogen
mixture. This allows the increased stopping power and gamma conversion
efficiency of the neon-hydrogen to become effective and so combines the merits
of the hydrogen chamber — simple production kinematics and near vertex pre-
cision — and the heavy liquid chamber. The system is shown diagramatically in
Figure 53.

The Track Sensitive
Target Facility in the
1-5 m Bubble Chamber

Figure 53. Diagrammatic view of the neon-hydrogen track sensitive target facility. (E}_cperiment 37)
The central target chamber is 45 cm deep and contains pure hydrogen. The outer region, extending

for 20 cm on either side of the target chamber contains a mixture of Neon and Hydrogen.

—————
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Beam tracks
enter hydrogen
only

Tracks pass through perspex
into chamber

Gamma rays
convert to ete”
pairs in neon
hydrogen
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Figure 54. An example of the reaction m'p = pm'n'm n°1° observed in the neon-hydrogen
track sensitive target. All four gamma rays coming from the decay of the 7 s convert into
electron-positron pairs in the neon. (Experiment 37).

A photograph taken with a 4 GeV/c 7" beam is shown in Figure 54. The hydrogen
inside the target is clearly less sensitive than the neon-hydrogen mixture. Gamma
conversions into electron-positron pairs in the neon point back to the production
vertex in the hydrogen. The event shown has four gammas converted and is an
example of two n° production — a class of events which cannot be analysed in a
pure hydrogen chamber. The reaction shown is:

np>prtrtr T n®

The application of the system to high energy physics is thus derived from the
following properties:—

(i) The detection of gamma rays and the ability to analyse final states with more
than one neutral (7°) produced.

(ii) The stopping power of the heavy liquid yields precise momentum measure-
ments from range.

(iii) The heavy liquid will identify electrons at the scanning stage because of their
energy loss characteristics and hence, combined with the hydrogen produc-
tion Kinematics, will be value in the study of hyperon g-decays.

The radiation length in the 45 mole percent mixture used in the first run is ~73
cm so that the gamma conversion efficiency is ~25%. Figure 55 shows the
radiation length as a function of the neon concentration in the mixture. It is
clearly desirable to increase the concentration to ~80 mole percent which will be
tried early in 1972. Later in 1972 we would hope to operate with deuterium in
the target and ~v93 mole percent neon in the chamber (radiation length ~28 cm)
as has been shown feasible at DESY.

The first physics run will be with 4 GeV/c n* to study, in particular, the final
states

e £ (1)
g el e sscuxssss (2)
TP=pAa™  wesssesas (3)

Reaction (1) was reported to contain the H-meson (mass 960 Me_V/cz) in
p°n° — with a cross-section ~150 ub. The existence of the H-meson 1s now 1mn
doubt however because of the possibility of kinematic confusion between

' > p°y and H - p°r°. In previous experiments the neutrals were not detected

and the kinematics not sufficiently good to resolve a missing gamma from a
missing 7°. The direct observation and measurement of one or two gammas
associated with the events in the H peak will resolve the question.

Reaction (2) can be used to study the n°7° system. This is interesting because the
quantum numbers are restricted to J¥ =0, 2", - i.e. natural parity even spin, and
I = 0 or 2. It is therefore possible to study scalar mesons without vector meson
background. It is necessary to observe at least one pair of gammas makinga 7 to
allow a 1C fit to channel (2) or to observe all four gammas for a 4C fit.

Reaction (3) is interesting because the range of recoil proton gives a precise
momentum measurement (<}%) in the momentum transfer region below and
including the Jacobian peak. This, coupled with a good angle measurement
between the proton and the incident 7* should yield a good mass resolution on
the A,*. We would expect I' v £6-8 MeV/c? for t < 0-55(Gev/c?)*.

Figure 55. Variation of radiation length in a hydrogen-neon mixture as a function of neon
concentration in the mixture at 29 K. (Experiment 37).
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EXpCI‘iIIlCIlt 33 UNIVERSITY OF CAMBRIDGE

Hyperon-Nucleon In July and August 1971 some 290,000 pictures were taken in the 2 m hydrogen
Interactions bubble chamber at CERN by the Cambridge Bubble Chamber Group, in order to
study Ap interactions with A momenta in the range 10 to 20 GeV/c.

The experiment was performed by allowing a 24 GeV/c proton beam of intensity
~$ x 10* protons per pulse to strike a 5 cm long copper target 3-3 m from the
start of the visible region of the chamber. The neutral particles produced were
allowed to enter the chamber whereas the primary proton beam and the charged Figure 57. A typical frame from the A° exposure, showing a A° decay and several
particles were removed by means of a specially designed high field pulsed magnet neutron interactions. (Experiment 38).

(HFPM) of length about 50 cm, followed by a brass collimator having a straight
channel of length 16 m and angular acceptance of 72 usr. The collimator was
surrounded by extensive uranium and lead shielding. Figure 56 shows the HFPM
installed at the 2 m chamber. |

Figure 57 shows a frame from the exposure, with a visible A° decay. There is an 1
estimated flux of about 30 fast neutrons in the chamber and several multi-prong
neutron interactions can be seen. The frame shown in Figure 58 is taken under
the same conditions as Figure 57 but with the HFPM switched off and dramatically
illustrates the useful sweeping effect of the HFPM. Scanning of the A film has
started and preliminary results indicate that the flux of A’s observed is roughly in
accord with the predictions of the Hagedorn-Ranft model.

In addition to the A film some 66,000 test pictures were taken with a proton Figure 58. Another frame taken in the A° beam, but with the high field pulsed
beam of higher intensity to study the feasibility of making a high momentum magnet turned off. (Experiment 38).

2~ bubble chamber beam. The straight channel in the collimator was replaced by

a curved channel, the magnetic field in this region permitting the separation of a UNIVERSITY OF BOLOGNA
high momentum negative beam. Initial study of this test film indicates that such UNIVERSITY OF EDINBURGH
a negative beam can be made but further work is necessary to reduce the muon UNIVERSITY OF GLASGOW

background in the chamber to a tolerable level. UNIVERSITY OF PISA

Experiment 39 RUTHERFORD LABORATORY

Figure 56. The high field pulsed magnet installation at the 2m bubble chamber, CERN.
(Experiment 38).

Preparations are being made for an exposure of the 2 m hydrogen bubble chamber  Parameters o f the
at CERN to a beam of K°; . A 7~ beam will be passed into a hydrogen target and 7 and Semi-Lep toomc
K° produced in the forward direction, via the reaction m +p>A°+K°, will be passed Dgcays of the K L
into the chamber 7 metres away. By varying the momentum of the 7 in steps a K° [ p Interactions in
range of K° momentum can be covered. The exposure will consist of a total of the Range 400-850
300,000 pictures for eight 7~ momentum settings to allow coverage of the range MeV/c.

400-850 MeV/c in K°; momentum. At the lower momenta the resultant K"

beam will be monoenergetic.

The weak interaction part of the experiment is concerned with the elucidation of
the mechanisms responsible for the decays:—

-
K°p = atety
.-

atuty

mra’

A knowledge of the beam momentum allows the avoidance of the kinematic
ambiguity which has beset previous investigations.

Of particular interest in the strong interactions is the reaction K°p+p — Z°+'rr*.
There is some previous evidence for I = 1, § = -1 baryon states with large branching
ratios into T. The channel is more amenable to study using a neutral rather th_an
negative K beam. Preparations are being made for the pr_ovision of counting
equipment to monitor the =~ beam, a hydrogen target, shielding and an optimised
absorber assembly to remove photons from the K°L beam.
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Nuclear Structure Experiments

One of the most important discoveries by Rutherford was that whilst the atom
typically has dimensions of order 10® cm, the nucleus is much smaller with
dimensions typically of order 10™** cm. Whilst we now have much more complete
and detailed information about nuclear sizes, in general this relates to the
proton distribution which is measured through its electrical charge. Our informa-
tion about the distribution of neutrons is much more sparse; for example, it is
thought that in heavy nuclei the density distributions of neutrons and of protons
are similar but it is still not known whether the radius of the neutron distribution
exceeds that of the protons by a small amount or vice-versa. Experiment 40
describes a measurement of the total reaction cross-sections for pions on nuclei to
gain information about neutron density distributions. A preliminary analysis of
the results indicates that in heavy nuclei the radii of the neutron and proton
distributions are almost equal.

Recently there has been considerable speculation by nuclear structure physicists
about the possible existence of superheavy elements. In the region of the periodic
table above Uranium, all nuclei are radio-active with the heavier nuclei generally
having shorter life times before decay. The heaviest element known at present
has the atomic number 105 and a half-life for decay measured in seconds. The
general expectation would be that nuclei heavier than this would have even
shorter half-lives. However, it has been predicted that, due to the stabilising effect
of a closed shell of protons at atomic number 114, nuclei in this region could
have quite long half-lives for decay with values as long as 10° years being
predicted in some cases. These nuclei are known as the superheavy elements.
Attempts in the Rutherford Laboratory to produce superheavy elements by
secondary reactions in targets irradiated by high energy proton beams have
continued throughout the year. However, despite a great deal of work (both in
this Laboratory and elsewhere) it has not so far been possible to confirm with
certainty, or to disprove, the earlier results reported last year for the possible
production of a superheavy element with the atomic number 112. Towards the
end of the year a further irradiated target was obtained from CERN and it is
hoped that a repeat of the earlier work with this target will clarify the situation.

The Laboratory continues to support university groups carrying out experiments
at the accelerators available at AERE (Harwell), particularly those groups
previously associated with the Proton Linear Accelerator at the Rutherford
Laboratory (PLA). These experiments are included in Table 9 and reported
below.

Several members of the resident nuclear structure physics group have participated
in theoretical studies relating to nuclear structure problems, particularly with
reference to the question of nuclear sizes. The Microscopic Model has been applied
to the elastic scattering of a-particles from 204+ 206, 208Ph and 2B for energies
below and near the Coulomb barrier. The analysis showed that the rms radii of
the nuclear mass distributions did not exceed the values of the charge radii by
more than 0-1 fm. This work was later extended to study the effective alpha-
nucleon interaction in nuclei where a comparison was made between the effective
interactions used to describe elastic a-nucleus scattering and those derived from
free nucleon-alpha scattering.

An analysis has been made of reaction cross-sections for negative pions, on a
range of nuclei, at momenta from 20 to 60 GeV/c measured at Serpukhov.
Data for C, Al, Sn and Pb were analysed in terms of nuclear sizes. Assuming that
the neutron and proton distributions in C are identical it is found that for Pb
the best agreement with experiment is obtained using neutron density distribu-
tions which have similar geometrical parameters to that of the proton distribution.

Results from a calculation of neutron distributions using a hydrodynamical model
are found to be in good agreement with the analyses of pion and a-particle
scattering data mentioned earlier. The model has been used to examine the
“anomaly” in the radii of the orbits of excess neutrons in heavy nuclei.

Data on the depolarization parameter for proton-nucleus scattering measured on
the PLA and elsewhere have been analysed in terms of a spin-spin dependent
potential. In general the potential values obtained are very small, in agreement with

analyses of the scattering of polarized neutrons by aligned nuclei.

Table 9

Nuclear Structure Experiments

Expt. No. Experiment Location Team Status
40 Total Reaction Cross- 710 beam Nimrod Univ. of Birmingham  Analysis
sections for Pions on Univ. of Surrey
Nuclei Rutherford Lab.
41 Search for Super- CERN Proton Univ. of Manchester ~ Analysis
heavy Elements Synchrotron Univ. Res. Reactor,
Risley
AERE, Harwell
AWRE, Aldermaston
Rutherford Lab.
42 Correlation Studies AERE, Harwell King’s College, London Analysis
on Light Elements Variable Energy Queen’s Univ. Belfast
Cyclotron (VEC)
43 Scattering Studies AERE, Harwell King’s College, London Data taking
with Helions and VEC and Tandem  Univ. of Birmingham and Analysis
Alpha Particles Accelerators
44 Studies of ‘Few AERE, Harwell King’s College, London Data taking
Nucleon’ Reactions Synchro-Cyclotron Queen Mary College, and Analysis
London
AERE, Harwell
45 Elastic Scattering CERN Univ. of Oxford Data taking

of 400 MeV/c 7
by Deuterium

Synchro-Cyclotron CERN
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Total Reaction
Cross-Sections for
Pions on Nuclet
(ref. 16, 36,.37)

UNIVERSITY OF BIRMINGHAM
. UNIVERSITY OF SURREY
Experiment 40 RUTHERFORD LABORATORY
The objective of this experiment is to measure the total reaction cross-sections for
7 and 7 mesons on a range of nuclei at energies in the range 0-5 to 2-0 GeV. The
purpose of the measurements is to obtain further information about the density
distribution of neutrons in nuclei, a currently controversial topic in nuclear
structure physics.

In heavy nuclei both 7 and 7~ mesons are strongly absorbed in the nuclear interior.
However, if for the pion-nucleon total cross-sections (o), the ratio:

_ Op(mp) _UT(W+H)
Q Op(np) Op(mn)

is much greater than 1 then in the surface region the 7* will be mainly absorbed by
neutrons and the 7~ by protons. Hence the ratio of the total reaction cross-
sections for pion-nucleus interactions

Op(mN)
g (TN)
will be sensitive to the properties of the surface region around the 50% density
point and in particular to the relative distributions of neutrons and protons. The
ratio R has been measured before for 700 MeV #* and 7~ mesons where Q = 2-6,
but the measurement was only made for lead and at one pion energy. In the
present experiment these measurements have been repeated and extended to cover
both a wide range of nuclei and a number of pion energies.

The experiment itself consists of a “bad-geometry” transmission measurement in
which the number of particles transmitted through the target is measured as a
function of the solid angle subtended by the elements of an array of scintillation
counters. By moving the counters relative to the target, measurements have been
taken at 20 different solid angles. After various small corrections have been
applied the results are then extrapolated to zero solid angle to obtain the measured
total reaction cross-section. Since the aim of the experiment is to measure the
ratio of the reaction cross-sections for 7* and #~ mesons to high accuracy (better
than 1%) effective identification of the incident pions and measurement of count-
rate effects are very important. This is particularly so for positive beams where
the incident 7° mesons are accompanied by a large flux of protons. A DISC
Cerenkov counter is used to distinguish between protons and 7 mesons and a
threshold Cerenkov counter is used to reject electrons and muons. Scalers recording
the data are interfaced using the CAMAC system to a PDP-8 computer which is
used for on-line checking and calculation of the results.

Measurements have been taken for the series of nuclei, C, Al, Ca, Ni, Sn, Ho and
Pb chosen to cover a range of A values at momenta of 0-71, 0-84, 1-0, 1-36, 1-58
and 2-0 GeV/c. Ho was included as a good example of a badly deformed nucleus.
At 1-36 and 1-58 GeV/c the Fermi-averaged 7* and 7 -nucleon total cross-sections
are equal so that the calculated ratio of 7°/7" reaction cross-sections is independent
of the neutron density distribution assumed. At the lower momenta the 7" and 7"-
nucleon total cross-sections differ by a factor of two, whilst the 2-0 GeV/c
measurements will give a check of momentum dependent effects in the theory.
Measurements have been taken for the separated isotopes '?°Sn and *°*Pb at
0-84, 1-0 and 1-36 GeV/c as for these nuclei the proton density distributions are
particularly well-known.

A preliminary analysis of the date gives R = 1-0437 + 0-0038 for Pb at 1-36 GeV/c
to be compared with the model-independent calculated value of 1-0470. At 1-0
GeV/c the value 1-0230 = 0-0024 is obtained, compared with calculated values
of 1-038 if the neutron and proton distributions are identical and 0-979 if the
radius of the neutron distribution is taken to be 0-5 fm larger than the cor-
responding value for protons.

UNIVERSITY OF MANCHESTER
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In last years report an experiment was described in which the observation of Search for Superheavy
spontancous fission in a mercury source separated from a tungsten target which Elements

had been irradiated by 24 GeV protons was taken as evidence for the possible
existence of a superheavy element with atomic number 112. It was suggested that
secondary reactions in the tungsten target might be able to produce the superheavy
nuclei which have been predicted toexist in the region of the possible closed shell
of protons at around Z = 114.

The evidence that the observed activity might be due to a superheavy element was
based entirely on the prediction that element 112 will be the chemical homologue
of mercury. Such an identification may, of course, be in error due to the possibility
of contamination of the sources and this possibility was considered in some detail.

Since the earlier experiments, attempts have been made to identify the source of
the observed fission activity more directly by trying to measure nuclear properties
which depend in some way on the Z or A of the nucleus undergoing fission. A
more uniform source was prepared by chemically exchanging the Hg activity onto
an evaporated film of PbS on a 240 * 20 ug/cm® polycarbonate backing. About
50% of the fission activity was transferred onto the PbS film. With this source it
was now possible to measure the kinetic energy spectrum of the fission fragments
and energy spectra were recorded for both single and coincident summed kinetic
energies. The observed singles and coincidence spectra are shown in Figure 59.
Also shown in Figure 59 are the spectra obtained in the same apparatus from a
252 Cf source which was prepared by sublimation of **? Cf onto successive layers
of PbS to simulate the HgS-PbS source as closely as possible. **?Cf (which
undergoes spontaneous fission) is the most likely contaminant element.

It can be seen that the two spectra appear to differ in shape, particularly in the
low energy region, and that the Hg energy spectrum seems to have a peak at slightly
higher energy than that for 252 Cf (about 194 MeV as compared to 182 for *** Cf).
A statistical x? analysis indicates that the probability that the observed spectrum
is consistent with that of pure 52 Cf is less than 1%. The probability increases to
30% if the point with the largest value of x (at channels 120-130) is removed
from consideration.

The fission data were printed out sufficiently often that about 50% of the indivi-
dual singles and coincidence events could be correlated with each other. In these
cases, it is possible to determine the energy of the fission fragments striking the
back detector by a simple subtraction. The energies of the correlated fragments
are plotted in Figure 60 along with a contour which encloses the region in which
90% of the 52 Cf fragments would be found. The relatively large number (30%)
of the observed fissions from the Hg source which do not fall within the contours
can be regarded as evidence of spontancously fissioning material other than
232 Cf in the Hg source.

(ref. 18, 55, 56)
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Figure 59. Energy spectra of fission fragments observed with the mercury source.

In (a) the summed kinetic energy spectrum is given and in (b) the singles spectrum
observed with the front detector. The continuous lines show similar measurements
with a 252 Cf source with much better statistics. (Experiment 41).

Measurements of the fission energy spectra, the mean number of neutrons per
fission and the alpha/fission intensity ratio all suggested that a significant fraction

of the observed fission activity from the thin source could have been due to

20 1

154 ] 252 Cf. Some further chemical separations were therefore carried out. The fission
(a) ‘ "~ and alpha activity of the resulting actinide source showed that 73+7% of the
;'_1 [ fission activity observed at the time of the kinetic energy measurements now
é L appeared in the actinide fraction and here the intensity ratio of 6-1 MeV alpha
s particles to fission fragments was 16+2 : 1, a characteristic value for *** Cf.
54
From these and other measurements, it appeared that approximately 70% of the
] fission activity observed was due to **?Cf although the remaining 30% is
0 ; : , . : | | ; . .
5 e @ &% MB G Bh &Y B8 0@ En Gn o unlikely to be due to this element. As early alpha spectra showed smaller
' amounts of alpha activity having an energy of around 6-1 MeV for comparable
Grihakl.  BaEEs rates of fission activity we conclude that after the original separation either the
20 source has been contaminated or the **? Cf has grown in.
‘ The fact that the mean number of neutrons emitted per fission for the total Hg
151 ‘ source was close to that of **?Cf indicates that the remaining 30% of the fission
e ‘ activity has a neutron multiplicity in the range of 2 to 5. The kinetic energy spectra
2 o] (b) and the value of neutron multiplicity do not agree with the published predictions
= for the binary fission of superheavy elements; however, neither do the kinetic
S ] \ energy spectra appear to fit those of any known spontaneously fissioning actinide
5 r isotope.
e i v | Finally some attempts have been made to measure the mass of the spontaneously
. % w = & @2 b & 5 ; ' : ; ; fissioning activity in the Hg fraction using a mass separator. A thin Nickel foil was
80 9% 10 M0 120

used in the focal plane of the separator to collect nuclei over the mass range 260
to 320 amu. Polycarbonate foils exposed to the Nickel plate give some slight
evidence for spontaneous fission activity corresponding to masses in the region of
A = 308. Scanning of nuclear emulsions exposed to the Nickel plate is in progress.

CHANNEL NUMBER

Figure 60. Correlated energies of fission fragments from the Hg source. The pairs of

numbered points show the alternative interpretations when the analysis of the events is
ambiguous. The contours enclose the region in which 90% of 252 Cf fragments would be
found and are asymmetric because of energy loss in the source backing. (Experiment 41).
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10+ 8 The value of single-nucleon transfer reactions for determining the single-particle Correlation Studies on
8° 84 characteristics of nuclear states is well established. Neutron transfer reactions have Light Elements
B been widely used but the use of proton transfer reactions has been limited by the (ref. 42)
availability of particle beams. Analysis difficulties are encountered in these reactions
- due to the composite nature of the particles and the complexity of the reaction
Wi " mechanisms. These difficulties are partly removed by the (p, 2p) reaction as the
_ use of correlation techniques restricts the mechanism almost entirely to the simple
3 %09 e ‘knock-on’ or ‘quasi-elastic’ process. Provided the distortion effects, which become
= x appreciable below 100 MeV, can be satisfactorily described the better resolution
704 i d of low energy experiments makes them preferable for nuclear structure studies.
;gj X " The distortion of the incoming and outgoing proton waves can now be well
W 6o XX ) described by the optical model.
i 81 Of the 1p shell nuclei, '*O is particularly interesting as its structure has been
widely considered and its ground state appears to be largely a closed py shell. By
. using a combination of measurements from C;o Hg O4 (mylar) and MoO; targetsthe
nucleus '® O has been investigated together with '*C for comparison with previous
work.
30 : . . . . . . . . . . :
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& The inelastic and elastic scattering studies, which determined with precision the = Scattering Studies with
‘ " optical model parameters for protons, using the PLA have been continued using Helions and Alpha
— < the helion beams of the UKAEA Variable Energy Cyclotron (VEC) and Tandem Pariicle Beams
Accelerators. (ref. 29, 86, 181, 191)
10 Using the 53-4 MeV helion beam of the cyclotron elastic and inelastic scatotering
- = measurements have been made for *¢ Fe over an angular range of 12° to 150°. The :
- - ] value of precise large angle measurements in reducing the ambiguities of the
2 = 2 optical potentials has been amply demonstrated. The preference for surface
9 1—¢7 absorption potentials is shown in Figure 62. Coupled channels (SCA) calculations
. — - based on the ground state and principal 2" and 3™ states indicate that such coupling
5 ¢ effects are not as dominant as the inclusion of a spin-orbit potential in the regular
5 7 optical model for helions.
C,’_: 12C(p,2p) g
g B N Figure 62. Regular optical model best fits for surface (full line) and volume
:g (dashed line) absorption potentials with Jpg/ApAT = 445 MeV fm® but without
o any spin-orbit component. (Experiment 43).
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Figure 61. Angular correlations for the 16O(p,Zp) 5N and r
the 2C(p,2p) " B reactions at 49.5 MeV. The solid curves T
are the results of distorted wave impulse approximation
calculations. (Experiment 42). s
&
s
The UKAEA Harwell Variable Energy Cyclotron was used to produce a well defined bﬁ
beam of 49-5 + 0-3 MeV protons. After scattering from targets of either 1-70 £ 0-02
mg cm™ mylar or 1-60 # 0:02 mg cm >MoO; the reaction products were detected 108
in semiconductor detector telescopes at equal co-planar angles on either side of the |
beam. Each telescope consisted of a 400 um surface barrier transmission counter, |
a 4 mm Si(Li) transmission counter and a 5 mm Si (Li) veto detector to remove |
high energy elastically scattered protons. The total energy resolution as measured
from free proton-proton scattering was 250 keV.
|
For the purpose of a preliminary comparison distorted wave impulse approximation 0% b !
calculations have been performed using the di-proton model of Jackson and Jain.
The angular correlation curves for **O (p,2p)'*N and *C(p, 2p)''B ground states
are shown in Figure 61. Measurements to other states of '>N observed at excitation
energies of 5-3, 6:3 and 7-3 MeV will require a more detailed analysis. The salient
feature of the results is the location of a minimum in the correlation curves close
to the angle corresponding to zero momentum transfer. The extra diffraction
structure observed in the previous '*C data is not in evidence. - | | | | | | ] | |
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Figure 63. The ratio of the optical potential and nuclear density deformations calculated for a
Gaussian force of 2 fm range as a function of A number for 2%, 37, 4" and 67 states.
(Experiment 43).

The previous detailed proton study on the even isotopes of Samarium shed con-
siderable light on the transition region between vibrational and rotational nuclei.
Elastic and inelastic scattering helion studies on '**Sm have been completed at
53-4 MeV and 18 MeV and studies of the other isotopes are planned. The low
energy measurements used the UKAEA Tandem accelerator and were combined
with a study of the (h, a) reaction. Comparison of the spectroscopic factors
obtained with those of the (p, d) reaction show a factor of six difference between
the values obtained for the 1 = 0 transition at 0-107 MeV. This failure of the
DWBA analysis is attributed to the large momentum mismatch in the (h, a)
reaction.

Elastic and inelastic scattering cross-sections of *He and « particles have been
measured for '' B and isotopes of Mg at several energies using the Harwell VEC and
the Oxford Tandem accelerator. This data is being employed to study two step
processes in the stripping reactions '*C (d, *He) ''B and **Mg (*He, «)**Mg.
Both Collective and Microscopic Models are being used to treat the excitation of
the intermediate states involved in such processes.

The presently accepted formalism for inelastic scattering of nucleons from collective
nuclei is based on a deformed optical potential. A simple Microscopic Model has
been used to compare this formalism with an alternative one based on a deformed
nuclear density. The results show that there are very large differences between the
nuclear and the optical potential deformation parameters (see Figure 63) and that
quite different shapes are obtained for the inelastic formfactors with these two
prescriptions.

Table 10

Comparison of spectroscopic factors(S) obtained in neutron pickup reactions
leading to final states in '** Sm.

E (MeV) Level S (p,d) S (h, @)
00 &n 20 194
0-107 - 1-6 0-26
0-748 hiis 9-86 10-8
1-10 e 9-57 1-86
136 hiva 1-04 2.28

KING’S COLLEGE, LONDON
QUEEN MARY COLLEGE, LONDON
AERE, HARWELL

Experiment 44

The first three experiments in this series, n-p differential cross-section, n-p Studies of ‘Few

bremsstrahlung and n-d differential cross-section, have been completed and data

Nucleon’ Reactions

analysis is in progress. Preliminary results were presented at the Budapest (ref. 154)

Conference on the Nuclear Three-Body Problem, 1971.

Kinematically complete data has been obtained from the reaction d(n,np)n, using
a multi-parameter data acquisition system developed previously for n-p brems-
strahlung reaction studies. The system uses a neutron beam obtained from the
AERE synchro-cyclotron, collimated onto a target of liquid deuterium, designed
and built at the Rutherford Laboratory. Data is digitised and recorded on magnetic
tape.

Twenty-five million events, each characterised by eleven parameters, have been
recorded, covering a range of incident neutron energies from 50 to 150 MeV.
Neutrons and protons were detected in coincidence in the final state, at fifty
pairs of angles, chosen to enhance three final state processes:

(i) the n-n final state interaction
(ii) the n-p final state interaction
(iii) n-p quasi-free scattering.

In addition it should be possible to extract data on the n-d bremsstrahlung
reaction.

Figure 64 shows data obtained in a preliminary run (December 1970). The
kinematically allowed locus of proton energy, E; against neutron energy E is
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Figure 64. Proton energy versus neutron energy for an energy bin 120140 MeV,
g, =82.0%, & = —65.1°. (Experiment 44).
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The Elastic Scattering
of 400 MeV/c n* by
Deuterium

(ref. 43, 179)
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drawn, together with the relative energy, E_,
neutron, and the spectator particle energy, E . Events are observed to populate

the kinematic locus with enhancements at E_ = 0 due to the n-n final state inter-
action, and at E' = 09 MeV (minimum), due to the n-p quasi-free scattering

process.

In a later run, in July 1971, thirty times this number of events were obtained.
Analysis will include extraction of absolute cross-sections for both final state and
quasi-free interaction and extraction of an accurate value for the n-n scattering
length using Watson-Migdal theory. The existence of data from a variety of
kinematic conditions should indicate the reliability of this method in the proximity

of the spectator particle process.

The next experiment in the series, n-d polarization at 130 MeV, is currently

being set up.

: UNIVERSITY OF OXFORD
E.xperiment 45 CERN

The analysis of data from elastic m-nucleus scattering in terms of multiple scattering
on the individual nucleons, requires the use of many approximations because of
the complexity of the target particle. In this respect the deuteron (because of its
simpler spin structure) has advantages over other nuclei. Of the existing nd
scattering data the best in quality is that measured at energies greater than 1 GeV.
It is the purpose of this experiment to provide good data at a point in the lower
energy region which can be used to seriously test various theoretical approaches.

Figure 65. Typical pulse-height spectra from 7*d scattering using a Cg Dy, target.
(Experiment 45).
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At 400 MeV/c and for large pion scattering angles (>120°) the recoil deuteron can
escape from the target material and is detected in this experiment by a counter
telescope, Cerenkov system. At smaller angles a magnetic spectrometer measures
the momentum of the incident pion and the recoil deuteron is stopped in a
scintillating target composed of deuterated cyclohexane.

Preliminary measurements have shown that the technique of identifying the
recoil deuteron by pulse height from the scintillating target gives adequate resolu-
tion provided the momentum of the incident pion is known. Some typical pulse
height spectra from nd scattering and from 7p scattering used for calibration, are
shown in Figure 65. Preliminary analysis of the present data has yielded points on

.the 7d angular distribution that are in good agreement with calculated values

(Figure 66).

Figure 66. Angular distribution for 7d scattering from a preliminary
analysis of data from Experiment 45. Solid lines are from calculated

values.

Oy (1ab)
0° 20 80° 100° 120° 140° 160° 180
I T ' T l T I T ] T I Ll l T ' T

100 —

50 . Td Scattering at 400 MeV/c

—'I— Bubble Chamber Data

i @ This Expt. (Preliminary)

(dU/dQ)LAB_ mb./sr.

0.2 -

0.05 |~

0.02 |-

0.01 -~

O (ems)

85




86

A Case for
Medium-Energy
Hadron Physics

(ref. 256)

Duality

Theoretical High Energy Physics

The high-energy theory group maintains a particular interest in phenomenology,
which means learning from experiment. There is a wide gap between experimental
data on the one hand and fundamental theory on the other. In this middle ground
the phenomenologist works, trying to bridge the gap, seeking to identify theoretical
implications of the data and practical consequences of given theories. Often he
proceeds by building models, in which basic ideas are supplemented by plausible
assumptions, to see how far they will succeed. Even when they fail there is some-
thing to be learned.

Anew direction in high-energy phenomenology is amplitude analysis. Experimental
quantities are typically bilinear combinations of several scattering amplitudes. If
the amplitudes themselves can be extracted, they represent the data in the most
transparent form; they give the best test of given models and also the clearest
indication of what modifications are needed. In connection with this development,
recently the 7N data at 6 GeV/c have become complete enough for a direct
amplitude analysis. In other situations, the phenomenologist can eke out incom-
plete data by adding reasonable assumptions, or by exploiting analytic continua-
tion.

This year has seen a lot of work on the Regge-absorption model. Regge poles are
Just a sophisticated formulation of Yukawa’s old idea, that interparticle forces
come from exchanging virtual particles. However, Regge poles alone cannot
explain all the high-energy scattering data, and a plausible assumption is that
corrections must be made for absorption in the initial and final states. This gives
the Regge-absorption model, in broad outline; in fact there are several versions,
differing in their assumptions about the Regge poles and the nature of the
absorption. The first problem was to find experiments to discriminate between rival
models. Eventually, results were found that disagreed with all existing models. A
period of reconstruction has followed; some old assumptions have been abandoned
and some new ones have been introduced. It appears that the basic idea of the
Absorption Model may survive, but that the details are more subtle than originally
supposed.

The theory group has also been concerned in many other areas of research. Some
of the results achieved may be seen in the following summaries.

A report has been prepared, surveying some of the important questions that are
still unanswered in medium-energy hadron physics, and also what light may be
shed on high-energy dynamics. The relevant experiments lie within the range of
accelerators such as Nimrod, and pose no essential difficulties beyond the reach of
present techniques.

The underlying idea of duality is that there is a connection between the interactions
of the strongly interacting particles (hadrons) in the low energy “resonance’ region
and in the high energy “Regge-pole exchange” region. Thus, in principle, results

in one region can be used to predict the behaviour of the other. Various develop-
ments of this idea are discussed below:—

(i) Dual Models of 7N and 77 Scattering. Two of the most serious problems of
dual models are the proper treatment of fermions and the introduction of finite
width resonances — an important first step to unitarisation. Work has continued
on a dual model for 7N scattering without parity doublets. Numerical calculations
with this model indicate that it is much more peripheral than was expected from
approximations to previous models of this nature, and that it can fit do/dt for
7 p~>7n°n and do/du for backward n*p scattering. This emphasizes the importance
of being able to calculate the model explicitly.

Calculations have also been started on a dual model for 77 scattering which
satisfies the Mandelstam representation and has finite width resonances. For the
first time we have a model which does not violate any of the principles that are
required for strong interactions. One surprising result is that the Regge t{ajectory
does not have to rise linearly in order to produce Regge asymptotic behaviour.

(ii) Unitarity effects. The problem of incorporating unitarity effects in dual
models has been investigated. Various possible forms for such models.have been
considered, and a detailed physical interpretation in terms of absorption effects
has been suggested. A specific model demonstrates that amplitudes of the desired
kind do exist and that one can work with them.

(iii) Planar versus Local Duality. The planar version of duality, which forms the
basis of the Veneziano representation, is shown to be a considerably Weaker
hypothesis than two-channel local duality, which assumes a local or semi-local
equivalence between the s-channel resonances and t-channel Regge poles. Accord-
ingly the planar version is less predictive. However, most of the successful
predictions of local duality (e.g. exchange degeneracy) are contained in the planar
version, whereas most of the unsuccessful ones are not.

There have been two main philosophies, in applying absorptive corrections to
Regge-pole exchanges. In one, the Regge poles are assumed to have wrong-
signature zeros (suggested by duality) that lead directly to dips in cross-sections;
the absorption modifies this structure a little, but essentially it comes from th'e
poles. In the other approach, the Regge poles have no such zeros, and structure is
generated instead by destructive interference with absorptive corrections.

The scattering amplitudes predicted with these two approaches differ in many
details, but nevertheless both models can be fitted to most of the cross-section
data. This is because a differential cross-section is the sum of squares of moduli

(ref. 100)

(ref. 93)

(ref. 73)

Polarization Test

for Absorption Models

(ref. 66)

87




Modified Strong-cut
Absorption Model

(ref. 98, 99)

Real Part of the

7 p = n°n Non-Flip

Amplitude
(ref. 67)

Polarization Reactions

in Charge and

Hypercharge Exchange

88

(ref. 106)

of helicity-flip and non-flip amplitudes; it does not tell us which amplitude domi-
nates, nor what its phase is. To discriminate between theories, we need to
separate the amplitudes.

Polarization is a flip-nonflip interference effect: P do/dt = Im [f (nonflip) f*(flip)].
Because elastic scattering is dominated by an essentially imaginary non-flip
Pomeranchuk amplitude, elastic polarization picks out the real part of the helicity-
flip amplitude, that is supposed to be given by Regge exchanges plus absorption.
So here we have a clean test. For n¥p elastic scattering, polarization measures
Re f(flip) from p exchange. The first kind of absorption model predicts a double
zero at t = -0-5, the second kind tends to predict a single zero. Experiment favours
the former.

The original strong-cut absorption model, with no exchange degeneracy or wrong-
signature zeros for the Regge poles fails the polarization test (above). However, it
has been shown that if the elastic amplitude defining the absorption has an
appreciable real part, qualitatively different from what was previously supposed,
the model can be adjusted to agree with the 7N high energy data, including the
amplitude analysis at 6 GeV/c.

It is illuminating to separate the various components of scattering amplitudes,
whenever possible. In 7°p charge exchange, the helicity flip amplitude is known
to be represented rather well by the p Regge pole term. Such features as the
cross-over phenomenon between the 7p and 7*p cross-sections give a reasonable
measure of the imaginary part of the non-flip amplitude; in particular, it is known
to be peripheral in impact parameter distribution, as expected for an absorptive
Regge or optical type model. The real part of the non-flip amplitude is the only
element missing from a complete analysis. It can be found, however, from the
recent charge-exchange polarization measurements, when all the other information
above is fed in. The result agrees qualitatively with phase shift information at
lower energies; in particular they both show a strongly non-peripheral character
in the impact parameter representation. This result disagrees with simple absorp-
tive Regge models, but fits nicely in to the systematics proposed by Harari on the
basis of duality and peripheral resonance domination.

There is still some mystery about the absorptive corrections, that have to be added
to Regge-pole exchanges. In the one case where experiments permit a complete
analysis of the high-energy amplitudes, namely 7N scattering, it appears that
none of the existing absorption models are wholly correct.

On the other hand, whatever the details may be, we expect that the net amplitudes
for p and Kgo, exchange will be very similar; also the net amplitudes for A, and
Ko exchanges should be similar. This is because the two mesons in each case
belong to the same SU; octet; since the leading absorptive corrections are pre-
sumably generated by the Pomeron (an SU; singlet), we expect these too will
follow the same octet symmetry. Thus the amplitudes for meson-baryon charge-
exchange processes (p and A, exchange) can be related to those for hypercharge-
exchange (Kgso and Ki400 exchanges).

No simple relations emerge for differential cross-sections. This is because the
SU; F/D ratios for the flip and non-flip amplitudes are different. But there are

simple relations for polarization, or more precisely for P do/dt. From existing
data on 7N - KA, KX and KN » A, nZ it is possible to predict the polarizations
in K'n - K°p and K'p - K’n, that will soon be measured.

Thiskind of idea can be extended to predict polarization in regeneration Kj p-> Kgp,
and in baryon-baryon or baryon-antibaryon processes such as np > pn, Ap = pA,
pp - nn, pp > ZIZ, AA, ZA, AZ.

The notion of resonance — Regge pole duality leads to many strong constraints,
relating the parameters of different Regge poles. As a result, there are pairs of
reactions a + b > ¢ +d, c+ b~ a+ d (said to be related by “line-reversal”), in
which the Regge-pole contributions are equal within a phase factor. For one
reaction the phase is real, for the other it is rotating. Thus the cross-sections should
be equal, for Regge poles alone. Experimentally, this relation is violated;
generally the reaction with the real amplitude has a bigger cross-section than the
other. Simple absorption corrections also break the line-reversal equality, but in
the wrong direction. However, if real Regge poles are replaced by complex con-
jugate pairs of Regge poles, line-reversal breaking has the correct sign.

A new approach was motivated by the failure of simple absorption models to
explain line-reversal breaking (sce above), and also their failure to fit 7p -~ 7°n
charge exchange polarization. It was realized that agreement would be restored if
the phase of the absorptive cut was modified in a simple way, for non-planar
graphs. The usual absorptive cut is retained for planar graphs, and all cuts are
restricted to non-flip amplitudes. The Regge poles have exchange degeneracy and
wrong-signature zeros. Although a theoretical basis for this prescription is still
lacking, the resulting model gives a good description of the amplitudes that can
now be directly extracted from high-energy two-body data.

In the expanding field of interest of processes of the typea +b > c+ anything,
several problems have been studied:—

(i) One feature of these reactions is the phenomenon of “scaling”. One way of
stating this is to say that a single particle distribution is a function of the
ratio s/M?, (where s = total cm energy, M = the missing mass of “anything”)
rather than of the variables s, M? separately. This indicates that we expect
the dependence on s at a fixed value of M? to be closely connected to the M?
dependence at fixed s. It was shown that the general shapes of the inclusive
distributions (e.g. M? spectrum) could be well understood in terms of the
more familiar behaviour of pseudo-two-body cross-sections as a function of
beam-momentum.

(ii) Since an inclusive reaction is the sum of several (usually many) “exclusive”
reactions (i.e. processes in which the entire final state is known), it may be
possible to understand features of the inclusive reaction in terms of the

Complex Regge Poles ,
and Line Reversal 5

(ref. 74) :

Absorption Model

A Modified |
with Exchange-degeneracy |

Inclusive Reactions

(ref. 69, 103)
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constituent exclusive reactions. In specific kinematic regions, e.g. the triple-
Regge (T-R) region, the missing mass may not be too large and the average
multiplicity consequently low. it turns out that the diffractive production of
certain resonances contributes significantly to the T-R region. Therefore
such a process can allow one to set bounds on the Regge trajectory appearing
in T-R expressions. Somewhat surprisingly, these bounds turn out to be ex-
tremely good estimates of the relevant trajectories.

Recent techniques for analysing data on 37 meson production allow one to study
the individual partial waves of the diffractively produced 37-system. New features
revealed by this sophisticated method include:

(i) the A; cross-section shows a distinct falling-off with energy and

(if) in contrast to evidence in favour of s-channel helicity conservation in other
diffractive processes, it is the t-channel helicity which appears to be
conserved.

A dual six pion amplitude has been used to describe the production and decay of
the A; with no extra parameters. The above features appear naturally in such a
model which also successfully predicts the S- to D-wave ratio in the A,;. The
energy dependence of the A; production will be much better understood once
the cross-section is known at Serpukhov.

There is potentially a lot of information to be gained from studying polarization
in multi-particle production. Simple models indicate the sort of thing that can be
learned, for instance, the way in which the phase of an amplitude depends on
relative orientations that do not appear in two-body reactions. Also, the dependence
of polarization on a mass variable provides a new way to detect resonances.

A critical examination of the approximations made in deriving the Glauber and
Blankenbecler-Goldberger representations of the scattering amplitude, leads to
a unified treatment of the two. This brings out the heirarchy of approximations
both in coordinate space and momentum space.

The slope of the pion charge form factor has been calculated using the Gilbert-like
dispersion relations for the form factors. The slope is calculated to be ~2-40
GeV™?. The p-dominance value of this slope is 1-72 GeV ™2,

When SUj is treated as anonlinear symmetry realised by the appearance of massless
scalar mesons in the symmetry limit, and Regge asymptotics are imposed on the
scattering amplitudes of the theory, the Gell-Mann -Okubo mass formula can be
derived without ad hoc assumptions. Pursuing this approach to SU; symmetry
leads to some further interesting results. In particular, the F over D ratio for the
coupling of the A, Regge trajectory to baryons has been related to the baryon
masses, and the ratio of meson mass differences to baryon mass differences has
been expressed in terms of total cross-sections.

Small-angle proton-proton scattering has an approximately exponential form,
do/dt = A exp(bt), where t = -(momentum transfer)?. Up to 70 GeV bombarding
energy, the celebrated “shrinking” phenomenon is seen; b increases logarithmically
with energy. This suggests a dominant Regge pole — the Pomeron — in the high
energy limit. The rate of shrinking then depends on the slope de/dt of the
Pomeron trajectory a(t).

Colliding proton beams at CERN have now reached much higher energies, cor-
responding to 1500 GeV on a stationary target. First results indicate that the
shrinking is much less at these energies, contrary to the simple Regge pole
picture. There are various ways to explain this. One interesting possibility is that
the Pomeron trajectory actually has zero slope da/dt = 0. The observed shrinking
is then due to secondary trajectories: b does not increase indefinitely, but tends
to a finite limit; the apparent logarithmic increase at lower energies is only
approximate. Another possibility is that de/dt is not zero, but is nevertheless
smaller than previously believed: again, secondary effects must be invoked.

Pion-Pion Scattering is a perennial topic because experimental information is
indirect, yet theoretically it is a very simple process. There are problems both
in extracting the 7w signal in various experimental situations, and in interpreting
it. A renewed attack on extracting nm phase shifts from 7N elastic scattering
information has been made, with emphasis on the recent very accurate 7* data
over the A region. This approach depends on interpreting the contribution to 7N
elastic scattering from the exchange of a pair of pions, which contain information
on 7 scattering. Greatly improved precision has now been achieved, so that it is
becoming competitive with other sources of nm information. Secondly, there has
been continuing study of the S* effect, the KK 1= 0 threshold enhancement, and
its coupling to the nm system. The status of the S* is important for classification
schemes, such as the quark model. In addition, the coupling of the n7~ channel is
interesting in its own right. There is a pronounced cusp phenomenon, the detailed
form of which can resolve the long-standing ‘“‘up-down” ambiguity of the I = 0
S-wave phase shift. In another piece of work, unitarity corrections to Weinberg’s
celebrated prediction of low energy nm scattering parameters from Current Algebra
have been re-examined. It seems that rather definite statements can now be made.
The parameters are still not empirically determined with any precision, although
this should shortly change. Finally, a new slant on the famous Chew-Low extra-
polation method for extracting nm scattering information by identifying the pion
exchange contribution to 1N - 7N has been discussed. The idea is to adopt the
currently fashionable “inclusive’” approach and measure 7N — N + anything. The
pion exchange contribution, if it can be identified, contains information on
ofT. The experimental requirement is to measure slow neutrons with great

tot-
precision, so it is at once both simple and demanding.

Dispersion relations are of great use in extending our knowledge of elementary
particle physics — for example, by predicting quantities which may be difficult to
measure directly, in terms of integrals over other quantities which are much simpler
to measure. Our experimental knowledge of the 7N interaction below 600 MeV/c
has progressed little in the last few years except for the Cambridge-Rutherford
Laboratory total cross-section measurements. Nevertheless dispersion relations
enable us to use the wealth of information above 600 MeV/c together with the low
energy n'p total cross-sections to make accurate predictions for the low energy
amplitudes. The level of accuracy is such that Coulomb and mass difference
effects cannot be ignored but it turns out that only the S and large P-waves are
influenced by these corrections, the predictions for the small P and for the D and
F waves being remarkably stable.

Shrinking in
High-Energy pp
Scattering

(ref. 8, 9)

Pron-Pron
Scattering
(ref. 108, 134)

Dispersions
Relations

(ref. 60, 61, 63, 64,

96, 109)
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Phase Shift
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(ref- 3)

Data
Representation

(ref. 71, 72)

A Solution of the
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Equation in
Nuclear Matter

(ref. 85)

Nucleon-Nucleon
Potential

Calculation of
*He Properties

These predictions can equally well be continued below threshold and by ex-
tending them towards the region of the mm - NN process we obtain valuable
information on the n7 interaction. The 7N D-waves are particularly important
in distinguishing between various forms proposed for the low energy S-wave
7w interaction.

Dispersion relations have proved most fruitful in connection with the 7N system
but now there starts to be sufficient data for their application to the KN and KN
systems to be profitable. For example backward dispersion relations particularly
favour the Sens y set of K'p phase shifts and work is now underway to see whether
the individual partial waves of this set of phases are consistent with partial wave
dispersion relations.

One of the main themes of the Rutherford Laboratory experimental programme
is two-body scattering measurements, the data from these experiments being
usually subjected to some form of amplitude analysis. In this field there is a
particularly close collaboration between members of the theory group and the
Bristol-Rutherford Laboratory experimental group who are now measuring K'p
and n*p elastic scattering distributions to a high precision. Rapid phase shift
analysis of preliminary data affords the chance of feed-back while the experiment
is still in progress and enables detailed examination of regions of potential
interest.

The problem of continuing a scattering amplitude throughout its domain of
analyticity, given inexact information about the amplitudes in the physical region,
is of practical interest in many applications of S-Matrix theory. Conventionally
this has been done using Cauchy’s integral formula to write a dispersion relation,
finite energy sum rule, etc., for the amplitude.

However, given the experimental errors in the amplitude it has been found possible
to express, in integral form, the analytic function that minimises the difference
between it and the data, weighted according to the statistical errors. Thus, for the
first time it is possible to find the optimum values for coupling constants, Regge
parameters, etc., together with realistic statistical errors for these constants.

A new mathematical solution of the integral equation for the reaction matrix has
been presented. This quantity is used in nuclear matter calculations, where the
energy etc. are expressed by the help of it. The method can be applied if the two-
nucleon potential acts in a limiting number of orbital states, and possesses a first
order singularity at the origin.

The latest Dubna and Livermore two-nucleon phase shift data have been used to
improve the phenomenological two-nucleon potential. The potential obtained
describes the two-nucleon data with x? /(number of data — number of parameters)

=2

A calculation of the fundamental characteristics of the *Ie nucleus has been
undertaken. The many-body approach was chosen and the corresponding method
developed. The binding energy, the mean square radius and the density of nucleons

can be expressed by the help of the reaction matrix for finite nuclei. The com-
putation consists of two parts: the calculation of the two-nucleon singlet state
contribution to the physical quantities and the triplet state contribution. The first
part is completed and gives already as a final result that the Coulomb energy of the

“4He nucleus is 0-82 MeV, in full agreement with the experimental value. The

triplet state calculation is in progress. It is hoped that the method can be used
also for '>C and ¢ O.
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Part of the muon detector used in the ISR

search for the intermediate boson and other massive
particles. This part of the apparatus is enclosed in a
light tight “igloo”. (CERN Photo).
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The Muon Magnet

Instrumentation for
High Energy Physics

The work described in this chapter is concerned mainly with the designing and
commissioning of apparatus to enable experiments in particle physics, as described
in the preceding chapter, to be carried out.

The setting up of a new experiment often requires new and unique apparatus to
be provided. A particular example this year is the experiment to search for the
Intermediate Boson, the postulated “carrier” of the weak interaction, although
this is not the only purpose for this experiment. The experiment is being carried
out at the Intersecting Storage Rings, CERN, Geneva, which is the highest
available energy source for proton-proton interactions in the world. A large part
of the instrumentation described below is for this experiment. The preparation
of the apparatus has required the solution of novel problems, e.g. in the construc-
tion of very large mirrors. Another aspect, not directly related to the instrumenta-
tion, has been the problem of transportation of both heavy and delicate equipment
safely to CERN after assembly and testing at the Rutherford Laboratory. The
absorber and magnet assembly has a total weight of 245 tons, with each of the 26
magnet plates weighing 8 tons. To solve the overall problem, a system of pallets
and large aluminium containers was used, and shipment of the complete apparatus,
with a total weight of 470 tons, required 33 vehicle loads.

Other instrumentation described below involves the continuous process of
improving existing apparatus and development of new equipment, ¢.g. particle
detectors. Reports on electronic instrumentation, development of targets and
bubble chamber operations complete this chapter.

INSTRUMENTATION FOR THE SEARCH FOR THE INTERMEDIATE BOSON
AT THE ISR, CERN. (EXPERIMENT 23)

Construction and assembly of the full scale Muon Magnet at the Rutherford
Laboratory was completed in February 1971. A magnetic field survey, prior to
shipment to CERN, compared favourably with the model magnet results.

After re-assembly of the magnet at CERN a preliminary ficld survey was made to
check the reproducibility of the results previously obtained at the Rutherford
Laboratory, since this would allow other construction work around the magnet to
go ahead with confidence. The comparison of fields was complicated by the re-
distribution of the magnet plates that has been carried out to optimise the gap
spacing. This was done to ensure that the 4 m x 2 m double gap optical spark
chambers could be slotted into the air-gaps between the plates, in spite of
irregularities in thickness and flatness of the plates. At the working current of
600A the plate to plate field variations were no more than the measuring
error of +1-5% except in the case of four plates. Two of these varied from the
mean ficld by only -2% whilst the remaining two nearest to the beam inter-
section region had fields 3-5% lower than the mean value perhaps due to the
plate ends being outside the projected area of the coil.

The effect of the stray field from this magnet on the ISR beams has been made
small by introducing shield plates. It is measured by determining the path
integral Bde, where B is the stray field, along the path (£) of the ISR rings. In situ
measurements appear to give a result 25% larger than expected, although the

" measurement is difficult, the estimated error being £20%. However, the magnet is

being operated with no apparent effect on the ISR beams.

Figure 67.

The assembled magnet for Experiment 23 (CERN Photo).
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Figure 68. Schematic diagram of the magnet for
Experiment 23, showing its position relative to
Intersection 2 of the ISR.

The Thick Plate The thick plate spark chambers are double gap optical chambers having an active

Spark Chambers area of 4 m x 2 m. The chambers are suspended in 100 mm wide gaps between the
100 mm thick steel plates of the muon detector magnet. Each chamber is viewed
through a vertical edge and the bottom edge. A total of 24 units (48 single gaps)
were required, each unit weighing approximately 600 kg.

It was important to arrive at a simple yet effective design because of the number
and size of the units to be manufactured and therefore the large multiplying costs.
The most important design and construction features were:—

1. To achieve a spark chamber as free from optical obstruction as possible (as few
clamping bolts and internal spacers as possible).

2. To achieve an assembly as flat as possible to ensure an unobstructed view of
sparking and also to prevent uncontrolled electrical breakdown.

3. To design a low cost edge joint (approx. 1200 metres total length) which would
be leak tight against neon and helium gas and would withstand the consider-
able handling and transportation between Rutherford Laboratory and CERN.

4. Material finish and cleanliness consistent with good practice in high voltage
work.

Fach single gap comprised two 4-4 mm thick aluminium sheets spaced 1 cm
apart by perspex optical strips around the perimeter and cross-linked polystyrene
spacers in the centre, positioned to cause the minimum optical obstruction.
The curvature of each sheet was measured and they were matched to achieve an
overall flatness for each chamber. The perspex spacer strips are bonded to the
sheets to form a gas seal. Use of steel leaf springs enable these edge joints to be
maintained under compression with relatively few bolts, giving good optical access
to the chambers.

An overall production rate of one gap per week was attained. To achieve this,
jigs and tools were designed and built at the Rutherford Laboratory and loaned
to a manufacturing company which produced kits of parts. A Rutherford
Laboratory team of craftsmen carried out bonding, gas testing, final assembly,

‘spark testing and packaging for shipment to CERN. Each spark chamber was

assembled on to a timber frame at the Rutherford Laboratory and remained on
this frame for all tests and handling until final assembly in the magnet at CERN.

The optical spark chambers are energised by spark-gap type pulser units wl}ich
connect directly on to the spark chambers. Each unit contains clearing field
coupling components. A small metal cylinder, approximately 9 cm long by 7 cm
diameter and designed for pressurising at up to 60 Ibf/in*> with high purity
nitrogen, houses the spark-gap which is fixed at 1 mm between hemi-spherical
electrodes of heavy alloy. The operating voltage may be varied over a wide range
by altering the gas pressure.

An interesting feature of the spark-gap is that the co-axial trigger elec_trf)des and
feed-through insulator are conveniently formed using a slightly modified auto-

mobile sparking plug.

Figure 69. A view of the large muon detector system used in Experiment 23. The large
mirrors can be seen to the right. (CERN Photo).
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The installation of the large spark chambers between the magnet plates required
development of special handling equipment. This was partly because of their size
and weight (see above) and limited clearance between the magnet plates, but
more particularly because of the restricted access due to the fact that the whole
assembly is inside a light tight enclosure which is required for the photographic
recording system. The solution was to use a modified fork-lift truck and guide
rails, to accurately control its position, when installing the chambers.

The light tight enclosure referred to above is formed by attaching panels of a
laminate composed of nylon fabric, mylar film and aluminium foil to a steel
frame surrounding the entire apparatus. This covering material, combining light-
tightness and electrical screening, is both light in weight and strong.

The 4m x 2m optical spark chambers in the muon magnet require a complex
system of mirrors to enable the two orthogonal views of each chamber to be
viewed by one camera, using 70 mm film. These mirrors also equalise the optical
paths from each chamber to the camera. A total of 100 mirrors, ranging in size
from 400cm x 9cm down to a few centimetres square, are used. The optical system
is shown in Figure 70. It has a focal length of 17 metres with a depth of focus of
approximately +2% metres.

In addition to calculation of the optical paths, actual assembly of the system
required accurate positioning of the mirrors with well-defined axes of rotation
for the final alignment.

Because of the limited size of existing aluminium evaporation plants, large front-
aluminised plate-glass mirrors are difficult to obtain. A number of small mirrors
butt-jointed together, although possible in principle, have the disadvantages of
visible join lines and poor overall flatness. It was therefore decided to use the
aluminised melinex plastic film that is commercially available for mirrors.

Figure 70. The optical system for Experiment 23.
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Figure 71. Constructional details of the large mirrors (Experiment 23).

A mirror is formed by stretching the film over a baseboard which has a narrow,
very flat, raised edge as the only region of contact. The film is stuck down at
the edges and then heat shrunk to obtain a flat surface. The baseboard materials
are extruded aluminium alloy channel for the long, narrow mirrors and 50 mm
thick sheets of a commercially available honeycomb material for the large mirrors.
The latter consists of an aluminium foil honeycomb sandwich between thin sheets
of glass-epoxy resin, and the raised edges are formed by aluminium angle extru-
sion fixed to the edge faces. The raised edges were machined flat to better than
100 u m over distances of up to 4 metres.

The mirrors were checked for distortion using an auto-collimation technique with
an optical path of 17 metres. In this, the position of an object is compared with
the position of its image after reflection in the mirror. The largest deviation
measured was ¥ mm, well within the specification.

The advantages of this type of mirror are:—

1. They are very light so that an inexpensive and lightweight support structure
may be used.

2. They remain flatter than glass mirrors when subject to temperature cycles.

Three cameras, operating in sequence, are used to record data from the optical
spark chambers. They are mounted, together with a TV camera, laser and
theodolite base, on a turret with six stations. The cameras are positioned
alternately between the other devices.

The turret can be rotated by six steps of 60° through 300° so that each camera
or other device can be accurately positioned at the spark chamber viewing station
by remote control; the cameras are used for recording events and the other
devices for checking alignment of the optical components and operating condition
of the spark chambers. All the equipment is required to operate consistently and
reliably throughout an experimental run of several days duration since access to
equipment in the area during runs is not possible because of the radiation danger.

Honeycomb Material

The Camera Turret

Assembly
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Scintillation Counter Banks of scintillation counters are required to reduce the number of triggers due
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Assemblies to cosmic raysin the experiment to search for the Intermediate Boson. The largest

and most complicated bank consists of 24 sheets of scintillation material 20 mm
thick x 100 cm wide x 69 cm high, arranged so that two assemblies hang either
side of the central spine 2 sheets wide x 6 sheets high. To provide for easier
handling during construction, shipping and assembly, each bank was divided into
an upper and lower assembly of six sheets each (see Figure 72); the two assemblies
when bolted together measure 5-4 m x 2-1 m x 83 mm thick, and weigh 550 kg.

The phototubes are sited at the top and bottom of the assemblies to keep them
outside the stray field of the magnet plates; also the upper tubes are orientated
at right angles to fit into the restricted clearance between the top of the magnet
and the underside of the ISR cranes. To minimise cost, the amount of perspex
used in the light guides was reduced by adopting a multi-strip design. The, light
guides are “adiabatic”, that is each light pipe in each assembly is the same length
within a few centimetres. The other advantage of this design is that the amount
of Cerenkov light generated in the perspex light guides is kept to a minimum.

Figure 72. Lower half of a scintillation counter before fitting light tight covers. This
was inverted as shown to simplify assembly. (Experiment 23).

Figure 73. Wire spark chamber with magnetostrictive read-out.

On the other side of the ISR intersection point to the Muon Magnet (described Magnetostrictive
Wire Spark Chambers

above) is a large wide angle spectrometer. Part of its detection system is a set of
wire spark chambers comprising a total of 30 gaps. For the quark search 6
modules each of 3 gaps are used. The other chambers will be required at a later
date in various configurations on the British and Scandinavian experiments to be
mounted on the spectrometer arm.

The chambers are designed with magnetostrictive read-out, the wands (see below)
being readily demountable, and have active regions ranging from 177 cm x 90 cm
down to 50 cm x 25 cm. The pitch between wires is 1-0 mm and wires are
mostly wound at 0°, 30° and 90° to the vertical. A few chambers have been
wound with wires at other angles. The chambers can be easily dismantled, should
repairs be required: they are required to remain gas-tight during operation with
high purity neon/helium gas continuously circulating via a gas purification system.
All chambers were manufactured commercially.

The wire spark chambers are activated by twelve “line-type” thyratron pulsers.
A ceramic tetrode is used to discharge a line consisting of up to twelve parallelled
30 metre lengths of co-axial cable. Connection to the spark chamber mputs is
made via corresponding 8 metre lengths of similar cable.

A general purpose clearing field unit has been developed for use with the wire
spark chambers. This enables the clearing field voltage to be applied in the form
of a pulse, for a pre-set period of time, immediately following the firing of the
chamber. Thereafter the clearing field is reduced to a lower level (15 volts) until
the next high voltage pulse in the chamber. The unit is designed to operate over a
voltage range up to 400 V and the pulse width is variable over the range 10 to
160 ms.

A Cerenkov counter is used to veto cosmic radiation of comparable energies and
directions to particles produced in proton-proton interactions at the intersection
region.

The counter consists of four sections arranged in an arc about the intersection
region. Each section contains a perspex block 45 cm wide x 38 cm high x 19 cm
thick in which the Cerenkov light is produced when charged particles pass through.
Six photomultipliers are mounted on the 45 cm x 38 cm face nearest the intersec-
tion region, the opposite face being roughened and coated with matt black paint to
give minimum reflection. The tubes are positioned on a circle concentric with the
horizontal axis of the block, and alternate tubes are electronically grouped to
produce two outputs in coincidence. Therefore for an event to be recognised, two
adjacent tubes must record the event.

Pulser Units

Pulsed Clearing
Field Units

Cerenkov Veto
Counter
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Multi-Wire
Proportional
Counters

Magnetostrictive
Wands

Tests on the counters using cosmic radiation showed that particles travelling
towards the photomultiplier tubes were counted with an efficiency of 72%
measured against an external counter telescope, while particles travelling in the
reverse direction were counted with an efficiency of 0-3%. The forward/reverse
ratio is therefore 240:1, and the counter acts as a very efficienct direction indicator.

OTHER INSTRUMENTATION

The demand for Multi-wire Proportional Counters has increased during the year.
Several experiments now use them for making beam profile measurements, since
they allow rapid beam tuning during the setting-up phase of an experiment.
Operational experience over several months has shown these counters to be robust,
reliable and to require very little adjustment.

The design of larger Multi-wire Proportional Counters has continued during the
year. One type having an active area of 200 mm x 200 mm is now in use. It has a
wire plane for the high voltage electrede, instead of foil or mesh, giving the
chamber greater transparency. Also, since the high voltage wires can be wound
perpendicularly to the sense wires, surface tracking problems on the frame are
considerably reduced making a guard strip unnecessary. The counter frames have
been fabricated using a low-cost polyester glass laminate. The wires can lse wound
with the manual winding technique developed originally for wire spark chambers
but slightly modified to handle the 20u m diameter sense wire. The wires are uni-
formly tensioned by inflating a pneumatic tube placed between the wires and the
frame before fixing them to the frame.

A unit is formed from two of these 200 mm x 200 mm counters mounted in an
aluminium alloy box which provides both electrical screening and mechanical
support for the amplifier cards. The box is so constructed that the sense wires
have an accurately known spatial relationship to indexing pegs on the outside of
the box allowing alignment to be carried out externally.

Three units of this type have been supplied for use in the 79 beam line. One unit
is set at the first focus of the beam and has both its counters orientated to have
their sense wires vertical and offset to each other by 1 mm to provide the best
momentum resolution. Two other units are placed in the beam near the polarized
target. These have counters with both vertical and horizontal sense wires to
determine the profile and direction of the incident beam. A photograph of one
such unit 1s shown in Figure 74.

Further work is in hand on larger counters with active dimensions of up to
2 m x 2 m. It is expected that counters measuring 1 m x 1 m will be available in
the first half of 1972.

Magnetostrictive read-out in a wire spark chamber is accomplished by placing a
magnetostrictive delay line over the spark chamber wire plane. A spark current
induces a mechanical disturbance in the magnetostrictive material and travels
down the line at the local velocity of sound. The delayed disturbance eventually
passes through a coil situated in a magnetic field where it is transformed into an
electrical pulse and amplified. The position of the spark is then directly related to
the time delay. The delay line with its acoustically-damped suspension, coil,
magnet and amplifier are usually mounted on a “wand” which is readily detach-
able from the spark chamber.

During the year a total of 90 wands, up to 2-5 metres in length, have been supplied
to experimental teams. Most of these were for Experiment 23 where there was a
restriction on the wand thickness. This meant finding a new material to achieve
the necessary rigidity. Tests with various materials resulted in the selection of a

" resin-impregnated wood and aluminium alloy sandwich. Special acoustic damping

is employed to avoid reflecting the mechanical pulse at the delay line and suspen-
sion points. The damping materials are synthetic rubber and PTFE tape arranged
so that the mechanical loading is applied gradually. An improved amplifier is used
to give increased gain with an increase in signal to noise ratio.

Figure 74. A multi-wire proportional counter unit consisting of two 200 mm x 200 mm
counters with local amplifiers.
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Spark Chambers

A high voltage unit based on an idea originating from Bristol University has been
developed to supply the large magnetostrictive spark chambers used in Experiment
13. These chambers are fed by a number of co-axial lines having a total capacitance
of 35,000 pF charged to 15 kilovolts and discharged ten times a second by a
thyratron pulser. Recharging is accomplished in 30 ms. Few commercially-
made units were available. These provided less current and had inferior voltage
ranges as well as being expensive.

The new unit employs modern, high power, high voltage switching transistors
and as a result is compact (it is housed in a 19in x 12in x 5%in chassis) and has a
high conversion efficiency so that special cooling is not required. Circuits are
built up in modular form to aid fault finding and repair. Some twenty units are
being manufactured at present.

Sixteen low mass magnetostrictive read-out spark chambers have been produced
for Experiment 3. They are located around the hydrogen target. The most
important requirement was to produce spark chambers from low density materials
so that particles scattered from the hydrogen target would suffer minimal Coulomb
scattering when they pass through the chambers.

The wire planes for the chambers were produced from a sheet of copper-melinex
composite material etched to give wires 0-4 mm wide with a pitch of 1-00 mm.
This was bonded to a 1-5 mm thick expanded polystyrene sheet and a 0-5 mm
thick melinex sheet to produce a low mass, rigid laminate having low permeability
to helium gas. Each chamber consists of two of these low mass etched wire planes
bonded to each side of a thin section perspex frame.

Another small but important feature which presented a manufacturing problem
was the 64 coils required for the magnetostrictive read-outs. Each coil consists
of 200 turns of 0-02 mm diameter insulated wire wound on to a 0-56 mm diameter
former with a 0-325 mm hole through the centre, fully potted in epoxy resin.

In optical spark chambers images of sparks which are formed along particle
trajectories are recorded photographically. The reconstruction of the particle
trajectories in space is made possibly by recording, on the same film, survey or
fiducial marks at known positions in the spark chamber with the same camera
system. Measurement of these fiducials enables the optical system to be calibrated,
taking into account distortion in the mirrors, lenses and in the transparent side of
the spark chambers; thus accurate reconstruction can take place.

The fiducial system for the large optical spark chambers in Experiment 23
consisted of a series of slits spaced at 134 mm intervals around the perimeters
of all the spark chambers so that a total of 2100 slits occupied a total length of
280 metres. Illumination was provided by miniature fluorescent tubes mounted
behind the slits, with switching control and independent light intensity variation
of the front and rear slits in each chamber.

Another requirement for optical spark chambers is provision of data boards which
provide a sequential numbering system to identify every photograph. Three
experiments have been supplied with electro-luminescent fiducail marks and data
board displays during the year. All used an organic material on a glass substrate
which proved to be very reliable. The data boards for Experiments 13 and 23
had, in addition to the usual binary information, displays in decimal.

Both electro-luminescent and incandescent filament illumination have been used
and found to be equally reliable but the latter is preferred since filament lamps
may be directly connected to the TTL integrated circuits used for decoding
binary and decimal data.

Figure 75. Low mass magnetostrictive spark chamber assembly for
Experiment 3.

Spark chambers are routinely tested following their construction. Testing typically
involves: —

1. Ensuring gas leak-tightness.

2. Checking that any high voltage breakdown that does occur is random. This
is done by pulsing the spark chamber using a pulse generator trigger.

3. Obtaining high voltage-efficiency characteristics for a number of positions
within the active area. Cosmic rays or a §-active source is uscd.

Spark Chamber
Testing
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Figure 76. Typical EHT-efficiency curve for 2m x 4m
optical spark chambers. Experiment 23.

For the optical spark chambers a large light-tight housing had first to be con-
structed. A scintillation counter telescope and associated logic was set up to
trigger on cosmic ray particles. A camera, mirror and fiducial system was
installed and many pictures of cosmic ray events taken. Typical high voltage-
efficiency characteristics obtained from these tests are shown in Figure 76.

The expensive gases used in spark chambers (neon and helium) can be used over
and over again, after removal of undesirable impurities, by including a gas
purifier-recirculator in a closed system. Six of these units have been put into
operation during the year. Four were for experiments at CERN and two for
Nimrod experiments. The cost saving has been substantial for large spark chamber
systems as in Experiments 10 and 23 where as much as 15 litres of gas per minute
is required.

There have been other advantages. It is now possible to flush air out of a system
and have the gas sufficiently pure for spark chambers to operate in hours rather
than days. This is because a purifier-recirculator can handle large gas flows. It
also becomes economically possible to use the large gas flows needed when spark
chambers are to be triggered at high rates.

Noble gases used for filling spark chambers (as described above) may contain
minute quantities of certain impurities that tend to “poison” the chamber. The
effect of “poisoning” is to reduce the spark energy or inhibit spark formation
altogether. Thus it is desirable to monitor the concentrations of these impurities,
as a check on the spark chamber efficiency.

One method is to use electrical discharge, since the colour of the discharge is a
reliable indicator of impurity concentration. Such a device using an electrical
discharge cell in a circuit as a relaxation oscillator was reported in the 1969
Annual Report. Two years’ use has shown that prolonged operation results in

“electrode contamination and a loss of frequency stability. To solve this problem,

a Mk 3 version has been designed, using rotatable electrodes and a radio-active
B source to provide ions in the gas between the electrodes, and is at present under
test.

An alternative device is currently being developed that uses the ionisation current
produced in the gas by a radio-active source. It is expected to be more sensitive
especially for electro-negative gases, but may require more complex instrumenta-
tion.

Electron Cerenkov counters used in Experiment 22 enclose the upper half of the
spark chamber array around the hydrogen target within the M7 spectrometer
magnet (see Figure 33) to identify the decay of the n (eta) meson to gen’.
Each counter consists of a box filled with Freon 12 at atmospheric pressure and
lined on five sides with aluminised melinex. The remaining side is composed of an
arrangement of cones that transform from a square to a circular section. The inner
surface of the cones is reflecting so that the Cerenkov light produced in the box
is directed towards photomultiplier tubes at each apex.

ELECTRONIC INSTRUMENTATION

Work on CAMAC, the internationally accepted standard for modular electronic
instrumentation, has continued with the Laboratory’s effort being mainly on
work associated with the higher level of system control and co-ordination, while
most of the user modules have been bought directly from commercial sources.

The development at the Rutherford Laboratory of the System Crate concept isa
significant step towards the rapid implementation of complex CAMAC systems.
It provides a method of allocating one of many sources of control to one of many
CAMAG branches. It can also be used as a powerful method of linking several
isolated systems into a network. A total of seven System Crate assemblies have
been supplied to groups working at the Rutherford Laboratory and at CERN.

The tremendous increase in CAMAC usage has exposed a lack of test and diagnostic
equipment. To meet this situation, a range of indicator modules which monitor
all parts of CAMAC systems, the control lines, the data lines and the interrupt lines,
has been developed. Further developments will add units which could be used to
implement computer controlled diagnostic programs for CAMAC systems as well
as CAMAC modules.

While CAMAC provides a control structure and defines a set of basic commands,
it does not define how the various components are combined to implement a
given operational function. One common requirement is data transfer between the
CAMAC system and an external device. Though many such interface modules are
available there is a surprising difference in the detailed facilities provided. A
skeleton interface has been developed at the Rutherford Laboratory which can
easily be extended to match particular input/output devices. This approach will be
increasingly important as greater use is made of the data transmission facilities
for the control and monitoring of experiments as it will allow the use of device
independent driver routines.

Electron Cerenkov

Counters

The CAMAC
System

109




110

Counter
Electronics

Proportional
Chambers

TV Camera
Read-out System

Film Scanning
Electronics

Module Testing

Turgets in use
at Nimrod

The CAMAC units developed for counter hodoscope applications have now been
in use for several months. They provide discrimination, strobing, storage and read-
out facilities. Fifty-six channels (7 modules each of 8 channels) are in use and a
further batch of improved modules is being manufactured.

The Miniature Logic System continues to be used and is still the best solution for
very large scintillation counter experiments which require a flexible method of
implementing complex trigger logic.

The electronics for a 300 wire system is being commissioned and further small
systems are being manufactured.

Hybrid integrated circuit elements already developed for this field are being
evaluated and a study of the use of emitter coupled circuit techniques has been
initiated. These should provide better performance in terms of speed and inter-
connection simplicity.

The read-out system for the Omega project at CERN, using lead oxide target
vidicons is nearing completion. The system will consist of six cameras, a control
unit which provides the complex frame scanning program, and a display unit.
Though evaluation and further development is still needed in some areas, most of
the components are now in an advanced stage of production.

The data acquisition and measuring stage control electronics, developed for the
Vanguard measuring machines, has now been evaluated.

Automatic film advance has been fitted to one scanning machine. Eventually this
will be available for all scanning and measuring machines.

Computer programs exist for the testing of complex modules so that they can be
easily evaluated under a large number of operating conditions. Not only will this
speed up testing but it will reduce the number of data dependent faults which might
otherwise escape detection.

LIQUID HYDROGEN/DEUTERIUM TARGETS

During the year 1971, 6 liquid hydrogen and 1 liquid hydrogen/deuterium targets
have been operated simultancously at Nimrod. Of these, 3 were Type I targets
in which refrigeration is provided in the form of liquid hyd-ogen from dewars,
and 4 were Type II targets, each with its own closed circuit refrigerator.

The N4 experiment uses an existing target which has been previously used on the
K8 beam line. A Type I system is used for this target but new features are
employed for the safety ventilation system. The hydrogen dewar is placed in a
separate igloo, constructed of structurally weak pancls of ‘perlite’ based material
to allow for little restraint in the event of an explosion. Where further security is
required a wire mesh screen surrounding the igloo prevents large fragments being
projected into the experimental area. The separate target-reservoir assembly is
protected by a conventional ventilated HHYVE system.
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Figure 77. The heat exchanger vessel for the liquid hydrogen
target of Experiment 13.

DOUBLE INDIUM
WIRE SEAL

The latest target for K13C employs a Type II condensing system and has a total
liquid hydrogen capacity of 0-25 litres. The design of this target is directed
towards the elimination of all hydrogen system joints within the vacuum system
other than those produced by either brazing or welding. In order to achieve this,
the cryogenic valves are repositioned in the heat exchanger vessel and the target
flask has a welded seam joint produced after the manufacture of the Melinex
flask (see Figure 77). The only remakeable joint is at the base of the heat
exchanger vessel and consists of a double indium seal with an interspace pump-
out. The target flask is mounted on a thin wall tube tripod from the beam entry
window flange (see Figure 78).

Detailed modifications to the control system allows restart after mains failure to
be automatically accomplished. All the targets have operated in a very satisfactory
way and a high standard of reliability in the components has now been achieved.

Figure 78. The target flask. (Experiment 13).
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Figure 79. The liquid hydrogen target for the p-p experiment at CERN (CERN Photo).

The liquid hydrogen target for this experiment was designed and manufactured
at the Rutherford Laboratory in collaboration with CERN PS Target Section
personnel. After trial assembly at the Laboratory, the components were despatched
to CERN where the Melinex flask and vacuum vessel windows were assembled
and tested. The conventional CERN liquid hydrogen and vacuum service vessel
was attached to the assembly and the complete system was successfully tested
and commissioned in the experiment in April 1971. Figure 79 shows the target
assembly in position in the experiment at CERN.

In collaboration with AERE personnel, a liquid hydrogen target was designed,
manufactured and commissioned at the Rutherford Laboratory. The target is
designed to give a liquid hydrogen cross-section of 20 mm wide by 60 mm high
with a length of 200 mm. This is achieved by manufacturing a 0-08 mm-thick
wall Melinex trough, supported by a copper strip base, to contain the liquid.
The depth of liquid within the trough is controlled to 60 + %2 mm by use of the
Laboratory’s diode level control system. The trough is surrounded and supported
by a conventional vapour-filled target flask, such that the flat through walls
are only required to support the liquid head. These walls are also ribbed to give
addition stiffness. See Figure 80.

s

Figure 80. The liquid hydrogen target flask for AERE Cyclotron
experiments.

POLARIZED PROTON TARGET

A new type of polarized proton target of advanced design is currently under-
going commissioning tests. The target is of the separated function type in which
processes of polarization and subsequent use for data collection are separated in
time and, in this particular target, in space too. In this way conditions pertaining
to polarization and data collection can be optimised separately. This procedure
allows a degree of angular access that would be unattainable otherwise using
existing techniques.

The major portion of the cryogenic system has been assembled and tested. It
consists of a closed cycle ®He refrigerator with a power of 1 W at 0-9 K and
capable of cooling the target to a working temperature of 0-3 K during data
collection. Difficulties with thermal oscillations in this system were successfully
solved by application of a new type of heat exchanger embodying metal foam.

The success of this type of heat exchanger has led to a small development pro-
gramme with the objective of determining the physical characteristics of metal
foams of different materials for more general use in heat exchangers. The
principal features of this new type of exchanger are good efficiency, compactness,
low cost and elimination of thermal oscillation conditions.

The magnet system of the frozen target consists of a 50 kG superconducting
polarizing magnet, a split-pair arrangement giving 27 kG central field with a 90°
access and two trimming coils, all within one cryogenic enclosure. The performance
of the complete magnet system with both magnets fully energised follows
closely that predicted, and the required field homogeneity — of a few parts in 10
over the volume of the target — is achieved. The partially assembled system is
illustrated in Figure 81.

Special procedures have been developed to minimise heat inleaks to the target.
A new type of thermal break for microwave guides has been developed of
extreme simplicity giving the equivalent thermal break of 2 cm of thin walled
stainless steel tubing yet giving no measureable attenuation of the microwaves at
4 mm wavelength.

To minimise eddy-current heating of the cavity during movement from the
polarizing to holding positions the cavity is constructed from gold plated stainless
steel foil of thickness 0-008 cm.

(ref. 160, 211, 215,
264, 265, 266, 282)
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Figure 81. The partially assembled magnet system for the polarized proton target.

Both the microwave and nuclear magnetic resonance (NMR) systems of this
target have been designed for use at two different frequencies, corresponding to
operation with 4 mm and 2 mm wavelength microwaves. Developments of the
NMR system include use of a multiple half wavelength coaxial line of low r.f.
attenuation and low thermal conductance, totally enveloping double screening, a
balanced low level monitor and second order correction to improve the overall
noise levels and accuracy of measurement. Part of the NMR system was used to
make magnetic field surveys of the frozen target polarizing magnet.

Following the demonstration that glycerol-water-porphyrexide was a suitable
material for use in the frozen target, research on this material was continued.
Studies were made of the build-up and decay rates of polarization.

" Design studies also have been made of several new polarized targets. In one of

these the direction of polarization would be along the beam axis. The design
incorporates a trigger counter very close to the cavity thus requiring the scintilla-
tion counter to work in a cryogenic environment. Tests are being made to check
the operation of typical scintillation materials down to ~v 1K.

The range of magnetic fields and temperatures now available for polarized
targets are indicated in Figure 82. For successful operation of a separated
function type of target the ratio of magnetic field strength to temperature
should exceed 100 kG/K. This condition could be achieved at low magnetic
field strengths by using a dilution refrigerator. To explore this possibility and to
examine the behaviour of target materials at temperatures of 100 mK or less a
dilution refrigerator unit is being installed and will incorporate an existing 50 kG
high homogeneity superconducting magnet.

Figure 82. Range of magnetic fields and temperatures now available
for polarized targets.
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Chamber Modifications
(ref. 140, 226, 243)

Track Sensitive Target

(ref. 193, 240, 241,
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268, 269, 281)

THE 1-5 METRE CRYOGENIC BUBBLE CHAMBER

The extensive modifications that were carried out on the Bubble Chamber expan-
sion system during the 1970 shutdown were completed early in the year. These
have resulted in very great improvements in the chamber operation. Leaks into
the main insulating vacuum have been eliminated and the chamber has become
much more manageable. Detailed modifications to the vacuum system have
improved reliability and with the chamber in excellent condition, a full track
sensitive target development programme was undertaken during the year.

The PDP8I computer has now been programmed to provide a monitoring system
which gives the bubble chamber operators a means of keeping close control on
the operation of the chamber. At present some 60 analogue signals are monitored
by the computer and alarm messages are generated if signals exceed limits which
are set by the chamber operator. Sixteen digital channels are also available and
these are used at present for providing the computer with data from electro-
mechanical counters and for “‘status bits”. The counters are used for recording
such information as film number and exposure number. The operator com-
municates with the computer through a teletype using simple command strip.
Error messages are typed out on a second teletype. A “log command™ allows
the contents of the computer data table to be typed out on demand. Parameters
which are synchronous with the chamber cycle can be read and stored in the form
of a histogram which provides information on the long-term functioning of the
chamber. A CRT display is available which allows any of the 64 possible analogue
inputs to be displayed as a function of time. This facility has proved to be of great
value during the track sensitive target development programme.

All the operating time of the chamber this year has been given to the development
of a sensitive hydrogen target in the chamber the rest of which contains a
sensitive mixture of neon and hydrogen. The advantages of this system for
detecting uncharged particles were described in last year’s report. A series of
targets were tried during the year, culminating in a successful run during which
65,000 pictures were taken for a physics experiment. Full instrumentation was
provided to enable data to be collected from strain gauge patterns and tempera-
ture and pressure sensors. This coupled with detailed examination of broken
targets began to throw light on the problems that were standing in the way of
success in this work. A theoretical analysis of the pressure transients in the
chamber during the expansion cycle, and the stresses imposed on the target walls
due to flexing was undertaken. As a result of this study a “composite” target
was designed.

A photograph of this target installed in the chamber is shown in Figure 83. The
target is made up of a rigid frame of stainless steel which is mounted in the
median plane of the bubble chamber by a method which allows differences in
contraction of the target and chamber body during cool-down. The frame is pro-
vided with refrigeration loop, the necessary valves for filling the target and a strain
gauge transducer for measuring dynamic pressure. The side walls are made of
6 mm perspex. To allow for the large differential thermal contraction, the seals
between the frame and the windows are made at the operating temperature of
29K by forcing the windows against indium wire set in grooves on the frame by
inflating a flexible backing tube behind the perspex.

This target was installed in the chamber during October and successfully operated
during November when 65,000 pictures were taken in a 4 GeV 7" beam.

Figure 83. The track sensitive target installed in the bubble chamber.

The target was filled with hydrogen and the chamber surrounding it contained
neon/hydrogen mixture with a neon concentration of 45 molecular per cent
giving a radiation length of 73 cm. At this and similar concentrations homogeneous
mixtures can be produced which, with a small change in the conditions of
temperature and pressure, have a tendency to stratify into neon-rich and neon-
poor regions which would be unsuitable for physics use. Operating techniques
have now been developed for filling the chamber with uniform mixtures and
many successful fillings have been achieved. During operation, the mixture is
more sensitive than the hydrogen in the target, but by choosing suitable operating
conditions, satisfactory track quality in both regions can be achieved. See
Figure 54, Experiment 37.

The target has been operated for over 200,000 expansions without trouble up
to the Nimrod shutdown (December 1971). On inspection, after dismantling, the
seals and windows were in good condition. This facility will be fully used in the
physics programme of the Laboratory during 1972.
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SPECIAL PURPOSE MAGNETS

For the successful data taking run for the A hyperon experiment conducted by
the Cambridge Group in the 2 m hydrogen bubble chamber at CERN, two high
field pulsed magnet assemblies, designed, developed, built and tested at the
Rutherford Laboratory, were taken to CERN together with a 20,000 uF, 0-3 M]
capacitor bank and its power supply. Two spare coils were held in reserve.

Intended to provide 70 kG over 40 cm in a 40 x 6 x 11 cm?® bore at a repetition
rate of 20 pulses per minute with half sine-wave pulse lengths of 2-3 ms, the
design lifetime was 100,000 shots minimum before coil failure. Figure 84 shows
one such coil in a cut-away shock-absorbing and redistributing assembly.

Installation involved the fitting of lead and uranium shielding at the entrance to
the bubble chamber, with a narrow acceptance-defining axial slot in a brass insert.
The pulsed magnet, surveyed into place immediately upstream of this transport
system, is used to sweep charged particles, produced in a target 3:3 m from the
entry window of the bubble chamber, into the shielding, so that the remaining
neutral beam is injected into the chamber.

After only 40,000 shots at 76 kG, the first installed magnet developed a water
leak at the coil bore. Replacement with the back-up assembly took only 4 hours;
this magnet went on to give over 250,000 shots and is still operational. About
150,000 of these were at 66 kG to permit magnet operation at the accelerator
rate of 26 pulses per minute, whilst the remainder were either at half-rate and
76 kG, or at 30 ppm and 56 kG. See figures 57 and 58, Experiment 38, in which
the bubble chamber pictures show the beam entering the hydrogen without the
pulsed magnet operating, together with an example of a picture taken under
normal operation when the magnet was running at 66 kG.

Before concluding the run, feasibility tests were conducted for a beam enriched
in £~ hyperons, and involved about 80,000 magnet shots at 66 kG. Preliminary
design tests are now being carried out for a 20 cm long 150 kG magnet for such
an experiment.

Figure 84. High ficld pulsed magnet during assembly.

Figure 85. MI11 spark chamber magnet with field plotting equipment.

The heavy liquid bubble chamber magnet has been rebuilt as a spark chamber M11 Spark Chamber
magnet with an aperture of 78:8 cm and has achieved its design field of 10 kG. Magnet

A turntable has been constructed to give small angular movements of the magnet,

and its accuracy of positioning is being evaluated. A new power supply for the

magnet has been tested and commissioned. The output is 1-2 MW at 250 V and

4,800 A, with a current stability of better than 1 part in 10* between 480 A and

full load.
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ACCELERATOR OPERATIONS
" AND DEVELOPMENT

A Mk 1l Plunging Mechanism used in the thin septum
Piccioni extraction system at Nimrod.




(ref. 200, 201, 202,

122

203)

Table 1

Accelerator Operations
and Development

OPERATION OF NIMROD

The pattern of operation of the accelerator, as in recent years, has consisted of
3-week cycles, the major portion of each cycle, about 82% on average, being
devoted to HEP research, with the remaining 18% being accounted for by
accelerator development, maintenance and start-up time.

The operational record is summarised as follows:

HEP Research Hours
Scheduled time 6010
Good beam time 4859

ie beam on for 81% of HEP scheduled operating time. This compares with good
beam time realised last year of 4708 hours.

Accelerator Development Hours
Scheduled time 895
Realised beam time 420
Machine available time 624

ie machine availability 70% of scheduled operating time for accelerator develop-
ment. The operations record is detailed in the following Table:

Nimrod Operations 1971

Hours HEP Research Machine Physics and Development

Date Clock Shut-down Sch':d.

Mant, Beam Beam Set- *Exp. | Nimrod | Nimrod | Beam | Beam | *Exp. | Nimrod |Nimrod
From To Sched. | On Up Off Off Avail. | Sched. | On Off Off | Avail,
Jan 1 Mar 31 216000 838:50 96'00 | 1082'00f 724'08| 1998 437 53357 728:45| 14350 7372 462 6516 7834
Apr 1 Jun 30 218400 143:96 | 1748'16 1418-24( 638 1'80 321'74 | 1420°04| 291'88)|168:79 | 26'33 9676 | 195-12
Jul 1 Sep 30 220800 100°50 | 1840-27| 1503:31 171 1-67 333-58 | 1504-98| 267-23| 9411 | 79-43 93'69 | 17354
Oct 1 Dec 31 2209-00 64441 3238 | 1339'64 121340 12624 | 121340 192'57| 83'06| 9378 1573 | 176'84
Totals 8761-00 148291 372-84 | 6010°07| 4859'03| 28-07 7-84 |L115°13 | 4866°87| 895'18|419°68 |204'16 |271°34 | 623'84
Percent
Clock Time 100-00 16-92 4-25 68-61 10-22
[Percent HEP
Scheduled Time 100-00 80-85| 047 0-13 18-55 8098
Percent MP
Scheduled Time 100-00 6968

*Beam off at Experimenters request
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Figure 86. Nimrod operating efficiency during scheduled High Energy Physics research time.
January to December 1971.

The total number of protons accelerated during the year is 35% greater than it was
in 1970. The number of machine pulses, with beam, at almost 65 x 10%, is 7%
higher than last year.

The pattern of utilization for HEP research has been as follows:

1. X1/K9, the fast spill extracted beam to the bubble chamber has been available
when required throughout the year, the actual usage being determined by the
demands of the 1-5 m bubble chamber programme. The required fraction of the
Nimrod beam is taken every pulse.

2. Because extracted beams X2 and X3 are mutually exclusive beams for flat-top
operation, the mode of operation has been to run one system on flat top at 7
GeV for data-taking and the alternate system on current rise at 4, 5 or 6 GeV
for setting up purposes. This permitted all of the secondary beams on the
extracted proton beams to have some beam particles at all times and for every
pulse. The flat top users have a spill of about 450 ms and the current rise users
a spill of about 15 ms in length. About 5% of the circulating beam goes to the
current rise users. Previously, sharing between X2 and X3 had been accomplished
by, say, X2 taking 1 pulse in 5 on flat top, followed by X3 taking the next four
pulses on flat top and so on.

8. Scattered out beams, 77, 710, P71 and K108, operating from internal machine
targets, were in use during the year, sharing beam with the flat top, slow spill,
extracted proton beams X2 or X3, every pulse.

Machine pulse repetition rates continued at ~v 20-3 pulses per minute for the
greater part of the year. However, improvements to the Nimrod magnet power
supply brush gear environment permitted a significant increase in repetition rate
and since mid-October rates of 21-9 pulses per minute have been the rule. The
Mk 2 plunging mechanism system, installed in January 1971, in straight section
2 operated well throughout the year.

Nov.

Dec.
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X1/X2 continued operation using a conventional ‘thick septum’ Piccioni extraction
system. Extracted beams, as measured at the external target of X2, of 7 x 10!
protons per pulse have been readily obtainable, with a maximum of 10'* protons
per pulse.

X8, using a thin septum extract magnet, continued in the mode of operation
instituted mid-1970 and described in the 1970 Report. From February onwards
the thin septum magnet was changed from a 4-turn design to an 8-turn design.
The latter version requires 7000 A as against 14,000 A for the 4-turn type
and has no water joints inside the vacuum system. Beam intensities, at the
external X3 target, of ~ 10'* protons per pulse, are easily obtainable. The
maximum is ~ 1-2 x 10'* protons per pulse.

Beam to the X3X target, a second target station, down-stream of, and in series
with, the X3 target in Experimental Hall 3, was first transported on April 1.
Protons not interacting in the X3 target are collected and focused on to the X3X
target. As an indication of the gain in utilisation of protons, 3-1 x 10'" protons hit
the X3X target when the normal 6 mm square x 100 mm long copper target is hit
by 9 x 10'" protons. Using a shorter X3 target, more protons reach X3X and a
very flexible system of operation is obtained. The secondary beams on the X3X
target, 79 and N4, were brought into use in June and October 1971 respectively.

Table 12
Analysis of Nimrod Off Time during scheduled Operating Time for 1971

69053 hours
1386-5 hours (detailed below)

Total Scheduled Operating Time
Total Off Time

Beam Time % of % of
Lost. Scheduled Nimrod
Hours Op. Time Off Time
1. Faults and Routine Inspections
*Extraction Systems

(a) Magnets 19273 2-79 1390

(b) Power Supplies 100-86 1-46 728

(c) Plunging Mechanisms 80-61 1-17 5-81
Synchrotron RF/Beam Control/

Diagnostics 186-64 2:70 13-46
*Vacuum Systems 145-71 2-11 10-51
Coolant Systems 85-77 1-24 6-19
Straight Section No. 1 Environ-

ment 79:b7 1-15 b-74
Injector 77-93 1-13 5-62
Nimrod Magnet Power Supply

(a) Convertor Plant 77-04 1-12 5:56

(b) Ripple Filter Plant 1128 0-16 0-81

(c) Rotating Plant 27 0-11 062
Targets and Target Mechanisms 68-06 (-89 491
Pole Face Winding Systems 62-95 0-91 4-54
Nimrod Magnet 39-61 0-57 2-86
Inflector System 1827 0-19 0-96
Miscellaneous 40-84 059 2:94

2. Other Reasons
Start-up 9796 142 7:07
Public Electricity Supply 1:8+37 0-27 1232
Totals 1386-47 20-08 100-00

*Figures for Vacuum and Extraction Systems include routine inspection time.

An analysis of faults on equipment is a very important requirement and enables
the scale of spares, improvements and modification to operational routines to be
determined. Table 12 gives a breakdown of the fault record of different parts of
the accelerator.

During February/March, an elusive contamination of the vacuum system caused
the Straight 1 electrostatic inflector to fail six times, necessitating “letting-up”
and cleaning each time. A total of 80 hours was lost.

Extraction system components, particularly magnets and high current power
supplies were responsible for the loss of a considerable amount of beam time.
Improvements to extractor magnets and provision of standby power supplies will
improve the reliability of the systems.

Failure of the accelerating gap insulators in the r.f. cavity was responsible for the
loss of some 153 hours in June. (The previous failure of this insulator was 4 years
ago in August 1967).

Radiation damage to the cooling water connecting tubes of the pole face winding
adjacent to Straight 7 caused several interruptions to scheduled beam time. The
opportunity is being taken during the shut-down December 71/January 72 to fit
connectors of a new design in this area, which is the highest radiation dose area in
the machine. The installation of the thin septum extraction system for X1/X2

will considerably reduce the radiation dose levels in the Straight 7 region where
most of the proton loss occurs with the original extraction system.

A large programme of installation, modification and maintenance is currently in
progress, particularly:

1. Conversion of the present thick septum extraction system associated with
X1/X2 beams to the thin septum type which has been in use on the X3 beam
since June 1970. This should lead to improved extraction efficiency, and also
because of the fact that only one plunging mechanism is required (as against
two for the existing thick septum system) it should be intrinsically more
reliable in operation. The radiation dose levels in the accelerator will also be
reduced.

2. Provision is being made for spare heavy current power supply capacity, in par-
ticular the installation of a 900 kW static power supply which could be used
with both thin-septum extraction systems.

3. The installation and commissioning of a digital position control system on the
Straight Section 4 plunging mechanism is proceeding.

4. Removal of the Straight Section 7 box, which is the area of peak radiation dose
caused by protons hitting the septum of the plunged quadrupole of the original
extraction system, so as to permit detailed examination of components in
straight section regions after their 10 years of life since the accelerator com-
menced operation.

5. Installation of two new flywheels for the accelerator magnet power system.
Also the repaired drive motor will be re-installed, thus releasing the spare bi-
directional drive motor presently in service.

Fault Analysis

Shut-down
December 1971-
January 1972

125




Radiation Dosimetry

126

6. Development of the computerised control system. Interactive graphics and
diagnostic programs for pole face winding currents are being implemented.
Interactive graphic presentations will be extended to other parameters in due
course.

7. Introduction of the “second harmonic” r.f. system. Some preparatory work is
under way, including the installation of beam control induction electrodes in
Straight Section 3. (In due course a system using these electrodes will replace
the existing system using electrodes in Straight Section 6. It is required to free
this latter Straight Section in order to make room for the second harmonic r.f.
accelerating cavity.)

The integrated isodose contours at December 1970 when the last complete
survey of the inner vacuum vessels was performed is shown in Figure 87.

During 1971, measurements of the radiation dose absorbed by the Nimrod inner
vacuum vessels were confined to Octants 7 and 8. Both integrating and glass
capsule hydrogen pressure dosimeters were used and the highest dose received
since machine start up is estimated to be 435 megarad in Octant 7. This is well
below the dose which the vessels can withstand. Dosimeters are still positioned to
monitor the dose received by the outer vacuum vessels.

The radiation doses received by the coils of magnets adjacent to X3 and X3X
targets are now being monitored.

Figure 87. Integrated isodose contours for the inner vacuum vessel of Nimrod.

Beam

Octant 1

THE MAGNET RING POWER SUPPLY AND ANCILLARY PLANT

The magnet has been pulsed throughout the year using both motor-alternator sets
and the complete converter plant except for the period 26 April-3 May when, due
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