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Foreword

This Report, the fourth in the series describing the year's activities of
the Rutherford Laboratory, covers the calendar year 1968 which has
been as busy and productive as any in our history. The experiments
making up the High Energy Physics research programme have covered
awide range of topics; inadditionto continuing the work on elastic scatter-
ing cross-sections and polarizations, and the bubble chamber studies,
an increasing number of investigations have been concerned with weak
interactions where the validity of invariance principles remains in doubt.
Several of these experiments are using the most advanced spark chamber
and on-line computer techniques. Nimrod itself has operated at a very
satisfactory level of intensity and reliability. Two extracted proton beams
have been in use, and the ability to switch from one to the other during
the pulse has resulted in greatly enhanced operational flexibility and
efficiency. The new experimental area (Hall 3) is near completion, and
during 1969 will provide welcome relief from the present congestion in
the other areas. The PLA, in its penultimate year of operation, has
brokenprevious records for hours of gopodbeam, and we were particularly
pleasedatbeing able to assistour Canadian colleagues from the TRIUMF
projectby mounting an experiment involving the acceleration of negative
hydrogen ions.

There is also good progress to report from the many other fields of
work necessary to support a successful research programme in high
energyphysics. Detailed accounts of these will be found in the following
pages; the aim has been to present a balanced portrayal of our work
without undue emphasis on any particular field. As a result, most of
our staff and visitors willbe able to identify their individual contributions
to the Laboratory's progress, though in a co-operative venture such as
ours everyone is entitled to feel associated with each and every success.

Wuj\ CUTBAAAL
T.G. Pickavance
Director.
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High Energy Physics Division

Division Head and Deputy Director: G. H. Stafford.

For many years much of the experimental work on Nimrod has been devoted to the study of
elastic scattering reactions. The widely-acclaimed successes of the unitary symmetry scheme
(SU; octets, & -minus etc.) just as Nimrod was starting up encouraged a detailed investigation
of low energy scattering processes. The existence of a large number of strong interaction
resonances in the 7-N and K-N systems requires that measurements be made with high preci-
sion and at closely spaced intervals of momentum and angle. In the first series (1964-67) of
experiments measurements were made on elastic 7*p and 7 p scattering at 22 momenta in the
interval 0-9 - 28 GeV/c and charge exchange scattering, 7= +p — 7° +n, at 5 momenta
between 1-7 and 2'5 GeV/c. Polarization data were obtained in 7 p elastic scattering at 50
momenta in the interval 0-6 - 2*2 GeV /c and at 8 momenta in K™p elastic scattering. The 7p
results represent a very substantial fraction of the world data on pion-nucleon scattering and
have made significant contributions to identifying and classifying baryon resonant states. This
is just the beginning of the study directed towards an understanding of the internal structure of
the hadrons and of the superstrong interactions which give rise to them. More extensive
measurements are on the present Nimrod programme. Two experiments (Nos. 3 and 5) are
studying Kp scattering in the momentum interval 05 - 1:4 GeV /c. It is expected that the K'p
system will be as rich instructure as the 7p system and be a very fruitful field of investigation.
Measurements on the 7p system are being extended to very low energies (Experiment 15 — at
the CERN synchrocyclotron) and to higher momenta (Experiment 11), An extensive series of
7+p polarization measurements using an improved Rutherford Laboratory polarized target is
being prepared to obtain data at 70 momenta throughout the range 06 - 2:7 GeV /c.

In a similar momentum interval the bubble chamber groups are continuing their investigation
of a large number of reaction channels concentrating particularly on the formation and decay of
resonances in multi-particle final states. For example, the analysis during 1968 of film taken
earlier with the Saclay 80cm hydrogen bubble chamber at Nimrod has yielded values for the
total and differential cross-sections for the reactions K™ + p — K° +=2%and K"+ p — K" +E5"
(Experiment 24). These results were interpreted in terms of resonance formation in the Y*
mass region from 1915 to 2168 MeV. The bubble chamber experiments (Nos. 19-30) reported
in the following pages are providing information on resonance production and decay for both
mesonic and hadronic states. The systematics of the quantum numbers of the resonances and
of their partial decay widths provide sensitive tests of the various theoretical models of the
strong forces. Selected inelastic processes are also being investigated by three experiments
using electronic techniques, namely polarizationin 7 +p — K* + =~ (Experiment 2), neutral
states in K p interactions (Experiment 5) and a search for narrow width mesons in 7 p inter-
actions (Experiment 18).

The situation in weak interactions in recent years has been particularly exciting and full of
surprises. In spite of many new experimental results and a flood of theoretical papers there
still remains a great lack of understanding of many aspects of the weak interaction. It is clear
that much more experimental work is required. Many of the strict conservation rules that are
known to hold in strong and electromagnetic interactions are, for unknown reasons, violated
in the weak interaction as indicated in Table 1. Tests of conservation laws and searches for
further violations are currently occupying the attention of many teams at the Rutherford
Laboratory and elsewhere.

Table 1
Validity of symmetry principles in the interactions

Type of Interaction Strong Electromagnetic Weak
I, isotopic spin yes no no
3, strangeness yes yes no
C, charge conjugation ‘ yes yes no
P, parity yes yes no
CP or T, time reversal yes yes no
CPT yes yes yes
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Following the discovery of the violation of parity and charge conjugation symmetries in 1957 it
was believed that intuitive ideas of left-right symmetry could still be preserved by a combined
CP symmetry. CP symmetry requires that the physical laws remain unchanged if particles
are replaced by anti-particles and the co-ordinate system is reflected through the origin, The
symmetry rule was supported by the then available experimental information. In 1964 CP
symmetry also fell as a result of the observation at the Brookhaven National Laboratory of the
CP-forbidden decay K — 7" + 7, confirmed the following year at the Rutherford Laboratory,
Several types of model were proposed to explain CP violation but it was not possible on the
available experimental evidence to select the most appropriate one. It was clear that there
was a need to study other possible CP-violating processes and, in particular, those that were
critical tests of the various models. An experiment (No. 16) aimed at measuring the decay
rate K — 7° + 7° was mounted at CERN by 2 team from the Rutherford Laboratory and AERE
working with physicists from Aachen and CERN. The final result was presented at the 14th
International Conference on High Energy Physics at Vienna in August. A follow-up experiment
(No. 17) by members of the same team and others is currently measuring the magnitude and
phase of the decay amplitude, A preliminary result confirms the previous measurement on the
decay rate. The world situation is somewhat confused but the weight of data seems to come
down against the so-called "super-weak’'' model of CP violation.

Hints of CP violation have arisen in connection with possible AS = -AQ contributions to the
leptonic decays of K° mesons. Published experiments suffer from low statistics and a 10, 000
events experiment started data collection on Nimrod during the year. This experiment No. T)
involves measuring the time dependence of the decays K° — wev following the associated pro-
duction of neutral kaonsin the reaction 7 +p — A% + K°. Anexperiment (No. 14) by a collabor-
ation between the Rutherford Laboratory and three UK universities was installed at CERN in
September 1968 to study the decay modes K* — 7ry and K* — 777, The aims of the experiment
are to test for C violation in electromagnetic interactions and CP violation in the weak interac-
tion by measuring the charge asymmetry in the rates for K= — r+ 7%y and for AI> 3/2 CP
violating terms in K= — 7%7°7°.

A test of thevalidity of the CPT theorem, a cornerstone for local field theories, is in progress
(Experiment 6). The experiment will obtain an accurate value of the mean life of the K* meson
by a delayed coincidence technique. Comparison with the lifetime of the corresponding anti-
particle, the K" meson, will check the validity of CPT invariance for the forces involved in
K decay.

A high statistics study of K* leptonic decays has been completed at Nimrod and final values of
branching ratios and form factors have been reported. Thevalues of the branching ratios of the
Kuzand K.z decay modes give strong evidence for a pure leptonic AI = + selection rule in
contrast to the situation previously. The leptonic AT = %+ selection rule has a different physical
basis to the AI = = non-leptonic rule for which thereis some evidence of violation. The leptonic
decays involve the interaction of a hadronic current and a leptonic current while non-leptonic
decays have two hadronic components. Experiment No. 8 is aimed at measuring the contribu-
tion of AI =3/2 amplitudes to the non-leptonic decay of the * in the mode Tt — pi°.

The beta decay of non-strange particles, as in muon decay or nuclear beta decay, has been well
described by the so-called V-A theory of Feynmann and Gell-Mann. The introduction of an
additional parameter by Cabibbo has proved remarkably successful in predicting the leptonic
decay rates of the strange particles. A sensitive test of Cabibbo's prediction is the determina-
tion of the vector (V) andaxialvector (A) contributions to &~ beta decay (branching ratio . [
by measurement of the angular distribution of the decay electrons about the direction of spin of
the £, the predicted form being V + 0-3A, considerably different from the V-A of the basic
weak interaction. Such an experiment (No. 10) was completed in July, 1968 and analysis is
progressing.

During the year nearly a million bubble chamber photographs were taken, 605, 000 in the 1-5m
National Bubble Chamber with hydrogen or deuterium and 343,000 in the 1-4m Heavy Liquid
Chamber with afilling of propane — CF, Br mixture. Thefilm taken at Nimrod has been used by
16 groups including 6 groups from abroad (France, USA, Belgium and CERN). Analysis of
data taken in 1968 and earlier years continues and is described in Experiments 19 to 30.
Physics results are reportedfromthe first production experiment on the automatic film measur-
ing Hough Powell device (HPD). Increased use of the HPD will accelerate the scanning and
measuring processes in the bubble chamber technique.

Automation in the spark chamber technique has enabled the teams to obtain the high statistics
that are now necessary. Of the six spark chamber experiments running at Nimrodin December
1968, one uses film and manual scanning, another film followed by automatic scanning and
measuring using the CRT film scanner and a third digitises immediately onto magnetic tape
using an array of eight vidicon cameras. Three teams record the digitised spark positions onto
tape through on-line computers, one uses sonic chambers and the remaining two wire chambers,
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In 1968 Nimrod produced 5170 hours of High Energy Physics time at an average intensity of ,
15 x 10* protons per pulse and an efficiency of 84%. The layout of beam lines in the experi- '
mental areas in December, 1968 is shown in figure 1. Beam switching and sharing techniques

have been developed to allow a large number of teams to run simultaneously, for example,

during December, one bubble chamber and six electronics experiments.

3
. 220
Increased use has been made during the year of CERN facilities by groups from the Laboratory ‘ ,ﬁJ
and associated Universities through RHEL channels. Two complete teams comprising 20 T
physicists and support staff from the Laboratory and the Universities of Cambridge, Glasgow,
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Liverpool and Oxford arrived at CERN in the late summer to set up electronics experiments 7 g B |

on the CERN SC and PS. 55 tons of apparatus and electronic equipment was dispatched from = | 3

the laboratory for their use at CERN. A team of CERN, Orsay and Rutherford physicists is § L

taking data at CERN in an experiment for which 90% of the scanning of the spark chamber film l L J ;Q§ @
is done at the Rutherford Laboratory, Two of the bubble chamber experiments reported here A | o = J;@g :
used film taken in CERN chambers. A collaboration of physicistsfrom RHEL and the Universities C - e =t
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of Bristol, Cambridge, Liverpool and London (UCL and WCL) are designing an experiment to
search for the intermediate vector boson (the quantum field particle of the weak interaction).
This experiment will be carried out at CERN when the intersecting storage rings (ISR) become
available in 1971,
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i i ELECTRONIC TECHNIQUES
Experiments at Nimrod
) Bean. Lane Status of Expt.
ELECTRONIC TECHNIQUES Number Experiment (see Fig.l where  .'h. o ber 1968
applicable)
\ Beam Line '
. 3 Status of Expt. ;
Number Experiment (see Fig.1 where . 'p o ter ft 968 17  Measurement of ¢y, the Phase of 7o CERN Data taking
applicable)
18  An Investigation of Narrow Width Mesons _
1 The Leptonic Decay Modes and a Radiative Produced in 7 p Interactions T Setting up
Decay Mode of the K* Meson K4 Completed
2 Polarization of £~ in the Reaction BUBBLE CHAMBER EXPERIMENTS
T +p— X +K'atl1l30 MeV/c KT’ Completed
19 Decays of n Mesons P3X Completed
3  K'p Differential Cross-Section Measurements K8 Data taking
20 2:2 GeV/c K~ Exposure in the Heavy .
4  Neutral States produced in K™ p Interactions K10S Data taking Liquid Bubble Chamber Kil Data taking
C leted
5 K*p Differential Cross-Sections K12 Data taking 21 A Study of K., Decays e —
22 *p Interactions in the Range
6 K" Lifetime Measurement K12* Data taking s (:) 0:9 - 1-05 GeV /cng K1 Analysis
(b) 1-10 - 117 GeV /c K9 Data taking
Test of the AS = AQ rule for K° Leptonic
Decays K13 Data taking 23  Single and Double Pion Production in )
pd Collisions X1 Analysis
Test of the AI =  Rule in the _ ) !
e i 24 A Study of K p Interactions in the Range .
Decay Z*— pm . K14 Data taking 124 - 1+86 GeV /C Kl Analysis
Polarization Effects in 7+p Elastic Scattering K14A Setting up 95 K- Deuterium Interactions Kl Analysis
The g decay of the £~ Hyperon m4 Analysis 26 K'p and K*d Interactions in the Range )
2-0 - 28 GeV /c K9 Data taking
Differential Cross-Section Measurements . . ;
for 7~ p Elastic Scattering 5 Analysis 27 7" p Interactions between 06 and 0'8 GeV /¢ K1l Analysis
§ ti between 0+4 and 07 GeV /¢ K1 Analysis
The Partial Width of the Decay & — e* €. ¢l Analysis 8  Fpdnteraptions bekw /
29  7'p Interactions at 2 GeV /c in Helium K18 Analysis
Wide Angle Elastic I"roton-Proton
Scattering in the Momentum Range .
1-5-45 GeV /c P71 Setting up 30 np and Ap Interactions K9 Data taking
A Study of the Decay Modes K* — 7% 7%y
and K+ — g% 704° CERN Setting up
Elastic Pion Scattering through Low Energies CERN Data taking
The Decay of Long-Lived Neutral Kaons into
Two Neutral Pions CERN Completed
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The Leptonic Decay
Modes and a
Radiative Decay
Mode of the K*
Meson.

(2,3,4,23 24,

25)

Polarization of £ in
the Reaction
mtp> I +K*

at 1130 MeV/c
(27,43, 60)

Experiment 1

UNIVERSITY OF OXFORD

This experimental study of the decay modes K*—e'n%, u'v and 7' 7% has been described
in both the 1966 Annual Report (Experiment 7) and the 1967 Annual Report (Experiment 4). The
analysis of the data has continued during 1968. The experiment is concerned with the following
measurements:

1. The electron momentum spectrum in the

K.s mode; 0.72 P23 £
==0.25

2. The branching ratio for the K.; mode; i o
=-0.5

3. The relative branching ratio of the Kus and 0.68

K.: modes;

This 5
Experiment

4. The branching ratio for the 7*7°y mode and
the -7~ angular correlation;

0.84[

)
0.6F
The first four sections of the analysis have :

5. The 7° spectra in the K.; and Kus modes. (b)

TOTAL BRANCHING RATIO

been completed. The final section will be 0.5

finished early in 1969,

The results obtained fromthe first two sections 0.0

were described in last year's report. B ~ B.R=072

It has since been found that the relative branch- £

ing ratios of the Kus and K.s decays is ‘Mr |
T (Kyg) / T (Kea) = 0667 :EO'DI'T IElp"i-

ment

assuming A, = 0:023 and A- = 0. This result
corresponds to a value for the parameter £ of . . i
~0+08 + 0°13 in good agreement with theoretical 0.06
expectations. (£ is the ratio of the form factors A+
for vector coupling in K, decay). The results Fig. 2 Relation between experimental branching
for various values of A, and A~ = 0 are presented ratio and the total branching ratio.

in figure 2,

~
™~ B.R=0.62

0.08

The branching ratio for the decay 7~ 7%+ has been found to be consistent with pure inner brems-
strahlung though a comparative structure amplitude with destructive interference cannot be
ruled out.

K p Differential
Cross-Section
Measurements

Experiment 2

QUEEN MARY COLLEGE, LONDON
UNIVERSITY OF OXFORD
RUTHERFORD LABORATORY.

This experiment, involving a 7~ beam incident on a polarized proton target, was described in
the 1967 Annual Report (Experiment 8). Analysis of the data was completed in 1968, The final
values for the polarization of the Z7 are listed in Table 3. These values supersede the pre-
liminary data presented in the previous Annual Report. The polarization data are being used by
the QMC /AERE /RHEL group to analyze their measurements on the asymmetry in the beta-
decay mode of the £~ (Experiment 10).

We have combined our measurement with the results of other studies of the associated pro-
duction reactions 7p — XK, and have performed an energy-dependent partial wave analysis of
these processes between threshold and 1170 MeV/c. We use, for the amplitudes A,, the
momentum-dependent form ’

A =a,exp(i¢.)K:(+3)

where Ky is the c.m. momentum of the £, the parameters A, and ¢, are real, and the index n
labels the isospin, total spin and parity of the amplitude. Near 1130 MeV /c, we obtained a
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good fit to the associated Legendre series expansion of P(%%
sequently the set of data points (66 in number) below 1130 MeV /c was fitted with S and P waves,
while we added D waves to fit the complete set of 124 data points up to 1170 MeV /c. Four
solutions with acceptable values of ¢ were found for the restricted data set, but only one
(which had a probability = 5%) for the complete set. Thel = 3/2 amplitudes are equal, within
errors, for all five solutions, and thus the data on 7*p — " K" are well fitted at all momenta.
We conclude that the I = 3/2 amplitudes are uniquely determined.

However the four solutions for the restricted set have distinctly different values of the I = 3
amplitudes, and for the single solution to the complete set the contribution of these amplitudes
to the total ¥ is disproportionately great. This suggests that our energy-dependent parametriz-
ation is inadequate, at least for theI = 1 amplitudes, above 1130 MeV /c.

using S and P waves only. Con-

Table 3
(absolute normalization error of + 16% not included)
cos 9*2 Polarization of X~

- 1-000 + 0-019 (3-71 + 5-03)
- 0:968 + 0:025 - 0431 + 0-242
- 0:903 + 0+046 - 0:236 + 0-198
- 0-784 + 0-075 - 0125 + 0-180
- 0639 4+ 0°096 - 0-111 + 0-198
- 0435 + 0-124 - 0:247 + 0-207
- 0184 + 0-159 - 0-378 + 0-181
4+ 0128 + 0°165 - 0440 + 0°174

Experiment 3

UNIVERSITY COLLEGE, LONDON
RUTHERFORD LABORATORY

During the course of the year, the auto-
matic wire spark chamber system used
for the observation of elastic scattering
events has become completely operational.
During a trial run, about 1-5 million
triggers of 7 p collisions have been
recorded in the momentum range of
1-0to 1+4 GeV /c. Some 3% of these are
represented in figure 3 which shows the
differential cross-section at 1-207 GeV /c.
Data on K'p interactions are at present
being accumulated, and about 200, 000
triggers have so far been recorded in the
momentum range of 1:8 to 2:3 GeV /c. The
scope of the experiment has been extended
and the present intention is to collect suf-
ficient data to yield angular distributions,
each of ten thousand elastic events, at
forty values of momentum between 0°85
and 2+5 GeV /c, rather that at the fifteen
values originally proposed. It is estimated
that some 2 million triggers will be
required.

mb/str

Fig. 3. Differential cross-section for ' p
elastic scattering at 1207 MeV/c.

.01 4——— v v v T
ao1y 06 02 -02 -~06 -10

cos 0%
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Neutral States
Produced in K'p
Interactions

*p Differential
Cross-Sections.

Experiment 4

UNIVERSITY OF OXFORD

The experimentis a study of neutral
states, primarily A°n®, A°n°, Z%4°
and £°n°, produced in K'p inter-
actions in the range 650 to 1250
MeV /c. A partial wave analysis of
these reactions will allow a separa-
tion of some of the many excited
hyperon states formed in the K'p
interaction. In a first data run,
130,000 photographs have been
taken and analysis of these and

associated magnetic tape informa-
tion is proceeding.

Figure 4 is a plan view of the
apparatus, the separated K~ beam
impinging from the left on the small
hydrogen target at the centre.
Neutralinteractions are selected by
the veto counter surrounding the

HEAVY PLATE REGION

CHAMBER 3

T Fig. 4. Plan w'qw of the experimental apparatus. The event
— shown in figure 5 has been indicated.

target, and A° decay particles are detec-
ted by the wire spark chambers and the
counters A-K. These particles are also
seeninthe optical spark chambers, where
showers produced byy rays from £° and
7% decays are produced.

Figure 5 shows a typical event of the
A°7° type. Paired views (top and side) of
each chamber are seen, chamber 1 at
bottom right has the beam track and a
backward-going shower, chamber 2 a low
energy shower, and chamber 3 the proton
and pionfromthe decay of the A°. A draw-
ing of this event has been superimposed
on the layout figure (figure 4),

CHAMEER 2

CHAMBER 1

Fig. 5. A photograph showing two orthogonal views of each
spark chamber. The event is an example of the
reaction K~ +p— A° +11°, A® > p Il ~, 1% - vy.

The views at the extreme left and right are of chamber
5 which is underneath the hydrogen target and not
shown in figure 4.

Initially, interactions are being investi-
gated in the momentum range 720-960
MeV /c. A further runwith 150,000 photo-
graphs will take place early in 1969,

Experiment 5

UNIVERSITY OF BIRMINGHAM

Arrays of scintillation counters and sonic spark chambers in a separated K-mes

(derived f.r.om X2), are being used to study firstly K*p and secondl;? K™ p elastic di?f?eriiaiir:i
cross-sections frpm 5° to 180° at about 10 momenta between 0-45 and 0-9 GeV /c. The aim of
fche former experiments is to investigate the possibility of structure near 0+6 GeV /c and to
improve the data, at present statistically poor, in this momentum interval,

The flux of K™ -mesons ranges from a few tens to a f

b ' ; ewhundreds per 2 x 10" extracted protons.

ISCO (fi;xias ar}f approximately six times larger. The detector subtended large solid angles at a
ong hydrogen target. Forward and backward scattering are studied by measuring the

K* Lifetime
Measurement.

Test of the AS = AQ
Rule for K°
Leptonic Decays

19

momentum and angle of either the K-meson or the proton, using a large aperture spectro-
meter magnet. For the remainder of the angular range the scattered K-meson and the recoil
proton are detected in coincidence. About 10,000 events per momentum will be obtained; the
data will be fed on-line to a DDP-116 computer and thence on to 2 magnetic tape for eventual
processing by the IBM 360/75. The on-line computer monitors the performance of the equip-
ment and provides a CRT display of interesting quantities.

K* data taking has commenced with the detector configuration that covers the intermediate
angle range. Preliminary analysis indicates that the elastic data is readily separable from the
background, Test data taken over the entire momentum range in both geometries indicates that
no unexpected problem will arise. Preliminary angular distributions for the K*p data will

shortly become available.

Experiment 6
QUEEN MARY COLLEGE, LONDON

This is an experiment to measure the K* meson life-time to an accuracy of 1 part in 1000, The
objects of doing this are to help sort out the disagreement between the two most accurate
measurements of the lifetime, a discrepancy of approximately 3-4 standard deviations, and to
look for non-exponentiality in the K* decay over a large number of lifetimes. The latter is
important when considering theoretical explanations of CP violation in K° meson decays.

800 MeV /c K* mesons produced in a

separated beam are selected from the

7+ and p components by a DISC Cerenkov

counter, The K* mesons are then

brought to rest in aluminium and their

N decay particles detected by surround-

' ing scintillation counters. The decay

spectrum is measured using a pre-

calibrated, highly linear Time-to-

Amplitude Converter, displayed on 2

LABEN pulse height analyser and

pad stored on paper tape for subsequent
ey analysis.

Preliminary data has been taken, as

shown in figure 6, and should give an

answer to an accuracy of 3 parts in

1000. From this it is estimated that

the required precision of 0-1% should

be readily achieved, given sufficient

statistics (approximately 500,000 K*
decays).

Ty=12:35m

NUMBER OF COUNTS

TIME [ns)
o 10 20 30 40 50 0 0 80

| L N N F: N N L i N N i
32 52 72 92 (12 132 152 172 192 212 232 252 272 292 312 332 352 372 392 412 432 452 472 492 5I12
CHANNEL NHUMBER

Fig. 6. Measured decay spectrum of K* mesons.

Experiment 7

UNIVERSITY OF CAMBRIDGE
RUTHERFORD LABORATORY

The present theory of weak interactions has been built up assuming several basic selection
rules. Amongst these, two fundamental ones are;

(a) CP conservation (This assumes that the forces governing the weak decays are un-
changed if one simultaneously changes particles into anti-particles and reflects the
co-ordinate systems in a mirror).

(b) AS = AQ rule (The rule permits decays for which the change in strangeness of the
strongly interacting particles (AS) is equal to the corresponding change in charge

(2aQ)).
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Test of the Al = 1
Rule in the Decay
Z* - pgo.

The current theory of weak interaction has enjoyed considerable success but violation of the
two selection rules outlined above is not easily fitted into the theory. In the last few years
experimental proof of CP non-conservation has been obtained for K° decay and, while no con-
clusive evidence exists for violation of the AS = AQ rule, experiments on K°—7ey decay give
an indication of such effects,

This experiment aims at obtaining a large sample of K°—7er decays (10,000 events compared
to 500 for typical published experiments) resulting from the decay of a pure K° state produced
in the reaction 77 +p — A° + K°. These events should enable a measurement of the ratio

_ Amplitude AS = -AQ
X = Amplitude AS = AQ
the analysis of the experiment will be able to say if the AS = -AQ amplitude is also CP violat-
ing.

The experimental equipment is shown in figure 7. A beam of 7~ mesons of 1-035 GeV/e
momentum is incident upon a polythene target and produces K° mesons by the reaction
7 +p — A° +K°, A trigger system has been devised to select events corresponding to this
reaction, followed by the decays A° — 77p and K° — rey,

to anaccuracy ofa fewpercent or less. Should a violation be observed

This selection requires an incoming 7 meson to disappear and the produced particles to be
neutral when they pass the veto counters (see figure T). The picket fence counters are used to
select events decaying into four charged particles and the Cerenkov counter selects events in
which one of these four particles is an electron.

Optical spark chambers are used to record the incoming 7~ and to observe the two V's corres-
ponding todecay ofthe A (A — p7”) anddecay of K (K — 7ev withthe neutral neutrino unobserved),
An event is shown in figure 8.

A trigger system has been set upand 320,000 pictures » corresponding to 50% of those, scheduled,
have been taken. Data collection is continuing and should be complete by March, 1969, Pictures
corresponding to the more common decay K° — 7" 7~ have also been taken by removing the
requirement of a signal from the electron Cerenkov counter.

Data analysis of the pictures using hand measuring machines and an automatic measuring
system is under way. Geometric reconstruction and kinematic fitting programmes are working
and have beenused to analyse events corresponding to K° — 7ey and to K° — 7* 7. Clear events
corresponding to the required reaction and decays are seen and figure 9 shows a plot of the
number of A decays as a function of time (in units of the known A lifetime) corrected for the
experimental efficiency. The dotted line is the expected result corresponding to the known A
lifetime and it can be seen that the data is consistent with this value. Similar plots for
K® — 7" 7~ and K° — rev are also consistent with the known lifetimes of K? and K? .

Analysis is continuing and a preliminary value for the amplitude ratio x should be obtained
early in 1969, Final analysis will take about one year.

Experiment 8

WESTFIELD COLLEGE, LONDON
RUTHERFORD LABORATORY

The current-current structure of the weak interaction Lagrangian contains a term of the form
G Jl(x) J/\*(x) / V2

where J), (x) is the hadron current. This term gives rise to non-leptonic AS=1 transitions with
both AT =% and AT =3 /2. There is strong experimental evidence for a AI = 5 selection rule,
The only evidence for the presence of a AI = 3 /2 amplitude comes from K*—q* 7¥ decay, which
would requirea AI = 3/2 amplitude that is ~5%of the AT = 1 /2 amplitude observed in K¢ — 27,
The AI = 3/2 may be suppressed for dynamical reasons or there may be an explicit AT=1/2
selection rule in the weak interaction. The decay rates and asymmetry parameters of the non-
leptonic sigma hyperon decays are sensitive tests of the AT = 1/2 rule. Angular momentum
conservation in the decay Z—Nr 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 L™ —n7" denoted by - and I*—n7* (zi) have beendetermined to be almost pure S and P
wave respectively. The decay =*—p7° (Z}) has approximately equal S and P waves; the exact
ratio of S/P can be determined by measuring the asymmetry parameters @, fand y in the
decay of polarized sigmas.
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Fig. 8. An event showing the incoming pion and two
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V’s corresponding to the decay of the K°
(K° - 7 e v with the neutral v unseen) and
the A° (A° - p «°). All spark chambers are
photographed in two views at 90°.

BEAM CHAMBER-4. BEAMCOUNTER

i 1
= CERENKOV COUNTER

DECAY CHAMBER

L

|
SHOWER CHAMBER |

SPECTROMETER
MAGNET

Fig.7. Experimental arrangement. A n~ beam of 1.035 GeV/c
is incident upon the target and produces K° by the reac-
tion n~+ p + K° + A°. Optical spark chambers record the
incoming = meson and the four charged particles from ‘
the decay of the K° and A°. |

Fig. 9 Number of A decays as a function
of time (in units of the A lifetime)
corrected for the experimental
efficiency. The dotted line
corresponds to the known
A lifetime.
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The empirical selectionrule AT =1/2, requires
that, treated as vectors in the S-P plane, the
three transition amplitudes

Z_. = B =
T = Tt —p1°
Zi = Zr—=ngt
form a triangle satisfying the relation
Y2 I = B2 - EF

The current status of the vector diagram is
shown in figure 10, Within the errors the tri-
angle is closed, but the large uncertainty in the
S/P ratio for 2§ reduces the usefulness of this
test. The region where S~P happens to be the
very point where ghe parameter y is particularly

- 2
sensitive. (y = H ). In the present experi-

mentitis hopedto measure y to better than 10%.
Such a result will put limits on S/P approxi-
mately a factor 5 tighter than the present limits,
thereby testing the AI =1 /2 rule to this higher
accuracy.

Fig.11. Schematic view of the experimental apparatus.
The event shown in fig. 12 has been indicated.

spark chambers are triggered by an elec-
tronically identified K* plus an associated
charged particle in S; and viewed by an
array of eight vidicon cameras. The spark
positions are immediately digitized and
recorded directly on magnetic tape.

Data taking is in progress. The per-
formance of the apparatus and the quality
of the data is checked on an IBM 1130
computer by reconstructing the events on
an oscilloscope. Figure 12 shows a
selected event reconstructed from the
four plan view cameras. A drawing of this
event has been superimposed on the layout
diagram (figure 11), The spark chambers
have been triggered 250,000 times (30%
of total required) and a preliminary
analysis of identified =* —p7n® decays is in
agreement with Monte Carlo predictions.
Data collection is expected tobe completed
by March, 1969.

P
E:i.‘_ %

Fig. 10. Vector diagram of transition amplitudes
for non-leptonic decays of 1.

The experimental layout is shown in
figure 11, A separatedbeam of 7* mesons
of momentum 1111 MeV /c incident upon
a liquid hydrogentarget produces polarized
sigmas by the reaction 7* +p — "+ K",
The experiment involves measuring the
decay proton polarization with respect to
the X polarization direction. The K
detector consists of two scintillatorsS,
and Sz, a thin water Cerenkov counter C,
to veto fast particles and a 80 x 40 x 30
cm® water Cerenkov tank, Cyg, to detect
thefast muon from the decay of a K stop-
ping in the tank, Thin foil spark chambers
SC, and SC.: measure the direction of the
K* and decay proton. The polarization and
range of the proton are measured in a
60 gap, 17 ton, aluminium plate spark
chamber SC; (140 x 140 x 60 cm®). The

Fig.12. A view of a decay =* —» p + n° together with the outline of the
hydrogen target and spark chambers. Reconstructed by computer
from the four plan view vidicon chambers.

Polarization
Effects in n* P
Elastic
Scattering

(12, 42, 50, 56)

The g-Decay of
the £~ Hyperon.
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Experiment 9

UNIVERSITY OF OXFORD
RUTHERFORD LABORATORY

The present experiment is a continuation of the work on 7p scattering desc_ribed in the A'nnual
Reports of 1966 (Experiment 10) and 1967 (Experiment 7). The asymmetry in the scattering of
7~ mesons by polarized protons was measured at 50 different momenta from 0-(_343 to 2+14 Gev/c.
Data was obtained at values of cos § ranging from approximately + 0+9 to - 0-95 inthe c.m. syst‘em
at each incident pion momentum. The results have been expressed in the form of an gxp.ansmn
in terms of first associated Legendre polynomial series and compared with tl}e pred1_ct10ns of
recent phase shift solutions. It is concluded that although these analyses give satisfactory
predictions of the general features of the results, no one solution gives complete agreement

with the data above about 10 GeV /c.

It is planned to continue the investigation of the pion—nucleon system by aseries of measurements
on 7*p elastic scattering from a polarized target.

The 7" p system is a combination of I =4 andI=3/2 states. The acguisiti(')r_xs of polarizatiqn
data on 7'p elastic scattering, which is a pure I = 3/2 system, will facilitate a full I-spin
phase shift analysis. Data will be taken at approximately 70 momenta be_twegn 600 MeV /c and
9700 MeV /c incident 7* momentum. The experimental layout is shown in Figure 13.

Electrons in thebeam are vetoed by a gas
Cerenkov counter. Pions are separated
from protons at low momenta by a
separator, and by time of flight. At higher
momenta a DISC Cerenkov counter is
required. The new LMN polarized target
has achieved a polarization of approxi-
mately 70%, which can be measured by an
NMR system to an accuracy of + 4%. The
counter hodoscope consists of vertical
counters to determine scattering angle,
horizontal counters to enable elastic
(coplanar) events to be separated from
inelastic background, and Cerenkov
counters to separate pions from protons
in those regions where they are not clearly
distinguishable by kinematics. It is hoped

POLARIZED TARGET

to extract differential cross-sections from BIZED T
the data if the background is not too high.

Setting up has commenced and data taking

is expected to start during 1969. Figure 13.  Plan view of the experimental apparatus.

Experiment 10
QUEEN MARY COLLEGE, LONDON,
AERE, RUTHER_FORD LABORATORY

i i “— ne v whi ith a branching
The experiment involves the gtudy of the decay X ne v which occurs with a

ratio of . 107 with respect to the normal decay X — 07 . The angula}r distribution of the
electrons about the direction of the spin of the =~ is given by the expression

1(6) = 1 + aPycos O3,
where Py is the average polarization of the =~ hyperons aqd Gz:e the angle between the electron
momentum and the direction of the Z spin. The quantity @ is given by
1- (-Ga/Gv) )
@~ 2(-G1/Cr) 1 3(:Gu/Gr)?

i i tor currents present in
where G, and G, are the coupling constants of the vector ar_ld aJ.ual vector : t
the weakv interacecion responsible for the deeay. A determma}tmn of a will y{eld the ratio of
G, /Gy . The form of the weak interaction in this decay is predicted to be V + 0-3A from an SUs

analysis of hyperon leptonic decays.
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The X~ hyperons produced in the reaction 7~ +p — K"* + &7 are polarized along the direction
E.x fiz. The mean polarization of the hyperons used in the decay is-0:24 + 0-09. This value
is derived from the result of experiment 2, where the polarization in the above production
process was measured directly using a polarized target.

The momentum of the pionbeam, incident on the liquid hydrogen target, was 1-13 GeV /c inorder
to work below the threshold for producing an extra pion in addition to the £~ and K*. In this
situationthe identificationofaK"™ mesoncouldbe used to indicate the production of a =~ hyperon.
The K* was identified by selecting aprticles with v/c < 075 (i.e. with velocity below that
required to produce Cerenkov radiation in water) which were stopped in a large water tank
where the relativistic decay products produced delayed counts through Cerenkov radiation
emitted in the water. The decay electrons were detected in a Cerenkov counter filled with
freon-12 at a pressure of one atmosphere. For particles with momentum ~200 MeV/c, this
detector had a measured efficiency of about 0-9 for electrons and not more than 10°° for pions,
thus making it possible to select the B-decay events from the large potential background of
normal decays.

The K' detectors were placed above and below the beam with electron detectors to the left and
right in order to maximise the possible asymmetry by measuring the rate with 8z.~0 or 7.
The electronic trigger fired a system of wire spark chambers with a ferrite core read-out,
which were used to determine the directions of the incident pion, the kaon, and the decay
particle (either an electron or a pion depending on the trigger requirements).

B TRIG IDENTIFIER

] ]

BN ElSRTEEINCET
R.COORDS

|
H D ERRTY

KDN KUP
o R T

K_UP ElbEmy )
PION X COORD

e

K Down ELRT ELLFT CYLIND. piGTIZED K TIMING
X COORDS

Figure 14 shows display from the wire chambers produced by the PDPS. The ‘boxes” have been super-
imposed to aid interpretation — they were not present on the display. The chambers measured X-coordinates
(vertical) Y-coordinates (horizontal) and R-coordinates (at 45°). The trigger shown is identified b y dot in top
left hand corner as UP LEFT i.e. K*—UP; decay product-LEFT

PION R COORD

HODOSCOPE

v

PION Y COORD

A PDP8 computer was used to write the information from the wire chambers on to a T-track
magnetic tape, to display the spark chamber co-ordinates of an event of a CRT (figure 14),
and to histogram relevant quantities from the spark chambers and the electronic trigger so
that the performance of the apparatus could be monitored. During data collection, at intervals
of ~8 hours, the information on the 7-track tape was read back into the PDP8 and transmitted
via anon-line link to the IBM360/75 where a 9-track tape was written. After each transmission
a program which constructed (7-K) vertices and decay particle vectors was run in the
360/75, in order to keep a check on the chamber efficiencies.

Before its conclusionat the end of July the experiment collected 110, 000 3-decay triggers, with
an incident pion intensity of 3-5 x 10° pions per pulse, and at an average rate of one trigger
per 6 pulses. In addition 45,000 normal decay triggers were taken.

The pattern of the normal decay in the spark chambers is the same as that for the B-decay so
these eyents havebeenused to refine the software designed to find the g-decay events. Basically
the analysis program selects sparks to form the pion, kaon, and decay product vectors,
associates the pion and kaon and performs a (r -K) vertex fit, predicts a X~ direction and

Differential
Cross-Section
Measurements for
7" p Elastic
Scattering

(163)

The Partial
Width of the
Decay ¢°+e*e’
(1,57)
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attempts to associate the decay track with it. A ool
geometrical fit is performed to the event and the B4
separationofthe (7 -K) and (T -e) vertices determined sof

along with its estimated error. If the separation of
the two vertices is taken as the length of the £~ track,
and the momentum determined from the kinematies of 0
the production process, then the time for which the
%~ lived may be calculated. Figure 15 shows a plot
obtained from a small sample of normal decay events
analysed during the data collection, where the length
of the © was required to be =6 times the error. The H
line drawn is not a fit but corresponds to a lifetime of i
166 x 107" seconds. Events are lost at short times ap
since the productionand decay vertices are not clearly :
separated and the event is rejected. i

Work is in progress on a final determination of the

parameters tobe used in the track reconstruction and 2 1 _
a thorough checking of the co-ordinate system before g R
a large sample of data is computed. l\

4 .2 .3 4 5 8 7T 8 9 10 1.5
nasac

Figure 15. Measurement of the £~ [ife
time obtained from 329
events of the decay
= nr

Experiment 11

UNIVERSITY OF BRISTOL
RUTHERFORD LABORATORY

Inthe experiment carriedouton Nimrod during 1967, differential cross-sections were measured
for 7~ p elastic scattering at momenta from 1-2 to 2'5 Gev/c, and at 303 Gev/c. Details of the
experimental method were given in the 1967 Annual Report (Experiment 11).

Analysis of these measurements continued into 1968, and experimental results covering 40
laboratory-system angles in the interval 20° to 170°, at each of 25 momenta (1-34 to 2-49
GeV/c) have now been circulated to other groups and laboratories.

Beyond the purely experimental analysis comes the further analysis of the experimental
results in terms of partial wave amplitudes, and the interpretation of these amplitudes in terms
of resonances with definite quantum numbers. Techniques for this further analysis have been
developed in recent years by several specialised theoretical research groups. These groups
are now incorporating the new experimental results into their data.

Experiment 12

IMPERIAL COLLEGE, LONDON
RUTHERFORD LABORATORY

The main interest in the leptonic decays of vector mesons lies in the relative magnitudes of
the transition rates, as these give information on the form of the observed meson in terms of
the SU; or SUg eigenstates. Recent theoretical advances have turned this from a rather rough
concept into a precise tool, and accurate measurements would be invaluable.

The analysis of the data collected in the autumn of 1966 has been completed; experimental
details were given in the 1967 Annual Report (Experiment 6). It has been shown that

(i) there was good evidence for the existence of the decay mode ¢ —e'e”

(ii) using the value for the ¢ production cross-section measured under the same conditions
(™ + p—¢° +n at 1-568 Gev/c)and the standard values for the ¢° width and for thebranching
ratio of ¢° »K'K /¢ —total, the partial width for ¢* —e*e” was 2-4 + 1-5 keV/c®. While
this result was consistent with expectations and with other experiments, it was also con-
cluded that there was only limited scope for development in the technique used, especially
in comparison with the achievements and potentialities of the colliding beam technique,
and it was decided not to pursue these investigations further at the present time.
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Experiment 13

AERE, UNIVERSITY OF BERGEN
QUEEN MARY COLLEGE, LONDON
RUTHERFORD LABORATORY.

_—ld”

Wide Angle Elastic
Proton-Proton
Scattering in the
Momentum Range
1.5--4.5 GeV/e.

The aim of the experiment is to measure the differen-
tial cross-section for proton-proton scattering at
incident proton momenta in the range 1:5-4'5 GeV/c
and at scattering angles from 40°-90° in the centre
of mass. These cross-sections are not well known at
present. The data should also allow a careful study of H16™
the behaviour of the plot of do/dt (90°) against s - the 3
square of the total energy in the centre of mass. Figure
16 shows the existing data which suggest a discontinuity
at 2+4 GeV/c incident momentum.
Recent experiments™? show that in the range 5-21 Lic”
GeV/c, do/dt can be fitted by the function do/dt = i
a exp(-s sinf
b
discrete values

5<p<8GeV/c a=1346 mbGeV™2 b=1-24 GeV?
11 <p <21 GeV/ca = 564 mb GeV™2 b =277 GeV? gt

The low energy data show that a discontinuity exists at
0-52 GeV /c. The aim is to make measurements at
intervals of~300 MeV /c around the region of 2:4 GeV /¢
in order to establish the shape of the curve there.

where the parameters a and b have two

2%
=10

The experiment will use a low intensity (~10* protons

.
2.4 Gev/c ]
4
4

s Gev?

Figure 17 shows a schematic diagram of the apparatus.

A Study of the
Decay Modes
Kt - n¥n®y

and Kt > gn°n®

The detection system is made symmetrical in order
to nullify any difficulties that may arise from the inci-
dent beam being partially polarized. Two scintillation

per burst) protonbeam scattered out of Nimrod at 19°. AR AN e T S N - R T O l
|

Figure 16.  Existing measurements of da/dt
(90° ¢m) for elastic p-p scattering
as a function of s.

counter hodoscopes, one on the left, and one on the right are the main components of the trigger.
They are combined logically to define roughly the geometry of a p-p elastic scatter. It is esti-
mated that the signal to noise ratio will be 1:5 at worst. The electronic trigger fires a system
of wire spark chambers with a ferrite core read-out, on-line to a PDP8 compuier which writes
the informationontoa 7-track magnetic tape. Final analysis will be done off-line on the 360/75
computer.

The experiment commenced setting up in December 1968 and should collect a sample of data
before the March 1969 shutdown.

! Akerlof C.W. et al., Phys. Rev., 759 (5) 1138 (July 1967)
* Allaby J.V. et al., Phys. Lett., 258 (2) 156 (August 1967)
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Figure 17, Schematic diagram of the

experimental apparatus.
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Experiment 14

UNIVERSITY OF GLASGOW
UNIVERSITY OF LIVERPOOL
UNIVERSITY OF OXFORD
RUTHERFORD LABORATORY

The aims in this experiment are; = b
(i) To measure the charge asymmetry in the rates for K™ —7" 7’y in order to test for C
non-invariance in electromagnetic interactions and CP non-invariance in the weak
interaction and to measure for this mode the electric and magnetic dipole structure
amplitudes and the interference between the electric dipole amplitude and the inner
bremsstrahlung. & oy
(ii) To measure the charge asymmetry in the rates for K™ —n 7 7 in order to test for
Al=5/2, 7/2 CP non-invariant terms in the non-leptonic interaction.

The experiment is being carried out in a 5 GeV /c unseparated kaon beam at the CERN PS. A
differential Cerenkov counter identifies the kaons in the beam and a system of counter hodoscopes
and wire spark chambers defines their momenta and directions. The vector momentum of the
chargedpion produced whena kaon decays into either of the two desired final states is measured
by sonic spark chambers in conjunction with a large spectrometer magnet. A counter.hodoscqpe
detects the final state y-rays (including those from the neutral pion) and defines their outgoing

directions.

The experiment was installed at CERN in September 1968. It is scheduled foor data taking in ’Ehe
first half of 1969. It is hoped to measure the charge afymmetry in the 7~ 7 ¥ mode (branchl_nzg
ratio 2°2 X 10™%) to a precision of +1%% and in the 7~ 7°7° mode (branching ratio 1+69 X 107%)
to + 0:015%.

==

Interior view

of a standard
container during
the fitting out
stage.

Figure 18.

Loading one

of the standard
containers used
to transport
apparatus to
CERN. The
containers were
specially fitted
before leaving
the Rutherford
Laboratory to
enable them

to be quickly
interconnected
at CERN to
make the control
room for experi-
ment 14.

Figure 19,
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EPISTLE (Elastic
Pion Scattering
Through Low
Energies)

(28, 44, 62)

The Decay of
Long-Lived Neutral
Kaons into Two
Neutral Pions.

(28, 44, 62)

Experiment 15

UNIVERSITY OF CAMBRIDGE
RUTHERFORD LABORATORY

The aims of this experiment are as follows:

(i) tomeasure the total cross-sections for scattering of 7* and 7~ from hydrogen between
80 and 310 MeV with an accuracy of about + 0-3%.

(ii) to measure the differential cross-sections in the same energy range and over the
angular range cosf = +0'8 to -0:8 with an accuracy of about + 1%.

(iii) to measure the total charge exchange cross-section with an accuracy of about + 1%.

The experiment isbeing done at the CERN 600 MeV synchrocyclotron. The 7* and 7~ measure-
ments have to be done in two separate beams. Equipment for measuring total cross-sections
hasbeen setup inthe variable energy n~ beam. Total cross-sections have so far been measured
successfully in the range 120 to 310 MeV. At the bottom end of the energy range there were
problems with the beam optics, caused by the non-uniform fringing field of the cyclotron. It is
believed that these problems have now been understood, and it is hoped to complete the 7~
measurements and measurements of 7" total cross-sections from 80 to 150 MeV shortly, after
some small modifications to the beam.

In this energy region, where the N* (1238) resonance dominates the scattering, cross-sections
vary very rapidly with energy. A feature of the experiment is the accurate measurement of the
beam energy (+ 0:1%) by means of a magnet and four spark chambers at the end of the beam-
line.

At these very low energies, pions penetrate only the long range nuclear forces. The ultimate
objective of the experiment is the precise measurement of these long range forces. Putting it
moreprecisely, the aim istomeasure the 7-N and p-N coupling constants precisely, and to pro-
vide quantitative information on the elusive S-wave 7-7 interaction. Once this has been achieved
higher energy data can be used with vastly increased accuracy to probe the short range forces.

Experiment 16

UNIVERSITY OF AACHEN
AERE, CERN
RUTHERFORD LABORATORY

The observation of the decay Kj —7'n" in 1964 at Brookhaven, confirmed later that year by
experiments at the Rutherford Laboratory and CERN, showed that CP symmetry was violated
in the weak interaction (CP symmetry requires that the physical laws remain unchanged if
particles are replaced by antiparticles and the co-ordinate system is reflected through the origin).
A series of further experiments were started, in all the major Laboratories of the world, in
an attempt to investigate the exact cause of the CP violation. There were some 50 theoretical
papers published giving various causes for the CP violation, including new long-range galactic
forces, a new "'superweak' interaction, or small violations in the weak, electromagnetic or
strong interaction. Itbecame clear, on simple theoretical grounds, that a key experiment would
be the measurement of CP violation in a process closely associated with the first, namely the
decay K? —7°n°. As it turns out, the two processes K} —r*a~ and K$ —7°7° measure different
combinations of the two central parameters in the theory, e and €' so that from measurement
of the two decay rates one can in principle solve for € and €'. ¢ is associated with the K being
an impure eigenstate of Cp, and €' with a direct CP violating decay amplitude.

Two ratios are defined in the CP phenomenology

e
e = A omtd = (e + €) = |1, |exp Gi9.-)

AR

U e

where € relates to a CP violation in the mass matrix, and €' relates to a CP violation in the

direct decay channel, arising from a AT =3/2 or 5/2 current out of phase with the normal AI =
z current. Many of the theories require €' =01i.e. |17,-| = |7o].

(€ - 2€") = [Ngo|exp (idoo)

Measurement of ¢qo,
the phase of ngo
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A collaboration was formed between RHEL, CERN and the University of Aachen to perform the
difficult K —27° experiment. What makes this experiment difficult is that the decay leads to
four neutral particles, namely the four y rays from the decay of the two 7°s, y rays being
difficult particles to detect and measure. Two banks of thick plate spark chambers, placed on
either side of the K beam, were used to detect the 4 y rays from the showers they produced.

The K? decay region was surrounded by some 100 scintillation counters sandwiched with iron
plates, in the form of a truncated cone. This system was used to veto y rays coming out side-
ways, in order to reduce triggers from the very intense background process K{—37"—6y. The
veto cone and the heavy plate spark chambers are seen in figure 20.

170, 000 events were recorded on film. The films were scanned for 4 y events (a typical one is
shown in figure 21) and some 60, 000 4 y events were found and measured. Gamma ray directions
were measured to +2° using the early part of the showers and the energies were obtained to an
accuracy of + 25% by counting total sparks in a shower. For each event the 4 y rays were
reconstructed kinematically into two 7°s which were in turn reconstructed into a particle X;
themass (M,) direction (6,) and momentum (P,) of this "particle X" were calculated. The peak
atamass of 500 MeV (the mass of the K3, ), in the M, plot (figure 22) was evidence that Kj —7°7°

does occur.

The final result of the experiment reported at the International Conference on High Energy
Physics, Vienna (August 1968) was

[f100] = (3°6 + 0°6) x 1073

This should be compared with the parameter |n,-| which has a value of (1-90 = 0-05) x 107%
Therefore, with a confidence corresponding to about 3 standard deviations, those theo‘riles re-
quiring €' = 0 (e.g. the superweak theory and all those assuming the validity of a |AI| = 3 rule)
are contradicted by the present experiment.

Experiment 17

CERN, ORSAY
RUTHERFORD LABORATORY

This was the natural experiment to follow that which measured |7, as described above. It was
done by a group of physicists from CERN, Orsay and RHEL using essentially the same spark
chamber arrangement as the previous experiment but with a slightly different arrangement of

anti-coincidence counters (see figure 23).

Beam

Plan view of the
experimental
apparatus. A .4

are anti-coincidence
counters, Y, .5 are
trigger counters.

Figure 23.

Lead
I Wall

1 Meter

Spark Chambers
Aluminium Brass

A neutral beam was taken at 17° from an external target at the CERN PS with a lead converter
and a bending magnet to remove gamma rays and charged particles. Some 5 X 10°K} per bursﬂt
were obtained in the region of the detection equipment (situated 18m from the target) per 10
protons incident on the target.
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Figure 20. Schematic diagram of the
experimental apparatus.

L and R are trigger counters,

C, S, S’ and F are anti-
coincidence counters.
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Figure 22. Mass plot for free decay
(all pairings), showing a
peak at the K mass of
500 MeV/c?.

An Investigation
of Narrow Mesons
produced in 7 p
Interactions
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A copper regenerator 12 cm thick was in one of six fixed positions in front of a 20 cm thick
lead wall which defined the beginning of the decay region of interest (the first spark chamber
defined the end of the region). The trigger requirement favoured at least one gamma ray in
each of four counter-defined quadrants.

A total of 240, 000 photographs were taken and all the film was reverse processed by the film
processing laboratory at RHEL. Approximately 90% of the scanning was carried out at the
RHEL and all the four shower events were then measured at CERN or at Orsay. The events
which consisted of just four showers were reconstructed to give the mass of the decaying object
(assuming a decay into two neutral pions), its direction with respect to the incident beam direc-
tion and its decay point. Events were selected to satisfy certain criteria and the number of
events observed was then plotted as a function of the real time (expressed in Kg lifetimes)
between the exit of the regenerator and the decay point.

There were three contributions to the events observed

[y
in the decay region:- & £
(i) Regenerationof K2 (which canbe calculated) which 5r

then decay to two neutral pions, r
(ii) Decay of K{to two neutral pions, a1l
(iii) The term arising from the interference between L
(i) and (ii). 5
The decay region used covered fifteen Kg lifetimes
and the final plot is shown in figure 24. At early 2
lifetimes one observes the exponential decay of the
regeneration term, at long lifetimes, when all the 107
K2 have decayed away, only the K —27° term is sk
presentandinthe central region (7 to 10 K§ lifetimes) §5:
the destructive interference between the two terms is 2 T
seen. The solid curve represents the 'best fit'" to the Lar
data allowing ¢.. and |70, to be free parameters. :%0 | !
The results from the fit are:- E_ -
5 -
ey =BT 2 30° gr
[iss] = (82 < 0°T) %107 @yl
This result is in excellent agreement with that of the | | I | | | | ! L

-2 0 2 4 6 8 10 12 14 ®
Time from regenerator exit (ts)

Figure 24.  Plot of the number of observed
events against K2 lifetime. The
solid curve representing the ‘best
fit’ to the data allowing ¢, and
Ineo | 10 be free parameters.

CERN/RHEL/ Aachen experiment to measure |7].

The apparatus has now been modified to make a new
measurement of |n.| to + 10% and ¢, to + 15°. Data
collectionis already in progress and will be complete
at the end of February 1969.

Experiment 18

IMPERIAL COLLEGE, LONDON
UNIVERSITY OF SOUTHAMPTON

This experiment is designed to study in some detail narrow mesons produced in the reactions
T +p—X +p
—x°+n
up to a mass of about 2 GeV /c?. It exploits the technique developed in earlier studies of 1 and
¢° production near threshold but, in addition, incorporates an arrangement of v and charged

particle detectors surrounding the hydrogen target with which it is hoped to identify some major
decay channels.

The detailed performance of the y detectors has been determined over an energy range from 30
to 1500 MeV in a photon beam made by a simple 'tagging' technique in which the secondary
electron was required to have very low energy. At the present time, setting up of the main
experiment is almost completed and it is hoped to collect data in the first months of 1969.
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Decays of
n-Mesons
(7, 26, 61)

Figure 25. The array of charged particle detectors and y counters surrounding
the hydrogen target in experiment 18.

Experiment 19

UNIVERSITY COLLEGE, LONDON

A third investigation has now been completed with an exposure of the UCL /RHEL Heavy Liquid
Bubble Chamber to a 930 Mev/c 7" beam at Nimrod.

Previously this film has been used to search for the C violating decay 7n°— 7°¢*e”, and it has
also yielded the first examples of inverse electro-production via intermediate vector mesons,
i.e. 7 +n—p+p°; p° — e*e” . These studies were made in collaboration with the University
of Oxford.

The examination of a proportion of the films in order to establish the ratio

T]c- — 3q°

R=———F—=
?70_’17+TT T‘_ﬂ

has now been completed.
In recent years experimental values have ranged from 0:35 to 1-5, with results coming mainly
from hydrogen and spark chamber groups. The uncertainties have arisen from difficulties
associated with the separation of the various neutral decay modes of the 7, viz. 7 = 7°%y, 1= yy
and 7 — 37°. The detection of as many y-rays as possible represents a decided advantage;in
this chamber filled with CF;Br, the average concersion probability was very high viz. 73%.

The experiment consisted of looking for 7" interactions yielding 5 or 6 y-rays converted to
e e’ pairs. 260 5 y events and 69 6 y events were found.

Several novel features were incorporated in the analysis which distinguished this experiment
from previous ones. For example, a special template was devised which allowed objective
corrections to be made for y-rays mistaken for bremsstrahlung from other electron pairs.
Only the 5 y events were used to obtain the value of R because the number of events with 5 -
rays converted was particularly insensitive to uncertainties in the radiation length, and a new
statistical method was employed for estimating the background from non-resonant 3 7° emission.

Normalising to the number of 7 — 7" 7" 7° decays found in a separate scan, the result is

+ 0-20

R=147 % 0

2.2 GeV/c K~

Exposure in the

1-4m Heavy

Liguid Bubble

I Chamber
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This agrees with the theoretical ratio of 1'7 obtained by neglecting |AI| = 3 transition and the
effects of final state interactions. Furthermore, the result provides additional evidence that
the 7°yy mode does not contribute appreciably to the neutral decays of the 7 meson.

Experiment 20

UNIVERSITY COLLEGE, LONDON
TUFTS UNIVERSITY, USA
UNIVERSITY OF BRUSSELS
CERN.

The object of the experiment is first to study the properties of the = ° hyperon. Later it is
intended to investigate the neutral decays of the X° and ¢° mesons. The main aims are:-

(i) To look at X° and ¢° neutral decays, especially X° —7°7°7° and the processes X° —
vy and ©° — 1%y which providea check of the electromagnetic predictions of symmetry

schemes.
(ii) To measure the o, 5 and y-parameters of the =~ which are at present in dispute.
(iii) To find the lifetime of the = ° by a method which uses the y-rays from the = °-decay

7° to fix the decay point, This method cannot be used in a hydrogen chamber.

It is planned to take 600, 000 pictures at 6 kaons per picture in a chamber mixture of propane
and CF;Br which an incident momentum of 2-2 GeV /c. 343,000 pictures have been obtained so
far.

Figure 26. An example of a Z° interaction photographed in the UCL — RHEL
heavy liquid chamber.
The Z° is produced in the reaction K~ +p ~ Z° +K°, K® = a*
The Z° charge exchanges in the reaction Z° +p - E +a* +p,
ET>A+a ,A°>p+n . Then* fromthe E° interaction
scatters on a proton.
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A Study of
Kg4 Decays
(17, 65)

Experiment 21

UNIVERSITY COLLEGE, LONDON
UNIVERSITY OF WISCONSIN
LAWRENCE RADIATION LABORATORY

This experiment was originally proposed at RHEL, but was transferred to CERN following the
alternator break-down at Nimrod in 1965.
The CERN enlarged 1-1 metre heavy liquid bubble chamber was filled with C,F5sCl and exposed
to a stopping K™ beam. 551,000 pictures yielded a total of 133 x 10° K* decays. The film was
scanned for examples of the rare K.4 decay mode:

Kt —e" 71 v
The events could readily be identified since the electrons radiate their energy and spiral to
rest.
269 events were found, and when these are added to 69 events obtained in a previous investiga-
tion, the world total now stands at 338.
The particular significance of Kea decays is their unique property of allowing one to investigate
the S-wave 7-7 interaction at low energy in the absence of any strongly interacting particles.
This experiment yielded two acceptable solutions for the phase shift, which differ in sign but
have the same magnitude, 25° +9°.

Values for the form factors were obtained which demonstrated that the vector form factor, h,
was significantly non-zero, as was alsof,, an additional formfactor omitted in certain theoretical

treatments of the decay.
The branching ratio for the decay is (3-25 =0-35) X 10"° which agrees well with current algebra
predictions. No example was found of the decay
K —relimamy
and this adds further confirmation to the AQ = AS rule. An upper limit for the violation para-

meter, defined as the ratio of the amplitudes of the AQ = -AS current to the AQ = AS current,
is X < 0+3 at the 95% confidence level.

Noevidence of a ¢ resonance was seen. The angular distribution betweenthe secondary particles
was consistent with time reversal invariance and the locality of lepton production.

Figure 27. An example of K.q decay
(K* > n* 7~ e* v) taken in
the 1-1 m CERN heavy liquid
bubble chamber, and analysed
at University College, London.

i

e T

a*p Interactions
{a) 0-90-1-05 GeV/e

(b) 1-10-1-70 GeV/c

Single and Double
Pion Production
in pd Collisions
(52)
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Experiment 22

IMPERIAL COLLEGE, LONDON
WESTFIELD COLLEGE, LONDON

The objectives of the study are:

(i) the determination of the behaviour of the N***7°, N*"7° and N**n" cross-sections as
a function of momentum

(ii) the study of the N*** — N** interference in the p7* 7° channel
(iii) the partial wave analysis of the N***7° channel.

Out of a total of 44,000 events obtained in the Saclay 80 cm chamber, the percentage completely
analysed at each of the four incident 7* momenta is as follows:

(GeV/c) %
0:90 100
0-95 40
1-00 50
1-05 10

Analysis is continuing.

Scanning has begun on 200,000 frames exposed in the British National Chamber in the K9 beam.
Pictures were obtained at eight momenta in the momentum range 1+10 to 170 GeV /c. The aim
of this exposure is to study the inelastic decay modes of the N* resonances observed in the
elastic channel at higher momenta.

Experiment 23

UNIVERSITY OF CAMBRIDGE

This year has seen the completion of the analysis of 65,000 pictures taken in the 80 cm Saclay
chamber filled with deuterium. The K1 beam was used at proton momenta of 1-825 and 2°110
GeV /c, the latter being the maximum available with that beam line. The film was completely
scanned for three and four-prong events corresponding to the reactions

pd = p.pp7- 1)
and pd — pspnn" 7 or p,pp7 7° (2)
where p. is a 'spectator'proton. The scanning produced some 6,000 events which were measured
on conventional machines and processed by the CRAB system of programs on the Cambridge
Titan computer.

The number of events of types (1) and (2) are as follows:

Channel 1-825 GeV /c 2-110 GeV /c
p:PpT 1369 1372
ps Pp7 @ ° 48 av
p.pnwt 300 564

The laboratory distributions for the spectator nucleon show considerable deviations from the
predictions of the impulse model. In particular the angular distribution shows strong departure
from isotropy and an increasing tendency to peak along the beam direction at higher spectator
momenta. Fairly good agreement with the experimental results can be obtained by adding a
double scattering background to the impulse model predictions; the proportion of background is
appreciably higher for double pion production (30-40%) than for single pion production (1 5-17%)
but does not vary significantly with energy. Calculations have shown that nucleon-nucleon final
state interactions may account for part of the deviation from isotropy in the angular distribution,
but have very little effect on the spectator momentum distribution.

Some 650 4-prong events of the type pd — n pprn*n~ (where n. is a spectator neutron) were
measured and the results compared with those for the reaction pp — pp7* 7~ at slightly higher
energies?. From this comparison it was concluded that deviations from the impulse model
were not appreciable, providing that only events with spectator laboratory momentum < 150
MeV /c were selected.

=
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A Study of K'p
Interactions
in the Range
1:25 to 1-85 GeV/e
(8, 33, 34)

After allowing for the double-scattering background and the Glauber shadowing correction the
following cross-sections were obtained:

Cross-section (mb)

Reaction 1-825 GeV /c 2:110 GeV /e
pn — pp7w 2-57 + 014 2:68 + 019
pn — ppn w° 016 =0-03 0-35 +0-04
pn — pnrtw 077 +0-07 1+75 +0:20
pp — ppmt A 0-30 + 0-03 066 +0-10
pn —d7rt 7 013 +0-03 017 +0-03
pd — pdra” *® 0-18 +0-02 017 +0-02

“Events with no spectator nucleon.

The analysis of thereactionpn — pp7~ has shown that (50 + 5)% of the events contain a A° (1236)
isobar. The experimental distributions are in good agreement with one-pion exchange calcula-
tions, and show no clear evidence for the existence of any T = 0 amplitude in the reaction.

The reaction pn — pn7* 7 takes place mostly from the T = 0 state. The energies of this experi-
ment are too close to threshold for the events to be very peripheral but fair agreement with
one-pion exchange calculations has been found. No evidence for N* (1470) production has been
found, Thus, although the T = 0 part of the pn — pn7” 7~ cross-section rises by 092 £0°22 mb
between 1:825 and 2:110 GeV /c (compared with a rise of 3 mb in the total T = 0 nucleon-nucleon
cross-section in the same momentum range®), this rise is not due to the threshold for the
reaction pp — NN* (1470).

In the course of the experiment 281 events with deuterons in the final state were observed.
Most were examples of the reaction pd — pd7* 7~ and separated cleanly, on the basis of laboratory
momentum, into 'fast proton' and 'fast deuteron' events, the latter proceeding by baryon
exchange, In these events evidence has been found for a d7 resonance of mass 2130 and width
50 MeV.

! Pickup E. et al., Phys. Rev., 725 (6) 2091 (March 1962).
2 Hart E.L. etal., Phys. Rev., 126 (2) 747 {April 1962).
3 Bugg D.V. et al., Phys. Rev., 746 (4) 980 (June 1966).

Experiment 24

CEN, SACLAY

COLLEGE DE FRANCE
UNIVERSITY OF STRASBOURG
RUTHERFORD LABORATORY

K pinteractions, at13incident K~ laboratory momenta approximately evenly spaced in the inter-
val 125 to 1-85 GeV /c are being studied. The pictures were taken at Nimrod using the Saclay
Hydrogen Bubble Chamber.

The K p system can form baryon resonances of strangeness -1 and isotopic spin 0 or 1. The
properties of these resonances e.g. mass, width, spin, parity, isotopic spin, are obtained
from analysing their decay into two-body final states. Experimentally, total cross-sections,
differential cross-sections and polarization are measured, and the data are then analysed in
terms of partial wave amplitudes, of different spin and parity.

The various final state topologies in this experiment are at different stages of analysis. The
common topologies are: -
(i) Two-prong events with a charged decay. These yield, for example, the two-body final
states = "K' and TF 7%
(ii) Zero-prong events with one or two visible neutral decays. These yield states = ° K°,
AO 170’ AO Tj, KD n
(iii) Two-prong events witha visible neutral decay. These yield intermediate two-body states
such as Y*7, K*p (which decay into A® #* 7=, Z° 7" 77, K° p 7 etc.)

(iv) Two-prong events. These yield for example, the two-body states K™p (elastic), Y*m,
K*p, K*n,

- R R TTIE EOEIEOE=..
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The measurement and selection of topologies (i) and (ii) is now complete and analysis is well
advanced. Approximately 60,000 events have been measured in this part of the experiment.

Tt is to be noted that for final states not far above threshold, only partial waves with low spin
tend to be excited., This situation is open to relatively simple analysis and in this way it has
been possible to obtain results for the final states =~ K™ and = ° K° (see below) even though the
numbers of events are much fewer than for Z* 7%, A® 7°, K°n final states, where the situation

is more complicated.

The measurement of topology (iii) is almost complete and about three quarters of the events
have been written onto a Data Summary Tape for final analysis.

Topology (iv) isbeing measured as the first production experiment on the automatic film measuring
Hough Powell device (HPD).

The Reactions K™ +p ~K* +Z "and K" +p —K° +Z °,

The reactionchannels @)K~ +p— = ~+K*, (b)K +p— = ° +K° have been studied throughout the
range of the survey. A total of 1100 Z~ K* and 110 = ° K° events were observed. The mean
lifetime of the =~ particle was found to be (1+67 + 0°07) X 10™*° seconds and of the Z° particle
(2°44 10°6)x 107 '° seconds, both values being in good agreement with the previous world averages.

The differential cross-sections and polarization distributions for the = ~ channel have been fitted
according to the usual expansions in terms of the Legendre polynomial and first order Legendre
polynomial functions:

do
a0 ¥ L A B (cos &%)

=de - -
Pa.a=n7c2 2B B, (cos 6%)

where 6* is the_IS* production angle in the centre of mass system; i the normal to the produc-
tion plane and P the polarization vector of the = ~. Due to the lack of statistics in reaction (b)
only the coefficient A, = ¢/4nx° where o is the cross section, is meaningful. Figure 28 shows
the variation of A, for both (a) and (b) and Figure 29 shows the variation of the A,'s up to
Z="tor reaction (a). Clearly both reactions show a resonant behaviour in A,, peaking at~2080

MeV. The coefficients A,, A,, A, for reaction (a) also show a resonant behaviour whereas A,
to A, are compatible with zero.

Kp—K*z"
tg 2.0 24 EC.I‘I’LS.GEV LQIZ;D 2y 22 19 20 21 22 E JGe¥
. | L [ T T 30- AEEEs
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Figure 28. Ao (=0/4 nx*) vs. incident K~ lab. momentum U0 12 6 15 18 20 heoe
for the reactions K" +p-+ K*+ = and K™ +p Figure 29. A coefficients vs. the incident K~

+ K® + Z°, The top scale indicates the total
energy available in the K™p centre of mass system. = 7. The curves shown correspond to the
The curves shown correspond to the solutions (1), solutions (1), (2) and (3) discussed in the
(2) and (3) discussed in the text. text,

momentum for the reaction K~ +p -+ K*
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These results have been fitted under the assumptions (1) all partial waves up to J = 5/2 con-
tribute a constant pbackground and F, and G,,; are resonant with masses and widths fixed (the
»(2030) and A (2100)), (2) with the Gor (A(2100)) resonant but allowing the mass and width to
vary in the fitting procedure, and (3) with a new resonance of lower spin dominating the = K
interaction.

Assumption (1) does not give an acceptable fit. Assumption (2)givesa much improved fit if the
mass of the Gor resonance is shifted to M ~ 2080 + 10 MeV and the width to T" = 80 + 10 MeV.

Thebest fit however is obtained from hypothesis (3) with a new J? =3/2 4, or 5/2 +resonance
of I-gpin 0 or 1, mass approximately 2070 MeV, width ~ 120 MeV and (J + 1) Xe1. Xazx =
0.030 + 0.005, where X and Xy are the elastic and = K branching fractions. The analysis,
therefore, strongly suggests the existence of this new resonance. However, the statistics are
such that fit (2) cannot be ruled out and confirmation is required.

2-prong events

This part of the experiment is a collaboration of the Rutherford Laboratory with the Centre de
Recherches Nucleaires, Strasbourg. Theanalysis will be based onapproximately 40,000 events
measured on the Rutherford Laboratory HPD and conventional machines at the two laboratories.

-
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>

+

Figure 30. An example of the reaction Kp—Z" K*, from the K'p survey
experiment. The =~ subsequently decays to A° + 1, followed
by A° decay to p +n’; the K* decays to u* + .

K~ -Deuterium
Interactions
(19, 20)

K*p and K*d
Interactions
in the Range
20-2.8 GeV/c
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The following final states are being analysed.
(i) K p elastic scattering.
(i) K +p—K +p+a° or
K +p+7 or
K +n+7

In these channels involving final state kaons the production of the charged and neutral K* (890)
appears especially interesting. Some two-body Y*m production is also observed.

(i) K- +p—A+7 +1 or
PO s
Events in these channels in which the A decays in the neutral mode will supplement the data

obtained from the measurement of topology (iii). The higher resolution provided by the HPD may
assist in the resolution of the X' from the A.

Experiment 25

UNIVERSITY OF BIRMINGHAM
UNIVERSITY OF EDINBURGH
UNIVERSITY OF GLASGOW
IMPERIAL COLLEGE, LONDON

Film taken during 1966 and 1967 using K~ mesons at 1-45 and 1+ 65 GeV /c incident momentum
in the Saclay bubble chamber has now been completely processed. In all approximately 80,000
events have been measured and work is progressing on the results obtained, The channel

K +d—p.+A+T

where p, is a spectator proton, is being studied in detail and a partial wave analysis is now
being performed. In addition, there is abundant production of Y* resonances at 1385, 1405,
1520and in the region 1650 - 1720 MeV /c?; the analysis of production and decay characteristics
of these resonances is proceding.

Experiment 26

IMPERIAL COLLEGE, LONDON
WESTFIELD COLLEGE, LONDON
CEN, SACLAY

In this survey experiment, approximately 40,000 photographs have been taken at each of the
momenta 2-1, 2-3, 25, 27, 29 GeV/c, in the British National Hydrogen Bubble Chamber.
Further exposures at intermediate energies and with deuterium are required to complete the
planned series. In the meantime work is proceeding on the analysis of the film already obtained.
The film for each energy has been shared between the three collaborating groups for analysis;
the Saclay part is being measured independently and is well advanced, but the Imperial College
and Westfield College film is being measured on the FSD at Imperial College. Since this is the
first experiment measured on this device, the progress of the experiment is closely tied to the
progress of the FSD.

At each laboratory the scanning and predigitizing of the film is complete, and measurements
are complete on the filmat 2°7 GeV /¢ and on the Imperial College part of the film at 2:5 GeV/c.
The early rolls had arather low success rate of about 50%, and a second pass is being prepared.
It is believed that improvements in the system have substantially increased the success rate
in more recent measurements.
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at+p Interactions
between 0.6 and
0.8 GeV/e

n'p Interactions
between

400 MeV/c and
700 MeV/e

nt and p
Interactions
at 2 GeV/c
in Helium

Experiment 27

UNIVERSITY OF
OXFORD

Measurement of a11100,000 pictures, takenat 0'6, 0-65, 0+7,0-75 and 08 GeV /c inthe Saclay 80 cm.
hydrogen bubble chamber, is now almost complete and analysis of the data at 06, 0-7, and 0-8

GeV/c has commenced. The experiment was
designed to study primarily the inelastic
reactions 7* +p—7* +7°+p and 77 +p—7t +77 40
but, as a byproduct of the analysis, excellent
data on the elastic scattering have been
amassed. As an example of this, the dis-
tribution of the centre of mass scattering
angle at 600 MeV /c is shown in Figure 31:
it contains some 13, 000 events. Preliminary
phase shift analyses have been performed on
the elastic scattering data at these three
momenta, butthesedataare expected to be of
mostvalue when combined with world data in
an energy dependent phase shift analysis.

In this experiment it has been found that the

1100

10004

SO0

8001

7004

600+

500+

ratio of inelastic cross section to total cross #0047
section is about 20% lower than the value
predicted from the CERN phase shift analysis, 300
and an attempt to perform a partial wave ;‘
analysis of the inelastic channel, thus pro- 200+ ‘
viding valuable additional information on the
7t p interaction, is at present in progress. 1004
1o o +1.0 Cos ®cm |

Figure 31.  Centre of mass angular distribution for
7*p elastic scattering at 600 MeV//c.

Experiment 28

UNIVERSITY OF OXFORD ’
UNIVERSITY OF CALIFORNIA,
BERKELEY.

250, 000 pictures were taken in the Saclay Chamber at Nimrod during 1967 anda further 250, 000
at Saturne (Saclay) in late 1968.

About 3,000 examples of the reaction 7~ +p—7* +7~ +n will be obtained at each of six momenta in
this region, and will be used to study the 7* 7~ interaction well below the p threshold.

First reports on elastic scattering and analysis of the inelastic processes will become available
early in 1969.

Experiment 29

UNIVERSITY OF
OXFORD

Scanning and measuring of the 300, 000 7* pictures taken in the Helium Bubble Chamber is now
complete, In these pictures only 90 events making a unique form constraint fit to the final state
7 7 7 He* have been identified, There is no indication of the A1 meson in the data.

A study of events with 3 prongs but no visible recoil is now in progress with a view to obtaining
a better understanding of the reliability of the 90 events with a visible recoil.

np and Ap
Interactions

41

!

" incident

Figure 32. a*+He* -+ nt+nt+n=+n° +He*

¥ty
| S

Note: (1) He* recoil momentum is too low to give a visible track

(2) one of the photons from the n® —decay is converted into an electron-pasitron pair, the other
photon escaped without visible trace.

Experiment 30

UNIVERSITY OF CAMBRIDGE

Due to limited statistics the hyperon-nucleon interaction has so far only been studied on a
small scale in bubble chambers, using hyperons produced in the chamber liquid by the inter-
actions of longer-lived particles. Conventional beam-handling equipment is totally inadequate
for the task of separating and transporting hyperon beams because of the very short lifetimes
of these particles. For this reason the development of high-field pulsed magnets has been
undertaken at the Laboratory with a view to producing the necessary focussing and dispersing
properties over short distances. It is believed that useful hyperon beams can be produced for
a bubble chamber exposure. ‘

In January 1968, using a scattered out proton beam at a momentum of about 7+ GeV/c, a
neutron beam was set up at the end of the K9 beam line and about 40, 000 test pictures taken.




The aim of these test pictures was to gain experience in the scanning and analysis of neutral
beam events and to determine how many neutrons and how much charged background could be
tolerated in the chamber.

Work has continued throughout the year at the Rutherford Laboratory on the development of
suitable high field pulsed magnets. 8-3 GeV/c protons have been transported the whole length
of the K9 beam-line and a spot-size of less than 1 mm diameter produced at the high field
magnet position with the required intensity of about 2 x 10° protons per pulse. As it will be
some time before a sufficient degree of magnet reliability can beenachieved to enable a lambda-
bheam exposure to take place, it is proposed to take more neutron-beam pictures in January
1969 with a view to studying interactions of secondary lambdas produced in liquid hydrogen.

Meanwhile a study of the processes n+p—p+p+7~ and n+p— strange particles is continuing as
follows:

(a) The reaction n+p—p+p+r_ in the momentum range 1-7 GeV/c

The spectrum of neutrons giving 3 prong events is almost uniform between 1 and 7 GeV /c.
Any events with obvious 7* secondaries were rejected at the scanning stage. About 25% of
the remaining 3 prongs (13-14% of all 3 prongs) give riseto 3C fits tothe process DAP—P+P+T .
About 8,000 events have been measured to date giving about 2, 000 fitted events. It is pro-
posed to study resonance production as a function of momentum, in particular N*(1470)
production, which was not found at 2-11 geV /c in pd collisions by Brunt et al.! but has
since been observed by Shapira et al.? in 7 GeV /e pd collisions. Brunt et al, had 1,372
events corresponding to the process pd—psppn~ compared with the 276 of Shapira et al. The
initial intention is to measure a sufficient number of events to give about 1,000 pp7r~ events
per GeV/c interval.

(b) Strange particle production in np collisions

About 20, 000 of the test pictures werescanned for strange events. About 1,400 such events
have been found including two definite cases of =~ production. These events have all been
measured. It is expected that about 400 will yield 3C fits. Several cases of A° scattering
have been observed involving secondary A°'s from np events, an example being shown in

figure 33.

! Brunt D.C. et al., Phys. Rev., (in the press).
2 Shapira A. et al., Phys. Rev. Lett., 27 (27) 1835 (December 1968).

Figure 33. A° production, interaction and decay. The reactions involved are
ntp+p+A°; A +p+ 7 Fat +A° +p
pr .
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Electronics Group

A paper on the Miniature Logic System (MLS) was given at the International Symposium on
Nuclear Electronics, Versailles (September 1968). A description of MLS was given in last
year'sprogressreport. The poor delivery rate of certain tunnel diodes has caused manufactur -
ing delays. The gradual, and continuous, improvement of the 'S' (transistor and integrated
circuit) modules has increased their speed so that they can now perform some of the more
demanding requirements previously performed exclusively by 'T' (tunnel) modules. Three new
'S' cards are in the early development stage

153/8 4 I.P. 'OR' gate
303 /S Discriminator
472/8 Fast 3 [.P. 'AND' gate with logic store after gate

This system, primarily designed for magnetostrictive chamber applications, was described in
last year's report. During the current year fiveadditional systems were made and further work
was done to apply them to sonic chambers. Two of these are in use at CERN. Work is in pro-
gress to update the sonic and magnetostrictive discriminators and gating circuits into CAMAC
modules.

Two units were built to interface DDP 516 computers to COMUS and other data systems. One
of these is inuse on the 870 experiment at CERN (Experiment No.14) and the other will be used
next year at RHEL for the second K13 experiment. Another unit for interfacing CAMAC and
COMUS modules to an Argus 400 is in the early design stage. A controller for reading out
COMUS modules and driving a CERN tape deck was built and is in use at CERN on the 'EPISTLE'
(Experiment No. 15)

An interface betweena Sigma Two computer and a large magnetic disc store was built and com-
missioned for the ATLAS laboratory.

Table 4
Sonic/
Magneto- |'COMUS' Registers |COMUS Print/ Computer |On-Line
Location |strictive and Scalers and Type/Punch | MLS | Interface & | Link to
Data Numerical Display | Equipment Tape System |[IBM 360
Handling
Commissioned and Operational during 1968
Oxford/RHEL /Glasgow/ Interface
Liverpool §70 CERN ¥ Vi v V" |to DDP 516
Interface to
Cambridge /RHEI 'EPISTLE' CERN Vv Vv v v/ |CERN Tape
Deck
AERE /QMC AERE Vv
AERE /QMC 74 NIMROD V
RHEL /Cambridge K13 NIMROD Vv
sl 2nd Tape
Birmingham K12 NIMR P
g oD v V' | Deck ¥
RHEL Klda NIMROD v v
Imperial College 7T NIMROD v v
UCL K8 NIMROD v
Interface
ATLAS between S2
Computer and
Disc File 2
Equipment Partially or Wholly Delivered but Experiment not
Scheduled to run yet
Interface to
Bristol K15 NIMROD v v v o [ArEus 200
being
designed
RHEL /Cambridge K13 NIMROD vV Interface to
(proposal 1) v % DDP 516
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(36)
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Figure 34. General view of a local control room.

COMUS modular equipment (described last year) was supplied to three experimental teams,
two of them at CERN. These modules, in association with decimal display units and drive units
for typewriter, punch or line printer have provided a good grounding for the future exploitation
of the CAMAC system, Liaison with other European laboratories and UK industry regarding
CAMAC took place throughout the year.

A multiplexed data link enabling up to six 'on-line' Nimrod users to use a single channel into the
IBM 360 /75 computer was completed during 1968 and four teams are using it.

Much of the work this year revolved around manufacture, testing and commissioning of equip-
ment designed in the previous year. Table 4 indicates the range of equipment involved.

The group maintains existing equipment that has been manufactured in previous years together
with various types of film scanning equipment and several magnetic tape transport units.

Film Processing

The Film Processing Laboratory, the installation of which was reported in the 1967 Annual
Report, is now fully commissioned. It is capable of processing all gauges of film from 16 mm
to 70 mm, negative or reversal, perforated or unperforated, to the standards required by the
various automatic film measuring machines. Experiments have continued on the processing
parameters for the range of film stocks from various manufacturers to maintain these standards.

During the year the sources from which film is being processed has widened significantly, since
RHEL is the only laboratory in Europe able to process such a wide range of scientific film.
Processing has beenundertaken not only for the users of the bubble chambers and spark chambers
at Nimrod but also for the Atlas and Daresbury Laboratories, Oxford University (film from
Saclay), Yale University USA, and a variety of spark chamber groups working at CERN. After
collating, reeling and boxing, the film is despatched to a large number of universities in the
UK, Europe and USA.

-1
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Qverall
Performance

Nimrod Division
Division Head: L. C. W. Hobbis

During 1968 Nimrod was scheduled to run 6152 hours for High Energy Physics;. 5170 hours of
good beam time was actually available representing an overall operational efficiency of 84%.
The average beam intensity was 152 x 10" protons per pulse. Extracted beams were run flor
almost the whole year. Following the alternator failure in September 1967, 7 GeV operation
was continued with half the magnet power supply until the end of July; the full system was in use
again from September. Development of the various modes of beam utilization continued, the
most important achievements being the realization of switching between the two extracted beam
channels, X1 and X2, within the same machine pulse and improvement to the effective duty

cycle of slow spill.

By the end of the year construction of the large new experimental area, Hall 3, was nearly
finished. Preparations are well advanced for its ejection channel, X3 (which will incorporate
computer -assisted control), and for the first two secondary beams in the new area.

Studies have also continued for the new types of beam extraction systems which, it is hoped,
will raise the ejection efficiency to about 60%. Other projects of special note are: high field
pulsed magnets for use in hyperon beams, safer and simpler hydrogen targets based on a small
helium refrigerator, the new designs for polarized proton targets, and PLANIM, The PLANIM
design study was completed towards the end of 1968; it showed that the 50 MeV PLA could be
adapted very economically as a new injector for Nimrod to give a 3'5 -fold increase in beam
intensity. The cost would be £570,000. No decision has yet been taken concerning its adoption,

Synchrotron Operation

Nimrod has continued to operate, as in previous years, ona three week cycle, nominally 404
hours for high energy physics experiments and 100 hours accelerator development and main-
tenance. Of the 100 hours machine time 12 hours is allocated to routine maintenance. The
5170 hours for which beam was available for HEP is 59% of clock time, Machine physics and
development were scheduled for 1254 hours and beam was available for 913 hours, anoperating
efficiency of 73%. The lower availability of beam during accelerator developmenttime is in the
main accounted for by the inclusion of start-up time and by special repairs.

The 15 MeV injector operated with 20 mA, 350us beam pulse and for most of the year a new
device, the debuncher phase ramper, was in service making a significant increase in the 7 GeV
beam intensity (see page 53). The maximum intensity seen during the year was over 2 X 10%
protons per pulse.
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Nimrod efficiency during HEP scheduled operating time from 1 January to 31 December, 1968
is shown in figure 35. There was one shut down during the year, from August to September.

The main causes of lost beam time are summarised in Table I,

Table 1
Beam time lost as a percentage of
Hysterm total scheduled time
Plunging mechanisms 7+39 (including inspection time)
Injector _2-55
Nimrod power supply 133
Synchrotron r. f. 1-14
Vacuum 0-82
Coolants 067
Targets and target mechanisms 058
Nimrod magnet 0-55
Pole face winding systems 0-16
Diagnostics 0-10
Inflector 0-09
Beam control 0-08

Details of the performance and development of Nimrod are given in reports which are issued
quarterly. (See list of Publications, Page 132).

The down time caused by the Mk I plunging mechanism was due to fatigue failure of the silicon
bronze swash plates in the oil pumps which are a major component of these mechanisms. The
duty required of the pumps is extremely severe and improvement can only be made by major
modification. The maximum running hours are therefore limited to 4000 and it is planned to
change the pumps after 2000 hours.

Major design changes, to improve reliability, have been incorporated into the Mk II plunging
mechanism, now nearing the end of its commissioning trials, which will be used for the X3
external proton beam serving Hall 3, The whole mechanism is now mounted on rails and fixed
to them by spring loaded clamps which are unloaded hydraulically when movement of the mechanism
is required. The minimum stroke time is now limited to 0-35 seconds, allowing the use ofan
improved design of swash pump and a smaller drive motor. The system provides an accurate
magnet position control and enables a magnet to be withdrawn and disconnected from the mechanism
in the much shorter time of 15 minutes, Quick disconnects are used for both power and water.

During the shut down a great deal of work was carried out on the Nimrod equipment, some of
which is briefly described below:

(a) A 750 kV power supply, of the open Cockroft-Walton type, for the Nimrod pre-injector
was installed and commissioned, (See figure 36). It has replaced the 600 kV electro-
static generator (though one of these has been retained as an emergency supply) and
proved satisfactory in service,

(b) A separate EHT platform housing a 50Hz alternator has been fitted. The object of this
development is to remove from the main EHT platforma major source of heat and vibra-
tion which was believed to have been reducing the reliability of the electronic equip-
ment and power supplies for the ion source and focussing electrodes. The alternator
is driven by a vertical insulating shaft made from 1 inch diameter fibre glass. The
device itself has been very reliable and there have been fewer malfunctions of the
main platform units,

(¢) A new infra-red light guide signalling system was installed on the EHT platform.

(d) A capacitor bank was installed as an alternative to the battery used on the Mk, 2 Bias
Supply (which provides the bias current for the ferrite cores in the synchrotron r.f.
cavity). This has now been in operation for some months and has proved satisfactory.
Some further work on the system frequency response remains to be done.
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new 750kV voltage multiplier stack

(e) The main control room monitor and control facilities were improved, particularly in
regard to the primary frequency generator, beam control, targetting systems andex-
tracted protonbeam. Alarm annunciation system displays on the control desk were re-
engineered to facilitate operation. The beam safety interlock system, hasbeenimproved
in the light of experience gained when operating with two simultaneous extracted proton
beams,

(f) An extensive series of tests was carried out on the coil clamping arrangements on the
main Nimrod magnet. These were to investigate the possibility of running without
throat conductor pressure bags, because, if these were to leak (e.g. due to radiation
damage) replacing them would involve a major strip down of the magnet. It was con-
cluded that the magnet windings can be energised safely with zero pressure in these
bags.

(g) Two new fast shut off valves were installed in the injector high energy drift space.
These valves, shown in figure 37, have a closure time of 16 ms and operate with a
complete absence of bounce.

Magnet The magnet has been pulsed for the greater part of the present year using the No.1 motor

Power Supply  alternator set with both flywheels. During the August shut down, rebuilding and re-commissioning

l of No.2 motor alternator took place. Subsequent operation has been with both alternators

electrically paralleled, but, for the first time, without interpolar links, Operational statistics
are as follows: -

Pulsing Hours Total Pulses
Pulsing from No. 1 alternator and

Al convertors 4, 341 2,570,390
Pulsing from both alternators and
the complete convertor plant 2, 320% 2, 887, 427*
Total for 1968 6, 661 5,457, 817

*(Based on Estimates for December, 1968)

During the August shut down, No.1 rotor was fitted with V coil support bolts of a new design
having the shank region relieved and the threads formed by cold rolling in order to give better
- o T b Bl fatigue life. (All other bolts and studs on the rotor except those which anchor the connections
Figure 36. New arrangement of pre-injec : between the field spools, were also changed for new ones with cold rolled threads).

&

new potential divider.

The V coil support blocks were modified, to allow limited axial movement of the bakelised cloth
packing onto which they bed, and so prevent the cracking which had been observed on some
packing pieces (see figure 38).

When this rotor was removed from its stator for the above modifications to be carried outit
was found that axial movement of part of the end of the top turn of the field winding on two poles,
at the flywheel end of the rotor, had taken place. To avoid the risk of a turn to turn short
circuit, these coils were not forced back to their original positions but, instead, the copper
was carefully cut away (there is no currentloading problem) until the affected area was restored
asnearly as possible to its original profile. In an attempt to prevent further movement, special
bracing bands of glass fibre tape, soaked in Aralditeand anchored behind the end V coil support
blocks, were fixed on each end of all six poles, covering the top three turns of the field winding.

Further cracking was observed in the top bakelised cloth insulation flange on each pole, The
cracks have been injected with Araldite and the flange secured on each side of a crack by drill-
ing holes, half in the bakelised cloth itself and half in the brass spool flange, into which glass
, fibre pegs were fixed with Araldite.

No. 2 rotor was received on site in July, having been re-conditioned using the original poles
and field windings, Some of the long taper keys, which hold the poles on to the rotor, were
replaced by newones. The V coil support bolts and blocks have been modified like those on No, 1
rotor and all other bolts and studs now have cold rolled threads.

The bakelised cloth spool flanges have been replaced on No.2 rotor by ones made from resin
bonded glass cloth, which has superior mechanical and thermal characteristics, No.2 Stator
was received on site in June, after replacement of some damaged laminations and a complete
re-wind,

A rotor of new design was delivered in August. This has the poles forged integrally with the
body (see figure 39), and is mechanically superior to the laminated construction in which the
poles are keyed in dovetails machined in the rotor body.

In the solid pole rotor, pole caps have to be bolted on to retain the field winding spools and this
presents design problems, but these are thought to be less severe than those of the original
laminated and keyed assemblies. It is planned to install this rotor in March 1969.

4" aperture

Figure 37. Fast shut off valve for the Nimrod injector.
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V coil support boit
V coil support block

bakelised cloth

laminated
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tapered key

a) original laminated and keyed rotor

coil
windings

b) new solid pole rotor
Figure 38. Part cross-sections (diagrammatic only) illustrating construction of
original laminated rotor and new solid pole rotor.

Figure 39. New solid pole rotor for Nimrod power supply.
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The convertor plant continues to perform very well with an arc-back rate of about one in every
350 hours — even better than the excellent performance in 1967. The whole of the A2 convertor
plant has now been fitted with the modified grid control units which permit access to all the
grid control circuitry when the plant is operating.

Synchrotron Development

Work has continued throughout the year on duoplasmatron ion sources. A source suitable for
the PLANIM project has been successfully developed, producing a 1 em radius, 200 mA beam
at 50 kV. Investigation of the emittance of this beam is proceeding and some special features
have been built into a laboratory rig for this work. These enable various dimensions of the
expansion cup and extraction gap of the source to be changed without breaking the vacuum or
disturbing the source in any other way; consistent results can then be obtained,

The current density distribution in the beam has been measured; it is frequently found that a
small fraction of the currentis concentrated in a sharp peak at the centre of the beam. Experi-
ments are being carried out on a hollow cathode electron emitter for duoplasmatrons, which
may prove to be smaller and more robust than the oxide cathodes generally used at present.

The present r.f, ion source unit has nowbeen in service for 2years without fault or deteriora-
tion.

A major improvement in the injector has been the successful installation of a debuncher phase
ramper. This device enables the energy of the injector beam to be increased, ata controlled
rate, during the injection interval which increases the injection and trapping efficiencies,
Normally, the intensity of the trapped beam falls from a maximum value just after trapping to
about half that value during the first 20ms of acceleration, thereafter remaining constant up to
7 GeV. With the ramper in use, no increase in the maximum beam intensities is observed
because these are limited by transverse space charge forces (see PLANIM design study page 64).
However, if the rate of ramping is adjusted so as to keep the particle equilibrium orbits at
injection fixed and fairly close to the inflector, then all protons can be injected with small
amplitudes of radial betatron motion. In these circumstances there is a significant reduction
in the beam loss during the first 20 ms and the 7 GeV beam intensity increases by 20-30%. The
injector beam energy is controlled by using the debuncher cavity, the phase of which with
respect to the linac r.f, is programmed so as to decelerate linac bunches which arrive at the
debuncher gap early in the beam pulse and to accelerate those bunches which arrive late. The
instantaneous debunching effect on each individual linac bunch is retained. Measurements of the
energy spread, at different times during the injector beam pulse, are shown in figure 40 along
with the energy spread in the unramped beam. The debunching effect and the increase in the
mean energy during the beam pulse can be clearly seen.

Considerable effort was devoted to the study of space charge effects during injection as part of
the PLANIM design study and this work is described on page (64).

Some theoretical and experimental work was also done to the vertical match of the injector
beam into Nimrod. This is at present poor due to an uncorrected vertical defocussing force in
the inflector.

In order to study the action of two large alternators, electrically in parallel and subjected to a
pulsed duty cycle, it is necessary to record continuously and accurately throughout the pulse
many quantities such as machine power, load angle, relative shaft displacement of the two
machines, etc. Special electronic wattmeters, having a very fast response time have been
developed for this work,

This instrumentation has already been used to investigate parallel running conditions when inter
polar links are not fitted., The results indicate that such operation is satisfactory.

Although the inter-polar links have never failed, it became clear in 1967 that they were not
well designed to withstand certain fault conditions. New, re-designed sets have had to be made
available for the two laminated pole rotors and the solid pole rotor, since inter -polar links may
still be needed when attempting to operate an alternator with a solid pole rotor in electrical
parallel with one having a laminated pole rotor,

A means of fine control of the speed on one of the alternator sets, over a very limited range,
has been commissioned. This enables synchronisation of the two machines to be carried out
much more rapidly than hitherto,
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Following the fatigue failures experienced on this and other proton synchrotron power supplies,
Lloyds Register of Shipping have been asked to examine the components of the Nimrod rotat-
ing plant and report on those which might fail due to fatigue and/or fretting fatigue, This work
is now well advanced and a report has recently been received.

An important series of tests are being carried out with the aid of a specially developed fatigue
testing rig to evaluate the improvement in fatigue life expected from the re-designed V coil
support bolts.

Stresses on the rotating plant would be reduced if the convertor plant could be arranged to
change from current rise to flat-top and from flat-top to decay more slowly than at present
(6ms), although the duty of the convertor vessels would be more onerous. Preliminary control
circuitry is being developed to enable this problem to be studied in more detail.

Anew system was brought into operation during 1968 to measure the beam profile, non-destruc-
tively, throughout the accelerationcycle, Similar in principle to the device used on the Argonne
ZGS, it makes use of the positive ions created in the background gas of the vacuum system by
the beam. These ions are accelerated transversely by an electric field between a pair of large
parallel plates, the negative plate being a mesh which allows the ions to pass through andbe
collected on an array of separate strips. The ion current collected by each strip is measured,
amplified and the resulting signals are multiplexed andfed to the main control room for display.
The equipment for measurements of radial beam width uses an accelerating potential of 5 kV
and has 35 collecting strips 256 cm wide spaced across 100 cm of aperture. The vertical system
requires an accelerating potential of 15 kV and has 10 collector strips 19 em wide spaced
across 20 cm of aperture. Both systems
are installed in Straight 6 of the
machine. The total ion current collected
varies from a few micro-amps to tens 60
of nano-amps through the Nimrod radial .
acceleration cycle. The minimum use- beam el '"Je':t'c’nm
ful signal level is 10 nA, and the  Wdh njeotor e trentolime:
3 . . % cm. dB/dt = 10kG/sec.
multiplexing rate is 10 pus /strip.
The equipment was used extensively 40
in the PLANIM design study (see page \
66). Figure 41 shows a plot of radial 30
beam width against time obtained by
photographing the oscilloscope display
of the multiplexed output at different
times during the machine cycle,

70

20

10

Recently the equipment has been
changed to give a multiplexing rate of
0-5 us/strip and additional equipment 0 200 400 600 800 1000 1200 1400
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position at a sample rate of 20 kHz.

Figure 41. Radial beam width as a function of time.

A study has been made of the use of small computers for the control of accelerator equipment,
A small PDP8 computer has been usedin an exercise to aidthe control of a laboratory apparatus
for testing the Nimrod r.f. ionsource, Much information was gained from this successful exer-
cise which will be useful for the main project now being tackled, which is the computer aided
controlof the X3 extraction system and beam line. Initially the system will be used to help with
the commissioning of the X3 system and beams. Later it will be used for routine operation, The
hardwareis in an advanced state of manufacture; for example numerically controlled collimators
using digital encoders for displacement readings are being developed. The program system is
being written ready for commissioning of X3 which is scheduled for the end of March 1969.

New equipment has been installed to stabilise the peak field in the Nimrod magnet. This is
most important if consistent results are to be obtained from the extraction systems. The field
in the magnet is measured using a pick-up loop and a voltage-frequency convertor producesa
digital reading of the peak field. This is compared with a reference and any error is corrected
for the next magnet pulse by changing the voltage from the magnet power supply. The stabilised
value of peak field is typically 14, 000 +10 gauss. Using the same equipment, other parameters
are measured such as the change of field during flat-top, and the valueand rate of change of
field at injection.

Radiation dosimetry in the Nimrod vacuum vessels, using dosimeters based on the hydrogen
evolutiontechnique, has continued throughout the year, The radial dose pattern showsa maximum
at approximately 10 cm from the back wall of the inner vessel. The circumferential pattern of
total dose received by the vessel up to August 1968 is shown in figure 42 along with results for
the previous year, Table 2 lists the average and peak doses for each octant up to August 1968,
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Targetting
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Table 2

Average and maximum dose per Octant from first operation to August 1968

(21+4 x 10*® protons accelerated)

Bictant Maxiz::;tg Dose Avl\e;;‘aé%e Dose
1 181 145
2 122 89
3 73 59
4 84 i
5 140 103
6 125 114
it 169 130
8 183 148

This data is further illustrated in figure 43 which gives isodose contours corresponding to the
total dose recorded from machine start-up.

Accelerated Beam Utilisation

The beam sharing arrangements have beendeveloped so that during high energy physics periods
up to seven experiments can receive particles simultaneously. The noise-spill servo (used to
produce slow beam spill for counter experiments) has been improved by rebuilding the r.f.
amplifiers and detectors, which are now installed in a permanent form, The spectrum of the
noise source has been measured and the noise power correlated with the decay rate of the induc-
tion electrode signal which serves as a control signal for the servo. Improved methods of
measuring effective spill times have been developed. With a magnet flat-top of 500 ms, effective
spill times of 300 ms are achieved when all the beam is used on flat-top. If one third of the
beam is first used for a fast spill for a bubble chamber, effective slow spill times of 250 ms
are achieved. The spill is modulated at the frequency of the Nimrod accelerating voltage and
alsoat the lower frequencies of the magnet power supply ripple. It is important that this struc-
ture on the slowbeam spill should be reduced to a minimum, The r.f. component is minimised
by reducing the accelerating voltage on flat-top and work has continued throughout the year on
reducing the magnet ripple.

The lower frequencies in the magnet ripple can be reduced by the existing primary ripple filter,
the pre-amplifiers and switching circuits of which have been re-designed, but there are also
present higher frequency components due to commutation transients (traced to the interphase
reactors). These wouldbebest dealt with by means of a static LC filter. One scheme which has
been studied is to use the dynamic ripple filter, with reduced amplifer capacity, on current rise
only and switch in a passive circuit during flat-top. In the meantime an earlier system of
secondary ripple filtering has been re-connected. This uses some of the Nimrod pole face
windings in which self inducedripple currents flow on flat-top only, this giving the best combina-
tion of effectiveness and reliability.

To aid in the setting up of different target sharing arrangements, work has continued on a new
target monitoring system. As a measure of the intensity of the beam striking an electrically
insulated target, the charge lost by it, due to the ejection of secondary electrons, is measured.
Tests have been carried out on standard Nimrod copper targets with various methods of insulation.
Suitable flexible coupling leads have been developed and a charge sensitive amplifier and gating
units have been built, The signal from the target is large, easy to measure, linear and shows
good reproducability. A low energy electron component is present and methods of suppressing
this are under investigation.
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Figure 42, Absorbed radiation dose profiles for the inner vacuum vessel of Nimrod,
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Figure 43.  Integrated isodose contours for the inner vacuum vessel of Nimrod.
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The two external proton beams X1 and X2, based on the achromatic energy loss (Piccioni)
scheme, operated throughout 1968. The proton flux in X2 has been increased to between 4 and
6 x 10" per pulse, depending on the Nimrod circulating flux: intensity in X1 is now about
2+7 % 10" per pulse,

For part of the HEP programme, the beam was successfully switched from X1 to X2 during
the same machine pulse. This was achieved by changing the current level in the extractor
magnet using a special transistor controlled power supply. A 1ms burst for the 1-5 m hydrogen
bubble chamber was followed by a slow spill for the complex of counter beams served by X2,
Good extraction efficiencies were achieved down both lines, although eddy currents in the solid
steel yokes of the extractor magnets used canhaveadverse effects on thefield shape. An investi-
gation of these effects has begun and at the same time two new magnets with laminated yokes
are being manufactured to overcome them.

Two other methods, mentioned in a previous report, were used to give small amounts of beam
to X1, when the extractor magnet was kept at the field level necessary for X2. These methods
mvolved fast spill on toan X1 target during current rise (5 GeV), and spill on to a target placed
at an outside radius at full energy.

Pairs of horizontal and vertical collimators placed inthe X1 beam line were used in ray tracing
experiments (figure 44) which verified that the virtual source was off axis, This was corrected
by re-aligning the upstream section of the beam line, with slight improvementin beam intensity
and considerable improvement in the angle at which X1 protons strike the external target.

Experimental studies on the excitation of the Q; =2/3 resonance were continued using a
distributed magnetic field perturbation, The prototype septum magnet and its plunging mechanism
were commissioned and installed in Straight 7. Anattemptto initiate the resonance was success-
ful, and many of the computed predictions confirmed; a scintillator placed over the magnet's
aperture revealed that protons were displaced several centimetres beyond the 3 mm thick
septum, an encouraging indication that good efficiency can be expected with this extraction
method.

Theoretical and practical workaimed atthe reduction of fringe fields at the end of septum magnets
has been initiated. A better understanding of how these fields arise has already been obtained,
and it is hoped that this knowledge will be usefully applied to the new extractor magnets.

Improvements have been made to the circuitry associated with the secondary emission chambers
used for beam intensity measurements. Automatic processing now provides a digital read-out
free from errors due to zero offset and temperature drift in the head amplifiers, A ‘'scaler
divider' has been developed to normalise the measurements of extracted beam intensity against
circulating protons during multiple target or beam switching operation; it divides the external
beam flux by the decrease in circulating beam flux caused by extraction.

From the middleof 1969 onwards Hall 3 will be served by the extracted beam X3, a conventional
achromatic energy-loss bheam, not unlike X1: it will use plunging magnets in Straight 1 and
Straight 4, Results of the X1 alignment studies have been incorporated in the X3 design.

In the meantime the design of two new extraction schemes are nearing completion, and it is
hoped to incorporate them in X3 at alater stage. Thefirstof these, a modificationof the original
Piccioni scheme, will use a lem septum extractor magnet (XM9), and a magnetic channel in
the header vessel It should reduce the fraction of the beam lost in the septa of the quadrupole
and extractor magnets now inuse, and in the radially defocussing fringe field of Nimrod. These
losses are the main limitation on the extraction efficiencies obtained at present. There is no
plunging quadrupole: instead, momentum dispersion is removed by the field gradient in the
extractor magnet, and optical dispersion is controlled by the magnetic channel.

The designs for XM9 and the magnetic channel have been carried out computationally, using
TRIM. The resulting channel behaves as a quadrupole excited partly by Nimrod's fringing flux
and partly by currents in its own windings. Since this flux changes rapidly along the length of
the channel the latter will be built intwo parts knownas XHQ2 and XHQ3, each about 1 metre long
and independently powered. A cross section of XHQ2 is shown in Figure 45,

The second extraction scheme is based on slow resonant extractionusingthe Q- = 2/3 resonance.
The same magnet XM9 will be used but it will be driven to higher field levels by means of a
new generator of the homopolar type, supplying peak currents of up to 21,000 A, programmed
by a series transistor regulator, A vertically plunged soft kicker magnet in Stralght 3 will direct
into XM9 those particles whose radial amplitudes of oscillation have been sufficiently increased
by the resonance, Extensive computer studies have been made to decide on the best methods of
initiating the resonance and of controlling the direction of the emerging beam. The choice rests
with a distributed magnetic field perturbation which provides radial regions of instability into
which the beam will be drifted by a slight ramp on the peak field. A time variationin the current
through the soft kicker magnet will be used to compensate for the slight changes of divergence
which occur during the resonant spill.
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Switching and
Step Magnets

High Field
Pulsed Magnets

Electrostatic
Separators
(73)

Beam Transport Components

A stepping magnet has been incorporated into the separated beam K11 to deﬂect'suc_:cessive
entries of particles by asmall vertical step across the aperture of the 1*4 m heavy 11qu.1d bubl_:lle
chamber. A particle marking system, similar to that in K9, is also inclucfled tolabel trajectories
as they are identified by a Cerenkov counter. Bunching of the wanted particles has been observed
in the fast spill beams being produced at present. To enable the stepping magnets. to'separate
these particle bunches better, work is in handto reduce the rise time of the magnetic field from
10 us to, at most, 3 us.

Two schemes have been considered which would provide switching magnets capable of_ deﬂect?ng
high momentum beams into or out of slits and apertures for precisg periods qf time (‘iurlng
short spills. In the first arrangement, a current of 250 A is switched_mto_a multiturn coil, fqr
a time of up to 1 ms, by a large triode valve, By working at 20 kV a rise time of about 10_ s is
achieved. The second arrangement uses a 1 ohm delay line to drive 5000A for 500 us into a
four turn coil. A half-length magnet has been operated successfully.

Basic research has continued on a coiled gas discharge tube actingasa high curreni.: ma',gnet with
a short pulse length, concentrating on the limitations to the current due to recombination on the
walls of the tube,

The type IB coil magnet, providing 70 kG over 40 cm, (see figure 46) operated_in the epriched
A° beam (derived from K9) for 8, 000 pulses before ignition occurred in its uranium collimator.

Tests on the damaged magnet indicate that the coil design is fundamentally sound, and so several
coils are being made for a series of life tests. Future collimators will be made from heavy

alloy.

Figure 46.  Oscilloscope traces of
current and magnetic
field in the high field
pulsed magnet.

Upper trace — current,
40,000 A/large division
Lower trace — magnetic
field 26 kG/large division

e

—— 0.5ms/large division

A Type II magnet to provide a field of 150 kG over 20 cm is being manufactured. The shorter
length enables 150 kG to be produced with the same power supply; i.e. a capacitor bank of
0.02uF charged to 4kV and delivering 2 ms pulses of 120,000 A at the Nimrod repetition rate.

Effort has been concentrated on resolving the problem of insulator failure when operating at
the elevated temperatures requiredby glass electrodes. Anew type of insulator has been desig_ned
using alumina loaded porcelain and has been tested with good results. This will permit an im-
mediate increase in the operational performance of separators from 60 kV/cm to 70 kV /cm

over a gap of 10cm.

Experiments with megavolt pulses have shown that processes postulated by the unfashionable

ion exchange theory probably play a significant part in determining the perfo_rn{anc_e of large
gap high voltage devices in vacuum. It has been found that the exchange multiplication fact.or
for this mechanism varies linearly with residual gas pressure. This could provide an explanation
for the variation of performance with residual gas pressure that has long been a perplexing
effect in electrostatic separator technology.

Beam Cut-off
Units

Superconducting
RF Separator
Research

(70)

Beam Line
Design

Beam Line
Installation
and Commissioning
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Anewtype of beam cut-off unit is in manufacture in which an aperture, through which the beam
normally passes, is closed by rotating steel discs, the whole mechanism being in vacuum. Two
such units will be installed as part of the X3 blockhouse wall, thus enabling either 78 or K15
beam line to be isolated (to permit maintenance work for example) without affecting the other
line,

Build up of laboratory test facilities and measuring equipment has continued throughout 1968,
and test cavities operating both in L-band and S-band have been constructed. Recent emphasis
has been on lead-plating technique. Currently, unloaded Q-values of about 5 X 10° are being
achieved at 1-85°K.

Beam Lines

Considerable use has been made of the existing programs LIMP, TRAMP, IPSO and NIMDYN
and a number of important modifications have been made, particularly to LIMP, in order to
represent more accurately the effects of Nimrod's radial field distribution. NIMDYN has been
changed to incorporate the effects of a magnetic channel in the header vessel region. Some use
was made of the SLAC program TRANSPORT where the situation warranted a program more
powerful than TRAMP.

Work has continued throughout the year on tuning the K9 separated beam for new experiments
and new momenta; development of the diagnostic and control equipment has likewise progressed
steadily.

The layout of beam lines in the experimental halls at the end of the year is shown in figure 1.
It will be seen that the layout is basically the same as the end of 1967. 1968 has been mainly
a year of consolidation and improvement, the following changes being noteworthy: -

K10S A liquid hydrogen target and spark chamber array were installed.
K14 A A polarized target was installed.
K8 A Mk IIT target mechanism, which permits azimuthal aswell as radial move-

ment, wasinstalledinplace ofa Mk Ic mechanism. This enables the production
of particles for K8 to be optimised when K8 is sharing flat top spill with other
users. Later in the year, the local control room was re-sited and a Cerenkov
counter installed.

K9 A stepping magnet was installed and modifications carried out to incorporate
the high field pulse magnet.

Kll Two electrostatic separators were installed and commissioned. The final
stages of the beam transport were fitted along with a Cerenkov counter.

™ - 77 The 75 beam line was partially removed and fully re-aligned to become the

new 7i.

™ - P71 The 74 beam transport system was re-aligned to become P71, the liquid

hydrogen target being refurbished ready for installation in January 1969.

X2 A flip target mechanism was installed which enables targets in X2 to be changed
during each machine burst. A fast spill for Kll, using a2 2mm X 2mm X 100 mm
copper target, was followed by a slow spill on to 2 4 mm X 4mm X 40 mm
uranium target for other X2 users.

X3 Beam transport equipment and the heavily shielded X3 tunnel were installed
in the Hall 3 annex.

A liquid hydrogen target was built at the Laboratory and installed at CERN for the Epistle Pro-
ject (see HEP Division, Experiment 15, page 28).

Four electrostatic separators werefitted during the year with turbomolecular pumps to improve
the cleanliness of the vacuum system. These composite pumping systems were built at the
Laboratory from standard commercial components.

Sections of 8 inch diameter aluminium beam pipe have been successfully welded together in situ,
which, with special couplings, will make the X3 beam line a cleaner vacuum system.

Power supplies of an improved design in both 50 kW and 100 kW ratings, have been put into
service, The long term design stability of the 100 kW sets is +0°01%. The figure for the 50 kW
setsis + 01% and stabilities of + 0:02% have been observed in practice. Both types have a much
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Polarized
Proton Targets
(74, 85)

faster response to supply mains variations than of sets installed previously. Typically it
requires 150 milli-seconds to correct a 1% step change of the supply mains,

Targets for High Energy Physics Experiments

Liguid Hydrogen The 1967 Annual Report described a target system requiring no external supplies of liquid
Targets hydrogen and using a commercially available helium condensing refrigerator (see figure 47).

This system has been successtully commissioned except that the emergency vent system has not
yet been proved with liquid hydrogen. Three interesting developments have arisen from this

work: -

(a) an accurate liquid hydrogen level gauge has been developed using a silicon diode.

(b) irradiated polythene sleeves have been heat shrunk onto electrical connections to pro-
vide a spark free junction for use in hazardous areas.

(¢) alowmass stopandrelief valve, suitableforuse with liquid hydrogen has been developed.

Although the hazard present when using this new system is substantially less than with the
existing arrangements, the design of igloos is being improved to minimize the effects of an
explosion, should one occur on rupture of 2 target. Forced ventilation across these targets is
also being considered, so that igloos can be reduced in size or even dispensed with. This would
enable more experimental equipment to be located outside hazardous areas, thus reducing con-
siderably the amount of preparation and maintainence work on it.

Much detailed development work has been done on the design and manufacture of targets made
from polyethylene terephthalate film. Methods of cold forming domes in this material have been
successfully tried, and re-entrant windows developed.

A target has been provided for a 7% p scattering experiment (K14A) on Nimrod, which has a
number of new features in the cryogenic, microwave and r.f. systems: particularly notable
is a new type of nuclear magnetic resonance (NMR) system with which the polarization can be
measured with greater accuracy than in previous known systems. Such accuracy is required in
the experiments now possible using higher secondary particle fluxes produced by Nimrod external
proton beams. In the new system a direct measurement is madeof the real part of the admittance
of the NMR circuit, from which a rapid calculation of the proton polarization is automatically
made for visual display and for feed-out to the local computer.

Good progress is being made on research into target materials, particularly those richer in
protons than lanthanum magnesium nitrate (LMN), the present standard target material. In this
work, mostly carried out at lower magnetic fields than would be used in a practical target, a
wide range of free-radical /solvent combinations has been investigated, and the effects of dis-
solved oxygen studied. Particularly promising is Fremy's salts in a glycerol /water mixture,
a combination not apparently considered elsewhere. Other radicals studied which give enhanced
polarization include methyl viologen (Paraquat), tri-tertiary butyl phenoxide and porphyrexide.
Also, it is planned to synthesize certain inorganic free radicals known to have the properties
required for good polarized targets (narrowlines and small g-factor anisotropies). An investi-
gation of LMN (with '"1%" neodymium) has shown that the proton relaxation time (at 1°K and
10 kG) increases from 40 minutes to 5 hours when the magnetic field direction is changed from

being perpendicular to being parallel to the crystal axis.

This last result, apart from demonstratingthe excellent purity of the LMN crystals grown by our
chemists, may also find application in a new type of target which is at present the subject of
a design study. In this proposal, exceptionally good access for HEP experiments is obtained
by freezing-in the polarization for long periods at low temperatures (~0-3°K) and moderate,
non-uniform magnetic fields (10 - 20 kG) from superconducting windings. The target, either
of LMN or of a material richer in protons, would be initially polarized using the solid effect,
as usual, in a secondary magnetic field of appropriate magnitude and uniformity.

Equipment is nearing completion for polarization experiments at 25 kG and later 50 kG, and
also for work at temperatures down to 0:3°K. A 50 kG superconducting magnet for this is
already in operation, as is a noval series-resonant broad-band NMR system for work at up to
50 kG. 8 mm ESR equipment has also been set up and preliminary experiments carried out.

VENTILATED IGLOO

EVACUATED VENT SYSTEM
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Figure 47.  Type 2 liquid hydrogen target system
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Introduction

Beam Intensity
Limitations

in Nimrod

(71)

Transverse
Space Charge
Effects during
Injection

New Experimental Hall for Nimrod

Construction of the hall continued during 1968 and by the end of the year all building and civil
work, together with much of the mechanical and electrical services has been completed.
Limited access to the east half of the hall was obtained during the year to enable a start to be
made on installation work associated with the new extracted beam. Outstanding work on building
services is due to be finished in January 1969 and the installation and commissioning of the
extracted beam is expected to be achieved by the middle of 1969,

The main hall is 300 ft. long, 150 ft. wide and 65 ft. high, while the annexe is 70 ft. long, 90 ft.
wide and 40 ft. high. Two parallel tunnels, each measuring 10 ft. X 10 ft. traverse the whole
length of the main hall, Floor trenches with removable covers cross the main hall at 20 ft.
intervals and connect with the tunnels. Ata height of 25 ft., a 9 ft. wide platform, or gallery,
runs along both north and south sides of the main hall and connects with a 14 ft. wide platform
which runs across the west end. A passenger lift gives access to the gallery, which is intended

to accommodate power supplies.

Two cranes are installed, a 30 ton cab-operated gantry crane with a 34 ft. maximum hook
height in the main hall and a 30 ton pendant-cperated gantry crane with a 23 ft, maximum hook
height in the annex.

In addition to the normal building services several special servicesare provided. Four package
sub-stations on the gallery provide 21 MVA each at 415V, A demineralised cooling water circuit
provides a cooling capacity of 101 MW. Induced draught ducting is installed at 14 stations,
exhausting through the roof, for the extraction of any hazardous gas.

The European 300 GeV Project

During 1968 a number of study groups have been working under the joint auspices of CERN and
ECFA. A few members of the Laboratory have participated in the studies on magnet design,
ejection, closed orbit error compensation and the power supply. By the end of the year six
member states of CERN had decided to support the project but no final decision has yet been

taken to proceed.

Planim

A design study has been carried out to determine the feasibility of using the PLA as a 50 MeV
injector for Nimrod and to estimate the likely increase in beam intensity which would result.

It has been concluded that increasing the injection energy to 50 MeV would lead to an increase
in Nimrod beam intensity by a factor of between 3 and 4 and that it is feasible to leave the PLA
in its present position and transport the beam about 280m to Nimrod. The project would cost
£570, 000, including a 159% contingency and would take about 2 years to complete,

A brief review of the main aspects of the design study is given below.

The basis for the PLANIM project is that the beam intensity in Nimrod is at present close to
the transverse, incoherent, space charge limit at injection and r.f. trapping. Simple space
charge theory predicts that this limit increases as §°° with increasing injection energy. By
changing the injection energy from 15 to 50 MeV the charge injected into Nimrod can thus be
increased by a factor 3-5 before a new, higher space charge limit is reached. Considerable
theoretical and experimental work has been done to verify these ideas.

Transverse behaviour has been examined in detail by computing the motion of individual protons
when injected in a beam occupying a finite area in phase space and when subj ected to the real
Nimrod magnetic fields with space charge effects included. The protons are subjected to reson-
ances and many are lost, both vertically and horizontally; more protons are injected as in
practice, and eventually a dynamic equilibrium state is reached, The number surviving at the
end of injection depends on the details of the field shape; for normal Nimrod conditions the
maximum number is 16 x 10%%, This is in good agreement with the experimental measure-
ments, which show quite conclusively that the circulating beam is space charge limited. The
measured maximum circulating charge is in the range 1:4 - 16 x 10*® protons and shows the
same saturation characteristic as that predicted.

Trapping The trapped charge, mea ;
Efficiency  in figure 48. ge, sured 1 ms after r.f. on time

Longitudinal
Space Charge
Effects during
Injection and
Trapping
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Figure 48. Diluter measurements of trapped charge as a function
of injected charge.
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The necessary phase space characteristics of the 50 MeV beam have been defined from the

detailed studies described above. Comparison of these requirements with the present
properties of the PLA and the 50 MeV CERN PS injector, to which the modified PLA would be
very similar, show that they could be provided by the latter together with suitable matching
arrangements for the radial and axial motion. To achieve the necessary circulating charge, a

beam current of 75 mA with a pulse length of up to 500 us would be required.

Nimrod exhibits an unexplained beam loss, by a factor of about two, in the first 20 ms of the
acceleration cycle. Similar attenuation is observed in other constant gradient synchrotrons.
Measurements have been made of the attenuation as a function of beam intensity, using diluters
and these show that the effect is independent of intensity. It is assumed that this beam loss will

not be higher at 50 MeV.

which beam-induced charges on the synchrotron vacuum
beam. This effect is a problem with some accelerators
n Nimrod now. The beam blow-up is con-
vystem is installed in Nimrod but is not

This is anintensity-dependent effect in
vessel walls react destructively on the
and by appropriate beam steering can be induced i
trollable using a servo feed-back system; such a s
required for operation at present intensities.

ull of 50 MeV protons the beam width would be greater than it

Starting with a radial aperture f
celeration. Sufficient good field must be provided for this new

is now at all energies during ac
condition.

The vertical and horizontal beam sizes in Nimrod have been measured non-destructively during
injection and throughout acceleration using the ionisation systems (see page 55). The variation
of beam width with time is shown in figure 41, The dimensions during injection are consistent
with the theory of injection described on page 64, but the variations during acceleration are
not those expected from simple damping theory. Initially the beam size decreases more rapidly
than expected, thereafter it remains approximately constant or fluctuates with little or no
overall damping. Experiments have shown that the latter effect may well be due to the Q. = 2/3
resonance and if this is so it can be removed using the pole face windings. It is planned to
arrange thesecorrections for normal operation at present intensities. The useful aperture will
then be sufficiently iarge to contain the beam resulting from 50 MeV injection.

The effect of the increased beam size on extraction efficiency using the present energy-loss
target method has been studied using a computer model, the effect is negligible.

The main changes in the performance of the PLA itself are the greatly increased beam current
and greatly reduced duty cycle. A gystem to transport and match the PLA output beam to

Nimrod will also be required. Some details of these changes are given below.

Pre-injector, To obtain the required current of 7T5mA at 50 MeV, the pre-injector would have

to deliver a beam current of about 200mA in pulses up to 500 us long. This assumes a trans-

mission efficiency of 40%, based on practical experience on the CERN linac. It is also assumed

that the proton percentage in the beam will be at least as high as at CERN. Design figures of
250mA and pre-injector energy of 500 keV have been assumed; the estimated emittance valve
at this energy is 2 cm-mrad (area of emittance diagram /)

s been constructed and is being tested. It consists of a duoplas-
matronion source mounted on a 28 cm long section of Van de Graaff accelerator tube operating
at a potential gradient of 18kV /cm, External insulation is achieved by mounting the Van de
Graaff tube between re-entrant conical flanges inside a 50 ¢m diameter, 100 ¢m long insulat-
ing tube as shown in figure 72. (Please see Engineering Division section, page 108). The space
between the two tubes is filled with sulphur hexafluoride at a pressure of 2 atmospheres and the
correct potential gradient is maintained by a spiral of carbon resistors wound round the outer
tube, Computations show that if a 200 mA beam of radius lem can be extracted directly from
the ion source with a waist at the top of the extraction electrode, then it will pass through the
accelerating tube without much expansion due to space charge. It is expected that the 'emittance
blow-up' effect which occurs in conventional pre-injectors will be absent in this device.

with a high voltage power supply limited to 400kV have been very promising.

n the correct potential gradient, 160 psbeam
rate

A prototype pre-injector ha

Preliminary tests
With the accelerating tube shortened to maintai
pulses of 150 mA have been accelerated. The device is easy to condition and the sparking
does not increase when the beam is present, provided the latter is efficiently collected and

secondary electron emission suppressed.

y drift space has been carried out. Quadrupole focussing

Preliminary design of the low energ
red, though the

lenses of larger aperture than those used at present on the PLA will be requi
total 1ength of the drift space should not change much.
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Location
of PLA

Beam Transport
System

PLA tanks. The existing PLA tank 1 is grid focused and therefore exhibits a low beam trans-
mission. Quadrupoles would be needed inside the drift tubes to achieve the intensities required
for PLANIM, A design already existed for a new tank 1. This permitted much more control of
the characteristics of the PLA beam than would be requiredfor PLANIM. The alternative adopted
for PLANIM is to copy, electro-magnetically, the first tank of the CERN-PS injector. Most
of the existing tank 1 vacuum tank could then be used and the tools for shaping the drift tubes
and quadrupoles are available for use. No changes are required to the structure of tanks 2 and
3.

It should be noted that the CERN-PS injector, which is virtually the same structure as that
proposed here, operates at about 100 mA bat with a shorter pulse length of 10 us.

RF power. The PLA runsnowusing five grounded-grid triode valves (GGT's) as final amplifiers
to supply r.f. power to the tanks. For PLANIM the beam loading power would be about the same
as that dissipated in the copper resonator, so the required peak r.f. output would be double the
present operating level. However, because Nimrod pulses only once every two seconds the duty
cycle required for PLANIM is less by a factor of about 100 than that obtaining now for the PLA
at 50 Hz. Advantage has therefore been taken of this reduced mean power requirement to
increase peak output through a modification of the GGT design.

A GGT r.f. power amplifier valve with an anode cavity manufactured to new dimensions has
operated satisfactorily under test conditions for 1,000 hours at a power output level of 1-8MW
for 600 microseconds (the specified performance for PLANIM) pulse duration at 5Hz. Two
other valves having standard anode cavities modified to the new dimensions did not quite meet
the above specification. This is attributed to mechanical details of the modification rather than
a physical limitation of the valve and is a problem which can be solved. Six modified GGT's
would provide the peak power required at the Nimrod repetition rate; 6 would be required as
spares. The cost would be about one-third that of a new system based on commercially
available valves. The lower level r.f. system and high power feeds to the tanks have been
studied and solutions to the problems obtained.

A prototype modulator for driving the GGT's at the higher peak power and lower duty cycle has
been tested and shown to be feasible in principle.

Two possibilities have been considered: (a) leave the PLA in its present position andtransport
the beam some 280 m to Nimrod; or (b) move the PLA to a position alongside the present in-
jector. The great attraction of (a) is that this scheme would cost about £100,000 less than
(b) and would take only about 2 years to execute compared with 3 years for (b). Also, if the
PLA were to be moved, the amount of refurbishing arising from the disturbance is very un-
certain. Scheme (a) requires a novel beam transport system, but, as explained below, the
beam could be transported without degradation of its properties. It is proposed therefore to
leave the PLA where it is.

The tunnel for the beam transport system is shown in figure 49, After an initial drop in the
level of the beam pipe at the output of the PLA, the tunnel level is at one height right through
toNimrod. The tunnel would be made mainly from existing concrete blocks to provide sufficient
radiation shielding.

By injecting into Straight 2 of Nimrod, beam commissioning of the PLA and the transport
system could proceed without interference to the operation of Nimrod with the 15 MeV injector
which injects at Straight 1.

This has been studied in some detail and the problems resolved. The effects of aberrations in
the various bending and focussing magnets have been shown to be small as have the effects of
space charge on the transverse properties of the beam. A further problem of longitudinal
space charge effects has also been resolved. In this latter case the space charge forces in the
bunches of particles give rise to additional energy spread in the beam which, if yncorrected,
would be unacceptably large for injection into Nimrod. The addition of a debuncher in a suitable
position allows the energy spread to be decreased when the bunches have already spread out
longitudinally. The space charge forces are then less and the increase in energy spread from
this cause can be reduced so that the total energy spread is at the acceptable level of about
+ 300 keV.

Existing quadrupoles, asused in the PLA experimental area, and two existing bending magnets
would also be used. A three-element achromatic inflection system would be used to inject at
Straight 2, Facilities would be provided for beam monitoring and for steering corrections. It
is anticipated that there would be some computer-assisted control for getting-up and operation.

Nimrod
Components

Controls
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Proton Linear Accelerator Division
Division Head: W. D. Allen

experiments continued at a very high level in 1968. The

00 hours of operation which is 1,000 hours more than in
The number of hours available for

Use of the PLA for nuclear physics
machine was scheduled for over 7,5

any previous year and is 87 % of the total available time.
use was also a record 6836 hours giving an availability of 919% to be compared with 90% for the

previous year. (See Table 1). The majority of faults on the machine were of a minor nature.
A graph showing the availability of the PLA to experimenters since its commissioning in 1960
is shown in figure 50. Table 2 shows the distribution of hours between the nuclear physics teams

using the machine.

In view of the impending closure of the machine in October 1969 there was no annual shutdown

for major machine improvements during 1968 and this is reflected in the running time figures
givenabove. The machine performance continued at a very high level however and the installa-
tion of a re-designed low energy drift space and of the debuncher which was completed towards
the end of 1967 has been reflected in beams of high intensity and low energy spread throughout
the year. Beams of mean intensity 5 pA with energy spreads of 70 keV (f.w.h.h.) have been
regularly available. The polarised proton source was used for about 4 months during the year
and produced an average beam of 1:2 x 10° protons/second with 50% polarization, giving an
improvement in the IP? "figure of merit" of about 25% on the previous years performance.
One major piece of nuclear physics equipment which has been commissioned during the year is
Apart from allowing the usual remote control of

a universal cryogenic scattering chamber.
the target and of the angles of several detectors it also allows the detectors to be operated at
any temperature between ambient and the boiling point of liquid nitrogen (- 196°C). Operation

at the lowest temperatures is required if the best energy resolution is to be obtained from
semiconductor type detectors.

The programme of nuclear physics experiments has co
previous years with the emphasis on using the major
polarized proton source, the n=% double focussing spectrometer and the n

apparatus.
The study of proton-deute

ntinued along the lines established in
facilities available on the PLA; the
eutron time of flight

ron scattering has been extended to measurements of the D and R

parameters for 7angles at 50 MeV. Measurements of the scattering and polarization of protons
from He® at 30 and 50 MeV and of protons from He* at energies in 2 MeV steps from 40 to 50
MeV have been made. Reactions induced by protons in He® and He? which leave two nucleons in
the final state have been studied to obtain more information about final state interactions. The
neutron spectra from reactions on He?, H® and He* have been measured using the time of flight

technique.

Measurements of the elastic and inelasti
extended both to other targets and to wi
available. Further measurements have also
and the study of these reactions using polarized proton b
(p, n) reactions has been extended to a range of p-shell nuclei.

techniques and theoretical studies are

¢ scattering of protons by heavier nuclei have been
der angles and a great deal of information is now
been made of one and two nucleon pick-up reactions
eams has continued. The work on

All this work, together with the associated experimental
very fully described in the 1968 PLA Annual Progress Report (RHEL /R 170) which is freely

available. To minimise duplication two experiments of particular interest will be described
where visitors from overseas came to the laboratory for several months to use facilities
available on the PLA which are not readily available elsewhere. Brief summaries of the

remaining experiments then follow.
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Experiments at the Proton Linear Accelerator

Number
17

3f

4f

51

67*

T

87

10

11%

12 =

13 *

Experiment

Precision Measurements of the
Polarization in Elastic Scattering.

Stripping of H Ions in a Magnetic
Field.

Polarization in Elastic and Inelastic
Scattering.

Triple Scattering Parameters for
Proton-Deuteron Elastic Scattering.

Cross-Sections and Polarization for
Elastic and Inelastic Scattering.

Elastic and Inelastic Scattering of
Protons.

Elastic Scattering of Protons from
He*.

Elastic Scattering of Protons from
He®.

Study of (p,n) Reactions using the
Time-of-Flight Technique.

The Interaction of Protons with
He® and He*.

Asymmetries in Two Nucleon Pick-up

Reactions.
Pick-up Reactions.

Investigation of the Levels of C*.

1 Experiments using polarized proton beam

* Experiments using double focussing magnetic spectrometer

Group

University of Minnesota, USA

University of Birmingham
Precision

TRIUMF project (Canada) i “"Z’f“*’!’f;:
polarization
in elastic

University of Birmingham scattering

Queen Mary College, London
Westfield College, London
Queen's University, Belfast

King's College, London
West Ham College of Technology

University of Manchester l
Rutherford Laboratory ‘

Westfield College, London
Queen's University, Belfast

Rutherford Laboratory
Queen Mary College, London

Westfield College, London
Queen's University, Belfast

University of Oxford
Rutherford Laboratory

University of Oxford
Rutherford Laboratory

University of Oxford
Rutherford Laboratory

75

Experiment 1

UNIVERSITY OF MINNESOTA, USA
UNIVERSITY OF BIRMINGHAM

For many years it has been usual to analyse data on the elastic scatterin

] ) g of nucleons by nuclei
in terms of the_ c?p_tmal model. Soon after the PLA came into operation it was realizedufhg’i
much more definitive anglyses could be made if several experimental terms collaborated in
measuring the cross-sect{ons, polarization and reaction cross-sections for a range of selected
]ramclel. dAs a rel\sgit of t;us work a very complete set of experimental data for thesenuclei has

een made available and several different analyses of these { i

i s e y results have been made in terms

Mpre recently a group under the direction of Professor G.W. Greenlee i i
anesota_t, who had participated in the original polarization measuremeﬁt:tatthfhgr;‘]’:fﬁglg
at the University of Birmingham, proposed a reformulation of the optical model. In this model
the real parts of the interactionpotential arederived from the nuclear matter density distribution
and .the various components of the nucleon-nucleon force. This model was very successfull
applied tg the PLA data but it was found that improved polarization data was required to give Z
more str_mgent test of the model and to place further constraints on the model parameters
With the increased beams now available from the polarized proton source, measurements to ax;
accuracy of 1%are possible. Professor Greenlees spent 5 months at the I—iutherford Laboratory
during 1968 collaborating_ w?th a group from the University of Birmingham in a precision
E;azaa;urement of the polarization in the elastic scattering of 30 MeV protons by Ni*®, Sn'*° and

The fexperimental arrangement was conventional with four detectors in use simultaneously
See §1g1'1re 51. Two completely separate polarimeters were used to monitor the polarization of
the. 1n.c1dent beam. An example of the final results obtained is shown in figure 52. Over the
majority of the angular range (20° to 120°) the results have an accuracy of better than 1% except
at the backward angles (120° to 165°) where the accuracy is less than 2%.

Analyses of these results are now in progress usin i

; S : g the new model. It is hoped that the new
data w111_ make it possible to specify more closely the relative contributions of the nuclear
matter size and the range of the nucleon-nucleon force used.
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Figure 52. Angular distribution of the polarization in the
elastic scattering of 30-3 MeV protons by Pb*%.
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Figure 61.  Scattering chamber used for the polarization
measurements of Experiment 1.




Stripping of
H ionsina
magnetic field

Polarization in
Elastic and
Inelastic
Scattering

Triple Scattering
Parameters for
Proton-Deuteron
Elastic Scattering
(131)

Experiment 2

TRIUMF PROJECT, CANADA

Four universities located in Western Canada have recently received approval for the construction
of a 500 MeV variable energy cyclotron to be built at a site close to the University of British
Columbia in Vancouver. For reasons which are now largely historical the project was named
TRIUMF. Theaccelerator design utilizes negative hydrogen ions to achieve the variable energy
feature and a 100% extraction efficiency.

Of critical importance in the design of the cyclotron magnet is the lifetime of H™ ionsina
magnetic field. As the binding energy of the second electron in the ion is only 076 eV, the
bond can be easily broken by the electric field which results from the motion of the ionin a
magnetic field. However the predictions of various theoretical calculations are in some
disagreement whilst experimental measurements, which do not entirely cover the region of
interest, are rather inaccurate. As the successful extraction of the beam at optimum cost
requires a better knowledge of the lifetime of H™ ions in a magnetic field, an experiment to
measure this was carried out at the PLA by a group of Canadian visitors.

The beam of H~ ions was produced by gas exchange in a water vapour canal located in the
injection column of the PLA. In this way an H beam of approximately 10° ions/sec was
produced which was adequate for this experiment. It is believed that this is the first time H™
ions have been accelerated in a linear accelerator. The H~ ions were separated from the
protons, which were also accelerated, by a bending magnet.

The stripping fields were provided by a Nimrod Type I bending magnet, loaned for the purpose,
which with special pole tips gave magnetic fields of up to 23 kilogauss. The chamber inside
the magnet was evacuated to about 10°® torr by means of 2 getter ion pumps to minimise
stripping of the H™ ions by gas molecules. The general arrangement of the beam line and
experimental apparatus is shown in figures 53 and 54,

The electrically stripped H® particles were detected by an acoustic spark chamber system.
The unstripped H™ ions were detected by fast scintillation counter telescopes. From the number
of H® particles detected the lifetime of the H ions in the magnetic field could be calculated and
the results are given in figure 55. The results indicate that the H™ ion lifetime is downby a
factor of 3 from that predicted by the theoretical curves. Asa result the TRIUMF magnet needs
to be somewhat larger than originally expected and the design has now been changed slightly
in view of these measurements.

Experiment 3

UNIVERSITY OF BIRMINGHAM

The work on the elastic scattering of protons by O toobtain information about resonant states
in F*7 has been extended. Excitation functions for six backward angles at 34 energies between
180 and 307 MeV have been measured and give evidence for resonances at 20-3 and 27 MeV
and indications of structure at 21+6 and 234 MeV. The energy dependence of the polarization
at 160° has been measured at 11 energies between 197 and 21+2 MeV and angular distributions
measured for 5 energies between 197 and 21+9 MeV. Analysis of the data is in progress.

The measurements of the polarization in inelastic scattering of 30 MeV protons have been
extended to larger angles for Fe®, Ni* and Fe®*. The measurements onp-shell nuclei have
alsobeen continued. Theoretical analyses are in progress but so far the quantitative agreement
between experiment and theory is| poor.

Experiment 4

QUEEN MARY COLLEGE, LONDON
WESTFIELD COLLEGE, LONDON
QUEEN'S UNIVERSITY, BELFAST

Measurements of the triple scattering parameters for proton-deuteron scattering at 50 MeV
have continued. The D and R parameters have been measured at seven angles between 40° and
70° to an accuracy of approximately + 0-15 at each angle. An experiment to measure the A
parameter is in preparation,
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Figure 53, General arrangement of beam lines and apparatus for the TRIUMF experiment.

G,

L MU BEEN T T T
Hiskc/’\
— (Shifted) \
i |
[ 5%errors
T
[l —
I %] previous data (Cahill)
E present data —
NG N I R A T (R (R ! [i45%6] ¥
. | 45 16 17 18 9 20 21 22 23 24
Figure 54.  TRIUMF experiment, The H™ beam line enters ¢

through the shield wall and leads to the magnet,

in front of which is located the detector array. Figure 55. The lifetime of H™ lons as a function of the electric field,




Cross-Sections
and Polarization
for Elastic

and Inelastic
Scattering

(108, 111, 132,
143, 146)

Elastic and
Inelastic
Scattering
of Protons

(117)

Elastic
Scattering
of Protons

from He*
(114, 128)

Elastic
Scattering
of Protons

from He?®
99)

Experiment 5
KINGS COLLEGE, LONDON

WEST HAM COLLEGE OF TECHNOLOGY

The work on polarization and cross-section measurements for pairs of isotopes has continued.
Measurements have been made over a wide angular range for Cu®3 % at 30 and 50 MeV and for
70541 96,8 ot 30 MeV. Asymmetry data for elastic and inelastic scattering at 50 MeV from
Sm'#® has also been obtained

Using a gas target the cross sections and polarization for elastic and inelastic scattering of 30
and 50 MeV protons from Ar®® has been measured. Optical model analyses of the elastic
difficulties to those found for Ca®® in this energy region.

scattering data encounter similar :
Satisfactory fits to the inelastic scattering results have been obtained using the strong coupling

approximation.

The experiments to measure the large angle (124° - 176°) scattering of protons have been
continued using the technique described in last years Annual Report. Measurement for 50 MeV
protons scattered by C** and 0'* show unexpected violent fluctuations in the polarization at

backward angles. Cross-sections have been measured for Si, Ca*® and PU**.

Experiment 6
UNIVERSITY OF MANCHESTER

Measurements of the polarization and cross-sections for elastic and inelastic scattering of 50
MeV protons from Be® have been completed and microscopic analyses of this and other p-shell
nuclei are in progress.

Polarization and cross section measurements have also been made for elastic and inelastic
scattering of 50 MeV protons from Ca®, Ca* and Sc®. For each nucleus approximately 20
levels were observed and the excitation energies compared with those found in other work.
Similar measurements for Y®°, zr®, Zr®, Zr* and 71 have been completed and again many

levels observed. Further analysis of this very large amount of data is in progress.

Experiment 7
RUTHERFORD LABORATORY

To complete the programme of measurements of the polarization and differential cross-section
of protons elastically scattered from He*, measurements have been made in the range 30 to 40
MeV in approximately 2 MeV steps over a wide range of angles. The phase-shift analyses of
elastic scattering data discussed in last years report have been extended to data taken earlier

at this laboratory in the 25 to 29 MeV energy region.

Experiment 8
WESTFIELD COLLEGE, LONDON
QUEEN'S UNIVERSITY, BELFAST

The differential cross-section and polarization for the elastic scattering of 30 and 50 MeV pro-
tons by He® have been measured. Analysis of this data is in progress.

Study of (p,n)
Reactions
using the
Time-of-Flight
Technique

(90, 91, 92, 93,
95, 139)

The Interaction
of Protons with
He? and He?*

Asymmetries in
Two Nucleon
Pick-up
Reactions

(94, 145)

Pick-up
Reactions
(96)

Experiment 9

RUTHERFORD LABORATORY
QUEEN MARY COLLEGE, LONDON

The study of (p,n) reactions on p-shell nuclei has be
" en extended and neutron spect
tr:’;iasurﬁ frtzlm Bfg' B*, B' and C' bombarded by 30 and 50 MeV protons TII;e d;tz ‘ng:
n analysed in terms of a microscopic model and values for t iveisospi
B e e T r the effectiveisospin-dependent

Neutron spectra have also been measured from He® and H?®

at 30 and 50 MeV and from He*
50 MeV. Broad resonances were observed and these have been compared with two and t?lreaf:
body photo-reaction data. Further analysis and interpretation is in progress.

The results obtained previously at this laborator i i i
] / ¥ on quasi-elastic (p, n) reactions have bee
:1;??;2 ;o be in good agreement with the predictions of the reformulated optical model disc:usse:il

Experiment 10

WESTFIELD COLLEGE, LONDON
QUEEN'S UNIVERSITY, BELFAST

The interaction of protons with He® and He® has been studied with parti

reactions where there is a strong interaction between two particlé)s in i;llzlea;‘irfa?lfgc:&ceéi;? oy
spectra have begn measured for the reactions He®(p, d)2p, He*(p, t)2p and He* (p Hes.)pn at gg
MeV and for HG{ (p, d)2p at 30 MeV. The results have been compared with pre(iictions of the
usual Wafison-Mlgdal type of theory and a modified version in which an attempt is made to in-
clude the interaction of the detected particle with the residual two-nucleon system.

Experiment 11

UNIVERSITY OF OXFORD
RUTHERFORD LABORATORY

T_he measurement of asymmetries produced by polarized protons i

’Flons .to study spin-orbit effects has continuecli). The regction si?*"(:g Ot)rgigsleggstrggesrfeisz%ai;
mves.;t?gate the possibility that the predictions of the asymmetry fronzx DWBA calculations are
sensitive to the signs of the components of the nuclear wave functions. Measurements have also
been made for the N**(p, He?)C'® reaction and analysis of the data is in progress.

Experiment 12

UNIVERSITY OF OXFORD
RUTHERFORD LABORATORY

A large amount of information on (p, t) reactions on Ni®* % #28 hag heen obtained usi =
spectrometer magnet. DWBA fits have been used to obtain the spins and par(;ties ofdtﬁzlggs?:vgfi
lgvels. 'I“he (p_,t) rgactions on Sr*, Sr*® and Y* have been investigated to determine the pos-
sible f:onflguratlzoon mixin nina. shell model description of the ground state wavefunctions of these
nuclei. The Ne® (p, t)Ne™ reaction has been studied to obtain information on the wavefunctions
Zi pt;f' gro;m;ih a;d 2loo(w lcylr)ilgglgtates in Ne'® and their analogues in O'®, In conjunction with these
iments the Ne s e reaction i i i i i
g III)].B,SS > nuclei,o was also investigated to obtain further information about
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Investigation
of the Levels
of C*?

(130)

Experiment 13

UNIVERSITY OF OXFORD
RUTHERFORD LABORATORY

A previous experiment from this laboratory suggested that the 14-08 MeV level had spin 2+
although other work had suggested a spin of 4+. The level has been investigated using the
N'*(p, He®)C* reaction which was found to strongly excite the state and confirmed a spin 4+
Experiments using the C**(p, d)C** reaction, which can only excite states of spin <2+, showed
that the 14-08 MeV level is not excited in this reaction. Further work is in progress to continue
the study of high lying collective states in C*2.

Engineering on the Proton Linear Accelerator

The period from 5 December 1967 to 5 December 1968 was the first full twelve months during
which the PLA had run without any planned shutdown. The reliability of the machine was of the
order of 91 per cent and the availability of the machine over the twelve months (except for four
days atChristmas) was 86 per cent, Output currents of 5 microamperes of unpolarized protons
with an energy spread of 40 keV were regularly available. The conspicuous feature of the
year's running has been the steady reliability of the whole system and improved optimisation of
machine performance. There were no major faults during this period. The grounded grid
triode valves supplying r.f. to the tanks have run exceptionally well with some valves having
run for 30, 000 hours without faults. Two trial grounded grid triode valves with new thin anodes
were manufactured to establish the maximum power output that could be achieved pulses per
second; 2-3 MW was reliably obtained. The deuterium thyratrons switching the modulator power
to the grounded grid triode valves also have been extremely reliable. These valves, (VX3336),
have in certain instances run up to 20, 000 hours without faults, switching nearly 1-3 MW of
power at 50 Hz.

A considerable amount of effort in the past year has gone into the engineering side of the design

study for the PLANIM project — that is, the proposal to make the PLA an injector for Nimrod.

This work, together with accounts of the development of specialised items of nuclear physics
apparatus is described in the section of this Report devoted to the Engineering work of the
Laboratory. Due to the planned closure of the machine in October 1969, all the engineering
effort on designand development has been redeployed on to high energy physics apparatus work,
and the staff remaining on operations and maintenance is now at a minimum.

Table 1 — Running Time 1960-1968

Table 2 — Running Time 1968

Experimental Teams Hours Hours available
scheduled for use
University of Birmingham 631 601%
King's College, London 1,4713 1 311‘1
7 - i ’ 2
University of Manchester 1,3213 1, 1652
] ] H 2 3 2
University of Minnesota (USA) and 2
University of Birmingham 6743 6103
University of Oxford 5383 4982
2
Queen's University, Belfast
Westfield College, London, and
Queen Mary College, London 1,086% 1,033%
Rutherford Laboratory and ;o 4
Queen Mary College, London (I) 694 589%
Rutherford Laboratory and 4
Queen Mary College, London (II) 456% 436
Rutherford Laboratory
(Nuclear Physics Tests) 86+ 755
Rutherford Laboratory 4
(Accelerator Physics) 145% 12932
1 £y
TRIUMF Project, Canada 216 1872
4

Others

Hours scheduled Hourfs()sx;aé’iéable Availability (%)
1960 1,420 980 69
1961 3, 660 2,149 59
1962 5, 544 3,971 72
1963 5,453 4,405 81
1964 5,573 4,664 84
1965 6,128 5, 260 86
1966 6,303 5, 605 89
1967 6, 521 5, 8473 90
1968 7, 553% 6, 8363 91
48,155% 39,718
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CP Violation
‘ (155, 156)

i Semileptonic
K decays

(162)

Form Factors
(165, 166, 167)

n-m Scattering
(194, 203)

Finite Energy

Sum Rules and

| wN Scattering
| (150,151,173,188)

Applied Physics Division

Division Head : W. Walkinshaw

The work of this Division covers the fields of theoretical high energy physics, computer systems

icati i ts, cyclotron ion sources and radia-
and applications, bubble chambers superconducting magnets, _ :
tirtl)n pli'%tection. ’Details of the year,'s activities on each of these topics are given below.

Theoretical High Energy Physics
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Details of recent theoretical work at the Rutherford Laboratory are given below, and serve to
illustrate the wide range of topics studied.
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rrI;ul:a‘:l.nsstIt‘::;ct}‘lle form factors F (q®). The latter technique has yielded the following results

(i) Theuniversality relation For (0)=F me (0) has been generalised to small q® by means
of field-current identity and a universality model.

(ii) The use of PCAC and field-current identity has shown that the q” dependence of the
pion weak form factor is related to that of the pion charge form factor.

(iii) Values of the K/, decay parameters A,, A-, and ¢ (0) have been derived from two
models, and are consistent with existing data.

(iv) The scaling law for nuclear form factors (G! (@°) G_{L{ @*) has been p[ig;ed on the
assumption that the Chou-Yang model for pp and pn elastic scattering is valid.

i functions of ¢®
h K and w form factors have been calculated nume.rmally, as :
& fTroemﬂw: p ’—>p1rp, Kp — Kp and y p — (p, ) p, againon the basis of thg Chou-Yang model.
It has been shown that the process y p = ¢p is a crucial test for this model.
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sum rules to supplement the scattering data. The sum rules have proved particularly helpful in
determining the spin-dependence of P and P'exchanges, and the parameters of the p' singularity,
which are only loosely constrained by the high energy data alone.

Finite energy sum rules were used to relate the following three regions of K*p and K™ p scatter-
ing (i) the unphysical region, with A and % poles, (ii) the intermediate phase-shift-analysed
region and (iii) the high energy Regge-pole-analysed region. The ensuing constraints indicated
a preference for the larger (Kim)values of the A and X coupling constants, the non-resonant
K" p phase-shift solution and certain specific signs and magnitudes for Regge-pole spin-flip
terms.

These sum rule constraints were used in making new Regge-pole fits to kaon-nucleon scattering,
leading to predictions concerning K=p polarization and of K° regeneration in hydrogen.

In this approach, absorptive corrections are added to pure Regge exchanges, thus combining
desirable features of the two models. It may be regarded as specifying the Regge branch cuts,
without new parameters, and was tested against the scattering data and finite energy sum rules
for n7p charge exchange. This process is fairly well described by a single p Regge pole, but
the absorptive corrections give better agreement with experiment, In particular, the correct
non-zero polarization is obtained and the fit to the sum rules is better.

It is important to establish whether Regge poles can give a consistent representation of all high
energy processes. Vector meson production, though one of the simpler reactions, contains a
great deal of structure in its dependence on spin, isospin, s and t and forms a significant test
for the Regge model. Analysis of this type of reaction may also shed more light on questions
suchas the possibleconspiracy of the pion pole in p production, and the role of the Pomeranchuk
pole in K* production.

Generally good detailed fits have been made to the existing small angle data, consisting of about
900 data points in the region 2-16 GeV /c. The decay density matrix elements favour ""conspira-
torial" solutions which are, however, inconsistent with factorisation and the corresponding
Regge fits to y + p — 7" + nand n + p — p + n. This suggests the presence of more complicated
Regge pole or cut contributions associated with the pion, The energy dependence of do/dt for
K*4+p — K**4p is a problem for the Regge-pole model, since the experimental results are
not compatible with dominant contributions from the appropriate higher-lying trajectories P or
P'; for a good fit, a trajectory with a low intercept, «(0), of about 0-2 is required.

Pion-deuteron scattering above 1 or 2 GeV/c is a sensitive test of the Glauber theory of the
double scattering contribution. In the simplest approximation, the theory predicts a dip in
do/dt near t = -0+4 (GeV /c)* which is in conflict with experimental data. The inclusion of a real
part plus spin-flip in the 7 N amplitude does not lead to full agreement. There is, however,
excellent agreement when the D-state component of the deuteron wave function is included.

It has been suggested that recurring minima in do/dt for #p, K'p and p p scattering contrasting
with the virtual absence of minimain pp scattering may be due to an approximately cyclic residue
structure of the P' and w Regge exchanges., This somewhat bizarre explanation fits the data
quite well out to t = - 4 (GeV/c)®, at least in the 7 N case.

A recent unpublished calculation of the effect of the cosmic background radiation on the mass of
the electron modifies the result published by Power. The changes in energy level splittings are
very much smaller than Power's estimates.

Central Computer Systems

During the year 1968-69 the computers (the IBM System /360-75I and the Honeywell DDP-224)
have operated for three shifts on weekdays, plus occasional, but increasingly frequent, single
shifts at weekends. The number of jobs passing through the 360 per week has increased from
1800 to 2500, and the number of magnetic tapes held now exceeds 1000, Computer operators
regularly run the HPD and CYCLOPS film-measuring machines, which are attached to the 360
via the DDP. The year has seen many changes and additions to the hardware of both machines,
and to the system software. Figure 56 shows the system in block diagram form.

The 360 now has a second card-reader, to act as a spare for the main one and to allow the input
of special jobs at any time without interfering with the main input stream. A fourth 9-track
magnetic tape drive has arrived, which should ease congestion among 2-tape jobs. A magnetic
drum has been ordered, and will be installed early next year. This is to reduce system over-
heads during transitions from one job-step to another, but will pay off only when a selector
sub-chamnel for the magnetic tapes is also fitted, permitting the tapes to be taken off the channel
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Figure 56, The Rutherford Laboratory Central Computer, IBM 360/75.
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which is due to be shared by the drum and the IBM-2311 magnetic disc. Telecommunication
hardware has also been installed to serve the link between the 360 and the INDRA project at the
London Institute of Computer Science. A terminal adaptor now connects the 360 with the IBM-
1130 computer which will control the activities of several rough-digitising machines.

On the DDP-224, the magnetic tape equipment has been removed and replaced by a third Direct
Memory Access channel togive more efficient service to on-line experiments. A Fully Buffered
Channel facilitates output to the Visual Display equipment which is now beginning to be used for
the inspection of photographs which have already been scanned and stored. The facilities for the
associated light-pen have also been improved. Changes to the several on-line typewriters have
greatly increased the convenience of these both as input and output devices. The high-address
4096 words of core store are now of the same type as the remainder.

In the field of system software, the first half of the year was a period of consolidation during
which users were disturbed as little as possible by reforms. User-routines continued to be
developed for the DDP side of the on-line data-collection system DAEDALUS, and Fortran-
usable routines were written to enable Rutherford programmers to use the Stromberg-Carlson
graphic output equipment at the Atlas Laboratory.

During the second half of the year plans were made for exploiting the new IBM operating system
MFT2. This was designed to give the possibility of running more than one stream of off-line
jobs as well as the long-lasting on-line jobs which MFT1 allowed, although these too would
benefit by improved scheduling methods. The DAEDALUS sub-system was reformed so as to be
as nearly independent as possible of later changes to the operating system, and the overhaul has
proved beneficial to all on-line applications. After testing, the MFT2 system was brought into
use in October. Intensive use revealed many software faults, the diagnosis of which was made
difficult by the fact that some of the new software employed hardware features not previously
used. Much effort was devoted to overcoming problems, but at the same time thought was given
to the best usage of the improved job-accounting information which was now available,

A software package which will give fast displays on the cathode-ray tube output device, and
accept light pen input therefrom, is currently being checked out,

Planning is in progress to ensure the optimum use of the space that will become available when
the 4-bay extension to Building R1 is completed.

Computer Applications

A fully operational routine system is now working with CYCLOPS (a device where the film is
raster scanned by a flying spot from a CRT); Figure 57 is a general view of this device. The
machine is currently measuring 35 mm film from a Nimrod experiment on the leptonic decays
of neutral kaons (see Experiment 7, p.19)and a Daresbury experiment (e-p scattering). So far
some 150,000 events have been measured on the Nimrod experiment and 5,000 on the Daresbury
one. The machine is on-line to the IBM 360/75 for upwards of 12 hours per day and measures
at the rate of 400-600 events per hour,

A general program has been developed for finding tracks directly from CYCLOPS digitising.
This program is now in a production state for the K13 experiment and is in the process of
analysing the 150, 000 measured events.

No prescanning information is required for this program but development is underway ona
'patch up' system to rescue good events which have failed in the analysis program. Using an
interactive visual display an operator can give the program some help in identifying and
associating tracks.

The rebuilt HPD1 machine shown in figure 58, is now fully operational and has been in pro-
duction for much of the year. Measurements for the first experiment (K p interactions in the
80 cm Saclay chamber) have been completed. This involved over 30,000 two-prong events, and
the results had the high accuracy expected of an HPD (2-4 microns on film). Measurements for
the next experiment (pp in the CERN 2-metre chamber) have started.

The HPD machine is also capable of measuring the bubble density of tracks. This measurement
is, however, dependent on the quality of the film and the consistency of the operating conditions
of the bubble chamber, Bubble density measurements were used in the first experiment but with
only limited success, and work is in progress to produce more reliable results. A display under
computer control is being developed, so that some failed tracks can be corrected with a light
pen, Modifications to the filtering program, and tests of the "minimum guidance' system and of
"track matching' which correlates stereoscopic views, are in progress.
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The roughdigitiser system is used to provideguidance measurements for the HPD film scanner.
The measurements (accurate to 0:001 inch) which are obtained by scanners using co-ordinate
measuring tables need to be checked for consistency before being stored on the disc store, of
the IBM 360 /75, and this is most conveniently done by working directly on-line withthe computer.

An IBM 1130 computer with a 16K core store and disc storage was delivered to the Laboratory
in April 1968. It is now connected to the IBM