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Preface, written 44 years later

The back story of this 1967 thesis... and why this volume was produced
(http://www.mwigan.com/mrw/The_First_Word_Processed_Thesis.html)

| can make a genuine claim to have created and submitted the first ever
word-processed Doctoral thesis, undoubtedly the first at Oxford, in 1967.

| joined AERE Harwell as a bursaried PhD student (internal to the Department of
Nuclear Physics at Oxford) in the August 1965 to work on polarized proton bean
analysis of spin spin correlations in nuclear scattering (Brogden et al, 1966). For
the first year | worked on finding ways of making the pilot polarized proton target
built by T.W.P. Brogden actually work...eventually it became clear that the heat
generated in the target chamber by the proton beam was not being conducted
away fast enough, and a phenomenon called Kapitza resistance was stopping
the liquid helium from being able to keep the target at 1.3K (then a very low
temperature). After | had redesigned the cavity in which the target sat, the overall
system then proceeded to operate stably... and that was about all that | managed
in my first year - apart from an intensive course on Quantum Mechanics, the
production of a small thesis based on this novel research work and an
examination ending up with what Oxford then called an ‘Advanced Subject in
Nuclear Physics’. It certainly was, and bore little resemblance to the Honours
degree course that | had previously completed... this Advanced Subject would
now, | suspect, probably have had grander title judging by the content today.

At the end of my first year my supervisor, Dr O N (Neil) Jarvis (later Deputy
Director of the JET Torus), promptly disappeared to Lawrence Livermore Labs
(LRL) in Berkeley, California, and a stand-in replacement swiftly withdrew and left
me to run the little group for the next two years. Needless to say any sniff of
synchrocyclotron experimental time that got wind of was instantly snapped up
whenever it became available, and as a result some interesting side research
was done by an ad hoc team that | put together to examine spin wave diffusion
through lattices affected by the heavy radiation damage to the long suffering
piece of doped crystal that was the target of the polarized proton beam, and
explore the mechanisms at work (Butterworth et al, 1967).

Just a month before my thesis was due to be handed in, at noon on Saturday 30
September 1967, and les than two days before | was to start my new job at the
UK Road Research Laboratory (now TRL) on the following Monday, | was offered
three weeks of accelerator time... so of course | took it to look at the 98Mev
range, to address which | had already designed and tested a new form of
cryostat seal to reduce the proton scattering dispersion by the materials used to
contain the liquid hydrogen (Wigan, Martin and Wood, 1968). Here was a chance
to use it and get a crucial additional datapoint on the Cnn parameter that was the



prime target of my research program. The 98Mev was begun at once.... and any
thought of writing the thesis was put aside. Would not any committed researcher
do the same?

On 28 September, after nearly three weeks of sharing 24 hour days running the
accelerator with John Orchard-Webb, | staggered home to Oxford on my Honda
CB72 motorcycle having completed the analyses of this fresh data (and of course
the necessary systematic error variational analyses) having been run on the
AERE Aldermaston IBM 7030 Stretch before | left Harwell.

| still have the binary deck of 432 binary punched cards containing my compiled
analysis program.

A minor story attaches to this binary card stack: four days before thesis
submission deadline, | dropped the stack. None of these binary cards were
printed on, and were so could only be ‘read’ by decoding the punches on each
column of each of the cards. After many anxious hours, while minding my
experiment and the accelerator, | managed to reassemble the card pack. It ran
correctly first time. These things happen under pressure, and neither this sort of
problem nor the painful vagaries of frangible paper tape have formed part of the
experience for many subsequent generations of PhD students.
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Early on Friday the 29" September 1967 it finally dawned on me that | had only a
single day in which to write the thesis, bind it, and submit it.... Fortunately | had
drawn many figures and made prints of key photographs of the equipment at
intervals... so writing it, printing multiple copies and binding that was all (!) that
was required...no one had told me that supervisors were supposed to play a role
in this process.

These were the days of onion skin photocopies (one had to use original typing
and carbon copies to secure more than one copy of a document otherwise), and
years before any word processing systems had emerged... no one could possibly
type it up, get it back me, have it checked, retyped and four copies made in that
time, so what could | do?

Clearly, | had to invent something in a hurry.

So | first secured an arrangement for an out of hours binding of the four copies |
would need by 11:30am Saturday, as long as they arrived for binding by 8am that
day at the printers’ home: Useful having a fellow Committee member of the
Oxford [town, not University] Ixion motorcycle club who was a professional
printer...

Now to create the text... fortunately my late wife (Jane, nee Geiringer) was a
Research Assistant to Denis Munby, at Nuffield College Oxford, which had one of
the very first English Electric KDF9 Computers, and so for that 24 hours Jane
and | took over the KDF9 computer input preparation room at Nuffield, and used
the Singer Freiden Flexowriter to type the thesis onto reels of paper tape. We
then printed the text out using the paper tape reader, edited it exactly as one did
in subsequent decades using work processing software rather than scissors and
tape, added reference numbers by hand, cut and connected the edits back into
the paper tape and printed it again - several times. This went on without a pause
for 24 hours, until finally five complete sets of the final thesis text were printed
out, the photographs and diagrams attached, and the precious package delivered
in haste to the binder up Folly Bridge Road - right on the agreed time of 8am on
the Saturday.

As a fellow member of the Oxford (town) Ixion Motorcycle Club he had agreed to
do it at once — even on a Saturday - and have it ready for 11.30am so that the
two copies required by the University could be dropped into the box for that
purpose located outside the Sheldonian by the required deadline of 12 noon. We
just made it and two warm bound copies dropped into the box, and (only as an
afterthought) a further copy was mailed to my supervisor (O.N. ‘Neil’ Jarvis) who
had just barely returned from two years at the Lawrence Livermore Laboratories
in California (no one had told me the supervisor was supposed to look at and
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advise on the thesis...) .

However the most important copy of all was that sent my father, Edmund
Ramsay Wigan (Wigan et al, 2003), who had been (literally) cheated of his Phd in
acoustics in the 1920s at Woolwich Tech (now Greenwich University). He was
delighted to see it. The very reasonable quality of the Flexowriter print head can
be seen in this scanned thesis, and was a feature he especially enjoyed as a
serial inventor over his entire life.

My major goal of delivering a family Phd for and to him had almost arrived.

The Nuclear Physics Transit van that we borrowed to move our property from
Oxford to Crowthorne promptly broke a half shaft on the Sunday ... but somehow
we sorted this all out and | started work at the TRRL on the Monday morning.

When, several decades later, | was asked to submit this to the Guinness Book of
Records as the first word processed thesis, although supported by Dr Jarvis
and others, it was turned down as ‘unverifiable’ - but of course this sort of item
was no longer of any great interest to this now enormously successful popular
publication.

A minor note: it was nearly 30 years later that | was advised that the speed of the
process from submission to conferral ceremony was unusually rapid at 5 weeks
overall. As a contextual curiosity for the 21° Century | have included the relevant
supporting documents.

This was huge surprise to me, as | had frozen in the Viva Voce examination with
what were later two FRS physicists, intimately aware of my project. At the start
John Thresher waved a huge pile of onionskin copies. From where | stood, his
pile appeared to be about four inches think, saying as he did so, ‘there are some
corrections to be made’.

My mind promptly shut down. After what seemed like many painful hours (it was
only one) | managed to answer a simple question.

‘What is the difference between a proton and a neutron?’ asked Michael Grace...
‘Isobaric spin”, | stuttered.
And was swept out of the room with a brusque ‘Thank you for attending’...

| said to my waiting wife, ‘well that’s over, I'm sure | have no degree - but we
already several international refereed publications in top journals, with more to

iv



come - so back to Crowthorne: Goodbye to Nuclear Physics: On to Road
Research.

Later that day | got a phone call from Neil Jarvis:

“What did you do to John Thresher and Michael Grace?”
“Why?”

“Because they have just asked me if you had written the thesis’
“What did you tell them?”

“Of course you did, and that | was right in the middle of carving it up for the next
paper for Nuclear Physics (see: Jarvis et al 1968 and Wigan et al, 1968).

The edits requested by the examiners were very minor and easily done.

Note the consequential dates of the Permission to Supplicate (i.e. get the degree
conferred) following the title page for the thesis (which was done painfully using a
stencil, pen and ink).

As a historical contextual comment, members of the US Congress began to use
Flexowriters for correspondence at about the same time, specifically to make all
letters appear to have been customised for the recipients. This was clearly a
near-contemporary mail-merge application (and probably the first), but the
authorship of a substantial document using full editing and multiple runs, edits,
and corrections to create a single tape that would allow a complete printout of the
whole document (as in full word processing) as the prime task, had not been
done previously. Extensive research has not yet turned up any earlier application
of full word processing for a thesis - or indeed anything else.

This word processing approach enabled me to create (and sell) freshly-printed
new copies to FermiLab and CNRS Grenoble a year or so later, without any real
effort: just as we do today when we print out archived word processing
documents from some form of backup storage media - but of course after 44
years this would no longer be paper tape!

The original tapes lasted nearly 20 years before crumbling into brittle

uselessness, but had served their purpose both in the creation of the thesis and
to enable the creation of the additional copies for the subsequent sales.

Marcus Wigan, Melbourne University, Dec. 2011 Website www.mwigan.com
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Abstract

The work reported in this thesis covers the latter
part of a programme undertaken at A.E.R.E. Harwell to collect
data on the nucleon-nucleon scattering problem at energies
accesslble to the Harwell 280 em synchrocyeclotron. The
experiments described belong to the second phase of data
collection at these energles in that they do not of them-
selves determine a unique set of phase shifts in a modified
phase-shift analysis, but resolve ambliguities in the earlier
data avallable, or improve the preclsion to a significant
degree.

The first chapter contains a review of the nucleon-
nucleon scattering problem, and provides a common context
for the different types of experiment described. The second
chapter is devoted to a description of the development and
final form of a polarised proton target for use in the 70-150
Mev reglion for proton-proton scattering. Radlation damage
resulted in a decay of the polarilsation produced in this
target, and a brief study of this phenomenon (described in
Chapter II) was required to supplement the polarisation decay
data collected in the spin correlation experiment reported
in the third chapter.

The third and fourth chapters contain the experimental
method and analyslis of experiments using the polarised target
to determine the spin correlation parameter Cnn in proton-
proton scattering at 90o centre of mass for three energles:
T4, 98, and 143 Mev; and at 61.80 centre of mass at 143 Mev
only. A typical precision of + 0.0%55 was obtained for this
parameter.

The fifth chapter contains a description of thé

apparatus and methods used for measurements of polarisation



(vii)
in the 98 Mev region: the experiment at 98 Mev to determine
P(é?) in p-p scattering 1s described and analysed in chapter
six. Due to a recent remeasurement of the polarisation
of the Harwell 142 Mev polarised proton beam, absolute polar-
isation values were obtalned, to a typical precision of #+ 27
of the peak value of the asymmetry. The 98 Mev data provide
a notably more stringent restriction on phase-shift fits at
thlis energy than previous polarisation information.

The preliminary results of a measurement of the
absolute differential cross-section for p-p scattering at
98.8 Mev are included in a phase-shift analysis at 95 Mev.
Analyses at 73, 95, 140 Mev are briefly discussed, and
the chapter concluded with a compilation of the N-N scat-
tering data now available in the energy range 60-160 Mev.
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(2)

I. Nucleon-Nucleon scattering up to 400 Mev.

1.1 N-N interaction in a general context

The study of the nucleon-nuclecn (N-N) interaction is
one of the basic themes of nuclear physié%?’and should
provide the connecting link between elementary particle
studies and more specifically nuclear investigations. .
Attempts to utilise knowledge of the basic nucleon-nucleon
interactions to understand nuclear properties have not
been very successful in the paséz although nucleon-nucleus
scattering may be described in terms of nucleon-nucleon
phase shiftg{nﬁgwever there ‘are indications that the data
and the theory of the two-body problem are now reaching
a stage where more success may be expected. Recent approaches
include the use of the phenomenologilcal potentials for
nuclear matter calculatioggf)and the calculation of nuclear
spin-orbit-splittings using the two-nucleon phase shifts
directlg?

The theoretical calculatlion of the two-nucleon
potential has been a long standing problem In elementary
particle theory, and the approach through meson exchange
modelé has a long history. The readily calculable one-pion
exchanée contribution was at first sufficient to deseribe
the long range part of the interactiogz to the precision
then available. With the rapid collection of a wide range
of p~-p information, and an increase in the amount of n-p
data available, more detailed and testing models could
be studfggP'rhe preclsion of the p-p data is now
comparatively gqod; recent measurements of polarisation
and cross-section in p-p scattering at 140 Mev at Harwell

13)

have ‘achieved an absolute precision of the order of 1?; and
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work reported in this thesis extends the data to a similar

precision at 100 Mev.

Even at these comparatively low energies the effects
of other mesons such as the p,w , 7, fnggd<¢ are observable
and models using several mesons have been developed which
glve a good qualitative fit to both n-p and p-p data .
up to BOO Mev, some using as few as 4n%djustable parameters
(Amati et al 1965? Signell 196MCaScottiﬁet al 1965, K3p51%965,
Arndt et 2l 1965?>and literature cited by them). The precision
of the phase~shift sets now obtained from the data by phase-chift
analysis lends some support to the assumption of charge
independence (Arndt and MacGregor 1966;? as the values of the
plon-nucleon coupling constant obtained from n-p and p-p data
are in agreement.

The data are now sufficiently numercus and precise to
allow the determination of unique phase-shift solutions for

16)91)
both n-p and p-p scattering from 10-350 Mevy. Present experimental

concentrated on the n-p system
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€1l elements of the s he Off-the'energy
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formalism derived by Wolfenstein (1952,1958) is used to
describe experimentally measurable parameters of the two-
nucleon system in a convenient manner. This Tformalism has
the Pauli exclusion principle, time reversal invariance (T)
and parity conservation (P) built into it, and charge
conjugation invariance by implication of the P.C.T. theorem:
the effects of any small deviation from these symmetrles
have been considered by Woodruff (1959;0and Phillips (1955?)

21) 3
1966 ). Thorndike

ﬁkas studlied TP invariance to see if any
infomation could be extracted from the p-p data, and shown
that there is no evidence for the violation of either
invariance, although the limits on the lnvariance-~breaking
amplitudes are poorly determined. The treatment is non-
relativistic, and the corrections required for this have
been studied by Stap;?zéérung, and Garren. The corrections
do not affect P(®) and Cnn, and the non-relativistic
formalism developed below is correct, when P(G) is
interpreted as a 4-vector.

Wolfenstein and Ashkin (1952)$Lse a scattering matrix
in the spin space of the two nucleons. Each nucleon 1s
described by a Paull spinor, giving a total of four
dimensions in the combined spin space. The wave function

describing the scattering in the centre of mass system

has four components:

A

ik kv
(1) x‘)‘.=ace +e zM:LJ(e,(#)as-,

IY

=1
Whee the four a; refer to the incident spin states, M

is the scattering matrix, r is the distance between the two

nucleons and H k 1s the incident momentum in the centre of
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FIG. 1.,

VECTOR SYSTEMS USED IN THE WOLFENSTEIN FORMALISM
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mass system. We thus obtain 4 x 4 = 16 complex elements of M
in the general case. However there are several symmetry
properties which appear %o hold for strong interactions, i.e.,
1) The Pauli exclusion principle.
2) Time reversal invariance.
3) Parity - corresponding to invariance under reflection.
4) Angular momentum - corresponding to invariance
under rotations.
5) Charge conjugation invariance: equivalent to (2)+(3)
by the P.C.T. theorem.
By applying these f&imems restrictions, Wolfensteigaghows
that the scattering matrix may be written:
M = ate(g.ntsen) +m(%.n)(s.n) +gl(a.p)(s.p) + (6.k) (0 k)]

(2) +h [(g.p)(o.p) - (& .k)(o.k)]

where 0, , &, are the Paull spin matrices for the two nucleons,
and a,c,m,g,h, are complex functions of energy and

scattering angle (€ ). The vectors n, p, k form a right handed
set as shown in FIG. 1.

This shows that at any given energy and angle 19
independent experiments are requlired to determine the matrix
M at that enerzy and angle. Puzikov (1957;dias shown that five
relations between the coefficients a,c;m,g,h, may be found by
applying the requirements of particle conservation (unitarity):
this is evidently wvalid in the elastic scattering region, and
reduces the minimum number of experiments required to five
at a glven energy over the angular range o--® in the centre of
mass. Rer-p=p-seatitering,—the—identity ol the particles
further-reduces tHIS Tange to o= 71v/2.

These minimum requirements must always be exceeded
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give:
(&) - <A> = Tr(e A)

Tr(e )
As we are concerned with spin 1/2 particles, the information
contained in the density matrix of the inecident beam is
essentlally the polarisation vector (P) of the beam. A
separate density matrix i1s needed to desceribe the Dbeam and
the target, giving a density matrix in the combined spin
space.

The form of 1M1 described previously together with
relation (3) may be used to derive several important
conclusions for N-N.scattering.

I) Using space-reflection invariance, it may be showggthat
in the scattering of an unpolarised beam from an wnpolarised
target the scattering particles will (if polarised at all)be
polarised in direction perpendicular to the scattering plane.

IT) Using time reversal invariancg: the cross-section
for the scattering of a polarised beam from an unpolarised
target is:

.

(5) I(0,0) =To (9) 1+ By . NP(B)]

where Io( 8 ) is the cross-section for the scattering of an
unpolarised beam from an unpolarised target through an angle 9,
¢’is the azimuth angle, P, is the polarisation of the

incident beam, P( &) is the polarisation produced in scattering
an unpolarised beam on the target, and N (see FIG 1) is a

unit vector perpendicular to the scattering plane [from (1)].

We thus obbtain a measurable guantity £, a left-

right asymmetry;
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in practice, as experimental data is not acquired either with

infinite precision or continuously as a function of scattering
=]

angle.

1.3 Definition of experimentally measurable quantities

So far only pure initial spin states have been
considered. Under experimental conditions neither the
incident beam nor the target is in a pure spin state. The
beams termed tunpolarised] in fact contain every possible
pure spin state with an equal weight, and the target
nucleon spins are randomly oriented. Thekeams termed
‘polarised) contain a mixture of spin states of unequal
welghts, glving a net non-zero spin angular momentum in
some direction. Such beams may be produced by scattering
an- unpolarised beam off a sultable target, or by accelerating
a beam of polarised particles produced by a special ion
source in the acceleratof?JUnpolarised targets generally
are used, however polarised proton targets have recently
been developed, and polarised deuterog#%argets are now
becoming practicable.

To describe the spin states of such beams and targets,
the statistical density matrix R 1s ugzg? If we write Q1

for the initial density matrix, the form of Qe
the density matrix describing the system after scattering

is given by:

+
(3) Q=M @ M
where M 1s the scattering matrix defined in the previous

section. To obtaln the average value cver all particles,

of any spin operator A, the density matrix may be used to



(6) E =I(0, 0)-TI (8,7)
I(6, o) + I(6,n)
where & =P, P(0 ) from (5).

This polarisation-asymmetry equality provides a test
for time reversal, and several measurements have been made
to test it, notably by Hillmaéignd Thorndiﬁg? No evidence
has yet been obtained to challenge the validity of the equality

III) Extending the formalism to the polarisation (EF )
produced in the scattering of a polarised Hzam (P,) on an
unpolarised target,

Pe=__ 1 [(P+DB;.n)(n)+(AP;.k+R P .ngk)n ok
(7) (14P;.nP) +(A' LB kR L Pon kK]
where P,D,R,A,R',N ,» are all functions of scattering
angle and energy, and the last five are the Wolfenstein
parameters for trlple-scattering.

IV) When the target also is polarised, the form of the

13)
density matrix is:
(8) e=1+PB;. gzt By .oyt C,jko;;J 0T

where P 41s the incident beam polarisation, P ;target
polarisation, and Cjk are the spin correlation parameters and
Jsk can be any pair of k, p, n spatial dilrections of FIG 1.
Applying (III) and restricting P; and P . tole both in the same

plane, at ¢= 03 the cross-section is given by:

(9) I = Iol[ 1+ (P, + B+ )P + Py P Cnn]
where I, Io , P, Cnn, are all functions of scattering angle

and of energy, P 1s the polarisation produced in scattering
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an unpolarised beam and unpolarised target, Cnn is the
spin correlation parameter, a measurement of which is
descrived in this thesis.

These four results provide an experimental framewori
to obtain the elements of the scattering matrix. By using
(IIT), (IV) all the measurable parameters may be expressed
in terms of the elements of the scattering matrii? In
principle 256 different experiments may be carried out on
the p-p system, depending on different polarisation
states of incildent beam and target, and the different
measurements that can be made on the recoll and scattered
beams. Below the pion threshold only five experiments are
completely independent for the p-p system, and measurements
may be taken at finite intervals over the angular range
by making the assumption of analyticié§? which is essentlally
the assumption that data points will be on smooth curves.
Result (I) gives us a method of polarising an incident
beam; (II) and (IV) allow us to affect this incident
polarisation, and (II) enables us to measure the polarisation
of the final scattered or recoil beams.

Thus (a) the measurement of differential cross-
section To (O )- or 0o(6 ) - requires only the measurement of a
singly scattered unpolarised beam.

(v) The measurement of polarisation P(& ) requires
at least two scatterings, and the measurement of a left to
right asymmetry in a scattered beam.

(¢) The measurement of spin correlation
parametep an requires at least two scatterings and the

measurement of an asymmetry in a scabtteredbveam. The two
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approaches are:

(1) to analyse the recoll and scattered particle
polarisations produced when an unpolarised beam is scattered
off an unpolarised target: this needs three scatterings,

(2) to scatter a polarised beam off a polarised
target with both polarisations in the same plane, and to
examine the left to right asymmetry in the plane perpendicular
to the plane of the incident polariéation, as before.

1.4 Phase-shift analysis

The basic theory of nucleon-nucleon interactions
is not adequate to provide a direct comparison with measured
quantities as defined above. Thus a phenomenologlcal approach
1s required, which uses reasonable physical assumptions to
reduce the differing forms of measured data to as few
parameters as possible. The theory may then be almed at
reproducing these parameters, and the experimental effort
directed at obtalning sufficlent information to fix the
phenomenological parameters accurately and uniquely. The
approach used for this phenomenological parametrisation
18 to define phase shifts through the asymptotic behaviour
of the scattering wave functiogf)The angular momentum

states allowed for the proton-proton system are

I |

So , “Po,m  » Dy 5 Fyau 5 'G, ete.

where ly'Lg is the general form and S is the total spin

of the two protons: J belng the total angular momentum,

and L the relative orbital angular momentum, in spectro-
scopic notation. The description of neutron-proton
scattering has about twice as many states avallable as

in the proton-proton case. The restriction of the exclusion

principle requiring the wave function to be anti-symmetric
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reduces the number of allowed states.

For each state a phase shift &, is defined; however
for such states as 3P1 and 3Fz which have the same parity
and angular momentum, 1t is necessary to define a mixing
parameter & to complete the representation. The orbital
angular momentum itself is not necessarily conserved due
to the presence of the tensor force in the two-nucleon
interaction. It is also necessary to allow for the effect
of the Coulomb forces. )

Rewrliting equation (1) in terms of the scattering amplitudes
£.(0), we have

N e kv

(10) $ =ae + e _f£.(8)
?J r
It may be shown that
o v L"Sl-
(1) £,(0) = L (2 141) [ )~‘|]P£(cos((9))
25 ¢=o0

where 0, are the phase shifts contributed by the Coulomb force,
and P, (cos &) are the Legendre polynomials.

The restrictions of unitarity, parity, and time reversal
invariance are readily built into the phase-shift
parametrisation. Unitarit&F%s obtained by restricting the phase
shifts to be real: this applies only up to the meson threshold,
as beyond this point the phase shifts become complex to
allow for inelastlcity. Parity conservation is applied by
forbidding the mixing of states such as 5o anngo « Time
reversal invariance ls applied by defining a single parameter

& (€, €6 ...etc.) to describe the mixing of the pairs of

3 7 7 7 34) 19) 20)2Y)
states "B, and 'F, ('F,and H, etc.). Woodruff and Phillips
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have also explored the effects of relaxing the restrictions,
and show that considerable experimental precision 1s
required to detect any such deviation.

If we write S = total spin angular momentum vector
of the two particles, L = total relative angular momentum,
and J ( =L + S) as the total angular momentum of the
system; then only J and Jz (the z~-component of g)
are constants of the motion. This means that only the
quantum numbers J and Jz can be used to specify the states
of the two-nucleon system. Also, states with even L
have even parity, and states with odd L have odd parity;
thus to retain parity conservatioﬁ)zgfg may not mix. The
investigations of Woodruff and Phillips introduce mixing
parameters between such states to lnvestigate the effects
of parity non-conservation and time reversal non-invariance.

To define a unlque phase shift for triplet states
with L = J £ 1 under these conditions, it 1s necessary to define
a nondiagonal matrix to relate amplitudes of the states
L =J+ 1 after collision to those before. This requires
the phases 53,5w 3 & y9m and a coupling parameter &.
The matrix is usually written:
85,5+ 0 Cos 2%  Sin 2§ 8sree 0
(12)

0 Sv+| |=Sin 2¢; Cos 2 0 Ss-
and the phases are called nuclear bar phases, to distinguish
them from the less convenient parametrisation of Blatt
and Biedenhargz The effects of the Coulomb force are
readily included in the nuclear bar parametrisation as the
nuclear and Coulomb phases then add directl;i

All measurable quantities may be expressed in terms
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cf phase shifgg? as the M matrix elements may be written
as functions of the phase shifts, and the relations between
the observable and the M matrix elements may then be used.
The phase-shift parametrisation has several useful features.
The higher partial waves, corresponding to high relative
éngular momentum states, may be neglected in an approximate
treatment as they can be assumed not to come wlthin the
short range of the interaction. As a refinement the hlgher
phases may be calculated theoretically by the use of a
meson exchange model, and where falrly small phase shifts
are still well determined by experimental data, comparisons
of the meson models with ‘experiment’ may be made.

Although the experimentally measured quantities
may be related to the phase shifts, the functional form
of these relations makes it impossible to obtailn an analytical
form for the phases from the experimental dat;? The form of
the phase-shift analysis is thus fixed by the need to
search for a ‘best set' of phaées to fit all data
simultaneously. The criteriongaied is the X sum for all

the data points:

2

Gy

(13) ’}él = Z[Xi - Ei(SJ]
Where Xi + U is the measured value of a quantity

with a standard deviation O :Ei( 5) is the computed

value of the quantity using the values of the phase shifts S .

The phase-shift set may now be varied to minimise the )(%nnn

over all the data. As some sets of data have overall

normalisations quoted for them - e.g. a series of relative

measurements of differential cross-sections may have a
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quoted (measured) normalisation as an additional datum to give
the dsolute scale of the relative measurements - these
normalisations are included in the 7X} search by writing the

X" sum as:

(14) ’X,L = -.{ym)ﬁ - E¢ ( 5)} + Z{ w 1
. ¢ A o™

n)

T

"

where yC) + ¢, are the normalisations and standard
errors of the nth set of data.

When the first phase shift analyses were carried out
they were done using data close to a single energy, and neglected
phase shifts for higher than a semi-arbltrarily decided value
of L. Semi-classical arguments were used to give a reasonable
estimate of this maximum value of L. The advent of the
modified phase-shift analysls, using estimates for the
higher phases derived from the one-pion exchange (OPE) model,
was a notable advanc;§>The lower phases were allowed to
vary to obtain the best fit, and the changeover polnt to OPE
could be varied to check its validity. This approach achleved
considerable success, and was extended to attempt to fit
all the data over an energy range from 0-400 Mev simultaneoﬁZ?y.
The form of the energy dependence of these phase shifts is
controlled by new parameters, which are also varied in the
search for minimum )ﬁl.

The ambiguities and local minima found in such a
search and the more arbitrary elements of the procedure -
such as the cholce of an OPE changeover point - caused
considerable difficulties until the advent of more powerful
computers than those avallable for the early work. The data

avallable for the earlier analyses were not restrictive
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enough to ensure unique solutions, and experimental effort
was directed toward distinguishing between solutions.
Unique solutions of p-p scattering are now available at
several energles, notably 25, 50, 98, 140, 210, 320 ﬁ§§, and the
multi energy analyses have achieved unique solutions from 0-400
Mev. The n-p data alone are inadequate to produce unique
solutions; however by combining them with the p-p data solutions
can be found over the same energy range.

The neutron and the proton can be considered to be the
two states of a single entity of spin projection 1_1/2; this
spin is called isobaric spin (T). When the Pauli principle is
applied only T=1 states are allowed for p-p scattering,
although either T=1 or T=0 states are available to the
n-p system. The T=1 states for the n-p system are considered
to be the same as the T=1 states of the p-p system, with
the Coulomdb interaction removed. The T -N coupling constants
obtained from phase-shift analysis provide some of the
evidence that thls procedure is Jjustified. The T=0 phase
shifts are not known to as high a precision as those for T=1.

The scattering matrix is now considered (MacGregor
and Arndtsato be determined quantitatively for the T=1
phases and at least qualitatively for the T=0O phases. The
direction of experimental effort at the present time 1s
to refine the data to remove inconsistencles and add
measurements of new parameters.

The work reported in this thesis 18 part of an
experimental programme at Harwell to carry out these aims
in the T0-150 Mev region. The Cnn measurements reported here
at 73, 98, 14§Q&ev are measurements of a new parameter at

these energles, and the polarisation values reported here
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at 98 Mev are a considerable advance on the previous data.
Already published are precise measurements of polarisation
13)
and cross-section in p-p scattering at 140 Mev, which have
adequately resolved the uncertainties at that energy.

1.5 Present state of the theory
The description of the nucleon-nucleon interaction

by a potential has a long history. Over asﬁ;zars ago
the baslic components of a potential assuming the restrictions
of charge independence, time reversal and parity were
delineated, and as the data have improved all these components
have been found necessary to explain the experimental
results. This fdm;)is:
V=Veli +Vse §.0 +Vt (38 o2 & oF - S o)

(15) i

+Vis (S + G )e2Xp+Vq (0 +0) e 2xp ]
where Vel is a spin independent central potential, Vsc the
spin dependent central potential, Vt the tensor potential,
V1is the spin-orbit potential; and Vq the quadratic spin-
orbit potential, which maybe energy dependent or energy
independent depending on the form of invariants used . A
recent phencmenologlical energy independent potential has
been given by Hamada and Johnsto:? which reduces to a one-
pion potential at large distances and has a repulsive core.
The best evidence for this repulsive core 1s given by the
behaviour of 'So and D, phases as a function of energ;?
The 'So rises 1n1tiaiiy to a maximum, and then falls, becoming
negative at ~ 250 Mev, indlcating a repulsion at close
distances. The So 1s more sensitive to short range inter-

actions than the 'D, , which remains positive to about 400 Mev.
The Hamada potential glves a fairly good representation
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of the data, both n-p and p-p, over the energy range 0-320 Mev.
This potential 1s very nearly as general as the most
general form allowed, and further attempts to fit the data
may require the full generality.

A potential is essentially a non-relativistic
representation of the data; however, a good fit to the data
(such as that achievedby the Hamadéhgotential) can be obtained
over as wide an energy range as 0-400 Mev. A potential
representation 1s required for nuclear physics calculations
which may need 'off the energy shell1 matrix elements, and
good calculatlions of nuclear bindings and saturatidg>have
been made using the Bresséy)and Hamada-Johnstég?potentials.
The meson theory has not been very successful in deriving
a potential to fit the data, and the more direct approach
to data fitting using dispersion relations is now favoured.

Most attempts to describe the nucleon-nucleon
interaction in termms of akasic theory spring from the
Yukawa meson exchange potential, for which the heavier
the meson exchanged, the shorter 1s the range of the force
produced. The N-N interaction can then be considered in
the three regiongz

(1) the long range part of the interaction, which is
dominated by the lightest meson, the 7\

(2) an intermediate region, where 2- Rinteractions,
and the effects of heavlier mesons - such as the C’“"ﬂ -
are appreciable;

(3) the innermost reglon, dominated by heavy meson
exchange.

The calculation of the one-pion exchange contribution

can be made accurately, however for two- and more-pion
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exchange effects the difficulties and approximation involved
increase rapidly. The long range parts of the interaction
have been satisfactorily accounted for, and several approaches
have achieved falr success in the intermediate distance reglon.

The earlier attempts to descrlibe the N-N lnteraction
in terms of mesons used field theory to obtain a potential,
and proceeded from this potentlal to obtain phase shifts.

The earlier calculations were not able to utilise

information such as ™ =N scattering or scattering lengths,

and it was difficult to allow for relativistic effects. A
recent calculatlion by Green and Sawad;T)using an intermediary
relativistic potential, has obtained good qualitative
agreement with the experimental data.

Recently it has become common to calculate the phase
shifts directly by dispersion theory, as further information
such as @ ~N scattering may then be used. Dispersion
theory is basedgon causality, unitarity, and crossing
symmetry (which relates any reaction with those obtalned
from it by the interchange of incoming and outgoing states),
and can more readlly take relativistic effects into account.
New information is required, as the unitarity restriction
demands a sum over all intermediate states. In this context
this means that results onﬂ'-1Tahd7\-N'scattering are necessary.

The scattering amplitude is expressed as an analytic
function of the (complex) energy variable, and a singularity
in thils amplitude corresponds to each intermediate state.

In close analogy to the earlier meson approaches the theory
can be applied in stepéz the long range part of the inter-
action being due to singularities close to the physical

region, and the shorter range parts to those further removed.
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The one-plon contribution arises from the singularity closest
to the physical region, and can be accurately calculated.
This part of the phase shift 1s built into the modified phase-
shift analyses, where this one-plon term is used to replace
the higher phases, while the remainder are determined directly
by the experimental data. The main difficulty in the disperslion
relation calculation arises from the two-plon exchange
terms. These provide most of the attraction in the interaction,
and 1t is therefore important that they be calculated correctly.
The N-N interaction is at this stage described in terms
of the ni-N and 7- 7 interactions, and the calculations are both
lengthy and complex. There are three types of contribtution to
the two-pion term. These arise from the exchange of two plons
with relative angular momenta of L=1, 2, and »2. The first temm
turns out to give almost identical results to calculations
based on the exchange of a single, scalar mesoﬁqknown as the ¢,
This entity, with the constants (J = 0} g5 2.9,M7 U5 Mev;?
has been postulated by several workers to help interpret the N-N
interaction. The L=1 exchange is closely connected to
¢-meson exchange, as the Qis a resonant L=1 state of
two plons. Thus the e may be useg to attempt to describe
this effect. Amati et al, Arndt et al, Scotti et al and others
have used these approximations together with the exchange
of single mesons (= s Nap o™ ,¢ ) and the empirical S-wave
scattering lengths to give good qualitative fits to the observed
phase shifts up to ~ 300 Mev by varying the coupling constants
involved. The values of the coupling constants obtained
in this way are in reasonable agreement with available
measured valueé{ Bryan and Scotégdid not use the empirical

S-wave data, and obtalned a similar fit using only four
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variable parameters (i.e. the coupling constants), to be
compared with~ 12 for the other references qugégé{

Unfortunately the two-pion exchange terms for pions in
relative angular momentum states L)2 were not included in these
calculations, and would be expected to have a significant
effect if they weré?

The overall fits to the data are quantitatively poor,
and Signell succeedgg in obtalning a fit of the same quality
by using a ten-parameter representation for the phase shifts,
with no particular physicalbasis. Thus as phenomenologlcal
models, the meson models are not yet adequate, although
the theory is qualitatively most successful.

Arndttgi al have recently investigated the group theory
schemes, popular in high energy physics, and their
predictions for N-N scattering. The predictions of various
12-dimensional groups such as SU,, M, ,iil, for the
vanishing of one of the invariant amplitudes of nucleon-
nucleon scattering have beencompared directly with the
values of that amplitude computed from the energy
dependent analysiswzf the data over the energy range
20-350 Mev. There i1s complete disagreement between the
group theory predictlion and the 'experimental' values.

1.6 Experimental data in the 60-160 Mev region

A survey of all the data at present avallable in
this energy region is included in chapter VIII. Here the
discussion will be limited to the p-p information near Tk,
98, 143 Mev, being the energies of interest in the present
work.

At about 140 Mev a considerable body of experimental
data exlsts, and at the time the work for this thesis was begun,
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many inconsistencles and amdguities were to be found between
data from different laboratories. 140 Mev is a unique energy
in that a 'complete' set of experiments (v, P, D, R, R, A)
for the p-p system has been carried out at two separate
laboratories (Harwell, Harvard), and part of a set ( g ,P, D)
at another (Orsay). Cnn has been measured only at Harweli?
This wealth of information is not avallable at other energles,
and the inconsistencies shown up in the experimental data
serve to show the advisability of independent measurements
of the same quantity at the same energy. |

Recent energy dependent phase-shift analfgégqaave
found a unique solution for both T=1 and T=0 phases from
25-3101Mev, and has shown up such disagreements. The cross-
sectlion data of both Harvardqzid Harwéi?'were discarded by
MacGregorT)and the Drsayyﬂgta used. The Harwell data shows
a rise between 45 and 90°c of m, while the Harvard data shows
a fall In this reglon, which 1s even larger in the Orsay data.
In addition the absolute scale of the different measurements
was in poor agreement. The polarisation data showed remarkable
agreement until the work of Jarvis and Rosegggowed that
.the absolute scales of the polarisation measurements were
in error. The Orsay polarisation data shows a certaln
reluctance to pass through zero at 90o ¢ of m, which
suggests undetected systematic asymmetrles.

The recent measurements of 4, P'zi Harwell
carried out over the last few years have resolved these
difficulties.

At 98 Mev, the MacGregor analyses shoyed that the

m

data was reasonably conslstent, but comment that this is

mainly due to the poor experimental precision.
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The polarisation data of both Harwell and Harvard
were subject to the same objection as the 155 Mev Orsay
meésufements, and the shape and absolute values of the
cross-section data were not accurately known. The Harwell
measurements of R, R' at 98 Mée, together with the Harvard
DfiLnabled a unique solution to be found in the 98 Mev region.
The present measurements of Cnn, P, ¢ improve the situation.

Near 70 Mev very precise cross-section measurements

54) 43) 55)

exist at 68.3 Mev, and some polarisation data. There 1is
also a total cross-sectidﬁ)measﬁrement at 70 Mev. The present
value of Cnn Improves the data set, as Cnn is varying
répidly with energy in this region and present precise
data sets exist at SOqQLd 140 Mev.
1.7 Conclusion

We have seen that the data are now sufficient to
enable a qualitative understanding of the low energy (<400
Mev) N-N system to be made, and further work will concentrate
on lmproving the precision and consistency of the data
especlally in the n-p system. Themeson exchange models are
now able to account for the present data as well as such
fitted potentials as that of Hamada-Johnston, as recently
demonstrated by Noyesqgt al. Other approachesn;;veloped in
high energy physics are lncreasingly being applied to the
N-N problem: group theogy Zf;ssification schemes and Regge

payi)
poles are two examples of such techniques.
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IT A polarised target for medium energy scattering
experiments.

2.1 Design requirements

The use of a polarised proton target in nucleon-
nucleon scattering studies has recently become possible,
and provides a good method of measuring spin correlation
parameters. The conventional'friple scattering”experiment
starts with an unpolarised beam which is then scattered
from an unpolarised hydrogen target. The polarlsations of
both scattered and recoil particles are analysed simultaneously
by ﬂiﬁ:ﬁ scatterings. In the energy region 50-200 Mev, the
analysing powers of suitable materials for the third scattering
are all rather small, and the time reverse of the experiment
may be more practicablé.

Here an incident polarised beam 1s scattered from
a polarised target, and the cross-section for this scattering
is measured. This avolds the difficulties caused by the low
analysing powers avallable in this energy reglon. The form of
this cross-section is discussed in 1.3 equation (9), and
when P; , P+ are normal to the plane of scattering:
(9) c=¢( 1+ [ P,+B]P,+P P Cnn)
where ¢, &, P, Cnn are all functions of the scattering
angle (©) and of energy. P,, B, P are the polarisations
of the incident beam, the target, and that produced in
p-p scattering, respectively. 0o 1s the unpolarised cross-
section.

As P=0 at 90° ¢ of m, it is necessary to measure R.P
at some other déle, say 61.8° to provide a nuclear physilcs
method for checking the polarisation of the target. This also

has the advantage, providing the measurements are made at both
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angles simultaneously, of giving a ratio Cnn (61.8¢c of m):
Cnn(90“c of m) independent of the behaviour of the targety
polarisation. As these targets are subject to large
background effects, the scattered and recoil protons sliould
be recorded in coincidence to reduce these backgrounds: for
this experiment 61.8° ¢ of m was the nearest obtainable
angle to the maximum polarisation in p-p scattering (at~
40°c of m) for a reasonable thickness of target material,
consistent with this coincident detection condition.

The experimental requirements were:

(1) a target with at least a 60° exit window, measured
in the lab. from the horizontal plane, with a minimum of
material in the path of the scattered protons. This meant
that helium could not be allowed in the microwave cavity.

(2) a polarisation of at least 257,. The
polarised pfoton beam availab;g wascv10.?protons/sec at
a polarisation of 47.2 + 0.&377As cnn (90°) at ~140 Mev
was expected to be near unity, this target polarisation was
expected to be sufficient to determine Cnn to + 5 f, in less
than a day.

(3) some method of continuous measuring and monitoring
the target polarisation, other than the nuclear physics
method of using an unpolarised incident beam. Here (9)
becomes ¢ = Jdo(1 + P P+ ), and the polarisation of
the target may be deduced from a knowledge of the
experimental asymmetry produced, and the value of P from
the value of the asymmetry with incident beam polarised
and the target unpolarised, or other work;oéuring Cnn
measurements, however, this method cannot be used, and

some continuous monitor is required to ensure that the target
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polarisation is maintalned at its maximum value.

2.2 Dynamic polarisation of protons by the solid effect

The target material chosen was the crystal Lanthanum
Magnesium Nitrate, [La,Mg;(NO,), 3(H,0), ] grown in a
solution with ~1% of the lanthanum replaced by Nd'w'or Nd‘q‘.
The method of dynamic polarisation was used, which will
be described here, although it 1s now well knézi?

Two spin systems are involved, the spins of the
protons in the water of crystallisation and the spins of
the Ndf'+ lons distributed through the lattice. At
helium temperatures the Na ' ions have an effective spin
S= 1/2. The energy level diagram of the proton-‘electron’
system is shown in FIG. 3. where M, m are the magnetic quantum
numbers of electron and proton respectively, and the
levels are split by a static magnetic fleld H. The second
column shows the zero order wave functions. If we now consider
the weak dipolar interaction between the ‘ electron’ and the
proton separated by a distance r, the mixing parameter I°l|
is proportional to 1/f'H (with a further angular
dependence ). The ‘electron’ system is assumed to be tightly
coupled to the temperature of the helium bath (T°) through
the electron spin-lattice relaxation rate. The thermal
equilfirium populations of the states are shown in column 4,
and the proton polarisation B 1s given by:

(16) P, = (N2 + N« ) - (N: + N3 ) =tanh ( $/ 2¢T)
(No + Ng ) + (N, + Ns& )

where N( 1s the population of state i, and k is the
Boltzman constant.
For H=10Kg, T = 1.3 K, P~T X 10

The Nd**' ion in this lattice is anisotropic, with
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g3 = 2.70. By using only even mass isotopes, neodymium
hyperfine effects are eliminated. The electron spin-lattice
mechanisms for thlis system have been studie;nénd allow
rapid transitions between states 1-3 and 2-4 at 1.3°K.

The proton spin-lattice relaxation takes place
via the dipolar interaction between the protons and the
electron spins, which weakly allow transitions 1-4, 2-3,

These transitions are weaker by a factor ~e*than 1-3, 2-4,

and are of the same order as transitions induced by the
dipolar interaction between 1-2, 3~4. Leakage transitions
due to extraneous paramdgnetic impurities glve an extra
transition rate between 1-2, 3-4. Thus it is important to

use crystals as free as possible from paramagnetlic impurities.

When K = 9.3 Kgauss, the transitions 1-3, 2-4 occur
at 35.2 GHz with the cfystal-axis oriented perpendicular
to the magnetic field (g, -orientation). The proton levels
are split by + 11 gauss, at a frequency of +Vy = 39.4 MHz.

If the transition 2-3, (or 1-4) is saturated by microwave
power, N, becomes equal to Ny . The relatively fast s
electron spin-lattlce relaxation maintains N = N, = e— -

N; N,
(17) Hence: P, = tanh (& / 2kT)

This procecs may be more clearly understood if the
effect of the microwave power is considered promoting the
(electron + proton) system through a mutual spin reversal,
from which state the electron relaxes relatively rapidly
to its former orientation, leaving the proton in its new
spin state. Each ‘electron’ (paramagnetic centre) has a
sphere of influence off\"IO3 protons, and beloww2° K

the electron spin-lattice relaxation rate 1s sufficiently
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high that the relative populations of levels connected by
allowed transitions are governed by the Boltzman distribution.

The ratio % is ~18 s and thus large polarisations
may be achleved. Experimentally enhancement ratios (P, /P, )
of 400-500 have been obtalned, corresponding to a polarising
efficiency of 60-807% . The magnitude of the failure to reach
100 % efficiency was found to depend on crystal purity and
quality, and was thus likely to be due to the ® leakage )
transitions' mentioned earlier. It has been shown by Borghiﬂlv
that the efficiency of the process may be improved by working
at higher fields and frequencies. At 18 KG using 4mm
microwaves an efficiency of >90 % has recently been obtained.

69)
2.3 Target apparatus

The construction of the target cavity finally used
is shown in FIGS. 2 and 4. The cavity shape was chosen to be
resonant i1n the TE 012 mode, which gave a region of high
osclllating field, sultable for use with a slab.target of
L.M.N. The static magnetic field of 9.3 Kg 1s shown, together
with the distribution of the oscillating microwave field
in FIG.5. The TE 012 mode can be seen to glve a good field
distribution and enabled us to use a single-mode cavity,
thus making 1t possible to examine the electron paramagnetic
resonance behaviour of the spin systems of the target
crystal. This would not have been possible if a multli-mode
cavity had been used. The microwave circuit 1s shown in
FIG. 8. The klystron stabilisation method is that of George
and Teane;? The static magnetic field was provided by a
Newport Instrument type D electromagnet, with 11.4 cm.
or 12.7 cm. diameter pole tips, and a gap of 3.5 cm. As the

line widths observed in electron paramagnetic resonance (E.P.R.)
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and in proton magnetic resonance were of the order of a
few gauss, a field stability and uniformity of + 2 parts
in 10‘ was adequate. In the E.P.R. work the magnetic field
was varlied, and the microwave frequency held constant.

The proton magnetic resonance (P.M.R.) may be measured
by applying a weak r.f. field at the resonance frequency
of 39.4 MHz, which induces transitions between 1-2, 3-4
(see FIG.3). This field was produced by a single turn of
wire wound round the crystal, and led out of the cavity
through a microwave choke. The coupling of this coil to
the protons in the target crystal was far from uniform.

During preliminary work, a three-turn pickup coil
was used, which was more uniformly sensitive to the protons
throughout the target crystal. A constant currézg Q-meter circult
was used to detect the P.M.R. signal. As the statlic magnetic
fleld was of necessity at a fixed value while polarising
the target, the frequency of the r.f. was swept through
the resonance. The electronics for this were designed and
bullt by F.N.H.Robinséz? and a block diagram of the system
1s shown in FIG. 7.

A disadvantage of using a P.M.R. system on a polarised
target is that the r.f. fleld induces extra transitions,
thus reducing the polarisation of the crystal. The field
was kept weak to minimise this effect, and as ~ 8 millivolts
across the coil was found to be the upper limit for linear
relationshlp between this voltage and the strength of
the resonance signal, this meant working with about 1-2mv
of r.f. across the coil. This restriction, combined with the
poor filling factor of the coil, gave rather a poor signal
to noise ratio for the thermal equilibrium signal .The strength
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of the resonance signal is proportional to the difference
in population between the substates with m=1/2 (see FIG.3), a
80 1s proportional to P. The enhancement ratio €, 1s defined
as the ratio of the signal strengths with microwave power
on, %o that at thermal equilibrium, and so (see 2.2)
(18) P= € tanh ( 8/ 2x7 )

Thus the P.M.R. signal may be used to measure the
polarisation of the target. In the more recent targets,
notably at CERN, the P.M.R. method has been refined to
glve values of the polarisation to one or two percent, every
few minutes. A Q-meter system capable of this precision is
described by Petricek and Udenhalq.q)

For the present experiment the P.M.R. technique
was limited in precision to~10[, due to the high signal to
noise ratio. The Q-meter used was inherently non-linear, and
asymmetric in 1ts response to signals with large positive
and negative polarisations. Thls could be accurately
corrected for, and did not cause any difficulty. Neither
of these effects affected the sultability of the method for
continuously monitoring the polarisation of the target,
by means of the large enhanced signal available when the
target was polarised; and in preliminary experiments, where
a proton beam was notused, the P.M.R. system gave
a falrly accurate measurement of the polarisation achieved.

Unfortunately the constructional restrictions on
the target cavity for the Cnn work restricted the P.M.R.
pickup coll to a single turn round the edge of the
crystal (FIG. 4). This arrangement gave a very non-uniform
coupling of the coll to the protons throughout the crystal,

and the P.M.R. signal could not give the correct average
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polarisation of the target. The edge of the crystal was
8lightly shielded from the proton beam, as the crystal
dimensions were 7x6.25x1mm, and a beam collimator 6.5x5.5mn
"8s placed Just upstream of the crystal. As the coil was
very much more sensitive to the peripheral region, the
damaging effect of the proton beam on the target polarisation
was not correctly followed. In one proton scattering run,
the initial polarisation of the target fell from 0.30 to
0.05 + 0.025 (measured by nuclear scattering); the
P.M.R. signal (normalised to the initial value of 0.30)
fell from 0.30 to 0.20.

This led to the abandonment of this method of monitoring
the target polarisation, and the level of the E.P.R. signal
was used instead, both for setting up the initial
polarisation of the target, and for continuous monitoring
and mailntenance of the polarisation at a maximum value
throughout the experiment. The signal monitored was the
reflected power from the cavity; when the cavity was on
resonance the absorption of microwave power was readily
detectable, and by sweeping the static magnetic field through
the resonance an E.P.R. spectrum could be obtained. FIG. 6
shows spectra obtained in this way. The vertical scale of the
dlagram is highly non-linear, and thus the relatively very
intense central Nifline,'correSponding to the sum of transitio
1-3, 2-4, (FIG.3) shows an absorption of power only slightly
greater than 1ts main satellites. The deep satellite lines
spaced + § H, on each side of the central line correspond to
mubtual ‘eiectron‘—proton spin-flips i.e. transitions 1-4, 2-3
~and the shallow lines spaced at + 2 ;_ H, on either side

of the central line correspond to transitions in which one
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electron has reversed its spin direction together with two
protons. On good traces the tr1p1§ Spin-flip transitions are
visible. Brogden and Butterworth have discussed these multipl
Spin-flip transitions, and their relative intensities, which
were the first observed on a polarised target apparatus.

The 1liquid helium cryostat was of conventional
vertical design. The radiation shield was a tube of 12
gauge sllvered copper, cooled by a continuous flow of liquid
nitrogen through a single turn of copper tubing soldered
to the top of the shield. This used about 50-75 Litres of
nitrogen a day, but saved space in the cryostat. The helium
capacity was 2 Litres, which fell to 1 Litre while pumping
down to 1.3°K. Under working conditions the target had to
be refilled with helium at intervals of about 15 hours.
The depth of the liquid helium was measured by using a simple
dipstick, consisting of a carbon resistor mounted on the
end of a stainless steel tube. The drop in resistance of
the resistor when reaching the liquid/gas interface was
easily identified over the temperature range 1.20-4.4°K.

2.4  Cooling difficulties

| The power input to the cavity when the target was
polarised was of the order of 20mW. Not all of this power
was dlssipated in the target crystal; some was lost in the
cavity walls. The problem remained that heat was produced
in the crystal which had to be transferred to the hellum bath.
This cannot be solved by simply allowing helium into the cavit
to surround the crystal, as detailed in 2.1. Close attention
to this problem is necessary, as the maximum attainable
polarisation in the crystal is reduced (see 2.2) by:
~ ( T of crystal unheated + T of crystal when heated).
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if the temperature of the crystal is allowed to rise
above about ~3.5 K,

Also,

the relaxation rates change rapidly, lead
to the loss of all polarisation.

The problem was approached in two stages: (1) the remo
of heat generated in the target crystal by the incident
proton beam and by the polarising microwave power (2) the
transfer of the heat in the copper cavity assembly to the
helium bath.

To solve problem (1), the thermal contact between the
crystal and the cavity walls was improved by using a thin
coating of Kel-F, a non-hydrogenous grease made by the Minnesc
Mini?g and Manufacturing Company. This has been successful at
Saci;;f)where a larger area of contact can bgﬁtsed. However
Kel-F did not prove good enough, and General Electric 7031
(a low temperature varnish) was used successfully. This varni:
was a hydrogenous material, and as the P.M.R. coil was
firmly constrained to the outer edge of the crystal, in
order to retain the high value of cavity Q(~ 5000) obtained
at helium temperatures, the P.M.R. signal was now swamped
by these new unpolarisable protons. G.E. 7031 exhibited
a microwave resonance on cooling down, and was also lossy
to microwaves at room temperatures until firmly set. This
took several hours, and these effects made the matchlng
of the cavity with the iris a difficult procedure.

Although the use of G.E. 7031 finally removed any
possibility of using P.M.R. to full advantage, other solid
state methods of measuring the polarisation of the target
exisé?ﬁhich are not affected by the presence of the G.E.
T031. Some of these were tried, but with only limited success

The heat transfer out of the copper depended on
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the thermal conductivity of the copper used, and the heat
transfer to the hellum from the copper. The conductivity
of copper at hellum temperatures 1s strongly dependent on
its purity and the amount of work hardening it has undergone.
The latter was increased by every cooling down/warming up
cycle.ﬁSpecpure' copper, supplied by Johnson Matthey Ltd.,
was used to obtain the highest possible values for thermal
and electrical conductivity in the copper. The cavity
assembly was designed to have a minimum path between the
liquid helium and the ca&ity walls where the mlcrowave
power was dissipated. The lower part of the cavity was made
hollow, and the two German silver connecting tubes (see FIGS.2,3)
were reconnected each time a crystal was installed. The low
melting point solder Cerroseal 35 (a 50:50 mixture of
indium and tin) was used with repeated success in avoiding
A\ -leaks*.
The final stage in the heat transfer was from the
copper assembly to the liquid helium. At low temperatures
there 1s a thermal resistance due to an acoustic mis-match
between the two materials. This is known as the Kapitza 2
reslstance, and has been investigated recently by Challigt
A simple test apparatus was made up to check the
magnitude of the Kapltza effect. The temperatures of the
helium bath and of a test sample of copper were measured

by carbon resistance thermometer, and ohmic heating was

* N-leak is the term used to describe the losses that occur

o
in liquid helium apparatus below the N-point (2.14 K); the
helium becomes superfluid, and will leak in significant amounts

from holes that are virtually undetectable by other means.
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applied to the copper. The data are shown in FIG. 10 and are
in fair agreement with Challiskugesults.

By comparison with Challls, it was determined that
a factor~ 10 reduction in the resistance could be achieved
by using well annealed and etchéd'épecpuré°copper, and by
increasing the contact area between copper and helium from
nfogscd' to M3cmz . This experiment was later repeated,
and the results are shown (in FIG.10) to agree with this
prediction. An order of magnitude for this effect is given
by considering that, under working conditions of ~20 mW
dissipation, the cavity assembly would be only 0.02°K above
the temperature of the helium bath.

2.5 Radliation damage effects

When the apparatus was used in a proton beam, and
the polarisation of the target measured at intervalsbhy
the nuclear scattering method described in 2.1, the
maximum avallable polarisation was found to decrease.
Approximately half of the initial (unirradiated) polarisation
was lost when v 10”.Mev had been deposited in the crystal
by the ionisation produced by «~ 10”— protons. Several two-
parameter fits to thls decay were tried, and an exponential
form adopted (FIG.9): the data was not good €hough to
Justify a three-parameter fit, and the exponential was
consistently better than a linear form. The damaged crystals
annealed out slowly when warmed to room temperature. One
erystal recovered to two-thirds the initial polarisation
(from about one quarter) in ten days.

This phenomenon complicated the Cnn data analysis
considerably, and as 1t was necessary to assume a definite

analytic form for the polarisation falloff with increasing
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irradiation dose, extra data on the effect was collected
by éxamining the behaviour'of the yarious solid state
parameters accessible to our apparatus, as a function of
cumulative irradiation.

The target used for this study was cut from a slngle
crystal of LMN doped with Ndné . The Nd:La ratio in this
crystal was found to be 0.1in.052.by means of X-ray
fluorescence. The crystal dimensions were Tmm X 6.25mm X 1mm,
and 1t was mounted in the cavity (as shown in FIG.2) to utilise
g, =2.70 for the Nd ions. Throughout this run the temperature
of the helium bath was held at 1.32°K, and the microwave
frequency at 35.2 GHz.

The E.P.R. spectrum was examined over the range
0-14KG at intervals in the irradiation, and the only changes
observed in the E.P.R. spectrum were (1) a gradual decrease
in the depths of the first forbidden satellites of the Nd
line at 9.3 KG [FIG.6(d)], and (2) the growth of a resonance
line at ~ 12 KG.

This resonance line had an approximately Gaussian
form, with a width between slope extrema of 20+3 gauss.

Fine structure due to NM' nuclel could be seen in good
resolution consistent with the observations of Bleaneyogi al

on L.M.N. contalning radioactive 1sotopes. To within
experimental error, the width did not increase with radiation
dose, nor did it vary with temperature in the range of 1.3224.2R.
This resonance was due to paramagnetic damage centres

associated with the observed falloff of polarisation.

The relaxatlon of the proton polarisation was measured
by observling the level of the pumplng satelllte of the NdH

resonance at intervals of about a minute from switching off
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the microwave pumping power. This method gave results that
agreed to better than 10% with the direct observation of the
proton relaxation by the P.M.R. output. For all these
observations the proton relaxation rate could be characterised
by a single exponential rate Rp. Within experimental error,
Rp increases linearly with radiation dose. FIG.11 shows
these data, and also the variation in the damage centre signal
intensity, as a function of radiation dose. The proton energy
was 146 Mev, and the thickness of the crystal 1mm, thus the
ionisation loss by one proton passing through the crystal was
1 Mle The average number of damage centres produced per
proton was obtalned by using a reference signal produced by
introducing 400 J-gn of diphenyl-picryl-hydrazyl (DPPH) into
the cavity. The value obtained from the comparison of the
reference sighal and the damage centre signal was (1.0019.35)106
damage centres per proton, thus the average energy needed to
produce one damage centre was 1.0+0.4 ev. The g-value of the
damage centre resonance was determined to be 2.002+.002,by
reference to the g-value of the D.P.P.ﬁfQ%his is sufficiently
close to the value of 2.005+.002 found by Bleanégigt al to
support a common identity. Bleaney et al attribute their line
to neutral NO, ions. Whatever the identity of the centres
responsible for the line, there seems little doubt that they
are responsible for the observed decay of the polarisation.

This value of lev/damage centre is rather low, and
could cause absorption in the optical and near-optical reglons.
This was investigated, and the following results obtained:

(1) indications of an absorption edge atv 5ev in the

ultraviolet |

(2) a general increase in the absorption at the upper end of
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the optical band, with no discernible structure.

The deductions from the E.P.R. data are given in ref.95,
and will notbe repeated in detail here. The decay of the
polarisation can be described by two components. The first
1s due to the increase in Rp, and the second 1s due to the
weak magnetic field of the centres themselves. Liefson and
Jeffriegigive shown that, under rather general conditions,
the maximum polarisation attainable is given by:

5/2
(19) P 144 Rp
where § is the Boltzman factor in FIG.3 relating the
populations of the Zeeman levels of the Nd lons at thermal
equilibrium, and A is constant for a glven crystal. In FIG.12.
the dotted line shows thls form fitted to the polarisation
data, using the measured (FIG.10) and calculated values of § ,Rp.
The fitted curve does.not represent the data very well, and
the disagreement cannot be reduced by varying A.

The second component in the reduction of polarisati;n is
the shift in proton resonance frequency due to the dipolar
flelds of the damage centres. These flelds could reduce the
polarisation by inhibiting the transfer of polarisation from
the Nd ions to the protons. A simple model may be used to
calculate this effect. If we assume that each damage centre
completely occludes all the protons wlthin a sphere of radius
r, and N 1s the average density of damage centres in the
crystal, then (19) becomes:

P ~» S(1 -4y N/3)
(20) 2(1 + ARp )

The values of N, Rp are given in FIG.10, and the
constants §, A can be varied to fit the data. The bold line
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in FIG.11 is the result of such a fit, where § = 16 A,
corresponding to~ 70O protons being occluded by each centre.
This fit is much better than that given by (19) and is good
enough to indicate that the decay in P may be attributed
entirely to the combined effects of relaxation and occlusion.
The effects of overlapping spheres of occluslon are
considered in ref. 97, and the conclusion drawn that such
effects were detectable in the data.

As we have seen that both N and Rp can be represented
by linear forms, we may write: N=x , Rp = btcx where x 1is
the cumulative number of ~ 146 Mev protons. (20) then becomes:

P ~ g(‘l--ll"rrrz ax/3 )
(1) 2(1 + Ab + Acx)

which may be represented by P=Aexp(Bx), accurate to second
order.

These investigations may also be used to compare
various theories put forward by De Genneg?)Schmugégvand
Jeffries, and Khutsishvi{z to describe the process by which
the polarising energy 1s diffused through the lattice. All
the models predict a constant value for Rp/N, and the

measured and calculated values are compared:

Theoretical and measured values of Rp/N in sec* cuﬁ

Measured 0.83 X% 10—n
[+ -

Khutsishvili's model with d=16 A 1.2 x 10

Schmugge and Jeffries' model 50 x 10

De Gennes' model 330 x 107
w

It 1s relevant to note that Ramakrishna and Robinson also
found Khutsishvili's model to offer the best explanation of a

transient effect observed in the relaxation of protons in LMN
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3
by Nd ions.
There is very little information avallable on ,

LS
radiation damage effects in ILMN targets: the Saclay group
find that a similar amount of ionisation energy deposited in
the crystal 1s needed to reduce the polarisation of a crystal
to half its initial value.

) 3
Laboratory Energy Protons/ cm for 50% falloff Mev/cm

2
Harwell 143 Mev 2.8 x 10" 2.8 x 10
‘2'3)'“) 3
Saclay 26 Mev 1.25 x 10" 3.8 x 10

Both these figures are subject to variations of ~30% , due

to the variability in the falloff of polarisation for different
crystals, and indeed a comparison of the fluxes of particles
required to reduce the polarisation by half shows almost as
good agreement.

Hardy and Shapirggat Saclay have examined the behaviour
of Rp when a crystal of LMN was irradiated with electrons
from Strontium-90 and Yttrium-90 sources. They observed an
increase in relaxation rate with increasing lrradiation, and
also observed the annea;ing effect mentioned earlier.

The results reported here shed considerable light on
the radlation damage problem encountered in ILMN targets used
with medium energy charged particle beams at Harwell and Saclay.
2.6 Conclusion

The data gathered here will be useful to those planning
low energy polarised target experiments, and may help them
to minimise the effects of target damage in this work. The data
hagalso proved to be of interest to solid state physicists,
as it provides tests of the various theorles concerning dilute
paramagnetic centres in solids, and spin diffusion. For the

proton-proton work described in the next chapter, the E.P.R.
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data lend support to the assumption of a smooth non-linear

decay curve for the polarisation as a function of the incident

proton flux.

III Spin correlation measurements: 73-143 Mev

3.1  Apparatus

The technique adopted for these measurements of the

spin-correlation parameter Cnn requires an incildent polarised
proton beam, and a polarised proton target. The polarised
proton target used in this work has been fully described in
the previous chapter, and cnly the further details of colli-
mation, counting arrangements, and monitoring will be
considered here.

Both the polarised and the unpolarised proton beams
of the Harwell 280 em synchrocyclotron* were used. These
beams are extracted by scattering from internal targets of
aluminium and tungsten respectively, and pass through a
magnetic channel. Although the two beams have slightly
different energies, giving ~143 and ~146 Mev at the centre of
the polarised target crystal, the extraction system 1s so
engineered that the two beams have closely similar paths.
The detalls of the beam handling system and the general
arrangement of the experimental apparatus 1s shown in FIG.13.

A circular collimator, 2.54 cm in diameter, was placed
at the beam exit from the cyclotron vacuum tank. The beam then

passed through a 3m solenoid. A current of up to + 1600 Amps

#In future this accelerator will be referred to as the cyclotror
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could be used in this solenold to precess the spin direction
of the protons in the polarised beam. This spin precession is
described in detail in Appendix 8.9.

The polarlsation vector of the beam extracted from
the cyclotron lay in the vertical plane, so 1t was necessary
to use the solenold to precess thls polarisation into the
horizontal plane. This was required, as the polarlsed target
was designed to glve polarisation in the horizontal plane.
The requirements of this Cnn experiment are (1) that the
polarisation of both target and incident beam be coplanar,
and (2) the scattering cross-section be then measured in the
plane which 1s normal to the polarisation vectors of beam and
target.

In FIG. 15 the left-to-right asymmetry measured by
scattering the beam from a thick carbon target 1s shown as a
function of solenoid current. The two analysing telescopes
were in the horizontal plane, and thus the asymmetry measured
was due only to the vertical component of the beam polaris-
ation, as it was precessed around the beam axis. As the
asymmetry passed accurately through zero at + 750A, these
two current settings gave the beams required for the Cnn
measurement.

A palr of quadrupole magnets was used to focus the
beam, and a palr of steering magnets used to alter the beam
direction. A pair of differential 1onisatiog6£hambers was
used to fix the beam lines through a known point Just upstream
of the target assembly, and to maintain the beam spot
accurately in thils poéition.

A defining collimator, 0.65 x 0.55 cm, was fixed to the
target assembly. This was slightly smaller than the target
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crystal of LMN, which was 0.70 X 0.625 x 0.10 cm. The focussing
of the beam was determined with the aid of a two dimensional
sonlc spark chamber sy;é:é, which was used to build up a
visual record of the shape of the beam spot in a storage
oscilloscope. This apparatus simplified the focussing procedure
considerably, and it was found possible to get at least 60'%
of the beam through the defining collimator.

As the solenold had a slight focussing effect on the
beam, it was necessary to align the solenoid accurately along
the beam axis. This was in order to avoid beam shifts when the
direction of polarisation of the incident beam was reversed
by altering the current flowing in the solenoid.

The material of the target assembly through which the
beam passed was one thickness of 0.05 mm Beryllium copper,
and two thicknesses of 0.05 mm c0pper. The exit vacuum window
was of 0.12 mm DuPont Mylar .

The beam monitor was composed of two counters set at
+ 440 to the beam in the horizontal plane through the beam.
These counters detected the scattered and recoll protons
from 90o ¢ of m p-p scattering events in a 0.6 cm sheet
of polyethylene (CH2) in the beam. The energy resolution was
improved by placing 2.08 gm of aluminium absorber in front of
each counter. This monitor was independent of the
polarisation of the beam, being in the plane of polarisation,
and insensitive to the beam spot shape or its position.

Double and random colncldences were recorded simultaneously.

The beam then passed into a thick NE102A scintillation
counter, which was used to asslist in the setting up of the

wg)
long duty cycle facility of the cyclotron.
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FIG.




(53)

TABLE 1

Dimensions and radial positions for the Cnn counter array.

Angle Height Width Radius
Front Counters

30 up 1.47 em 2.05 ' 21.5

45 up 1.52 2.87 21.0

60 up 1.70 3.52 21.5

The above counters define a + 2° laboratory acceptance angle

in the vertical plane.

30 down 2.08 2.64 21.4
45 down 2.02 3.73 21.2
60 down 1.75 4.57 21.4

Back Counters

30 up 4.55 5.28 41.3
45 up 4.63 7.03 1.3
30 down 5.00 ' 6.10 41.3

45 down 2.75 4.85 ‘ 26.3
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As the static field of the magnet has a maximum
value of 9.3 Kgauss, the paths of the protons are significantly
curved. The plane of the monitor counter is inclined to take
this into account. The computations to decide the position
and size of the data-collecting counters are more complicated.

The paths of protons were computed in a step-by-step
calculation, using the measured variation of the fringe
magnetic fleld. This 1s consldered in more detall in
Appendix 8.1. The counting telescopes are set out to detect
the scattered and recoil protons from events in the ILMN for
angles of 90 and i‘61.8° centre of mass. The layout of the
counters is shown in diagram form as FIG.14, and in a
photograph as FIG.16. The defining counter sizes were
computed for a n° (1ab) acceptance angle in the vertical
plane, and for 5.7o in the horlzontal plane. The positions,
sizes, and setting angles are tabulated in (TABLE 1, TABLE 2).

As canbe seen from the figure of Appendix 8.1, it is
necessary to shield the counters from the magnetic field.
This was AOne by using perspex light guldes to bring the
light to the photomultiplier tubes. The tubes were double
shielded by steel, and singly by mu-metal: the counter
assemblies were mounted on rails fixed to the magnet yoke
(FIG. 16).

Copper absorbers were placed as shown in FIG. 14 to
reduce the coincldence counting rates from inelastic scattering
events from the nuclel of the target. This was most important,
as only 3i'by weight of the LMN crystal was hydrogen. As a
percentage of the hydrogen counting rates, the background
was reduced from 30? to 2 Yby these means. The calculated

angular positions for the counters were checked experimentally
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FIG. 17
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by moving the upper counters and plotting the correlation
curves given by the coincidence count rates in the various
telescopes. The final values for the absorbers were 1 egm
below the knee of each curve. For the 143 Mev work, 9.55
gn/ecm” Cu were used in the 30 up and down front counters,
and 3.50 in both 45° counters.

The unpolarised beam (~ 2 X 10" p.-p-s. at 147 Mev)
required the use of a long duty g?cle ~ 207¢, to avoid
counting rate effects in the photomultipliers and the
counting electronics. The random coincidence rates were then
negligible. The unpolarised beam Gv10?b.p.s. at 144 Mev and
polarisation .472 + 0.0045#) was of too low an intensity to
allow the use of°Cee: as this reduces the intensity avallable
by at least a half. For the same reason, counting rate effects
were negligible, and random coincidences only ~1% of the
hydrogen rates. The coincidence counting rates in the three
telescopes were all about 5 c.p.s. for the unpolarised beam,
and about 1 cps for the polarised beam.

The counting electronics were very simple (as shown in
FIG. 17). The photomultiplier outputs were taken directly
to 10 MHz discriminators, the outputs of which were fed to
the triple (30°U, 30°D) and quadruple (45° ) coincidence
circuits. Each coincidence circult fed both a 10 MHz and a
1 MHz scalar, to enable deadtime corrections to be made if
necessary (< 0.02%).

3.2 Experimental work at 143 Mev.

The effects of radiation damage on the polarisation of
the first L.M.N. crystal used meant that the desired precision-
(+ .05) on Cnn (900)—could not be attained by using only one

target crystal. The data taking was thus arranged to take
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full advantage of the high (+35%) initial polarisations
obtainable from the LMN crystals.

Rewriting equation (9) of 1.3 in a fuller form
including ¢ explicitly:

(23) I=7I,01+ (P +P )Pcos¢+ P,P,Cmn cos ¢]
where ¢ = 0, for + or - directions of polarisation of the
incident proton beam.

By considering equation (23), we see that information
on the target polarlsation can be obtained from an unpolarised
beam 1lncident on a polarised target, and also from a polarised
beam Inclident on a polarised target. In the second case 1t is
necessary to sum the counts recorded for lncldent beams
polarised in both + and - directions.

The possible measurements from which a Cnn determin-
ation can be derived are:

(a) Target unpolarised, Beam unpolarised. P;= 0: P;= O:
useful datum: Target polarisation.

(b) Target polarised, Beam unpolarised. P = 0: P = -:
useful datum: Target polarisation.

(¢c) Target polarised, Beam polarised. P = +: Pr= -:
useful datum: Cnn and target-Pr- data.

(d) Target unpolarised, Beam polarised. Py= +: P = O:
useful datum: p-p polarisation data.

(e) Dummy target (no H.), Beam unpolarised. P;= +: P, = N/A:
useful datum: unpolarised background;

(f) Dummy target (no H,), Beam polarised. P, = O: B, = N/A:
useful datum: polarised background.
Not all of these are required if the target polarlsation
i1s estimated from the sum of P;= + and P, = - runs of type

(e); in FIG.9 the points plotted as solid discs have been
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calculated in this way, and the data used to calculate these
points also contains information on Cnn (61.80) at 143.2 Mev.
The points derived in this way are of poor precislon, as can
be seen in FIG.9. The unpolarised beam is ~ X10 more intense
than the polarised beam and the open circle points obtained
using the unpolarised beam take only about 1/2 hour to get;
as compared with~5 hours for the solid circle points.

This time factor 1s important, as the target had to
be refilled with helium every 15 hours, and then pumped down
to 1.3aK once more. This procedure took at least two hours,
during which only unpolarised target information could be
obtained. The polarisation and depolarisation of the target
was also time consuming. In FIG.18 the build up and decay
of polarlisation, as monitored by P.M.R., are shown for a
good crystal (Ty~ 500 seconds for polarisation decay). These
data were obtained using an early version of the target,
with a P.M.R. coll effectively coupled to the target proton
spins. Elther polarising or depolarising the target took
about 20 minutes to carry out. Depolarisation could be carried
out more rapidly by altering the statlic magnetlic field to
shift the pumping frequency to the anti-polarity line, and
changing the static fleld once more when ~ zero polarisation
had been reached. However it 1s still necessary to wailt several
minutes before assuming that the target has reached an unpolar-
ised state, as the polarisation fluctuates about zero before
settling down to the thermal equilibrium Jggue. Also, in
practice, 1t was difficult to ensure that the statlic magnetic
field was altered at the instant Pg passed through zero.

In view of these time restrictions, and the requirement

to measure PrPpCnn(0) at the highest possible value of Py
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(target polarisation), the scheme illustrated in FIG.9 was
- most commonly used. A total of eight crystals was used,
and the procedures adopted for each were changed slightly,
as more understanding of the target and crystal behaviour
was galned. The beam polarisation could be changed rapldly
from + to -, (by altering the current in the spin precession
solenocid: see FIG.15) and the change from unpolarised to
polarised beam (or vice versa) took~5 minutes. The split
ionisation chambers were found to hold the beams accurately
in position; the reproducibility was thoroughly explored
during the experlment, and found to be completely satisfactory.
It was thus found possible to leave data collection of types
(a),(d) (target unpolarised) to the end of the useful life
of polarisation of each crystal. The end of a crystal% life
was taken to be when the maximum polarisation attainable
fell below~ 0.10.

The counter telescopes had to be removed in order to
change the LMN crystal, and this 1s one of the reasons
that the data collected for each crystal were considered as
a separate set, with different normalising factors contained
1n‘I; of equation 23.

The experimental data taking at 140 Mev extended
over seven months, and the later work at lower energles,
including the detailed radiation damage study, were spread
over a further three months.

3.3 Experimental procedure at lower energiles

The value of Cnn (90°c of m) near 140 Mev was found
to be close to unity,but the predictions of the Hamada-
Johnston potential suggested that Cnn (900) would fall off

rapidly in value with decreasing energy to become negative
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near 50 Mev. In order to examine this falloff a comparison
procedure was necessary, as, for energies below~ 110 Mev,
the recoil protons at 61.8o ¢ of m could not escape from
the crystal. This meant that only the product P,P, Cnn (90°)
could be measured, where Py is incident beam polarisation,
and Pr is target polarisation. At 90 “c of m P is zero in
equation (23), due to the anti-symmetry of polarisation
produced igﬂp-p sca%?ering. This point 1s lllustrated by
data at 98 and 141 Mev later in this thesis. Thus equation
(23) becomes: ‘ '
(24) I=I,[1+ () Cnn (90°)]

rewriting to show the energy dependence explicitly:

(25) I(E) = Io(E) [1 + Py Py Cnn (90°,E)]
thus we can calculate the asymmetry €& (E,Pr) from data taken
with the polarised beam at an energy E and with a mean target
polarisation of Ps .

(26) ¢ (E,P+) = Pz Py Cnn (90°, E)

Under continued irradiation, only Pr will vary, Cnn
(90° ,E) and P, remaining fixed. If we take alternate measure-
ments at energles E and 143.2 Mev, two curves will be traced
out, both with the same shape, the asymmetries on one curve
belng in a constant ratio to those on the other. Twovsets
of data collected in this manner for E = 73.5 and 98.3 Mev
are shown in FIGS. 20,21.

In addition to the removal of the two 30  (Lab) tele-
scopes, several other changes are required in the 45 ‘ tele-
scopes for the lower energy d;ta points. The slower protons
are still incident at about 2.1° » as their energy is ~~ 140
Mev almost to the target, since the CHp degrader usgd is

placed as close to the target collimator as possible. The
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beam actually rises a small amount (~ 0.1 mn), which was
corrected for by raising the collimator on the target slightly
each time a measurement was made at a low energy.

The lower energy of the scattered particles required
the angular settings and copper absorbers to be altered each
time the energy was changed. The monitor counter was raised
to a compromise between the planes of the 143 Mev beam and
the lower energybeam, and the absorber changed for each
change of energy.

The angular settings used are listed in TABLE 2, and
further details follow:

Energy of Degrader (CH.) Cu Absorber Al Absorber

measurement in Arms in monitor
98.3 Mev 9.29 gm/cm**2 1.67 gn/cm*#2  1.09 gm/cm#*#2
73.5 Mev 6.47 gm/cm**2 0. gn/cm**2 0.  gm/cm¥*2

One crystal was used for each of the two lower energles,

and data taking was stopped when the polarisation of the target
had dropped by about a half.

The counting rates in the telescopes were~ 1.9 cps
at 98 Mev and ~ 1.3 cps at T4 Mev. Both the background
coincidence rates and the random coincidence rates were~ 2%
of the total counting rates at both energies. At these rates
about an hour was spent counting for one data point at each
energy.
3.4 Background measurement

Initial attempts to measure the background coincidence
counting rate by using targets of cadon , Lanthanum Mag-
nesium Oxide in a canj and nothing in the canj were not
successful. Any slight water contamination was found to be

detectable, and it was not possible to dry out the target
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satisfactorily.

The same difficulties had been encountered with the
large polarised target used at the Rutherford Laboratory,
and had been resolv?gbby the production of a dummy (hydrogen-
free) target material. This material consisted of 66 7 PTFE*
loaded with 26.2 % Ba Co; and 7.8 %MgO, sintered at~ 400 C
to form an easlly machined water-free solid. It was not
particularly important to reproduce the actual elements in
LMN as it was reasonable to consider that neighbouring nuclei
would have very similar (p,2p) inelastic cross-sections.

Such events were the only ones that could give rise to back-
ground coincldences, and as the experimental ratio of back-
ground: hydrogen counts was small, thls material was used to
measure the background. The background counting rate when
the target cavity was empty was effectively zero (a B.G:Hj
counting ratio of < 0.01%).

The density of the dummy target material was 2.45
gn/cm*#*3 to be compared with 2.08 gm/cm*#3 for the LMN target
crystals. A dummy target of the same shape and size as the
IMN target crystals was used, and the measured background
scaled down by 2.08/2.45. This was justifiable as the great
majority of the background scattering events occurred in the
dummy target. A precise determination of the background rates
was not possible, as the LMN target crystals were only deter-
mined to be 1.0+0.1 mm. thick. This uncertainty was not serious

as the ratio of background: hydrogen count was ~el .

#Polytetrafluoroethylene
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Using the unpolarifed beam, together with the long
duty cycle facility (the|gZe), the B.G:H; ratio was close to
0.02 for each telescope. Using the polarised beam and using
the normal duty cycle, as in the actual experimental data-
taking, this ratio was also 0.02, but an asymmetry of -0.05
+0.04 was measured at 143 Mev. The measured counts were used
to correct the 143 Mev data for background although one would
expect this asymmetry to be zero, as indeed it was for the
lower energy measurements. About threequarters of the back-
ground counts recorded using the polarlsed beam were random
coincidences. This could have been reduced by using the long
duty cycle be;:? but only by deviating from the experimental
conditions under which the LMN data was collected.

3.5 Enargy of the measurements

Recently certaln discrepancies have been found between
theory and experiment in the range-energy relations commonly
used to define the energy at which a scattering experiment
has been made. These differences arewn 1 Mev, and have thus
been of small importance in comparison with the precision of
p~p data and the energy width of the beams used for pP-p
measurements. As pointed out by Rosétgt Williamsberg, such
effects are now becoming detectable. For these reasons the
material and precise range tables used wlll be quoted here.
FIG.35 shows the magnitude of the effect near 100 Mev in
aluminium, as reported by Portner and Moor:*%or measurements
made on the MacGill synchrocyclotron.[ﬂxé) in the figure refer
to Ref.(127)(128)].

The full energy measurement was made by taking range

curves in copper, and using the corrected Sternheimer range

tables as quoted in Ref. (105). The value obtained was
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142.2 + 0.3 Mev for the polarised beam, and 146.3 + 0.3 Mev
for the unpolarised beam.

At the lower energles, two methods were used to deduce
the energy at the target centre. (1) The full energy range
in copper was corrected to the incident proton energy after
passing through the CH; degraders, the range tables of (105)
being used for this purpose. Th;s gave:

98.4 + 0.3 Mev and 73.2 + 0.3 Mev.
(2) A separate telescope was then used to take range curves
in copper for the degraded and undegraded beams and the tables
of (105) used to give:

98.2 + 0.3 Mev and 73.7 + 0.3 Mev.

As these estimates merely check the consistency of
the range tables, the values adopted for the energles at the
target centre given by the pclarised beam after passing
through the CH; degraders are 73.5 + 0.3 Mev 98.3 + 0.3 Mev;
and 143.2 + 0.3 Mev, for the full energy polarised beam. All

these are referred to the copper range tables of (105).

IV  Analysis of Cnn data

4.1 Parametrisation
The parameters used for these analyses are tabulated
in TABLE 3. The functional forms involving P1, P2, P3 and Cnn (0)
are those given by equation (23) for the various combinations
of target and beam polarisation listed on the left hand side
of each equation. P1, P2, P3, P3*¥ are the polarisations of
beam and target, and in p-p scattering at 61.8° ¢ of m at
143.2 and 146.3 Mev respectively. S is a parameter to allow
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for a possible variation in monitoring efficiency dependent
on the direction (+ or ~) of the incident beam polarisation.
M and N are normalising factors including absorber corrections,
solid angle factors, detectlion efficiencles of the telescope
arms etc. Two different normalisations (M,N) are used as there
is a 3.1 Mev difference in energy between the two beams used,
and the slightly differing absorber corrections, beam focus,
beam spot shape, and scattered proton trajectories make it
unreasonable to expect agreement between N,M for the two beams
to the high precision (<O.31,) given by the counting statistilces.
The second normalising factor Ti applies to data collected
using elther beam, and 1s expected to be close to unity.
This factor is to allow for slightly differing normalisations
to the monitor for the three different telescopes. This might
be considered necessary as the occasional movement of the
counter telescopes during a run on one crystal could lead to
errors of 0.2o in the resetting of the counter angles. The
suffix j of TJ refers to the crystal in use, and the other
suffix (shown in Table 3) may be used to refer to each tele-
scope separately instead of consldering T to remaln the same
for all telescopes throughout the data taking for a given
crystal. This additlional suffix is of doubtful merit (see
later), however varlations in T between crystals are expected
to occur as the entire counting array must be removed in order
to replace the target crystal, and must then be replaced and
reset. Also the thickness of the target crystals variles, the
nominal thickness being 1.0 + 0.1 mm.

A slight improvement may be made to Table 3 by writing
(27) ©  Cnn (61.8°) = R.Cnn (90°)
as the ratio (R) 1s well-determined independent of the behaviour
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of the target polarisation with time.
4.2 Preliminary Analysis at 143 Mev

If the normalising parameters N,M,T are not used, it
is still possible to compute values for Cnn. As data is
collected for both signs of incldent beam polarisation, the
techniques of Appendix 3 may be used to obtain values for
P2.P3* (from unpclarised beam data), and P1.P3, and P2.P3
(from polarised beam data, by the addition of the first and
third equations of Table 3) that are independent of N,M,T and
S. Similarly values of the asymmetries P1.P2.Cnn(90 ) and
P1.P2.Cnn(61.8§) may be obtained. If we take the energy vari-
ation of P3(61.8° ¢ of m) from the literature - see FIG.19 -
a value of P1.dP3/dE of o.85%/degree[i"; obtained, and thus
a series of points following the decay of the target polaris-
ation may be found. FIG.9 was obtained in this way. As the
protons of 143.2 and 146.3 Mev both lose very close to 1 Mev
to ionlsation in the target, 1t 1s immaterial whether the
x-coordinate 1s the cumulative lonisation produced in the
crystal, or the cumulative proton flux through the cryspal.

A smooth curve may now be fitted to these data. As
discussed earller, a three-parameter fit could not be Justi-
fied by the data, and there was little to choose between a
linear and an exponential it hw'Xftests. As discussed in
Chapter II, there are other reasons for using an exponential
or other non-linear curve; however both linear and exponential
fits were tried. The value of the target polarisation at the
x-coordinate corresponding to each P1.P2.Cnn(#) datum could
then be obtained, together with errors that Included the
effects of correlations between the parameters defining the

polarisation decay curve. As P1 for the beam used in this
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59 .
experiment was known to be 47.2 + 0.4%, values for Cnn(90 )
and Cnn(61.80) could be derived. The ratio of the two asym-
metries P1.P2.Cnn(90°) and P1.P2.Cnn (61.80) measured simul-
taneously was evildently independent of the actual value, or
indeed the behaviour, of the target polarisation.

Values for Cnn(90°) and R were obtalned for the first
five crystals. As would be expected, the values of R (see
equation 27) agreed well, but the absolute values - i.e. Cnn
(90°) - were in poor agreement. The error of the final result
was scaled up to allow for the poor 7(L/point before the
presentation of these early data, and preliminary analysis
at Karlsruhef#

T
Parameter Form of Value Error X Degrees of Error renormal-

decay Freedom 1sed for poorX.
Cnn(90 ) Exponential 0.89 + 0.02 39.8 12 0.04
Linear 0.88 + 0.02 34.3 12 0.03
R Exponential 0.85 + 0.04 12.5 12
Linear 0.85 + 0.04 10.4 12

It was evident that R was reasonably well determined
by this procedure, but that for the absolute value of Cnn(90%)
further data and closer examination of existing data was
reguired.

It was possible that the target polarisation, as seen
by the two beams, might not have been the same. This would
not be so if either the intensity distribution of the two
beams was the same over the irradiatlion position of the
crystal, or the polarisatlion of the target crystal was uni-
form over the same area.

Both these requirements are fairly well satisfied,
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throughout the analysis, and identical data reduction and
declslion procedures applied to both.~The good agreement
between the results obtained using the two forms was further
evidence that the Cnn values finally quoted are not materially
dependent on the decay law assumed.

At thils stage 1t should be noted that the decay laws
applied to the maximum obtainable polarisation of the target,
and drifts in the klystron frequency and the static magnetic
field could cause fluctuations in the actual behaviour of the
polarisation with time. For this reason as far as possible
a continual watch was maintalned over the E.P.R. output (on
a chart recorder), so that an operator could re-attain the
maximum avallable polarisation as quickly as possible.
Fluctuatlions of this kind were the probable cause of the high
( 1.4/d.fr.) X per point finally obtained in the analysis,
and also for the necessity to reject a certain number of
data points in the course of the analysis.

An initial appﬁsfch used a functional minimisation
routine (due to Powellq) that did not require functional
derivatives, and used a variable step-length approach to
ensure a good convergence rate to the minimum from a poor
initial approximation.

The function to be minimised was the sum of the X
contributions from every data point. A typical such contri-
bution is shown below for the case of a datum collected by
the 30D telescope when both beam and target were polarilsed,
and an exponential form P2 (x) = Aj.Exp(- x.BJ) was in use,
[where x 1s the cumulative monitor count coordinate corres-
ponding to the cumulative proton flux that had passed through
the target up to the midpoint of the count required to collect



(71)

59 .
experiment was known to be 47.2 + 0.4%, values for Cnn(90 )
and Cnn(61.80) could be derived. The ratio of the two asym-
metries P1.P2.Cnn(90°) and P1.P2.Cnn (61.80) measured simul-
taneously was evidently independent of the actual value, or
indeed the behaviour, of the target polarisation.

Values for Cnn(90°) and R were obtained for the first
five crystals. As would be expected, the values of R (see
equation 27) agreed well, but the absolute values - i.e. Cnn
(90°) - were in poor agreement. The error of the final result
was scaled up to allow for the poor 7(L/point before the
presentation of these early data, and preliminary analysis
at Karlsruhe?g

1
Parameter Form of Value Error j& Degrees of Error renormal-

decay Freedom ised for<poorXf
Cnn(90 ) Exponential 0.89 + 0.02 39.8 12 0.04
Linear 0.88 + 0.02 34.3 12 0.03
R Exponential 0.85 + 0.04 12,5 12
Linear 0.85 + 0.04 10.4 12

It was evident that R was reasonably well determined
by this procedure, but that for the absolute value of Cnn(90°)
further data and closer examination of existing data was
required.

It was possible that the target polarisation, as seen
by the two beams, might not have been the same. This would
not be so if either the intensity distribution of the two
beams was the same over the irradiation position of the
crystal, or the polarisation of the target crystal was uni-
form over the same area.

Both these requirements are falrly well satisfied,



(73)
throughout the analysis, and identical data reduction and
declision procedures applied to both.>The good agreement
between the results obtained using the two forms was further
evidence that the Cnn values finally quoted are not materially
dependent on the decay law assumed.

At this stage 1t should be noted that the decay laws
applied to the maximum obtainable polarisation of the target,
and drifts in the klystron frequency and the static magnetic
fleld could cause fluctuations in the actual behaviour of the
polarisation with time. For thils reason as far as possible
a continual watch was maintained over the E.P.R. output (on
a chart recorder), so that an operator could re-attain the
maximum available polarisation as quickly as possible.
Fluctuations of this kind were the probable cause of the high
( 1.4/d.fr.) xX per point finally obtained in the analysis,
and also for the necessity to reject a certain number of
data points in the course of the analysis.

An initial appgsfch used a functional minimisation
routine (due to Powell‘) that did not require functional
derivatives, and used a variable step-length approach to
ensure a good convergence rate to the minimum from a poor
initial approximation.

The function to be minimised was the sum of the X
contributions from every data point. A typical such contri-
bution 1s shown below for the case of a datum collected by
the 30D telescope when both beam and target were polarised,
and an exponential form P2 (x) = AJ.Exp(~- x.BJ) was 1in use,
[where x 1s the cumulative monitor count coordinate corres-
ponding to the cumulative proton flux that had passed through
the target up to the midpoint of the count required to collect
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the datum] (28)

A =[C(30D:P1+,P2-)-N1.T1 (1+S)(1+P1.P3-P2.P3-P1.P2.R.Cnn(90)]

k3

[ ¢ (C[30D:P1+,P2-]) ]**2
where the denominator gives the square of the statistical
uncertainty relevant to the counting rate C[30D:P1+,P2-]
including contributions from the background subtraction, and
corrections for random coincidences in both the monitor and
the telescopes.

The initial minimisation procedure was used to show
that eight of the data were not part of the consistent data
set, as the )@’contributions for each of these points was
>100 for all the possible variations in parametrisation
described, and for all starting points tried for the mini-
misation. These 8 points were then removed from the complete
data set of 284 points.

A much faster and more convenient routine was now used.
This also was due to M.Poweli?>and was Speclalised to the
minimisation of sums of squares. The major feature of this
technique was the good approximation to the error matrix bullt
up as a function of the minimisatlon search procedure.

The parametrisation was initlally used in the form

(1) cnn(9C ) and Cnn(61.8°) as separate variables
(2) Tij without the suffix i, so that only one common
overall normalisation of the monitor was allowed for the
three telescopes for a glven crystal.
The form TJ was used as this restricted the freedom of the
fit as much as possible consistent with known effects. The
form TiJ was used later to restrict the freedom of the fit
as little as possible consistent with known effects.
The parametrisation Tj required 31 variables: Cnn(90°),
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cnn(61.8°), S, P3, (Ni, Mi; 1=1,2,3) and (T4, AL, Bi, ; 1=1
to 7) where Ai, Bi are the parameters defining the exponential
or linear forms for P2(x).
(I) Initial Fit : X for all points <30

Thls 1s the result of the fit to the initial data set
of (284-8) points:
Fit Con(90) Cnn(61.8)  Quwa S X/D.Fr. P3
Exp. 1.0330.04 0.85#0.03 0.78 0.0008 668/245 0.164+0,002
Lin. 1.0140.04 0.85+0.03  0.74 0.0008 688/245 0.164+0.002

S is + 0.0010 in both cases.

Three stages of data reduction were now carried out,
identical sets of data being used for both the linear and the
exponential fits This gave as a result a set of data for
which X'<9 for all data points under both hypotheses. All
points in the initial data set had been tested to ensure that
their rejection was still justified when the ‘final’ values
of the parameters were used to calculate thelr
contributions.

(II) Reduced Set : 7€‘for all points <9

Fit  Cnn(90) cnn(61.8)  Lpw S ?fZD.Fr. B3

Exp. 1.0040.04 0.83#0.03  0.77 -0.0000 355/225 0.166£0.002

Lin. 0.9940.0k 0.8240.03  0.77 +0.0002 370/225 0.16640.002
S is + 0.0010 in both cases.

As previously mentioned, the value of the incident
beam polarisation had been held constant at the value of
0.472 . A check was now made on the effect of this restriction
by repeating the fit using a value of P1 = 0.468 (= 0.472

X/
- quoted error of 0.004) and the same data set.



(76)
TABLE 4

4
Error Matrices from Cnn analysis

Exponential decay law; Analysis (A) using Cnn(90°) and R.
Cnn(90°) cnn(61.8°)/Cnn (90°) P3

&= 1.43.16" on i 6 ==2.62.10° 7 (.06 = 1.80.107"

6'= 4.46.10"  (u0.0=2.91.10°%

Gy=.3.59.10"

[N

Thus: .
¢ [cnn(90° )1= 6, = 0.038 (2=-0.33 cnn(90°) = 0.99554+0.038%
¢ (Ratio) = Gv= 0.021 ¢,= 0.73 Ratio = 0,8279+0.021
6(P-P-poln.)= G = 0.0019 g, = 0.25 P3(61.8°) = 0.165610.0019**

Exponential decay lawj; Analysis (B) using Cnn(90°) and
Cnn(61.80) uncoupled.
cnn(90 ) cnn(61.8%) P3
o7 = 1.56.1G" 0aSiGa= 1.03.10 " g,6,6G= 1.87.107%
o= 1.10.107  p,qa=1.86.107"
6= 3.60.10"°
Thus: )
¢[cnn(90°)] = 0.039 en = 0.78  Cnn(90°) = 0.995940.039*
§[cnn(61.8" )= 0.033 @2 =-0.30 Cnn(61.8" )= 0.82U4540.033
¢ (P-P poln.) = 0.0019 0 = 0.25 P3(61.8° )= 0.1656+0.0019%*

+ see 8.2
*,%* The stabllity and repeatability of this solution 1s
shown by the *, **results. Widely differing starting points

were used for the minimisations whose results are quoted here.
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(III) Test set : P1 displaced by 1 standard deviation
Fit  Con(o0)  Cmn(61.8)  _gee S X/D.Fr. B3
Exp. 1.0040.04 0.825#0.03 0.80 -0.0001 356/225 0.166+0.002
Lin. 1.0040.04 0.83040.03 0.78 +0.0002 370/225 0.167+0.002
S 1s + 0.0010 in both cases.

This shows that the solution is stable to such displace-
ments, as 1s necessary for this solution to be at the true
minimum.

Although Cnn(90° ) and Cnn(61.8°) are the results most
easily compared with other work, and assimilated into phase-
shift analyses [P.S.A.], the physically distinct parameters
determined by this experiment are Cnn(90° ), and the ratio (R)
of the two Cnn values. R may be incorporated into P.S.A. with-
out undue complications, and the final data set was run with
this parametrisation to obtain the.correlated error for R and
the correlation coefficient @* between Cnn(90°) and R.

(IV) Final Fit : Cnn, R Parametrisation
Fit  Cnn(9d) R L* § X/D.Fr. B3
Exp. 1.0040.04 0.828+0.02 -0.33 -0.0000 355/225 0.1656+0.0019

Lin. 0.99+0.04 0.827+0.02 -0.33 +0.0002 370/225 0.1656+0.0019
S is + 0.0010 in both cases.
The error matrices for (II) and (IV) are shown in
detail in TABLE 4 together with the results obtained for Cnn
and P3.
As a final check on these conclusions, the same data
set was run using the full TiJ normalisation, allowing all
three telescopes to have slightly differing efficlencies
relative to the monitor for runs on each crystal. This
removes the smoothlng over possible re-settings of the

telescopes made during a set of runs on a crystal, and
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and we may consider that both beams do indeed see the same
target polarisation. The mean polarisations seen by the two
beams can be compared by observing the spread of the points
on exponential decay curves fitted to the data. FIG. 9 shows
that such a comparison 1s of necessity of poor precision,
but the quality of the overall fit of polarisation falloff
data to exponential curves gives a satisfactory 7(Lof 36 for
42 degrees of freedom.

4,3 Least squares analysis at 143 Mev

After the preliminary analysis of 4.2, further data
was taken, and an alternative approach to the analysis adopted.
The spread of results for Cnn obtained as in 4.1 suggested
that fluctuations in the target polarisatlion or errors such
as the missetting of a counter on the magnet had occurred.

To distinguish such data from the rest required a least
squares analysis that utilised all the data simultaneously.
The parametrisation of 4.1 was used in two basic forms. Type
A, using Cnn(95 ) and Cnn(61.8°) as separate parameters;
Type B using Cnn(90° ) and the ratio of the two Cnn values, R.

P3 was allowed to vary in the analysis, to provide a
check that the mean analysing angle of 30D and 30U telescopes
was in fact 61.8 ¢ of m by comparison with other p-p polaris-
ation data. P3* was written as P3 + A P3 where AP3 was
derived from the published data shown in FIG.19 and fixed
at that value.

Although the data of Chapter II would have allowed us
to use only an exponential form for the behaviour of the
target polarisation under continued ilrradlation, the analysis
of that data was not complete until after the )Clanalysis

was run. Thus both linear and exponential forms were used
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allows 14 more parameters for the overall fit.

(V) 3-Normalisations/XTal : Cnn(90°) and Cnn(61.8°)

o 2

Fit  Cnn(90) cnn(61.8) _@w s X/D.Fr. P3
Exp. 1.0240.04 0.85#0.03 0.78 0.0001 293/211 0.16640.002
Lin. 1.0140.04 0.8540.03 0.79 0.0004 310/311 0.16610.002

Fit  Cnn(90) R ¢* S8 X/p.Fr. P3
Exp. 1.0240.04  0.8310.04 -0.33 0.0001 293/211 0.16640.002
Lin. 1.01 0.83 -0.33 0.0004 312/211 0.166

All S values are + 0.0010.

The conclusions do not vary significantly between the
two parametrisations, and the more restrictive fit of (IV)
allows sufficient freedom without introducing the additional
(and less likely) hypotheses adopted for (V).

The slightly better fit of the exponential decay law,
when taken in conJunction with the conclusions of the radi-
ation damage study, leads us to quote only the exponential
results of (V). The X /point is still high, and indicates
that the scale of errors has been underestimated by using
the statistical errors. The fluctuations of the target polar-
isation are considered to account for this, and the errors
quoted in TABLE 5 have been scaled up for the poor 'X?/boint.
Corrections have also been made for the imposed cutoff at
W?)Q, and for the reductlon of the data set by 20 points
ogt of an initial 276.

4.4 The Determination of P3

A value for polarisation in p-p scattering at 143.2
Mev at 61.80 c of m is given by this least squares analysis
as 0.166 + 0.003. This value for P3 is correlated to the
other variables in the analysls, and 1s equally affected by

changes in the monitoring, counter efficlencles, counter
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' settings, and the other factors which may have fluctuated
during the experiment and so introduced non-statistical
errors.

The effects of these fluctuations, and of the con-
sequent data reduction process described in 4.3, can be
estimated by calculating the asymmetry P1.P32 directly from
the data, by using the equation:

(29) P1.P3 =1 -1
r+1

where: r**2 = C(30D:P1+:P2=0) . C(30U:P1-:P2=0)

C(30D:P1-:P2=0) . C(30U:P1+:P2=0)

By considering the expression in TABLE 3, it may be
seen that this value of P1.P3 1s independent of both the
beam monitor and the telescope efficlencles. This is fully
discussed in 8.3. The value of P3 obtained in this way is
0;165 + 0.002, which implies that the non-statistical errors
other than those assoclated with the target polarisation
were very small.

Although P3 has been considered to be a parameter to
be determined uxthe experiment, good experimental data
exists. Cox et al have used the same polarised beam to deter-
mine the angular variation of P3 using a liquid hydrogen tar-
get. Using the known variation of P3 with energy [ref. 50
and FIG.19], we obtain P3Gﬂ.8° c of m, 143.2 Mev) = 0.162
+ 0.003 from a smoothed curve (based on Perring'sn;%ase-shift
analysis) through the data points. This result does not in-
clude uncertainties in P1, and 1is in good agreement with the
results of thils experiment.

If the Cox value of P3 were used directly in the
analysis, the error matrices quoted in TABLE L predict values
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of Cnn(90°) and R of 0.98+0.05 and 0.8040.03 respectively.

This was not done for several reasons The result
quoted for P3(61.8°) from this analysis was derived without
reference to the beam energy or to the scattering angle, and
also has been shown to be very insensitive to the preclse
value assumed for P1. Thus, apart from the small corrections
for the energy dependence of P3(61.8 °¢c of m), all the results
are insensitive to all other avallable data and may there-
fore be used directly in phase-shift analyses without intro-
duecing further error correlations. This would not be the case
i1f the value of Cox et al were to be used.

The datum P3(61.863 1s a data point of equal precision
to that of Cox et al, and therefore may be used in one of two
ways; firstly 1t may be taken to confirm the consistency of
the analysis procedure, and also, by reference to other data,
the mean settlng angle for the 300 Lab telescopes; or secondly,
as a subsidiary result from the experiment. We quote P3(61.8‘3
143.2 Mev) = 0.166 + 0.003 as one of the results of this
experiment.

4.5 Analyses at 73.5 and 98.3 Mev

The method used to obtain data on Cnn(90o ¢ of m) at
73.5 and 98.3 Mev has been deseribed in 3.3. Data was taken
at 143.2 Mev and (say) 98 Mev alternately, using only the
polarised beam and the 90o ¢ of m telescopes. Both directions
(£) of the incident beam polarisation were used and the target
was polarised all the time.By reference to TABLE 3, it can
be seen that an asymmetry £ may be measured at each energy ,
of the form (see TABLE 3):

& = C(45:P1+:P2-) - C(45:P1-:P2-)

(30) c(45:P1+:P2-) + C(45:P1-:P2-)
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¢ = p1.P2.Cnn(90 ) - 8
{1 - S.P1.P2.Cnn(90 )

From the least squares analysls at 143.2 Mev, we may
write S = 0.0000 + 0.0010, thus £ = P1.P2.Cnn(90‘). If we
plot £ against the cumulative proton flux through the crys-
tal - or total ionisation energy left in the crystal - the
two curves will be traced out as P2 varies FIG.20,21. These
two curves are related by the ratio of cnn(90°) at the two
energies being used. A least squares fitting procedure may
thus be used to fit all the € data to a smooth curve, the
143.2 Mev asymmetries being multiplied by a parameter

R* = Cnn(90°) at low energy.
Cnn(90°) at 143.2 Mev

The polarisation falloff seen in FIG.20,21 may be
described (as for 143 Mev analysis) by a straight line, an
exponential, or any other smoothly varying curve. The x-coord-
inate may be in terms of cumulatlve energy deposited in the
crystal, or in terms of cumulative proton flux through the
target crystal. All these possible descriptions of the decay
gave sensilly the same results for the values of R#. Second
order terms giving a third parameter for the polarisation fall-
off were found to be unjustified by the data.

The errors quoted are derived from the error matrix of

the least squares solution in each case:

73.5 & 0.3 Mev
x-coordinate R* P2 law used VQYD.Fr.
Cumulative 0.690+0.041 Exponential 21.7/24
number of protons 0.689+0.043 Linear 22.5/24
Cumulative ionisation 0.688+0.042 Exponential 22.6/24

deposited in crystal 0.689+0.038 Linear 23.3/24
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98.3 + 0.3 Mev

x-coordinate R# P2 law used ’7C/D.Fr.
Protons 0.2534+0.055 Exponential 12.6/13
0.25240.059 Linear 12.7/13
Ionisation 0.25240.056 Exponential 12.6/13
0.25140.059 Linear 12.6/13

The results adopted were, as in 4.3, those for the
exponential law, and the cumulative number of protons.

1.e. Cnn(90° 3 73.5 Mev)/Cnn(90° 3 143.2 Mev)= 0.253+0.055
Cnn(90’ 3 98.3 Mev)/Cnn(90” 3 143.2 Mev = 0.69040.041
4.6 cCconclusion

The values of the exponential quantities in this
experiment have been determined by ?3 minimisation pro-
cedures. Error matrices have been calculated, and the quoted
errors in TABLE 5 allow for correlations.

The right hand columns in TABLE 5 refer to the pre-
dictlions and fits of varlous modern phase-shift analyses.
Both the Yalelzzommunications (YRB 1(Ko) and Ypp-IV) are
predictions, so also are Perring’'s 1966 z:;lysis and the
Livermorelznergy dependent analysis. The later Perringn”
analyses include the data in this thesis, and are therefore

fits.
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V  Apparatus for 98 Mev proton scattering experiments

5.1 Liquld hydrogen degrader

The external proton beams of the Harwell 280 cm
syﬁ%hrodwclotron are at a mean energy of about ﬂunﬂ&v, and
have an energy spread of about 2 to 3 Mev (F.W.H.M.). The
intensity available 1s fairly 1ow,/v108 pps unpolarised pro-
tons, and-v131 pps polarised protons.

In order to produce a beam with an energy of about
100 Mev, it 1s necessary to degrade the energy of the beam
in some material. In order to retain a reasonably small energy
spread in the degraded beam a material of low atomic number
must be used. As the lntensity of the beam 1s already low,
it is necessary to minimise the multiple scattering in the
degrading material to give a reasonably small beam spot at
the target with a minimum of further collimation. As the
beam divergence introduced by multiple scatterlng lncreases
as the square of the atomic number of the materlal used, a
low atomic number 1ls agaln necessary.

The best solution is to use liquid hydrogen to degrade
the mean energy of the beam. Thls minimises multiple scatter-
ing and straggling, and removes the possibllity of contamin-
ation of the low energy beam from lnelastic colllsions in
the degrader.

To make best use of these properties of hydrogen, very
thin plastic windows were used along the beam path through.
the hydrogen cryostat. The techniques developed to contaln
hydrogen behind windows of material of 0.005 em thickness
and of low atomic number are described in 5.2.

The degrader cryostat was made from stainless steel

and was continuously pumped by a 7.6 cm Genevac oll diffusion
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FIG. 22

COLLIMATOR
.40x090cm

144 MeV  POLARISED
PROTON BEAM

25 MAGNETIC
CHANNEL
200cm HARWELL
SYNCHRO~

CYCLOTRON

At TARGET

SPIN
PRECESSION  STEERING
SOLENOID MAGNETS

COLLIMATOR

1O x-S5¢m
COLLIMATOR 5%‘;'.‘}”&1??
8.0x8.0cm
COLLIMATOR

5.0 cm DIAM .-

I ’
BEAM IONISATION
MONITOR | CHAMBERS

QUADRUPOLE
FOCUSSING Ha
MAGNETS DEGRADER

EXPERIMENTAL LAYOUT FOR ~ 95 MeV P-P: P@)

fe—— 002 THCK KAPTON

FIG. 23

GOLD PLATE

F)

STAPLESS STREL
COMPRTSLION

Cu ABSORBER

Cu
%

SOFT SOLDERID ASSTMBLY
STANLESS STEEL BOOY

COUNTER
TELESCOPES

LIQUID Hpa TARGET

nack sTAsMLsS STERL RnGs
\



1-40 x O-90cw.

SOLENOID

— . —— e
R PRt
o e bl o
. .

- - - = o ————— e s
N A R .



(86)
pump. A sectional drawing is shown in FIG. 23. The hydrogen
was in a cylinder of stainless steel suspended directly from
two 15 cm lengths of thin wall (0.010 cm) cryogenic stain-
less steel tubing. A steel saddle tank containing liquid

._r--\. by,

nitnogen shielded the bottom and sides of the hxdrogen vessel
. from radiation IOSSes The top radiation shields ware:sngets ‘

of silver plated copper, which were allowed to touch the us-'
pension tubes of the H, vessel in order to reduge‘whb haa#

1nput to the 1iguid hydrogen by tylng the tubes ta he'temp-.
erature of liquid nitrogen at this point. The end radféﬁféﬁ
shlelds were of 0.006 mm Al foil, with a vertical slit, to
make 1t possible to see the level of the Ha in the inner
container through the transparent plastiec windows.

The overall length of the cryostat was 60 cm, however

qeﬁ@?&l deferent inner containers were used with window

‘ sizes varyins rrom ﬂ EU 6 c@ In the | figal.ﬁtages of develop-
T 'ﬁ--r_ J}fr"ﬂ—

ment, the 1ewrel of the liquid ﬁydrogen drapped' B} less

w 5 om 1n 30 haurs.

.“E&an

An 1deal window Foll ¥ wfoﬁ a liquid ny‘droﬁé’rf’

g <N '," _.-_‘3 .Y

would have the properties of: il

(i) transparency, to make alignment and hydrogen level
determlnation as simple as possible.
(11) being unaffected by radiation.
(111) low atomlc number.
(iv) being readily demountable (or replaceable) when
required.
(v) minimal thickness consistent with adequate strength.
Several techniques are known which fulfil some of

these requlrements. Methods based on the use of epoxy resins
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have been published by several writers. Mylar has been used
to construct liquid helium vesselé?»and for direct attach-
ment to a metal liquid helium coné;gner.

It 1s not easy to make a demountable or easlly replace-
able window in this way. An alternative approach 1s to use
a mechanical seal. Warschauer has gg;cribed a demountable
window of this type, where an 0.013 cm sheet of polyethylene
is used. The sheet 1s held onto a flat greased surface on a
vessel by a meﬁ:$ collar, which 1s drawn down onto the sheet
by bolts. Astrév has described a similar technique for
sealing a solld brass disc to a brass liquid helium container.

Mylar loses its mechanical strength under continued
irradiation and a better material has been developed by Du-
Pont. This is known as Kapton H-film, and 1s a polyamide of
chemical compositi'c/::[c,_z H,, N, 0,In. The mechanical strength
of unirradiated Kapton exceeds that of Mylar at all temp-
eraturégz and retains a degree of flexliblllty even at liquid
helium temperatures.

Unlike Mylar, Kapton initially increases in strength
under irradiation. Tests have been made to measure the effect
of radiatiogwln the mechanical strength of Kapton and Mylar,
and it has been found that Kapton is ~50 X less sensitive to
radiation than Mylar.

Several different techniques have been tried using
Kapton windows to enclose liquid hydrogen. These are 1llus-
rated in FIG.24. FIG.24 (3) is a mechanical seal, using the
same Kapton to act as both gasket and window. Two mating rims
of truncated triangular section are cut onto the faces of the
steel hydrogen vessel and a steel retaining collar, and the

seal made by bolting the collar down onto the Kapton. This
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technique has been found successful, but the use of 0.005 em
film is hazardous, as the mating rims tend to cut into the
surface of the film. When using 0.013 em film no such cut-
ting was observed. This window is easily demountable, and
fulfils requirements (1) - (iv). It is necessary to use
comparfitively thick Kapton, and this is the main disadvan-
tage of the technique. '

In order to reduce the thickness of Kapton required,
the window sealing was achieved in two stages, the first
being the seal between the Kapton and a mounting ring and
the second the seal between this mounting ring and the hydro-
gen vessel. The technique adopted was to solder the metal-
coated Kapton to stainless steel rings or collars, and then
attach the steel mountings to the hydrogen vessel.

Tests were carried out by the Optical and Electrical
Coatings Co. of Relgate, Surrey. THey showed that 1t was
possible to evaporate a thin layer of metal onto 0.005 cm
Kapton without damage. Mylar of the same thickness was found
to suffer damage. Attempts to deposit a layer of solder
directly onto the Kapton were not successful, as the adhesion
of the evaporated layer was low. Satisfactory adhesion was
obtained by evaporating a Nickel-Chromium alloy as a substratum
and coating this layer with evaporated gold. The total thick-
ness of metal deposited on each side of the Kapton WéSﬂJ6.H;s
cm. Transparent areas were retained by sultable masking
during the evaporation. The coating separated from the Kap-
ton atN250o C, but prolonged heating atrv156> C and above
could also cause separation. By using a layer of gold over

the Ni/Cr it was found possible to solder the metallised film
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to stginless steel rings and collars. This could be done
rapldly by using orthophosphoric acid as flux and 62 % Sn/
387on Binary Eutectic solder. This solder was supplied by
Enthoven Solders Ltd. to the American specification QQs 571D.

The window shown in FIG.24 (1) was made by soldering
stainless steel rings 3 mm wide, 1 mm thick, and 4 om in
diameter to both sides of a plece of metallised 0.005 em Kap-
ton. This assembly was then soldered onto the hydrogen vessel
using the same flux and solder. A vessel using this type of
window has been cycled ~30 times between the temperatures of
room and liquid hydrogen with no degradation of the seals.
This type of window may be removed intact although with some
difficulty, and re-used.

The most difficult seal to make is that between Kapton
and the rings, and a more readily removed window may be made
by using an indium éompression seal between rings and the
vessel. Such a seal 1s shown in FIG.24 (2), and has been
found to be stlll satisfactory after 3 cycles between room
and liquid hydrogen temperatures. This type of window is
rapldly reassembled, unlike Type (1), but the indium tends
to hold rings and vessel firmly together after a few cooling
cycles. This frequently makes 1t necessary to break the Kap-
ton window in order to remove the window assembly when re-
placement is desired.

The best features of the window sealing methods
described are combined in the design of FIG.24 (4). Here the
load bearing seals are soldered Joints, and the gasket seal
is Kapton‘rThe large thermal capaclty of the collar shown in
FIG.24 (4) makes it difficult to solder the metallised Kapton
to the collar without the metallic layer separating from the
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Kapton. The design illustrated has been found to work, but
1t may be improved in several ways. A first improvement would
be to use 0.013 cm Kapton for the mounting gasket, as the
thickness of the gasket is not important. A second improve-
ment would be to use the layout of FIG.24 (2) to apply the
sealing pressure, which then alléws the use of thin rings of
low thermal capacity.

The four types of window discussed have differing
advantages and disadvantages, however the Type (4) window
incorporating the suggested Improvements should be suitable
for most applications.

All the types shown in FIG.24 have been used success-
fully in experimental runs.

5.3 Liguid hydrogen target

The liquid hydrogen target used for the 98 Mev

experiments was a cryostat of conventional vertical design.

A 1.5 litre hydrogen container was suspended inside a radi-
atlon shileld containing liquid nitrogen. The shield was
attached to the hydrogen vessel suspension tube to reduce the
heat input to the liquid hydrogen. The liquld hydrogen used
to scatter the proton beam was contained in an 8 cm dlameter
right cylinder of 0.005 cm Kapton fixed to a brass frame by
a Ciba epoxy resin [Ax 111, Ay 111].

The vacuum region is extended by an 8 cm dlameter tube
to a distance of 50 cm upstream from the centre of the §cat~
tering chamber. A mechanical seal 1s used to attach a 0.005
cm Kapton window to the end of this tube. The scattered beam
exit window in the brass is 8 cm high, and extends round the
lower part of the cryostat to % 90° on each side of the beam
line. A window of 0.005 cm Kapton is fixed to the outside of
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the cryostat by [Ax 111, Ay 111] epoxy resin.
5.4 Experimental Layout

The layout of the experimental apparatus used for
scatteripg experiments with a polarised beam is shown in FIG.
22. The 144 Mer pg%ﬁrised proton beam 1s produced by scat-
tering at 10.8 from an aluminium target inside the cyelo~
tron. It is then extracted through a magnetic channel which,
in conjunction with a collimator at the exit from the vacuum
vessel, passes a beam with an energy width of about 2 Mev
(F.W.H.M. ). For these experiments a spin precession solenoid
(as described in chapter III) was used to precess the plane
of the incident polarisation vector.

Quadrupole magnets were used to focus the beam, and
steering magnets used to positlion the beam spot at the
required position. The beam monitor detected coincidences
of scattered and recoll particles from elastic scattering
events at 90° cof min a 0.5 mm sheet of CHa . Aluminium
absorbers were used to reduce the background and random coin-
cidences. The polarisation vector of the inclident beam was in
the vertical plane for these experiments. The monitor was
also in a vertiéal plane, and was therefore unaffected by
reversals of direction of the incident beam polarisation.

A low (but constant) background counting rate (~0.7
counts/min.) was recorded by cosmic rays coming vertically
downward, causing coincldences between the counters. '

The llquld hydrogen degrader was placed downstream of
the beam monitor, and a palr of differential ionisation“g%am-
bers positioned immedliately after the degrader. These chambers
were used to hold the centre of gravity of the beam at a

stable and repeatable position, to a precision of <O.1 mm.



(93)
The defining collimator was mounted after the ionisation
chambers, 3 cm from the forward extension of the hydrogen
target vacuum chamber.

The hydrogen target was mounted over the centre of
curvature of a 94 cm radius scattering table which was marked
out at intervals of 1o round the circumference. Elight scin-
tillation counters were used, four on each of two movable
arms pivoted under the target mounting plate. E.M.I CV2316
bhotomultiplier tubes were used with short perspex light
guideé and NE102A plastic scintillatiors. There were two
defining scintillators (2,3) on each arm, one (2) subtending
about half the solid angle of the other (3). A front counter
(1) was used to 1limit the counter telescopes to seeing only
the reglon near the target. In order to reduce counting losses
in the arms, 0.05 cm NEIOQA plastic scintillation material
was used for counters 1-3 on each arm. A large counter (4)
of 0.25 cm NE102A was mounted after the two defining counters
(2 and 3). Energy discrimination was obtained by requiring
triple coincidences 1 2 4 and 1 3 4, and placing copper
absorbers between 3 and 4.

The angular settings of the counter telescope arms
were made by using a set square agalnst a standard position
on each arm, and referring to the angular scale machined into
the scattering table. The set square was attached to a block
engraved with a matching angular scale, subdlvided at inter-
vals of 1/25 and 1/50°. It was found possible to set and reset
the angular position of the arms to _-!;'0.02° when using thils
method of defining thelr position.

The counting electronics were very simple, and are

shown in FIG.25. The photomultiplier output pulses were fed
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FIG. 25

ELECTRONICS USED FOR P () IN p-p SCATTERING AT 98 MeV

MONITOR copt
MONOR — =
CZZZ7aAL -

€AL’
L_EJ—Z—G AB SounTs Fon) [
ONITORING,

A
) ns, 0:5#\'59 ANDOM"

COUNTS

(|
TELESCOPE @
1,3 COUNTS
N -y
i
=

12/4, RANDOM,

THE OVHER TELESCOPE IS IDENTICAL ‘ RANDOM

COUNTER

COINCIDENCE CIRCUIT

DELAY

DISCRIMINATOR

SCALER



(95)
to 10 MHz discriminators, and then to fast coincidence cir-
cuilts with a resolving time of v 18 ns. the random triple
coincidence rate was estimated by recofding triple colncidences
with 4 delayed by an extra 49 ns, the time interval of the

fine structure of the proton beam.

VI  Experimental methods and results at~ 98 Mev
6.1 Experimental method for polarisation work

The techniqne used for these polarisation measure-
ments has been referred to in 1.3, 2.1, 3.1, and 4.4; and
is described in detail in 8.3. The two essentlal features
of the method are:

(1) To collect data simultaneously at equal scattering
angles on each side of the beam.

(2) To collect data using both signs of the incident
polarisation alternately.
It 1s shown in 8.3 that (1) and (2) combined make it possible
to measure a scattering asymmetryéf(e) independently of the
efficiency of the counter telescopes, of the monitor, and to
a certain degree the beam zero angle assumed. Orefers to the
opening angle between the arms. The experimental counts are
combined to give a quantity r, where:
(31) r®> = [LU.RD]/[LD.RU]
and for example, LU refers to the coincidence counting rate
recorded in the arm set at (9: on proton left, and taken
with positive ( UP ) incident beam polarisation. Then:
(32) [( O+ Oc)/2] = [p-1)/[r+1] £ [1- €1/ N

where N = the sum of the four counts LU etc. [see 8.4]
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A solenoid was used to reverse the direction of the incident
polarisation vector (g ). The precession effect 1s described
in 8.9. The current through the solenoid required to reverse
P2 was found experimentally.

A thick (~ 2 gm/em®) carbonn'target was placed over
the pivot of the scattering table, and the liquid hydrogen
degrader and final éollimatioh removed from the beam line.
The two scattering arms were then set at equal angles (6., 6r)
to the beam zero. The asymmetry:

(33) g = 1= N(d-) LN(Q‘)
1 + N(d.) / N(%)
may then be measured as a function of solenoid current (1)

when ¢ (I) will be equal to P (I) . P [= P,Pcos(® )] where P

1s the polarisation produced in p-Cm' scattering. The graph
of £ v I will be a cosine curve, with maximum values when
the polarisation vector P has been precessed by zero or#.
The results of this measurement are shown in FIG. 15, and
the required currents for this experiment are zero and 1500
Amps. The current in the solenoid was held constant to
within 25 Amps which corresponds to a negliglble variation
in the measured asymmetrles. The measurement was repeated
at ~ 100 Mev with the final collimation in place, before
each experimental run as a check on the correct functioning
of the solenold.

The solenoid technique for measuring asymmetries 1is
sensitive to only one maln source of'systematic error. This
1s the possibllity of shifts in beam position (and to a
lesser degree, shape) between the settings OFF and 1500
Amps . The effects are considered in detail in 8.5. Any
effects due to beam spot shape changes were minimised by
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TABLE 6

Counter Telescopes forw~ 100 Mev scattering
Radlal Distance

Counter Thickness Width Height Wide Anﬂgies Small Angles
1 0.05 em  6.36 7.12 49.5 -
0.05 cm 3.55 7.1 - 100.3
! 0.05 em  6.33 7.1 49.5 -
0.05 cm 3.55 T.10 - 100.3
2 0.05 em 2.170 4.437 100.240.2 248.oip.u
2' 0.05 em  2.160  L4.445  100.440.2  247.6+0.4
3 0.05 em 3.580 7.168  110.4+0.2 258.1+0.4
3 0.05 cm  3.544  7.086  110.540.2  257.8+0.4
b4 0.25 em 7.6 11.2 114.0 264
A' 0.25 em 7.6 11.2 14.0 264
Dimensions of 2, 2' measured to + 0.005 cm.
7 3, 3' measured to + 0.020 cm.
TABLE
Zero angles deduced from angle scans
Telescope Solenoid Arms Hydrogen target Zero Angle‘>
Primed 1500 Normal Wide Empty 23.126 _-_4-_ 0.0025
Unprimed 1500 N Wide Empty 23.157 £ 0.0025
Unprimed Off Wide Empty 23.152 + 0.0025
Unprimed 1500 N Small Full 23.080 + 0.0033
Primed 1500 N Small Full 23.115 + 0.0025

~

Beam shift between solenoid ON and OFF: -0.005 + 0.003°
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FIG. 26
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the use of a final collimator, that defined the beam spot.
The shapes of beam spot for solenoid OFF and 1500 Amps were
measured by taking photodensitiometer traces from X-ray
films exposed in each of the two beams. The shapes were
identical, and therefore only the traces from flilms taken
with the solenoid off are shown in FIG. 26. The beam shifts
between the two solenoid settings were reduced by aligning
the solenoid accurately along the beam line, to less than
0.5 mm at the position of the scattering target for /100
Mev beams.

The beam zero positions for each of the two counter
telescopes were found by scanning the curves through the
direct beam (much reduced in intensity) using a single coun-
ter as a monitor. The dimensions and radial positions of the
counter telescopes used for~ 100 Mev measurements are listed
in TABLE 6, and the zero angles measured in the above manner
in TABLE 7. A plot of the beam profile detected by counter 3
in this measurement 1s shown in FIG 26. The beam profiles
were also measured by takling X-ray photographs at the target
posltion and also near the position of counter 3. The
trapezoldal shape at the target centre becomes a good
Gaussian due to alr scattering before reaching counter 3.
When the finite size of counter 3 1s included, the Gaussian
form glven by the angle scan 1s obtained.

The energy spectrum of the beam incident on the target
was examined using a lithium drifted germanium counter,
loanedvby C.Whitehead. This counter was~5 c¢m deep, and could
stop protons of up to ~ 120 Mev in the active region. The
pulse helght distribution obtalned with the counter 1s shown
in FIG. 27. The varlation of the pulse helght with energy
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FIG. 27
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was determined by adding a CH, shim of accurately known
surface density after the final collimator. The interaction
background was estimated by consldering the constant dis-
tribution of pulse helght below channel 30 to be all back-
ground. It was assumed that the slize of the interaction
background at a given energy would depend on the number of
protons in the beam of higher energy. These assumptions were
used to subtract background effects. These estimates are
not precise, and the quoted percentages of protons in the
beam below a glven energy are subJeét to errors from this
source in addition to those quoted.

The spectrum shown 1s that obtained for the beam
used for 98 Mev p-p polarisation measurements; FIGS.26,27
both refer to this beam. For p-dzhméasurements, a slightly
longer degrader was used, which gavevan incident beam a few
Mev less in energy. The shapes and spectra obtained using
this second degrader were not appreclably different.

When making measurements of the asymmetry after
scattering from a target, it 1s necessary to correct for the
effect of asymmetries arising from other material in the path
of the beam, as = also seen by the telescopes [see 8.6].

As these background asymmetries are measured with the
scattering material (hydrogen or carbon) in the target chamber
removed, they are necessarily measured at a higher energy
than that at which the correction must be applied. Extra
absorber is used to select the same scattered protons, but
the extra absorption in this copper 1s negligible. The energy
dependence of the measured background asymmetry and its
magnitude 1s taken to 5e that found in p-C’a'scattering.

About two thirds of the material in the beam that glves
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TABLE 8

Background Fractions for 98 Mev P(6)

Lab. Ams Measured Calculated? Fr. of background from

Angle’ % from C data downstream of target(X)
8 Small 30 29 0.88+0.03
10 Small 22 21 0.8640.03
12.5 Small 15 14 0.83+0.03
Wide 20 17 0.86+0.015
15 Small 9 10 0.82+0.03
Wide 12 12 0.8510.015
17.5 Wide 8 8 0.835+0.015
20 Wide 4 6 0.82+0.015
22.5 Wide 3 4 0.8140.015
25.4  Wide 1.9 2.0 0.8040.015
27.5 Wide 1.5 1.3 0.7940.015
30 0.7940.015
35 0.77+0.015
Lo 0.7510.015

45 0.7540.015
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rise to background effects is carbon'l showever the remain-
der is made up of the oxygen and nitrogen in the alr and
Kapton and the 0.0007cm aluminium radliation shlelds.
Although the aluminium gives rise to less than 5/ of the
background, and oxygen and nitrogen are expected to behave
in a manner reasonably similar to that of carbon“', it 1s
somewhat surprising that both the magnitude (TABLE 8) and
the asymmetry (FIG.29) observed in the background are similar
to that expected 1f all the material were carbon.

6.2 Carbon data for background corrections

j24)
In FIG. 20 the data of Dickson and Salter (as renorm-

alised by Jarvis and Ro;£3 is compared with the background
asymmetries measured using the empty hydrogen target. The
Copper absorbers were set to strongly attenuate protons 17.5
Mev down in energy from the mean energg of the incident beam.

In TABLE 8, the data of Mark gg’al - shown in FIG.28 -
is used to calculate the ratio of counts from the empty
hydrogen target to the counts from hydrogen only. In order
to make this estimate (which is of poor preecision), the
proportion (x) of the total background which originates
downstream of the hydrogen (and thus at a lower energy than
that at which the background is measured) must be found. This
was done by measurlng the simulated effect on the background
counting rate of the various pleces of Kapton and aluminium
in the target at one angle for both of the two counter geo-
metries used, and calculating the angular variation of x.
This makes some allowance for the effect of finlte beam size,
although the extra angular divergence produced by the target
i1s not negligible.

The corrected values of the background asymmetry
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FIG. 28
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and background fraction (f)* for any given angle (6) are:
(33) £ =f£(1+x[(1/o).(do/dE)] 4 E)
(34) €= € (1 +x [(1/P).(dP/4E)] A E)
where AE 1is the energy thickness of the target, x is the

proportion of the background requiring correction, and &
and P are the differential cross-section and polarisation
of carbon at the angle (&).

Several different ways of estimating

[(1/¢).(d0/aE)])(=d) and [(1/P).(dP/dE)](=e) 2D

are possible. The data of Dickson and Salter at 95 and 135
Mev are on the same absolute scales,'and the values of both
d and e may be obtained to a reasonable precilsion. The
angular range of this data is limlited, especially at 95 Mev.
In order to bridge these gaps, other p-C'2 data 1s used, to-
gether wlth some new measurements. 59

The recent precise 100 Mev data of Mark et al is used
to estimate d. The inelastic levels up to 10 Mev are included.
Given the value of the cross-section (&) at an energy E, and

angle 8, the optical model may be invoked to estimate the

cross-section at an angle 8 and an energy E' by considering

150)
the shrinking of the diffraction peak. The relatlon is:

I}
(35) c(E,0 )=0(E',8 ) where GJE = OJE

This relation has been used to estimate the variation
of cross-section with angle at 90 Mev. These two curves are
plotted on FIG.28, and the values of d obtained listed in
TABLE 10 at the end of the section.

The poorly determined absolute scale of the Dickson
and Salter polarisation data, together with the poor pre-
cision of the relative data at 95 Mev, makes it inadvisable

*gee 8.6
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131)
to use these data in conjunction with the data of Rolland

et al to derive values of e for all angles.

The polarisation in elastic protpn scattering from
C™ was therefore remeasured at 93.7 + 0.3 Mev.

A target of pile graphite, 1.050 gm/cm” thick, was
used with an early form oval_degrader. This gave an energy
of 93.7 + 0.3 Mev at the centre of the carbon. This energy
was deduced from a range curve taken in copper in conjunction
with the revised Sternheimer range tables of Ref. (105).

‘ It was necessary to use accurately calculated thick-
nesses of copper as absérbers to attenuate the 4.4 Mev
inelastic level of CrL. A computer programme (described in
8.8) was used to calculate the required copper absorbers,
taking into account the finite size of the beam spot, the
intensity distribution across the beam, the'ehergy losses
in air etc. and their variation with angle.

The data was taken in the manner described in 6.1.

The lower vacuum chamber of the hydrogen target was used with
0.005 cm Kapton windows. The wide angle geometfy was used
but the front counters (1,1‘) were replaced with the 3.55 cm
counters (1, 1')from the small angle arms to reduce back-
ground coincldences to a minimum. The value of x was 1.00,
and the background fraction did not excéed E‘Z,at even 9 c'La.b.
Due to the cénsistency of the background with previous
carbon data and the agreement between the background and (‘:'l
asymmetries, no background correction was required. Allow-
ance was made for the small errors introduced by this
assumption.

Two corrections were made that have not prevliously

been discussed here. The finlte size of the secintillator
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FIG. 29
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dilutes the measured polarisation, as scattering events out
of the horlzontal plane nia.y be recorded. ‘This correction is
discussed in 8.7.

The multiple coulomb scattering in the carbon target
also dilutes the polariSation. The amount of this multiple
scattering was calculated using the method described by
Connacllzg)and the correction for the measured asymmetries
deduced. An arbitrary error of 50% was ascribed to this
caleculation.

The results are shown in FIG. 30, and a tabulation
of the data, main corrections, and results is listed in
TABLE 9. The agreement with Dickson and Salter (as renormal-
ised by Jarvis and Rose) is fairly good. The precision of the
data, together with the 0.85%precision of the absolute
scale of the polarisation, is adequate to use in conjunction
with the Rolland data to calculate e(= [1/P].[dP/dE]).

The points labelled ' Rolland' 1in FIG. 30 are the results of
combining published data over ranges of 1.

The various estimates of d and e are tabulated in
TABLE 10 together with the values adopted for the correction
of the 98 Mev p-p polarisation data. An arbitrary 500/,,error
is associated with these estimates of e and d.

6.3 Preliminary measurements of p-p polarisation at
& 0.3 Mev

The same apparatus used for p-C 't polarisation measure-
ments was used to examine the problems expected to arise in
the measurement of p-p polarisation. The asymmetries to be
measured were~ 0.040, compared'with a minimum value of ~ 0.110
for p-Cn’elastic scattering.

The wide angle geometry, with the small angle counters
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(1, 1'), was used to give a high counting rate. The back-
ground was minimised by this restriction on the region from
which the telescopes could detect coincidences. The region
of interest was restricted to angies of less than~20° .
Beyond this angle the counter felescOpes could not see all
the hydrogen; Under these conditions the background colncid-
ences were held to below 254 at 10° (Lab).

. The effect of energy dlscrimination was studied by
using copper absorbers to define two énergy discrimination
levels. These levels were set to remove protons that were
4.4 and 10 Mev down from the mean energy of the beam at the
centre of the target. These levels were set close to the
mean energy of the beam to test the conslstency of the back-
ground estimation. The 4.4 level removed events from-73é
(see FIG. 28) of the protons in the incident beam.

The mean energy at the centre of the target was deter-
mined to be 93.2 + 0.3 Mev by taking a range curve in copper,
and using the revised Sternheimer range tables of Ref.(105).
The mean thickness of the target was simllarly determined
to be 8.7 + 0.3 Mev. '

The experimental data was collected as described in
6.1. Measurements of the asymmetry were made when the target
was full, and also when it was empty and evacuated.

The measured background fractions (f) and asymmetries
(  %s) were corrected by using equations (33) and (34). The
energy dependence of £ and Sgiwere taken from TABLE 10.

It may be seen from TABLE 11 that the background
corrected (hydrogen) asymmetries obtained using 4.4 and 10
Mev levels are in good agreement, but the background fraction

for 4.4 level was found to be greater than that for 10 Mev.
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In later experiments the levels were reduced to 8 and 7.5
Mev. The data for the two levels are then combined and the
small corrections applied for the finite size of the scin-
tillators, for multiple scattering in the hydrogen, and for
the small shift in the beam between solenoid ‘'OFF’ and ‘1500
Ampsl These results are in the ‘pooled\ column in TABLE 11.
The results are plotted in FIG. 31, together with the phase-
shift predictions of MacGregég and Bregéi The fit of Perrigg
includes this data.

The conclusions drawn from this preliminary work were
that (1) the telescopes should be able to see all the hydro-
gen at all angles, (i11) that the background at small angles
would be very high unless a second set of more restricted
telescopes were used, (1i1i) that energy discrimination so

close to the mean energy of the beam was unnecessary.

6.4 P-P Polarisation measurement at 97.7 * 0.3 Mev

The measurement of polarisation has been discussed
several times, and only changes in the procedure will be
described.

The mean energy of the proton beam at the centre of
the hydrogen target was 97.7 + 0.3 Mev, and the thickness
of this target was 8.4 + 0.3 Mev. These were determined by
range curves in copper and fhe revised Sternheimer range
tables of Ref. (105). The two telescopes are detailed in ’
TABLE 6, and thelr ranges of application overlapped by 5 .
Two energy discrimination levels were used to eliminate
protons in the beam, 8 and 17.5 Mev below the mean beam
energy.

In order to estimate the background as accurately as

possible two methods of measurement and calculation were



(116)

TABLE 12

Baslic Asymmetry Data at Mev
Small Angle Arms

Lab., Discrimination Target Target
Angle: Leyel : Full: Empty:

8 17.5 0.0509+0.0018 0.1 6+0.010
10 17.5 0.0575+0.0018 0.11840.012
12.5 17.5 0.054619.0018 0.09840.015
15 17.5 0.0564+0.0019 0.09319;019
Wide Angle Arms
12.5 8 0.0581+0,0022  0.12740.008
15 8 0.061240.0022  0.110140.012
17.5 8 0.061330.0022  0.12830.012
20 8 0.0619+0.0023  0.13740.018
22.5 8 0.0567+0.0023  0.18640.025
25.4 8 0.053040.0024  0.17810.031
30 8 0.0469+0.0020  0.13240.04
35 8 0.0336+0.0026  0.13810.047
4o 8 0.0154+0.0028  0.1%:7+0.059
45 8 -.0066 +0.0031  0.081+0.069
17.5 17.5 0.061240.0013  0.14640.008
20 17.5 0.0608+0.0013  0.14610.009
22.5 17.5 0.056540.0013  0.140+0.014
25.4 17.5 0.0559+0.0012  0.14840.018
27.5 17.5 0.051140.0014  0.16510.020
30 17.5 0.0444+0.0014  0.14840.023
35 17.5 0.030440.0 15  0.11410.027
4o 17.5 0.015540.0015  0.07610.049
45 17.5 -0.0019+0.0017  0.07310.061

Target Empty:
CH, Shim in:

0.08040,008
0.0914+0.010
0.09940.013
0.08240.016

0.08210.039
0.071+0.047
o.o3uip.048
0.10140.008

0.144+40.021
0.03140.036
-0.009+0.042
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used. The ‘target empty‘ asymmetry was measured in the usual
way, with the correet additional copper absorber in the arms,
to give E}zand £% [background asymmetry and fraction]. The
asymmetry measured in this way 1s at the correct energy for
background originating from upstream of the target, and as
all the background 1s assumed to have the same energy varili-
ation as carbon, this is the correct asymmetry for the
fraction of background (1 - x) originating upstream of the
hydrogen. The background fraction 1s measured partly (1 - x)
at the correct energy, and partly (x) at an energy too high
by 8.4 Mev, as there 1s no hydrogen in the target. The beam
divergence and beam spots are now too small, and " 1s thus
an underestimate of the background.

If a CH; shim, 8.4 Mev thick, 1s placed Just upstream
of the target, and the absorbers set at the same value as
for hydrogen scattering, then the asymmetry ( £'35) measured
will be at the correct energy for (x) of the background, and
too low for (1 - x). The part of the background fraction .
(f") originating downstream wlll be at the correct energy,
but will be overestimated, due to the lérger beam divergence.

The background data 3;, £ , £, £ may be used
in two ways:

(1) E;;, 2:3 may be combined by assuming that all the
background is composed of the same material, when the

corrected value will be:

(36) €a = Eoge (1= %) + &y x

A second estimate of £ may be made using equation (34)
(37) £ = g (1 +x (1/p)(ar/aE) A E)
and the mean (¢ ) of these two values of E;’,j may then be

used as in 8.6, together with equation (33):
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TABLE 1

Corrections to 98 Mev Hydrogen Asymmetries

Lab. Finite Size Beam Shift Multiple Scattering
Agg;ge of counter effect Correction factor Correction
8.0 0.00006small ~-0.00004 1.0088 0.00034
10.0 0.00005small -0.00011 1.0055 0.00026
12.5 0.00003small -0.00005 1.0036 0.00018
0.00019wide
15.0 0.00001small -0.00003 1.0025 0.00014

0.00007wide

17.5  0.00001small -0.00001 1.0019 0.00011
0.00005wide
20.0 0.00004wide - 1.0015 0.00009
22.5 - 0.00005 1.0012 0.00007
25.4 - 0.00007 1.0010 . 0.00005
27.5 - 0.60008 1.0008 0.00004
30.0 - 0.00009 1.0007 0.00003
35.0 - 0.00004 1.0006 0.00002
4o.0 - 0.00004 1.0004 0.00001

45.0 - - 1.0003 -
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(38) i = £(1 +x (1/s )(d v /dE)A E)
to glve the correction (I£) to the measured target full
asymmetry, where:

(39) de = ¢ (measured) - £, [ & (measured) - ¢' ]

(II) We may use (38), (37) to obtain a value for 4¢ , and
combine this value of A: with the value obtained by com-
bining all the £, , f, , £z , fs5 data simultaneously.

(39) l¢ = & (measured)(1 - £4 ) + (1 - x) 5,8 +xf¢

We may then pool the two values ofA¢ . The values of
X used in both these calculations are tabulated in TABLE 8.

X was measured at 8° (small angle arms) and 17.5°(wide angle
arms) by measuring the effect of parts of the hydrogen target
simulated by Kapton and aluminium foil.

In TABLE 12 are listed the asymmetries measured under
the three experimental conditions and with the two counter
telescopes and two energy discrimination levels.

In TABLE 13 are listed the corrections applied for
the finite size of the defining counters (3, 3'), the beam
shift between the two solenold settings, and the multiple
Coulomb scattering in the hydrogen. The first two corrections
are discussed further in 8.7 and 8.5.

These corrections are applied to give [TABLE 14]
the hydrogen asymmetries corrected for background in one [or
both] of the two ways described. The weighted mean of the
two estimates of the background correction is used to cal-
culate the result. The error on the final estimate of the
background correction is found by extracting the common errors,
pooling the two values of the .error; and reinserting the

common errors. The agreement between the two methods 1s



Mean Angle Correction to 98 Mev P(8)
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TABLE 1

o
Lab._ Angle

% loss of protons
for 17.5 Mev level
Proton Right
Proton Left

% loss of protons
for .8 Mev level
Proton Right
Proton Left

Change in mean

¢]
Angle 17.5 Mev
8 Mev

30

0.0

0.0

0.0

0.0

35

3-9i'00""
0.040.5

0.01
0.01

4o 45

11.4+41.0 18.3+2.0
3.140.5 6.4+1.0

10.2+2.0 18.3+2.0
2.2+1.0 6.4+1.0

0.0840.05 0.1840.05
0.08+0.04 0.1810.05
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satisfactory, in view of the large beam width, thick target,
and high backgrounds (# 3JZat BOiabw see TABLE 8.).

The 1liquid hydrogen contalner used for this experiment
had a 1 cm wide strut on proton right of the bedl. This strubt
occluded some of the scattered protons although 1t was well
away from the fringes of the main beam. A percentage of the
total number of protons scattered to proton right 1s occluded,
at the wider angles (>352).

This percentage may be calculated from the geometry
of the beam and the telescopes. The only effect of thils
occlusion is to shift the mean angle of scatterlng, by dis-
placing the mean effective centre of the target downstream.
This is because the discrimination levels 17.5 and 8 Mev are
sufficiently high to completely exclude any scattered proton
that has been through the brass. The mean angle corrections
are llisted in TABLE 15, and the corresponding centre of mass
angles are included in the table of results, TABLE 6.

The results)are plotted in FIG. 32, together with the
data of Taylor et ;;)and Palmieri e;qil, at nelighbourlng
energles. The smcoth curves are all derived from the energy
independent phase-shift analysis of MacGregor and Arndt at
95 Mev. This analysis represents the previous data, and
deces not include the measurements of Cnn reported in this
thesis.

The data are also plotted on FIG. 33, together with

13¢)

the predictions of the phase-shift analysis of Breit and
173)

1)
MacGregor. The fit of Perring includes this data.

-rl'_‘“f et LN
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FIG. 32
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TABLE 16

Polarisation Results at 97.7+ 0.3 Mev

o

Centre of mass angle Asymmetry Polarisation*‘ﬂ
16.41 0.0384+0 ., 0024 8.14 + 0,51
20.50 0,047340.0025 10.02 + 0.47
25.62 0.0485+0.0020 10.28 + 0.42
30.73 0.054140.0019 11.46 + 0.40
35.84 0.0578+0.0012 12.25 + 0.25
4o.o4 0.0589+0.0013 12.49 + 0.27
46,0l 0.0548+0.0012 11.61 + 0.25
51.90 0.053940.0013 11.42 + 0.27
56.20 0.,049840.0014 10.56 + 0.30
61.27 0.045240.00145 9.58 + 0.31
71.39 0.02964+0.0013 6.27 + 0.27
81.60 0.015340.0014 3.24 + 0.29
91.81 -0.0032+0.0015 -0.68 + 0.32

*The absolute scale error of 0.85 { has not been included here.
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VII Discussion of the p-p scattering results in the 70-140

Mev region
T.1 Results obtained

A summary of the p-p data reported in this thesis
is required before further discussion.

(a) Cnn at 73.5, 98.3, 143.2 Mev
(v) P(®) at 93.2, 97.7 Mev
(e) c(©) at 97.8 Mev (absolute)

Only the preliminary data is available for (¢) at this time,
however, as the data is used in the phase-shift analysis at
95 Mev, this preliminary data is listed in TABLE 17. The
experimental techniques used were similar to those of Jarvis
et al (Ref.13), and some details of the measurement are
included in 8.10.

Several phase-shift analyses have been reported
recently without the data reported here, notably the energy
dependent and enizgy independent”ﬂ§alyses of MacGregor and
Arndt at Livermore, and the Yale series of analyses YRBI (Ko)
and Ypp-IV. The later Yale analyses (Ypp-IV) are presented
in two forms, one including magnetlic moment effects onAthe
F-waves and above, and one not including this refinement.
These analyses have been used to make predictions for the
data of this thesis, based on all previous work. The
various predictions are compared with the new data in FIG.
31, 33, 34. )

Perring has carried out a set of analyses using data
sets including the new data. These allow for the magnetilc

moment effects on F-waves and above, and are also plotted

in FIGS. 31, 33, 34.



Preliminary cross-section data at 98.8 + 0.3 Mev

-
Centre of mass angle
P

(128)
TABLE 1

Cross-section @nﬁ)*

20,51 4,548 + 0,083

22.56 4.497 + 0.094

2h.50 4.588 + 0.065

26.65 4. 749 + 0.075

28.70 4.839 + 0.077

30.74 4.824 + 0.074 A ¢
32.79 4.884 + 0.072 8
35.85 4.789 + 0.059 -
40.95 4.856 + 0.048

46.05 4L.781 + 0.038 %
57.64 4.760 + 0.035 :
61.28 4.735 + 0.0

66.39 4,691 + 0.034 a
71.39 4.634 + 0.021 i‘,‘
76.42 4.624 + 0,030

81.45 4.583 + 0.059

86. 47 4.61 + 0.035

91.47 h.602 + 0.036

96.46 4.613 + 0.035

* These are absolute cross-sections, with relative errors;<}
the absolute normalisation factor is 1.0000 + 0.0082

(= ’ o o

'Total cross-section (integrated from 12 -90° ¢ of m)

= 29.1 + 0.3 mb.



(129)

4

FIG.

A2WN 86 YVIN ONIHILIVIS d-d NI NOILD3IS-SSOYD IVILNIYI4HIA

00! 206 008 oOL 209 205 SOF oOF 202 ] <0
F T T T T T T T T T BE
£61°43¥ (BoW) Lid ONINYID A2N B-86 —— i
91°434 ('v'Q'3) SNOILDIQIHd 'Y ¥ D3N AW O-86 - ¢
il
91338 (V'1'3) SNOILDIO3Hd ¥ 1 'D3W AINO-86 ] i Jor
1
9€1°3938 (6OW) SNOILDIOIYd LIFHE AIN O -B6 ———— v,
i
9€l 434 (B6oW ON) SNOILDIGIHd LIFHE AN 86 — —— % /
i
vp \___;.. - er
ONIHILIVOS d-d HO4 SNOLLDIO3Yd o5 AW-B6 il
-H\
6v133y (L9611d35) SIAUVTNILEYWNYDIM : AsHEOF 886 % I
%._\
_ L4 B
—9¥
B
- os

48 fqu



AL 38 (£941) SLOOL -TYIN ) JyowyIAIT (F2b1) sLrnsay TvwNig

(ole]] 06 o8

‘WD S33Y¥O3A -3TONV ONIH3LLVOS
oL 09 os oY ot oc (o]

(ron 896
S1INS3y LN3S3ud

JHOWYIAIT

ONIYY3d

¢

c-v

eV

v-v

s-v

9-v

Ly

8-

6-v

|-831S '8N NOILD3S -SSOHD TVILNIY3I44IA



DIFFERENTIAL CROSS~SECTION ~MB.STER™!

5.0}

4.8 r

4.4 |

PRESENT RESULTS {98.8 MeV)

%)
PALMIERI (95 MeV) x O.96

SOF
4.8
o} {
38) |
4.4 k KRUSE (95 MeV
4.2 ' | a | ! { ) | L 1
20 40 60 80 100

SCATTERING ANGLE — DEGREES C.M.

Fiwae Resuers (:qca) v Penp,nt’ <ers(LI6)



(130)

7.2 The determination of the energies of the measurements

In all cases the energy quoted for a measurement is
;ﬁpferred to a range curve taken in copper, and interpreted
&%;ng the Pevised Sternheimer tables listed in Ref . 105.
of The.precision of the data 1s such that an error of
1wMev would be of some concern, and this is the order of
magnitude of tﬁf)disagreements between theory and experiment
found at McGili.;ear 100 Mev as 1s shown in FIG.35. For
these reasons all the energies quoted are referred to ranges

in the same material, interpreted in the same way.

T3 Comparisons with other data

The polarisation data near 95 Mev is shown in FIG.32
together with the Harvard and prevlious Harwell measurements.
It 1s evident that both these earlier data sets contain
unresolved systematlc errors, as is shown by thelr fallure
to extrapolate to zero polarisation at 900 ¢ of m. Thils
fault was als? present inc¢/ 140 Mev polarisation until the
recent Cox et“al values were obtained (FIG.37).

The normalisations for polarisation data wfre in
consliderable disagreement untll Jarvis and Rosefzhowed that
polarlisations of some of the beams used had been referred
to an incorrect value for the polarisation in p—C“Lscattering
measured at Harwell in 1957. The renormalised results for
the maximum polarisation in p-p scattering are shown in FIG. \
38 over a wide range of energies. A smooth curve may now be
drawn between "~ 60 and~ 600 Mev, and the 93, 98 and 141 Mev

‘2‘1967) Harwell values lie on this curve. The polarisation -
data at 93, 98 Mev fit in well with the data at other
energies, and are of adequate preclsion to provide the

stronger constraints on the phase-shift analyses required by
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MacGregor et al (16).

1
The cross-section is the only absolute measure-

ment in this energy region, other than that of Krusex?to

+ 5%]. The relative values are also a significant improve-
ment on the previous data. The integrated (total‘ cross-
section [from 12 -90° ¢ of m] is shown on FIG.36, together
with the results of GoloskiZT Coxroand You;Z. The Goloskie
point at 90 Mev 1s In disagreement with the new value at 99
Mev, which favours a smooth variation of érrt with energy.
The kink required tg draw a smooth line through all the
Goloskie points has previously been critici:Zd, although
this is the first experimental dlsagreement.

The Cnn (900 ¢ of m) measurements are shown as a
function of energy in FIG.39, where the smooth curve is the
prediction of the Hamada—Johnstoﬁq%otential model, which
fits remarkably well. The references llsted on the figure
are to be found under Ref. 151. At 140 Mev the Cnn data do
not contribute much new information, as the concurrently
measured 6, P results of FIG.37 were analysed and used first
to closely define the phase-shift solution. At 98 and T4 Mev
the Cnn results are valuable, but 1t 1s advisable to make
some allowance for the possible + 0.3 Mev error in the mean
energles of the measurements. This 1s made necessary by the
rapid variation of Cnn(90° ) with energzy, (see FIG.39).

7.4  Phase-shift analyses

In TABLE 18 the results of the Perring analyses for
T=1 phase shifts are tabulated together with the Livermore
(1966) results. The Livermore analyses represent the previous
data, and include both n-p and p-p information in the data
sets. The Perring data sets contain solely p-p informatilon.
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7.2 The determination of the energies of the measurements

In all cases the energy quoted for a measurement is

.ggferred to a range curve taken in copper, and interpreted
@é;ng the evised Sternheimer tables listed in Ref.105.

- The precision of the data 1s such that an error of
1.Mev would be of some concern, and this is the order of
magnitude of t?ggdisagreements between theory and experiment
found at MeGill near 100 Mev as is shown in FIG.35. For
these reasons all the energies quoted are referred to ranges

in the same material, interpreted in the same way.

o Comparisons wlth other data

The polarisation data near 95 Mev is shown in FIG.32
together with the Harvard and prevlious Harwell measurements.
It i1s evident that both these earlier data sets contain
unresolved systematlc errors, as 1s shown by their fallure
to extrapolate to zero polarisation at 900 ¢ of m. This
fault was als?_present in¢ 140 Mev polarisation until the
recent Cox ethil values were obtained (FIG.37).

The normalisations for polarisation data were in
considerable disagreement until Jarvis and Rosefzhowed that
polarisations of some of the beams used had been referred
to an incorrect value for the polarisation in p-CrLscattering
measured at Harwell in 1957. The renormalised results for
the maximum polarisation in p-p scattering are shown in FIG.
38 over a wide range of energies. A smooth curve may now be
drawn between ™ 60 and~ 600 Mev, and the 93, 98 and 141 Mev

‘%(1967) Harwell values lie on this curve. The polarisation
data at 93, 98 Mev fit in well with the data at other

energles, and are of adequate precision to provide the

stronger constraints on the phase-shift analyses required by
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MacGregor et al (16).

1
The cross-section is the only absolute measure-

ment in thils energy region, other than that of Krusex?to

+ 5%]. The relative values are also a significant improve-
ment on the previous data. The integrated ‘total’ cross-
section [from 12?-900 ¢ of m) is shown on FIG.36, together
with the results of Goloskui Coxlgand You;g. The Goloskie
point at 90 Mev is in disagreement with the new value at 99
Mev, which favours a smooth variation of frrt with energy.
The kink required tg draw a smooth line through all the
Goloskie points has previously been critici:gd, although
this 1s the first experimental disagreement.

The Cnn (900 ¢ of m) measurements are shown as a
function of energy in FIG.39, where the smooth curve 1s the
prediction of the Hamada—Johnstoﬂq%otential model, which
fits remarkably well. The references listed on the figure
are to be found under Ref. 151. At 140 Mev the Cnn data do
not contribute much new Information, as the concurrently
measured 6, P results of FIG.37 were analysed and used first
to closely define the phase-shift solution. At 98 and T4 Mev
the Cnn results are valuable, but 1t is advisable to make
some allowance for the possible i+ 0.3 Mev error in the mean
energles of the measurements. This 1s made necessary by the
rapid variation of cnn(90° ) with energy, (see FIG.39).

7.4  Phase-shift analyses

In TABLE 18 the results of the Perring analyses for
T=1 phase shifts are tabulated together with the Livermore
(1966) results. The Livermore analyses represent the previous
data, and include both n-p and p-p information in the data

sets. The Perring data sets contain solely p-p information.
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FIG. 37
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In TABLE 18, * indicates that the phase shift has
been set at the one-pion exchange value, x indlcates an
energy independent analysis, and y an energy dependent one.

At T73.5 Mev the data set is the Minnesotast;), the Harv;?d
P, d,and the new Cnn(90°3? Only five free phases are used,
the remainder being set at the values given by the one-pion
exchange potential. The Cnn point contributes 4.9 to thexf.
In order to use the measured Cnn value, the value (0.9737i’g}
Cnn at 143.2 Mev, deduced from the precise 140 Mev analysis,
was used as a normalisation to give Cnn (90°, 73.5 Mev).

The 95 Mev analysis shows a very marked improvement
in precision, many errors being reduced by a factor of two
or more when seven phase shifts are allowed to vary. The
analysis'at 95 Mev is now as well determined as at 140 Mev,
but for the 3P0 phase shift, for which a new precise D (de-
polarisation) measurement 1s required. The data set used is
the Harwell 3?13'; Harvard D, , ??)and the new Harwell

P, ¢, Cnn. The )}contributions of the new data are:

XL(Cnn) = 5.3/1 point
X [P(93.2 Mev)] = 4.6/5
¢ [P(97.3 Mev)] = 13.6/12
2 [6(98.8 Mev)] = 14.6/20.

The absoclute ?Srmalisation of polarisation (experi-
mentally 1.000+0.008) and cross-section (experimentally 1.000
ip.ooB)“Zie found to be 0.994+0.008 and 1.001+0.008 respect-
ively, which is a very satisfactory agreement. Further
support for the shape is glven by the value of g_(the
- average P-wave phase shift). This parameter is determined
by the shapé of the Coulomb interference minimum, and the

° 0
value of 2.71 + 0.24 obtained in this 95 Mev analysis lies
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9
on the smooth curve through other accurategbalues at 10, 18,

68, 140 Mev.
47)

The 95 Mev Harvard data could now be dropped from
the analysis as the data is of little weight. The phase
shifts are now accurately known at 95 Mev.

7.5 Conclusion '

The p-p system is now well detepmined at both 95 and
140 Mev, and the ambiguities and inconsistencies in the data
at these energles have been resolved. There is now no further
need to remeasure any quantities (except D at 95 Mev) in the
p-p system at elther energy until a further order of mag-
nitude in precision may be obtained.

A compilation of the N-N data in the 60-160 Mev
reglon 1s presented in TABLE 19, andsi?ould beﬁ;sed in
conjunction with the papers of Jarvis and Rose which discuss
the renormalisations in detail. A selected data set near
140 Mev is to be presented in the paper describing the~140

13)
Mev ¢, P measurements.
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VIII Appendices
8.1 Calculation of the proton flight paths in the

magnetic field of Cnn magnet

The technique used was that of F.J.M.Farle;?)as
published in a CERN report. The paths of the individual
protons in the magnetic field are traced by a step by step
calculation. The parameters used are shown in FIG.41, and

are defined as follows:

x = radlal distance from centre of magnet in cm.

¥y = azimuth angle in radians.

z = inclination of track to radius vector in radians.
¢ = radius of curvature of trajectory.

¥y and z are both measured in the same rotational direction.
By moving a dlstance h along the particle trajectory from
(x,¥,2) to (x',¥y'52")

(a) x=x+h cos(Z) - h sin(z)/2¢ + h sin(z)/2x

(b) y'=y + h sin(z)/x' +h cos(z)/2px'

(¢) 2'=2z + ng - (y'-y)
In (a) and (b)Q enters only to second order, and thus the
value of ¢ at the beginning of the step may be used in
(c) ¢ is the value of ¢ at the midpoint of the step. This
can be calculated from (a) and from

() ¢= 3.336 P/B where P is momentum in Mev/c

B is field in kilogauss.

Two programmes were written: one using a fitted
polynomial to the fringeing field, the other using the
fringeing field at 0.5 cm. intervals and an interpolation
routine. The results computed in each way were in good
agreement.

Reference (97)
F.J.M.Farley C.E.R.N Report 59-12 Geneva (1959)
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FIG. 40
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8.2 Use of the error matrices obtained in Cnn analysis

The analysls carried out for the 143.2 Mev Cnn data
has been shown to give a value of ¢.1656 + 0.0019 for the
polarisation in protonfroton scattering at the overall mean
angular setting of the 30° telescopes. This is supposed to
be 30° Lab (61.800entre of mass). The values for Cnn are
qulte independent of this angle, as the only effect of
the arm was to provide an admixture of analysing power for
the polarisation measurement. If it is taken that the
angle was in fact 30" Lab, then the result obtained may be
checked against the recent measurements of Cox et'ia at
140.7 Mev. These measurements were made using the same
beam, and thus the value of the proton-proton polarisation
(P3) glven by their data is 0.162 + 0.003 when corrected to
143.2 Mev using the known energy dependence of P3 from the
literature, see FIG.19.

If this value of P3 is imposed on our results, then
by using the error matrices of TABLE 5, we may give the
corrected value of Cnn. We take the two-variable regression
equation of y[=Cnn(95)] on x(=P3).

E(ylx) = fy + Qs%} [x- pr ]

As we have moved 1.9 standard deviations #8 6x (note: we are
not here using the values renormalised for overall Xf/point),

[E(ylx)] = ~0.47 ¢y = -0.0183
thus Cnn (90°) becomes 0.982 + 0.0039
The derivation of the equation for E(ylx) is now given.
We have a bivariate distribution f(xly) = £(x,y).

£(y)

If we take a normal distribution:
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L XM s I
£(xly) = 1 Bxp [ e (% Yop(er) (R )
b Gy pame (/2 (5]

This 1s the P.D.F. of N(fx + ¢ 9 (y-p9), ox (1-¢) ]
Sy
= . Ox .y~ .
thus the regression 1line 1s. E(xly) IAK + Gy ﬁ% (y /%)
8.3 Asymmetry formulae

The general form for the cross-section for the scat-
tering of a beam of polarised protons from an unpolarised
target has been given in chapter one. If we restrict our
attention to the case of scattering in the plane perpen-
dicular to the plane of incident polarisation, we may express
the count rates recorded in two telescopes set at angles&.
and Oy (to proton left and right respectively of the beam),
in the following manner. L,R = left or right; U,D = incident

proton spin up or down, set by the spin predession solenold.

L.U. =Nue, I(0:) [1+ P/P.(4.)]
L.D. =Noe, I(4.) [1- B B (d.)]
R.U. = N, e, I(68¢) [1- P B (do)]
R.D. = N» e, I(6) [1+ P P (0o)]

where I(0), P»(6) are the differential cross-section
and polarisation for proton4roton scattering of an unpol-
arised beam from an unpolarised target at an angle5’: e, ek
are the efficlencies of the two arms Left and Right: P, is
the polarisation of the incldent beam: and N«, Ny are the
number of protons incident on the target for one monitor

count when the incident proton spins are up or down respect-

ively.
L,
Defining r as{_l_._q RDl* , anda £= P, R (GQ.)
Ru LY

o= PIP (an_)

{ t
r= £1+& P4 £1+ fa{ 5 independent of e  , &, N., Np.
t-E&n Lt
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if we now take §, to be a~ € , and write £=E+5, £ = € -
then ra 1+€ (1 +2¢5)
where § ané’;igher terms are neglected; and ¢ is neglected
compared to 1 in the second term. As in the case of 98 Mev
p-C the maximum value of ¢ isw~ 0.08, this is acceptable.
Thus ¢ r-_1)- 551 to the same order of accuracy. As an

e
estimate of the size of the second term, consider ¢ -d¢ = 2

then § refers to 1° and § = P, DB.. The highest value of
P.%%;i obtained in the proton-proton scattering gives 5~ 167,
The term was thus neglected, and the formula § = $*J)
used for the asymmetry, which then refers to the angle

( 0L+ wﬂ) .
2

8.4 Statistical error on the asymmetry

We label the four counts at a given angle Xi (i=1-4)
when r = [X, .X; . We have already shown that this
Xo Xg
expression 1s not dependent on monitoring, and thus the

standard deviation of each count is given by its square root.
-4 1 3
{ wt Z. Y g« {*—\)

nowdi = 2 3 as & = p-1
el o =

thus A¢ = 2 . %r‘A(fb) w.»(ﬁ(’ = (1-¢") 2'(%)

@

As ar*b>ec d ( as a consequence of the small asymmetries

1

1- §* where N = a + b + ¢ + d.
N

measured) A €

8.5 Effects of beam movements on the measured asymmetries

If the beam alters position between the two solenold

settings, or i1f the beam spot varies 1n position at a given
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solenold setting, false asymmetries may be introduced. These
asymmetries come from two sources: (a) the change in cross-
section with angle, (b) the change in polarisation with
angle. The previous appendix has shown that the values of
the asymmetry calculated in the manner described are
independent of small differences between the left and right
scattering angles. This allows us to assume that the spin-
up beam has equal left and right angles of scattering ((©),
and the spin-down beam, is displaced Af to proton left.

For case (a) r = 1+¢ jﬁ%p)}r(@-40)7;neglecting P(@)effects
¢ (6(®) (0 A))

A
For case (b) r = [1+P, Pa(8) . 14P P (s -a9) |"
=0, 0 (8) 1-0 o (avde)
neglecting G (¢#) effects.

Expressing r to first order terms in 44, and writing

PP (©)=¢, and P,P (g+4)- PR (0) = A€

(a) becomes r = 1+% (1-461 d¢ )
/- ¢ ¢ do

(b) becomes r = 1+ & (1+ €AE)
1-€

Rearranging again to first order in A&

I

(a) glves ¢ = r-1 + 1pl1 _dc]
T 2 ¢ dé

(b) gives ¢ = r=1 [1-1 p¢ (P, 2P )]
Tt 2 LS

For hydrogen the magnitudes of these effects are, in the worst
cases, (a) 1 part in 500

(b) 1 part in 3000
although the effects can be larger for the carbon case. The
beam lines for spin-up and spin-down cases differ only

slightly, the measured angular difference between the two
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lines being 0.005 + 0.003° . As the beam position is defined
by the last collimator up-stream of the hydrogen target,
movements of the beam during runs with constant spin-up
(or down) are negligible. The centre of gravity of the beam
spot incident on the ionisation chambers could be held steady
to better than 0.1 mm. without difficulty, thus reducing any
effect still further.
8.6 Application of the background asymmetry correction

The asymmetry (EF) measured in scattering from a full
hydrogen target may be written & = Le - R where L (R:) is
the count in the left (right) hand t:ié;égge. The count Ly is
made up of Ly from the liquld hydrogen and Lg from other
material in the beam.

Thus fF = Ly~ Ra + Lo - Re
Lu + Ry ¢ Lts ~«Reg

and 1f we write Lo +Rg as f, the background fraction

i+ Ry
g = €u + sﬂ
F =y I+£
or =%+ [& - & 1°

8.7 Asymmetry correction due to the finite size of the

defining scintlllators

The finite vertical extent of the defining scintil-
lators causes a reductlon in the asymmetry measured, as
scattering at an angle # to the horizontal is included with
the scattering in the horizontal plane. The effective asym-
metry 1s then reduced to P, (cos §)P; (&), where § 1s the angle
between the normals to the horizontal and the ¢ -inclined
planes see FIG. 42. The measured asymmetry is then P,B (&)
cos (9)

&meas = P, P, fcos § dy
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FIG. 42

by

BEAM LINE -—
FIGURE FOR EFFECT OF FINITE SIZE OF THE COUNTER ON THE ASYMMETRY.

y
—\‘( SCATTERED
o PROTON

: BEAM INTENSITY
: PROFILE
/ l
)
o

-Q4+X0

FIGURE FOR COMPUTER CODE DISCUSSION.

FIG. 43



(150)
~
Now § = tan ¥ } where 1 is the dlstance between
s ¢ .
target and counter. Thus, expanding the expression for (cos$)
in terms of y, a term by term integration may be made,
P = 2
meas. = P, - 1 P P a + higher terms.
BT () i
The fractional correction is thus: -1 a )
(3 s ’

and amounts to C.5 % in the worst case.

8.8 Computer code used for the absorbers and various

effects on P and ds/dJl measurements

A computer code was written for the I.B.M. 7030 to
compute the copper absorbers required for the 98 Mev experi-
ments, and to define as consistently as possible an energy
threshold to remove protons, e.g. at 13 or 20 Mev down from
the mean energy of the incident proton beam, taken at the
mean centre of scattering. The effects of beam size, target
positlion, target shape and beam intenslty profile were in-
cluded in the calculatlions. The loss of protons due to
absorption in the hydrogen was included in the computation,
and the losses after scattering could convenlently be ob-
tained for all angles. The total cross-section data of
Goloskie et al were used for this stage. The range curves
of Sternheimer as published in the N.I.R.N;g})High Energy
and Nuclear Physics Handbook (Chilton 1963) were used for
losses in Cu, CH, CH;, Al and air. The curves of UCRL 2426
(1960) were used for the energy losses in hydrogen.

All range curves were reduced to the fomm:

Range (gm/cm**2) = A.Exp (BT), where T = energy in Mev,
for the energy range 20-60 Mev. The parameters used are
given here
Ho .CH CH, AIR Al Cu
A 0.72x16°7 1.85x1G°  1.758x10°  2.22x107°  2.66x16° 3.4Ux10"
B 1.843 1.810 1.805 1.800 1.785 1.761
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The mean thickness of the target depends on the

beam intensity profile used! a trapezoldal shape was chosen
as it could give a close fit to the gausslan distribution
observed in the beam spot. The parameters of the trapeZium
were chosen by taking a microphotodensitometer trace of the
beam spot at the target position and comparing the shapes
and areas graphically.

8.9 Spin precession in the solenoid

The precesslon of the proton spins produced by
passing protons down the axis of the solenold is due to the
interaction of the axial field (H) of the solenold with the
magnetic moment of the proton (/&). From the classical state-
ment of the problem, )}_‘ X H =_T_'. w , where ]1 1s the angular
momentum of the proton. Also, w = 8 ¢ % in the seml-class-
ical approximation, where g, 1s the gyromagnetic ratio of
the proton and f. the nuclear magneton. As the time for the
proton of velocity v to traverse a distance L along the
solenoid is given by L ( 1- v /¢ ).é, the length of solenoid
(L) required to prece;s the proton spins through n radians
about the beam axis is glven by

t,= _at =L (1-v'/¢ )
%p v v
Thus L.H = %vg
: 9 faw (1= 0L

The beam spread before the degrader is less than
+ 1.4 Mev (FWHM) , which would introduce a Y.reduction of the
incident~ beam polarisation of < 0.15‘?« s which 1is negligible
compared to the experimental error of O.85‘ion 'ches :};.bsolute
value of the beam polarisation.

A precise derivation of this effect has been described

9¢)
by Bargmann et al.
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8.10 p-p Differential cross-section at 98.8 + 0.3 Mev

The data shown in preliminary form in FIG.34 and
listed in TABLE 17 was taken while thils thesls was being
written. As these preliminary results were used in the phase-
shift analysis discussed in 7.5, a short account of the
experiment is glven here.

The experimental layout is shown in FIG.44, and the
scintillation counter sizes and distances are those listed
in TABLE 6. Shielding and antiscattering collimation was
used in addition to that shown in FIG.44.

The experimental techniques were similar to those
of Ref.13, however more care was taken in the measurement of
the absorption losses in copper used in the scattering arms.
The hydrogen scattering chamber differed slightly from that
used for 97.7 Mev p-p P(8) work, and thicker ( .013em) Kapton
was used for the entry and exit windows of the vacuum chamber.

The energy discrimination level used, rejected protons
more than 20 Mev down from the mean beam energy at the centre
of the target, which was ~8.6 Mev thick. Detaills of the beam
shape are shown in FIG.45. '

The absolute callbration of the monltor was carried
out by the method reported in Refs. 13 and 152 using the
long duty cycle be;;{ The block diagram in FIG.45 shows
the fast-slow system used. The resolving times of all the
fast circuits were set at 18 ns, so that the fast systems
could count once and only once each r.f. cycle (100 MHz units)
or once every cycle - other than one following a cycle in
which 1t had counted - (1 MHz units), giving counts in a
given time of N;, , N,, respectively.

The actual number (N) of protons passing through the
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fast-slow counter system 1s glven by:
(a) N=N,_ N, logl N, /(2N, -N,s )1/[N, -N. ]
which reduces to
(b) NN, + [N, -N,1/2
when N,,, 18 close to N,,. This relation (a) was tested
over a wide range of intensities and duty cycles, and
found to give the same value for protons/monitor count. An
absolute normalisation of 1.0000 + 0.0082 was finally

obtained for the cross~section data.
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