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ABSTRACT

Protone-proton clastio scattering has been studied in oounter
exporimentsusing the 150 MeV. 46 percent polarized proton bean
fron The Harwell 110-inch synchoeyclotron,

The polarization in p-p scattering has been measured at
varions enerzies between about 27 eV, and 100 MeV. The bean
energy was reduced to the required values in a suitable absorber,
and the energy of ocach measurenent was defined hy an anti-ocoincidence
arrangenant in oonjunction with telesoeme absorbcu; A 1liquiad
hydrogen target was employed and solenoids were used to rotate the
polarisation of the beanm through T 180° in order to eliminate
geonetrical false agymmetriocs,

The Wolfenstein depolarization paraneter in p-p soattering at
143 ¥eV. has been measured uging similar technigues,
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Chapter 1.
INTROLUCTION

Nuclear Foroes and Nucleon - Nucleon Scattering.

It is well establishad that all atomic nuclei are composed
of protons and neutrons in roughly equzl numbers. The nature of
the forces which these particles exert upon one znother is however
less well known and provides the centrul problem in nuclear physics.

In many respects the proton and the neutron are very similar;
for this reason, and as a matter of general convenience, they are
often referred to collectively as nucleons. This notation finds
formal expression in the isotopic spin formalism.

The peculiar features of the nucleon - nucleon interaction,
namely its great strength and extremely short range, were first
demonstrated by #igner (R.l.). Since then a great deal of work,
both experimental and theoretical, has been carried out with the
object of learning more about nuclear forces. Attention has been
concentrated mainly upon systems containing only two nartiocles,
chiefly because éf the theoretical difficulties associated with
multi-particle systems; it is also supposed that nuclear forces
are additive, so that more complex structures ocan de explained in
terms of the two-nuoleon interaction.

The only known stable system of two nucleons is the deuteron,
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comprising a proton and neutron in & bound state of .binding

energy about Z.23 MeV., The properties of the deuteron have

provided important information about nuclear forces. kost of oaur
knowledge has however derived from scattering experiments in which
protons have provided the target and the bombarding particles have
been either protons or neutrons. The absence of a suitable target
of neutrons hss precluded any direct study of neutron-nesutron
scatte;ing.

Much of this introduction is devoted to a general survey of
‘nucleon-nucleon scattering experiments eand their interpretation.
The oonoluding seotion is less general and gives the background to
the proton-proton scattering experiments whioh form the subdject
of this thesis. Before embarking upon these topios it will be
convenient, in the following section, to mske some acquaintance
with the language used by the physicist to describe the scattering

of one particle by another,

The Interpretation of Jocattering -xperiments.

The simplest model of nucleon-nucleon scattering ignores
both the spins of the particles und the possibility of inelastioc
processes. The socuttering then reduces to the elastic scattering
of one partiocle by another of equal mass at rest in the laboratory.
This is a well-known problem in quantum mechsnics; transferred to
the centre-of-mass system it involves the solution of the

Sohroodingeroquatién for the scattering of a particle of reduced
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mass by the potential which describee the interaction. The only
difference between this problem and that of finding the bound
statea, if any, of the particle in the potential is that the
total energy is now positive rather than negative. The wave
function desocriding the scattering contains a sum over spherical
harmonics, each of which is identified with a partiocular orbitesl
aomentun, Associuted with each spherical harmonic is a radial
tera whioh reduces, at large distances, to an ingoing and an
outgoing spherical wave. A similar solution describes the
particles in the absence of the potential. In the latter case
the syametiry arises merely from the cholce of a partiocular point
as origin; it ie reduced one degree by ocnoosing the coeffiecients
cf the various terms in the wave function so that they combine
into a plane wave, corresponding to a beam of partioles. More
specifically, the plane wave solution is a sum of terms, each
corresponding to a specific angular amomentum 1 and having the

asymptotic form

i(kr - #{7T) = i(kr-%{7V)
e - 1.10

where k is the de Broglie wave number of thoufartiole in the centre-
of-nass system.

¥hen the potential is present the corresponding part of the

solution takes the form

1(ke = 3 (77 +22) -4(kr = ¥ L77)
] - @ l.2.

The solutions with and without the potential differ only by a change
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in the phase of each outgoing "partial wave", For each angular
momentua ﬁ_there is a real "phase shift” 3@ which describes the
scattering. Phase shifts are discussed more fully in Appendix I.
The significance of the partial wave approach to scattering
lies in the faot that for a given energy only states with angular
momenta below a certain value can participate; higher angular
moment: correspond classically to particles with impaot parameters
larger than the range of the potential. It is, therefore, possible
t0 describe the scattering at any particular energy in terms of
a limited number of phase shifts. For example, it is shown in

Appendix I that the differentisl cross-section can be written

o2
2
1 (6) = %2 Z(Zl-o- 1) P[ (6039) sin 8@ 1030
{ =o

In genersl only the first few terms of the sum over [ are
significant, and equation 1.3 can be written a8 a sum over a few
powers of cos 0 whose coefficients contain the phase shifts,

I1f the cross-section dats are acourate enough then the phase shifts
may be extracted from thenm.

In general a potential cannot be derived from the phase
shifts, bdbut phase shifts ocan be calculated from an assumed
potential and ocompared with those extracted from the data. In
this way the validity of the potential can be ascertsined.

The simple model discussed above does not contain all that is

known about the nucleon-nucleon system. Fevsral additional
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features are required and these will now be mentioned. S0 far
attention has been confined to elastic scattering of spin-zero
partioles, Inelastic scatterinz is included by allowing the

phase shifts to be oomplex, so that the amplitude as well as the
phase of each partial wave can change. The spins of the particles
must also be taken into account. A8 a result of the s-in-dependence
of the interaction the number of phase shifts is increased.

Further, orbital angular momentum need no longer always be conserved
and it is necessary to extend the definition of phase shifts

given above; this point is considered in Apyendix I.

A final point is that the partial wave approach to scattering
is useful only if the range of the potenti:l is finite. I the
range is infinite then all partisl waves are scattered and the
extraction of phase shifts is impossible; +this 45 the case for the
Coulomd interaction in protone.proton scattering . However, the
form of the Coulomb potential is known and its effects can be
caloulated. Allowing for these effects, intormation about the
nuclear part of the proton-proton interaction can be obtained from

the data (sec Appendix I).

3, A _Survey of Nucleon-Nucleon Bcattering. .

(a) Summary. By about the yeur 1940 the general features of
the nucleon-nucleon interaction appeared to have emerged, largely

from low energy scattering experiments and the observed properties

of the deuteron. Since about 1945 numerous high energy scattering
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experiments have been performed. It was hoped that these could
be desoribed by potentials similar to those required by the low
energy data, and that they would provide information about the shape
of the potentials, about which nothing was known.

The first part of the present section deals briefly with
the low énargy data and the features which emerged from them; for
& more detailed acoount the book by Blatt and 7veisskopf should
be consulted (R.2.). 3ome disoussion then follows of high energy
scattering and the extent to which the results could be understood
in terms of potential models. Mention is also made of attempts to
obtain a more fundamental understanding of the interaction. These
topios are described more fully in various review articles.
(e.g. Re3, 4, 5.)
Nucleon-Nucleon Scattering below 1C HeVv. MNost of the experimental

data prior to 1940 referred to Neutron-proton scatiering below

10 MeV. In this region the scattering is predominantly S-wave and
elastiog photo production of deuterons is significant only below
0.1 eV., while the modifications needed below leV to account for
chemicsl binding of the target proton were quite well understood,
The observed scattering, together with the binding energy of the
deuteron, were explained in terms of an attractive central potentiel
the details of which, as pointed out by Wigner, depcnded upon the
total spin, i.e., upon whether the ascattering takes place in the
singlet or triplet spin state. The deuteron was at this stage

regarded as a pure S-state. For each spin state the energy-
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dependence of the S-wave phase shift was shown to be the following!

k L -é*ﬁ‘l‘kz"rrg k4"‘"oooo 104
k 4s the de B:oglie wave mumber. in the oentre~of-mass gystam:
k¥ = 0,0128 x 102® ¢&° 1.5

where E is the laboratory kinetic energy in MeV (The de Broglie
vavelength is X = 1/k)

3, is the "gero emergy scattering length"; 4t is related to the strength
of the potential, =z, is the "effeotive range", equation 1.4 being
known as the effeotive range expsnsion, The "shape parameter" P is
related to the radial dependence of the potential, Additional temns
not shown on the right-hand side of equation 1.4 contain higher powers
of kj winoce r, is about 2 x16°13 em,, 1t follows that these are
negligidle at cnergies below adbout 20 MeV. DBelow 10 MeV the tem
containing P is also negligible and equation 1,4 reduces to the
"ghape~-independent approximation”, Neutrone-proton scattering data
below 10 KMeV have helped to provide scourate values of the saattering
length and effective range for both singlet and triplet scattering, but
they can be fitted by any reasonable shape of attractive potential.
Measurenents of protone-proton scattering have been confined to energies
greater than O;.i Ke¥, since Coulomb soattering predominates at lower
enerziess The presence of the Coulomb potential provides the first
dissimilarity with n-p scattering ;3 this point has already been
mentioned and is disoussed further in Appendix I. The seocond
difference derives from the identity of the two particles, The oxoss-
section is symmetrio about 90° c.me; formally thie 1s a consequence



of the antigymmetisation of the scattering natrix. Aleo, the

Pauli prineiple requires that the wave functions shall be sntisymnetric
under exshange of the two protons, so that only spatially symmetric
(even=parity) singlet states snd antisymmetrie (odd-parity) triplet
states are pemitted. The munber of phase shifts zequired for pep
noattering 48 thuo less than the number required for n-p soattering

at the same energy,

Protoneproton soattering below 10 eV is susoeptidble to s
shape-independeont approximation similar to that for n-p scattering,
tut nov only the ainglet state is involved, Further, the data are
not inconsistent with ohnrge-ind«pmdagoc. 1.0,y with equality of the
nep and p-p £ roes. The date alresdy mentioned oould be fitted with
a eentral potential. However, the agymmetry of the deutryon ground
state wave function, myﬁed by ite obsexved electrio quadzupole
moment, denanded an additional, non-gentral temu in the intemmction,
The latter is the “Tencor potential®, described by the operator.

12 = 3T .9T2.8 - J1.92 1.6.
whore V1, U2 are the Pauli operstors of the mucleons and & is a
unit veotor parallel to the line joining them, The tensor intersction
vanishes in the singlet state, In the triplet state it allows
coupling of states of different orbital angular momentum, providing
par{.ty io oongerved, As a result the deuteron smund-atito can
eontain a suall amount of Destate, and th;a latter suffices to explain
the obsarved magnetic moment,

The two-muoleon data below 10 MoV are consistent with attractive
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omtral-plus-tensor potentials. However, this type of potential

does not ;ive the observed saturation of npolear forces. The latter
was firet explained in terms of intersotions which can be attraotive or
repulsive according to the aynmetzry properties of the wave function under
the exchange of sane or all of the co-omiinates of the particlee.

such interactions are said to involve "exchange forces", lLiore

recentl: saturation has come to be regarded rather as a consequence

of a resulcive "haxrd core” in the potential,

Both the shell model of tho mucleus and certain features of high
enexgy scatterming demand a second non-oentral temn in the two-nuoleon
potential, the veloeity-dependont spineorbit (L. §) potential,

Information about the muoleon-nucleon interastion can aleo be
derived fron general oonservation theorems, ‘These predict thai the
interaction ie
(1) invariant under spatial rotatione (oanaﬂﬁﬁon of angular momentum)
(2) invariant under spatial reflections (oonservation o parity),

(3) invariant under time-reversal.

In the absence pf evidenoe to the contrary it has been usual to
asgune also that the interaction is (4) Moi-?mmt and (5) at
noat linear in the relative momentum,

A general form oan be written for the potential sudject to these
five oonditionss The various terms of whioh it is compoeed are just
those which ocour in the combined central, tenzor and spineorbit
potential predioted experimentally. . potential of this kind oan be
written for each of the four combinations of spin and parity; the
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non~central terms vanish for singlet seattering,
The gmmeral features of the two-maolaon interaction thus
seenod t0 be wellwestablished, at least at low emnergies, It remained

to be seen whether or not the same features oould acaount for

scattering at high ener-ies,

During the past 15 years or o0
the construotion of high enorgy particle ascelerators has resulted in a
wealth o new data from micleonemcloon scattering experiments, oet of
wvhioh have becn performed at ener:ifes much greater than 10 MeV, It

was hoped that high energy occattering would reveal somathing of the
shape of the twoenucleon potential, about which very littlo infowmation
i3 provided hy low emergy data, This point may be appreciated by

an appeal to the Unoertainty Principle, acoording to which the minimum
uncertainty in the position of a pwti?lc is about equal to its

de Broglie wavelength; 4t follows tha{; a scatterin; exporinent can at
best provide infornation only about the average of the notential over this
distance, I¢ has been seen that the range of the miclear potential

1a of the order 18%%am, (= 1 fermi), A% 10 Mev the de Broglie
vavelencth of a mucleon in the centre~ofenass systen ia about

3 x 18 13 cm, and 80 nothing can be learnt about the shape of tie
potential, At 300 MeV, on the other hand, the situation is very
different cince the wavelangth is only 05 x 15%%m, A1s0, several
partial waves are involved; the Sewave soattering rolates to the
central region of the potertial and higher partial waves to the outer

regions,
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The multiplicity of partial waves in high energy scattering neans
that many more phase shifte are involved, For each singiet state
there is one phase shift. In triplet states the tensor part of the
interection implies that orbital angular momentum need nc longer be
consexved and it télloia that each triplet state with ( greater than
1 requires 4 phase paraneters (see Appendix I), mamely 3 phase shifts
and a mixing persmeter. Jor example, it now appears that S-, P, D-
and P» waves are required at emergios below 100 LeV; these give

9 phase shifts for p~p soatiering and 16 for n-p scattering, whereas
the mumber of independent parameterc which can be axtracted from the
differential oross-seocddon is only - _.é’w + 1 = 4 for the former and
2/ max * 1# 1 for the latter. At higher snergles the situaticn 18
even worses Measurenments are olearly needed of quantities other
than the omoa-mtiom.~ The additional odbservables are the

double= and triple~ acattaring and spin-correlation paremeters defined
by mlfmtdn and disoussed &n Appendix II, The relevant
.:poumenta mniu “polu:l.zad“ beams, in which the spine of the
micleons are auamd pudonimtlw along one direction, asnd these
becane available in 1954 (the method of produeing polarized beams Ly
soattering ia described in Appendix IX). The ococurrence of
polarization otfecta in scattering ie readily appreoiated in terms of
a lpin-omt potentialy particles scattered to the khﬂ and to the
zight correspond elassically to opposite direotions of their angular
momentum vectors, Jor a tensor potential the effect is less obvious

(Re6.). In the mocleon-mucleon aystem polarization effects oan occur
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only in twiplet seattering, For a spin-orvit potential the orbdital
angular nomentum must be greater than zaxv.

Above 400 MeV. pion production beoomes significant (threshold
290 MeV,) and eomplex phase shifts are necessarye, The number of
real pareneters involved ie thorely doubled and it beoomes unlikely
that any detailed information ocan be extraoted from the data, Jor
this reason attention has oconcentrated vexry largely upon emergies
below 400 NeV.

Many attempts have been made to fit the high energy data with
potontials which embrace some or all of the features described
sarlier, uite simple funotions, with at most one or two parmmeters,
have ussally Penemployed for the radial dependence. Ho attempt will
be made to desoride the various potential models that have been
proposed; all have had limited applications, The most signifieant
feature to emerge has been the need for a "hard core™ or infinite repule
sion at amall distances, The most suocessful of the purely
phenomenological potentials has been that of Gemmel and Thaler (R.7),
based on the 310 lieV. phase shift analysis of Stapp et. ale (Re8). It
gives quite good agreement with most of the data up to 310 MeV,

During recent years emphasis has moved away from phenomenological
potentials, It has rather become ooncentrated upon the extraction of
unique sets of phase shifts at those energies at whioh there is
sufficient date to make this feasibles, It is hoped that when all the
phase shifts are known as funotions of energy it will be possible to
oonstruot o satisfaotory potentials References to the mumercus

published analyses of n-p and p-p scattering are given in the review
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articles already mentioned. In the earlier phase shift analyses it
wvas often necessary to restrict tie number of partial waves involved to
what 45 now oconsidered an unrealistic extent, in oxder to reduce the
computation $0 a reasonadle level, This limitation has been largely
renoved Ly advances in computer technology. One of the most suoceseful
analyses prior to 1958 was that of Stapp et al.at 310 MeV, alveady
nentioned, More recently, analyses have been reported in which data
at various energies were treated sirultaneously, the phase shifts bdeing
extracted as funotions of the enarzy.

Seattering experiments can provide information about how nuolesons
interact, tut they eannot answer the question "why do they intoreot?*
The answer to this question must ocome from field theory in terms of some
pore fundamental process; a great deal of effort contimies to be
expended upon this sadject, The nucleon«moleon intoraotion is now
thought to proosed through the exchange of mesons, The outer parts
of the potential are associated with pion exchange; nepion exchange
foroes give a contritution of range )/m where \ 1s the piom Compton
wavelength ( A = 1.4 x 15*% cn.),  Approximate caloulations have been
made of the ono- and twoe- pion exchange proocesses and these are guite
sucoessful in explaining low enerzy mnttéuna. Attempts to extend
theee esloulations to higher anergies have so far involved making
assumptions shout the inner region of the potential, Stgnell and
Marshal- (R9) added a spin-orbit temm to the Cartenhaus meson-theoretic
potential and thereby obtained quitc good fits to the data up to 150 eV,
Qualitatively their potential is very similar to that of Cammel and
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Thal ox, |
' Recently, meson theory has been applied to high enorgy scattering

data in a different way, It has been shown that phase shifts
calculated in Bomn approximation from one- pion exchange can be used
for the higher partial waves, the remainder of which are treated by
the usual analysis, Cziffrs et al.(R10) have extended the Stapp
analysis %y this method, using ocalculated phase shifts for > 5.

In addition to the phuo‘shu‘ta tor {< 5, a reasonable value was aleo
obtained for the pion-mucleon occupling constant, whioh entered the

analysis as a froe parameter,

(a) Summary. It is oconvenient to oonelude the introduction with some
renatks about the state of the twoenucleon problem as it appeared at about
the end of 1958, The emphasis is upon those features which bear most
dizsotly upon the experiments which form the subject of this thesis,
Discussion is devoted largely to proton-protorn scattering not only
because of the smaller number of phase shifts involved at a given energy
as oompared with neutzone-proton ssattering, but also beganee the
available date were, and remain, more numerous and of greater precision,
Interest had, as nentioned above, become concentrated upon extrecting
unique sete of phase shifts from the data at various energles, The
prospeats of ashieving this aim appeared good fo;' p=p scattering at the
higher energies, At 310 MeV the nodified snalysis of Cziffra et al.had
already reduced the mumber of possible solutions to two and it appeared
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that a measurement of the correlation paremeter °kp at 45° Cpmie WOUlA
distinguish these, A programne of p-p triple-soattering measurements
was already under way at 150 eV and similar experiments were planned
at 210 MeV,.

(‘) i@ 1) Yare
The Violfenstein D parameter, or depolarisstion, in :~p scattering at

about 150 MeV had been measured both at Harwell and at Harvaxd, This
neasurenent was of partioular interest because the values predicted by
the GazmsleThaler and Signell-ilarshak potentials were quite different,
However, the two sets of measurenents were themselves in definite
disagrecuent, The Harvard data favoured the Gammel-Thaler predictions,
the Harwell data those of Signell anu Marshiak . It was decided to
repeat the measurenent at Harwell in the hope that the ambiguity would
thoredy be removed; the writer was a mamber of the team which pexformod
this neasurenent and a desori-tion is given in Chapter 7.

(o) Lo
for obtaining unique phase shift solutions appearved less goods Only

ocross~geotion data and a faw polarization measurements were availadle,

Below 10C eV the proapects

There were a mimber of orxoss~section neasurements, although some
of these dated back several years and were of a lower aocuracy than the
more reoent data. Apart froz neasurenments at 98 MeV reported from
Harwell, the caly polarisation data below 100 iieV were those fron
Harvard. There, Palmeiri et al, (Ell) had obtained the angular
distribution of the polarisation in p-p seattering at several energies
down to 68 MeV, and in addition, values of the polarisation at 45° o.m,
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at 56 MeV and 46 MeV, There were no other p-p socattering data.
Triple-scatterin; experiments at low energles were exceedingly difficult,
for reasons related to the cmall sise of the polarization in protons
miclear scattering. These were t:0 anall bean polarigation obtainable
by the umal methods, and tho small analysing power of any third
scatterer. It appeared that tyiple-scattering experiments would
require a linear acoclerstor with a polarized :ion source, wiile &
oorrelation-type measurement would need a polarized targety nedther of
these were availables

Interest in the enorgy region below 100 UeV had becone
conagentrated near 40 ¥e¥, largely owing to asourate orves-geotion data
at that energy reported in 1957 from iinnisota (R12). T is data was
snalysed later in the sane year by Noyes (Rl3); this analyeis referred
to preliminary data, the final version sppsaved in 1958 (M 4).

The object of Noyes' snalysis was t0 learn 20re about the singlet
even~parity part of the p-p interaotion., At 40 LeV the offective range
expansion (Section 1,3) is sensitive to the shape of the potentialj
limited infoxmation about the latter should follow from a sufficiently
precise knowledge of the S-wave phase shift at that emergy. P-weves were
known t0 be present at 40 KoV from the foru of the Coulomb muelear
interference minimam; however, the data oould not be fitted by Se and
P= waves alones Vhen D» waves were included the data were fitted,
but with S and = wave phase shifts which differed widely fyoz the
expeoted values while in addition polarizations of about 20 per cent
were predioted, Noyes ooncluded that acourate polarization data were
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the least requirement for a unique solution. Also, if the polarization
at 45° Oee WAn appreciably smaller tian 20 per cent, then the presence
of ¥ waves at 40 eV would be oconfirmed, The Harvard group obtained
a value of (1.2 + 1,3) per‘omt for the polarization at 45° c.me at

40 YoV, Noyos and MacGregor, in the published account of the 40 iKeV
analysis, suggested that this provided comcluiive evidence for “» waves
at that energy. They aleo suggested that a single polarization
meagurenent was unlikely to be of very muoh “elp, but that the ambiguity
in the solutione at 40 MeV might be resolved by measurements of the
engular distritution and polarization az funotions of energy.

It was with the remarks of the last paragraph in mind that the
polarization measurements with which this thesis is largely concerned were
enbarked upcn. The measurenents were aimed at extending the data of
Palmeiri et al.to lower ener:;iesy to 30 eV for exanm:le where there were
angulay distribution data, and also at odtaining soourate values near
40 'eVe The energy depandencae of the polarigsation at low energies wse
1tself of interost, asince t .o Harvard data did not preclude for this a more
oomplicated form than that predicted by Cammel and Thaler, ecocording to
whom the polarization falls nmonotonically to zero as the ehergy decreases
(s0e Mgs 14). 4An absolute orror of 4+ 0.5 per oent in each nmeasurenent
was hoped for,

The polarization experinent is described in the next five chapters,
Chapters 2, 3 end 4 are devoted to various aspects of the nmeusuraneris,
The results are presented in chspter 5 and in chapter 6 they are discussed
with reference to the Noyes' analysis and also to other phase shift
analyses which have since deen reported,
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Shgpter 1T
PQLARIZATION FROY 1O TTERITG

in Jouble Soattering.
Folarigation effeots in mioleonenucleon scattering are desoribed in

Appendix IX, It is shown there that information about tho polarisation
can be cbtained from measurenents of double scattering. The extiraction
of thic information will now be discussed in more detail, Following
this, soue of the difficulties of the double scattering experiment will
be mentioned, and the ways in which these were overcone in the present
worke

Fron equation A2,12 of Appendix II the differential orose-section
for the soattering of a polarised bean ia given by

1(60) « 10(9)(“_‘1'2) ‘ 241,

L G) is the unpolarised orossesection, P, the bean polarisation
and za the polarisation that would result from the scattexing if ﬁ
were 2010, & and .1:2 are parallel to the unit vectors n) and no
which define the first and second ecattering plenes respectively, It
will be asmumed that z]‘ is upward, i.e., that the first scattering is
in the horigontal plane and to the left,

The azimuthal anglos(:» betweoen n and n, will be defined as
followss -
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08 =m.m , sind=(m A Bk 2,2
Bysation 2,1 may now be written

I1(6) = Io(e)(1¢P1onoa¢). 243
Referring to the eeoond scattering, ¢ = 0° and ¢ « 180° correspond
zespectively to scattering to the left and to the rights If the
ocorresponding oross~sections ave I(L) and I(x) then

I{L) «=I0 () (1 + Py Pz) ’

1(8) = To (6) (1 = P, P,)
The reasured quantity is the "lcfteright asymmetxy”, > o, defined

24

as followss~
Z - H - Py P, 25,
See alvo Flge I,

At this junoture two points about notation must be mentioneds, 1In
the firet place, referance to an "asyometry™ will hereafter moan the
lefteright agymmetyy defined in equation 2,5, rather then the quantity
A defined in Appendfx II, In the seccnd place, a double soa.ttarinﬂg
experiment will refer to the measurement of an asymmetrys; recently,
polari:d& ion sources have been fitted to some accelerators so that the
asynmetry neesurenent may noe involve only one scattering.

Neasuremaents of the asymmetry can be used to detexmine eithor
P1 or P2. the other being kncwn, In prineiple the experiment is a
s imple one, the prooedure being as follows: The polarised bean is
directed ontc the target and ssattered particles are detcoted by a
oounter telesccpe which can be rotated in the horisontal plane about
an axis through the oentre of the target, GSocattered particles are
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counted for a given time with tho telescope at the required angle to the
beam, firs. on the left and then on the right. The agymnetry io then
calculated from the two counts gccording to equation 2.5

fegtures of the Double ! rimente
(a)_splge sgymmetries. The rcasursment des¢ribed at the onc of the

preceding seotion will in gencral be mibject to error unless the two
angles of scattering are accurately the seme. The exror, referred to
as a "falee au nmetry", derives fyor: the variation with angle of the
differential cross~section, TFor example, if the angle of socattering to
the left cxoeeds that for scattering to the right by an amount 2P,
then equations 2,4 st be roplaced by

() = (20 (0)+ 12 (DINO ) (142 7)), 2.6

1(R) = (10 (6 ) = 1) (6)AO ) (1 =P 7))
O 1s tho mean soattering anle and IX(§) 4s tha derivative of I.(6)
with respect to O, Instead of equation 2.5, the foliowing is
obtained!

LI (O)A6 +1(0) Ky 7,

1, (6) + 1, (0)AE PPy 247

s PP xl(e) 2. 2
¥a* ?:Té'f (1 -p, Pz)AQ ;

an asymnetey 1s odssrved even if the inoident beam is unpolariged, For
a polariged bean the variation of polarization with angle provides an
additional false asymmetry. Effects of this kind mey oompletely obscure
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sny genuine asymmetry; to avoid them, all zlignment and
measurement of angles must be done with great care.

False asymmetriesmay be reduced by mounting the counters
upon a table whioch can be rotated through 180° about the axis of
the incident beam. However, the beam must de aligned very
carefully along the axis of rotation.

(b) The Use of sSolencids. Reference to Pig. 1 shows that the

asyametry messurement could be made without moving the telescope
relative to the beam, Af it were possible to rotate the polarization
of the latter through 180° in the vertical plane, Such an
axperiment would be free from the false asymmetriecs discussed above.
The necessary rotation of the polariszation cen be achievedl by
passing the besm along the axis of a solenoid. The nmagnetic

moment of each nucleon experiencesa couple which cauees it to
precess about the direotion of the field. For nucleons of given
enerzy the smount of rotation is deterzined by the length of the
solenoid and the Aumber of ampere-turns.

The use o: 2 solenoid in a double scattering experiment was
first described by Hillman et al.(R15). It is now becoming a
standard technique for experiments with beams of polarized nucleons.
For neutrons there are no diffioculties, ap@rt from those essoclated
with the energy spread in the becm; other factors being egual the
amount of precession is proportional to the time spent in the
magnetic field. PFor protons there are, however, undesirable side-

effects due to the electric charge carried by the partiocles. The
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solenocid field invariably oontains small radial components which
will detlect the besm, while the main part of the field will focus
a non-parallel beaa. These effects have been described by
sdwards and rose (Rl6). They can be minimized by adjusting the
position of the solenoid so0 that its axis coinocides with that of
the beanm,

(o) Self-konitoriug Systems. In order to obtain reliable results
from an asymmetry meaaurement, it is essentizl that the counts
recorded for the two‘poaitiona of the telescope, or for the two
settings of the solenoid, shall correspond to equal integrated
fluxes of particles into the target. A precise monitor of the
beam inteneity is required; if it is not available then the
aoouracy of the determination will suffer. However, if in
conjunction with a solenoid twe similar telescope are used, set
one on each side of the be:m and at as nearly as possible the same
angle, then the system ia rendered self-monitoring (see Chapter V).
In contrast to tha oase where two telescope® are used without a
solenocid, the eftficiencies of the telescope do not appear in the
expression for the asymmetry. The ratio of the efficiencies can
however be obtained from the data and its constancy used to oheck

that the apparatus is functioning properly.

fhe Proton-Proton Polarization Measurement.

In the measurenents to which the greater part of this thesis

is devoted, the polarisation in proton-proton scattering was
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obtained from the asymmetry in the scattering of & polarized proton
beam by a liquid hydrogen target. The polarized proton beaa

from the Harwell 110-inch synchroecyclotron was used. The beam
energy was redueed to the required value by the appropriate amounts
of a suitable absorber. 1t was estimated that the loss of besnm
intensity by multiple Coulomb scattering in the absorber would not
be exoessive, while olfenstein (1117) has shown that there is no
significant depolarisation of the beam during the slowing-down
process.‘ The energy and energy spread of each deternination were
defined by an anti coincidence range method. The measured
asyametrics were expected to be of the order 1 per cent or less;

it was therefore extremely important to eliminate false asymmetries.
Acoordingly a solenoid was usod, and a self-monitoring counter
arraye. The ourrent through the solenoid could be reversed,
enabling both sensee of thelleco rotation of the polarization to be
achieved, and use of this ' faoility further reduced the likelihood

of systematio errors.
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Chapter 111
APPARATUS

Beam Hsndling and Hydrogen Target.
(a) Genernl iescription. The external polarized sroton besm of

the Harwell synchrocyclotron, of energy about 1, HeV,1is obtained
by scattering «t approximately 8% in the horizont.l plane from an
internal carlon target, followed by extraction through a nagnetic
ohannel. The polarization is &p. roximately 48 per cent, with
spin-up predominating, a2nd the meazn intensity is of the order of
3x 106 protons per second.

The general arrangement of the apparatus is shown in ‘'ig. 2.
The emergent beam wus collimated into an evacuated tube whioch
pussed in turn through the solenoid, wwo small steering magnets,
a pair of quadrupole focusaing magnets and finally through the
concrete shielding wall into the experimental aret. smersing
into air, the beam traversed an air-iillea ionization chamber beam
monitor and wes then collimated on to a one-inch-thick liquid
hydrogen target. The energy degrader was inserted between the
monitor and the second collimator.
(b) Beam Optios. The "Solenoid" used in this experiment did in

faot comprise two similar solenoids oconneoted in series. This wes
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neceasary in order to obtain sufficient ampere-turns from the
available generator. Each solenoid had a single-layer winding
built up from overlapping segments of copper plate, separated by
a suitable insulator except at the points where they were joined to
their neighbours. Water-cooling was used to maintain the temperature
at & reasonable level. The displacements of the besm associated with
changes in the solenoid current were made smazller by sulitable
transverse movements of the solenoids, aimed at dringing their
axes into coincidence with that of the beam, and were finally
reduced ¢ un acceptable level by appropriate adjustments of the
steering magnet currents. istimates of the false asymmetrics
resulting from the residual movements, together with the appropriate
formulae, are given tn chapter IV for p-carbon scattering, and in
chapter ¥ for p-p socattering.

The steering magnets were used in the way desoribed sbove
and also for positioning the beam relative to the terget. At the
position of the latter, horizontal and vertical movements of the
beam of about 1 <cm. could be produced. The foousing magnets
wore stamdard equipment.

(o) knergy Degradcr. The choice of degrader was governed by the need

to minimise the transverse spread of the beam due to multiple
scattering. The latter csuses a loss of intensity and an ineressed
background, due to subsequent soattering moatly from the target
struoture. It wes expected that these effects ocould be minimized

by using & substunce of r-ther low atomio number, placed as olose
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to the target ss the geometry would allow. Estimates of the
multiple aoattoringvtor several lzsht materials indiocated th:.t
polyethylene was very suitable and this substance was used at

all energies. Curves showing the relative multiple scattering for
various substances and a table of the multiple scattering for
various amounts of polyetlryleme will be found in Appendix I1II,
together with a summary of the related calculations.

(a) deiogen Target. The liquid hydrogen targeat comprised a
oylindrical brass reservoir to the bottom of whioch a thin-yallad
scattering ohamber was attached, surrounded by a thermazl shield
which could be cooled by the evayorated hydrogen gsas. This
system was loocated in a ocontaining vessel of brzss inside which an
adejuate vacuum was maintained by a 2-inch oil diffusion puamp.

The reservoir and shield were silver-plated to reduce the influx
of heat by radiation. The boil-off rate was about 80 c.c. of
liquid hydrogen per hour and refilling wus necessary every five or
8ix hours.

To allow the passage of the incident beam and of partiocles
scattered out horizontally at angles up to about 60°, the outer
vessel was provided with windows of .004 inch Nellinex; the
corresponding parts of the radiation shield were made of .00025
inch z2luminium foil. The complete target assembly was located
acourately on the scattering table by three set-screws, Two
different scattering onambers were used during the experiment,

one of which is shown in Fig. 5. Both were about 1 inch thiok
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with brass bodies and windows of .002 inch Mellinex. The windows
were attached with Araldite adhesive; cold-setting Araldite was
used, but baking was needed to obtszin a seal which would remain
satisfactory at low temperatures. The shape of the chambers,
Fig. 3. was chosen to minimize both the energy spread due to the

hydrogen and un~anted scattering from the body work.

Detection System.

(a) General Desoription. Protons scattered to the left and %o the

right in the horizontal plane were detected by similar telescope
systems, each of . :': four counters employing thin scintillation
orystals. As already mentioned, the use of two telescopes
rendered the system self-monitoring, so that a very precise beam
monitor was not required. The monitor used was accurate to a few
per ocent, which was adejuate for applying bdackground correotions;
otherwise it served merely as a reference for normalizing the
data. Partiocles whioh stopped between the last two counters in
each telescope were detected as anticoinecidences between the

back counter and the remaining counters in coincidence.
Transistorized coincidencs units were used. For each hydrogen
messurenment the appronriate telescope absorbers were inserted in
front of the third eounters and the amount of polyetirylene was
adjusted to optimdze the anti-coincidence counting rates. The
energy and energy spread were caloulated from the known amount of

absorber present, integrating over the effective volume of the
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target and allowing for finite penetration into the back crystals.
The oaloulations are described in section 4 >f the next chapter.
(b) Counter Telescopes. Each counter comprised a thin reotangular
orystal of Nuclear rnterprises NE102 plastic scintillator, attached
with Tensol cement to a polished perspex block which was in turn
oemented to the .erspex disc which formed the top of the
photomultiplier can. An %.M.l. type 6097B photomultiplier tube
was held in contact with the underside of this disc by springs.
Baoh orystal was covered by & cap of aluminium foil of thickness
about .00l inch, coated in its inner surface with magnesium oxide
to improve th: light collection.
The counters were mounted, as shown in Fig. 4, on an

aluainium alloy "sleeve" and the crystals mounted and alignéd
with the aid of & theodolite. ?his complete unit ocould then be
mounted on an arm of the scattering table and lined up with the
centre of the target. Two different scattering tables were
employed during the experiment; both comprised a mussive
reotangular iron vase, upon which was mounted a vertical pillar
carrying horizontal arms to which the telescopes could be attached.
The mountings for the latter differed in detail, but in bdoth cases
the sleeve carrying the counters could be rotated through a few
degrees about the axis of the front counter; +this rotation was

controlled by sorews at the rear, as shown in Fig. 4; 1t
sufficed for horizontal alignment. Any vertical adjustments were

made by packing metal foil between the sleeve and the arm upon which
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it was mounted.

The procedure for mounting the telescopes was the following:
The soattering table was levelled and adjusted to be at the
correct height above the floor; 4it was known that the centre of
gravity of the beam was about 50.5 inches above the floor. The
theodolite was then set up by trial and error to define a horizontal
line through the axis of the :cattering table, and at the height above
it corresponding to the centre of the scattering ochamber. The
adjustments desoridbed above were then made for each telescope
until the centres of the front pair of orystals were located on
the reference line defined by the theodolits. The uncertainty
in the ulignment of the telescopes with the target was estimated
to be a few minutes arc. The scattering planes for the
4two telescopes remained constant and équal to within a small
part of a degree. Any counter could be removed and put daock
without upsetting the alignment; during one run this was
necessary, in order to replace a photo tube which had ceased to
function.
(0)_Geomctry. The sizes and separations of the orystals underwent
gome modification during the experimen*, but the main features
remzined as shown 4ia Fig. 5. In every case the second crystals
were 1.8 .cm. wide by 3.6 cm. high and were set at 55 cm.
from the oentre of the target, to define a solid angle of .002
steradiun, corresyonding to a counting rate of a few anti-

coincidences per seocond from ligquid hydrogen. The front crystals
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wero the sume size or slightly :iier and were used to reduce
the background, in particular to ensure that the telescopes,whaen
set at the smallest angle at vhich measurements were to be made
could not detect coincidences from particles acattered directly
out of the polyettrylenme. |

Tho.rear orystals were required to be quite large, in order
$t0 avoid undue loss of counts by scattering from the aluminium
absorbers used to define the energy. It was essential to avoid
any appreciadble loss of this kind between the last two counters,
because particles scattered in this manner would be recorded as
anticoincidences. The third orystals wera in every case 4.5 cu.
wide by .0 «cm. high, and the fourih ones 5.5 cme. by 11.0 cmn.
The separation of these crystals was adbout 1 :cn,
(d) Electronics. The counters were provided with individual =.H.T.
supplies, normally operated between 2.0KV and 2.5KV. They gave
negative output pulses of amplitude 3V from protons of energy
about 100 MeV. Pulses from each counter were fed, through a
50-yard ength of 100-ohms impedence coaxial cable and a delay bdox,
into the approrriate input of one or the other of two identical
transistorized coincidence units, one for each teleacope, of the
type designed by Candy and Chaplin (R18). The cirocuit of the
coinoidence unit is shown in Fig.6. Switohing fsoilities were
provided on the four inputs 80 that these oould be sjudied
singly or in any desired combination. The resolving time was

about 15 ns.. for coincidences and 20 ns. for anticoincidences.
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(Ins. = 159530.) The output from each unit comprised a positive
pulse. of amplitude 15V. with a measured dead-time of less than
2 ¥ L sec. acilities were provided for gating the outputs with
pulses derived from the cyclotron frequenocy modulation; these were
intended to provide discrimination against low energy particles in
the beam and hence a reduction in the background. In the event,
however, the buckground was small enough for gating to be
unnecessary.

The outputs from the coincidence units were counted on
type 1009 scalers. On later runs a timing unit was added,
enabling the scalers to be stopped after & predetermined number of

cliocks of a mechanical register driven by the beam monitor.

Running-Time and Modifications of Apparatus,

There were in all five runs on the machine, each of length
about 1 weok. As 8 rule several different energies were
considered on each. f{jowever, the second run was devoted almost
entirely to measurements at 50 MeV and the fourth to 40 MeV. The
30 MeV data were taken on the third and fifth runs.

The runs fell naturally into two grcups; the first two were
early in 1960 and the last three in the winter of 1960-61.

Several modifiocations inthe apparatus wers made in the intervening
period; these were the following:

(1) An additional collimetor, in front of the monitor and not
shown in Fig.2, was dispensed with because it appesred to serve

no useful purpose (but see section 1b of ohapter V).
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(2) The original scatteriny chumber was replaced by the one shown
in Fig.5. The latter wus more symmetrical and offered less unwanted
obstruotion bbth to the incident beaw and to scattereu particles.
(3) The sointillation counters on the front pair of counters in each
telescope were reduced 1n thickness from 0.0H ineh to 0.02 inch, so
that meusurecments might be extended to lower energies. The rear
orystals wers recduced in thickness frdm 0.10 inch to ©C.05 inch to
reduce the ener.y spreadj there was little point in using thinner
scintillators on these counters bec.use at ;. M=V, where most of

the later measurements werc made, abou§ half the energy spread
derived from the Lhydrogen target. The thickness of the scettering
chamber was not reduced below 1 inoh bucuuse the resulting drop

in counting rate wouli have been intolerable.

(4) MNew photomultipliers were provided for all counters.

(5) The collection of data was facilitatea by the introduotion of

& timing unit, as mentione: above, to gontrol the scalers.
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Chapter 1V

Experimental Mezsurements

1. Ad justment of Apparatus.

(a) General Remar.s. This section describes the general

procedure for setting up the experiment in readiness for the
accumulation of hydrogen data. some of the operations involved,
such ae the focussing of the beam, did not require repéetition
within a viven group of runs once they had been performed at the
beginning. It was usually possible to mount and align the counters
on the scattering table, as described in the last chapter, prior
to the run itself; it will be assumed in what follows that this
was the cuse.

(b) Setting Up the Beam. The fixed section of deam pipe which
passed through the focusing megnets and the shielding wall wae

in nbst cases taken as the reference in positioning the scattering
table and the beam monitor. The positioning was done by eye,
using oross-wires fastened at each end of the pipe. This rather
arbitrary procedure was justified, in the event, by the fact that
once the monitor had been set up in this way it rarely had to be
moved; any misalignments of the beam which remained after it had

been focused were small enough to be corrected with the ateering



34.

magnets.

Next, the collimation and focusing were adjusted to give
& beam of the required size and shape near the target. The first
oollimator, olose to the cyclotron, was adjusted to a width of
1 inch, known to be sufficient to accept the greater part of the
beanm, and was then moved horizontally scross the beam until the
monitor reuding was a maximum. In leter runs this movement
could be performed by remote control frow the counting room.

The beam profile was studied with Xe-ray films. Iliord
"Industrial B" films were used; they were expo0sed to the beam
aud theu developed and fixed in the normal muhner. The be:sm
profile appearea as a dark spot on the negative. vith the largest
available intensity &an irradistion of 15 sec. gave a good image.
The density of the latter wus sufficiently reproducidle to allow
detailed comparison among & group of exposures; for this purpose
messuresents were made with a ruler, the negative being held aga.nst
& white background.

A series of filmes were tuken for various focusing magnet
currents, in order tou obtain a beam cross-section of the required
shape and with the minimum ares &t a point corresponding to the
centre of the degrader. The latter raquirement served to reduce
the spread of the beam at the target. ‘hen a reasonably good
deam huad been obtained, final adjustments of the width and position

of the first collimator were made if necessary to sharpen the outline

of the "spot®. In a typioal instance the resulting inrage was
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about 2.0 cmn, high by 0.8 cw. wide at the cenire of the target,
ocorresponding to 1.8 cw. by 0.5 «cm. at the position of the
centre of the degrader. The steering magnets were adjusted to
bring this spot into apnroximate coinoidénce with a fixed steel
marker pin whose point corresponded in po;ition to the centre of the
scattering chamdber.. The pin showed clearly on films exposed behind
it.

Next, the solenoids were set up. It was known that a
current of about 910 amperes was needed to produce a 180o rotation
of the polarizatiOn of 150 ¥aeV protons; <the movemant of the beam
caused by the normal and reverse directions of this current wore
studied, again with X-ray films. Por this and subsequent
measurenents the films were placed near the centre of the sonttgring
table, about 1 <cm. behind the marker pin. Sone réduotion of the
spot movemaent was obtained by transvarse movements of the solenoidsj
by means of the previously ocalibrated steering magnets the
remainder was reduced to leass than 0.05 cm. Vertical movements
of this order produced entirely negligible false asymmetriss,
while similar horizontal movements could be tolerated, The
latter Hroduced an aatimatod false asymmetry in p-p scattering.
of only 0.04 per cent, or about 0.1l of the amallest statistical
uncertainty in the results.

Pinally, the beam was centred aocurately on the narkorypin
and the seocond collimator set up. Several different collimators

were used during the experiment. On the last three runs, for
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example, & 2-inch thick lead block was employed, with a rectangular
hole 1.1 inches high by 0.6 inch wide; it was placed about 9
inches in front of the centre of the target.

A oheck on the above procedure was provided, with the hydrogen
target in position,by a shadow photograph taken with a rilm placed
behind the target.

(c) Adjusiment of Counter Voltages and Delays. For this purpose the

telescopes were set at about 200 to the beam to detect particles
scattered from an aluminium or ocarbon target.,

First, curves of‘counting rate versus ocounter £.H.T. were
plotted and each counter set at a point well above the lower end
of its voltage plateau. The relative delays for the counters in
each telescope were then established. The procedure was to run
a delay ocurve for the front pair of counters to determine their
correct relative delay, and similarly for this pair or counters
versus the third counter. Having thus obtained the correct delays
for oounting coincidences between the first three counters, the
correct relative delay was established, in the same way, for
counting anticoincidcnces bdetween the fourth counter and the
first three in coincidence. Finally, the f£.H.T. values wore
adjusted, if necesaury, until there was no signifioant change in
either the triple coincidence or the anticoincidence counting rates
when all the voltages were 6hangod by + 50V,

The delays were set up with absorbers present both in the

telescopes and in front of the second collimator to simulate
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running conditions, namely the deteotion of particles scattered
at reduced energy. The relative delays were energy-dependent

and needed to bde checked at each new energy and/or scattering angle.
The varistion with angle arose from the 009269 dependence of

the energy ot a particle, in this case a proton, scattered

through an angle 6; in the laboratory from a stationary partiocle
of equal mass. The energy dependence of the delays derived from
two effects, both of which acted in the same sense. Firstly,

a slower partiocle took longer to traverse the distance between the
counters. Secondly, the pulse from 2 slow particle was recorded
before that fromw a fast one, owing to the greater amplitude of the
former pulse for the same rise time and the finite threshold of
the detecting circuit, here about G.25V. In a typical instance
it was necessary to increase the delaysof the front counters by

2ns. in going from 50 lMeV to 30 ueV.

(d) Zero Angles tor the Telescopes. The zero angle for each

telescope was determined by measuring the triple-coincidence counting
rate as a funotion of angle, using the diredt beam at reduced
intensity. Because the ionization chamber was unrelieble at

low intensities, time-monitoring was employed. The angles were
estadlished to within + 0.250, whioh was adequate, remembering that

false asymmetries from this source were eliminated by the use of

solenoids.

Measure:ent of Eeam knergy.
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The energy of the beam was obdtained from range measurements
using calibrated aluminium absorders. The telescopes were set
up to detect partiocles scattered at 10° or 20° from en aluminium
or carbon target, and range curves taken for both gimultaneously,
by recording triple coincidences between the first three counters in
each telescope for varying amounts of absorber between the second
and third counters. Measured values of the mean energy and energy

spread are given in Table I for each of the two groups of runs,

PABLE I. BANIRGY O# 2IOLARIZAD PROTON BEAM. |
Y ]

Run | Target Scattering Moan ‘nergy

Angle Energy Spread

~ degrees. MeV MeV

1l 0s3 Cn. Aluminium 10 144 14 h

3 1.37 cm. Carbon 20 145 13 |

The data rdter t0 the beam emerging from the monitor. The energy
spread is the full width at half-height, estimated fron’the range
curve on tho assumption that the beam spectrum was Gaussian in

form, and ocorrected for the spread induced by the rinito thiockness

of the third crystaly a ocorreotion for range straggling has also
been applied, using the caloulated results of Sternheimer (R19),

Both corrections were small, amounting to & few per oent of the
observed spread. For the proton-proton polarisation measurements
only qualitative information about the energy of the beam was

needed, since the energy and energy spread of the scattered rarticles

were defined by the telescope absorbers (see Seotion 4.e. below).
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A reasonadly precise value of the bsam ensrgy was however required
in oconnection with the measurement of the polarisation of the bvean,

desoribed below.

Measurement of Beum Polarization.

(e) Asymmetry in Proton-Carbon Scattering. For the calculation of

p-p polarizations from the mecsured asymmetries in p-p scuttering
it wes necessery to krow the folarization of the bean, The latter,
and zlso the calibration of the solenoids, was infered from
messurements of the asymmetry in scattering from carbon for various
vilues of the solenmoid current. The "calibration" of the solenoids
refers to the current.through thenr required to produce a given
rotation of the bearn polarization. Yor setting up the becu, as
unentioned above, a current of 91C‘&mperes had been asaumed to
correspond to a rotation of 1800; it was however, desiradble to
check this figure expefimentally before proceeding further.
The proton-carbon Bcattoring peasurements and their interpretation
will be discussed in some detail; they were important not only
for‘the information, mentioned above, which they provided, but also
because they illustrated quantitatively several of the systematioc
errors tc which such messurements are liable.

The measureaments were made with a carbon target of thickness
1.37 cm. for which the mean energy of scatterin,; was 139 MeV with
a spread of about 13 MeV (see Table I). The telescopes were set

at a fixed ahgle, sctually 20° or 15°, to the beam and triple
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coincidences between the first three couhters in each were
recorded for various values of the normal and reverss solenoid
currents dbetween zero and 1000 amperes, At both angles about

12 ¢lﬁun2 of aluminium were placed in each telescope to avoid

the detection of low energy particles. All counts were normalized
40 1 "olick" of the monitor register. The baokgrouggiieasured by
removing the carbon and increasing the telesceope absorbers by an
equivalent amount; it was never more than 2 per cent of the reel
counting rate, henoe 2 mean background was subtracted from all the
data at each of the two angles. At 20° all the normal and all the
reverse data were taken at fixed settings of the steering magnets.
There was therefore in each case significant horizontal movement
of the bdeam as the current was varied, and this had to be
considered when analysing the data. In the 15° measurenents the
appropriate adjustments of the steering magnets were made to keep
the beam stationary relative to the target.

(b) Analysis of the Data. The following effects were taken into
account:

(1) A difference between the scattering angles for the two
telescopes, The angular dependence of the differential oross-
section and polarization at the second soattering led to false
asymmetries if the angles were différent. The difforonoe in
soattering ancle comprised in general a term, independent of the

solenoid current, due to errors in setting up the telescopes,

together with a term arising from beam movement associated with
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changes in the solencid ourremt,

(2) Variations of the nomal&roverse beam intensities with the

nagnitude of the solenoid aurrent,

(3) A difference in the efficiencies of th» telesocopen,

(4) A difference in the asimithal angle bstween the first and second

soattering planes,

Pr a given nomal solenoid ocurrent i the recorded ocounts per

elick for the left and right telesocopes were respectively, fron

oquation 2,1,

1(ia) = H(i) u(i) I(LA) OA ] 1+ PIPZ (44) cos ((P *ﬁ?_

N(4B) = Be1) %q) I(ap) % | 2= PoPp (48) cos (P + PB)

Aand B

Ba) =

%) -

- )

yures

4ol

L -

denote the left~and wright-hand telesoopes respectively,
No, of protons incident per second upon the target,

Koe of seoonds/oliek of the monitor register,

telesoope efficiency,

differential oropsegection for p-sarbon soattering,
polarisation of beam,

polavigation in p=carbon scattering,

rotation of polarigation due to ocurrent i, k being the
solenoid ocalibration,

ddfforence in azimuth between the incident polarization Pl

for cero solenold current and the normal to the second scattering

plane, with its sign defined by equations 4.1,

All mumerical constants in the above equations have been put



equal to unity.

I and P2 depand upon the eolenoid current through the heanm
movement aoccompanyins ohmgea. in the latter; horizontal movenents
of the bean arc equivalent to changes in seattering angle, hence to
ohanges in the effective orossesection and polarxization.

The tot:l difference ND between he scattering angles for the
telesoopes will be defined ss follows:

2 NG - B . B8 . ~ 4.2
The quantity of greatest intersst was the ratio
(T = ®(4A) / N (438) . 443

Noting that the contritutions fron (1), (2) and (4), above, were
axpected to he emall compared to unity, the following ie obtained -

¢ - b (o] ]

2, 1.

)y

x1+a( g . ‘Z"i"g";‘;"" e )00

P, and I now refer to the noan soattering angle, and 2 = P,Pre A
sinilar expression can be written for the reverse direction of i,
renembering to change the eign of B, Where appropriate the reverse
direction of -ho ourrent ﬂll be denoted Yy a prime,

Fron T 4 and T 11 two quantities wore calculatedy theso were

44
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The temms in sqguare brackets dexive from effeats (1) to (4) above,

It will be noted that neither I nor z° contain the quantitias I and e
The data oould be combined differently to provide information ab ut the
latter;) tho results indicated that the intenaity of the bean at the
target variod sczeshat with: colencdd setting,

This point will te centioned acain

during the analysis of the hydrvogen dotc,

(o) Seattering at 20°  The ooefficiemts of B, AP, and 6911

in the above equations could bo eveluated wit: sufficient acouracy

from published crusseseciion and polarization data, and uei 2 the
estinated value of 1180/910 dae;més per ampere for the solenoid calidbration,
The following were obtained for sonttering at 20°,

% % = «0¢275 per degree (lab,),

A &,
Py & = 0e048 per degree (1abs)

Z = 044 spproxinately,
It was concluded that the contritution of the polarization to the



false asymmetry could bg neglected in comparison with that of the
oross-section, also that the term sind (1 = 5 Zcosp )™ oould be

taken equal to sind) + Hence, to a good approximation,
" ' b

R -.-[1-0.0307{3 sin(o.lgaiil 1-0.55 (00, - AQJ{) s 4T

' S 2 Taal?f N
* . (b [-g.g-] 10 (00, 88))], a

| | )
where 3, AQ and AQ',,, are in degrees.

Since the steering magnet currents were fixed for t.e¢ normal and reverse
measurerents, the variation of the iienoid current i produced
horizontal movements of the beam y (i), ¥ (i); these were proportional
to the current., The relation between the displacement y and the
corx-espmfxdi.nfr change in scattering angle is the following:

AQ = [180 yoosB /M L ]degrees | 449
where 6 is the mean scattering angle and I the distance from the target
to the defining counter, The mimus sign follows from the definition
of AQ, equation 4.2, together with the convention adopted in this
wrk that y is positive for a movement of the beam to the left as
soan when looking along the incident beam towards the target. At 20°
the largest movement which occurred was about 0.25 cm., which
sorresponded to a change of vexry nearly O, 25° in seattering angle,

It was convenient to write the changes in angle as followas:
AG, = a+b+ci,

4410
A9'=a+b1+cli, |

where a, b and ¢ are constants, a represents the error in aligning the
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telesoopes, astimafed t3 be of onﬁéi 0.25° (see seation l.d4 of

Chapter ITI). b and b' differed from mero becamse the fixed steering
na- net ourrents were not il.ose appropriate to zero solenoid ourrent,
for which the telecoopes Fad been sot upe The difference between

b and b was due t» the ohanges in the width of the beam which
ooourred between the normal and reverse directions of the solenoid
current, The quantity R does not involve a § from equations 4.7

and 4.10 the observed values were
R - E - 0,0307 [?> sin (0.19,21)J

x [1  Go55 (b =B ) = 0.55 (0 = cb) 1] ; 411

b, bY, o and o' were wvaluated from information obtained when setting

up the beam. Thay gave the following for the second term in square
brackets in equation 4.11. :

1,135 - 1,48 x 18 41 .
Corrected values of R wero obtained which were expcoted to satisfy

the equation,

ROOI’I‘. = l:l - 000307 ﬁ m (001921)] 4-12.

The results are shown in Fige 7. The indicated least squares fit
gave 3 = 1.1° + 1.1°

In order to assess the signifiocance of this result, the effects of
solenoid - induoed vertiocal royements of the beam must be coneidered,
The latter are equivalent to changes AP in$; they causc an
additional ter in r,, equation 4.4, of the form
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In the present case the estimated ocontribution to R was of the
order of 0.1 per cent and was negligible in comparison with the
statistical uncertainties, It was therefore, possible to oconclude

that 2 = 0 within the errors of meamirenment.

Using equations 4,10, eqﬁation 448 oan be written

2 _ -2
1'2 = (%) [%J [ le 1.10;:\
x[l c 0455 (b + BY) « 0055 (o + ob) 1} : 4413

The tern (M/ab )2 (1 = 1,10a) waes now regarded as an adjustabdle

paraneter x%

2
'obi - (1 - % 008 ki ) k2 [1 - 0455 (b + bj’) - 0455 (0 ¢ al) 1J
4014,

Bzoo«ding as for R, the teru in square brackets was ovaluated, and

values of ra obtained which were expected to satisfy the relation

| 2 '%=ZQ!5; 2 4015,
z‘zmx"r.""r ( ~Zcoak1)

Writing '2 - ’2601-:./ x2 s it follows that

Zooaki = (31) /(8+1) . 4416

Several values of X were taken and for each the calculated values of
Z coe ki were plotted ajainat 4, Fige 8A 48 typical of the ocurves

obtained, If the correot value of X were chosen, then the curve should
be aymmetrical, 1i.6.,
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% = =
R 1 where PQ = OP

The solenoid calibration k ca: be obtained from the intercept OP.

The ocorrect value of K wac estimated from a plot, shom in rig. 8B, of
OT/.R against K, The value ohtained was 1.05 + .0l; the corresponding
value of the calibration was 0,200 + ,002 degrees / ampere. Using
these results, values of 2> o008 ki woere obtatned and plotted against
oos ki as in Mr. 9. A least oguare fit gave > = 0,396 3 008,

The error inoludes the statistieal uncertainties of the data sand also the
error in fitting then. (formulae for the statistical error on the
agymnetry will be found in the next chapter). The errors due to
vertical movement of the beam were again negligibdble,

(4) Polarigation of Beam fyon Agymmetry., In order to obtain the beam
polarization fron the measured asyrmetry, i{ was neoessary to know the
polarigation in p~ carbon scattering, in this case at 20°, 139 MeV.

The latter w2s obtained by interpolation between published data at

135 MoV (R20) and 155 MeV (821). At 20°, end at 15%, there is a
sisnificant contribution to the polarization fronm inelastic scattering
involving tho 4,43 MeV excited state in carbon 12, Contributions from
the higher excited states arc small, at least in comparison with the
unoortainties in the present work, and have becn negleoted, Since
the polarized bean is produced by scattering from carbon at e°, where
inelastic effects are negligible, the first scattering can be assumed

to be purely elastic. The observed asymmetry oould thus be written

P 1
obs = Fif2 @1 i"t-.»""""y - ’ 4117
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where V 48 the ratio of the 4,43 MeV inelastic differential oross-
section t0 the elastic crvss-seotion, and ? 18 the ratio of the
inelastic to the elastic polarisation. » and ?  were evaluated
fyom the 135 MeV, data.

The final walue obtainad in this way for the beam polarization,
fron the 20° dats, was

P, = 0.457 3 0434.
The error contains 2 per cent from estimating Pz' 3,5 per cent from
estinating the inelastic contribtution and 2 per cent from the measured
agynaetxy.
(o) Soattexing at 1§°. The prodedure was similar to that just
desoribed, except that no ocorreotions for movement 6! the beam were
neosssary, However, several of the cbserved values of R differed
significantly from unity, in a manner that ooculd not be explained by a
non-z6r0 value for B, For this reason the statistioal errors of this
measurement wore all doubled,

The following results were obtaineds

K =» 1,00 ¢ 401,

k = 0.194 + ,004 degrees / anmpere,

2 ® 3,518 & 4010,

and Py = 0,492 & 031

(£) Conplusions, When the results at 20° and 15° were combdned, the
following mean values werc obtained :
(1) Solenoid Calibration,

k = 04199 + 002 degrees/ampere, 4418,
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(2) Beam rolarization,

Py = + 47.6 4 2,5 per oent. 419,
The sign of tho polarisation wac determmined by Brinkworth and Rose (R22)
fron a doudble soattering measurement using a helium analyser at low
energios,
| All hydrogen measurencrnts wore mede with k = 0,198 dsstngo/hnpcln.
which is to all intents identical with the above value,

The value of the polarigation obtained here is in agreement with
a previcus determination (R23), which gave 46 + 1 per cent, 'The value
48 per cent was used ihem snalyeing the hydrogen data.

It eppears that adequate acocount has been taken of the various
false agymnetrics 1n the p~carbon scattering experiments, This is
important because similar effeots had to be ooneidered for p-p soattering,
where the ;enuine agymmetries were mich smaller. Conoerning the
offeots themselves they were clearly of importance in the p- carbon
scattering experiments; the correctiom spplied to Rk at 20° amounted,
as shown above, to more than 10 per cent, For p=p scattering the
false asymmetries were smaller, partly because the amount of bean
movenent was emaller, and partly owing to the near-isotropy of the pep
differential orcesesection in the centre-of-mass system, over the ranszes
of energy and angle ooneidered. Also, the polariszation was not
expected to change violently with angle.

Finally, a mention of the value obtained for Be  Since the
seoond soatterini plane was known to be horizontal, it was ooncluded

that the direction of the bean polarisation dfffers from the vertical by
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no more than about 1 degree at most, Strictly, this result applies
only to the transverse polarization; a longitudinal eomponent is not
exoludeds However, the latter is known to be very small (R24). B

did not enter the expression for the p- carbon asymmetry, equation 4.6,
It did ooour in the asymmetyry measured in p-p soattering, the latter
bedng iooaﬁ rather than S . In the event, however, the difference

was clearly negligibdle,

For each lhydrogen measurement the energy
and energy sprosd were predetermined by putting the calculated amount
of absorber in the telescopes, in front of the third oounters.
Calibrated aluminium absorbers were used, whose values ranged in
convenient stops from 0,12 to 10.03 gn/om> and were known to within
0+01 u/mz. In no oase was absorber added between the baock pairs of
eounters, although provision had been made for this; the enargy
spread was always the minimunm allowed by the absorber btuilt into the
apparatus as arystals and the like,

vith the target full and the telescopes at the required angle, the
amount of polyethylene was varied until the anticoineidenoe counting
rate was a maximun, At the same time the delays were checked to
ensure that the maximun was real. |

Both real counts with the target full, and background counts with
the target emply and an additional 0.44 gn/en’ of aluminiun in each

telescope, were taken in cyoles of one or two hours duration. A

single polarization measurement oonsisted of several ayoles. rMach



oyele ootprised eight oounts and gave tw independent values of the
polaxrisatior, These corresponded to the two possible dirvotions of the
180° gotation of the beam polarization, or to the two direotions of the
910 amperes solenoid current. Using the notation already sdntroduced
for the latter, they will he reforred to as the "normal" and "reverse"
values of the polarisation. Of course, each inwelved measurements for
gero ourrent also., 7o obtain each value to a statistical acouracy of
4 1 per oant required about 105 oounts in all per cyocls, All counts |
wore taken for a given munmder of clioks of the monitor register and
were then normalised to counts per eliek. In all cases the available
time was shared between real and background counting in such a way as
to minimise the statistical errors,

The background was never unduly large. The
greater part of it resulted fron scattering of the bean hy the target
structure. For soatterins at 22,5° in the laboratoxy the background
varied from about 5 per ocent of the real ratc at 98 MoV to 15 per cent
at 30 MeV. At 40 MeV, it inoreased from 2,5 per oent at 35° to about

12 per cent at 22,5°%

There was no significant difference between the background
with the target evacuated and with it full of atr, This was expected,
since particlec soattored from air in the target would have inergiea
outside the range deteoted bty the telesocopes. In view of this, nearly
all backgrounds were taken with air in the target,
(o) Random Counts. The finite resolving time of any multiple
coincidence systcuo inplies the poasibdility of deteoﬁng accidental or
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randoam ocoincidonces betweon the oounters. For a tripls coincidence
arrey tho rendom counting rate is

R = 2 ABC T° 4020
whexro T is the resolving time and Ay B and C the individual or
*singlos"” rates of the oounters. 1If the acoidentals are a
significant fraction of the real counts, then a correction must be
applied to the lattex.

For a gystem used in conjunotion with a pulsed acvelerator, the
randonm coincidence rate oan be measured by delaying the ocutput of one
of the oounters by an amount egual to the time between machine pulses,
For the Harwell synchxooyclotron this time is 50 ne. and in this
exporiment the random rates were studied by adding a 50 ne dalay to
each of the first three oounters in each telesocope in turn, oonditions
otherwiss being those for recoxding anticoinsidences, No genuine
avents oould now be recoxrded; the expected ocounting rate was

KR (1 -2 m’) 4e21
where R ms already been defined, D is the singles rate for the baok
oounter and T' the snticoinoidemce resolving time.  Since DT was
small compared with unity, H} sia very nearly equal t©¢ Re In the event
the obsexrved random rates were always so small that they oould be
neglected,
(4) Dapd~Time Josges. It has alxeady boen observed that the dead-time
on the cutput of the ocincidence cirouit was less thas 2 ~Fﬁ sec, With
countin.: rates of at most about 10 per seoond it followed that the

assogiated counting losses wore negligible,
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eads In assigning en

energy and energy epread to each measurement there werc two effects to
be oonvidereds The first of these was pursly geometrical; at the
lowest mexgies at which measurements were made, the detected protons
lost about half their encrgy in traversing the hydrogen target, so that
it was neoessary to oconsider in some detail the eize and eha;;a of
the soaitering chamber and also the profile of the beam insgide ite The
forner ware obtained directly by measurement, while the latter was
estinated fron the multiple scattering which oocurred in the
polyethylene (coc sppendix II1)e The lateral distribution of
intenscity acrose the target was Gaussian,modified by the stxucturc of the
bean; for present purposes it was approximated by a rectangular
distritution vhose halfewidth cozresponded to the rem,s8, angle of
mltiple scattering,

The second effect related tc the energy definition of the
anticoincidence oounters. 1In every case the orystals on the thind
and fourth mntere 1n each telescope were of equal thidkness. If 4¢
wore not known how far into one of these cryatalé~a proton had to
penehrate in oxdexr to be detectaed, then the mean Tange wuld be subjeot
t0 an unoertainty equal to the thicikness of either, In the 30 MeV
detexminations, for example, the rear orystals were equivalent to
0el?7 'gn/mz of aluminium, This would give an uncertainty of 3,5 MeV¥
in the mean energy for scattering at 22,5° in the ladorstory. It was
oleariy desirsble to reduco this uncertainty,

The recponse of phosphors to charged particles has been
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discussed by Taylor et al.(R25)s They show that various organio
phosphors behave rather similarlys the following remarks are based
upon the resmults given for protons in anthracense,

At high energies the light ocutput L from a given orystsl is
proportional to the energy lost by the particle in traversing ite Below
about 10 MeV the response becomes nonlinear and the phosphor is said to
beoone saturateds The form of the responge is then

& .Ag-(z»m%ﬁ)'l 4422

Using published values of A and kB, together with tables of dB/ax
ageinst i, L can be plotted as a funotion of energy for a given crystal,
Fige 10 shows the response ocurve obtained in this way for the thinner
of the orystals used on tho rear countors in the present experinent,

On the arbitrary soale of Fig. 10, the light ocutput from a
proton of enexrgy 140 LeV is about 0.8, 3ince this was the energy
at which the counters were set up, it follows that U." i@ an upper
l4git for tho light which a proton met emit in oxrder to be detected.
Frou the left-hand part of the regponse curve it is found that the
minimin energy for deteotion is 1.6 MeV, corresponding to a minimum
penetration of C.009 m/cm2 of aluminium. In socattering at 22.5° in
the laboratoyy thic represants an uncertainty of only 0.2 MeV in a
mean energy of 30 MeV, falling to 0.07 MeV at 100 MevV,

The value of 0,009 Gﬂ!/cnz was oonfirmed YWy a similar calculation
for the thioker acintillatore £t was in all ocaces teken as the
contritution of the third oocunter to the abeorber which déﬁned the
nean energye The resulting orror in the latter was negligidble. The
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eontritution of the third and fourth arystale to the energy spread
wao taken as the thictnesc of eithery the error was again negligible.

To calaulate the enorzy and eneryy spreed, a soale drawing was
nade of the soattering chanber wit: the estimated limits of the bean
ingide 1t, This drawing was then divided into about 10 thin sections
of equal thioknoss and normal to the axie of the beam, The range of
ensrgles doteoted from each sootion wac estimated and the results
oconbined to give an energy speotrunm for all detected particles,

This proocedure was carried out for each energy and soattering angle,
and for bdoth soa$tering chanbers ased during the experimemt,

The range of accepted energiee had in every case been lovated
on the peak of the degraded beam spectrum hy suitable adjuctnent of the
mt of polyethylane, Since this renge of enaergies wes alwaye
substenticlly lese than the width of the degraded speotrunm, between
about 03 and 0,5 of the latter at 40 Mev for example, it followed
that all energies within tho range were deteoted with about ecuasl
probability. The sane would have been true for the soattered
particles 1f the pep differontial crossesection were independent of
enerzyy the speotra were first obtained on this basis and wore then
corrected for the preferentiol ceattering of lower energy partioles.

A typioal enargy speotrun is shown in Fig. 11, Each spectrum
was a histogram giving on an arditrayy scale the number of detected
particles, N (1) 4B, inside an interval 4t at energy E, The ™mean
enorgy” assigned to the measurement was defined as



wn
T

INTERVAL

RELATIVE NO. OF PROTONS DETECTED PER MEV.

FIG.II

TYPICAL ENERGY SPECTRUM

CORRECTED FOR

VARIATION OF CROSS-SECTION
WITH ENERGY

===~ UNCORRECTED

E = 27-4 MEV.
NE = 10 MEV.

| P

Lecanqn

L- - oy

1

IS5

20

1
25 30 35
INCIDENT ENERGY IN MEV,



p . ShiRsm .

The fullewidth at half-height, /\ 5, of the spectrum was teken ac
the energy sproad,

On the apsumption that the polarigation varied linearly with energy
over the interval /\E, the mean polarization, which was the quantity
nmeasured, was the sane as the polarigailon at energy B In no
instance did B diffor hy more than about 3 eV from the nominal value
which had been used to estimate the amo.nt of telescope absorbor
Tequired for the measurement.

The individual values of % and /A3 are given with the measured
values of the polarization in Table IV,

(f) Angular Resolution, The geometry was such that the angular
resolution for either telescope was determined by the width of the beem
at the target, together with the aperture of the defining oounter., The
resolution could be desoribed approiimately by a Cenesian, whose
standard deviation inoreaced £ron about 2.5° Gem. at 100 ieV to Je5° coms
at 30 MoV, At a given anorgy it d4id not change very mich with angle,

DNAP AN S o Sl ain S 2 0 0 WGP
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Shapter V.

- Deogults
Analysts of Dats
(a) Caloulgtion of Polarization, Bach recorded count, after
nornalization and subtraction of bdbackground, gave the nunber of protons
scattered into a given teloscope (T) for a given solenoid setting (8),
for one olick of the monitor registers A {ypical oount oould be written

N (TS) - H(&) ﬂ(s) I(ST)'(?.') [1 + Plpz (ST)] S5e1e

vhere N(s) = No, of protons !.zic:l&ant per second upor the target,

M(g) = Fos of seconds/cliek of the monitor recister,

3(ST) = p=p differcntial crossessction in the laboratory frane

of referaence,,

%) . * effioiency of telescope,

Py = bean pclarization,

Pz( P)w pep polarization,
It will be convenient to intvoduce, in adaition, the quantity

%) = M Xs)
Runeriocal oonstancs an;l guantities which remained oconstant t roughout
each neagureanent, have b#en put equal to unity in equation 5.1.

The (5,T) dependance of the oxoss-section and polarization terms
derived recpeotively fronm any gpot movenent which accompanied changes

in the solencid current, and from any orvor in setiing up the mwm
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In prinoiple, the thickness of hydirogen traversed by the bean should

have been included as an additional S« dependent teym, since the

Hellinex windows on the scattering chamber ware curveds However, this

effaot was small emough to be negleotedy 4n any case it did not enter

the oxpression fron whioch tho polarization was computed, MHaking
trivial ochangee in the above notation, the recorded oounts in each
half=gysle of data oould be written as follouwss

| Spin up, or 2010 eolenoid current:

loft telescope, N(LU) = m{U) I(LU) (L) (1 + P1P2(LU))

Fight telescope, N(W) = m(H) I(K0) (R) (1 - PyP,(F0))

gpin dowm, Il or R current of 910 amperes:

left telescope, B(L.) = m(D) I(LD) (L) (1 - kP (LD))

right telescope, N(Rb) = n(1) I(RD) &(R) (1 + PyP,(RD)). 5020

The asymoetry, > = P,P,, wac calculated from

2 ' _
P e %iﬁ "r:!{w:} Se3

The following sourcec of falso agymmetry wore oonsidereds
(1) a possible difference AQQ in tho scattering angles for the
" $alesoopes Gue to misalignnent; thie did not contritute to re.
(2) & possidlic change NO in the ecattering angle for elther telesecope
due to movement of the beam when the solenoid setting was chan:ed,

AP was defined by equation 4,2 and was related to the transverse
movenant of the beam asoording to equation 4.9,

Mllowing the discussion of Chapter IV, seotion 3, the affects

of B vere neglocteds Effects due to the residual vedtioca) movements
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.of the beam induced by the solemcid were also estinated to be entirely
negligibdle,
The relation between the agyonetry and the measured quantity

!'2'38

P(BE) [1-e(b 8- Eh Hw|

It vill be seen that the gystem is indeed self-monitoring, sinoe
n{U), m({D) 4o not ooour in equation 5.4» Froo the kinamaties of the
elastic scattering of particles of equal massy 4t oan be shown that the
laboratory and oantre-ofenans scattering parasmetears aro ralated

as followvm
¢
% aﬂe e ~tano *%ﬁ %‘; S5e 50

vhere the suff{ix ¢ denotes a quantity neasured in the controeofennso
gyotem. At the emergiec an¢ aniles of soattorin: considered in this
experinent, dlo/d46  is vezy omallj neglecting this temm,

¢ & . -tanb 506

Ueing equation 5,64 and noting that 22 << 1y equation 5.4, could
be uritten

2o(ep) et 3 mym|

In the ovent, the beam movenent was reduced to less than 0,05 cm,
corresponding to a variation in scatterinc angle of only about 0,05°;
it followed that the tern in AC in equation 5.7 was small, 1In
fact
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2tan® 00 ~ 155 ’ 25_2% f_’;g ~ 156'

2 4o
80 that both oculd be neglected. Muation 5.7 thus reduced simply
to

2
2 42
“ - () 2

Pron equation 5,8 the agyrmotry was caloulated, and honoce the pep
polarization, using the value given in chapter IV for the hean
polaﬂmﬂon-. |

For recoons given later, the normal and reverse polaxization
nessurencnts vere rogarded as euivalert, so that a mean value could dbe
caloulated for each ayolo. (In calmlating means, the individusl
values ware M@toé;mme pyoportion 6o the squares of their
stat:etical errors) Mnally, fron the values for the saparate oycles
of data, a mean polarization wvas obtainod ‘or each determination.

(b) Adoitional Information fron the fetse 1In edditdon to r%, two
other quantities wore calculated from eacsh half-cyole of mmbers,

The £firct and nore important of tnose was defined as [ollowes

0%~ M - (H) 55

The seoond quality in equation 5.9 was valid epart fr n an uncertainty of
about 1 per oent, The latter was almost entirely due to a oross-
pection term; this derivod partly fron AP but mainly from NS,
which did not vanish here ac it did for ra. lowaver, any offect due

to AS, wrenained oonstant during each measureuunt and so the
ocorrecponding uncertainty in CL e wvas of no oonsequanda, sinoce one



sought only to detect variations of e(L) / e (R) within the
measurement. If this ratio does change, then the quantity
calculated from equation 5.8 may no longer be a true measure of
the polarization; +this point will be referred to again.

The second quantity was S5 defined as follows:
2
2 N (LU) x N (RU m (U
5 =% iLD% x N éang = (n D)> 5.10

where the effects of spot movement were so small that the second
equality could be considered exact.

Table Il contains mean normal and reverse values of S,
calculated for each run, together with their statistical errors
(see below).

TABLE II. MEAN VALUES OF S.

Run Normal Reverse
1l 0.94 + +005 0.95 + .005
2 0.97 + 006 0.99 + .006
3 | 0.89 + .006 1.08 + 010
4 0.92 + +004 1.10 + .006
5 0.92 + .00} 1.08 + .005

From equation 5.10, and the definition of m, 1t follows that

%%%% = 8 %{%} 5.11

where N was defined immediately below equation 5.1.
Using the data of Table II, and typical values of M from

ithe times recorded for the hydrogen counts, the following were

6l.
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obtained:
TABLE III. APPROXIMATE VALUES OF N(U)/N(D)
Solenoid Settings
Zern & Normal Zero & Reverse
Runs (18t halfecycle) (2nd halfecycle)
l=2 1.0 1.0
3-5 0'9 008

9

The variations of beam intensity with solenoid setting observed in
last three runs is the more usual condition; it has occurred in
other experiments using the polarized beam and solenoids. In the
first two runs the intensity was almost independent of the solenoid
setting. This is thought to have been due to the use, already
mentioned, of an additional collimator of quite small aperture,
immediately in front of the monitor.

One other quantity, t2, was calculated from the dats, in
this case from each complete cycle of numbers. t2 was defined as
the ratio of the spin-up counts for the first half-cycle, divided
by the same ratio for the second half-cycle. It was expected to
be unity. The use which was made of the quantities defined here
in assessing the accuracy of the experiment is described in
Section 3.

(¢) Calculation of Statistical Errors. All counting experiments

are subject to uncertainties which arise from the statistical

nature of the process being studied, and which can be reduced

only by accumulating more data.
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The significance of the statistical errors in comparison with
the other errors in this experiment is discuased in section 3
below. Here, attention will be limited to an example showing how
the statistical errors were calculated. Suppose r2, equation 5.3.
were computed from 4 numbers Ny with statistical errors ANy :

Then the corresSOnding error in r would be Ar, where

2 Ar — 4 2 | ¥2
=25 - AN 5612
£, (8)

The associated error in the asymmetry would be

AY - %i-A—f'-;)-z : 513

The Aux are understood to contain the errors on both

the real counts and the corresponding backgrounds.

Tabulated Results.

The results obtained from 20 determinations of the polarization
in pep scattering at various energies and angles are presented in
Table IV. The errors given are the statistical standard
deviations; the energies and energy spreads were derived by the
methods of Chapter IV, section 4.e. The results are tabulated in
order of increasing energy, the numbers in the column headed X
serving merely as a convenient form of labelling.

The given centre-of-mass scattering angles were obtained
from fhe measured laboratory angles in the nonerelativistic approxe-

imatione. In a number of cases there are several values for the
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polarization at the same scattering angle and at closely similar
energies. In such ocases mean values have been calculated; the
10 values which remained when this was done are given in Table V.
For the combined data the quoted energies are mean values, obtained
by weighting the individual measurements according to the number
of cyoles of data of which they were composed.

The measurement for ¥ = 11 has been Bxcluded from Table Vj

for reasons given below this determination was regarded as suspect.

TABLE IV. PROTON PROTCN POLARIZATIONS IN PER CENT.
INDIVIDUAL MEASUREMENTS,

Run ! " igz:rgy igp:EZd E}Z.". E Polarization
3 1| 27.4 10 45 0.19 + 0.82
5 | 2 " " " 0.37 + ' 0.56
1 | 3| 4.0 13 . -1.15 &+ 1.24
2 | 4| 41.9 8 | = 0.15 + 0.91
4 5 377 1 " 1.510 + 0.55
4 | 6| 36.8 10 60 2,15 + 0.54
s | 7 " " " 0.44 + 0.60
5 | 8 " " " 0,65 + 0.57
4 | 9 " 13 70 1.10 + 0.49
1 |10 | 50.5 11 45 1.5 + 0.80
2 (11| 51 7 " 1.89 + 1.15
2 |12 " 7 " 0.l + 1.23
5 |13 49.4 6 " 3:75 + 0.84
5 | 14 " 6 " 2,68 + 0.52




TABLE IV (contd.)

Run M | gered ms:f':ad 0¢c.u. ‘ Polarization
2 15 | 51.7 9 60 4.09 + 1.02
2 16| 53.2 13 75 0.84 + 0.86
5 17 | 58.5 6 45 4.31 + 1.05
1 18 | 70.0 9 " 6.50 + 0465
1 19 | 97.5 T . 11.75 .+ 0.81
3 20| 96.5 4 " 13.37 + 0.85
TABLE V. PROTON-PROTON POLA-IZATIONS IN PER CENT.
COMBINED VALUES
'} “Ex;:;rgy ins:ﬁ:ad i e%.l. Polarization
1-2 27.4 10 45 0.31 + 0.46
3<5 3843 8 " 0,86 + 0.44
6-8 36.8 10 60 1.14 + 0.33
9 " 13 70 1.10 & 0.49
10,12-14 49.7 [ 45 2.33 + 0437
15 51.7 9 60 4.09 + 1.02
16 5342 13 15 0.84 + 0,86
17 5845 6 45 4.31. & 1.05
18 70.0 9 " 6,50 + 0.65
19-20 97.0 5 " 12.52 + .0.59
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Accuracz

(a) Sources of Error. In eddition to the statistical errors

already mentioned, the measurements were in prinoiple subject to
systematic errors, due to inadequate consideration of the factors
upon which they depended, and to accidental errors in making the
neasurements. Because the asymmetries were very small the
measurements were extremely liable to systematic errors and it was
important %o eliminate as many of these as nossible.

Since solenoids were used it was expected that the results
would be free from asystematic error due to misalignment of the
telescopes. Errors due to inhomogengitiea in the distribution
of energy and polarization in the beam should have been eliminated
in the same way. The system was self-monitoring and so there
should have been no error due to the beanm monitor. Errors due
to the small residual movements of the beanm acobmpanying changes
in solenoid setting were expected to be negligible; the
interpretation of the proton-carbon scattering data had indicated
that the treatment of these effects was adequate. (There was in
principle a possibility of false aaynnetrieg from the observed
differences in the beam profile for the three solenoid settings.
In the event, however, the normal and reversal polarizations were
indistinguishable, indicating that the effects were negligible).

In order to achieve the required statistical accuracy it was
necessary, owing to the low counting rates, to spend up to about

30 hours on each measurement, 8o that the latter were rather liable
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to the effects of drifts in the detection system or in the beam
transfer system. These effects were largely eliminated, however,
by taking the data in cycles. By this means also, mistakes, for
example in re-setting the steering megnets when the solenoid
condition was changed, were easily detcocted.

To sumnmarize, it was expected that all other errors would be
small compared with the statistical uncertszinties remsining after
any reasonable counting time. 4 statistical analysis of the
data indicated that this was the case; the analysis will now be
described.

(b) Statistical Analysis. The data gave 181 individual halfe-cycle

values (i.e. normal or reverse values from each cycle of data)

of the polarization at various energies and angles of scattering;
these contained 8Y pairs of normal and reverse valuas from complete
cycles.

The paired results were examined first, in order to detect any
systematic differences between the normal and reverse values; as
already pointed out, there should be no such differences provided
the spof movemente due to the solenoid were correctly compensated
and the asymmetry was insensitive to the details of the beam profile.
The "sign tesi" for paired observations (R26) applied to pairs
within the individual measuremenis failed to detect any significant
difference between them. This was followed by an analysis en bloc
of the paired data, whose resulis are shown in Fig. 12A. The

distribution is given of the difference between each pair of values,
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in terms of the error on the difference, also the normal
distribution for an assumed mean difference of zero. The normal
curve is a good fit to the histogranm, For the two groups of

runs taken separately, the corresponding distributions were again
normal within the errors. It was concluded that the effects of
spot movement and of variations in beam proiile were negligible.
In vhat follows, the normal and reverse polarigzations are regarded
as equivalent.

A test similar to those just desceribed was next performed on
the 181 individual polarization values, for the distribution about
their aprropriete mesns. The results are shown in Fig. 12B;
the normal curve is again a good fit to the histogram.

Reference to Fig. 12B shows that there were 3 valuses, or
1.7 per cent of the total, lying outside the limits + 2.5
standard deviations from the mean; the normal curve predicts
1.84 per cent. These three values have been rejected on the
_rounds that they would otherwise unduly influence the results.
They were not included in the remaining analyses.,

From Fig. 12B it was concluded that on the average all other
errors werc small compared to the statistical errors. However,
such a conclusion is of limited value since it is the polarizations
at partioular energies and angles of scattering which are
significant, rather than an average effect. For further
information the results within each measurement were analysed in

the following ways For each measurement values of the
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polarization and of the efficiency parameter 12', with statistical
errors, had been calculated from each halfecycle of numbers.

Mean values were obtained and the distributionsabout these of

the halfe-oycle values were subjected to chi-squared tests.
Similarly for the values of t2 within each determination. The
results are summarized in Table VI, which corresponds to Table IV.
For qu, the tabulated chi-squared values refer to the
distribution about the mean for each measurement. The value

for M = 11 is much larger than expected and therefore this
measurdment has been rejected. In every other case the

values are consistent with a constant mean value, while in
addition the normal and reverse values were found to be the same
within the errorse.as required.

For t2, the chi-squared values in Table VI refer to an
assumed mean value of one; all are consistent with this
assumption.

As mentioned earlier, results at the same scattering angle
for closely similar energies have bean combined. In such cases a
chi-squared value was computed both for the distribution of the
mean values of the polarization from the separate measurements
about the overall mean and for the distribution about the same
mean of all the individual half-cycle values. The resulis ere

given in Table VII. From the right~hand columns of this table

4t will be seen that there is a possible case for increasing the

o)
quoted error on the polarization at 49.7 MeV, 45 oc.m. § the



TABLE VI. STATISTICAL ANALYSIS OF DATA

Yalues of 7(2 and number of degrees of freedom T
' for individual measurements.

r? q 2 42
N hET T T X £l X2 | f
} 11.2 11 8.0 11 1.9 6
é 240 5 6.1 5 3.0 3
3 0.3 2 0.8 4 0.8 1
4 51 5 15.5 5 362 3
5 | 11.8 13 14.2 13 8.7 T
6 | 10.5 10 4.5 10 2.6 5
1 6.1 8 12.5 8 6.4 4
8 7.9 11 11.7 11 52 6
9 8.1 ii 5¢6 11 246 6
10 2¢5 4 548 4 6.2 2
11 53 4 24.5 4 0.5 1
12 1.7 3 l.8 3 2.4 2
13 6.9 13 24 .4 13 13.2 T
14 | 13.2 19 24.2 19 7.6 10
15 2.4 5 2.7 5 301 2
16 | 1.3 3 2.9 3 | .0.6 1
17 | 103 9 . 9.4 9 4.1 5
18 | T4 p 2.7 5 lel 3
19 | 6.3 9 | 12.4 9 | 11.3 5
20 | 7.3 11 17.2 13 3.2 7
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probability of observing a chi-squared value larger than ©.7 for
5 degrees of freedom is rather less than 5 per cent. The“
remaining values in the table have probabilities of 5 per cent or
more. RHere, no such inorease has been made, but in a_report of
this work submitted to the Rutherford Jubilee International
Conference étfuanchester, September 1961, the error on the
measurement in question. was incressed by a fastor l.6. Also,
the results presented at Manchester for the angular distridutions
of the polarization near 40 MeV and near 50 MeV differ slightly
from those given in Table IX below, since in ecach case a mean

energy was taken and no allowance made for the variation of

polarization with energy.

TABLE VII., STATISTICAL ANALYSI3 OF DATA
Values of )(2- and number of degrees of freedom f for
combined measurements.
? % Polarization Data ]
M ? Half-Cycle Values Mesn Values
| X2 £ X3 §
1"2 1305 17 003 1
3e5 21.8 22 4.6 2
6-8 29.5 51 507 2
10,12-14 31.4 42 847 3
19,20 135 2l 1.9 l
A e
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Chapter VI

Discussion of Results

The Energy lependence of the Polarization at QQP CelM.

(a) The power Law P = aEb The results obtained in this experiment

for the polarization at 45° c.m, are plotted in Fig. 13 together
with the corresponding Harvard data below 100 MeV. The measure-
ments agree very well in the region where they overlap; this
may be regarded as additional evidence for the reliability of the
present results near 30 MeV &nd 40 MeV. The general form of the
energy dependence shown in Fig. 13 suggested that the dwta might
be fitted by a power law of the form

P = ax® 6.1,

The results of several least squares fits of equation 6.1. to the

data are shown in table VIII.

TABLE VIII. LEAST SQUARES FITS OF P = aE®

of dats inuev | | lemge x2 |
this work 58.5 3445 + 1.3 | 4.49 + 2,77 0.08 | 2
this work 70.0 3.36 + 1.13 | 4.36 + 1.84| 0.91 | 3
this work 71 - 3.42 1’0.713 4.44 ;’1.18% 585 7

& Harvard | | ;

this work 97.0 ]3.06 + 0.72 | 3.87 + 1l.21| 32.1 | 4j

The values of a and b given in the table relate the polarization in
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per cent to the laboratory energy in MeV. For each set, the
data were taken from the source given in the first column for
energies up to and including that given in the second ‘colunmn.
The goodness of fit is indicated by the chi-squared value; f is
the corresponding number of degrees of freedom.
Equation 6.1 is a good fit to the data below about 75 MeV;
the fit to the .resent data below this energy is plotted in Fig.lj3.
At higher energies the fit deteriorates rapidly. The significance

ol these results will be discussed in section l.c. below.

(b) Use of the Power Law for Interpolation. An inmediéte application
of the results of the previous section is to give a method of
intefpolating between the experimental data at various energies.

This is particularly useful for the angular distributions of the
polarization near 40 MeV and 50 MeV, where the individual
measurements (see Tuble IV) refer to energies which differ by as

much as 3.5 MeV.Erom equation 6.1

Ar AE
P = b E 602

This result is in general true only at 450 cem. However, it is
shown in the next section that the polarization is predominantly
due to P-wave scattering at the energies of interest here;

equation 6.3 shows that in the Pewave approximation the energy
dependence and angular dependence of the polarization are separable
so that equation 6.2 remains correct at all angles.

The results in table IX were obtained from the appropriate
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data of Table V by using equation 6.2 with b = 5.45. In each
oase the quoted energy has been chosen to minimise effects due to

the neglect of higher partiel waves.

TABLE IX. POLARIZATION ViRSUS C.M., SCATTERING ANGLE.

&

Energy __;-W‘ Corrected Polarization in per cent B

in NeVv | 450 r 606 o° 750
37.0 0.76 + 0.44 | 1.16 * 0O, 33 l 1.08 © 0.49 ---

52¢5 2.77 + 0.37 | 4.31 + 1.02 | - - . 0.80 + 0,86

(c) Significance of the Power Law P = a£®. A energies greater

than a few MeV the polarization in p-p scattering consists almést
entirely of two terms, a purely nuclear part and a Coulomb-nuclear
1nter£érence term; polarization effects in Coulomdb scattering,
and corrections to the phase shifts for vacuum polarization, are
negligible at angles greater than a few degrees.

A8 the energy increases the angular range of the interierence
region diminishes; at 30 MeV it extends out to.about 45° Cele
It is therefore reasonable, in discussing the significance of the
results of section l.a., to regard the measured polarization as
purely nuclear irorigin and this will be assumed in what follows.

The polarization arises entirely from triplet scattering, and

if S- and P- waves only are assumed it is given by equations

A2.15 of Appendix IIl:-

k°1p = g sin 29 6.3,

where g {8 a function of the 5PJ phase shifis. The energy
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dependence and angular dependence of the right-hand side of

equation 6.3 are quite distinct; more generally one has

IP = 20 max."! a cos”O  8in O 6.4
n=20
where the a ere complicated functions of the energy (throuzh
the phase shifts), and a straightforward separation is no longer
possible.

It is clearly of interest to determine the extent to which
equation 6.3 gives an adeguate description of the polarization
below 100 MeV. %#ith this point in mind the polarization at 45°c.m.
haes been calculated in the S~ and P~ wave approximation, using
equations A2.14 and A2.15, from the tabulated phase shifts of Gammel
and Thaler (R.7) and the results compared with the accurate |
predictions of their potential. The results are given in Fig.14.
The solid ocurve is that given by Gammel and Thaler, while the points
are the values obtained for S- and P~ waves only. The predictions
agree in the form of the energy dependence and in general order of
magnitude, and the difference between them diminishes, as expedted,
as the energy decreases.

Since the Gammel-Thaler model does not reproduce the details
of the experimental data below 100 MeV, the validity of the S-,

P wave approximation has also been tested by caloulations using
phase shifts extracted from the data by Perring (R27). The

results are shown in Table X.
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TABLE X. POLARIZATION IN S-, P- YAVE APPROXIMATION

Energy Perring's ' Polarization in Per cent‘
in MeV. lutd | T
nue 80(327?n type Calculated from f kxperimental vzlue
| Se,P= Phasarahiftaw qsedr;nfgpglypiar

68 1 l 7.3 6.9 = 0.8

" 2 : 6‘5 "
98 1 } 14.8 12.6 £ 0.7
" 2 | 10.2 ; "

The results given above indicate that S« and Pe waves give a
semi-quantitative description of the polarization data conasidered
in section l.a. and the latter will now be discussed in terms of
these.

As the first step towards unders=tending the power law fits
described earlier, we note that the P=P diffe£;;tia1 cross-gection
at 90°o.m. is very nearly inversely proportional to the laboratory
energy; & least squares fit to the data gave

log,, I = (2.755 2 0.129) - (1.055 = .083) log,, E. 6.5

where I is the crossesection in milliburns/steradian and E is the
energy in MeV. Further, since the c.m. cross-section is almost
isotropic above about 40° in the energy region of interest,
equation 6.5 can be used for the cross-section at 45° cC.m. also.
From equations 6.3 and 6.5 it follows that

P (45°) = constant Xg 6.6

so that the energy dependence of the polarization is directly
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related to that of the 3PJ phase shifts. The energy dependence
of the phase shifts takes a rather simple form at low energies, for
a potential of finite range (R28); the phase shift for a given

orbital angular momentum 6 can be written

6@ oC kzz +1 for klb <<' 1 6.7
where I, is the distance at which the potential becomes comparable
with the total energy of the incident particle in the centre-of-mass.
From ejuations 6.6 and 6.7, and assuming that the phase shifts are
small enough for their sines to be replaced by the angles them-
selves, we obtain
P(45°) = constant X E 45 , for kro <L 1. 6.8

Both the Gammel-Thaler and Signell-Marshak potentials employ
a long range tensor term which dominates the P- wave scattering at
low energies. For the Signell-Marshak triplet oddeparity tensor
potenti:1l T, is about 1 X 1513 .cm. at 20 MeV, correspyonding to a
value of about 0.5 for kro. rkguation 6.8 should therefore apply
at energies of several MeV but not at 20 MeV or above; Iwadare
(R29) has noted that the 5PJ phase shifts obtained by MacGregor below
5 MeV vary with @Rergy according to equation 6.7.

The data of table VIII do in faot extrapolate to a value
close to 4.5 at zero energy, but the extrapolation is not very
meaningful owing to the large uncertainties in the values of b.
More significant is the fact that the observed values of b

remain consistent with 4.5 up to about 70 MeV; it may be concluded

3 .
that the energy dependence of the PJ phase shifts up to an energy
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of this order is not markedly different from that zt very low
energles., The failure of the simple power law at higher energies
can be attributed to a change in the energy dependence of one or
more of the P- wave phase shifts (the 5Po phase shift of Parring's
solution 1 (R27) has a maximum between 50 MeV and 100 MeV for
example), together with the increasing importance of higher

partial waves.,

Phase Shift -nalysis of Proton-Froion Scattering.

(a) Phase Shift Analyses at 40 MeV and Below. This section will

be devoted largely to a discussion of the significance of the
polarization messurements near 30 !'aV and 40 MeV in terms of

phase shift analyses of low energy p-p scatterin:. The experimental
results at higher energies will not be discussed, since they are

of note chiefly for their excellent agreement with the Harvard data.
Very recently, cross-section measurements near 50 MeV have been
reported from Tokyo (R30); these will add considerably to the
significance of the present polarization data near that energy.

The 40 MeV analysis of Moyes & MacGregor was referred to in
chapter 1. In 1959 MacGregor (R31l) extended fhis work to include
cross-section data at a number of energies between 1.855 MeV an-
39,40 MeV. The method of analysis was to adjust the phase shifis
until a good least sgquaresfit to the data was obtained. The

goodness of fit was me-sured by the quantity

2
M = :glxx L Icalc - 1 exp. } : 6.8

i=1 A1 exp
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which has the expected value (n-p), where n is the number of
experimental points and p the number of phase shifts. Some
relevant features of the work will now be described.

The dats at 1.855 MeV could be fitted by Coulomb effeots
together with a nuclear S- wave. At 10 MeV Sy Pe and D- waves
were required while at 40 MeV F~ waves were also needed, as
described in chapter 1. It was established that F- waves were
not effective at 20 MeV, but no definite conclusion coculd be
reached at 31.8 MeV, owing to uncertainties in the experimental
data. In the region below 40 MeV, where S-, P- and D~ waves were
adequate, MacGregor found that there is at each energy a
semi-infinite region in the S-D plane inside which equally good

fits are obtained. For each pair of S, D phases there are four

sets of 5PJ.phase shifts, with the oharacteristics shown in
Table XI.
TABLE XI. LO¢ BNERGY Py PHASE SHIFPS (R31)
¥ r ] T
Solution 3 3 | 3 ©
type Po 1 Py P, | P(457)
I - Me ? M- ? S+ i +
11 L+ | Se | Se | -
111 L- | S+ S+ | .
IV M- l M+ Se | .
) SR - — — - m— e - - R

S, M and L denote small, medium and large phase shifts
respectively. The signs of the phase shifts are indicated, also

that of the polarization at 45° c.m. predicted by each type of
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solution. As an illustration of the multipliecity of soluti ns,

Mac regor noted that at 20 MeV the cross-section at any angle is

constent $o within 0.1 or 0.2 per cent for all solutions inside

the allowed region. However, the results of the present work show

rather convincingly that the polarization remains positive at

low energies; it follows from table XI th=t solution types II

and IV are excluded. MaoGregor has investigsted the extent to

which a knowledge of the magnitude. as well a8 the siin of the

polarization would reduce the rema2ining ambiguity. He finds that

a polarization measurement at 18.2 MeV with an acdocuracy at all angles

of 0.1 per cent would probably distinguish types I and IIl, but

thet & whole range of possible S- D combinations would remain.

A better way of distinguishing solutions I and III would appear to

be a single measurement of the depolarization. There is

considerable evidence in favour of solution I (R27); for example,

both the Gammel-Thaler and Signell-Karshalkk potentials predict

5PJ phase shifts which correspond to this type of solution.
at 40 MeV, where P- waves are importent, the multipliocity

of solutions fitting the oross-;ection data alone is even greatesr.

#hile the results of this experiment do not allow a unique mnalysis,

they appear to reduce the multiplicity quite conaiderdbly. ‘For

exzample, of 17 typical solutions given by MacGregor only one gives a

polarization consistent with that observed. Although this

particular solution is not unique, it may be noted thst the order

of the 3PJ phase shifts corresponds to solution type I at lower
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energies.,

Again, Noyes and MacGregor were unable in their 40 MeV
analysis to distinguish between 3P2 - 5F2 mixing with no
sppreciable F- wave on the one hand, and an appreciable P- wave with
no mixing on the other. The former corresponds to a tensor
interaction of the type used by Gammel and Thaler, the latter to
a large-range spineorbit potential. Such a spineorbit term was
suggested by the Harvard group (R1ll) to account for the negative
polarization at 40 MeV which secmed to be implied by their measuree
ments. -However, the present work shows that the polarization is
positive at 40 MeV and eliminates the need, in this respect at
least, for such a potential.

Following the success of the modified analysis of Cziffra
et al.at 310 MeV, mentioned in chapter I, a similar analysis was
oarried out for the data below 40 MeV. The one-pion exchange
contribution (OPEC) was again used for the higher partial waves.
However this analysis did not provide any important results that
had not been obtained already from the ordinary analysis (R5).

The present situation at low energies is summarized quite
well by Fig. 15, which shows typical solutions obtained by Perring
(R32) from phase shift analyses which included preliminary
polarization data from this experiment. The experimental points
shown differ slightly from those given in this work; the value for

M = 4, Table VI, was not included and no correction was applied for

the variation: of polarization with energy, section 1 above.
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The most aserious ambiguity at low energies resides in the
3Po phase shift. Fig.l5 shows that very much more precise data
willvbe required in order to resolve this ambiguity using
polarization measurements, also that such measurements should be
made in the Coulombenuclear interference region.

(b) Proton-Proton scattering sbove 40 eV, The most noteble advance

has been the extraction of a unique set of phase shifts at 210 MeV,
following the completion of the programme of p-p triple
soattering experiments referred to in chapter I (R33). Less
spectacular progress has been mde in the region near 100 MeV.
Perring, for example, has reported an analysis of p-p scattering
between 68 MeV and 142 MeV (R27) in which OPEC was used for
partial waves with f greeter than 3. He finds two solutions,
denoted 1 and 2. Solution 1 extrapolates to the unique solution
at 210 MeV and‘to the popular solution I of Stepp et al. at
310 MeV; it also corresponds 1o a BacGregor type 1 solution at
low energies. Apart from this evidence in favour of solution 1,
solution 2 is regarded as unlikely because it requires a change in
the sign of the lsb phase shift near 50 MeV. The latter would
correspond to a minimunm in the crossesection or to 2 resonance,
and there is evidence for neither. Lven if solution 1 is
eorrect however, a great deal of work remains to be done before
the phase shifts can be determined uniquely at all energiles.
Finally,mention must be made of recent analysés by Breit et al.

(R34) and by Stapp et al.{(R35) in which data at all energies are
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treated simltaneously, each phase shift being written as a funetion

of the emergy in terms of a number of adjustable parameters.

Analyses of this kind are obviously superior to those performed at

single energiec, but they do not in genezal define the low energy

phase shifts any more preciselyy when the fit is insensitive to the
phase shiftis the solutions obtained are determined by the partieular form
which has bean used for their encrgy-dependence rather than by the
experinental data.

Concluasions.
It sappears at the present time that there will be 1little point in

perforuing low energy polarization measuremenis unless the acouracy

can be improved by about an order of magnitude over that of existing
measurenents., Since these measurements are likely to prove more
difficult than triple scattering experiments now that polarized ion
sources and polarized targets are becoming avallable, it would seem
preferable to concentrate rather upon the latter. The advantage of
the triple seattering snd correlation experiments is that the parameters
involved may be quite large and show quite pronounced variations with
the phase shifts at energies where the polarization is very small, and
where both the cross-section and polarization are insensitive to changes
in the phase shifts. For example, a depolarization measurement at

68 MeV, and possibly at lower energies, would materially reduce the
anbiguity in the 'P_ phase shift, (H2). At 40 MeV and below, TIwadare

(R29) has suggested a measurement of the correlation parameter Cnn
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to pin down the lsb phase shift, followed by a measurement of
R(90°) or A (900) to resolva the 3PJ phase shifts; according to
Noyes (R36),a 5 per cent measurement of Cnn (900) at 40 MeV

might fix the 130 vhase to 0.5o and the D phase also.
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CHAPTER VII

The Depolarization in Proton-Proton Scattering
near 150 MeV

Introduction

(2) Genersl Remarks. Programmes of triple scattering experiments near
150 MeV were initinted several years ago at Harvard and Harwell with the
objesct of providing enough data to allow a unique phase shift analysis
at that enerzy. Since the Depolarization measurement is the easiest
of the triple scattering experiments (R37), both groups began with
this experiment.

(v) principle of the Measurement ., For the D measurement fhe three

sucocessive scattering planes are parallel.  The first scattering produces
the polarized beam and the third scattering measures the vertical
component of the polarigation of twice-scattered particles. From
equation A2.13 with the restriction of timeereveisal invariance removed,

the polarization after the second scattering is given by

12<9~>£ = Io2 [ (P + TPyon 5 ) -’!2]
where
I, '102[1*21'-&2].
Thus

o> = (Zr*B-Bbly Tole
f 1+£ ‘Az



The asymmetxy at the third scattering is

ZB = <(_:')_"‘>f » '&3 . 1.2
With a single telescope set up to view the third scatterer, suppose
that oounts are acoumulated for equal times at the four positions
shown in Fige 16, where it is assumed that the polaxization By of the

once-acaitered beam is direoted out of the plane of the paper, The

LL count is glven by

P+IP*
L = I..,1 (1+PA2)[1+A 2 lJ,
02 “03 1 3 .
1-0-1’1}-&2

where various constants have‘ been neglected, It follows that

LL = 102 103 [1 + PlA‘Z + Ai (P2 + IP]_)] 4

similarly,

-

IR = IpyIos |14 Pihy=ag(Py+ Py )|, .3
?1‘

r

RL = Ig,Igg|l=Pyay= (P, = 10)

_
and RR= I..1 _l-PA-tA(P-IP)T
02 703 | 172 3 V2 1 >

—

From equations 7.3 it follows that

1 LL + RL = LR = RR : 7.4
D ="‘““P1A3 LL + RL + LR + RR *

The “analysing power"” PIAB can be determined as the asymmetry at
the third scattering for © o = Oy henge D can be obtained.

The measurement ocould be made by using only one of the two
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positions for the third scatterer indicated in Fig. 16, but would
then require data from three double scatiering experinants insiesad
of one s here, and the resltis would be correspondingly iiore liable

t0 erzrox,

By conmbining equations 7.3 differently we obtain

- 4+ BR ~ LR - RL
A3P2 EL%+RR+LR+RL Te5

Also, by treating the measurement as a double scattering and averaging

over the third scatterings,

- + - RL = BRR ,
P, & %+%+RL+RR Te6

Sifice P = A for a spinezero target owing to parity oonservation it
follows that the beam polarization P, oan be detemined from a double
soattering experimente 4, can then be caloulated from equation 7.6,
while P:2 ocan be obtained from equation 7.5, knowing P1A3. Sinoce P2
and A, have been measured under the same oonditions, thelr comparison
provides a direct test of time-reversal inveriance in the pep
interaction if the second scattering was from hydrogen. In the paper
desoribing their depolarization measurements the Harvard group (R38)
gives 10 measured values of P, = A,y 7 of which are consistent with

Z2@X0.

Previou easurenents of t 1 oV.

(a) General Remarks. Both the first Harwell measurememnt (R39) and
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the Harvard measurement (R38) were carried out in the general mamner
desoribed in the previous seotion., ‘There were however several
differences in detail, For example, the Harwell group used a single
counter telescope, while the Harvard group employed two telescopes in
conjunction with the third scatterer, one on each side of the beanm
and arranged th be interchangeavle, The Harvard gioup also
employed an additional counter located some distance in front of the
third teargete This not only reduced the background tut defined its
sourxce more éreeisely.

From the discussion of double scattering measurcments given in
Chapter IXI, Section 2, it will be appreaiated that in both experiments
it was necessary to take very great care to avold false asymmetries,
The precautions are described fully in the Harvard paper.

(b) Besults. The results of both measure.ents are thtulated in the
Harvard paper. The Harvard data cover the angular range from 12% c.m.
to 70° cem., while the Harwell results extend from 3° to 70°. The
experiments agree within the errors at 50° with a positive value of
orﬂer 20 per cent, but diverge sirongly at larger angles; the Harvard
data remain positive while the Harwell results change sign and become
inoreasingly negative, The former are close to the predictions of
Gammel & Thaler (R7) while the latter correspond to those of Signell
end Marshak (R9). The Signell-Marshak potential was later modified
somewhat (R40), but the prediotions for D remained in gemeral agreement
with the Harwell measurenents. |

Although the Harvard experiment is now regarded as superior to
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that at Harwell, much of the superiority derives from the fact that
the Harwell results were reported by the time the Harvard measurements
were just beginning; -the Harwell group had shown that such experiments
were possible near 150 MeV and had indicated the relative importance of
the various types of experimental error., In neither case did there
appear to be an erwyor large enough to explain the discrepancy. As

a result it wvas decided to repeat the Harwell measurement by a

differemt methods It was this experiment in which the writer was

involved,

[ ne 58001
(a) Principles, In the second measurement of D a solenoid was used,
as described in prgvious chapters, to rotate the polarization of the
once=scattered beam through £ 180° and so eliminate geometrical false
agynnetries.
The counts giver in equations 7.3 were now taken for spineup

(U) and for spin down (D). Remembering that the effect of inverting
the spin is merely to change the sign of Pl’ it follows that

r, ..(Q% Eﬁ) LI 142 &)+ s (Py+ 1))
1L

RRY T-Fh, + 4, (P, = 0F,)
U D\ B .
Ty -(L&ﬁ &6) ) ;*1’15-:\;(?2-;1:91) TeT

Four telesoopes wore employed 80 that counts could be taken siml taneously
at all positions indicated in Fig.10. Because of this equations 7,3
should now contain the efficiences of the telescopes, since these will
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in general differi A monitor term dependent on the solenoid setting is
also required aince all counts were again normalized by reference to

& monitor of the once-scattered bean. However, the quantities

r and T, defined above are independent of both of these terms,

From equations 7.7 we define

51 = (1+P,4) 7 -1 =Py Ay + P4,

rl + 1
é . r - l 7.8
and > = (;-1'25.5) rz* =P1A2-1P1A3
whence
51 -6, = 21p s
Te9
and 51 + 52 - 2P A,

In this experiment known valuec of P,y P, and A3 were used to extract
D and ‘*2 from equations 7.9. |

(b) Appgratus. The beam transfer systam was the same se for the
polarization measurements described in previous chapters, see Flg 2;
8 similar size and shape of beam was used. The arrangenent of the
spraratus in the experimental area is shown in Figel7. The
pola.ﬂzationvof the beam had been determined proviously to be

(46 4 1) per cent (R23). The mean energy of scattering from hydrogen
was 143 MeV, olose to that of previous p-p scattering measurements,
The scatiering chamber was 6 .Ccm. long by 3 «cm. wide with windows
of .002 inch lellinex; a small target was used in order to avoid

undue energy loss by scatliered particles, sinee the latter would
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rednce the analysing power of the third socatterers. The beam was
provided with a vacuunm path for some distance behind the hydrogen target
in order to reduce the background snd random counting rates, Particles
scattered horizontally emerged through a pair of long Mellinex
windows, ‘The third scatterers were 2 gm/cm2 blooks of beryllium
situated 80 c¢n, from the hydrogen target, and were viewed at 12o
on either side as shown in Fig.1l7 by telescopes employing counters with
thin-seintiliation crystalse Pulses from the five counters
associated with each thirc scatterer were fed into a transistorized
coincidence unit (Rl8), which recorded triple coincidences for G,
cz. 03 and Cl’ 04, c5 respectively, c1 was inocorporated with the
berylliun target as a single unit,

The counters were mocunted on plates which could be rotated in
the horizontal plane about a pivot located directly below the centre
of the hydrovgen target. Alignmant was oarried out with a theodolite
and trammel, and was facilitated by using acourately machined counter
mountings, each provided with several degrees of freedom, Estimated
errors in alignment were (.040 cm. and 1' of arc, The soatteéring
table, hydrogen target and ocounters were loocated with respect to the
beam with the aid of Xeray films. The counter arrays were maintained
in position by a sine bar which was pinned to the table, In the
event, 3 complete sets of counters were employed, 30 oounters in all,
g0 that measurements could be made at 3 values of § o simltanecusly,
(o) Accurmlation of Datas Both senses of the 180° rotation of the

polarization were useds The data were taken in cysles to reduce the
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effects of drifts, aamd all counte were normalized dy reference to the
bean monitor. At each angle a range curve was taken in order to
determine the amount of absorber required in the telescopes.
Backgrounds were teken with the terget empty and additional absorber in
the telescopes. The background was 2 per sent or less at ali amgles
axoept 15° lab, where it was 10 per cent. Iiost of it derived from
the target.

The &xalyaing power A3 could not be measured without
removing the hydrogen target and for this reason interpolated mean
valueg werc used. |
(4) Systematic Errors. IXe-ray film studies showed that the residual
movement of the beam at the hydrogen target whem the solenoid
ocondition was changed was less than 0,05 cms Mseasurements with a
suall ocounter in the thricee~scatiered beam indicated that the
corresponding change in the third scattering angle was less than 0.014°.
Corrections to the measured asymmetries were caloulated using
measured values for the rate of'ohange of counting rate with angles
they were small compared to the statistical errors.

As for the poln.ﬁza.tibn measurements described earlier, the data
could be combined differently to yield information about the

sjstematio errors. For example, the mean of the ratios

N R R N
&- . E. and EA- ° &—
ul  om e m?

was expacted to be sensitive to beam movemeRt only. From the
known values of the latter and of the variation in counting rate a
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mean value for all angles of 1,002 was predicted, while the observed

velue was 1,002 £ 0,025, Comparisons of this kind indicated that

the effeots of beam movement had been accounted for correotly.
Finally, measurements at three angles with an unpolarized beam

gave a mean asymmetyy of 0,0052 : «0070, oomparing very favourably

with the expected value of zero,

(e) Results. The values of D obtained from this experiment are

shown in Mg.18 together with those from the Barvard measurement.

The results are tabulated, with those from the earlier experiments, in

the published account (R41). The latter alsc contains the values

of A3 »whioh were used, and measured values of Aye The present resultis

should be rogarded as superseding the previcus Harwel]l measurcments.

(f) DMiscussion, Perring (R27) has reported a phase shift analysis

at 142 MeV in which the present results for D were uded, together

with data on the cross-seotion, polarization and rotation perameters.

As described in Chapter VI, section 2b, two solutions were obtained of

which that designated solution 1 is regarded as the more probable,
Perring's solution 1 is shown in Fig, 18, Also shown are the

predictions of the Gammel=Thaler potential and of the recent potential

of Saylor, Bryan and Marshak (R42). The latter employ energy-

independent boundaw oonditions at a radius of about 0.5 x 16}3 om, o

with mesonetheoretic tails. The potential gives a very good

deseription of the p~p scattering data up to 310 MeV coneistent with

solution I of Stapp et al.
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0 begin with a more precise statement of the definition given

935

in Ciepter I of phase shifts for the scattering of spin-zero particles,

The discuscion is necessarily brief; for full details any textbook
on quantum rechanics should be consulted, (eeg. R28)

At dictances large compared with the range of the interaction
the wave function deseribing the scattering muest take the form

ikr

\IJ ) eﬂ" +f(0) 3;.- Al.l

ieasy a plane wave representing the incident bear and an ocutgoing
sphoriocl wave corresponding to the acattered partielcs,

The general oolution of the Schroedinger equation is, on
the other hand, of the form

L]r’ - ZL'.A{PI (0089) .k%- gin (k!’.é’é‘ﬂ' + ge )o Al,2

P é(c:maei) 15 the Legendrc Polynomial of oxder { , ddentiffed with
particles of angular momentun 1 (£ ( { + 1))*. For a given value of
ke Ai end SQ are constantsy 56 is oalled & "phase shift",

Fow the plane weve in equation Al.l can be expressed

asymptotioally as a superposition of spherical waves: -
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94e

oiks .Zi"e(zé + 1) Pl(ooee) %r gin (kr - 3(77)

. ¢
. et s'g(zl + 1) pe(cme){.i(kr-%M).éi(kr-%lv\' )}
2iky :
. A3

From the condition thnt“}/- o“kz shall ba a purely outgoing |
aphoﬁcal wave, we find fron equations Al.2 and Al.3 that Ai - eize'x
12 (20 + 1), whenoe eguation Al.2 gives

k,/ - 55 Z ilz04 1) P (me){e*(“‘ - 34 23¢)_ oa(unetlr0) |
¢ | | | Aled

Comparison of equations Al.3 and iAl,4 shows vihst the phase shifts
have exaotly the signifiocance asoribec to them in Chapter I,
Pron the expliecit form of the scettered wave we cun obtain the

soattering amplitude:

1 ‘
£(0) - = Z(zl 1) (o202 Ly 2ple000) L.
and hence the differential crossesectiong

I(Q) = lf(@)'z - —%Z(zﬁ + 1) Pé(cose) sin 5@”‘ ;2 Ale6

¢
fhe right hand side of equation Ale6 reduces to a power sories in
cos © whose coefficients arc funetions of the phase shifts,

of pin-One-flalfl Partioles

- .r‘_’i‘

(a) Pure jluclegr Scattering. The extension to the scatterin; of

partiocles of epin § has been givem by Blatt and Biedenharn(243);
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tho following remarks are based upon their papor.

It will bo assumed tiat the twoeparticle interaction is subject
to the invariance conditions given in chapter Y, section 3,b, ‘Vave
functions doscribing the scatterin: are written in torms of tho total
anguiar momentum J ﬁthl 3 cormponent 17y and tota? opin S Sy all of
wiich are concerved, together wit: the ordital angular momentum ¢

vhich ic no Ilonger a congstant of the r:bt:lon becanse of the tensor |
1ntardction in trirlet ctanteoss The grineangle dependence of the
wave f‘aneﬂans takes fhe fbm

m
%"‘"’3 Z‘(ﬁs ml%les"ﬁ) Ylt Xm: ALeTe

z+ms:ul(

The term in brackets .t_s a ClobecheCordan coefficient, Y is n
epherical harmonic and X o spin wave funotion. TFor singlet |
scattering and for triplet scattering with( « J theore is no mixing
@ﬁ the ocomplete wave funotion ia

| A K
= - U( T Al.B
L‘/ J r % Ls |
where at large distances

s(2) =AgH O™ ) - Bt (erd I )

The rolation

B = 5SA 21e9e
dofines the "scatioring nalrix™ S, which relates the ocutgoing part
of tho oomplete weve funoiion to the ingoing part of the incident

pi'nm wave. 'hen relating the observables to the phage shifts
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(Appendix II) 41t is more convenient to use the Rematriz, defined as

Re S=1 Al.10.
This relates the outgoing pert of the scattered wave to the ingoing
part of the incident plane wagve, Either of these matrices provides
a oonplete description of the scattering. JFor each J, S reduces
to a single number, of unit magnitude since the scattering is elastic,
Thus
21 0

S= @ Al.ll.

This more formal definition of phase shifts 1o identionl, for no
nixing, with that given above for particles of gero spin.

In the case of triplet scattering with ( = J X 1 there are
radial waves v (¥) and w(zr) for each ¢ and the oomplete wave
function is now of the form

A e %-1 1 o(z) %LJ” Al.12.

for large T,

W(r) = \1 1("3“'1’(-7“1)“’ ) 1“‘1(1““%’('3'1)'7V )

and similarly for w(r).
For a civen J the soatterin. natrix is now 2 x 24

B\ s(‘i) | Alol3 .
B, Ay

Fron gméral oongiderations it can be shown that S is both unitary and
gqynmetric. It follows that the 2 x 2 matrix in equation Al.13 cah
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be expressed in terms of threec real paraneters; these are ocalled
"phase parameters" by analogy with equation Al.11., Blatt and
Biedenharndefine triplet phase parameters 9, , 5/5 end ¢', whose
significance is the following:s The S-matrix now has two eigen -
funotions which may be labelled oY md/e-. each oontaining a nixture
of /= J=l and (¢ = J+d partial waves in proportions determined by
€ « To each elgen funotion there corresponds an ei genphagse shift 2.
At vexy lov cnergies the /= J &1 partisl waves are separated hy
their different ocentrifugal barrier effects. This separation
implies only that sin C = O at zero enerzy; with the ocondition that
€ shall itself vanish it follows that at zero energy 50( and 2/3
congist antirely of /= Jel and / = J¢l respeotively. At other
enexzies the desoription of the socattering of either partial wave requires
all threo phase parameters, Stapp et al.(BS8) point out that the
Blatt-Biedenharn paranetization of the S- matrix is in no sense unique
and give an alternative definition of phase shifts, These "bar
phase shifta" are more convenient when separation of the nuclear and
coulomb torns ia pmton-pmton scattering is oonsidered.
(b) Ogulomb Effects $n proten-proton Seattering. It has alxeady
been pointed out that the Coulomb part of the p~p interaction cannot
be treated by partial waves becanse of its infinite range, However
the problem has been solved in the nonerclativistio epproxination;
equations such as Al.8 remain valid if (kx) is replaoced by (kren log2kr)
where n = 6°/5c , 15 being the laboratory velocity of the incident

proton, § and R now relate to the conbined effects of Coulomd and



98.

nuclear scattering. It 1s convenient to write
R = (S-Sc) + Rc

% Al.14.
= + R

o

the suffix ¢ denoting Coulombd scattering. Rc can be treated
exactly and gives the Coulomb soattering amplitude. (X on the
eother hand contains nuclear effects only and can be expanded in

terms of phase shifts; for oxample, when there is no mixing,

o([ a e"’ige -921‘?5[. A1.15

the Coulomb phsase shift <ﬁ£ being given by

¢
4% = jg:}an°1 (n/x) .

X=1
In the absence of nuclear effects the ¢ reduce to q%. If,and
only if, the Coulomb force can be sssumed negligible inside the
range of the nuclear force then it follows that the scattering in
the absencc of the former would be desoribed by "nuockear phase

shifts" given by

N
72 =0, —-¢ - AL.16

“hen mixing oocurs, the nuclear bar phase shifts are relatei to the

total bar phase shifts in exactly the same way, whereas the

corresponding relations for the Blatt-Biedenharn phase shifts are
much more compliocated. More generally, equation Al.l16 is tuken

as a definition of nuclear phase shifts and the results of phase

shift analyses are usually given in terms of these.
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Appendix 1I

Formalism of Nucleon-nucleon acattering

The M- matrix.

From low energy scattering énd the properties of the
deuteron it was known tong ago that the nuclson-nucleon interaction
is strongly spin-dependent. Experiments at high energies involve
the measureaent of quantities which are intimately related to the
spin-dependent part of the interaction. Such experiments are
most conveniently analysed in terms of transitions between the
various initial and final spin states of the two rarticles.
These transitions were described by uolfenstein & Ashkin (R44) in
terms of a 4 x 4 matrix operator ¥.

Befor: writing down the general form of the M- matrix certain
vectors for the two-particle system must be defined: k and
5} are unit veotors which define the direction in the laboratory
of the incident and scattered particle respeétively and 292}
are similar unit vectors for the motion referred to the

centre-of-muss system. In terms of these we define the foklowing:

1
n=- SNK , 2=2/\_1_c_1 : A2,1
kA K]
1
P2 +k ' E=2-? .

7or perticles oi egual mass, 28 here,
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kl = Ent = ?- ’ .k_: = -8 2 - ;K- ’ A.2.2

where the suffix ¢ denotes the target partiocle.

.olfenstein and Ashkin show that the M- matrix can be

written as follows:

¥=M(G, Tk, k)
=A+B(J1. 3, -1)+Cc(T, « TZ).n
+ I - g, )n '+ E (D). ENZy. K) + P (I BT, B) . 42,3

J).92are the Pauli spin matricesfor the particles. The
coefficients A to F are funotions of the energy and of the
scattering angle O . For p-p scattering D=0 and this is true for
n-p scattering aleo if charge symmetry is assumed.

Using the density matrix representation for the spin wave
functions, an equation is obtained which relates the expectation
value after scattering of any one of a set of spin operators S

to their expectation values defore the scatterings
TR 1 v Y ot ;
1 <S'L>f = 7‘- Z(S > N Trace (M3 ¥-3' ) . A2e4
y

taenotes the adjoint matrix.
It is convenient to take for the operators S the components,
16 in all ae required to specify M, of the following operators:
1, 9.1: O..-:?" | 9.19:2 . A2.5
The expectation value of the spin of & beum of particles is

referred to as the "polarization” of the bezn.
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Ubservables.

(a) Doubdble Scattering ixperiments. Equation A2.4 has bdeen used

by Wolfenstein (R37) to define observables on nucleon-nuclecon
scattering experiments, The simplest of these involves the
scattering of an unpolarized beamz by an unpolarized tar-et (it will
be assumed that the target is unpolarized, unless otherwise stated).

The unpolarized differentisl cross-section is, from equation AZ2.4,

I = A Trace II?, A2.6
o 4
and the spin of the scattered particle is given by
up =1 tg
I°<“'1>'f 2 Trace MM 2 0 A2.7
i.e., the scattering produces a polarization 21’ where
+
Trace N~ T
rrace My'

srom the assumption that M conserves parity it can be s-own to
follow that P, is in the direction of the unit vector n defined in
equations AZ.l.

Until the reocent develo ment of polarized ion sources for
accelerators (R45), soattering of an unpolarized beam was the only
method of producing polarize: nueleons.

The beem of polarization 21 may now itself be scattered.
This will be a double scattering experiment and the cross-section
at the second scattering is given by

I = i rrace MY + B,y %'Trace &2{ M

4

- A
= I, (1+E.4A)

A2.9

where
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?
A= Traoel‘?:ll

Trace MM*

A2,10

A i8 called the "asymmetry". ith the usual assumption that M

is invariant under time-revcrsal it ocan be shown to follow that

-A_ = £2 A2011

where 2@ is the polarization which would result from the seonnd
scattering if £, were zero.
From equations AZ2.9 and A2.11,

I=1 (1+R.P,). A2.12

If P, is known, then P, can be deterained. In other words
the doudble scattering measurement allows the analysis of
polarization effeots.

(b) Triple Scatterin;; kxperiments. In triple scattering experiments
the first scattering provides the clarized beam and the third
'scatttring is used to analyse the polarization effeots which

occur at the seoond scattering.

#olfenstein has shown that the polarization produced in
nucleon-nucleon scattering w#i'h an incident beam of polarization

Ei can be writien as
1, <?_'>£ = 102{ LPZ + D P.1, ] n,

+ [“ By.ky + R By .(n, A -’-‘-2)] 2,

1 1 1
* {A B).k, + KB . (n, A k, )]‘ k, } A2.13

The suffix 2 denotes the second scattering. The triple

soattering parameters D, K, Rl, A and Al ere, like P_, funotions

2'
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of the onergy and of the angle of scattering; any four of then
are independent. D is referred to as the "depolarization"; 4t
is a measure of the probalility that the incident polarization
remains unchanged by the scattering. R is known as the rotation
parameter since it descrides the rotation of the incident
polarization sbout the veotor D,
Prom previous remarks a simple scattering camnot be used
either to produce or to analyse a beam polarized along its direction
of motion. Thus only D ahd R can be measured by a succession
of sucii scatterings. For the remaining parameters suxiliary
magnetic fields are required, to rotate the polarisation relative

to the direction of motion.

(c) 3pin Correlation kxperiments. FEquation A2.4 also predicts

expectation values of the com onents of the operator ‘2& CZ;.
The associated experiments involve simultaneous measurements of
the polarisations of the scatiered a2nd recoil particles. Six
parameters can be measured, two with an unpolarized beam and four
with a polarized beum. Similar ~xneriments involve the use of

polarized targets.

(d, Relativistic Correstions. The Jolfenstein-ishkin formalism is

non-relativistic. A completely relctiviatic treatment has bdeen
given by Stapp (R46) who shows that the relativistic correction
takes the form of a rotation of tha polarization vector about the
norzmul to the soattering plane; it doss not therefore affect double

pcattering or dsjolarization measurements, for which the successive
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scattering planes are parallel (the correction mentioned here is

additional to the ususl spin-independent kinematic corredtion.)

Observables in Terms of Phase Shifts,
As has been seen in the preceding section,the observables
in nucleon-nucleon scattering sre descoribed most conveniently in
terms of the spins of the individusal particles. On the other
hand, phase shifts are defined in t:rms of singlet and triplet
states of the two-particle system (Appendix I). Expressions for
the cbservables in terms of the phase shifts have bdeen given by
Stapp (R46), using the R-matrix defined in Appendix I. Both
p-» end n-p scattering are treated; it is shown that the
indistinguishability of the particles in the former can be allowed
for by the appropriate antisymmetrization oi the scattering matrix.
For p-p scattering in the ap;roximation of S- and P- waves
only, the following expressions are obtain d for tne differential

oross~-seotion and pplarizations' |
¥1(9) - l:sin?’ 50 + sin? (9° -52) +%31n2 (51 - '52)]
+3 [ain26° +3 sin’ 51 +5 sin® 92 - sin® (50- 52) -

et (51-5%) | e0s? O, r2.14.

I1g) P(O)

mere ¢ = 3[5° 57 + %[5} 57

and [; y] = s8in x sin y sin (x-y) .

¢ sin 20, | A2,15.
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k, & are respectively the wave number cnd scattering angle in
the centre-of-mass system. So is the 180 phese shift and
the 5u’aro the 5PJ phase shifts. These equations represent
the purely nuclear interaotion; the Coulomb terms for the

S~ and P- wave approximation have been stated exlicitly by

Garren (R47).



1.

106.

Aprendix 111

Multiple Coulomb Sesttering

Theory
The theory of smultiple Coulomb soattering has been desoribed

by lkossi (R48). The formulas which are used below are taken from

a paper by Hossi and Greisen (R49); they refer to the scattering of
singly‘oharg@d rarticles only snd are approximate to the extent

that no coreeoctions h:sve bann made either for the finite size of

the nucleus or for scroening of the nuolear charge by electrons.
However, thepe corrsctions are unimportunt for the u;.:lications to
be desoribed (R48).

There are t+o cames of interest:

(1) Scatterin; by thin foils, with no energy ioaa. Tho mean

square multiple scattering angle, projected onto a fixed plane

containing the axins oi the beam, 18

< 92 - 1 % V4
PR
where
Es s constant = 21 MeV
¢ = momentum of partiocle in MeV/c.,
3 = V/e as usual,
and t =  thiciness of foil in "radiation lengths",

The radiation length X of a subdbstance determines the rate at



which electrons lose energy in passing through the substance,

8gcording to the enuation

B = K e

x o : Aj.2.

some typical values are given in Table XI1I.

TABLE X1I RADIA ION L<NGTHS FCR VARIOUS SUBST:RCES

Substance xo in gl/cl2

H 138

He 144

Be 85

CH, 57

CH 55

c 52

Al 26.5%
(2) Seattering by & thick foil with loss of energy. 1In this
case

, l1+y P
, 2 2 1
<8 > = 3 (= 1°‘ﬂ<1 vy, F )
¢ \= i - 833
1 1 *
( 5 *’1 =3 12)

Sufrixes 1 and 2 refer respeoctively to particles entering and
leaving the material, while
y= (8+m)/u

wpere E is the kineti¢c : energy and m the rest energy of the

107.
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particle, both in MeV.
Applicustions

The following remarks relate to the geometry shown in
Fig«.194, which wes that used in the experiment, and to the
scattering of protons.
(1) Comparison of various materials. For this purpose equation

Aj.]l may be written

. 3
(9) = oonstant (xo %f-) A3.4

where dE/dx is the stopping power in Kov.gil. cm?,and xo the

radiation length in gu/cmz. The ocorresponding lateral

distribution at the target is given by
L3> = (% P*> A3.5

where .€a PC as in Fig. 19A. In every case the value of ¢ has
been taken to corresvond to the amount of n#torial‘required to
slow down the beaa :rom 150 MeV to 40 MeV; the value of 0.4 used to
loc:.te the effective scattering centre, Fig.l94, was obtained from
calculations for polyethylene. Fig.l9B shows r.m.s. values of

6 and of y plotted against the reciprocal of the radiation length.
Polyethylene, CH,, is clearly a very suitable substance for
degrading the beam from the point of view of small multiple
scattering effects; it is slso a very convenient material to handle,
and for these reasons it was naed at all energies.
(2) Multiple Scattering in Pol '‘ethylene at Various :nergies.

The data of Table XII1 were odt&ined from equation A3,3
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and again refer to the geometry of Fig. lJA. The second
coluan refers to & full-energy beam of zero cross-section
(point beunm), and the third coluan %o the beem used. The natural
width of the latter was about 0.8 cm., and has been approximated
here by a Gaussian of standard deviation 0.2 cm.

The height of the full-energy beam at the target was about
2 cm. Allowing for this, it has been estimated that well over
half the beaw intensity wes accepted by the hydrogen t:rget at
enerzies as low as 30 MeV. This oonclusion is consistent with

the observed oounting rates,

TABLE XIII. MULTIPLE SCATTHRING IN POLYRTHYLEME

‘Final Energy r.2.s. spread of beam at target in on.
NeV point bean finite beanm
20 l.44 1.46
40 1.21 1.22
60 0.99 1.01
80 0.78 0.81
100 0.62 0.66
120 0.44 0.48
150 0.00 0.20

S AP G S D Eh s eh w G A G TS = O
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