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ABSTRACT

Proton-proton olastio aoattering has been studied in counter 

experiments using the 130 reV. 48 percent polarized proton besm 

fron The Harwell 110-inch synohoeyelotron*

The polarisation in p-p scattering has been measured at 

Tarlous energies between about 27 MeY* and 100 Me?* The beam 

energy was reduced to the required values in a suitable absorbs** 

and the energy of each measurement was defined by an anti-coincidonoe 

arrangement in conjunction with teleseene absorbers* A liquid 

hydrogen target was eoployed and solenoids were used to rotate the 

polarisation of the beam through t 180° in order to eliminate 

geometrical false aaymmetrloo.

The TColfonstein depolarization parameter in p*»p eoattering at 

143 MeV* has been measured using sioilar techniques*
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Chapter I* 

INTRODUCTION

1* Muolear Foroea and Nuoleon « Nucleon Scattering.

It ia well established that all atomic nuclei are composed 

of protons and neutrons in roughly equal numbers* The nature of 

the forces which these particles exert upon one another ia nowever 

leas well known and provides the central problem in nuclear physios.

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 aa nuoleons. This notation finds 

formal expression in the isotopic spin formalism*

The peculiar features of the nuoleon - nuoleon interaction, 

namely its great strength and extremely short range, were first 

demonstrated by Signer (R.I.)* 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 ^articles, 

chiefly because of the theoretical difficulties associated with 

multi-partiole systemsf it is also supposed that nuclear forces 

are additive, so that more complex structures oan be explained in 

terms of the two-nuoleon interaction.

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

energy about **23 MeV. The properties of the deutoron have 

provided important information about nuclear forces* Most of our
t

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 has precluded any direct study of neutron-nmatron 

scattering*

Much of this introduction is devoted to a general survey of 

Tiucleon-nuoleon scattering experiments and their interpretation* 

The concluding section is less general and gives the background to 

the proton-proton scattering experiments which fora the subject 

of this thesis* Before embarking upon these topics it will be 

oonvenient 9 in the following section, to make some acquaintance 

with the language used by the physicist to describe the scattering 

of one particle by another*

2. The Interpretation of Scattering Experiments*

The simplest model of nucleon-nucleon scattering ignores 

both the spins of the particles and the possibility of inelastic 

processes. The scattering then reduces to the elastic scattering 

of one particle by another of equal mass at rest in the laboratory* 

This is a well-known problem in quantum mechanics; transferred to 

the oentre-of-mass system it involves the solution of the 

Sohroedingecequation for the scattering of a particle of reduced



Bass by the potential which describee the interaction* The only 

difference between this problea and that of finding the bound 

states, if any, of the particle in the potential is that the 

total energy is now positive rather than negative* The wave 

function describing the scattering contains a sum over spherical 

harmonics, each of which is identified with a particular orbital 

momentum, Associated with each spherical harmonic is a radial 

tera which reduces, at large distances, to an ingoing and an 

outgoing spherical wave* A siailar solution describes the 

particles in the absence of the potential* In the latter ease 

the syaaetry arises merely froa the choice of a particular point 

«-6 origin | it is reduced one degree by choosing the coefficients 

of the various terms in the wave function so that they combine 

into a plane wave, corresponding to a beaa of particles* More 

specifically, the plane wave solution is a sum of terms, each 

corresponding to a specific angular aomentuB 1 and having the 

asymptotic fora

i(kr - i/TT ) - 
e - e 1.1.

ihere k is the de Broglie wave number of the particle in the centre- 

of-mass systea.

ffhen the potential is present the corresponding part of the 

solution takes the fora

i(kr - *TT + 2) -i(kr - 
e - e 1.2.

The solutions with and without the potential differ only by a change



in the phase of each outgoing "partial wave'1 . for each angular 

momentum i there is a real "phase shift" ^ 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 fact that for a given energy only states with angular 

momenta below a certain value can participate; higher angular 

moment correspond classically to particles with impact parameters 

larger than the range of the potential. It is, therefore, possible 

to describe the scattering at any particular energy in terms of 

a limited number of phase shifts. For example, it is shown in 

Appendix 1 that the differential cross-section can be written

I (6) £
i « o

1.3

In general only the first few terms of the sum over i are 

significant, and equation l.J can be written as a sum over a few 

powers of cos 0 whose coefficients contain the phase shifts. 

If the cross-section data are accurate enough then the phase shifts 

aay be extracted from thea.

In general a potential cannot be derived from the phase 

shifts, but phase shifts can be calculated from an assumed 

potential and compared with those extracted from the data. In 

this way the validity of the potential can be ascertained.

The siaple model discussed above does not contain all that is 

known about the nucleon-nuoleon systea. Several additional



features are required and those will now be mentioned* So fa,r 

attention has been confined to elastic soattering of spin-zero 

particles. Inelastic soattering is included by allowing the 

phase shifts to be complex, 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. As a result of the 8 v < 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 abovei this point is considered in Appendix I*

A final point is that the partial wave approach to soattering 

is useful only if the range of the potential is finite. If the 

range is infinite then all partial waves are scattered and the 

extraction of phase shifts is impossiblei this is the oase for the 

Coulomb interaction in proton*proton scattering   However, the 

form of the Coulomb potential is known and its effects oan be 

calculated  Allowing for these effects, information about the 

nuclear part of the proton-proton interaction can be obtained from 

the data (see Appendix I).

3. A Survey of Muoleon-Kucleon Scattering. ,

(*) Summary. By about the year 1940 the general features of 

the nucleon-nuoleon interaction appeared to have emerged, largely 

from low energy scattering experiments and the observed properties 

of the deuteron. Since about 1943 numerous high energy soattering



experiments have been performed* It was hoped that these oould 

be described 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 «n*rgy data and the features which emerged from them; for 

a more detailed account the book by Blatt and eisakopf should 

be consulted (R.2.). Some discussion 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 

topics are described more fully in various review articles . 

(e.g. R.3, 4, i>.)

(b) Muoleon-Muoleon Scattering below 10Me?. Host of the experimental 

data prior to 1940 referred to Neutron-proton scattering below 

10 MeV. In this region the scattering is predominantly S-wave and 

elastic} photo production of douterone is significant only below 

0.1 eV., while the modifications needed below leV to account for 

ehemie&l 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 potential 

the details of which, as pointed out by Vigner, depended upon the 

total spin, i.e., upon whether the scattering takes plaoe 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*



dapandanoe of tha S*wava phase shin was shown to be tha follow!^! 

k *- * + * ifck2 - Pr£ k* + .... 1.4

k ia the da Broglie wave number in tha oentre-of-maee ayotamt

k2 m otOl2I x 1026 cl? 1*5* 

where E ia the laboratory kinetic energy in MeT (The da Broglia 

wavelength is ^ - /k)

a0 ia the "aero energy scattering length«| it ia related to the strength 

of the potential. x»o ia tha "effective range", aquation 1.4 being 

known aa the effective range expansion. The "shapo parameter" P ia 

related to tha radial dapandanoe of the potential. Additional terras 

not shown on the right-hand aide of equation 1.4 contain higher powers 

of kf since r ia about 2 xKf1' om,, it followa that these are 

negligible at energies below about 20 MaV. Below 10 MeV tha terra 

aontaining P is also negligible and equation 1,4 reduces to the 

"shape-independent approxiiaation". Neutron-proton aoattexing data 

below 10 Ma? have helped to proride accurate values of tha scattering 

length and effective range for both singlet and triplet scattering, but 

they can be fitted by any reasonable shape of attractive potential. 

Measurements of proton-proton scattering have been confined to energies 

greater than 0*1 fca? , since Coulomb Mattering predominates at lower 

energies. Tha presence of the Coulomb potential provides the first 

dissimilarity with n-p Mattering f thia point haa already bean 

mentioned and is discussed further in Appendix I, The second 

difference derives from the identity of the two particles. The orooo- 

aaotion ie symmetric about 90° o.n.; fbxmally thia ia a consequence



of tha anttsynnetisation of tha scattering laatriau Also, tha 

Paul! principle requires that tha wave functions shall ba antieymnatrlc 

vadar exohango of tha two protons, ao that only spatially synmetrio 

(even-parity) singlet states and antiaynraetris (odd-parity) txiplat 

atataa ara permitted. Bie number of phaaa shifts required for p~p 

r oat taring la ttais l«os than tha number required for n-p scattering 

at tha sorae energy*

Proton-proton scattering below lo MaV is suaoapUble to a 

eiiapo-independant approxii&ation similar to that for n-p aoattaring» 

bat now only tha ainglet state la involved* JFUrthar» tho data are 

not inoonaiatant with ohortfe-independenoe, i«a*» with equality of tha 

n-p and p*p f roes* Iha data already mentioned oould be fitted with 

a central potential. H0ttavert the aayzometry of tho deutxon ground 

atate wave function, implied by Ita observed el eotrio quadrupolc 

moment^ denanded an additional, non-central term in tha interaction* 

The latter ie tha "Tenoor potential Mt described by the operator.

512 - 321   JI^LI. £ - 21   22 1*6.
where ^lf ^^ are the Paul! operators of the nucleans and a is a 

unit reotor parallel to the line Joining them* The tensor interaction 

rani she s in the ainglet atata* In the triplet state it allows 

coupling of atataa of different orbital angular momentum, providing 

parity ia conserved. AS a result the deuteron ground-state can
r

contain a small amount of D-state, and the latter suffioea to explain 

tha obaerred magnetic oomeut.

Tho two-nuoleon data below 10 MeV are consistent with attractive



oentral-plus-tenaor potentials* However, this type of potential 

does not ire the observed saturation of nuclear forces. The latter 

was first explained in terms of interactions which oan be attractive or 

repulsive according to th© oyometiy properties of the wave function under 

the exchange of same or all of the co-ordinates of the parti olee. 

ljuoh interactions are said to involve "exchange forces"* More 

reoentl^ saturation has ooae to be regarded rather as a consequence 

of a reouledve "hard ooren in the potential*

Both the shell model of the nucleus end oertain features of high 

energy soattei&ng demand a second non-central texn in the two-nuoleon 

potential » the veloeity«*dep*ndent spin-orbit (&  J) potential*

Information about the nueleon-nuoleon interaction oan also be 

derived from general conservation theorems* Utese predict that the 

interaction is

(1) invariant under spatial rotations (oonsefvietion of angular momentum)

(2) invariant under spatial refleotions (oonservation of parity) 9

(3) invariant under time-reversal*

In the absence of evidence to the contrary it has been usual to
, * assume also that the interaction is (4) eharse-dependent and (:) at

A

moat linear in the relative momentum.

A general fora oan be mitten lor the potential subject to these 

five conditions* The various terms of which it is composed are Just 

those which occur in the combined central, tensor and spin-orbit 

potential predioted experimental 3jr» A potential of this kind oan be 

written for each of the fotir corabinatione of spin and parity! the
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non-central terns vanish for singlet scattering*

!2he general features of the two-mtolaon interaction thua 

e«enod to be well-establlshed, at least at low energies. It remained 

to be seen whether or not the same features could account for 

scattering at high energiea,

(o) m*oleon~Kucleon 8cattecLas above 10 MeY, During the past 15 years or so 

the construction of high energy particle accelerators has resulted in a 

wealth o new data from nuoleon-nucloon scattering experiments, roost of 

whloh have been performed at ener lea much greater than 10 MeV, It 

was hoped that high energy scattering would reveal something of the 

shape of the two~nuoleon potential» about whloh very little information 

la provided % low energy data* Thla point may be appreciated by 

an appeal to the UncertainV Principle, according to which the ndninaua 

nncertainV in the position of a particle is about equal to its
i;

de Brcglie wavelength} it follows that a scattering experiment can at 

beat provide information only about the average of the potential over this 

distance. It has been seen that the range of the nuclear potential 

is of the order l515«n. (» I feral). At 10 KeT the de Broglle 

wavelsntfth of a nuoleon in the oentre-of-naea system is about 

5 x 10 ^ ca» and so nothing can be learnt about the shape of the 

potential, At 300 l!eVf on the other hand, the situation is very 

different einoe the wavelength is only 0,5 x 15 "cm, Alsot several 

partial waves are involvedi the S*vave scattering relates to the 

central region of the potential and higher partial waves to the outer 

regions.
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She sultiplioitiy of partial waves in high energy scattering means 

that many more phase shifts are involved* ft>r each singlet state 

there ia one phase shift* In triplet states the tensor part of the 

Interaction implies that orbital angular momentum need no longer be 

conserved and it follows that each tiiplat state with i greater than 

1 requires 4 phase parameters (see Appendix I), namely 3 phase shifts 

and a mixing parameter* lor eacamplat it now appears that S»» £«, 

and 9» waves arc required at energies below 100 MeTj these give 

9 phase shifts for p~p scattering and 16 for n~p scattering, whereas 

the number of independent paramaterr which oan ba extracted from the 

differential cross-sec^on ia only - + 1*4 for the forayr and

2 ~-~ + 1 » T for the latter* At higher energies the situation ia
ISoIX

even worse* Measurements are clearly needad of quantities other 

than the cross-section* The additional obaerv&blea are the 

double* and triple* scattering and spin-correlation parameters defined 

fey iblfanstain and discussed in Appendix II. Ilia relevant
V

experiments require "polarized" besae* in which the spins of the
V

nuolaona are aligned predominantly along one direction, and these
\. v

baoame available in 1954 (the method of producing polarised baama Jay
T

scattering ia described in Appendix II) . The occurrence of 

polarisation effects in scattering is readily appreciated in teras of 

a spin-orbit potential § partiolaa aoatterad to the left and to the 

right correspond olassically to opposite directions of their angular 

momentum vectors. fbr a tensor potential the effect ia lass obvious 

(fi.6*). In the naoleon-nucleon cyetem polarisation affaots oan occur
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only in triplet scattering. fbr a spin-orbit potential the orbital 

angular nomentum oust be greater than aero.

Above 400 HeT* pion production beoooee significant (threshold 

290 Me?*) and complex phase shifts axe necessary* ®>e number of 

real parameters involved is thereby doubled and it becomes unlikely 

that any detailed information oan be extracted from the data* Ibr 

this reason attention has concentrated very largely upon energies 

below 400 MsY.

Many attempts have been made to fit the high energy data with 

potentials which embrace some or all of the features described 

earlier* Quite simple funotionst with at most one or two parameters, 

have usually bexieaployed for the radial dependenoe* Ho attempt will 

be made to describe the various potential models that have been 

proposed! all have had limited application*. The most significant 

feature to emerge has been the need for a "hard core19 or infinite repul­ 

sion at email distances. The aost successful of the purely 

phenomenologioal potentials has been that of Gassae! and Thaler (R.7) 9 

based on the 310 MeY* phase shift analysis of Stapp et* al* (B*8). It 

gives quite jpo& agreement with moot of the data up to 310 MeY.

During reoent years emphasis has acred away froa phenooenologioal 

potentials* It has rather become concentrated upon the extraction of 

unique sets of phase shifts at those energies at which there is 

sufficient data to oaks this feasible* It is hoped that when all the 

phase shifts are known as functions of energy it will be possible to 

construct a satisfactory potential* Bsferenoes to the numerous 

published analyses of n-p and p-p scattering are given in the review



arUelee alraaty oentioned* Xft the earlier phase shift analyses it 

vaa often necessary to restrict 1le number of partial waves involved to 

what is now eonaidered an imroaliatio extent, in order to reduce the 

computation to a reasonable level* This linitation haa been largely 

removed lay advaneee in computer technology* One of the most successful 

analyses prior to 195® »** that of stapp et al.et 310 MeT* already 

mentioned* More recently, analyses have been reported in whloh data 

at various energies were treated simultaneously, the phase shifts being 

extracted as functions of the energy*

scattering experiments can provide information about how nuoleons 

interact, but they eannot answer the question "way do they interact?** 

The answer to this question raist come from field theory in terms of some 

oore fundamental proeessg a great deal of effort continues to be 

expended upon this subject. The micleon-nucleon interaction is now 

thought to proceed through the exchange of mesons* The outer parts 

of the potential are associated with pioa exchange; n~pion exchange 

fbroee give a contribution of range A/B where X is the pion Compton 

wavelength (A - 1.4 x IS * cm*)* Approximate oaloulationo have been 

made of the one* and two* pion exchange processes and these are quite 

successful in explaining low energy scattering. Attempts to extend 

these calculations to higher energies have so far involved asking 

assunptiona about the inner region of the potential* Signell and 

Marshajc (B9) added a spin-orbit term to the Gartenhaus meson-thooretic 

potential and thereby obtained quite apod fits to the data up to 130 He?* 

qualitatively their potential is very similar to that of Caramel and
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Thaler*

Recently, oaaon theory has boon applied to high energy scattering 

data in a different way. It has been shown that phaaa shifts 

oaloulatad in Bom approximation from one- pion exchange oan be used 

for the higher partial wares* the remainder of which are treated i$r 

the uaual analysis* Caiffra et al.(KlC) have extended the Stapp 

analysis liy this method* using oaloulatad phase shifts for I > % 

In addition to the phase shifts for £<. 5t a reasonable value was also 

obtained for the pion-nuoleon coupling constant, whioh entered the 

analysis as a free parameter*

ffif state of Proton-i roton scattering in 1956

(*) .frff»ftcy.» It is oonreniont to conclude the introduction witu oone 

remarks about the state of. the two-nucleon problem as it appeared at about 

the and of 1993* She emphasis is upon those features whioh bear raost 

directly upon tha experiments whioh fom the subject of this thesis* 

Discussion is devoted largely to pro ten-pro ton scattering not only 

because of the smaller number of phase shifts involved at a given energy 

as compared with neutron-proton scattering, but also because tha 

available data were, and remaint more numerous and of greater precision* 

Interest had, as mentioned abort, become concentrated upon extracting 

unique sets of phase shifts from the data at various energies* The 

prospecta of achieving this aim appeared good for p-p scattering at tha 

higher energies* At 310 MeV the modified analysis of Caiffra at aJL.had 

already reduced the number of possible solutions to two and it appeared
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that a measurement of tha correlation paramatar a at 45° «»cu would 

distinguish these* A programme of p-p triple-saattering measurements 

was already under way at 150 HaV and similar sxperieenta were planned 

at 210 MeV.

(b) l^e D Parameter in Proton-Proton scattering at 150 EeV» 

The Vfelfanatein D payaaetcr* or depolarisation, in -p scattering at 

about 150 MaT had been measured both at Harwell and at Harvard* This 

measurement was of particular interest because the values predicted toy 

the GaoBBel-'maler and Signell-JAarehak potentials ware quite different* 

ifewever, the two seta of meaaurementa ware themselves in definite 

disagreement* The Harvard data favoured tha Oamsiel-Thaler predictions, 

tha Harwell data those of 2ignall anu Maraliak   It was decided to 

repeat the measurement at Harwell in tha hope that the ambiguity would 

thereby be removed! tha writer was a member of the team which perfonaod 

this measurement and a desorl tion ia given in Chapter 7* 

(o) I^ow aiergy Proton-Proton PolariqaUon* Below 100 MeY the prospeeta 

for obtaining unique phase shift solutions appeared leas good* Only 

orosa-aeotion data and a f«w polarisation measurements ware available. 

There were a number of oross»section measurementef although some 

of these dated back several years and were of a lower accuracy than tha 

more vacant data* Apart from measurements at 98 He? reported from 

Harwell 9 the only polarisation data below 100 Mat ware those from 

Harvard. There, Palmeiri at alt (£11) had obtained the angular 

distribution of the polarisation in p-p scattering at several energies 

down to 68 MaTf and in addition* values of tha polarisation at 45° o.ta.



at 56 MeT and 4* Met* tttere were no other p*»p scattering data* 

Triple-scat to r^i;.; experiments at low energies wore exceedingly difficult, 

for reaaono related to the email aise of the polarisation in proton* 

nuolesr scattering. ttiese were t »e anall beam polarization obtainable 

by the usual methods, and tho small analysing power of any third 

aoatterer* It appeared that triple-scattering experiments would 

require a linear accelerator with a polarized ion source, while a 

correlation-typo measurement would need a polarized target} neither of 

these were available*

Interest in the energy region below 100 MeV had become 

concentrated near 40 Met, largely owing to accurate eros9»@eotion data 

at that energy reported in 1957 froo Minnieota (i!2). T is data waa 

analysed later in the same year by HOyea (R1J) t this analysis referred 

to preliminary data, the final version appeared in 1933 (&4)«

The object of Royea* analysis was to leant more about the singlet 

even-parity part of the p-p interaction* At 40 MeT the effective range 

expansion ( Section 1*3) is sensitive to the ahape of the potential! 

limited information about the latter should follow from a sufficiently 

precise knowledge of the S-wave phaae shift at that energy* P-wsves were 

known to be present at 40 Me? from the fbna of the Coulomb nuclear 

interference minimumi however, the data oould not be fitted by 9» and 

P* waves alone* When D- wavee were included the data were fitted, 

but with S- and !>  wave phaae shifts which differed widely from the 

expected values while in addition polarizations of about 20 per cent 

were predicted, Hoyee concluded that accurate polarisation data were



the least requirement lor a unique solution. Also, if the polarization 

at 45!* o#r.» waa appreciably smaller tliai: 20 per cent, then the presence 

of fw waveo at 40 I'eV would bo oonflrmed. The Harvard group obtained 

a value of (1,2 +. 1,3) per oent for the polarisation at 45° c,o* *>* 

40 HeT, Noyoe and tfaoGregor, in the published account of the 40 MeV 

analyoist suggested that this provided conclusive evidence Ibr > waves 

at that energy* They also suggested that a single polarisation 

measurement was unlikely to be of very much help* but that the ambiguity 

in the solutions at 40 Me? might be resolved by measurements of the
*

r distribution and polarization as functions of energy,

It was with the remarks of the last paragraph in mind that the 

polarisation measurements with which this thesis ie largely concerned were 

embarked upon. The measurements were aimed at extending the data of 

palmeiciet al.to lower energies* to 30 HeT for exam le where there were 

angular distribution data, and also at obtaining accurate values near 

40 roV. The energy dependence of the polarisation at low energies was 

itself of interest « since t e Harvard data did not preclude for this a nore 

complicated form than that predicted ty Caramel and Thaler, according to 

whom the polarisation falls monotonically to 20x0 as the energy decreases 

(see Jig, 14)   An absolute error of ^ 0,5 per oent in eaoh measurenent 

was hoped for*

The polarisation experiment is described in the next five chapters, 

Chapters 2f 3 and 4 ere devoted to various aspects of the meu0uren@i.to, 

Tho results are presented in chapter 5 end ia chapter 6 they are discussed 

with reference to the Noyes* analysis and also to other phase shift 

analyses which have sinoe been reported,



Chapter II

FHOIf

1* The Left-flight .^gymaetry in rouble Scattering.

Polarisation effects in nuoleon-nucleon scattering are desoribed in 

Appendix II* It is ehown there that Information about tho polarisation 

can be obtained from measurements of double scattering. The extraction 

of this information will now be discussed in more detail* Following 

this, eo&e of the difficulties of the double scattering experiment will 

be mentioned* end the ways in which theee were overcone in the present 

work*

Prom equation A2*12 of Appendix II the differential orose-seotion 

for the scattering of a polarised been is given toy

i (0) - i0<0) <* + *£  *g)   sa.
IQ( d ) is the uapolarised orooe-seotion, P^ the beam polarisation 

and P2 tne polarisation that would result froot the eoatterinfl if P,
*aA Wft

were sero* Pj end Pg are parallel to the unit vectors m and n?
 "  * VMM* ««S

which define the first and second scattering planes respectively* it 

will be assumed that n^ is upward* i«e* 9 that the first scattering is 

in the horisontal plane and to the left*

Hie asiouithal angle <f> between n\ and n2 will be defined as 

folio wet-
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2*1 m«y now be written

2.3

Referring to the second scattering, <j>   0° and cj>  > 160 correspond 

respectively to scattering to the left and to the right* If the 

corresponding orose-seotiona are I(L) and 1(0 then

lo (0
2,4

(8) (i -P! P2)
oeaanred quantity ia the «'l'f bright asymmetry", J] 9 doflnad 

aa followsi-

-JfrrW-'i'.
Sea alao Pig. I«

At this jtmoture two pointa about notation naiat be mentioned* Za 

the firet placeff reference to an "aay&metxgr'* will hereafter moan the 

left-right oAyrametry defined in equation 2.i? t rather then the quantity 

£ defined in Appendix IX* Xn the eeooad place, a double scattering 

experiment eill refer to the measurement of an asymmetry $ recently 9 

polarised ion aouroea have been fitted to some accelerator© 00 that the 

aaymaetry measurement may HOB involve only on© scattering*

Measurements of the acyciDctry can be used to determine eithor 

P^ or Pg* the other being known* Xn principle the experiment ia a 

simple one* the procedure being as follows* The polarised beam is 

directed onto the taxgat and scattered particles are detected ay a 

counter telescope which can be rotated in the horieontal plane about 

an axis ftiMmgh the centre of the target* scattered particles are
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counted for a given time with the telescope at the required angle to the 

beam, first on the left and then on the right. 2he asyoaetiy 10 then 

calculated from the two cottntc according to equation 2,5.

2« ffqftuarejB of tl^c Double Scattering. i

(a) ffilse Acygpetrioo* The neasurenent described at the ond of the 

preceding seetioa will in general be subject to error unless the two 

angles of scattering are accurately the soae* The error* referred to 

ac a "falee a^ cofetry"* derives froc the variation with an&le of the 

differential cross-section* lor exac^lo, if the angle of coatterlng to 

tho left oKoeed£ that for soatterln^ to the right by an amount 2A9, 

then equations 2»/} :~iist be roplaoed

) - (lo ( 9 ) 4 I* (8

9 is the mean ooattering angle and !*($ ) ie tho derivative of X0(9 ) 

with respect to u * Instead of equation 2»5i the folloTfing is 

obtained!

2.7

an asymaetry is observed even if the incident beam is unpolarissed, ft)r 

a polarised bean the variation of polarization «ith angle provides an 

additional false asyametry. Effects of this kind may oorapletely obscure
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any genuine asyametryj to avoid then, all alignment and 

aeaaureatent of angles aust be done with great care.

False asyMetrics nay bo reduced by mounting the counters 

upon a table which can be rotated through 100° about the axis of 

the incident bean* However, the bean aust be aligned very 

carefully along the axis of rotation.

(b) The Use of Solenoids* Reference to Fig. 1 shows that the 

asyaaetry aeasureaent could be aade without aoving the telescope 

relative to the beaa. if it were possible to rotate the polarisation 

of the latter through 180° in the vertical plane* Such an 

experiment would be free from the false asyaaetries discussed above* 

The necessary rotation of the polarisation can be achieve^ by 

passing the beam along the axis of a solenoid* The magnetic 

moment of each nuoleon experiences a couple whioto causes it to 

process about the direction of the field. For nuoleone of given 

energy the anount of rotation is determined by the length of the 

solenoid and the number of ampere-turns.

The use of a solenoid in a double scattering experiment was 

first described by Hillaan et al.(R15). It is now becoming a 

standard technique for experiments with beams of polarized nucloons. 

For neutrons there are no difficulties, apart from those associated 

with the energy spread in the bet-inj other factors being equal the 

amount of precession is proportional to the tiae spent in the 

magnetic field* for protons there are. however, undesirable aide- 

effects due to the electric charge carried by the particles. The
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solenoid field invariably oont&lns small radial components which 

will deflect the beam, while the main part of the field will focus 

a non-parallel beam. These effects have been described by 

Edwards and ciose (Slo). They can be Minimized by adjusting the 

position of the solenoid so that its axis coincides with that of 

the bean*

(o) Self-Monitorlag Systems. In order to obtain reliable results 

from an asymmetry Measurement, it is essential that the counts 

recorded for the two positions 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 intensity is required; if it is not available then the 

accuracy of the determination will suffer* However, if in 

conjunction with a solenoid tw& similar telescope are used, set 

one on each side of the beam and at as nearly as possible the same 

angle, then the system is rendered self monitoring (see Chapter V)« 

In contrast to the oase where two telescope? are used without a 

solenoid, the efficiencies 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 check 

that the apparatus is functioning properly*

the proton-Proton Polarization Measurement*

In the measurements 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 & polarised proton 

beam by a liquid hydrogen target. The polarized proton beaa 

from the Harwell 110-inch synchrocyclotron was used. The bean 

energy was redueed to the required value by the appropriate amounts 

of a suitable absorber. It was estimated that the loss of beam 

intensity by multiple Coulomb scattering in the absorber would not 

be excessive, while olfenstcin (HI?) has shown that there is no 

significant depolarization of the beam during the slowin£-do;?n 

process. Ihe energy and energy spread of each determination were 

defined by an anti coincidence range method. The measured 

asymmetries were expected to be of the order 1 per cent or less; 

it was therefore extremely important to eliminate false asymmetries. 

Accordingly a solenoid was used, and a self monitoring counter 

array. The current through the solenoid could be reversed,
i

enabling both senses of the 180° rotation of the polarisation to be 

achieved, and use of this facility further redueed the likelihood 

of systematic errors.
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Chapter III 

APPARATUS

1. fleam Handling and Hydrogen Target*

(a) General Description. The external polarized proton beam of 

the Harwell synchrocyclotron, of energy about !>') *leV, is obtained 

by scattering ut approximately 8° in the horizont 1 plane from an 

internal oarlon target, followed by extraction through a magnetic 

channel* The polarisation ia ap roximately 43 per cent, with

spin-up predominating, and the mean intensity is of the order of
6 3x lo protons per second*

The general arrangement of the apparatus is shown in i£* 2* 

The emergent beam was collimated into an evacuated tube which 

passed in turn through the solenoid, two small steering magnets, 

a pair of quadrupole fooussing magnets and finally through the 

concrete shielding wall into the experimental aret. ;mer/;ing 

into air, the bean traversed an air-filled ionization chamber beam 

monitor and was then oollimated on to a one-inoh-thick liquid 

hydrogen target* The energy degrader was inserted between the 

monitor and the second oollimator*

(b) Beam Optics. The "Solenoid" used in this experiment did in 

fact comprise two similar solenoids connected in series. This was
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necessary in order to obtain sufficient ampere-turns fron the 

available generator* Each solenoid had a single-layer winding 

built up fro» 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 a reasonable level. The displacements of the be&m associated with 

changes in the solenoid current were made smaller by suitable 

transverse movements of the solenoids, aimed at bringing their 

axes into ooinoidenoe with that of the beam, and were finally 

reduced to an acceptable level by appropriate adjustments of the 

steering magnet currents* Estimates of the false asymmetries 

resulting from the residual movements, together with the appropriate 

formulae, are given in chapter IV for p-carbon scattering, and in 

chapter ¥ for p-p scattering.

The steering magnets were used in the way described above 

and also for positioning the beam relative to the target. At the 

position of the latter, horizontal and vertical movements of the 

beam of about 1 com. could be produced. The focusing magnets 

were stamdard equipment.

(c) Knergy Degrader. The choice of degrader was governed by the need 

to minimise the transverse spread of the beam due to multiple 

scattering* The latter causes a loss of Intensity and an increased 

background, due to subsequent scattering mostly from the target 

structure. It was expected that these effects could be minimized 

using a substance of rather low atomic number, placed as close
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to the target as the geometry would allow. Estimates of the 

 ultiple scattering for several light aaterials indicated that 

polyethylene was very suitable and this substance was used at 

all energies. Curves showing the relative aultiple scattering for 

various substances and a table of the multiple scattering for 

various amounts of polyethylene will be found in Appendix III, 

together with a summary of the related calculations* 

(d) Hydrogen Target. The liquid hydrogen target comprised a 

cylindrical brass reservoir to the bottom of which a thin-walled 

scattering chamber was attached, surrounded by a thermal shield 

which could be cooled by the evaporated hydrogen gas. This 

system was located in a containing vessel of brass inside which an 

adequate vacuum was maintained by a 2-inch oil diffusion pump* 

The reservoir ana 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 was necessary every five or 

six hours*

To allow the passage of the incident beam and of particles

* o scattered out horizontally at angles up to about 60 , the outer

vessel was provided with windows of .004 inch Sfellinex; the 

corresponding parts of the radiation shield were made of .00025 

inch aluminium foil. The complete target assembly was located 

accurately on the scattering table by three set-screws* Two 

different scattering chambers were used during the experiment, 

one of which is shown in fig* 3* Both were about 1 inch thick



FIG.3 SCATTERING CHAMBER FOR LIQUID 
HYDROGEN TARGET
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with brass bodies and windows of .002 inoh iellinex. The windows 

were attached with Araldite adhesive) cold-setting Araldite was 

used, but baking was needed to obtain a seal which would remain 

satisfactory at low temperatures. The shape of the chambers, 

Fig. 3. was ohosen to minimize both the energy spread due to the 

hydrogen and unwanted scattering from the body work.

2. Detection System»

(a) Oeneral Description. Protons scattered to the left and to the 

right in the horizontal plane were detected by similar telescope 

syaterns, each of -   four counters employing thin scintillation 

crystals. 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 cent, which was adequate for applying background corrections; 

otherwise it served merely as a reference for normalising the 

data. Particles which stopped between the last two counters in 

each telescope were detected as anticoincidences between the 

back counter and the remaining counters in coincidence. 

Transistorized coincidence units were used. For each hydrogen 

measurement the appropriate telescope absorbers were inserted in 

front of the third counters and the amount of polyethylene was 

adjusted to optimize the anti coincidence counting rates. The 

energy and energy spread were calculated 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 calculations are described in section 4 ?f the next chapter. 

(fc) Counter Telescopes. Bach counter comprised a thin rectangular 

crystal of Nuclear enterprises NK102 plastic sointillator, attached 

with T<msol cement to a polished perspex block which was in turn 

cemented to the erspex disc which formed the top of the 

photomultiplier can. An K.tf.l* type 6097B photomultiplier tube 

was held in contact with the underside of this disc by springs* 

Each crystal was covered by a cap of aluminium foil of thickness 

about .001 inch, coated in its inner surface with magnesium oxide 

to improve th light collection.

The counters were mounted, as shown in Pig. 4, on an 

aluminium alloy "sleeve" and the crystals mounted and aligned 

with the aid of a theodolite. this complete unit oould then be 

mounted on an arm of the scattering table and lined u» with the 

centre of the target. Two different scattering tables were 

employed during the experiment) both comprised a massive 

rectangular iron base, 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 both cases 

the sleeve carrying the counters oould be rotated through a few 

degrees about the axis of the front counter} this rotation was 

controlled by screws at the rear, as shown in Fig. 4) it 

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 scattering table was levelled and adjusted to be at the 

correct height above the floor; it 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 scattering table, and at the height above 

it corresponding to the centre of the scattering ohamber. The 

adjustments described above were then Bade for each telescope 

until the centres of the front pair of crystals were located on 

the reference line defined by the theodolite. The uncertainty 

in the alignment of the telescopes with the target was estimated 

to be a few Minutes arc. The scattering planes for the 

two telescopes remained constant and equal to within a small 

part of a degree. Any counter oould be removed and put back 

without upsetting the alignmentj during one run this was 

necessary, in order to replace a photo tube which had ceased to 

function.

(o) geometry. The sizes and separations of the crystals underwent 

some modification during the experiment, but the main features 

remained as shown in Fig. 5* la every case the second crystals 

were 1.8 com. wide by J.6 cm. high and were set at 55 cm. 

from the centre of the target, to define a solid angle of .002 

steradimn, corresponding to a counting rate of a few anti­ 

coincidences per second from liquid hydrogen. The front crystals
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were the same slxe or slightly ;iier and were used to reduce 

the background, in particular to ensure that the telescopes,when 

set at the smallest angle at which measurements were to be made 

eould not detect coincidences from particles scattered directly 

out of the polyettrylene*

The rear crystals were required to be quite large, in order 

to avoid undue loss of counts by scattering from the aluminium 

absorbers used to define the energy* It was essential to avoid 

any appreciable loss of this kind between the last two counters, 

because particles scattered in this manner would be recorded as 

anticoincidences. The third crystals were in every case 4*5 '«»  

wide by 9*0 ca. high, and the fourth ones 5*5 cot* by 11.0 am. 

The separation of these crystals was about 1 -en. 

(d) SlootronioB. 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 MeY. Pulses from each counter were fed, through a 

50-yard length of 100-ohms impedenoe coaxial cable and a delay box, 

into the appropriate input of one or the other of two identical 

transistorized coincidence units, one for each telescope, of the 

type designed by Candy and Chaplin (RIO). The circuit of the 

coincidence unit is shown in Fig*6. Switching facilities were 

provided on the four inputs so that these could be studied 

singly or in any desired combination* The resolving time was 

about 15 ns.. for coincidences and 20 n-s . for anticoincidences.
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(Ins* s lO^soo.) The output from each unit comprised a positive 

pulse, of amplitude 15/  vrith a measured dead-time of less than 

2 p JJL sec. facilities were provided for gating the outputs with 

pulses derived froa the cyclotron frequency modulation; these were 

intended to provide discrimination against low energy particles in 

the bean and hence a reduction in the background* In the event, 

however, the background was small enough for gating to be 

unnecessary*

The outputs from the coincidence units were counted on 

type 100^ sealers* On later runs a timing unit was added, 

enabling the sealers to bo stopped after a predetermined number of 

clicks of a mechanical register driven by the beam monitor*

3* Running-Time and Modifioations of Apparatus*

There were in all five runs on the machine, each of length 

about 1 week* As a rule several different energies were 

considered on each. gowever, the second run was devoted almost 

entirely to measurements at 50 MeV and the fourth to 40 MeV. The 

JO MeV data were taken on the third and fifth runs*

The runs fell naturally into two groups; the first two were 

early in I960 and the last three in the winter of 1960*61. 

Several modifications inthe apparatus were made in the intervening 

period; these were the following)

(1) An additional oolliraator, in front of the monitor and not 

shown in fi£.29 was dispensed with because it appeared to serve 

no useful purpose (but see section Ib of chapter V).



(2) The original scattering chamber was replaced by the one shown

in i'ig.J. The latter was more symmetrical and offered le&s unwanted

obstruction both to the incident beau and to scattered particles.

(3) 1'fce scintillation counters on the front pair of counters in each 

telescope were reduced in thickness from 0.05 inch to 0*02 inch, so 

that measurements might be extended to lower energies. The roar 

crystals were reduced in thickness from 0.10 inch to 0*03 inch to 

reduce the energy spread} there was little point in using thinoaer 

sointillators on these counters because at 40 MeV, where most of 

the later measurements were made, about half the energy spread 

derived from the hydrogen target* The thickness of the scattering 

chamber was not reduced below 1 inch bocause the resulting drop 

in counting rate woula have been intolerable*

(4) Mew photo-multipliers were provided for all counters*

(5) The collection of data was facilitated by the introduction of 

a timing unit, as mentioned above, to control the sealers*
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Chapter 

Sxperiaental Measurements

1* Adjustment of Apparatus.

(a) General Remar,.3. This section describes the general 

procedure for setting up the experiment in readiness for the 

accumulation of hydrogen data* Bone of the operations involved, 

such as the focu-ssiiitf of the beam, did not require repetition 

within a given 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 ouse*

(b) Setting Up the Beaa. The fixed section of beam pipe which 

passed through the focusing magnets and the shielding wall was 

in most cases taken as the reference in positioning the scattering 

table and the beam monitor. The positioning was done by eye, 

using cross-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 steering



magnets.

Next, the oollimation and focusing were adjusted to give 

a beam of the required size and shape near the target* The first 

oollimator, olose to the cyclotron, was adjusted to a widtfc of 

1 inch, known to be sufficient to accept the greater part of the 

beam, and was then moved horizontally across the beam until the 

monitor reading was a maximum. In later runs this movement 

could be performed by remote control from the counting room.

The beam profile was studied with X-ray films. Iliord 

"Industrial Bn films were used} they were exposed to the beam 

and then developed and fixeu in the normal manner* Ihe beam 

profile appeared as a dark spot on the negative. Kith the largest 

available intensity an irradiation of 15 sec. gave a good image* 

The density of the latter was sufficiently reproducible to allow 

detailed comparison among a group of exposuresi for this purpose 

measurements were made with a ruler, the negative being held aga.nst 

& white background*

A series of films were taken for various focusing magnet 

currents| in order to obtain a beam cross-section of the required 

shape and with the minimum area at a point corresponding to the 

centre of the degrader* The latter requirement served to reduce 

the spread of the beam at the target* *hen a reasonably goof 

beam hud been obtained, final adjustments of the width and position 

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

of the "spot". In a typical instance the resulting image was
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about 2.0 on* high by 0*8 o«. wide at the centre of the target, 

corresponding to 1.6 cm. by 0.5 tern, at the position of the 

centre of the degrader. The steering magnets were adjusted to 

bring this spot into approximate coincidence with a fixed steel 

marker pin whose point corresponded in position to the centre of the 

scattering chamber.. The pin showed clearly on films exposed behind 

it.

Next 9 the solenoids were set up. It was known that a 

current of about 91° amperes was needed to produce a 100 rotation 

of the polarization of 150 Sfe? protons; the movement of the beam 

caused by the normal and reverse directions of this current were 

studied, again with X-ray films. For this and subsequent 

measurements the films were placed near the centre of the scattering 

table, about 1 cm. behind the marker pin. Some reduction of the 

spot movement was obtained by transverse movements of the solenoids| 

by means of the previously calibrated steering magnets the
t

remainder was reduced to less than 0.05 cm. Vertical movements 

of this order produced entirely negligible false asymmetries, 

while similar horizontal movements could be tolerated, The 

latter produced an estimated false asymmetry in p-p scattering, 

of only 0.04 per cent, or about 0.1 of the smallest statistical 

uncertainty in the results.

Finally| the beam was centred accurately on the marker pin 

and the second collimator set up. Several different oollimators 

were used during the experiment. On the last three runs, for
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example, a 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 check on the above procedure was provided, with the hydrogen 

target in position*by a shadow photograph taken with a film placed 

behind the target*

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

telescopes were set at about 20° to the beam to detect particles 

scattered from an aluminium or carbon target*

First, curves of counting rate versus counter ^.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 curve 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 counting coincidences between the first three counters, the 

correct relative delay was established, in the same way, for 

counting anticoincidences between the fourth counter and the 

first three in coincidence. Finally, the S.H.T. values wore 

adjusted, if necessary, until there was no significant change in 

either the triple coincidence or the anticoincidence counting rates 

when all the voltages were changed 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 detection of particles scattered

at reduced energy. The relative delays were energy-dependent

and needed to be checked at each new energy and/or scattering angle.

The variation with angle arose from the oos2 £ dependence of

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

through an angle U in the laboratory from a stationary particle

of equal mass. The energy dependence of the delays derived from

two effects, both of which acted in the same sense. firstly,

a slower particle took longer to traverse the distance between the

counters. Secondly, the pulse from a slow particle was recorded

before that from a fast on«, owing to th« greater amplitude of the

former pulse for the same rise time and the finite threshold of

the detecting circuit, here about 0.25V. In a typical instance

it was necessary to increase the delays of the front counters by

2ns. in going from 50 MeV to 30 MeV.

U) Zero Angles for the Telescopes. The zero angle for each

telescope was determined by measuring the triple-coincidence counting

rate as a function of angle, using the direct beam at reduced

intensity. Because the ionization chamber was unreliable at

low intensities, time-monitoring was employed. The angles were

established to within £ 0.25°, which was adequate, remembering that

false asymmetries from this source were eliminated by the use of

solenoids.

Measurement of Beam Energy.



The energy of the beam was obtained from range measurements 

using calibrated aluainium absorbers* The telescopes were set 

up to detect particles scattered at 10° or 20° from an aluminium 

or carbon target, and range curves taken for both simultaneously, 

by recording triple coincidences between the first three counters in 

each telescope for varying aaounts of absorber between the second 

and third counters* Measured values of the Bean energy and energy 

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

TABLE I. K 0^ r3I*AHI?/jSD PHOTON BE/.3I.

Hun

1

3

Target

0*3 £m. Aluminium

1*37 cm. Carbon

Scattering 
Angle
degrees.

10

20

Moan 
Energy Me'/

144

145

Energy 
Spread 
Me? .

14

13 1

The data refer to the beaa emerging frora the monitor. The energy 

spread is the full width at half-height, estimated froa the range 

curve on the assumption that the beam spectrum was Gaussian in 

form, and corrected for the spread induced by the finite thickness 

of the third crystal! a correction for range straggling has also 

been applied, using the calculated results of Sternheimer (R19), 

Both corrections were small, amounting to & few per cent 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 particles 

were defined by the telescope absorbers (see Section 4*e. below).
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A reasonably preaiae value of the beam energy waa however raquirad 

in connection with tha meaaurement of tha polarisation of tha bean, 

daaeribad below.

Uaasureaent of Beam Polarization.

{&) Asymmetry in Proton-Carbon Scattering. For the calculation of 

p-p polarizations froa the measured asymmetries in p-p scattering 

it w&ts necessary to know the polarization of the beam* The latter, 

and also the calibration of the solenoids, was infered from 

measurements of the asymmetry in scattering from carbon for various 

values of the solenoid current. The "calibration" of the solenoids 

refers to the current through these required to produce a given 

rotation of the bean polarization. Tor setting up the ba&n t as 

mentioned above, a current of 91C amperes had been assumed to 

correspond to a rotation of 160 ; it was however, desirable to 

check this figure experimentally before proceeding further. 

The ^roton-carbon scattering measurements 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 systematic 

errors to which such measurements are liable.

The measurements were made with a carbon target of thickness 

1.37 c«. for which the mean energy of scattering was 139 MeV with 

a spread of about 13 MeV (see Table I). The telescopes were aet 

at a fixed angle, actually 20° or 13 » to tha baaa and triple
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coincidences between the first three counters in each were 

recorded for various values of the nornal and reverse solenoid

currents between zero and 1000 amperes* At both angles about

2 12 gm/am of aluminium were placed in each telescope to avoid

the detection of low energy particles* All counts were normalized
was 

to 1 "click" of the monitor register. The baok&round^measured by

removing the carbon and increasing the telescope absorbers by an 

equivalent amount| it was never more than 2 per cent of the real 

counting rate, hence a mean background was subtracted from all the 

data at eaoh 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 eaoh case significant horizontal movement

of the beam as the current was varied, and this had to be
o considered when analysing the data* In the 1$ measurements 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

accounti

(1) A difference between the scattering angles for the two 

telescopes* The angular dependence of the differential cross- 

section and polarization at the second scattering led to false 

asymmetries if the angles were different* The difference in 

scattering angle 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 solenoid currant*

(2) Variation* of the noraal& reverse beam intensities with the 

aagnitude of the solenoid current*

(3) A difference in the efficiencies of tho telescopes*

(4) A difference in the asimuthal angle betw«<m the first and second 

scattering planet*

3br a given normal solenoid current i the recorded counts per 

click for the left and right telesoope« were respectively, from 

equation 2*1,

K(iB) (|B) (IB) 008 <(j)
4.1

A and B denote the left*and right-ham) telescopes respectively,

H/.v « Ko» of proton* incident per second upon the target,

H/.N • No, of seoonds/cliok of the monitor register,

e * telescope effieienoy^

I « differential oroo^-seotion for p-carbon scattering,

P. « polarisation of boon,

P2 a polarisation in picaroon scattering,

& «» Id « rotation of polarisation due to current i, k being the

	solenoid calibration, 

f3 « difference in aiiimuth between the incident polarization P,
A

for EQPO solenoid current and the normal to the second scattering 

plane, with its cign defined by equations 4,1, 

All numerical constants in the above equations have been put
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equal to unity*

I and P2 depend upon the solenoid current through the beam 

movement accompanying changes in the latter} horizontal movement0 

Of the beaa arc equivalent to changes in scattering angle9 hence to 

changes in the effective orooo-section and polarization*

The totil difference b$ between tee scattering angles for the 

telescopes will be defined as follows*

2A§«PA-03 4*2 

quantity of croatest interest was the ratio

r% « K(U) / 9 (iB) . 4t3 

Noting that the contributions from (l), (2) and (4)9 above, were 

expected to be soall oompared to unity, the following ie obtained -.

1 *

4*4

P0 and X now refer to the moan scattering angle, and 21 * pip p» ^ 

similar eaqpression can be written for the reverse direction of i, 

aenembering to change the sign of /S* Where appropriate the reverse

direction of ho current will be denoted ty a prime.
, 1From end two quantitiee were oalculatedf these were



43.

•nd

14-2

1 -I eo.<f>

. 4*5

4«6

fhe tame in cquare braokoto derive froa «ffoote (l) to (4) above,
2 Zt will be noted that neither u nor r contain the quaatitias ti and ^*

The data octuld be combined differently to provide information ab ut the 

latter} the results imdiaated that the intensity of the boom at the 

target variod eoioevhat with oolonoid setting* qa4" pfll i 1 iit'1 I" 1 '

This point will lc mentioned

during the analysis of the

(o) soatterin^ at 20° The coefficients of £ t A9t and

in the above equations oould be evaluated wit sufficient aoouvacy

from published oroa^seotion and polarization data* and ual a the
i

 stimsted value of 160/910 do^raea per ampere for the solenoid calibration* 

fhe following were obtained fbr soattering at 20 ,

i

dP,

2 d0

» -0,275 per degree (lab,),

Ot048 per degree (lab,)

Ot 44

Xt was oonoludod that the oontritation of the polarisation to the
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false asymmetry could be neglected in comparison with that of the
*cross- section, aleo that the tezm sin<|>(l * £ cos <£ )* oould be 

taken equal to sin<J> ; Hence, to a good approximation,

1 - 0.0307 & sin (0.198i) 1-0.55<

+ £ cos ki
*• £ COS II

k

where /?   A8j and

eB 

I

, 4.7 

, 4*8

, « , are in degrees* 

Since the: steering magnet currents were fixed for t:;e normal and reverse
.(V '-/-'S«<v •:-•.-:•*•

measurements, the variation of the solenoid current i produced 

horiaontal movements of the beam y (i)> y (i)j these were proportional 

to the current* The relation between the displacement y and the 

corresponding change in scattering angle is the following;

where

180 y cos 9 /TV L degrees 4»9 

is the mean scattering angle and L the distance from the target

to the defining counter, ^Phe minus sicn follows from the definition 

of A$i equation 4*2, together with the convention adopted in this 

work that y is positive for a movement of the beam to tha left as 

seen when looking along the incident beam towards the target* At 20 

the largest movement which occurred was about 0.25 cm. , which 

corresponded to a change of very nearly 0*25 in scattering angle* 

It was convenient to write the changes in angle as follows:

- a c i ,

a+b +c
4*10

where a* b and e are constants* a represents the error in aligning the



45.

telescopes, ootinate^ to b<% cf order 0*25° (0ee seotion l.d of 

Chapter III), fc and fe differed from zero because the fixed steering 

net ourrento were not "uose appropriate to zero solenoid current*

for whioh the telo&eopee fcad been eet up* The difference between 

b and b was due t > the changes in the width of the beam whioh 

occurred 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

K m [l . 0.0307 /S sin (0.192i)

1 - 0.55 (b - b1 ) - 0.55 (o - c1 ) i | | 4*11
mb

bf b f o and o were evaluated from information obtained when setting 

up the beam. They gave the following for the second torn in square 

brackets in equation 4*11* t

1,135 - 1.46 x 15 4 i .

Corrected values of R were obtained whioh were expected to 

the equation*

I - 0.0307 £> 0in (0.192i) 4.12,corr. i

The results are shown in Fig. 7« The indicated least squares fit 

gave ,3 - 1.1° + 1.1°

In order to assess the significance of this result, the effects of 

solenoid - induced vertical noiemonts of the beam must be considered. 

The latter are equivalent to changes A^ in §\ they cause an 

additional tera in r4 , equation 4* 4» of tho form
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1 *
1 -

.frfc.

In the present case the estimated contribution to B was of the 

order of 0.1 per oent and was negligible in ooiapariBon with the 

statistical uncertainties. It was therefore, possible to conclude 

that /5 » 0 within the errors of measurement.

Using equations 4*10, equation 4.8 oan be written

r2 - /1 ..<». X oo» ki
VI -^008 Id

* l.lOa

- 0.55 (b * b*) * 0*55 (o + o1) i 4.13

eAThe term (

parameter K i

rf

) (1 » l.lOa) was now regarded as an adjustable

1 4....fr....0fti IC^

1 - ^ cos ki K2 1 - 0.55 (b + to1) - 0.55 (o + o1) i 
*- 4.14* J

Brooeeding as for R, the ten in square brackets was evaluatedt and
2 values of r obtained which were expected to satisfy the relation

oorr. 1 * S" cos Id
\ ^ 

4.15-

i2 - r2001Ty K2 » it lollows that

ki   (S»l) / 1) 4.16

Several values of K were taken and for each the calculated values of

Z cos ki were plotted a ainst i, fig. 8A ie typical of the curves 

obtained. If the eorreot value of K were otosen, then the ourvo should 

be eyrametrloal, i«e.»
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where Pq » OP

The solenoid calibration k oa be obtained from the intercept OP* 

The oorreot value of K was estimated from a plot* shown In Fig* OB, of 

OT/.R against K* The value obtained was 1*05 ± *01} the corresponding 

value of the calibration was 0*200 + *002 degrees / ampere* Using 

these results* values of Z ooo ki wero obtained and plotted against 

oos kl as in He,* 9* A least square fit gave SL « 0.396 £ .000. 

The error includes the statistical uncertainties of the data and also the 

error in fitting then* (formulae for the statistical error on the 

asymostry will be found in the next chapter)* The errors duo to 

vertical movement of the beam were again negligible* 

(d) Polarisation of Bean fron Aaysuaetry* In order to obtain the beam 

polarisation from the measured asymmetry, it was necessary to know the 

polarisation in p- oarbon scattering, in this case at 20°, 159 MeV* 

The latter was obtained by interpolation between published data at 

135 MeV (R20) and 155 MeV (R21). At 20°, and at 15°, there is a 

significant contribution to the polarization fron inelastic scattering 

Involving the 4*43 Me? excited state in carbon 12. Contributions from 

the higher excited states are small, at least in comparison with the 

uncertainties in the present work, and have been neglected* since 

the polarized bean Is produced by scattering from oarbon at 8°, where 

Inelastic effects are negligible! the first scattering can be assumed 

to be purely elastic. Tho observed asymmetry could thus be written

4.17 
obs T2 el
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where V is the ratio of the 4*43 He? inelastic differential cross- 

section to the elastic cross-section, and ^ is the ratio of the 

inelastic to the elastic polarisation* v and ^ were evaluated 

from the 135 MeV. data.

The final value obtained in this way lor the beam polarization, 

from the 20° data* was

 j - 0.457 + 0,34.

The error contains 2 per cent from estimating Pi, 5*5 P«r oent from 

estimating the inelastic contribution and 2 per cent from the measured 

asyousietry.

(e) Scattering at 15°* The procedure was similar to that just 

described, except that no corrections lor movement of the beam were 

necessary* However, several of the observed values of R differed 

significantly from unity, in a manner that could not be explained by a 

non-aero value for/3, Fbr this reason the statistical errors of this 

measurement wore all doubled*

The following results were obtained*

K - 1*00 & *01 ,

k » 0*194 1 *004 degrees / ampere,

2 • 0.316 & «010 9

sad Pl m 0,492 i .051

( f) Conclusions* When the results at 20° and 15° were combined, the 

following mean values were obtained i 

(1) solenoid Calibration,

k m 0*199 1 *002 degrees/ampere. 4*18.
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(2) Bean Polarisation,

fj  » + 47»6 £ 2*3 per oent. 4*19 

The sign of the polarisation was determined ty Brlnkworth and Rose (R22) 

from a double scattering measurement using a helium analyser at low 

energies*

All hydrogen measurements were made with k « 0*198 degrees/ampere, 

which is to all intents identical with the above value*

The value of the polarisation obtained here is in agreement with 

a previous determination ( R23) § which gave 46 ±, 1 per cent. The value 

46 per oent was used when analysing the hydrogen data*

It appears that adequate account has been taken of the various 

false asymmetries in the p-oarbon scattering experinmnts. Thie is 

important because similar effects had to be considered for p*p scattering, 

where the f ermine asymmetries were ouch smaller* Concerning the 

effects themselves they were clearly of importance in the p- carbon 

scattering experiments! the correction applied to E at 20° amounted, 

as shown above» to more than 10 per oent. Jbr p-p scattering the 

false aaymnetriee were smaller, partly beoause the amount of beam 

movement was snail er, and partly owing to the near-loot ropy of the p-p 

differential cross-section in the oentre-of-mass system, over the ranges 

of energy and angle considered. Alec, the polarisation was not 

expected to change violently with angle*

Finally, a mention of the value obtained for £. Since the 

second scattering plane was known to be horizontal, it was concluded 

that the direction of the beam polarisation differs 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 component is not 

excluded* flowerer, the latter ia known to be very small (B24)* j3 

did not enter the expression for the p~ carbon asymmetry, equation 4*6* 

It did occur in the asymmetry measured in p-p scattering, the latter 

being £008/3 rather than £ . In the event, however, the difference 

was clearly negligible*

Proton-Proton spattering*

(a) Acctiniulatioq of Data* Jbr each hydrogen measurement the energy 

and energy spread were predetermined by putting the calculated amount 

of absorber in the telescopes, in front of the third counters* 

Calibrated aluminium absorbers were used, whose values ranged in
2convenient etops from 0*12 to 10*03 go/em end were known to within

90*01 0n/oa . In no oase was absorber added between the back pairs of 

counters, although provision had been made for this? the energy 

spread was always the minimum allowed by the absorber built into the 

apparatus as crystals and the like*

with the target full end the telescopes at the required angle, the 

amount of polyethylene was varied until the anticoincidence counting 

rate was a maximum. At the same time the delays were checked to 

ensure that the mail BMW was real*

Both real counts with the target full, and background counts with
n 

the target empty and an additional 0*44 gm/cm of aluminium in each

telescope, were taken in cycles of one or two hours duration* A 

 ingle polarisation measurement consisted of several cycles. Kach



cycle comprised eight oounte and gave two independent values of the 

polarisation* These corresponded to the two poeaible directions of the 

130° rotation of the beam polarization, or to the two directions of the 

910 anperea eolenoid current* Using the notation already introduced 

for the latter, they will be referred to as the "normal" and "reverse" 

values of the polarization* Of course, each involved measurements for 

aero current also. To obtain each value to a etatietioal accuracy of
c

+, 1 per cent required about Hr oounte in all per cycle* All oounte 

were taken for a given number of clicks of the monitor regieter and 

were then nonaaliaed to counts per click* In all oases the available 

tine was shared between real end background counting in such a way as 

to minindaa the statistical errors*

(b) Background qounte* The background was never unduly large* The 

greater part of it resulted from scattering of the bean by the target 

structure* ibr scattering at 22*5° in the laboratory the background 

varied from about 5 per cent of the real rate at 96 HoV to 15 per cant 

at 50 Me?. At 40 HeYf it increased from 2.5 per cent at 55° to about 

12 per cent at 22.5°.

There wae no significant difference between the background 

with the target evacuated and with it full of air. This was expected, 

since particleo scattered from air in the target would have energies 

outside the range detected ty the telescopes* In view of this, nearly 

all backgrounds were taken with air in the target*

(c) Random Counts. Hie finite resolving tine of any multiple 

coincidence systems implies the possibility of detecting accidental or



random ooinciaoncao between tha counters. Bwr a triple coincidence 

array the random counting rate is

H- 2 ABC T2 4*20 

;Vhe*i3 T 10 tho resolving ticio and A§ 3 and C the individual or 

"singles" rates of tho counters. If the accidentals are a 

significant fraction of the real counts, then a correction must be 

applied to the latter*

BMP a syetea used in oonjtuiotion with a pulsed accelerator* the 

random coincidence rate can be neaeured tor delaying the output of one 

of the counters %y aa aoount espial to the time between machine pulses* 

For the Harwell synchrocyclotron this tisae io 50 ns» end in this 

experiment the randoi/i ratee were studied bar adding a 50 ne delay to 

each of the first three counters in each telescope in turn, conditions 

otherwiee being those for recording antiooinoidencee* Ho genuine 

aronts ooul«l now be recorded! the expected counting rate was

^   R (1 * 2 M*) 4*21

where R tea already been defined, D is the singles rate for the back 

counter and T the antiooincideeoe reeolring time* Since DOT was 

saall compared with unity, fir was vexy nearly equal to a* In the erent 

the observed random rates were always so small that they could be 

neglected*

(d) mm^Timo frooeee* It has already been observed that the dead-time 

on the output of the coincidence circuit was lees tha* 2 . LL sec. with 

countin; rates of at most about 10 per second it followed that the 

associated counting losses wore negligible*



(e) ffatiraatiori of Mean J&erff/...and, aneray Spread* In assigning an 

energy and energy spread to each measurement there were two effects to 

be considered* The first of theae was purely geometrical! at the 

lowest energies at which measurements were made, the detected pxotona 

lost about half their energy in traversing the hydrogen target, so that 

it wae neoessaxy to consider in some detail the size and shape of 

the scattering chamber and also the profile of the beam inside it* The 

former were obtained directly by measuraner.t, while the latter was 

estimated fron the oultiple scattering which occurred in the 

polyethylene (soc Appendix III). The lateral distribution of 

intensity across the target was Geussfo&. modified by the structure of the 

beam} for present purposes it was approximated by a rectangular 

distribution whose half-width corresponded to the r.ct,e» angle of 

oultiple scattering*

Ih© second effect related to the energy definition of the 

anticoincidence counters. In every case the crystals on the third 

and fourth counters in each telescope were of equal thickness* If it 

were not known how far into one of these crystals a proton had to 

penetrate in order to be detected, then the mean range would be subject 

to an uncertainty equal to the thickness of either* In the 50 Me? 

determinations* for exacple, the rear crystals were equivalent to 

0*1? ga/cm of aluminium. This would give an uncertainty of 3*5 Me? 

in the aeon energy for scattering at 22*5° in the laboratory. It was 

clearly desirable to reduce thia uncertainty*

the response of phosphors to charged particles has been
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diaeussed toy Taylor at al»(H25). They ahow that various organic 

phosphors behave rathar similarlyi tha following remarks are based 

upon tha results given for protons in anthracene*

At high energies the light output L from a given crystal is 

proportional to tha energy loot by the particle in traversing it* Below 

about 10 MeV the response becomes nonlinear and the phosphor is said to 

become saturated* The form of the response is than

( I + MB Fl 4*22

Using published values of A and kB, together with tables of 

against j£» L oaii be plotted as a function of energy for a given ozyetal. 

Hg* 10 shows the response curve obtained in this way for the thinner 

of the crystals used on tha rear counters in the present experiment*

On the arbitrary scale of fig* 1C, the light output from a 

proton of energy 140 MeV is about 0*8* 3inoe this was the energy 

at which the counters were set up, it follows that C«o ia an upper 

ligit for tho light which a proton oast emit in order to be detected. 

From tha left-hand part of the response curve it is found that the 

mininam energy for detection ia 1*6 MeV, corresponding to a minimum 

penetration of 0*009 gm/ocT of aluminium* In scattering at 22*5 in

the laboratory this represents an uncertainty of only 0*2 He? in a

mean energy of X> MaV, falling to 0*0? MeV at 100 MeV.
n 

The value of 0,009 Wca waa confirmed ty a similar calculation

for tho thicker acintillatort it was in all oases taken as the 

contribution of the third counter to the absorber which defined the 

moan energy* The resulting error in the latter was negligible* Tha



LIGHT OUTPUT L 
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contribution of the third and fourth crystals to the energy spread 

wae taken as the thiettneso of eitheri the error was again negligible*

To calculate the energy and energy spread, a scale drawing was 

made of the scattering ohonber with the estimated limits of the bean 

inside it* This drawing was then divided into about 10 thin sections 

of equal thickness and nornol to the aade of the beam* The range of 

energies detected from eaoh section was estimated and the results 

combined to give an energy spcotram lor all detected particles*

Ud.8 procedure was carried oust for each energy and scattering angle* 

and for both scattering chanbere ased during the experiment*

The range of accepted energies had in ever/ case been located 

on the peak of the degraded beam spectrum ty suitable ad.juotaent of the 

aoount of polyethyleno* Since this range of energies was always 

substantially less than the width of the degraded apeotrun, between 

about 0«3 end 0»5 of the latter at 40 Mev for exampls, it followed 

that all energies within the range were detected with about equal 

probability. The same would have been true far the scattered 

particles if the p-p differential croee-eeotion were independent of 

energy| the spectra were first obtained on this basis and wore then 

corrected for the preferential scattering of lower energy particles.

A typical energy speotrun is shown in Fig* 11. Each spectrum 

wae a histogram giving on an arbitrary scale the number of detected 

particles, H (S) dB, inside an interval d£ at energy £* The "mean 

energy** assigned to the noasuremoit was defined as
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^ . VW ffil dR * A.23ft • x f g \*/ "•» *?*<&*/

The l\ill~width at half-hei£htf A 2, of the spectrum was taken ae 

the energy spread*

On the assumption that the polarisation varied linearly with energy 

over the interval A&t the mean polarisation* which was the quantity 

measured* was the same as the polarisation at energy &» In no 

instance did 1 differ by coro than about 3 H«V from the nominal value 

which had been used to estimate the amount of telescope absorber 

required lor the measurement.

Ths individual values of % and A 3 are given with the measured 

values of the polarisation in Table IT*

(f) #ygul&r Resolutions Tbo geometry was such that the angular 

resolution for either teleooope was detemined by the width of tiie beam 

at the target, togsther with the aperture of the defining counter* The 

resolution could be described ^pprcutimately by a Oeussian* whose 

standard deviation increased from about 2*5° O.GU at 100 MeV to >.5° 0*0* 

at 30 MeV* At a given energy it did not change very ouch with angle.
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(&} Calculation of Polarisation* Each recorded count, after 

normalization and subtraction of background, gave the number of proton* 

scattered into a given teleaeope (*) for a given solenoid setting (s)» 

for one olick of the monitor register. 4 typical oount oould be written

1(ST) *(T)
1 '4

r 2 (ST)

where R/v » Bo* of piotone incident per oocond upon the target* 

o Ho* of seconds/click of the nonitor register*

(SI) * p-p differential craee?* section in the laboratory frane 
of reference^

e/^ « effioiaioy of teleeoope* 

p.   beam polarisation, 

fg(f?T}« p-p polarisation* 

It will be oonvenient to introA»oet in addition, the quantity

oonotoncc and quantities «hioh remained constant t 

each Eioaeitrerientf have been put equal to unity in equation 5*1.

The ( S, T) dependence of the orooo-section and polarisation texos 

derived reopeotively froo any ppot ooveoent Trtdoh aoooqpaniod ohonceo 

in the eolenoid current, and from any orror in setting up the teleeoopec.
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In principle* the thickness of hydrogen traversed by the boon should 

hare been Included as an additional 3- dependent term, since the 

Heilinex windows on the scattering chamber were curved. However* this 

effect was snail enough to be neglected} in any oaoc it did not enter 

the expression Iron which the polarisation wao computed, Making 

trivial changes in the above notation, the recorded counts in each 

half»oyole of data could be written as folloooi 

%in upf or aero solenoid current* 

left telescope, K(LIJ) « o(U) I(LU) e(L) (1 + P 

right telQOCOpe, n(KU) » m(\i) I(HU) e(B) (1   F 

spin dovm, M or R current of 910 ataperesi 

left telescope, N(L ) « Q(D) I(LI>) e(L) (1 - F^ 

right teloocope, I,(iU)) » m(.') I(RJ)) e(R) (1 ^ Pia)). 5.2.

The asamoBtry, ^ » pipp» wac calculated fron

The following eoureeo of faloo aqynoetry were considered}

(1) a possible difference A$0 in the soattering angles for the
»» 

teleeoopes due to misalignment! this tliti not contribute to r .

(2) a posaiblo change A9 in the scattering angle for either telescope 

duo to riovenent of the beam when the solenoid setting wae ohant od,

^9 was defined ty equation 4»2 and «as related to the transverse 

movement of the bead according to equation 4»9.

l&llotting the discussion of Chapter IVf section 5t the effects 

of B veare neglooteti* JSffeots due to the residual vetUoal movenents



of the beeia induced lay the solenoid were also estimated to be entirely 

negligible.

r was

The relation between tho asyomotiy and the measured quantity 

2
1-2 5*4

It will be soon that the syetao is indeed self-aonitorlnc, since 

n(ir)t a(D) do not ooour in equation !>.4» ffcoa the kinonatioo of the 

elastio scattering of parti else of equal maesf it oan bo shown that the 

laboxatoxy and oentre-of-naos scattering psurametere aro ralated 

as fbllovoi

I de  ton© 5.5*
c

where the suffix o denotes a quantity measured in the oontro-of»naaG 

system* At the energies cmd an Ids of soatterin;j oonsidored in this 

eaqperioent, dlo/d9 Q is very small* negleoting this texcu

  -tan 5*6

Using equation 5,6* and noting that Z « 1* equation 5*4. oould

be writton

1*2
2 d

5*7

In the event, the beam movement was xeduoed to lees than 0*05 

corresponding to a variation in scatterinr ansie of only about 0.05° 5 

it followed that the torn in ^9 in equation 5.7 was snail, in 

fact
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2 tan 9 A0 _ 18* , 2 I 2 i ^ ~ i56 ,
*2 de

that both oould be negleoted* Station 5*7 thus reduoed oinply 

to

equation 5*8 the agyonotry uao calculated* and hence the p-p 

polarissation, ueing the value given in chapter I? for the bees 

polarisation*

3br reaoons given later* the normal end reveroo polarisation 

oe*auram@nt8 vere regarded oo aquivale- t t so that a mean value oould be

oaloulated lor eaoh qyolo. (In calculating mecms^ the individual
iix

values ware weighted \invexee proportion to the squaree of their •/^

statietioal errors) Jlnally* from the valuea for the eeparate oyoles 

of data* a o&an polarisation was obtained or eaoh determination* 

(b) Additicnal Information fiop the j^at% In addition to r , tvo 

other quantities woro calculated from eaoh half-oyole of numbere* 

The flrot and ooro important of tiioee was defined as r

The eooond equality in equation 5*9 nas valid apart fr n an uncertainty of 

about 1 per cent. 2he latter woo almost entirely due to a orooo-

eeotion terms thia derived partly from A^ but mainly from A©0
o 

which did not vanish here ac it did for r . However, any offeot duo

to ^90 remained oonetant during each oeosurouunt and oo tho
2 oorrocponding uncertainty in a was of no ooneeojEienee. since one
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sought only to detect variations of e(L) / e (H) 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.
2 The second quantity was S, defined as followss

.2N (LU) x II (RU = (M4 \« (D > 5.10

where the effects of spot movement were so small that the second 

equality could be considered exact*

Table II 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.

Hun

1

2

3

4

5

Normal

0.94 ± .005

0.97 £ -006

0.89 +, .006

0.92 £ .004

0.92 i .003

Reverse

0.95

0.99

1.08

1.10

1.08

£ .005

^ .006

± -010

£ .006

+ .005

From equation 5*10, and the definition of m, it follows that

H(D 5.11

where N was defined immediately below equation 5.1.

Using the data of Table II, and typical values of H from 

the times recorded for the hydrogen counts, the following were
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obtained!

TABLE III. APPROXIMATE VALUES OF N(U)/H
(D)

Runs

1-2 

3-5

& Normal 
(1st half-cycle)

Solenoid Settings

1.0

0.9

Zero & Reverse 
(2nd half-cycle)

1.0

0.8

Iht 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 oollimator of quite small aperture,

immediately in front of the monitor.

2 One other quantity, t , was calculated from the data, in
o 

this case from each complete cycle of numbers. t 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.

(c) Calculation of Statistical Krrors 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 discussed in section 3

below. Here, attention will be limited to an example showing how

2 the statistical errors were calculated. Suppose r , equation 5*3•

were computed from 4 numbers N^ with statistical errors A Nj- ! 

Then the corresponding error in r would be Ar, where

2 Ar AH: 5-12

Tile associated error in the asyBaetry would be

• 5.13

The Nx are understood to contain the errors on both 

the real counts and the corresponding backgrounds.

2. Tabulated Results.

The results obtained from 20 determinations of the polarization 

in p-p 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 M 

serving merely as a convenient form of labelling.

The given centre-of-mass soattering angles were obtained 

from the measured laboratory angles in the non-relativistio approx­ 

imation. 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 oases 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 cycles of data of which they were composed*
•

The measurement for W » 11 has been excluded from Table V; 

for reasons given below this determination was regarded as suspect*

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

Run

3

5

1

2

4

4

5

5

4

1

2

2

3

5

M

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Energy in MISV
Mean

27.4

n

41.0

41.9

37-7

36.8

H

M

tl

50-5

51.1
»

49*4

n

Spread

10

n

13

6

7

10

N

n

13

11

7

7

6

6

QC.M.

45

N

t*

H

n

60

n

n

70

45
n

rt

tt

M

•"I'---'

Polarization

0.19 ± 0.82

0.37 + 0,56

- 1.15 i 1.24

0.15 ± 0.91

1.51 ± 0-55

2.15 + 0.54

0.44 1 0.60

0.63 + 0.57

1.10 + 0.49

1.15 1 0.80

1.89 + 1.15

0.11 £ 1.23

3.75 ± 0.84

2.68 £ 0.52
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TABLE IV (contd.)

Run M

2 15

2 16

5 17

1 16

1 19

3 20

Energy in MEV
Mean

51-7

53.2

58.5

70.0

97.5

96.5

Spread

9

15

6

9

7

4

<

6c.ii.
60

75

45
n

M

n

Polarization

4.09 + 1.02

0*84 +, 0.66

4.31 ± 1.05

6.50 + 0.65

11.75 1 0*81

13.37 ± 0.85

TABLE Y. PROTON-PROTON POLARIZATIONS IN PSR CENT.
COMBINED VALUES

M

1-2

3-5

6-8

9

10,12-14

15

16

17

18

19-20

Energy in MEV
Mean

27.4

58.3

36.8
M

49.7

51-7

53-2

56.5

70.0

97.0

Spread "

10

8

10

13

7

9

13

6

9

5

QC.M.

45
M

60

70

45

60

75

45
n

tt

Polarization

0.31 1 0.46

0*86 £ 0.44

1.14 £ 0.33

1.10 4, 0.49

2.33 i 0.37

4.09 * 1.02

0.84 1 0.86

.4-31 1 1.05

6.50 * 0.65

12.52 £ .0.59
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Accuracy

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

already mentioned, the measurements were in principle subject to 

systematic errors, due to inadequate consideration of the factors 

upon which they depended, and to accidental errors in making the 

measurements. Because the asymmetries were very small the 

measurements were extremely liable to systematic errors and it was 

important to eliminate as many of these as possible*

Since solenoids were used it was expected that the results 

would be free from systematic error due to misalignment of the 

telescopes• Errors due to inhomogeneities 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 beam monitor* Errors due 

to the small residual movements of the beam accompanying 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 asymmetries 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, so 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 magnets when the solenoid 

condition was changed, were easily detected.

To summarize, it was expected that all other errors would be 

small compared with the statistical uncertainties remaining after 

any reasonable counting time* A 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 half-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 89 pairs of normal and reverse values 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 spot movements due to the solenoid were correctly compensated 

and the asymmetry was insensitive to the details of the beam profile* 

The "sign test" for paired observations (R26) applied to pairs 

within the individual measurements failed to detect any significant 

difference between them* This was followed by an analysis en bloc 

of the paired data, whose results 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 histogram. 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 polarizations are regarded 

as equivalent.

A test similar to those just described was next performed on 

the 131 individual polarization values, for the distribution about 

their appropriate means. 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 values, 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 were small compared to the statistical errors* However., 

such a conclusion is of limited value since it is the polarizations 

at particular 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 <? t with statistical 

errors, had been calculated from eaeh half-cycle of numbers. 

Mean values were obtained and the distributions about these of

the half-cycle values were subjected to chi-squared tests.

2 Similarly for the values of t within each determination. The

results are summarized in Table VI, which corresponds to Table IV.

2 For Q t 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 

measurement has beun 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 errors,a8 required.
2 For t , 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 been 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 results are 

given in Table VII• Prom the right-hand columns of this table 

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

quoted error on the polarization at 49«7 MeV, 45 o.m.; the
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TABLE VI. STATISTICAL ANALYSIS OF DATA

Values of X and number of degrees of freedom f 
for individual measurements.

n
i
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

16

19

20

____

r2
X2
11.2

2.0

0.3

5.1

11.8

10.5

6.1

7-9

8.1

2.3

5.3

1.7

6.9

13.2

2.4

1-3

10.3

7.4

6.3

7-3

f
11

5

2

5

13

10

8

11

11

4

4

3

13

19

3

3

9 ,

5

9

11

i 2
X 2

8.0

6.1

0.8

13-5

14.2

4.5

12.5

11.7

5.6

5.8

24.3

1.8

24.4

24.2

2.7

2.9

9«4

2.7

12.4

17.2

f
11

5

4

5

13

10

8

11

11

4

4

3

13

19

3

3

9

5

9

13

t 2
x2
1.9

3.0

0.8

3.2

8.7

1

f
6

3

. 1

3

7
i

2.6

6.4

5

4
i

5.2

2.6

6.2

0.5

2.4

13.2

7.6

3.1

,0.6

4.1

,!•!

11.3

3.2

6

6

2

1

2

7

10

2

1

5

3

5

7



probability of observing a chi-squared value larger than 6.7 for 

3 degrees of freedom is rather less than 5 per cent. The
i *

remaining values in the table have probabilities of 5 per' cent or 

more* Here, no such increase has been made, but in a. report of 

this work submitted to the Rutherford Jubilee International 

Conference at Manchester, September 1961, the error on the 

measurement in question, was increased by a factor 1.6. Also, 

the results presented at Manchester for the angular distributions 

of the polarization near 40 MeV and near 50 MeV differ slightly 

from those given in Table IX below, since in each case a mean 

energy was taken and no allowance made for the variation of 

polarization with energy.

TABLE VII. STATISTICAL AMALY3I3 OF DATA
Values of "^^ and number of degrees of freedom I for

combined measurements.

M

1*2

3-5

6*8

10,12*14

19,20
It

Polarization Data
Half -Cycle Values

xz
13.3
21.8

29-3

31.4

13.5

f

17

22

31

42

21

Mean Values

X2

.03

4.6

5.7

8.7

1.9

i

1

2

2

3

1
„
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Chapter VI 

Discussion of Results

1. The Energy Dependence of the Polarization at 45 p.m.

(a) The power Law P » aE The results obtained in this experiment 

for the polarization at 45 o*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 and 40 MeV. The general form of the 

energy dependence shown in Fig. 13 suggested that the <U,ta might

be fitted by a power law of the form

P = aK 6,1.

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

data are shown in table VIII.

TABLE vm. LEAST SQUARES FITS OF p = aEb
f ————————————— • ——————————————

Source 
of data

this work

this work

this work 
& Harvard

this work

Max. energy 
in MeV

58-5

70.0

71

97-0

b

3.45 ± 1-73

3.36 + 1.13

3.42 ± 0.71

3.06 + 0.72

log1Qa

4.49 ± 2.77

4.36 £ 1.84

4.44 +, 1.18

3.87 + 1.21

X2
0.08

0.91

5.85

32.1

{
2

3

7

4

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 KeV. 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 'column. 

The goodness of fit is indicated by the c hi- 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 present data below this energy is plotted in Fig 

At higher energies the fit deteriorates rapidly. The significance 

of these results will be discussed in section I.e. below. 

(b) Use of the Power Law for Interpolation. An immediate application 

of the results of the previous section is to give a method of 

interpolating 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 Table IV) refer to energies which differ by as 

much as 3.5 MeV. From equation 6.1

6.2

This result is in general true only at 45 o«m« 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 P-wave 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 = j>.45- In each 

case the quoted energy has been chosen to minimise effects due to 

the neglect of higher partial waves.

TABLE IX. POLARIZATION VKRSU3 C.M. SCATTERING ANGLE.

Energy 
in MeV

37-0 
1 52 ' 5

r~ ----------- -----

45° '

0*76 +. 0.44 
2.77 ± 0.37

Corrected Polarization in per cent
' 60°

1.16 - 0.33
4.J1 + 1.02*™

(c) Significance of the Power Law P =

70° 75°

1.08 * 0.49 - - - 

- - 0.80 £ 0.86

• afi . At energies greater

than a few MeV the polarization in p-p scattering consists almost 

entirely of two terms, a purely nuclear part and a Coulomb-nuclear 

interference term; polarization effects in Coulomb scattering, 

and corrections to the phase shifts for vacuum polarization, are 

negligible at angles greater than a few degrees.

As the energy increases the angular range of the interference
-• f-W*

region diminishes; at 30 MeV it extends out to about 45 c.m. 

It is therefore reasonable, in discussing the significance of the 

results of section l.a., to regard the measured polarization as 

purely nuclear ir.origin 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 IIi-

k*IP = <? ain 29 6.3. 

where P is a function of the 5Pj phase shifts. 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 = \ £ max." a cosn 9 sin 0 6.4

n = o
where the a are complicated functions of the energy (through 

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 adequate description of the polarization 

below 100 MeV. With this point in mind the polarization at 45°c.m. 

has 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 (K.7) and the results compared with the accurate 

predictions of their potential. The results are given in Fig.14. 

The solid curve 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 (Jammel-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 calculations 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- iVAVJS APPROXIMATION

1

Energy 
in MeV.

68

H

96
If

P erring* s 
solution type 

(R27)

1

Polarization in Per cent
Calculated from Experimental v^lue 
S*, P» Phase shifts used in* analysis

7.3

2 6.5i i

1

2

14.8

10.2

6*9 - 0.8

H

12.6 - 0.7

n

The results given above indicate that S« and P* waves give a 

semi-quantitative description of the polarization data considered 

in section l.a. and the latter will now be discussed in terms of

these.

As the first step towards under?tending the power law fits 

described earlier, we note that the p*p differential cross-section 

at 90°o.m. is very nearly inversely proportional to the laboratory

energy; a least squares fit to the data gave

log1Q I = (2.755 - 0.129) - (1.055 ± .083) log1Q E. 6.5

where I is the cross-section in millibarns/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 o.m. also. 

From equations 6.3 and 6.5 it follows that

P (45°) s constant X P 6.6 

so that the energy dependence of the polarization is directly
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related to that of the *P_ 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 d can be written

for kro « 1 6.7 

where Y0 is the distance at which the potential becomes comparable 

with the total energy of the incident particle in the centre-of-mass. 

From equations 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 £ ^ , for kr <^ 1. 6.8 

Both the Grammel-Thaler and Signell-tearshak potentials employ 

a long range tensor term which dominates the P- wave scattering at 

low energies. For the Signell-Marshal triplet odd-parity tensor 

potential r is about 1 X 10 ^ cm. at 20 MeV, corresponding to a 

value of about 0*3 for kr . Equation 6*8 should therefore apply 

at energies of several MeV but not at 20 MeV or above; Iwadare 

(H29) has noted that the P, phase shifts obtained by MaoGregor below 

5 MeV vary with Sftergy according to equation 6.7.

The data of table VIII do in fact 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 4O up to about 70 Me/; it may be concluded 

that the energy dependence of the P_ phase shifts up to an energy
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of this order is not markedly different from that at very low 

energies* 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 ^P phase shift of Purring*s 

solution 1 (R27) has a maximum between 50 MeV and 100 MeV for 

example), together with the increasing importance of higher 

partial waves.

2. Phase Shii't analysis, of Proton-Proton 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 measurements near 30 r/aV and 40 MeV in terms of 

phase shift analyses of low energy p-p scattering. 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)j these will add considerably to the 

significance of the present polarization data near that energy.

The 40 MeV analysis of Koyes & MacGregor was referred to in 

chapter 1. In 1959 MacGregor (R31) extended this work to include 

cross-section data at a number of energies between 1.855 MeV ano 

39.40 MeV. The method of analysis was to adjust the phase shifts 

until a good least squares fit to the data was obtained. The

goodness of fit was measured by the quantity
-| 2 leala - I exp.

A I exp
6.8
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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 data at 1.855 MeV could be fitted by Coulomb effects 

together with a nuclear S- wave. At 10 MeV ST P- 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 could be 

reached at 31*3 MeV, owing to uncertainties in the experimental 

data. In the region below 40 MeV, where S-, P- and D* waves were 

adequate| MaoGregor 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 3, D phases there are four 

sets of P T phase shifts, with the characteristics shown in
V

Table XI.

TABLE XI. LOtf INER&Y PHASE SHIFTS (RJl)

Solution ' 3p 
type o 3PX 3P 2 P(45°)

I M+ M- S+ +

II

III

IV

L+ S- ! S-
i

L-

M-

s+
M4-

s+ ; +
s-

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 multiplicity of soluti ns, 

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

constant to 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 that solution types II 

and IV are excluded. IfaoGregor has investigated the extent to 

which a knowledge of the magnitude, as well as the si^ri of the 

polarization would reduce the remaining ambiguity. He finds that 

a polarization measurement at la. 2 MeV with an accuracy at all angles 

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

that a 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 (R2?)» for example, 

both the Ganuc el-Thaler and Signell-tfarshak potentials predict

*P T phase shifts which correspond to this type of solution. 
J

At 40 MeV, where P- waves are important, the multiplicity 

of solutions fitting the cross-section data alone is even greater. 

While the results of this experiment do not allow a unique analysis, 

they appear to reduce the multiplicity quite considerably. For 

example, 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 that the order

of the ^P T phase shifts corresponds to solution type I at lower 
J
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energies*

Again, Hoyes and MacGregor were unable in their 40 Me?

analysis to distinguish between *P - *F mixing with no& , <•
appreciable F- wave on the one hand, and an appreciable F~ wave with 

no mixing on the other* The former corresponds to a tensor 

interaction of the type used by Gamme! and Thaler, the latter to 

a large-range spin-orbit potential. Such a spin-orbit term was 

suggested by the Harvard group (Rll) to account for the negative 

polarization at 40 MeV which seemed to be implied by their measure* 

merits. 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 

carried, 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 

U » 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 serious ambiguity at low energies resides in the 

P phase shift* Fig.15 shows that very much more precise data 

will be required in order to resolve this ambiguity using 

polarization measurements, also that such measurements should be 

made in the Coulomb-nuclear interference region*

(b) Proton-Proton scattering above 40 MeV. The most notable 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 

scattering experiments referred to in chapter I (R33)« Less 

spectacular progress has been nade 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 t greater 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 to a MacGregor type I 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 1S0 phase shift near 50 MeV. The latter would 

correspond to a minimum in the cross-section or to a resonance, 

and there is evidence for neither. Even if solution 1 is 

correct however, a great deal of work remains to be done before 

the phase shifts can be determined uniquely at all energies.

Finally*mention must be made of recent analyses by Breit et al. 

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

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

Analyses of this kind are obviously superior to those performed at 

single energies, but they do not in general define the low energy 

phase shifts any more precisely} when the fit is insensitive to the 

phase shifts the solutions obtained are detoirained by the particular form 

which has bean used for their energy-dependence rather than by the 

experimental data.

3. Conclusions*

It appears at the present time that there will be little point in 

performing low energy polarization measurements unless the accuracy 

can be improved by about an order of magnitude over that of existing 

measurements. Since these measurements are likely to prove more 

difficult than triple scattering experiments now that polaxized ion 

sources and polarized targets are becoming available, it would seem 

preferable to concentrate rather upon the latter. The advantage of 

the triple scattering and 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* Ibr example, a depolarization measurement at 

68 HeT9 and possibly at lower energies, would materially reduce the 

ambiguity in the 5P0 phase shift, (R27). At 40 MeV and below, Iwadare 

(R29) has suggested a measurement of the correlation parameter Cnn
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to pin down the S» phase shift, followed by a measurement of 

R(90°) or A (90°) to resolve the P, phase shifts; according to 

Noyes (R36),a 5 per cent measurement of Cnn (90°) at 40 MeV 

might fix the So phase to 0.5 an<i the D phase also.
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CHAPTER Til

The Depolarization in Proton-Proton spattering 
near 150 MeY

1. Introduction

(a) General Remarks. Programmes of triple scattering experiments near 

150 Me? were initiated several years ago at Harvard and Harwell with the 

object of providing enough data to allow a unique phase shift analysis 

at that energy* Since the Depolarization measurement is the easiest 

of the triple scattering experiments (&37)» both groups began with 

this experiment*

(b) Principle of the Measurement . Ibr the D measurement fhe three 

successive scattering planes are parallel* The first scattering produces 

the polarized beam and the third scattering measures the vertical 

component of the polarization of twice-scattered particles. From 

equation A2*15 with the restriction of time-reversal invariance removed, 

the polarization after the seoond scattering is given lay

'02 n

where
L02

Thus
(£2 7*1.



The asymmetry at the third scattering is

7.2

with a single telescope set up to view the third aoatterer, suppose 

that counts are accumulated for equal times at the four positions 

shown in £lg« 16, where it is assumed that the polarization P, of the 

once-scattered beam is directed out of the plane of the paper. S&e 

LL count is given by

19 I02 X03

where various constants have been neglected* It follows that

Z02 X03 (P

similarly, 

LR - : 

RL - :

and RR « :

'03

L 02 1 - P1A2

(P2 + 

(P2 -

(P 2 - EP1) L

7.3

From equations 7.3 it follows that

D
LL 4 HL » LR " HR 
LL * RL * LR + RR 7.4

Hhe "analysing power" PI A* can be determined as the asymmetry at 

the third scattering for 9 2 - 0» hence D can be obtained*,

The measurement oould be made by using only on* of the two
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positions for the third soatterer indicated in Fig» 169 but would 

then require data from three double scattering experiments instead 

of one as here, and the results would be correspondingly more liable 

to error*

(c) Time-Reversal layarianoe in Proi^n»Protejj 8eatterinfi. 

By combining equations 7*3 differently we obtain

RR + LR + RL " '

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

over the third scatterings,

7*6.
LL + J.R * HL 4- RR

Sinoe P « A for a spin-aero target owing to parity conservation it 

fbllows that the beam polarization P^ oan be detexmined from a double 

seattering experiment* Ap can then be calculated from equation 7.6, 

while P 2 can be obtained from equation 7«5» knowing P-iA,. Since P2 

and Ap hare been measured under the same conditions, their comparison 

provides a direct test of time-reversal invariance in the r-p 

interaction if the second scattering was from hydrogen. In the paper 

describing their depolarization measurements the Harvard group (R38) 

gives 10 measured values of P2 - A2§ 7 of which are consistent with 

zero*

2* Previous Measurements of D at 142 MeY.

(a) General Remarks* Both the first Harwell measurement (R39) and
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the Harvard measurement (838) were carried out in the general manner 

described in the previous section* 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 soatterer, one on each aide of the beam 

and arranged to. be interchangeable* The Harvard group also 

employed an additional counter located some distance in front of the 

third target* This not only reduced the background but defined its 

source more precisely*

Prom the discussion of double scattering measurements given in 

Chapter II, Section 2, it will be appreciated that in both experiments 

it was n«ces3ary to take very great care to avoid false asymmetries* 

The precautions are described fully in the Harvard paper*

He suits* The results of both measurements ara tabulated in the

Harvard paper* The Harvard data cover the angular range from 12 c»m. 

to 70° o*m*, while the Harwell results extend from 50° to 70°* The 

experiments agree within the errors at 30 with a positive value of 

order 20 per cent, but diverge strongly at larger angleej the Harvard 

data remain positive while the Harwell results change sign and become 

increasingly negative* The former are close to the predictions of 

aammel & Ifoaler (B7) while the latter correspond to those of SLgnell 

and Marshal (R9). The Signell-JBarshafc potential was later modified 

somewhat (R40), but the predictions for D remained in general agreement 

with the Harwell measurements*

Although the Harvard experiment is now regarded as superior to
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that at Harwell, much of the superiority derives from the foot 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 MeY and had indicated the relative importance of 

the various types of experimental error* In neither case did there 

appear to be an errot large enough to explain the discrepancy. As 

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

different method* It was this experiment in which the writer was 

involved,

3. The ffeoond Harwell Depolarization Jieaaureient,

(*) Principle, In the second measurement of D a solenoid was used, 

as described in previous chapters, to rotate the polarization of the 

once-scattered beam through ~ 180° and so eliminate geometrical false 

asymmetries*

The counts given in equations 7*3 were now taken for spin-up 

(u) and for spin down (&)  Remembering that the effect of inverting 

the spin is merely to change the sign of jp 9 it follows that

1 - PA 4- A (P *

P2

ibur tale scopes were employed so that counts could be taken simultaneously 

at all positions indicated in Hg.l60 Because of this equations 7*3 

should now contain the efficiences of the telescopes, since these will
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in general differ* A monitor term dependent on the solenoid setting is 

also required sinoe all counts were again normalized by reference to 

a monitor of the once-scattered beam* However, the quantities 

r^ and rg defined above are independent of both of these terms* 

From equations 7*7 we define

«  1
7.8

and » (I - P9A») r2 ** - P, A,, - IP, A* * * ^ *

whence

£x - £2 - 2DP, A5

7,9 
and

In this esqaeriment known valuec of P, , P2 and A, were used to extract 

D and A2 fzom equations 7.9.

(^) \PParatus a The beam transfer systam was the same as for the 

polarization measurements described in previous chapters, see Big 2| 

a similar size and shape of beam was used* Hie arrangement of the 

apparatus in the experimental area is shown in Fig. 17. The 

polarization of the beam had been determined previously to be 

(46-1) per oent (H2J). The mean energy of scattering from hydrogen 
was 143 MeV, close to that of previous p-p scattering measurement?* 

The scattering chamber was 6 cm. long by 3 > cm* wide with windows 

of .002 inch Melllnexf a small target was used in order to avoid 

undue energy lose by scattered particles, ainoe the latter would
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reduce the analysing power of the third eoatterere. The beam was 

provided with a vacuum path for some distanoe behind the hydrogen target 

in order to reduce the background and random counting rates* Particles

scattered horizontally emerged through a pair of long Mellinex
/> 

windows* The third scatterers were 2 gm/cm blocks of beryllium

situated 80 era, from the hydrogen target, and were viewed at 12 

on either side as shown in fig* 17 by telescopes employing counters with 

thin scintillation crystals* Pulses from the five counters 

associated with each third scatterer were fed into a transistorized 

coincidence unit (BIB), which recorded triple coincidences for C,, 

C2» GZ and (Xt C,, C- respectively* & was incorporated with the 

beryllium target as a single unit*

The counters were mounted on plates which could be rotated in 

the horizontal plane about a pivot located directly below the centre 

of the hydrogen target* Alignment was carried out with a theodolite 

and trammel) and was facilitated by using accurately machined counter 

mountings, each provided with several degrees of freedom. Estimated 

errors in alignment ware 0.040 era. and 1 of arc* The scattering 

table, hydrogen target and counters were located with respect to the 

beam with the aid of X-ray films* Tlie 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, 50 counters in all, 

so that measurements could be made at 5 values of Q . simultaneously* 

(c) Accumulation of Data, Both senses of the 180° rotation of the 

polarization were used* The data were taken in cycles to reduce the
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effects of drifts, sad all counts were normalized by reference to the 

beam monitor* At each angle a range curve was taken in order to 

determine the amount of absorber required in the telescopes. 

Backgrounds were taken with the target empty and additional absorber in 

the telescopes* The background was 2 per eent or less at all angles 

except 13 lab^ where it was 10 per cent* Most of it derived from 

the target*

The analysing power A* could not be measured without 

removing the hydrogen target and for this reason interpolated mean 

values were used*

(d) Systematic Srrors. X-ray film studies showed that the residual 

movement of the beam at the hydrogen target when the solenoid 

condition was changed was less than 0»05 cm* Measurements with a 

small counter in the thrice-scattered beam indicated that the 

corresponding change in the third scattering angle was less than 0*014 • 

Corrections to the measured asymmetries were calculated using 

measured values for the rate of change of counting rate with ang|ef 

they were small compared to the statistical errors*

As fbr the polarisation measurements described earlier* the data 

could be combined differently to yield information about the

systematic errors* Sbr example, the mean of the ratios
N

I*M MS

and
LLR BE" LK~ RL' 

was expected to be sensitive to beam movement 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 

value was 1.002 - 0.025. Comparisons of this kind indicated that 

the effects of beam movement had been accounted for correctly*

Flnally 9 measurements at three angles frith an unpolarized beam 

gave a mean asymmetry of 0«0052 * .0070, comparing very favourably 

frith the expected value of zero*

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

shown in Pig. 18 together with those from the ^arvard measurement. 

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

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

of A, which were used, and measured values of Ag* The present results 

should be regarded as superseding the previous Harwell measurements. 

(*) Discussion. Perring (B27) has reported a phase shift analysis 

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

with data on the cross-section, polarization and rotation parameters. 

As described in Chapter 71, section 2b9 two solutions were obtained of 

which that designated solution 1 is regarded as the more probable*

P erring1 G solution 1 is shown in Rig. 18. Also shown are the 

predictions of the Ganmel-Thaler potential and of the recent potential 

of Say lor, Bryan and Marshal (R42). The latter employ energy- 

independent boundary conditions at a radius of about 0.5 x 15 * cm., 

with meson-theoretic tails. The potential gives a very good 

description of the p-p scattering data up to J10 MeV consistent with 

solution I of Stapp et al.



FIG.18 THE DEPOLARIZATION IN PROTON-PROTON 
SCATTERING AT 143 MEV.

HARWELL 

HARVARD

0 ( 40' e c.M.
..-••••• SAYLOR , BRYAN & MARSHAK,
--— GAMMEL & THALER. 

PERRING.

12O'



Pfiaae Shifts An Huoloon-Ifucleon fllastio scattering 

i* ^catteiluft of

«;o begin siith a noro precise statement of the definition given 

in Ci*eptaar I of phase shifts for the scattering of spin-sew particles* 

The diocussion is necessarily brief j for full details any textbook 

on quantum cebhanica should be consulted. (e«g« R28)

At distances large compared idth the range of the interaction 

the wave function describing the scattering must take the

. e lka

i«e«t a piano wave representing the incident bear, and an 

^heriool wavo oozreepondlng to the scattered parti cloo,

The ^-oneral solution of the Schroodini;er equation is, on 

the other hand* of the fora

* ldn

P (cos 9) is the Legendro Polynomial of order , identified with
i i 

particles of angular momentum ~K (^ ( 1+ 1))". Sbr a f^ven value of

and Sg are constants! la called a "phase shift". 

How the plane ware in equation Al.l oan be expressed 

aayng)totlcally as a superposition of spherical wavesi-
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V
£-J

413
FS»o the condition that j * a shall ba a purely outgoinga

spherical wave, we find frorj aquations Al.2 and 41*5 that A* -
A

X
l)t whence equation Al*2 gives

Conpartson of equations Al,3 and Al*4 ohove that the phase shifts 

have axaotly the significance aaoribad to them in Chapter I«

Prom the explicit form of tho scattered wave we otm obtain the 

scattering ainplitodes

1) A

and henoa the diffexontial

« |f (e> * X) P(ooaO) Al«6

'Jhe right hand side of equation Al*6 reduces to a power aeries in 

ooo O whose coefficients aro functions of the phase ahifts*

2. Scatterin/T of 3Din-One«HM£

(a) Pjare ITuol oar Scat taring* The extension to the scattering of 

particles of spin i baa been giran by Blatt and Bledenharn( B43) I



the following remarks are baaed upon their paper.

It will be asBuaQd that the tao-particle interaction is subject 

to the iiivaiianee conditions given in chapter I, section 3«b. Wave 

functions describing the scattering arc written in torms of the total 

angular nsonantuia J with ^ component r; f end total spin 8, all of 

wiiich GFG con served § together with the orbital angular momentum t

tiaich Is no longer a constant of tho ration beoawse of the tensor 

interaction in triplet states* Th@ ®pin-»angle depenaenoe of the 

wave ffcneticnc taken fhe fbrm

tern in brackets is a cleb©oli»0ordan eoeffloientf i is a 

epherteal haroonie and X a flP*n wsre ^>»«^i0»« ^>r singlet 

scattering and for triplet soattering with i * 3 there is no

the complete wave funotion is

- \ *w if M
* ^ Jl S 

where at lar^e distances

relation

B » SA

defines tlie "scattorintj mirix" S, which relates the outgoing part 

of the complete wave function to the ingoing part of the Incident 

plane wave. When relating the obserrables to the phase shifts
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(Appendix Zl) it is more convenient to use the H-matrix, defined as

R » S - 1 Al.10. 

This relates the outgoing part of the scattered wave to the ingoing 

pact of the incident plan® wove, either of these aatrioes provides 

a complete description of the scattering* Ibr each J, 3 reduces 

to a single nmabert of unit magnitude since the scattering is elastic. 

Thus

' S-O21 ^ 41.11.

Itois more formal definition of phase shifts is identical, lor no 

nixing, with that given above for particles of zero spin.

Zn the ease of triplet scattering with ^ « J - 1 there are 

radial waves v^(r) and w(r) for each £ and the complete wave 

function is now of the fbm

** If »0 s + i

for large rt

e

and similarly for w(r).

Jbr a f:iven J the scattering oatrix is now 2x2$

*i
B2

Al.13 -

general considerations it can be shown that 3 is both unitary and 

syometrio. Zt follows that the 2 x 2 oatrix in equation Al.13 cell
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be expressed in terns of three real parameters! these are called 

"phase parameters" ty analoay with equation Al.ll. Blatt and 

Biedenharndefine triplet phastf parameters ^ , ^ ands, whose 

significance is the following* The S-matrlx now has two eigen- 

lunations which may be labelled (X and/3, each eontaining a mixture 

of /« J-l and C * J+i partial waves in proportions determined by 

G   So eaoh eigen function there oorresponds an eigenphase shift ^. 

At very low energies the i m J £ 1 partial waves are separated tgr 

their different centrifugal barrier effects* This separation 

implies only that sin G - 0 at zero energy| with the condition that

G shall itself vanish it follows that at eero energy c^ and 

consist entirely of £ - J-l and £ « J+l respectively. At other 

energies the description of the seattering of either partial wave requires 

all three phase parameters* Stapp et al.(flO) point out that the 

Blatt-Biedenharn paranetization of the 3- matrix is in no sense unique 

and give an alternative definition of phase shifts* Theee "bar 

phase shifts" are more convenient when separation of the nuclear and

Coulomb terms ia proton-proton seattering is considered.
   -  > f 

(b) Oonlomb Bffoots in Proton-Proton scat taring. It has already

been pointed out that the Coulomb part of the p~p interaction cannot 

be treated V partial waves because of its infinite range* However 

the problem has been solved in the non-rclatlvigtio approximations 

equations suoh as U*8 renain valid if (kr) is replaced by (kr-n Iog2kr) 

where n « e2/fe ir 9 ^ being the laboratory velocity of the incident 

proton* S and R now relate to the combined effects of Coulomb and
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nuclear scattering. It is convenient to write

R » (3-S ) + R
A1.14.

the suffix c denoting Coulomb scattering. R can be treated 

exactly and gives the Coulomb scattering amplitude. 0( on the 

either hand contains nuclear effects only and can be expanded in 

terns of phase shifts} for example, when there is no mixing,

the Coulomb phase shift <t>f being given by
A I \,

In the absence of nuclear effects the ^ reduce to <^. If, and 

only if» the Coulomb force can be assumed negligible inside the 

range of the nuclear force then it follows that the scattering in 

the absence of the former would be described by "nuclear phase 

shifts" given by

V'
hen nixing occurs , the nuclear iar phase shifts are related to the 

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

corresponding relations for the Blatt-Biedenhacn phase shifts are 

much more complicated. More generally, equation Al»l6 is taken 

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

shift analyses are usually given in teras of these.
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Appendix II 

Formaljam of Nucleon-nucloon scattering

1. The M- Matrix.

From low energy scattering and the properties of the 

deuteron it was known long ago that the nucleon-nucleon interaction 

is strongly spin-dependent. Experiments at high energies involve 

the measurement 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 articles. 

These transitions were described by wolfenstein & Ashkin (H44) in 

terms of a 4 x 4 matrix operator «•

Before writing down the general form of the M- matrix certain 

vectors for the two-particle system must be defined* jk and 

k ' are unit vectors which define the direction in the laboratory 

of the incident and scattered particle respectively and £,£ 

are similar unit vectors for the motion referred to the 

oentre-of-a»ass system. In terms of these we define the following* 

fe A & f 8 = n /\ k1 ; A2.1n -
k A k1
1£ « E + E

£ or particles 01 equal mass, as here,
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*-" s • i » A. 2. 2

where the suffix t denotes the target particle.

olfenetein and Ashkin show that the M- matrix can be 

written as follows:

(21 . £ - i) «• c c

5P) . A2.5

the Pauli spin matrices for the particles. The 

coefficients A to F are functions of the energy and of the 

scattering angle 9 • For p-p scattering D«0 and this is true for 

n-p scattering also if charge symmetry is assumed.

Using the density matrix representation for the spin wave 

f unctions t an equation is obtained which relates the expectation 

value after scattering of any one of a set of spin operator? S 

to their expectation values before the scattering t

7 / <C i Traoe USS ) . A2.4 

V 

^denotes the adjoint matrix.

It is convenient to take for the operators S the components » 

16 in all as required to specify iff, of the following operators!

The expectation value of the spin of a beam of particles is 

referred to as the "polarisation" of the beam.
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Qbservables*

(a) Double Scattering > jcperiaenta. Equation A2.4 has been used 

by »olfenstein (H37) to define obeervables on nueleon-nucleon 

scattering experiments* The simplest of these involves the 

scattering of an unpolarized beam by an unpolarized tar et (it will 

be assumed that the target is unpolarized, unless otherwise stated). 

The unpolarized differential cross-section is, from equation A2*4»

Xo a 4 Traoe Ml|t ' *2 * 6 

and the spin of the scattered particle is given by

l- " Trace M«< A2.7O "" J- T 4 ""J.

i.e., tne scattering produces a polarization £,, where
Traoe

a Trace W ' 
a'rom the assumption that M conserves parity it can be shown to

follow that £, is in the direction of the unit vector in defined in 

equations A2*l»

Until the recent develo aent of polarized ion sources for 

accelerators (R45)» scattering of an unpolarized beam was the only 

method of producing polarized nucleons.

The beam of polarization P, may now itself be scattered. 

This will be a double scattering experiment and the cross-section 

at the second scattering is given by

I a I Trace MM* * £, • T Trace MJT Mf 4 —14 —i
A% A2.9= I (l * PI . A/o •** —

where
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A Trace M *r* Mf
A - ————— ̂ —— A2 .10

Trace MM f

£ is called the "asymmetry". tfith the usual assumption that M 

is invariant under time-reversal it can be shown to follow that

A2.ll

where ]> is the polarisation which would result from the second 

scattering if j» were aero. 

From equations A2.9 and A2.ll,

) . A2.12

If £. is known, then P, can be determined. In other words 

the double scattering measurement allows the analysis of 

polarisation effects*

(b) Triple scattering iixperiments. In triple scattering- experiments 

the first scattering provides the polarised beam and the third 

scattering is used to analyse the polarisation effects which 

occur at the second scattering*

folfenstein has shown that the polarization produced in 

nucleon-nucleon scattering *i*h an incident beam of polarization 

P can be written as

H O t •» * t» \ I C3 
r % . \n,, A KO ) I 2»o

Rl

-/

The suffix 2 denotes the second scattering. The triple 

scattering parameters D, H, R , A and A are, like ?^ 9 functions
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of the energy and of the angle of scattering; any four ol then 

are independent. D is referred to as the "depolarization"; it 

is a measure of the probalSlity that the incident polarization 

remains unchanged by the scattering. R is known as the rotation 

parameter sinco it describes the rotation of the incident 

polarization about the vector n9 .

from previous remarks a simple scattering cannot be used 

either to produce or to analyse a beam polarized along its direction 

of motion* Thus only D and H can be measured by a succession 

of such scatterings. For the remaining parameters auxiliary 

magnetic fields are required, to rotate the polarisation relative 

to the direction of motion, 

(c) Spin Correlation fr x^erimenta. Equation A2.4 also predicts

expectation values of the com on en t & of the operator 3~L O"~.*"*1 """2

The associated experiments involve simultaneous measurements of 

the polarisations of the scattered and recoil particles. Six 

parameters can be measured, two with an unpolarized beam and four 

with a polarized beam. Similar experiments involve the use of 

polarized targets.

(d; ftelativistic Corrections. The olfenstein-Aahkin formalism is 

non-relativistic. A completely reittiviatio treatment has been 

given by Stapp (K46) who shows that the relativistio correction 

takes the form of a rotation of the polarization vector about the 

normal to the scattering plane; it doss not therefore affect double 

scattering or depolarization measurements, for which the successive
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scattering planes are parallel (the oorreotion mentioned here is 

additional to the usual spin-independent kinematic correction.)

Observables in Terns of phase Shifts,

As has been seen in tho preceding sect ion, the observables 

in nuoleon-nucleon scattering are described most conveniently in 

terms of the spins of the individual particles. On the other 

hand* phase shifts are defined in terms of singlet and triplet 

states of the two-particle system (Appendix I). Expressions for 

the observables in terms of the phase shifts have been given by 

Siapp (R46), using the it-matrix defined in Appendix I* Both 

p-p and n-p scattering are treated j it is shown that the 

indistinguishability of the particles in the former can be allowed 

for by the appropriate antisynmetrization of the scattering matrix.

for p-p scattering in the approximation of S- and P- waves 

only, the following expressions are obtain- d for the differential 

cross-section and polarizations

sin2 ? * sin2 <fcp - S 2 ) + sin2

I o ̂  *% 9 f 1 2 C ? 2 I t C O » .» <c x. «» e _ii_ <- > •• —j .»•5 B^n /) > 3 ain ^ * 5 sin 0 - sinL
sin2 ($ l -i 2 ) J oos2 9 , A2.14.

K e ) * ( 6 ) - e «^n 20, A2.15-

where

and fx y] • »in * 8in
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k> O are respectively the wave number and scattering angle in

the centra-of-mass system. $ ia the So phase shift and
<rj 3the 0 are the P T phase shifts. These equations represent«i

the purely nuclear interaction! the Coulomb terms for the 

S- and P- wave approximation have been stated ex licitly by

Oarren
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Apendix

Multiple coulomb Scattering 

1. Theory

The theory of multiple Coulomb scattering has been described 

by Kossi (Mti). The formulae which are used below are taken fron 

a paper by Rossi and (Jreisen (R49)l they refer to the scattering of 
singly ohar&^d particles only and ar© approximate to the extent 

that no corrections h*ve tee^n iaede either for tho finite size of 

the nucleus or for screening oik the nuolear charge by electrons* 

however , these corrections are unimportant for the applications to 

be described (R48). 

There are t>o oaaea of interest!
f

(1) scattering by thin foils, with no energy loss. Tho «ean 

square multiple scattering angle, projected onto a fixed piano

containing the axis oi the beaa9 is

L 
* 2

where
t. a constant = 21 Me'/ ,
8

p » momontum of particle in MeV/o. t 

-g « ^yo as usual ̂

and t * thickness of foil in "radiation lengths". 

The radiation length X of a substance determines the rate at



which electrons lose energy in passing through the substance, 

according to the equation

B « K e o
X O

A3.2,

son* typical values are given in Table XXI.

TA.3LS XII RADIA' ION LENGTHS FOB VAJUOtJS
(

Substance

B

He

Be

f^ if1 > WM 
*J

CH

C

Al

Cu

2 X in gB/Ofl

138

144

85

57

55

52

26.3
13.3

(2) Scattering by a thick foil with loss of energy. In this

case
<9 2> I

2 A3-3

Suffixes 1 and 2 refer respeotively to particles entering and 

leaving the Bate rial, while

where B is the kinetic j energy and m the rest energy of the
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particle, both in lleV. 

2. applications

The following remarks relate to the geometry shown in 

Fig, 19 A, which was that used in the experiment, and to the 

scattering of protons.

(1) Comparison of various materials. For this purpose equation 

A}.1 Bay be written

= ooti.tant * ~

•I 2 where dE/dx is the stopping power in MeY.gm . cm. , and X the
2 radiation length in gta/cm . The corresponding lateral

distribution at the target is given by

Aj.5

where ^ » PC as in Fig. 19&. In every case the value of / has 

been taken to correspond to the aaount of material required to 

alow down the beam irom 150 Me? to 40 IteV; the value of 0.4 used to 

loo-te >he effective scattering centre, fig.!9A, was obtained from 

calculations for polyethylene. Fig.l^B shows r*m.s. values of

Q and of y plotted against the reciprocal of the radiation length. 

Polyethylene, CH2 t is clearly a very suitable substance for 

degrading the beam from the point of view of small multiple 

scattering effects; it is also a very convenient material to handle, 

and for these reasons it was used at all energies. 

(2) Multiple Scattering in Pol -ethyl ene at Various energies. 

The data of Table XIX1 were obtained from equation A3. 3
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and again refer to the geoaetry of Fig. l^A, The second 

column refers to a full-energy beam of zero cross-section 

(point beam), and the third column to the beaa used. The natural 

width of the latter was about 0*6 cm*, and has been approximated 

here by a Gaussian of standard deviation 0.2 OB.

The height of the full-energy beaa at the target was about 

2 cm. Allowing for this, it has been estimated that well over 

half the beaa intensity was accepted by the hydrogen target at 

•aergies as low as JO MeV. This conclusion is consistent with 

the observed counting rates,

TABL& XIII. MULTIPLE SCATTr'HIMG IN POLTKTHILRItt

Final Energy 
MeV

20

40

60

60

100

120

1$0

r«tt.s. spread of beaa at target in oa*
point beaa

1.44

1.21

0.99

0.78

0.62

0.44

0.00

finite beaa

1.46

1.22

1.01

0.61

0.66

0.46

0.20
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