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ABSTRACT

The polarization in n-p écattering-has beén measQrediat 21.6
MeV using polarized neutrons from the T(d;ﬁ)aHe reaction. The
v measUring instrument was an anthracene scintillation polarimeter.
A critiCal assessment of this polarimeter wés made, and extensive
refinements to the polarimeter were introduced so as to minimise
perceived sources of systematic error. These included imprqvements
both in instrumental design and data reduction techniques.

THe present n—p'polarization results are compared with
earlier measurements made at similaf energies. T:he’APLS and ADLS
phase parameters derived from the data are: 0.880° + 0.023° and
0.12° + ¢9.01° resbectively. The data are éompéred with the phase
:shift analyses of Afndt et al éhd'oF Bohannon et al . A comparison
is also made with the n-p polarization predictions at 21.6 MeV
given by the Pafis-potentjal, which are found to be'in good
vagreement with the_dataf |

The use of the polarimeter as an énaiyzer was investigated by
measuring the polarization of neutroné From fhe T(d,ﬁ)aHe reaction
at reaction angle 25° ahd Ed=5.6 MeV. The value obtained.-P=O.110
* 0.015,vindicates a depolarization resonénce, confirming the
suggestion of Mutchler et al. fhét the 5He resonance at 20 MeV may

introduce a strong perturbation in the T(d,n) po]afization at

Ed=5.6 MeV.
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CHAPTER 1
INTRODUCT ION

1.1 N-N force

The two-nucleon system is the‘oldest and most thoroughly
investfgated strongly Tntefactiﬁg sysfem. The.study of this system
is directed largely at understanding the N-N force in the sense |
‘that this is treated as a basic force; it is basic'to the
nucleus.

The'aim of these studies is the understahding of the laws
governing the forces between nucieons aé.completely as possible,
.and to achieve this it is necessary to measure the N-N ifiteraction
;in detail for compari;oh with theory. The interaction serves as
a basis For a fundamental understahding of nucleér structure and |
hehce is-the key to é,vast area of physics. The N-N system can
also be USedAaé a pfoving Qfound for general tﬁeories of
eiementary'particles (e.g. tests of group theofétical schemes;
té§£s‘of general conservationviaws).

" The conventional way of studyiﬁg the nuc]ear‘Force is via
scattérihgvampiitudes,‘ﬁhase shiFts.'and phenomenological forces.
Theée should, ih‘principle. be'deriQable'From the more recent
theorjes, such aé the quark;gluoh—bag picture, through quantum
chromodyﬁamics .

"A.review of the conventional attempts at understanding the
‘nucleon-nucleon fntéraction is.given in the following sections.
This is Follbwed by a very brief summary of Quantum chromédynamics
and its use in aidiné the study of the nuclear force. Thereafter

the experimental aspects contributing towards an understanding of



~the nuclear force are described with particular reference to the
role of phase shift parameters, and the importance of spin -

dependent experiments such as polarization measurements. -

1.2 Nucleon—nucleon potentials

 ln generai'the potential V between the two nucleons, denoted
1 and 2, has the Functional.dependehce-V(r.ol,oz,L), where r fs
:the-interparticlerdistance; 61 and‘o2 aré the.Pau]i spin
operétors,_and L is the orbital angular momentum opérétor. The
.dependence<oF V on ol,'oz.and L exhibits the maximumvcomplexity.
allowed withih the festrictioh implied by‘rotétfonal, reFlection'
and time—hevgrsal invariance. The'inféraction diFFefs in each
 spin—pafity state, and exhibits significant_non?locality*6r~A
:velocity dependence as well as a ten#dr.coﬁponent and épin—orbit
coupfing.‘Certéin Featureé oF‘the NN interaction are qualitatively
'qhderstoéd, notébly the_existencé of

| i) .]ong—range attraction;

. ii) short-range repulsion;

ifi) a tensor force of moderéte range; and

iv) a spin—orb?t force of shorter range.

A quantitative understandiné of the N-N interaction is more
;éomple*. As a'resUlt'oF this compliexity, one abproach to fhe'NfN
fntéfactfon has been to‘take advantage of the progressvin
‘vexperimentai work,. and tovabandon thé diFFicu]t task of searching
for a_satisfactbry theoretical mbdel._' Instead, more or less
arbitrary'empiricalVparametrisations of bhase shifts (Livermore
A'group(MA69),‘Yale gfoub(SE68). Arndt et al. (AR83) ) or potentials
(Yale(YA62), Hamadavand.Johnston(HAGZ), Reid(RE68), Spruhg and de

Tourreil)(SP73) ) have been proposed to fit the two nucleon data.



'ﬁécent potential models such as the Paris potential (LA75) are
more_theorétically based'withnfar Fewer,adjustable parameters.
Once the free pafameters are determined by such fits, these
potentfals aré, in turn, used in nuclear structqre calculations,

sometimes with success.

EfForfs to compute the potential from a'éombfnatidn of field .
theory‘and'dispefsion theéretfc techniques are based on the
Folfowing assumption'(N077) - that‘the problem is to calculate
that_Function which, when used in.somé non-relativistic
Schroedinger-1ike éqQatibn, will reproduce the two-nucleon on-
shell scattering observables. ' Although there is no theoretical
Quarantee that the potential sO defined is approbriatewtglgse for
 ,jsystems with more than two nucleons, this method of attaég is
showing promise. A brief summaryboF this approach Fdllows. -
| | From a purely_thegretical point of view,Athe most
31gniFiéant aannce was the meson thebry’oF nuclear forces
proposed by Yukawa.(YABS) fn 1935.. The main result of this
theofy,ghémely the one;pion—exchange_(OPE) contribution to the ‘NN
interaction, survives intact today. Howgver, when one performs a
detailéd analysis of the wealth of nucleon—nuéleon data, it is
soon apparent that the "OPE contributionbgives a good descriptidn
of the interaction only at very large distances (r > 2 fm) and it
has to be supblemented by Further contributions._Three approaches
have been developed, namefy: |

i) The field theory viewpoint

Specific fundamental Lagrangian models are adopted, and
the OPE contribution can be regarded, in a perturbation theory, as

a'an:ordér process of a fundamental pion nucleon coupling. In



this scheme, it is natural to cohsider also the next-order
-pfocesses. inbpérticular the 4th order terms i.e. the exchange of
“uncorrelated pions (see figs. l.ivand 1.2). A weakness of thfs'
-a@pproach is that-the validity of using perturbation theory fn
strdng interaction processes is questionable. Also, the meson-
meson interaction exists independently of perturbation theory and
_shou]dube'acéounted for properly in any\realistic theoretical

model .
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- Fig. 1.1 The one- pfon -exchange “Fig. 1.2 The "4th-order

contribution to the nucleon~ contribution" to the nucleon—

nucleon lnteractlon. . : nucleon interaction.

ii) One'boson exchange hodels

| With the discovery of the p and fesonanées, the OPE was
generalized to models (OBE)‘which>consider the exchange of non-
stfangé mesonic resonances as.béing responsible for the medium and
shdrt range Forées. 'These'hodels are very appeéling because of
their simpliicity, but they also suffer from imperfections. To fit
Ithe data in these models one alQays néeds the exchange of a

fictitious scalar particle, with a low mass of 400-500 MeV, to



provide some intefmediate range attractive Féﬁces_that are not

R accounted for by the exchange of observed résonancés. The
existenée of such a‘partic]e is not supported by ény experimental
evidence. These models also suffer from'the de?ect of treating
the massive composite systems which decay very rapidly, as stable

particles (zero width approximation).

iii) The hybrid approach

| In‘more receht.yearé (1973 onwards) a meson theory OFl

" nuclear forces has been developédvthat combines the best features

',OF the field theoretibal‘and.the OBE calculations. This approach
- of Lacombe et al (LA75) has produced a semiphenomenological model

‘,reFerred to 35 the Paris pote&tial; This potential is now pérhaps

the host extensfvely uéed huc]eon—nuc]eon potential available

today.

1.3 The Pari$ N~N‘potehtial' (This summary is based on an articlé

by R. Vinh Mau (VI77) and subseguent relevant publications)
THe‘approach is based oﬁ two prerequisi£e demands:
i) Only nucleons and pions can bé treated as particles and the
rapidly decaying nuéfeonic‘and mesoninresonances.must be regarded
as composite Systemsﬂ This requires that nucleon-nucleon forces
should be studiedvin coannctfon with the_kﬁown propérties_oF
meséns. their interactions with themselves énd'with nucleons; and
ii) Perturbation theory musﬁ be‘avoided;
A nucleon-nucleon interaction has been.derived from nN.and ikl
interactions,‘which includes the OPE, correlated and uncorrelated

two-pion-exchange (2nE), and w-exchange contributions.The



interaction, in configuration space, is written as a series of

"terms:
~/t'r v ® ~/t'r
e e .

» : ' [ ' ] ——— ]
pzn(w,t ) - at' + . pBH(w,t )’ oy at

. . + etc...
where:u = the pion mass; _
g = pion nucleon coupling constant; and

w and t are related to the nucleon four-momenta.

The sﬁcéessive terms correspond to the OPE contribution, thé.ZnE
1contribution,‘etc. The whole dynamics of the pfoblem is‘
vcohtainéd in the spectral function p,_, p5 , etc.

The OPE éontributién gives a good account of the peripheral
‘nuc leon-nucleon phase shifts and, therefore, of the Tong rangé
part of the interaction. The underlying belief is that most QF
the medium range-Forces are correctly giveh by the 2wE when the
1atter is properly determined.

Ericson and_Miller (ER83) ﬁave resoived the ldng—standing
discrepancy of the charge-dependent NN scattering lengths ;i.e.
" the pfoblem of understanding the difference between p-p (or.n—n)

and n—-p singlet scattering»at‘threshold, as a'natural, though,non—_

. trivial,vconsequence of OPE, 2wE and (vymw) exchahge; No anomalous -

fnteractions'need be invoked. Their result should therefore be
viewed as‘nbn-tfiyial quantitative evidenée,For the importance of
2nE at intermediate range.

With a view to échieving an accurate caléulationvof the 2+wE
contribution, ﬁhe required two-pion spectral function is related,
via a set of equétions, to the pion-nuctleon and pion—pion 
interactidns; "~ The p}on—nucleon scatterihg is very accurately
known by varfous phase shift analyses, and the S_ahd P Wave pion-

pion interaction'has also been extensively studied. By using the



former analysis as input, all the nucleonic resonances are
automatically included since they are contained in nN phase
shifts. The w meson is a narrow 3w resonance, and its exchange
is considered, to a good approximation, as a.single particle
exchange. The dominant forces provided by the w meson exchange
contribution are repulsive.

These theoretical descriptions give a good accounf of the
long and medium range (LR+MR) N-N forces as demonstrated for
example by the Facts that: i) the low energy (up to 330 MeV)
peripheral (J > 2) NN phase shifts calculated (V172) from the
theory are in good agreement with the experimentally—determined
phase shifts; and ii) an equivalent poténtial derived from this
(m+2n+w) exchange interaction compares very well with succéssFul
phenomenological potentials such as Yale and Hamada—dohnstondeWn;
to internucleon distances r = 0.8 fm. (CO73). More recently (LA8O0)
another part of the 3n exchange represented by the term Al has
also been included, giving four adjustable parameters in all. To
summarise then, the long and medium range parts of the
interaction are taken from n,2n,w and Al exchénge. Coupling
constants of the w and A, are fitted, and the 2n exchange is
calculated as explained above.

The description of the short range (SR) part of the
interaction is related to exchange of the three pion and higher
méss systems, and/or to effects of subhadronic constituents such
as quarks, gluons, etc. Since no satisfactory theoretical model
for the SR forces has yet been found, the provisional viewpoint
has been to adopt a phenomenological description with the

accurately determined long and medium range (LR+MR) interaction



providing strong constraints on this SR part. The complete
"potential is then written as

V(r,tE) = v ' (r,£) f(r) + V

theor (roE) [ l"F(r) ]

Phen
where £ is the c.m. energy and where

f(ry = (pr)® /7 {1 + (PM)® )
fs a function desfgngd to cut ofF vtheor rather sharply at r =
0.8 fm. Both Vtheor and VPhen contain central (C),spin orbit(s0),
spin-spin(5%), tensor(T) and quadratic spin orbit(502) components.

It was found that the central component of the theoretical

potential has a weak but significant energy dependence and that

this energy. dependence is , in a very good approximation, |inear.
Hence
Vtheor(r'E) = Utheor(r) +E wtheor(r)

where W (r) is zero for the SS,T,50 and S02 components.

theor
The short range part is also assumed to be energy dependent, and

for simplicity VPhen

and therefore is only a function of the energy. The composite

(r,E) is taken as constant with respect to r

nature of the nucleon suggests that the short-range forces are not
infinitely repulsive, and hence the condition is imposed that
VPhen be finite at r = 0 (soft core).

A first fit of the Livermore energy-independent phase-shift
analysis[MAW] (MA69) revealed that VPhen (E) is a linear function
of E for the C component and almost constant for the other
components. Therefore vPhen(E) is taken to be of the form C +
C’E for the central component and constant for the other terms, so

that the complete potential V(r,E) is written as

V(r,E) = U(r) + E W(r)



with

U(r) (r)f(r) + C(t - f(r)l] and

= Utheor

W(r) = W (F)F(r) + C'[1 - £(r)] »

theor _
C’ being zero for the SS,T,50 and S02 components. V(r,E) now
contains six free parameters for each isospin state, T = Q_‘or
T=1, namely CC' CSS' CT' CSO' C502 and C'C.

The determination of these core parameters was found (LA8O)
via a two step procedure, first the best fit of the MAW phase
shifts was searched for and then the results were tuned up by
fitting the data themselves. The data used consisted of 913 p-p
scattering data points between 3 and 330 MeV and 2239 n-p
scattering data points between 13 and 350 MeV. The x2 per
degrees of freedom ére as good as, if not better than, the ones
given by the best phénomenoldgical potentials which contain many
more free parameters.

This model in which a definite separation between the
theoretical and phenomenological parts is made, was.designed for
providing a clear physical insight into the probiem. It has also
been parameterized (LA80) in a simple analytical form for

practical use in various many-body calculations.

1.4 QCD and phenomenological models (based on 1S83 and BR83)

Over the last decade, the proposal (GE64 and ZW64) that thei
proton, neutron, pfon ana all other strongiy interacting particles
- the hadrons - consist of quarks, has become firmly established.
Quantum chromodynamics [QCD] (FR73 and NA66) is a generalization
of quantum electrodynamics - the theory of photons and electrons

that underlies atomic physics. Instead of the electron, QCD has
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the quark; 'instead of the photon it has the gluon. The
."generalization" that-extendé QED to QCD is that while electrons
‘come in only one (electric) charge "state", quarks comé in three
{"colour") charge states; Another crucial extension is that
whefeas thevphotdn'is uncharged, the gluon itself must carry:
tolour charge so that colour can be conSerVed in gluon emission or
absorption transitions. QCD is still in its infancy, with rather

+

few rigorous results having been derived from it so far.

At distances between 1071 ang 10713

hetres.‘the interquark
force begins to deviate from Coulombic(l/r) béhaviour‘and becomes
aulinear potential, corresponding fo a. constant force. This
fransftion leads.tovthe confinement of quarks and explains why
free quarks are not seen in nature. In the éonFinement region
the coupl ing between quarks and glpons becomes very strong, and
little is undérstood_becéuse pertUrbative ﬁethods fail. However,
progress is being made alohg many lines of attack. These include
a technique pioneered in the Soviet Union (ZA80), numerical work
on field theories known aé "lattice gauge‘theory" (WI?@) and
simplified gquantum field theory models thatiéan approximate QCD.

Somé models For.con?inement are not based bn the concept of a
_ potential. Foremost among these fs the "bag model" (JO75) based
on field theory in a cavity that confines quark and gluon'Fields,

A recent extension'to the bag model, called the ;hiral bag
mode | (BR79,M181,BR86) , proposes that the nucleoh‘s central core
of guarks is éurrounded by‘avcloud éF mesons. The pion cloud
exerts a pressure on the fnternal confinement region, and together
they constitute the total physical extent of the nucleon.

‘This picture, when applied to interactions in nuclei, leads

naturally to Yukawa‘s_meson—exchahge description [OPE]. The
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exchange forces, which are the source of the forces between.
nucleons, involve the exchange of virtual bosons; namely a m , p
- or w meson (one boson exchange models).

An important feature of the nucleon-nucleon interaction is

‘the strong repuision resulting from w exchanges. In calculations
o? the bag-model type, the w-exchange potential will begin to cut
" of f when the bags begin to merge{ HoweVer, the coupling constant

fs Yo Iafge thatveven a small remaining part oF‘the'w—exchange
potential will_play a more important role than perturbafive gluon
exchange in the interior of the bag. [t is the great strength of
the short-range nuciear interactions that makés them essential in
nuclear physics as compared with interactions from gluon exchange.
~This repulsion between bégs may be the reason why effects
from quafk substructure may be hard to see in low-energy nuclear
- physics. jt séems, theréFore,.that the interaction of two
nucleons fs well'deséribed‘by the boson ex¢hange model,
regularized at short distances tovtaké account of the quark core.
Along these lines a hybrid quark—baryon mode | for nuclear forces
has recently been proposed (WA84), which simultaneogsly'
incorporates the quark- and gluon- exchahge-mechanism at short
distance and the méson—exchangé mechanism at long and intermediate
distances. fhis model has been shown to explain the observed NN
phase shifts fairly Qell, almost comparable with the_
phenomenoiogical treatments‘of Reid (RE68B) ahd Hamada-Johnston
(HA62). Once thevhighly nonperturbative aspects of QCD are
understood, knowledge of the étructure of the nucledn will provide

constraints on how and what boson exchanges intervene.
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1.5 Experimental Work
N-N phase—shiFt'analysesbafe essentfal because they prdvide
" a way of summarizing exper imental results in a hore or less model
independent form. As such they form a conyenient‘Meefing ground
for experiments and theory; An out]ine of the partial waQe
descriptioﬁ aed the procedures_ueed for deterhining the phase
shifts is presented in appendix l.t.
| New experimentelon the N-N interaction at low energies (E <
100 MeV) continue to be of coheiderable_intereetQ This is
because'the knowiedge eF the low—-energy phase shifts depend; on
the correctness of the exfrapolation methods used in energy-
dependent,phese‘shift analyses in which certain theoretical
assumptions arevused to anticipate the»behaviour at low energies
“From the analysis oF_data at higher energies. _in general then,
" amongst ether_things, experiments on low-ehergy.nucleon—nucleon

scattefing‘provide a test of these theoretical assumptions.

1;6.Polarization
| The number of phase shifts which are requireditQ'aCCUrately

describe NN scattering increasee rapidiy wfth energy, end é_
knowIedge'eF only the differential and tota} scattering croes—
eections for unpolarized nucleons ié.insuFFicieﬁt to determine
these phases. Fortunately a great deal of inForhation can be
v,obtained by scattering polarized beams; thet is beams in which the
spins of the nucleons are not randomly oriented, but have some
preFefred djrection. 'As,a reSult_hfghvpkecision polarization

_ meésurements are Qesikable becéuse they make an important

contribution to the reduction of phase-parameter uncertainties.

N
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For spin-1/2 particles there are two spin states which may be
conveniently referred to as "up" and "dan". [f the number of
bartjcles:in the beam_with spins along and opbosite to the
preFerred»directionbare Nt and N+ , then.the polarization of the
beam is defined as P = (Nt - N¢)/(Nt + N+).

At the time of the 1980 polarization conference (Santa Fe).
only a few precision experiments on NN scattering atvlow energy
were reported, and it was suggested that‘meaSUEements of this
kind, with polarized beamé,'shoﬁld be continued.

| The analyzing power in n-p elastic scattering:is determined by
séattering a polarized neutron beam from a hydrogen target. Then
the IeFt—rith_asymmetry £ = (NL—NR)/(NL;NR) where NL and NR'are
the number of neutrons écattered to the left and right of the
incident beam direction,resbectively. The asymmetry is related to
where Pin ,i;

C

‘the polarization by the formula E = Ay(e)..Pinc

: the-polarigation oF'the incident hthron beam, and Ay(e) is the‘
analyzfng‘poﬁer for the scattering angle 8. It can be shown that
the analyzing bowef is equal to the neqtron?prpton polarization
'Pnp(é).

Experiments on n-p scattering are inherent]y'less accurate
| than’For pP-p scatteriné although.considerabie progress has been
made in recent years. The n-p scatteriné occurs in both T=0.and
T=1 isospin states. If the charge independence hypothesis holds,
the.T=l amplitudes as meésured in p—-p and n-p scattérihg should be
identical in all but electromagnetic effects. This assumption.is
needed‘For the analysis of n-p écattering dafa. The isospin-one

n-p phases for 1 > 1 are obtained from p-p experiments, and the
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n-p data in effect are used to find primarily the isospin-zero
phase shifts which do not enter in the p-p system. The Tow

‘ energy data fixes the_FollOwing phase parameters (see Appendix

1 3

1.1) : 351. Pl’ 3Dl 2.3 @nd g, which couples the J = | states S,

' and_BDl.

1.7 n-p polarizatfon data at .10 <_§n_< 30 MeVv

The moré recentjn;p polarization data_ih this energy range
- are §ummari5ed.ih table 1.1. A brief discussion of this work is
now given. |

Tornow et'al. (T080) have‘reportedvaccuraté.analyzing power
measureméhts_Fbr n-p’scatterihg“between 13.5 énd 16.9 MeV. They
. showed that'their data, espeéially at 16.9_MeV;'difFer from
' results of fhe YALE—IV_(SE68), Livermore-X (MA69)vand Arndt et al.

(AR77) phase-shift analyées. Subsequently the predictions of the

o Paris.potential'on'the polarization and on the phase shifts at

16.9 MeV were presented by Cote et al. (C080). The polarization
'meaéurements oF Bfock'et.él. (BR78) at 14.2 MeV were also included
jn the comparison. 'The'agreemenf bétween.the Paris prediction
aﬁd_the'experimentél data ForvP(e) is excellent at 14;2 MeV, and

: fairly good at i6.9 MeV (see fig.l.3). More recent, but less
‘precise, measureﬁents at 17 MeV from Karlsruhe (Wi84) are in good
ggreement with_thé precise'data of Tornow et af.' Cote et al.
sgggest that thesé high-precision n-p data should be used to learn

I

P £

more about the T=0 Fofce. in particular the and triplet D

1’1
“phases in a IbcaT]y energy—dependent phase—shift analysis using
exact formulae with high partial waves constrained by OPE. Brock

et al. (BR81) suggest that the 14 MeV to 17 MeV n—p‘analyzing

power needs to be found, over as wide an angular range as
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Table 1.1 Summary of the more recent‘Pnb data for 10<E_<30 MeV.

Name & reference Typea) En (MeV) angular range
' (deg. c.m.)

Tornow et al. _: (T0805 E © 13.5 - 16.0 90
Tornow et al.  (T080) E .- 16.9 50 - 145
Brock et al. ~ (BRBO)  E 14.1 | 50 - 157
Jones and Brooks (JO74) E . 16.4 & 21.6  , 50 - 170
Morris et al.’ (MO74) Ev '_ 16.9 & 21.Lv,' 40 - 140
'(Wilczynski_et al.(Wwis4) E ‘”17.0 - 27.5 33 - 151
Barker et al.  (BAB3) E 25 120 - 150
Bohannon et al; (BO76) . P ZS.O L
Cote et al. (CO80) T - 14.2 & 16.9
a) E expétimental measurement;vPv= phase shift analysis;

T = theoretical calculation based on potential model.
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possible, to an accuracy of at least 0.002. This is needed to

check the result of their ahalysis which suggests experimental
evidence for an isospin splitting of the triplet P-wave phase-
shifts but in the opposite sense to that used in the phase shift

analyses of Bohannon et al. (BO76) and of Arndt et al. (AR77).

4
.03 p@ «F""“T‘ . Paris
' e o, Arndt —----
.02 K
L7 Tige 169 MaV [‘\\
014 7
/ * Tornow & al. e
.00 MBI SEN Saer S S T !!ﬁ T \\\l >
002.. ",— - ~—
01 7 T 142 Mev N
J 1’ll . . \\\\\
Z *Brock & al. ~~. &
.00 ‘ ~. cm

0. 20. 40. 60. 80. 100. 120. 140. 160. 180.

Fig. 1.3 n-p polarization measurements at 14.2 MeV and 16.9 MeV.
The dashed line shows the 1977 Arndt phase shift analysis (AR77).

Figure from CO80.

The n-p polarization measurements of Jones and Brooks at 21.6

MeV (JO74) and Morris et al. at 21.1 MeV (MO74) were presented as

motivation by Bohannon et al. (BO76) for their re-evaluation of

the entire n-p and p-p data set between 20 and 30 MeV. This was

reported in 1976. The phase parameter values were compared with

those from the previous phase shift analysis by McGregor, Arndt

and Wright [MAW-X] (MA69). The inclusion of the new data
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noticeably changed the central values of the isospin-zero phase

shifts and reduced their uncertainties. More specifically: (a)

1 3
l'
standard deviations; <(b) the phase parameter standard deviation

for the 35l dropped to 60% of its former value, while that for lPl

Sl' el and 3Dl central values changed by more than 2 new

decreased to 70% of its former value; and (c) the evaluation
fixed €, at +1.03° £ 0.57°, whereas previously the value was
negative in contradiction to expectations from the deuteron data
(from the sign of the gquadrupole moment) and from models.

In particular the Bohannon analysis illustrates the
usefulness of accurate polarization data in the determination of
the D-wave spin-orbit phase-shift combination, which gives
information on the various 3D phases,

D 3

. ' 3
ie. A Ls = (-1/60) (9 D1 + 5 2

It has been pointed out (by Morris et al. and by Haeberli (HA77) )

D, - 14 7Dy) .

that there is an unexplained normalization discrepancy between the
publ ished data of MO74 and JO74. Bohannon et al. have suggested
that the discrepancy between the data sets could be fairly well
resolved by, for example, measurements of n-p P(70°) and P(120°)
to an accuracy of *0.001.

Since the time of the Bohannon et al. phase shift analysis,
Brock et al. (BR81) indicated that the JO74 polarization values
required édjustment to account for updated incident beam
polarization values. This suggested that the MO74 data should also
be checked. On doing so, an inconsistency was noted. Although it

was stated that Pin =0.35 was used, on checking their Pnp values

c
Pinc=0'50 appears to have been used instead. Both J074 and MO74
polarization values have therefore been adjusted as follows. In

both cases the published asymmetries have been used, and the
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appropriate updated fncident beam polarization values used to re-
calculate the analyzing power values (details are given in
~appendix 1.2). The Jones and Brooks values are now smaller than
previously and the Morris et al. values have been fncreased by a
large amount. The published values and the adjusted values are
shown in fig. 1.4. It can be seen that there rgmains a
discrepancy between the two experiments. More recént data at 22
MeV from Kar]sruhe (WIB4) are in closer agreement with the
corrected values of Jones and Brooks.

These two sets of data (JO74 and MO74) made an important
contribution to the Bohannon 25 MeV phase shift analysis, and
unfortunately the adjustments to the data mean that some of the
phase parameter values are probably in érror.vnecessitating
another re-evaluation of the data set.

The Bohannon analysis also shows a Coulomb splitting

3

ATP between n—-p and p-p scattering consistent with zero. If

LS
the splitting is as large as expected.From various models (it is
estimated as being about 0.08° near 25 MeV) it should be possible
to detect it if analyzing power measurements are found to an
accuracy of at least 0.002.

Another aspect of interest.is whether or not the n-p
polarization data at these energies favour zero-crossing
solutions, which demand the inclusion of F-waves in the phase
shift analyses and current phenomenological potentials. One n-p
polarization measurement at 25 MeV (BAB3) indicated that zero-
crossing seemed to occur at eCM = 150°. However a subsequent and
very recent large-angle measurement at 25 MeV (SR86) completely

rules out this possibility. This large-angle measurement is

considered more reliable because instead of detecting low energy
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Fig. 1.4 Polarization data (refs JO74 and MO74) for E =21.6 MeV
(a) original values; and
(b) adjusted values (see appendix 1.2).
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neutrons using a conventional polarimeter (see fig. 1.5), use was

: made of a qounter telescope For'the recoil protons.

target'

:

cell

- Fig. l.S»Schematic view of thé_arrangement for a conventional

_ neutron polarimeter. S is an active scintillation scatterer, DL
and DR are neutron side detectors. S is bombarded with a source of
polarized neutrons, and the scattered neutrons are detected in
coincidence with the recoil protons. '

1.8 Motivation for additional meéSurements

~There is'continuing interest in Pnp for T=0 phase shiFt
vparameters..HoWever, the presently available.data ére inadequate
in terms of accuracy and inconsistencies. There is also interest.
in isospin spiitting, and speciffc Features like F-waves.

_The level'of.precisionvrequired to meet these objectives
demands not oniy high statistical accuracy, but also a matching
control over systematic errors. Conventional double scattering
experimgnts (see fig. 1.5)'detecting neutrons (in coincidence with

the recoil protons) usually face problems in obtaining good



RN
<

statistic§ uniess a "large" (>100g) active §cattering target is
used. This in turn introduces the need For large multiple-
scattering corrections. The énthracené crystal polarimeter (BR74),
on the othef hand, gives high éFFiciency (~100%) in a small active
target. |

This wofk uéed a'redesighed anthraceneApolariméter with
modiFications aimed at élfminating ihstrqmental errors as far as
nossible and calibrating scattering'ang!e uhambiguously. The

analvzing power Pn

o at 21.6 MeV was measured using polarized

- ! -y - 4 - -
neutrons»from the T(d,n) He reaction with pinc=0-25~ This was the

oniy convenient source of poiarized neutrons locally available.
Facilities for rapid reversal of the incident neutron beam
polarization, now so common in P meésurements,'were not locally
available. However, the teatures of the modified anthracene,
oolariméter Krotétjng crystal)'are such that this disadvantage is

minimised.
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CHAPTER 2

THE ANTHRACENE SCINTILLATION POLARIﬁETER

-2;1 Brief Review
Preyidus n~p and n-d analyzing power measurements (JO74 and
"ST75) made at the:NétionalvAccelerator.Centre (NAC) were carried
out using the scintii]ation,polarimeter (8R74).developed at the
'University oFiCabe Town (UCT) (Seé Appendix 2.1). This
polarimeter measures the left-right asymmetry, not of the
_séattered neutron, butvoF the associated recoil particle (protoh
or deuteron). The neutron scatterer is an anthracene (or
deuteréted ahthraéene),scintillafién cfystal:in which the recoil p
.(or'd) is intefhally detécted. The method utilizes the directional
g éffects.;Tssz,BR74) assoéiafed with the scintillation propérties
boF anthracene crystals. The direction dependénceé of the |
'scintiliation response and the §cintillatioh décay of anthrécene
are iiluétrated by two—parametet analyses df‘the photomulfiplier
‘ outputs,.L énd'S ’ For_monoenergetié neufrons (fig. 2.1). For
‘ énthrécene crystals the direption of mfnimum”L coincides with the
Crystal b—axisvahdvthat of maximum‘L coincides Qith the arfiFicial
C’—axis. de?ined as the dfrectioh ﬁerpéndiculaf to thé ab—blane of
the crystal.

The pulse shape disérimination (PSD) anisotropy
Chafacteristics'arezsuch that S is maximum when L is minimum and
vice Versa (8R74). An optimum orientation for asymmetry
measurements is one fn which there is maximum'vafiatfon of § for |
vproton‘reCOjls to léFt and rfght of the neutron beam direction. |

This is achieved if the a-axis of the crystal is_alfgned vertical
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(.so that the bp’-plaﬁé'is horiéontal.) and the neutron beam

. direction is at an éngle’oF 30° to the b-axis » a@s shown in fig.

_2;2f An L—S'spect;um obtéfned at this crystal bfientatiohfis'shown

'in:i36metric projection in.Fig. 2.3. It can be seen that the

proton events form two ridges over most of the length. These

ridges correspond to protons recoiliﬁg into the forward quadrants
on either side of a vertical pltane through the neutron beam. Byi
comparihg the numbers of counts under each ridgé, the ]eft—right

~ asymmetry of the proton recoils within thé'éryStal ca6 be

determined. o » . ‘_

This technique hasvbeen déscribed by Bugg (BUB1) as being fa
truly remarkabie'deve1opment"'which dééerves wide application in
thei determination of the po1arizatfon of low energy neutrons.

_ Thé scintillation poiarimeter has the following advantageous

- features:

i) vTHerenfs a high counting efficiency because primary scatters
ake detected inciuding the non-planar (azimuth) events;

ii) rdata arevcollectéd'Simultaneously For_all scattering ang]es{

iif) multiple neutron scatteriﬁg is éstimated to have a negligible

| effect on the observed asymmetry because of the small |
dimensibns of the scintiilation cfystal_farget;

iv) the polarimeter may be used in an open geometry (since no
shadow bars are rquired as is the case Fér the side
detectors of a conventional twé detector arrangement),
thus eliminating the need for corrections to account for

'bOSSibie_sources of iﬁ—scattering; and

v) a]though a high intensity source (e.g. the 2H(a.3)3He

reactidn) with high incident neutron polarization would be

preferred, low intensity sources of polarized neutrons, such
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as the T(d,ﬁ)AHe reaction, can be used to good effect. This
s because a high count rate is still possible a8s a result of

(i).

2.2 Further Developments

Al bolarization experiments>have some means of effectively
‘ int¢rchangfng the number of scattered particles to the left and
| right of thefincidént beam;' In the last decade or so this has
usuéily'beéﬁ achieyéd by -inverting the sbin stafe_of the incident
beam; either via:sbin—precession of the neutron beam itself, or,
when a polarization transfer reaction is the neutron 50ur¢e. by
invertihg the spin state of the charged particle used to induce
 that reaction: When spin-reversal is not avaiiable. theﬁ. in the
'cdnventional double scatterfng polérimeter for example (see fig.
;1.5)} the left-right detecfofs may be mechanical)y interchanged.
fﬁis procedure is aimed at eliminating systematic false
asymmetries arising from differences in the efficiencies of the
detectors and also From.small misalfgnments‘of the detection
'apparétus; ' |

| In the previous use of the UCT'antHrécene‘scintillation
polarimeter, the crystal was optically.coupled to the face of the
photomultiplier tube-(in some cases vié a lightpipe). Two
v Ap6sitions, A anq B, were deFined (seé appéndices 2.1 and 4.3) at
.the asymmetry orientafion (Fig. 2.2). The detector assembly was
mounted on a goniometer which énabled the crystal to be rotated in
"the horizontal plane so that’the A and B crystal orientations
could be interchanged by selecting the appropriate positions of
" the ;rystal axes with reépect to the incident neutron beam. [t is

possible that the pﬁysical movement of the detection system could
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cause Fluctuatibns in gain due to the effect of.the differing
magnetic field of the earth experienced by the detector.
 T6 minimise this problem more eFFectiVely than the uée of
'magnetié'Shielding alone,.the‘phoéomultipliers of the present
 detectoquere kept stationary énd the A and B positions were
obtained by mounting the crystal out of contact but close to the
photohultip1ier:cathode. SO that it could be rotated'thrdugh 180°
about the beam axis-(seé Fig.‘2.4). This ensured that mechanical
merment'df'the detection.system Qas reduced to an absolute
‘minimum, énd'eFFectjvely_furned thevlaboréforyv(fe. the crystal)
around the neutron beam instead of rotating'thévbeam in the
vlabOratory.'A design feature was a line-of-sight aperturé which
was incorporatéd in“the-crystal'holder mounting to aid ih the
' 'accurate_positioniné of the detector.  The crystal could be
conVeniéntly‘femoved Frém the holder For‘this'purpose.and then be
vaCCurafely replaced in a reproducible manner. | |
In'the'péiarization.measurements'LS spectra such as.Fig;'2.3
were accumuiated in the A and B_cfystél.orientations. In order to
render the'measurements.léss sensitive to sméfl e]ectronicvdrifts
or other instrUmental instabilfties,_thevcrystal was rotated
fbetween the A and B'Qrientations by hechéniCal drive at‘regular
short interyalé {typically 1 minute). ThUs each daté acquisition
period was eduélly divided‘between the A and B orientations, in
such a way as to ensure that effects 6F électrOnic,driFts, if
present, should pe the‘same for the A and B_sbectra.
~ To neutralise asymmetries possibly arising from differences
in the optical properties or light collectioﬁ from opposite sides
of the crystal,vleéding'to different measured pulse heights for

the two crystal orientations, a symmetrical two photomultiplier



 CRYSTAL

| APERTURE | | ¢

U™ ROTATING
- HOLDER

Fig. 2.4 A sketch of the two-photomultiplier polarimeter. The
crystal is shown in the "up" position, indicated by the arrow A.
The crystal alternated equally between this position and the arrow
"down" position during polarization runs. The aperture in the

- hollow shaft was used, with the crystal removed, to check the
“alignment of the polarimeter on the neutron target.
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arrangement was developed aé shown in figure 2.4. The slow
signals from the two photomultipliers weré summed together after
first ensuring that thé_sepafate outputs were similar in
amplitude.: The procedure for achieving the latter (via high
'voltaée adjustment) was not critical for producing matched A and B
pulse heights (see Abpehdix_Z.Z). The fast signals were also
summed at the input of the pulse shape discrimination system (see
fig. 3.4). | |

The two photomultiplier set-up is very bhoton efficient even
though the crystal fs not optiéa]lylcoupled.to the cathode face,
since much4oF the light falls directly onto one or other of the
phototube faces. Extensive'puise height resolution tests were
carried out té optimfée the light éolleption usingrthis System.‘

AFigure 2.5(a) shows a typiéal 6OCO gamma pulse height spectrum as-

6000 1
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Fig. 2.5(a) 60Co spectrum obtained from a single bhotomultiplier

tube viewing the crystal mounted in air. Anthracene-2 was the
scintillation crystal.
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Fig. 2.5(b) 60Co spectra obtained from the two-photomultiplier
detection system viewing

i) the Anthracene-2 crystal mounted in air; and

ii) the Anthracene-1 crystal mounted in air.
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‘measured by a.single.photomultiplier. fhe resolution is not
particularly éood, as may be expected For»this geometry. Examples
of the specfrum obtained using the summedvoutputs of the two-
.photomultiplier arrangemeht (fig. 2.4) are shown in figure 2.5(b5.
The good resolution is demonstrated by the clear double Compton
edgé associated with the two Y_rays-(i.l? & 1.33 MeV). This
resolution is comparable with that obtained when the crystal is
coupled directly to the cathode Face QF a single photomultiplier
,vié a lightpipe. |

| In the}data reduction proceés fhe LS spectra are divided into
bins, eaéﬁ bfn co}responding to a certain range of recoil angles.
The’modi?iéd polarimeter empldys a.hew method for defining the
angle bins. This method is based on direct observatibﬁsﬁmﬁ#the
séattered nthroné fn,coincidénce with the recoil_prot6n$ detected
ip'the polariheter.crystal. . figure 2.6 indicates the-scatter{ng
of ihcident neutrons at laboratory angle 6 in the bc’-plane of the
crysfal._ Events were'selected‘by requifingva coincident neutron
in a secondvdetector at that angle in this pTane. Details as to
.th.the éngle bin spectra were derived using these coincidence
runs is‘givenbin the chapter on data reduction.

This neQ method for the angle caiibration is superior to thaﬁ

used previonly,(BR74), which depended oh knowledge of the
response charéctéristics —totaj 1ight versus energy- of the

crystal Fof both the b and ¢’ orientations.

To summarise then, the.important new Feafures of the modified
polarimeter are
i) a rotating scintillation crystals;.

ii) a symmetrical two photomultipiier arrangement; and
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iii) a side detector for aiding the éalibrétfon of the proton
recoil pulse height in terms of the scattered neutron angle.

. In addition, as explained in detail later, a new correction

procedure to neutraiise driFts.‘whichvis applied in the data-

reduction, has been developed.

-
-

NEUTRON
DETECTOR

NEUTRONS

'Fig. 2.6 A schematic diagram showing the detection of scattered
neutrons by a side detector for calibration purposes.
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CHAPTER 3
THE EXPERIMENT

3.1 Neutron production

Polarization measurements were made using neutrons produced
by the T(d.ﬁ)4He reaction (see fig. 3.1). Tritium in a gas cell
(0.75 atmospheres) was bombarded with 5 MeV pulsed deuterons
produced by the Van de Graaff accelerator at the National
Accelerator Centre, Faure. The deuterons were delivered at 500 ns
intervals with a mean current of about 1 uA. Neutrons emitted
at either 0° or 20° to the deuteron beam were used in the
experiments. Unpolarized 22 MeV neutrons emitted at 0° were used
to collect nuli asymmetry data. These null data runs served as a
monitor of systematic instrumental error of whatever origin. The
use of the nuli daté to correct for systematic false asymmetries
where necessary fs explained in more detail in a subsequent
chapter. Polarized 21.6 MeV neutrons émitted at 20° to the
incident beam were used for the asymmetry measurements.

In each case the primary component in the neutron spectrum
was selected by time-of-flight, the flight path in most runs being
0.3 m. In some runs the quality of the neutron source was
fndependently monitored using an additional liguid (NEZ13)
scintillator detector placed between 2 to 3 metres from the
tritium target. A typical time-of-flight spectrum obtained from
this monitor is shown in fig 3.2.

Although a substéntjal tail portion of the prompt gamma ray-
peak was usually included in the neutron window at the 0.3 m
flight path used for the asymmetry measurements, the associated
Combton electrons were easily separated from the neutron

scattering data (recoil protons) by the PSD technigue.
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Fig. 3.1 The experimental geometry. Distances indicated are
typical for the various runs. The hevimet shield was required only
in those runs during which the neutron side detector was
introduced (for the recoil angle calibration).
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Fig. 3.2 Neutron T.0.F. spectrum as measured by a NE213 liqui

- scintilliation detector placed at a few metres from the T(d,n) He
neutron source. The deuteron energy was 5 MeV and the reaction
angle,E=0°._Pulse shape discrimination was not used.

3.2 Experimental geometry

rDurihg the asymmetry measurements,.the bolerimeter Was
Y‘MOQnted in completely open geometry'soeas to minjmise the ngmber
of scattered neetrons.incidenf on the anthracene crystal. The
presence of a scattered component  in the neutrons selected by the
" time window éah vary the incident beam polarization significantly
from that assted For_the direct beam. The detector arrangement.
for the entire experiment is shown in fig. 3.1.  The angle
calibration measurements were made separately, and the side
detector and shield were removed during the asymmetry

measurements.  The set-up was placed on top of an aluminium plate
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lined with appfopriaté angle scale$ (Fig}‘3.3). The plate, which
rested on a horizontal table, could be rotated.about a.pivot on

" the table positioned immediately below the tritium target. Tﬁis
enabled a convenientvand reproducible way.oF selecting different
neutron reaétion angles without aFFecting the relative positions
_OF‘detectors and shielding (in the case of the calibfation runs).
‘Any one of a humber of positioning holes along the central axes of
. the plate could be placed over this p}vot point, to seiect  |
different neutron flight paths. ~ The height of the table was
cafefully adjustéd to ensQre that the nthroh'beam passed
horizontally through the crystal, care-being'takén to keep the

table top level. The zero degree line on the plate was then

l»v accurately positioned to within +0.1° to cOincide'with the zero

':degrée beam direction by means of plumblines and a theodolite.
‘Thé polafimeter was thenlpositi6ned on the plate over é central
 pivot (Fig; 3.3)., vThe scintil]atfon crystal was removed and the
Jjne-of—sight_apertufé (fig. 2.4) used to makexquor adjustments_
fo ehsure that the polarimeter was‘ac¢uréte1y aligned.

The crystal was mounted.with its a-axis vertical and the b-
ana c’-axes in'theAhorizontaltplane. With'the polarimeter at the

9 =0°
n

mark, the anthracéne crystal was orfented so that the b-axis
was at 30° to the beam dfréction ,’the polarization.ang]e (see
fig. 2.2).‘ The b- and c’-axes could then easily be a]ignéd along
the beam by rdtating the polarimeter about its pivot point by the
.approprféte-angle. These'orjentations‘brovided déta which aided
in the angle bin calibrations. Whenvthe detéctor was'fn tﬁe
vpolérization position, the crystal was rotated through 180° about

the beam axis at regular short intervals (typically once a mingté)

during data collection. These two crystal orientations were
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Fig. 3.3 The aluminium plate on which the detectors were arranged

- (see also fig. 3.1). The plate rested on a table. One of the

- apertures was selected and placed over a pivot on the table
aligned below the tritium target. The anthracene polarimeter was:
mounted above the pivot on the plate and, for angle calibration
runs, the side detector (NE213) was mounted on the detector
cradle. The drawing shows the plate aligned for a null run (£E=09).

For polarization runs (£=20°) it was rotated by 20° about the
pivot in the aperture. ‘
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feferred to as "up" and "down"_accordihg to the position of a mark
on the rdtating wheel mechanism. The “up"-and "down" signatures
were‘thUs related to the A or B crystal bositions as given by the "
orientation of the érystalvat the time of its placement into the
holder (see éppendix 4.3). | |

‘The side detectér(é) usedbfér_thé angle calibrations
consisted of a liquid scintillétor (NE213) mounted on an RCA8575
photomultiplier tube. The detector waé placed on a cradle which
was able to rotate about the central pivot via a flat rod which
acted as‘an angle selection marker. The cradle was able to slide
along the calibrated rod enabling eaéy positioﬁing at the desired
flight path. = The detector‘could then be set at}thevrequired
: neutfoh scattéring angle. The side detector was shielded égainst
- direct neutrons from the source.target by blocks of hevimet, each
'néw scattering angle measurement necéssitéting a rearrangement of
the‘shielding. |

Each time-the exper iment was set up it was necessary to carry
ouf a serieé of calibration‘runs with the side detector(s) placed
at a sufficient number of neutron scattering aﬁgles. So-és'to_’
avoid possible in-scattering of neufrons from the side detector
shadéw shielding during the asymmetry measuréments, the
palibration”runs were done separately. Although two side detectors
placed at equal angles on either side of the vertex detector were
sometimes used, usuél]y a single side detector was employed. In
this casé the polarimeter crystal'was rotated between the up and

down orientations during the calibration runs.
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3.3 Electronics.

The scintillation crystal was viewed by two RCA8850
» photomﬁ]tiplier tubes (see fig. 3.4). Two pulse'outputs.vslow and
fast, were taken from thevphotomultiplief circuitry. The slow
(dynode) outputs were T’eed into a single pfe—amplifier'using-.
"cables oF'equa[ length. - The pulse output was further amplified
‘and this broVided the total light output pulsé, L. |
The rest oF the pulse processing isvexplainéd with‘reFerence
to the block circuit diagram (fig. 3.4). In the two-phototube
experimental runs the:pulse shape discrimination pulse S was
produced“via thg LINK 5010 module (LINK) based on.a'Harwe]I design
(AD78)v. - The primary function of the LINK in standard
applications'is to provide a Iogic output which is iinked to a
" bias threshold which can bé set so as to distinguish between
neutfons and gamma rays. There are also analogue signals
évailable (X and Y) whose use is intended For.display purpéses.
The fast outputs were taken from the anode of each |

photomultiplief and directed to a specialiy made impedance
matching unitvwhose output (the sum‘oF the two inputs) was sent to
the signal'input of the_LiNK. ‘ The Y display QUtput swhich is
unsuitable for driving an ADC , was inverted and the central
portion of the resulting pulse was se]ected“Usfng a linear gate.
The puilse was then émplified and further shaped to provide a
usable S signal. Pulse height matching was achieved using the
integrated output (not shown) from the LINK module so that in
effect the S pulse was being matched. The pulses were obtained by
bombarding the crystal with 22‘Mev neutrons. The high voltage

"supply to each phototube was then_adjusted‘(see'appendix 2.2). Thé
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-matchingvof thé L pulse was then checked by cohpéring 60Co spectra
collected in each sF the two érysfal orientations

In some earller runs (data sets B and. C as given 1ﬁ chapter 5).
the crystal was viewed by. a s1ngle RCA8575 photomultlpller tube.
The LINK module was not available at the time, and instead the S
pulse was produced via the zero crossover méthod (AL6&1,R064,GL74)
as shown in fig. 3.5. , _

The léFt hand side of thevcfrcuit (fig. 3.4) is the standard
pulsed béam time—oF—Flight arrangement. A wiﬁdowﬁwas set over»the
primary.neutron peak and the. TAC SCA logic‘signal; which was only
produced when an:eveht.Fell witHin the_windoQ; écted,as one QF
three signals in coincidence wHich providéd the Qating signal for
,thg linear gaté modules. | | |

In the angle-calibration runs,vthe fast signal for fgé
scattered neutron time—oF-Flight measurementvwas taken from fhe
anode of thé side detegtor-and ussd as the start pulse of a second
TAC. The central detection systemrprovidedlthe stép puise, after
-First’being‘suitably delayed. The resulting TAC output pulse,
repfésenting the time—of—%light between the detectors, was also
.recordeds' |

;The électronic arrangemént For'monitoring the beam condition
is shown in fig. 3.6. A liquid scintillator (NEZ213) was
.6pticslly:coup1ed direétly onfo the‘cathode face of a RCA8575
photqmultiplier tube;r Both fhe dynode and.anode siénals were
used so'asvto_produce'both a total light output pulse and a target
to detector time-of-flight pulse. These pulses were processed as
2-parameter events and displayed on-line as L vs. T.0.F on a
cathode ray oscillioscope. In addition, T.0.F spectra were recorded

at regular intervails.
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The automatic rotation of the crystal was contro11éd by a

. logic module which was designed ahd built for this purpose. This 
in turn was coupled to a scaler control uhft (fig. 3.7). One of
two‘élternatfve methods was used tovdetéfmine when to rotate the.
crystal. The 6ne mefhod selected L pulses above a high
discrimination levej and the corresponding logic signals were sent
to thé logic contro]_mbdule. The ofher metﬁod (effectively a

timer) used bulses of a bre—séiectéd réte provided by the scaler
‘.controi unit.-The 1ogic control‘module.then counted the incoming
signals and_when’é}pfe-sét number of counts_had beén reached, the
logic controj bbx’sehtva_signalAfo the polarimeter via a four-way
.cable;_ This acfivated a motor attached to the polarimeter which
rotated thé crystal via_a‘pulley (fig. 2.4). - After rotggipg
‘fhrough 180° the mechanfsm actjvatéd a microéwitch which céused
the motor to stop; ,iAt theksame time a signal was returned to the
logic contfolvmodule to reset the internal timer and to switch the .
gate chtrol signal. The net effect of rotating the crystal
without operétor intervention was effectively equivalent to

regularly ihverting the spin state 6F the incident beam.

'3.4 Data acquisition

In the asymmetry measuring experiments, three parameters were
recorded_per event; .némely the pulse height L, the pulse shape S
and a tagging parameter. This tag'was produced by sending a
logic pulse.genefated by the logic control module to a 13-bit
register. Two logic bulses. each corresponding to a crystal
oriéntation (up_or down), were converted into different fixed

parameter values.
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Each accepted event was buffered.on magnetic tape under
control éf.a déta acquisition programme rgn on a PDP 34/15
computer; The L and S values were first checked to ascertain
whether.preset software threshold criteria were satisfied before
the event wasvaccepted for buffering. During the intefva] when
-the crystal was being‘rotated, no output was generated by the
logic unit. - These events were rejected 'via a software gate.

For the scattering angle cajibration runs utilising the side
detector, the event‘included éh additional parameter T, the time-
oF?FIight of the scattered neutron which was in coincidence with
the.recoil'proton_in the anthracehe_deteétor.

In érder to minimise errors arising from pulse distortion due
bto random.bulse pile—up_ih the anthracene detector, a pile-up
rejector modUIe'was_included in the electronic ciréuit (fFig. 3.4).
> rF a_Second signal was détected'withinva pre-set tfme after the
Firstvpulse, a-logicvsignal generated by the module signifying a
pile-Qp condftfon was directed to an input of.the'regiﬁter.' Hence
"a pulse pile—ubvevent, identiFied by the tag parameter, could be
"excluded from the Jater,éff—line analysis.‘Since pile-up rejection
is also incorborated in the LINK module, the ébove procedure acted
as a back—up system for those runs using the LINK.

In addition to the ruﬁs.at the éo]arizatidn orientation (fig.
2.2), calibration Funs were also made with the crysta1 oriented so
as to élign‘ité b- or c’-axes with thevneutron beam, thus giving
LS spectra as shown in fig. 2.1. |

Various gamma ray célibfation spectra, usually with 60CO
being used as the source, were also acquired at regular intervals
for the_Following purposes

i) the determination of the true zero (Lo) of the pulse height
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scale ( Lo was found by assuming that the amplifiér gain

60

calibration was accurate, and collecting spectra for a “Co

‘source at two different gafn.settings; The channel numbers
correspondingﬁto the'Combton edge were then used to .deduce
the zero energ; channel number.) ; andv | |
vii) fo have a record of the spectra used Fof.the pulse height
matchfng of the éentral detector system, asAweII as |

information on the pulse height resolution.

All of the above spectra, as well as vafious.time—oF—Flight
spectra, were‘transferrea‘to magnetié‘tape for later processing.
In addition various scaler readings (such as total number of
events, number of crystal flips, number of.coincidence eQents
etc.) were recorded. ~The scalers provided on-line monitoring of

the experiment and provided information“For cross checking during

the off-line data ahalysis.
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CHAPTER 4
DATA REDUCTION AND CORRECTIONS

4.1 Introduction

The raw event—by¥event data were processed off-line on a
SPERRY 1100 computer and were sorted into Z—Darameter (LS)
spectra. The calibration data were analysed so as to determine tﬁe
angie bin boundéries (in the LS plane) associéted'with the
scattered neutron angies.’The_angle bins corfesponding to various
scattering angles were deFinéd, then a spectrum was obtained for
each bin;'From which the left-right asymmetry was extracted for
the corresponding scattering angle.

‘Howevér careFully méasurements may be made and corrections
estimated,_the possibifity»of an undetected systematic Félse
asymmetry in this expefiment remains. 1In order to minimise this
rjsk;'the'bff—line data reduction oF these experiﬁents included
checks to detect possible hidden instrumental errors (eg. due to
electronic drifts) and‘tovcorfect for these errors. The approach
‘was to detect shifts between A and B spectra due to‘instrumental_

errors and to correct Fér these shifts while at the same time
taking care not to eliminate effects due'to'trde asymmetries, ie,v'
the aim was’to disériminate against systematic erfor only. To
dévelép and test these correction procedures, computer simuiated
soectfa were used extensively. »

Another problem fs the escape of recoil protons from the
crystél surFaCe. The L and S coordinates genefated by the escaping
' orotons-are differently related to the proton energy and direction
than those of protons stopped in the crystal (see fig 4.9). Unless
properly accounted for, the escape events can interfere in two

ways. Firstly the presence of escape events in the spectrum has
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the eFFeét of dilutingbthe ésymmetry. Sécondly they can interfere
‘with the shift correctibn pfoceduré_thusvcausing false
asymmetries. | |

A major part of the off-line data analysiS’concéfned these
corrections (shift and escape). The methods developed for these
purposes are discussed before outlining the procedures used to
'impleﬁent‘angle bin calibrations, as.well as the remainder of the

data reduction.

4.2 Outliné of method of determining the asymmetry

For the ideal experiment (no shifts, escapes etc.) the
asymmetry e can be extracted_%rom the A and B spectra as follows
Y(BR74)Q ThérA'ahd B sﬁectra afe sumﬁed (the B spectrum first being
' normalised to the same'total-éouht value as the A spectrum). - The
vmedian_channel of the summed spectrum ié then.calculated, thus
providingvan estimate of the median chénnel for each of the A and
B.spectra. Aé-shown_in appendix 4.1, the exact determination of
the median is not crftical»if the spectra coincide properly, ie.
if there is no relative shift betweeﬁ the spectra. The position
- of thé median then défineé the nuhber-of leFt'and right scatters
in each spectrpm, from which the asymmetry is calculated as
‘outlined below with reference to fig. 4.1 .
‘Theimeasured:asymmetry is.éiven.by (see appendix 4.3)

(protons left - protons right)

em(e).= -
. total counts

This is a meésuremént of the asymmetry of proton recoils at
all azimuthal angles for a given neutron scattering angle 6. This
azimuthal asymmetry is related (BR74) to the planar asymmetry

€p(6) by the expression e5(8) = (n/2) e.(8) .
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A SPECTRUM B SPECTRUM

Fig. 4.1 Schematic sketch of an angle bin épectra pair. The

spectra are divided by the median channel number into lower S- and
higher S-sections denoted by the superscripts "<" and ">"
respectively.’NA<, NB< ’NA> and NB> represent the integrated

counts within these sections.

' < > v on e |
(n/2)( NA - NA )/ ( NA + NA ) for the A spectrum
<

i}

ﬂHencé sp(e)

. > > <
and - €,(8) = (n/2)( Ng~ - NB )/ ( Ng™ + NB ) for the B spectrum.
L \ _ < > ‘ > _ <
de. ep(8) = (m/4){ ( N, Ny,° I/Ny + ( Ng Ng™ )/Ng } .
If NA and NB are normalised to N , then v
| o < > > Ly <
ep(6) = (m/4N){ N, + Ng ( NJ7 + Ng™ ) ) .

If the spectra contain an escape contribution, the asymmetry
is effectively diluted (BR74). However, the fraction of escapes
comprising the spectfa can be estimated, énd a correction cah then
be apb1iéd . As explained in'appendix 4.2,VFalsé asymmetries are
.éalculated from the A and B spectra if their median channels do
‘not coincide because of a relative shift between the spectra. The
detection and correction of the A-, B-spectrum shift was
considered to be a limitation of the 6figinal procedures (BR74),
and hence particular attention was given'to resolving the problem

in this work.
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- 4.3 Development of a spectrum shift correction procedure using
simuigted data ‘

The requirement

The left-right asymmetry value for a particuiar'scattering
angle is computed From two related soectra; the one corresponding
.to the'scintiliation crystal»in the Avpoiarization orientation,
~and the other to the B orientation (see appendix 4.3). Due to the
. nature oF the analysis, any shift oF'the one spectrum relative to
ethe_other will result in a systematic false asymmetry being
computed.; This»is eXpiained in more detail in appendix 4.2.
Although the design of the polarimeter was primarily aimed at
minimising sucn'shiFts. even small,remaining shifts can have a
ssigniFicant eFfect on the extraction of a reliable asymmetry
t_valuef_ -This sensitivity is due to the fact that non-planar
events are'also recorded, and these fill uo the central region of
the spectrum_between the left and right planar recoils (fig.4.2).
A computer programme routine was thereFore developed to detect andi
correct for these shifts.

Once the amount  of shiFt (if any) is known .-it.is a simple
matter tovcorrect the spectrum for the inen shi?t (and gain
change). . However, diFFiculty was e*perienced in developing a
:.shiFt determination procedure wnich is rendered sufficiently
insensitive to the statistical Fluctuations which are always
present in experimental data. In addition, any real asymmetry
that is present.in the data must not be disturbed and should also

not affect the estimation of the correction.
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Fig. 4.2 Schematic representation of n-p scattering in the
anthracene crystal. : o
{(a) For a given neutron scattering angle en, thé proton recoil
direction can lie anywhere along the surface of a cone of half-
angle 8 ='90°—en about the incident neutron direction. The left
“and right planar recoils correspond to ¢=0° and ¢=180°.
‘(b)) A schematic sketch of the resulting angle bin spectrum which
would be obtained with perfect resolution. The spectrum represents
all azimuthal proton recoils corresponding to a given neutron
scattering angle. The median channel number corresponds to proton
recoils at $=90° and ¢=270°. The left and right planar recoils
correspond to the channel numbers at the edges of the spectrum.
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Simu)ated data'
| A number of different shift deduétion methods were
inQestigated.'and fo aid in the selection of the most suitable
procedure, éihulated spectra were generated. It was found that
two overlapping Gauésian curves provided a quick and accurate way
of producing'spectra which simulated the real situation. The
following pafameteré couldvthen be,easily'ihtroduced into the
simulated épectra, together with randomly generated statistical
berrérs | |
i) a buiit in éhiFt.along the channel number axis; simulating
the systematic errors;

'if) a built in gain chéngé; and
RERDR a known true asymmetry..
Statistfca] Fluétgations were simulated by making use of a random
_numbertgenerator."'The]standard deviafion o# each channel count
value was taken as the square root oF the value, and a realistic
simulatfon was possible.by selecting random values drawn from a
normal dfstribution centred about the count value, The
'vstatistical FlUétQationé were ‘incorporated into each of the'two
Gaussiané which were then eéch normalised to their original peak
areas, before they were summed. This ensured that any $purious
systematic asymmetry that may have entered in the process‘oF |
.adding the statistical fluctuations was eliminated.

4A description of the shift-correcting procedure which was
finally evolved is now given.

Kinked sine slide percentile method (KSSPM)

This is a method to determine shift and gain changes between '
A and B spectra (see appendix 4.3). Fig.‘4.3 comprises a number of

léketches to assist the following explanation of the method. In the
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Fig. 4.3 Sketches to aid in the explanation of the KSSPM shift
correction method (see text). (i) is a schematic sketch of an
angle bin spectrum (ii) is a plot resulting from the percentile
method, showing the S channel number corresponding to the
integrated count value (expressed as a percentage of the total

- number of counts in the spectrum) at that channel (iii) S channel
numbers for the A and B spectra pair corresponding to preselected

percentiles.
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.perCentfle method{‘fhe channe] numbers corrésponding to
preselected percentilesVare'defermined~independently for the A"
spectrum and the Bvspectrum (fig.4.3(ii) ). These points are
plotted (B channel no;'vs. A channel no. for éach.selegted
>percentile vaiue) and>Fitted by a sfraight line. The slope of this
line wasvtheh taken as a measﬁre of the gain change of the B
spectfum with‘respect to A, and the intercept as-a measure of
Cbnstant shift (Fig.4.3(iii),fQ This method by itself was found
to wokk‘weII'For spectra identicélvapart from statistical
ffuctuatioﬁs. However it proved sensitive to true asymmetries in_
:the data andv'reduced these asymmetries unbredictabfy by
determining an incorreét éhiFt in thé correction procedure. This
problem was cleérly due to a departure of the bercentile'level'
relationship (fig. 4.3(iii) ) from linear when truebaéymmetrfes
Wefe present in the data. |

| ‘The KSSPM‘thus attempts to first effectively rembve any true,
but unkann,ﬂasymmetry in the spectra beFore the percentilie method
is'abplied. Ignoring small asymmetrieé due to statistics, this is
achieved by compensating‘For,the height.(ie. chnt) differences
(which are.maniFestations of the true asymmetry) between the A and
B_spéctra..Thié results in'pércentile‘points which lie on a
straight'line; as expected;vrather than on.a curvé. Specifically,
one of the épectrav(normally B) is height (ie. count) adjusted on
its left and right.pulse height edges by factors k, and k,
respectively, which are‘to bé determined by the method (fig.
4.3(f)'3. The central count region‘isvheight—adjusted by factors
 vvarying:smoothly From.l tb kl’(or kz) outwafds:frbm the median
channel. Thfs was at first accomplished via a linear sliding

scale (KLSPM) assuming arbitrarily that the factor should increase
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‘]iﬁear]y with channel number.Frém 1 to Kl or k2.-A hore,realistic
and satisfactory approximation (KSSPM) was afterwards introduced
in whjch the ihcrement in k waSAtakenhbroportional fo cos ¢ where
¢ is the proton recoil azimuthal angle} Thi$_is based on the fact
that the left-right asymmetry isrproportional to cos ¢. In
implementing this, the approximatioh ¢ < 5 was assumed.

AFter each spectrum adjustment, the peréentf!e method is used
tb_dbtain stht and gain values together with a'leasf sguares
'vvalue Fof comparisoh purpéses{"-The height compensatibn Factor‘is
ihcremented, and . the entire prOceere repeated. The shift
corresponding to the loweSt least squares vélue is.taken as fhe
rquired correction. |

when applying_the KLSPM tb the artiFiciél sbectrﬁl a small
systematic‘error in the asymmétry_valﬁe ié present_even w;éa
perfect statistics. This is due to the fact that the 1inear
‘Slide ddes not reproduce the chanhel-numberxcounts with sufficient

accuracy. The KSSPM removes most of the systematic error.

Tests using computer-simulated spectra

To check'the viability‘oflthe KSSPM, comprehénéivé tests.were
made with computer-simulated data, to'test whether the method
“corrécts for systemétic drift asymmétries without distorting the
.tfue IeFtFright asymmetriés.jn:the data. Fig. 4,4 éhows data
»deriyed from simulated spectra incorporatingva built;in true
| asymmetry ( € = 0.0118) togéther.with diFferent.(driFt) false
asymmetries. Each group of poinfs incorporates a different false
'asymmetry in the range -0.02 to 40.03. _Ten sfmulations have been

,1ruq for each group, each simulation having different random
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variétidns t§ simulate the statistical Fluctuétioﬁs in 8 typical
experimeﬁtal run. |

The.émall dbts show the uncorrected calculated asymmetry plotted
against' the known‘asymmétry value (given by thé same simulated
spectré but without any stétistical uncertainty); crosses show
the évefagevof_these uncorrected asymmetries; and opén points
show the averages of the corrected asymmefries together with their '
‘mean staﬁdard deviations. These values were extracted from the

i spectra after the,éhift-correctidn;'as détermined by the KSSPM,
had been applied. The_Fact thatvthe shiFt,cofrected asymmetries
reprdduce the true.value (to within the caiculated uncertainties)

vindicates that the procedure works reliably.

Inf luence of the escape component:

In. the procedure deveioped to deduce the spectrum shift
correction. an assumption is made concerning the spectrum edge
normal isation factors: if the left edge of the B spectfuh needs a
normalisatioh factor oF,kl=kv(sée Fig..4.3(i) ) to compensate for
posSible‘asymmetry diFferences‘betweéh the A and B spectra, then
ft is:assumed that the right edge requires a factor of k2=l/k .
This é55umption does not hold for the Eeal data (see Appendix 4.4)
when the spectra haye an escape component (Fig. 4.5). In this
case incorrect shift correction values are determined leading to
Systematical1y‘incofrect asymmetry values. So.as to validate thé
assumption dufing tﬁe dafa redqction, the escape contribution was

estimated and first subtracted from the spectra before the
procedure to deduce the shift correction was applied. An outline

of the escape component estimate is given later in this chapter.
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Other attempts

For the sake of éompleténesé,.a brief descrfption of other"
.methods tried but discarded in favour of the KSSPM describéd
above, is documented.

An incremental shift method was developed in whiéh one
spectrum, usually thé B."iﬁ shifted with respect to thé other ih
incrementai steps_(i.e. eFFectively re-binning the data). A range
.oF‘chanheI numbers making Qp the A>spéctrum.left'édge is chosen to
'eFFectively define a window. Similarly a window about the A
spectrum right edge ié»selected. The channel count values of the B
épectrum fa]ling'withfn each window as the speétrum is éHiFfed fs
comparéd'with the A épectrum'&indow couht values. Each spectrum
‘edge'is thén monitored independentlyvusing a chi—squared
jhinimising technique to estébljsh the amount of sHiFt existing.
TQo methods were attempted to account for real;asymmetry in the
- data.

i) For each stht increment, the-B spectrum wihdow cant total
is first normalised to the A spéctrum window total before
the chi~square value;is célculated. This simple asymmetry
cOmpensétion‘method_works very well.using data with no
Statfsticai F]uétuatiohs. but gets progressivelyvmore
unre]iéble as,the'rangé 6F‘F1uctuafion increases.

if) the height (ie. count) adjustment is doné in incremental
steps.For each shift increment. The chi-square va]ués are

- fitted by a'second order polynomial and the value

correSpondihg to the parabolic minimum is caiculated. This -
précedure is repeated for each.shift step and the sHiFt ‘
value correspondﬁhg to the oVerall minimum x2 is the deduced

correction required. Agéin the method is excellent for data
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~with perfect statistics, but when statistical fluctuations
are present‘the deduced shiFt'becomés unreliable. Problems
are probably due to the fact thatvonly the edge is analysed
resglting in too few datum pointslfor the method to be
sufficiently effective.

(n an effort to render the method insensitive to the

_ statistical Flucfuations. considerable effort went into developing

 .a suitable spectrum smdothing:routine. The most effective

' prbcedureé were a_moving point polynomial“hethod:(SA64) ‘and a

discrete fast Fourier transform method. - Although the |

introduction of fhe smoothing improves tHe situation, there

remains a systematic error in the deduced shifts making.the entire

procedure unsuitable for extracting asymmetfy values to the

desired accuracy.

4.4 Raw data analysis -

Defining the angle bins

| In the experimental configuration a side detector was used so
that the recoil proton'events.could'be calibrated in terms of the.
'éorrespondfng neutron scéttering angfe}

The coincidence évents of each calibfation rQn were read from
the buffer fapes using a SPERRY 1100 computer and 5tored on hard
disc to Facilitate'rapid daté analysis. iEach rQn (cofresponding
to 8 particular neutron scattering angle) was processéd as
follows:-

i) The events were scanned and the coincidence time-of-flight
parameter was binned so as to derive a spectrum. This coincidence
T.0.F. spectrum was plotted in thé form of a 256 channel histogram

(fig. 4.6). The - spectrum comprised the trué coincidence T.0O.F.

: i
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Fig. 4.6 Neutron T.0.F. spectrum for neutrons scattered from the
anthracene target and detected by the side detector (in this
particular case 6_=50° lab angle). The window (indicated by the
arrows) was used so that the associated coincidence recoil protons
could be selected as explained in the text. The flight path was 45
cm. One channel number approximately equals 1.1 nanoseconds.
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peak sitting on a broad background resultino from random
coincidence events. |

ii) - The events were once again scannedvbutvthis time only those
~events.which fell within a window set on the T.O;F. peak were
selected.’ In addition. the valuerof'fhevtagging parameter of
each_selected event was used fo separate the events corresponding
to the up and down crystal orientations._' The events were stored
“in a Z—dimensional'array (64 x 64 channel matrix)‘accordihg to the
L and.S parameter.values. A Qeneity plot of the combined data
(Fig..4.7) shows peaksvfn the'L-S plane jndicating those planar

. proton recoils whieh were elastically scaftered by the detected
peutrons. In the one crystal orientation the recoil protons were
:closer to the e’—axfs and hence a peak was obtained at'a low'Sv
value. - In the other orientation the protons were closer to the.
vb—axis and a peak was obtafned at a'high S value (and the L Qalue
was lower fhan For the correspondipg low S peak).v A line joining
the centroids of these'two peaks deFined a locus'corresponding to
those proton,recoil evepts {mostly non;planar) which were
associated with the particular neutron acattering angle.
Additionalvmeasorements indicated that a straight line locus is
fndeed appropriate. Fig. 4.8(a) indicates a series of coincidence
- .peaks for different neutron scattering angles.

',iif). When al]_oF'the calibration runs had been processed as
explained above, a series of loci defined the scattering angles'in
the L-S plane (fig. 4.8(b) ). The widths of the coincidence
peaks suggested that an appropriate angle bin width should be 109
laboratory angle (ie. 20° centre—oF—mass). Since there_isva,spread
in the peaks contributed by the resolution of thelsfdeidetector,

the 20° c.m. width is an upper limit.
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Producing angle bin spectra
During the data collection,forban asymmetry measurement,

several 2400’ magnetic tapes of event-by-event data were
collected. The processing of each buffer tape separately hence:
constituted a convenient subset of the total available data.
Each tape was processed as follows:-

i)_ The tape was scanned and each‘event was sorted according to
vthe value oF the tag oarameter. The events tagged as pile-ups
were rejected. | Two L~-5 matrices (64 8.64 channels each) labelled
A and B were'accumulated. Theisortingvof events fnto‘tne A or B
matri* was designed so that the sign of the extracted aSymmetry
',values would be consfstent_with the Basel conQentiOn (see Appendix
4.3). An isometrfc plot of one of these matrices containing data
obtained at the polarization orientation is shown in fig. 4.9.
fi) ‘A projected L spectrum was obtained from each of the matrices

‘to check Qhetner the pulse heights L were properly matched. wnere
'v_necessary a relative gain correction factor was determined using
an incremental method'incorooratino a minimum x° comoarison'test.
The L axis of one of the matricee was then effectively adjusted so
.as to correspond with the other.
.iii) Using tne approbriate angle bin boondaries'to define the
required angle bins, the L4S,spectrum count values lying within
the boundaries werevprojected onto the S axis (or at some angle

° to the S axis where necessary) using the A and B

other than 90
matrices. Fig. 4.10 shows histogram plots of typical angle bin
speCtra. Because the boundary loci are angled with respect to

the L axis, the appropriate fraction of a matrix element count

value was used when the boundary cut through it. This was also
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the case when S projections non-perpendicular to the S axis were
done. Thus an angle bin spectrum pair for each specified neutron
scattering angle was then avaflable for analysis as previously

outlined so that-the'asymmetry value could be determined.

4.5 Estimation of the escape contribution

The estimation of the escape component of the angle bin
spectrum has a two-fold purpose.
i) To correct for the diluting effect due to the inciusion of
escapes in the total number of events, an estimation of the
fraction of escapes making up the spectrum is all that is
required. A simple correction can then be appliied to the asymmetry
value, or equivalently, the number of escabe events can be
subtracted from the total number of events making up the spectrum
before the asymmetry is calculated; and
ii) In order to validate assumptions made in the shift correction
procedure, the distribution of the escape component lying under
the spectrum needs to be estimated and removed. This is
effectively a second order correction which is applied so that the
shift correction can be correctiy determined. As a result, the
overall sensitivity of the analysis is'not expected to be as
jdependent on the escape estimation as if is on the shift
correction value. This is fortunate because the true
distribution of the escape events lying within the angle bin data
is unknown.

By using a ¢"-axis angle bin spectrum, where the escape
events are more clearly separated from the main body of non-escape
events (fig. 4.11), a good estimation of the fraction of events

escaping can be made. Since the range of the protons is small
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.with'respect fo fhe dimensions of thé crystal, the fraction 6F
escapes is expected to be approximately independent of the
orientation of the crystail. |

The éscape distribution in.the polarization orientation angle
 bin spectra was assumédbté be Gaussian in shape, and.the
'brotrusion.in the IeFt édge of the spectrum (eépecially for thé
]ow}nthron scatterﬁng angles) aided in the estimation of the
bbsition and widthvoF_the escape peak. Although the'number‘of
escape.evénts contributing to the andle bin spectra decreases as
the scattering anglé ihcreases, the éscape distribufion is pulled

into the spectrum and is difficult to estimate reliably.

4.6 Polafization and null runs

The polarization runs, which were collected‘at £=20°,
prévided fhe asymmetry data for the Pﬁp analyéihg power 
'measurements..Tb moﬁitor andicorrect for possiblévsystematic'false
asymmetries.reméining'after-all correétions Had been applied |
during‘the data'reduction‘process; null runs at EQOO were also
éollected.,Where the null data indiéated an asymmetry inconsistent
with zero, thisvwés taken as an indication of the residual false
asymmetry. This resfdﬁal asymmetry was treated as an‘estimate oF.
the systematicverror remaining in the corresponding.polarizatiOn
rdata'collected under the same experiméntal conditions. The removal
of the systematic error was thus the final cqrrection applied to

the measured asymmetry.

4.7 Asymmetry uncertainty estimate

A formula for estimating the uncertainty Ae of a left-right

asymmetry measurement € is derived from first principles in
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appendix 4.5. In the present situation the asymmetry €p is given
by (see section 4.2 and fig. 4‘1),:

£

ep = (m/aN) (N - Ng )
where N = N,C# Ng”  and N = N7+ NGS -
‘Since Ng = 2N - N_ , it follows that ep = (u/2N) ( N - N .
:vFrom appendix 4.5 the asymmetry Aep js
Aeb =" ANL/ZN , B o |
Wheré ANL = (ANA<)? + (ANB>)21}1/2- since.NA< and NB> are

independent measurements.

- Now, by Bernoulii statistics (see,appendix.4.5),
RV ST U RN 7~ T SR 1/2
ANA '_(NA NA /N) - = [NA (N NA )/N]
R > <, t/72 0 > _ > 172
ahd ANB . (N_B NB_/N) = CNB {N NB ) /N]
| U iy < > N O 1/2
Hencg, A€ 5,n/2Nv{ NA (N NA Y/N  + NB (N NB /N } .-

p

To test the vaiidify of this formula, an experimental run was
divided into six subsets. fhe asyﬁmetry was.calculated from each-
spectrum subset (no corrections beinQ made_For shifts etc.), and
the'mean and standard deviétion of thevmean were calculated in the
usual way. | |

5 2

i (e —:Ei)

ie. € = . - . and (Ae)z =
’ C n ' B ' o o n(n-1) .

Thfs.was'theh compéred with the value calculated from the spectrum
Cqmprising fhe sum of the spectrum subsets using the derived
Formulé, This comparison was done for several scattering angles.
- As can be seen From.table 4.1, the viability of thé formula has
been Qemonstrated. It is noted that this formula should be used
‘insteadvoF.that'giVen in reference BR74 which underestimates the

statistical unceftainty by a ]arge amount.
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Table 4.1. An analysﬁs of i) subsets of asymmetry’data, and
S ii) the combined data.

Asymmetry in percent
angle ' - :

set | set 2 set 3 set 4 set 5 set 6 mean of sets| Combined
90°]1.01 1.03 1.48 0.97 1.47. 1,01' _ 1;1610.10 1.17+x0.10
105°10.85 0.50 0.94 1.65 0.79 1.01 - 0.96+0.16 0.97%20.13
115°{0.97 1.14' 1.11 0.76 1.37 0.67 1.0010.11 '1.03+0.14
130°{0.60 0.58 ©.77 1.52 1.13 1.03 0.94+0.15 0.91x0.12
150°/0.36 0.38 0.44 0.48 0.33 -0.10 0}31t0,09 0.37+0.16

4.8 Summary of procedures applied in data reduction

A and:B angle bin spectra were Qenerated Fof both the
polar{zation and nuliffuns. The anaIYSiévprocedures were identical
for both types of run;’The-specter component comprising pfotdn
recoil escapes'was estimated and removed Froﬁ the spectra. Thé
relétive shjftvbetWEen'an A and B spectra pair waé then
determined, and a_spectrum shiff &orrection applied when
indicated. The asymmetry and the associéted uncertainty were then
v.extracted From'each_spéctra'pair. The asymmetry.value from the
poférization run was then corrected for any remaining sygtematic
false asymmetry when the correspondingrnuil run indicated thiS’tQ

be necessary.
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CHAPTER 5
RESULTSv

The fesults presented comprise four e*perimental runs,
identiFiéd as A.B;C andvD, made using two diFFefent anthracene
crystals. Runs A and B used a chindrically shaped (radius=l;25cm.
'-length=2;5cm) anthracene crysfal (anthracéne—Z) of volume ~12 cm3.
The'ofher rQns C énd D used ah'irregularly shaped crystal |

(anthracene-1) of volume ~1.5 cm3

. Although anthracene-2 has
scintillation characteriétics inferior to those of anthracene-1,
it was selected in two of the runs because ftvenabled the desired
. counting stétistics to be bbtained in a shorter funning period.

| In all of the runs, daté weré collecfed usihg neutrons from
'thé T(d.n)%He reaction, with E=5.00 MeV énd neutron angle £=0° or
20°‘tovthe,deuteron'beam.;At £=0°, the incident neutron
polafization is.zero.'and so the measured asymmetry is expected to
be zero. The data collected af this angle are reFefred to as the
ﬁuil data. The incident heutron polarization_For_runs at £=20° was
taken as 0.25 based on a Legéndre polynomial fit to a number of
vangulaf distribution measurements (see SM72) for the T(d;n)
teactionvat:this energy.

Since the incident neutron energy is similar for the null and
polarization runs (22 MeV and 21.6 MeV respectively), the
cpnditions for the two types of run were essentially the same,
aparf Frém the incident neutron polariiation. The null runs were
aimed at monitoring residual systematic asymmetries of whatever
origin in the polarijation runs, not removed by instrumental
design or shift corrections etc. They also provided an estimate

of the magnitude of these unknown systematic errors.
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The'criterion used to determine whether residual asymmetries
requiring correction were present in the polarizatioh run was
based on the statistical uncertainty measured for the associated
null asymmetry meaéurement. IF the.nuIl asymmetry values showed a
N - .; - ’ v'c 3 ‘- ) | 3 - . - )

: statlstlcaljy sygnlflcant systematic trend (ie. 'enulll’Aenull)'
- then the null measurement was regarded as an estimate:of the
systematic error in the polarization asymmetry measurement. ie.
the true polarization asymmetry was taken as

€corr = %pol ~ Enuil

where ¢
pol

'polarization and null runs respectively. This situation applied to

and snull.are the aéymmétriesimeasuréd in the
runs A, B énd'C. Where the’nuli run showed no»statisticélly
signi#icant noh—zero trénd however, as was the case Fbr'run D,
‘ this'c§rrection'wasignored and‘scorr=8poi wés assumed.
| Thé results of the various runs are given in tables 5.1 to
_5.4. In atl cases except one, the-data were analyzed using angie
bins of Qidfh eqﬁivalent to 20° c.mQ,scattering'anglevie. 100 lab
'écaftering angle. In data_seth, the 77.5° angle bin has a 5° c.m.
 wfdth.‘This was_because fhe experiménfal pulse height'threshO1d
" used Fér this run restficted the lower fimit of the . angle bin
'b09ndary'to 75° c.m. Thé‘angles listed in the table are the
‘centresidflthé angle bins used and correspond within #* 0.5° to the
aséociated-mean c,m. scattefing anglgs. |

Thé asymmetry values listed are_planar asymmetries (ie.
inciuding the w/2 factor) calcu]ated either without any éofrection
6r‘WTtH a spectrum shiFt correction. Where it was found necessary

to account for>the interference of the escape events during the

shift correction, this was done. Pnp is the n-p polarization value
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Table 5.1. run A.
n no shift correction with shift correction
€,u1]  -0-0076 * 0.002] -0.0035 * 0.0021
o Epol . 0.0059 : 0.0016 0.0109 * 0.0016
77.5° €0 0.0135 + 0.0016 0.0144 * 0.0016
Pro 0.0540 + 0.0065 0.0575 + 0.0065
€.,1) ~-0-0048 % 0.0011 0.0002 *+ 0.0011
o fpol = 0.0070 : 0.0009 0.0115 + 0.0009
90° corr 0.0118 = 0.0009 0.0115 * 0.0009
Pro 0.0472 * 6.0035 0.0462 * 0.0035
€.y1] ~—0-0001 & 0.0013 0.0089 + 0.0013
. fpoy  0.0082 x 0.0010 0.0171 * 0.0010
110° e~ q.oosz + 0.0010 0.0082 + 0.0010
Poo  0.0326 * 0.004] 10.0330 + 0.0041
€Ul ] 0.0052 * 0.0019 0.0138 *+ 0.0019
o Epol 0.0172 + 0.0012 0.0205 + 0.0012
130° e o 0.0120 + 0.0012 0.0067 * 0.0012
Pro 1 0.0483 * '0.0048 0.0267 + 0.0048
€ 0.0111 * 0.0027
| e™! 070137 = 0.0017
o pol : v
150 corr 0-0026 : 0.0017
P + 0.0068

np

0.0104
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Table 5.2. Results of run B.

CIN ' - no shift correction with shift correction
e 0.0140 + 0.0031 0.0069 + 0.0031
o fpol ~ 0.0256 = 0.0028 0.0209 * 0.0028
90° ePol. 0.0116 £ 0.0028 0.0140 + 0.0028
Pop 0.0464 + 0.0112 0.0560 + 0.0112
LI 0.0305 + 0.0034  0.0424 *+ 0.0034
o frol 0.0468 * 0.0030 . 0.0609 * 0.0030
110% e~ 0.0163 * 0.0030 0.0185 + 0.0030
P © 0.0652 + 0.0120  0.0740 + 0.0120
€ Ul 0.0856 + 0.0039  0.0796 * 0.0039
» Enol 0.0955 + 0.0035  0.0851 + 0.0035
130° 0.0099 *+ 0.0035  0.0055 + 0.0035
corr . : _
Pro 0.0396 + 0.0140  0.0220 *+ 0.0140
€l ] 0.0102 * 0.0068
. €pol 0.0067 + 0.0066
150° 20 -0.0035 : 0.0066
Pap ' —0.0140 £ 0.0264

Table»5.3. Results of run C.

o, no shift correction - with shift correction
€nul ] -0.0048 + 0.0036 . -0.0119 * 0.0036
o fpor . . 0.0056 x 0.0023 0.0005 + 0.0023
90° ¢ ' 0.0104 * .0.0023 0.0124 *+ 0.0023

. corr . . . ) ) _ :

Poo 0.0416 + 0.0091 0.0494 * 0.0091
€Ul -0.0104 + 0.0042 -0.0163 + 0.0042
o Epol -0.0040 + 0.0026 -0.0082 * 0.0026
110° e > = = 0.0064 *+ 0.0026 0.0081 *+ 0.0026
P . 0.0255 + 0.0105  0.0324 + 0.0105
€ay1] . ~0-0422 % 0.0052 -0.0161 * 0.0052
| o Fpol -0.0265 + 0.0033 -0.0052 * 0.0033
130°% b0 0.0157 + 0.0033 0.0109 * 0.0033
P . 0.0628 + 0.0131 0.0435 * 0.0131

np
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- Table 5.5. Poiarization values (expressed as

calculating the weighted mean.

en no shift correction with shift correction
anuII 0.0123 & 0.0042 - 0.0138 + 0.0042
apo] 0.0049 + 0.0041 0.0087 £ 0.0041
€ 0.0049 + 0.0041 0.0087 £+ 0.0041
90° corr ) o _
Pnp 0.0195 + 0.0165 0.0347 + 0.0165
€null -0.0059 + 0.0051 -0.0045 *+ 0.005!
8pol 0.01i8 * 0.0056 - "0.0144 * 0.0056
€ g0.0118 * 0.0056 " 0.0144 + 0.0056
110® corr ) ) ‘
Pnp 0.0471 % 0.0225 0.0578 + 0.0225
€null 0.0053 + 0.0060. 0.0045 *+ 0.0060
pol 0.0054 + 0.0066 0.0048 + 0.0066
: € 0.0054 + 0.0066 0.0048 * 0.0066
130° corr o | o
: Pnp 0.0217 + 0.0264 0.0192 + 0.0264

a percentage) used for

vData_

centre-of-mass. scattering angle

P
np .

Set 77.5° 90° i10° 130° 150°
A 5.75 + 0.65 4.62 + 0.35 3.30 + 0.41 2.67 % 0.48 1.04 * 0.68
B 5.60.+ 1.12 7.40 + 1.20 2.20 + 1.40 ~-1.40 * 2.64
c 4.94 + 0.91 3.24 + 1.05 4.35 % 1.31
D 3.47 + 1.65 5.78 + 2.25 1.92 + 2.64
mean - ,
5.75 + 0.65 4.69 + 0.31 3.72 + 0.36 2.78 + 0.42. 0.89 * 0.66
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and is given by €_ ../0.25. In all of the tables, the
uncertainties reported are statistical only.

In atl cases, the asymmetry values extracted using the shift
procedure were considered more reliable, and the associated.
polarization values were carried forward to tabtlte 5.5.

The set A asymmetry values extracted without applyinag a
spectrum shift correction, are shown plotted as a function of en
in fiag. 5.1a. These can be compared (fig. 5.2a) with the valiues
obtained when a spectrum shift correction was applied. |t can be
seen that there is a SigniFicant.nul] asymmetry of ¢ 1% even after
the shift correction. The cause of this residual asymmetry is
unknown. If there were no residual systematic error, then the null
asymmetry values wouild form an enveilope (enclosing the data points
and error bars) parallel to and consistent with the abscissa. As
can be seen, the null asymmetry values instead show a systematic
trend (approximately linear) with respect to en_ This tilt of the
envelope away from the horizontal is an indication, then, of the
residual systematic error, and provides an estimate of the
correction to be applied to the €,o1 values. An estimate of the
mean width of the envelope gives the uncertainty in the systematic
correction. for set A, the systematic uncertainty in the final
asymmetry valtues is thus 0.00085. This implies that the systematic
uncertainty‘in the poliarization values for run A is 0.0034.

It is also noted that the net effect of. the shift corrections
on the final asymmetry values is smaltl (figs. 5.1b and 5.2b). ItT
was found that the shift correction could not be reliably
estimated for the 8n=1500 angle bin data. This was due to a
combination of poorer statistics and the fact that the data lie

close to the L pulse neight edge.
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The'final polarization values obtained from each data
set_are summafised }n table 5.5 and in fig. 5;3. The individual
Values for éach scattering angle were weighted by the inverse
square of the statistical érror to obtain the average. .The
dominahce of sét.A in the mean,‘because of the much smaller
uncertainties, is evident. Nevertheless, the internal consistency
between the sets can be clearly seen (fig. 5.3). This consistency
lends’conFidence to the method of using the nulil measurements to
_estimate correétions té the asymmetry data. It can be seen that
the asymmetry values-measured for a given.en. which differ between
sets, sometimes by large amounts, aérée after this correction has
been‘apblied. | |

A plot of the final polarizatibnvvalues is’givéﬁ in fig. 5.4.
Sinée set A dominaté$ the ﬁean Pnp values presented in table 5.5,
the‘systematic uncertainty (due to .the null correction) associated
-~ with these mean values may be téken to be the same'as those for
seth. The uncertéinty in the incident_ﬁeutron polarizationvis
“estimated as * 0.01. The systematic errbr due to this uncértainty
in the incident polarization is estimated as being negligible by
compafison'with thét introduced by the null correction. The final
re;ults of the.preseﬁt Pnp meésurements are thus presented in
table 5.6. The total uncertainty includes the statistical and the
.systématic uncerﬁainties combined in quadrature. This gives an
indication'of the overall error witﬁ the scale error folded fn

with the statistical error.
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Table 5.6. The present Pno results (in %)

{absolute) uncertainties

O, (c.m.) Pro statistical svystematic total
77.5° 5.75 0.65 0.34 0.73
90° 4.69 0.31 0.34 0.46
110° 3.72 0.36 0.34 0.50
130° 2.78 0.42 0.34 0.54
150° 0.89 0.66 0.34 0.74
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CHAPTER 6
DISCUSSION AND CONCLUSION

6.1 Introduction

The polarization data from this.experimeht (fig. 5.4 and
"table 5.6) may be compared with other measureméhts at the same or
nearby energies, with predictions based on phase shift analysés
and with predictibns baséd_on N-N potentials such as the Paris.
potential. To facilitate such comparisons it is convenient to
parameterfze the experiﬁental and the theoretical and phase
predictions in a'Form suggested by Mutchler and Simmons (MU71).
_As shown by Mutchler and Simmons, for orbita] angular momenta
.UD to tmax =H2, the polarization data in n-p scattering combined
with the diFFerential Ccross éection data can be Fitted with the
function _ | |
P(6)o(8) = sin © (A + B cos 8) . - (6.1)
Here ® is the'c.m. scattering angle.'The Ccross éectidn can be
approximated by'dsing the expression (GA63) |
a(8) = (o7/4m)(1 + bcos®®) / (1 + b/3) , - (6.2)
‘where 5=2(En/90)2 . Here oy is the total n-p scattering cross
section, which can be obtéined from Gammel’s formula (GA63). En is
.fhe laboratory neutron energy in MeV. |

The parameters A and B are related to the phase parameters

2
As

arising from the spin-orbit part of the nucleon-nucleon

representing combinations of triplet 2-wave phase shifts

interaction. Approximations for the_Al are derived from

LS

expressions given by Chisholm et al. (CH80), where it is assumed
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that the phase shifts for L2t are small, and the €, mixing

- parameter is zero:

AP

2, 5. 2. 3¢
LS 4k"A/12sin"( Sl) » and
D

7 s

ak®B/e0sin®(?s;y B . (6.3)
where k is the centre of mass wave number of the incident neutron.
The magnitude of the polarization depends on the_spin—orbit
splitting APLS,OF the T=! triplet P-waves, whereas the shape

LS

relates to the spin—orbit Splittﬁng AD of the'T=O triplet D-

waves.

5.2 The Pnﬁ measurements | |

A least squareé fit of eg. (6.1) Qas made to the present
'experimenfal data using the matrfx approach (DR665, The Qalue used
for ;T ét En=21.6 MeV was 0.447 barns. The values obtained from
the fit for the parameters A and B are given in table 6.i. The
" curve drawn in fig. 6.1 indicates the fit to the bresent data.

| Table 6.1 also jnciudes'the results of similar fits to the
corrected MO74 and JO74 data, as well as to the 22 MeV Karlisruhe
(Wig4a) aata. There is good agreement in both the A.aﬁd B values
for the present, JO74 and'Karlerhe data. There is, however,
.disagreement between the valQes obtained from the.corrected MO74
data, both in'térms of magnitude and shape. | |

The present polarization data are also compared with the

above mentioned measurements in fig. 6.2. The curve representing

a fit to all of the data points is also shown.

6.3 Phase analyses and potential predictions
The polariZation data are also compared in fig. 6.2 with some
‘recent phase analysis and potential predictions. The curves

represent
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Table 6.1. Comparison of A and B from fits to various daté sets and

phase shift predictions.

p-p 0.144

energy(MeV) A_(sz) B (sz)

Present - 21.6 0.1663 = 0.0070 0.0782 * 0.0212
J074 corrected  21.6 0.1578 = 0.0037 0.1096 + 0.0089
' MO74 corrected  21.1 0.1953 + 0.0071 0.1696 * 0.0135
Karlsruhe  2241.5 0.1699 + 0.007 0.0990 + 0.0128
Combined 1) 21.6 used 0.1686 * 0.0037 0.0978 + 0.0081
Combined 2) 21.6 used 0.1752 + 0.0045 0.1167 + 0.0096
Paris potential3) 21.6 0.1555 0.1064

Arndt 1983 4) 21.6 0.1469 0.0717

LRL-X 5) 211 0.156 0.06
Yate-1v 5) 21.1 n-p 0.158 0.13

1)
2)

3)

4)

5)

present, J074 and Karlsruhe

present, J074 , Karlsruhe and MO74

A and B are calculated directly from the phase shifts Usingvthe

spin-orbit combinations:

P _ 3
LS

D
s

A

3D _

(1760} (-9 1

(1/12)(-2 “Pg =

3
14 -03).

from a fit to the n-p polarization predictions. Hence this is

just an approximation.

these values are taken from the paper by Morris et ail.

(MO74)
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i) the polarization 6bservable at 21.6 MeV as predicted by the
energy dependent nucleon-nucleon partial-wave analysis of Arndt et
al. (AR83). The calculation was made using phase shifts
corresponding to 21.6 MeV which were estimated by interpolating
between the published n-p phase shifts at nearby energies (see
table 6.2); and

ii) the polarization values at 21.6 MeV as predicted by the Paris
potential. The phase shift parameters (MIBG) which were used in
this calculation are listed in table 6.2.

Values of the parameters A and B in eq. (6.1) were obtained
for the predictions represented by curves (i) and(ii). In the case
of (i), the Arndt phase predictions, the curve was Fitted to eq.
(6.1) in the same way as for the experimental data. fFor curve
(ii), the Paris potential prediction, phase shifts at exactly 21.6
MeV were available and so A and B were calculated directily from
these. The A and B values that were defermined for (i) and (if)
are shown in table 6.1. The values of A and particutlarly B
derived from the combined data show good agreement with those of
the Paris potentiatl, but disagree with the values given by the
global phase shifts of Arndt 1983. For completeness, values from
the eariier global phase shifts Yale-IV (SE68) and LRL-X (MA69) as
given in the paper by Morri§ et al. (MO74) are also tabulated.

The Bohannon singfe energy analysis at 25 MeV is probablty in
need of review owing to the inclusion of the uncorrected MO74 and
JO74 data. This conclusion is substantiated by comparing the
subsequent Karlsruhe (WI84) and Wisconsin (SR86) n-p polarization
measurements at 25 MeV with the values predicted by the Bohannon

phase shift parameters (see fig. 6.3). It can be seen that there
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is disagreement, particularly in the shape of the polarization

distribution.

4

Table 6.2. Phase shifts (in degrees).

© phase shifts Arndt et al. Arndt et al. . Parfs potential

20.0 MeV 25.0 MeV 21.6 MeV
‘So. 52.90 © 50.30 o 50.15
[Dz 0.56 0.76 0.64
% s.18 - - 9.1  8.36
3Pi' ~4.49 . 5.3 -4.68
P, 2.00 - - 2.66 2.41
‘P, -3.23 . -3.66 = -6.40
s, 86.92  .8l.68 . 83.99
e, 1.07 - 0.9 1.62
__301 .67 -2.33 | -2.42
o, 2,79 . 3.82 ©3.20
303 - 0.13 0.20 0.045

6.4 The énthracene polarimeter

- It has been shown thaf.the anthracene Scintillatidn
pOlarimeter;is capabile oF»measQring n-p énalyz{ng powers feliéb]y.
- The stat?sticél accuracy of a measurement  has been clarified, and
,the‘main Sources of systematié error'have been identified. These
have been elimfnated as faf as possible both by means of improved
 instrumenfal designvandAin more critical data reduction
'vteéhniques. The new correction brocedute for deducing spectrum
shifts has proven fts effectiveness. |

“In the present exberihent the nulL.asymmétry;measurements

showed a residual asymmetry of ¢ 1%. The origin of this residual
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asymmétfy is'unknown.*A'possible cauée could be that the proton
recoil éscape componént i§ different for the "up" and "down"
crystal orientations. While this residual asymmetry has proved a.
severe Iimitatfon in this experiment, it would be less so if
(a) the incfdent:polérization'Po were larger..as obtained for
example .at most other laboratorieS-Qhere this kfnd of work is
done; and/or- |
(b) the polarimeter was used at higher enefgies.where Pnp-is
larger. |

In view of these cdnsidefation; it may thus be seen that the
new anthraceneipolarimeter developedvFor this work is a

significant imprqvement over its predecessor (BR74).

6.5 Further developments and applications

'The;breéent.achievements suggest further applications of the
anthracene_polarimetér. Some passfble applications and Further‘
qevelppments are outlined below.

i)y If thé crystaf polarimeter were used at a facility with beam
spinfreQéfsal,ﬂno relative change in the A and B spectra should be
evident due to the fact tﬁét the crystaf will not need to be
rétated. Hence the need for the determination of a speétrum shift
correction.shouid not arise, and hence the main.source of
systematic uncertainty in the measureﬁents wiil Be eliminated. The
,analysié will be straightforward, and reliable analyzing power
'measurements with excellent statistics ( between 0.1% and 0.2% )
should be possibie.‘The same should apply to n-d measurements
usihg a deuteratedbanthfacene Crystal.

i) The érystél écintil]atidn polarimeter can also be used in

reverse as an analyzer to determine the polarization of a neutron
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.beam. In this appiication n-p phase-shifts can be usedrto
ca1culate”the n-p polafizafion values Pnp(e),at the beam energy
being uséd._The polafization of the neufron'beam is then given by
P=5(9)/Php(9),v where €(0) is the measureq_asymmetry at scattering
angle 8. The anthracene analyzer measures the asymmetry for a
‘range-of scattering angles simulténeously. Naturally the aécuracy
' _oF_the‘beamvpolarization meésurement will be limited by the
‘accuracy to which the phase shift parameters at the energy of
‘interest are known. This use of the polarimeter_is envisagEd'For-
varibus medium‘energy_(upvtoﬁzoo_HeV) experiments at the new NAC
 _FaciIity. | |

To‘demonstréte the analyzér in operation, a.run was carried
out under slightly different COnditions from thosé of the n-p
pOlarizatjon experjméhtsfvThe'de}ﬁ)dHe reactfon was again used
and a deUteron energy of 5.6 MeV Qas éelected. This energy was
considered to be §F intereét pecause it has Seen noted by Mutchler
.et ai._(MU7lb) that the 5He't:ompound system has a broad level at
 20-MeV excitation (LA66) that ocgufs'at £d=5;62 Mev. They have
sUggested'tHat fhe level structure oF 5He'may affect the
polafizétion obsérvable. | | |

Thé'mea5uremen£s were made gsing‘fhe ahthragene—z crystal and
"fnc]uded huil‘runs at E=0o (Ed=5.b HéV) and polarjzation runs at’
;5.6 MeV). The neutron energy in both cases ya$ 22 HeV;

d
The results of the asymmetry measurements and the subsequent

£=25° (E

anélysis are given in appendix 6.1. The calculation gives Pinc =
0.110 £ 0.015 . Fig. 6.4 shows this value togethef with previous
measurements made at a nearby neutron reaction angle (E=30°). The

present result indicates that a depolarfization resonance occurs at

Ed=5.6 MeVv. ‘It is hard to say whether the earlier measurements
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near this energy were befng affected by the resonance, bearing in
mind that there may be ah averaging effect due to,Finfte energy
_resoiutionvof'the deuteron beam.‘Also,"fhe measurements of the
T(d,7) polarization between E_ = 5 MeV and Eq= 6 MeV, where the
neutron energy is close.to 22 HeV.-may not be too reliable. This
‘is because the_nthrOn pé]arfzatfon was measured‘using a helfum
neutron polarimeter and depends on n-a scatterihg bhase shifts. As
can be seen in fig. 6.5,.the-reliabjiity of the n-He analyzing
powér§ near 22 MeV, which are obtained from a knowledge-of the
'phase.shifts, is reduced.owing to fesonanbes in the 5He system.
This'depolarization efFect could be investigated.fn more detaijl by
measuring the neutrqn polarization between Ed=5 MeV and E 4=6 MeV
using small energy jncremehts. It is interesting fo‘note that
measuremehtévat Qeutron reaction'angles £=90° and-£=120° (see fig.
6.6) aJSo‘indicate strong fluctuation in‘Pn(e) in the Qicihity of
.Ed=5;6,MeV. |
Ciii) A further éttractive extension would be to utilise a
pOIarimeter consisting of a thin wéfer—like;anthracene crystal.
fhen haihly'planar.recoils.will be reédfded. since a large portion
of ouf;b?—plane‘recoils wf]l escape fom the crystal and,FéII |
-Qithih the escape ridge of the LS spectrum. fhis should résult in
thé left and riéht‘planar events in the LS plane being well
separated from each other. The analysis procedure will‘thQs be
Iess.sehsitive'to spectruh shiFts.,althoggh this advantage will be
voFF—set byvé considerably reduced_countrrate during data
édllecfion. If thé in¢reased number of escape events poses a
problem, they can be even more pos{tiVer removed, for example, by
coupljné plastic scintillators to the anthracene crystal. This

, "phoswhich" system should effectively separate many of the escape.
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vevents from the non-escaping proton recoils to aﬁ'even greater
extent because the plaétic scintil]étor_response is such that the
-5 pglse from protons ié_muéh shaller than for thé anthracene
‘crystal. The escaping protons wil] therefore lie closer to the
Compton electron ridge.  The wafer-1like crystal onld'be
particularly USéFu! at facilities where no beam spin-reversal is

available.

6.6 Cbnclusioné‘

The'pfesent data are‘in agreément with the most recently
published n-p polarization data atv22 MeV (WIB84) which were
obtained with neutron production and detection techniques
éompletely different from the present experiment. The present data
.also aéreefwith the updated ﬁfevious Caée Town (JO74) measurement.
The corrected‘Morris data‘(MO74), though systématically~higher,
ahe consisteht with fhe above measurements, especfally at the
larger angles.

The ma jor conc{usion.drawn from comparing'the.present”data
(togethervwith the . other measurehents) tb ava&lab]e nucleoﬁ-
nucleon_Scaﬁtering predictions is that ndne of the globaf analysesi
give the_COhréct polarization for n-p scattering. The Bohannon
single enérgy‘analysisvat 25 MeV js probabiy in need of review’
following the present updating of the originai MO74 and JO74 data-
on which it was partially based.
| None of the n-p polarization measurements at 21.6 MeV show
any indication'bF-zerq—crossing at large 5cattefing anglies, which
implies tﬁat any F-wave contribution‘is very small. This is in
agreement with the large—angle measuremént (see Fig; 6.3) made at

25'Mev_at Wisconsin (SR86).
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To summarise then, a fit to all of the n-p data at En= 21.6
Mev gives (for s = 84.0°) A" _-0.880° + 0.023° and 8P g=0.12° =
0.01° . A proper assessment of whether or not there is evidence
for isotopic spin splitting of the triplet P-wave phase shifts
(ie. APLS[n—p] - APLS[p—p] ) in the vicinity of 25 MeV may now be
possible by including the new data in an updated phase shift

analysis.

The anthracene polarimeter has shown iself capable of
precision n-p polarization measurements at 21.6 MeV. quever. a
limitation is a residual systematic asymmetry of ¢ 1% . This
implies that further applications (either as a polarimeter or an
analyzer) would require
(a) a ﬁull measurement at an equivalent energy so as to monitor
and provide a correction for any residual asymmetry; or
(b) further investigatfon to try to account for the residual
asymmetry.

[f this systematic error is indeed being caused by a difference in
the proton recoil escape component associated with the two crystal
orientations, the.use of the polarimeter at a facility with beam

spin-reversal should resolve the problem since the crystal could

be kept stationary.



71

- APPENDIX 1.1 :
PHASE SHIFT ANALYSIS

Brief review QF scéttering theory (based on MA60)

foéct inFormation‘about the Fdrce between two nucleons is
 . principal ly obtained by spattering'one nucleon ofF another.
Accdrding to'the'géﬁeralized Pauli principle, a pair of nucleons
can exist only in stétes whose total wave Functién_is
_-antisymmetricv(ie. chanées sign) Under interchange of the two
- particles (seevfdr example GIBO). The total wave function may be
written as ¢=¢xf_wheré | -
¢(Fl,r2) s dependent-oﬁ fhe spacechordinates of the
two particles. |
x(é;ml.ﬁz) ' is;depéndehf 6n the z—componentg of their
sbins,and on the totalvspin.s. The quantity

ml + m, is the z—component of s .

t(T;TBi,sz) is dependent on the toﬁal isospin T and on

- __the z—cdmponents of isospin for the two'
-nu'cieons(bT31 and T32 ). |

In spin-dependent scattering‘experiments; the measured

| properties depend upon the pfdperties of the various interactions

involved, ana upon_the.geomgtriciconfiggrétion (ie. energy and

angie )..IF the states before and after a scatteringvprocess are

related by ¢F = Sy, the densityvmatrices (W052,DA52)

characterizing the system before and a?ter scattering are related

by-pf = SpiS* . Fbr scattering experiments in which the final

particles are counted outside the unscattered beam, the incidenf'

beam must be subtracted out. Then Pec= RpiR* where



72

R=S-l- Thé_pscidefiﬁed in this way describes the scattered wave.
Because the moméntum_caﬁ}usually be considered well defined in |
scattering experiments, a Spin density matrix p(k) can be deFined.
where k is a state of relative momentum. On the dynamical side,
_the momentum~spéce'matrix eiément <KIRIk"> is a matrix in spin-
space whose e1ements.‘aside from a normaiizétioh factor. are the
‘scattering amplitudes for initial»and'Final spin stateé. In the
description of polarizatfon phenoﬁéna, it is convenient to
'ihcorporate this.normalization factor and to deal also with the
,spin.hatrix,M(g.g') whose'matrix.elements are exactly tHe
sCattering amblitudes in varioUs-Final'spinvstates for fixed
initial spin states. Then pSC(5)=MK5’K,)Qi(KI)M*(E'h’) where.tﬁe
_Freedoh ih the normalization oF.the p(h) has been expioited. The
. operator_M(5.5’5 is a matrix in the spin—épace of the two |
particlesvahd can be expanded in terms of a general function whose
coéFFicieﬁts are complex FuﬁctionS’éF‘energy and angle. See (MA60)
Fof_the Ful1iexpression.‘The coefficients are called the
wOlFenstéin'parameters. A more cOnven%ent form of the M matrix was
origina]ly‘given by WO]fenstein (w054) which restricts the terms
of the expression'to éinglefr(s=0) and trip]ef (szl) states.

‘Nucléoh~hucleon scatterihg occufs within the constraints
imposed by invariance under time Feversal and conservation of
angular momentum and parity. For a inen total angular momentum
J ;'the:proton-proton system has_FiVe indepehdent ways in which
the intrinsic'spiné and the orbital angular momentum can couple
together (MA69b); Hence the p—-p system has five complex scattering
ampl itudes. The antisymmetry of the p—p'wave Function when
YCOmbined with the conservation of angular momentum and parity

- prevents mixing of singlet and triplet spin states.



73

..Under.the assuhpfiohvﬁhat the,broton and neutron are isotopic
states oF‘the same partjcle that diFFér onfy in the z.projectiéns
' oF_their isospins, the heuﬁfon—photdn wave Fuhction must be
antisymmetric. Scattering occurs in the two isospin states ( T=1
"and T=0 )._anq so there are ten independent n—pvscattering
amplitudes. The T=1 amplitudes as.measufed in p;p and n—p'
scattering should be identical in all but ejectrbmagnetfc effects,
iflﬁhé chéfge independence hypothesis holds. ‘This assumption is
indispensible for analysis oF_existing'n—p‘scattering data. fhe
n-p daté cén then'beianalyzed‘to_give.thé_corresponding T=O

‘amplitudes.

‘Analyzing nucleon—-nucleon data (based on MA69b,S5169)

In praétice attempting to anélee'thevdaté directly in terms
of the scattering'mafrix is diFFicult and has not been done. As an
altefhative a_general Formaiism is requiréd to express in a simple
wéy the dependence of the 6bserved quantities on the
Characteristic_parametersideSCribing the infehaction. This
formalism should lead to-a éommon meeting ground for experiments
and theorvy, in,which‘the ekperiments can be summafized with some
ease and théofy cén be expressed qufte dfrect]y. The formalism
uSedvso far has been the bértia1 wave analysis. This separation of
thé scattering aﬁplifude a(e) into the partfal waves of different
vangu]ar momentuh is genera],irelatfvfstically covariant and
independent of ahy pofential_model. The scattering amplitudes are
essentially unknown functions of energy E and scattéring anglie ©
and can be expanded in terms of angular momentum states
. a(E,8) = F(E)g(e)'._The_g(G) are known functions that.depend on

spin, orbital angular momentum and total angular momentum (s,1,J)
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of the system. The f(E) are unknown.Functions oF energy and are

i6(E)

expressed in the following unitary form F(E) uc e where the

§(E) are phase shifts which carry labels g.l,d. The spectroscopic
form for the phase shifts has traditionally been &(E) = 25t e,
although the new notation is & = (2s+1)1J as indféated.by. for
example, Bugg (BU8B5). The kfnd_oF phaée shifts almost unfyefsally
used ére those designated nuclear bar; The Pauli principle places
restrictions on the possible'statés of a nucfeon—nucleoh pair. The
'permitted states are given by.l+s+T=odd,>The-mixing of states of
pure‘L occurs because only thelfotal'angular momentum J, not L, is
conserved when the colliding‘partiCIes'have spin. BecauSe of
~unitarity, only three parameters are neededvto describe the
vbehaviour of each pair of states with S=1 and L=Jtl‘( two phase
J;l and a hixing parametef éd' |

The phase shift deéombosition of scattering amplitudes has

shifts &

several advantages : because a few low—1 phases dominate the
 §cattering, the number of free (phénomenoiogical) phases can'be
képt feasonably small{ physical inFormatién‘can be inserted by
" using eFfective—range low-energy limits for S-waves; theory can be
-ihserted by“ca]culating the small, high-1 phases from the one-
pibn—exchahge Feynman diagrém;.and'the observed energy dependence
of;thé phase shifts can be used tovtest theofetical models. The
big disadvantage of phase-shift Formalismvisvthat the eqguations
are nonlinear.

It is important to realise thaf phése_shifts are not the afm

and end of the study of the nucleon-nucleon interaction. They are

stepbing stones they provide a compact éummary of the

ekperimental data, and even then not as well as we would 1like.
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'Formalfsm felatiﬁg phase shifts and obserQables (based on MA6G5
Experiméntal Observables such as differential cross sections,
analyzingvpoWers etc.véan be‘expressed.in terms of the Wolfenstein
parameters. Results can be found in the literature eg.
(MA60,PH60) . The reqUirement.is therefore thaf the-WolFenstein
'ﬁarameters be exﬁfesséd.in térms of the'phése shiFt parameters,
The Wolfenstein parametefs‘can be expresséd in termé of the
ﬁ—matrix eleménfs, and hay be obtained by'taking traces of the
expression for H. The M-matrix elements in turn can be expressed
in terms éF the R-matrix e1emen£s'via the relationship
M(k,K’) = 4N/2ik <0,41RIB",d"> . R is then decomposed into partial
anes., andvis'represented byva serieé of.two—by—two unitary
matrices whose elehénts are Funétiohs of .the phasé shiFts‘aﬁd
| mixing péraheter. Iﬁ effect then, the physical observables can be

obtained from the phase shift parameters.

Phése shift ana!ysés of the data (based on MA60)

As shown aoné;'once one has phase shifts it is a fairly
.simple matter to célchafe-the obServables;vHowever, the reverse
procedure is not at all trivial. Given the exberihental
quantities, there is in gehéral‘no analyfical procedure to obtain
 From them the phase:shifts. A set of phase shths can only be
prépérly-determinéd by méking least-squares fits to the data.

( Similarly. calculation of potentials direétly from thé phase
shifts has proved to be imposéible. Parameters of a nucleér—force
mode Can be determihed bnly by making Ieast—sduéres fits to the

phase shifts or to the data directfy ).
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In geheral, a set of phase shifts is ée]ected, the
corresponding obserVables are calculated, and the - least-square sum
- for a Fitvto the data is determined and then impréved by stepwise
alteration of the phase shifts. The goodness of fit criterion is

given by
(E, -0, )% |
x° = % > where E. is the experimental measurement,

.
1

Oivis the value of the observable aé éa}culated from thé set of

f phése shiFté in question, and g, is the,standard deviatioﬁ
pertaining to the experiméntal measurement. The index i1 is carried
over all the pieces of data»inciuded in the analysis. x2 is>to be

2

minimised. The procedures used in searching for the x" minimum are

discussed in ref. (M072).

It'is importanf. when performing a bhase shift analysfs,to
‘ﬁave an objective criterion for choosing how many phase shifts to
iqciude,,fhe number of phase shifts to be included in an.anélysis
depends on the énergy'at whfch the measurements were carried out
as weff as on thglprecisionvof the data. In practice, the number
of phase shifts consfdefed in an analysis is limited by the
-méximum'number of parameters that cén be obtained from the data in
question. o |

Data can also be analysed at all energies simultaneouély (see
also MO72), in which case coefficients describing the energy
depeﬁdence of phase shifts are determined from the experiments.
Twovapproaches are bossible. The one method involves carrying out -
phase shift analyses at each energy at which sufficient data
exists and fitting smooth curves through plots of the phase shifts

vs. energy. Considerations of causality give a maximum rate of
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change of phase shifts with energy. The-bthef'mefhod'assumes a
pléusible Functional dependence for the phase shifts, given
perhaps'by mesdn theory, which has a suitable number of arbitrary
_coﬁstants. Data at all eneréieﬁ are then used to find the
constants.'The probfem here is to select the functional form

without putting unreasonable constraints on the data.
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APPENDIX 1.2

Ad justments to previously published n-p data

The values.of-the incident neutron beam polarization as used’

in the FolIOWIng publlcatlons have required adjustments as
outllned below.
1_MeV data of Morris et al.

i) The 21. (M074)

AnalyZIng power . measurements were made u51ng the T(d, n)4He

reaction with Ed = 5.35 Mev. Measurements were made at two

reactioh'angles. £ = 30° to give 21.1 Mev neutrons and £ = 80° to

give 16.9 MeV neutrons. The polariZation of the neutroh beams as

measured by Smith and Thornton (SM72) is as follows:

'0.35 -rand.

i}

For_ﬁn

.

21,1 Mev , Py
16.9 MeV , P;_ . = -0.50 .

“for t
n “inc

W

Theée values were alsoementioned by Morris et al. (MO74),

" hereafter MO74;‘However,‘when the,asymmetry measurements for the
21.1 incident

MeV data were converted to analyzing powers, the

"polarization value gsed clearly appears to have been 0.50 instead
of 0.35. Assuhing this to be so, the published analyzing powers
- and the'cofresponAing uncertainties -are too small by a factor of
0.7. |

' -ThevFofiowihg1table whicﬁ is based on table 1 of MO74 gives

their analyzing power values before and after correction :

cm

m

G . e f

b

quoted F’I

corrected Pl

- 40°

0.0166+0.0017

1.12

0.0373+x0.0038

0.0531x0.0054

602 0.0213%0.0012 1.08 0.0460%0.0027 0.0657x0.0037
80° 0.0227+0.0018 1.04 0.0472+0.0037 0.0675%0.0053
100° 0.0177+0.0037 "1.07 0.0380x0.0080 0.0541x0.0113
120° 0.008620.0050 1.10 -0.0190+0.0110 0.027020.0157
140° 0.0029£0.00i2 1.10 0.0065+0.0027 0.0091+0.0038
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- Here em.is the measured asymmetry, Fb is a correction factor

such that = ' -
€ . smfb , and P_.l Ec/Pinc .

ii).The 21.6 MeV data of Jones and Brooks (JO74)

| These énalyzing power va!ues_have been updated to take into
| account the mofe recent T(d,ﬁ)4He polarization values of Smith and
: Thorntonv(SM72). Correctionlfactors which are needed are based on
jthe_original.data sets giveﬁ ih the Ph.D thesis.oF>QOnes (J072).
These sets‘are‘reproduced below:

used - P.__ updated

Set By & ‘,En_ : Pinc inc

D 5.0 Mev ~20° 21.6 Mev  0.21 . - 0.25
E 5.0 Mev 20° 21.6 Mev  0.21 0.25 .
F 5.0 Mev 20° 21.6 MeV 0.21 . | 0.25

G 5.35MeV  30° . 21.4 MeV  0.30 0.35

The published,avefage analyzing power for eaéh scattering angle
ecm compri;ed some or all of fhe'above seté in various
combinations. The corfectionlfactor for each ecm was obtained by
recaltulating the weighted averége‘énalyzing'power valge usiné fhe

updated poliarization values. The ratio of the new average to the

old gives the'corfection facter. shown in thebtable below.

ecm Pnp quoted correction factor Pnp corrected
50° 0.060 - 0.84 . ~ 0.050

70° - 0.063 0.84 I 0.053

90° . 0.056 : 0.80 0.045
110° 0.038 0.82 0.031
130° - 0.024 - 0.81 _ 0.019
150° . 0.018 : 0.80 0.014
170° - 0.000 , 0.84 : 0.000
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In a paper by Brock et al. (BR81), where the necessity for the
..correction was Ffrst'pointed out, the correction factor Qas

calculated as 0.84 for all scattering angles.
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APPENDIX 2.1

Reproduction of the paper of Brooks and Jones detailing the

original anthracene scintillation polarimeter

NUCLEAR INSTRUMENTS AND METHODS 121 (1974) 77-85; © NORTH-HOLLAND PUBLISHING CO.

A SCINTILLATION POLARIMETER FOR n-p SCATTERING STUDIES

F. D. BROOKS and D. T. L. JONES*

Physics Department, University of Cape Town, Rondebosch, C.P., South Africa

Received 29 October 1973

A neutron polarization analyser is described in which the direc-
tion dependence of the scintillation pulse shape discrimination
(PSD) properties of an anthracene crystal provide the basis for
observing the left-right asymmetry of recoil protons associated
with the n-p scattering of monoenergetic neutrons within the
crystal. The polarimeter consists of a single anthracene crystal
mountcd on a magnetically shielded photomultiplier tube which

1. Introduction

In a companion paper’) we described an investiga-
" tion of the scintillation pulse height responses and
scintillation pulse shape discrimination (PSD) proper-
ties of some organic crystals. The direction dependence
of these properties was studied for recoil protons
from incident neutrons with energies in the range
1-22 MeV. In anthracene crystals in particular the
scintillation pulse shape was found to be markedly
direction dependent over most of this energy range. It

is fitted with a PSD circuit. The pulse height and PSD outputs
from the photomultiplier are analysed in two pasameter mode
and a set of observations consisting of a pair of two-parameter
spectra leads to a measurement of the recoil proton asymmetry
as a function of recoil angle. The polarization in n-p scattering
is then deduced as a function of centre-of-mass scattering angle .
Ocm for valucs of Ogm in the range 50°-180°. '

tion; and a PSD output S which depends non-linearly
on the proportion of slow component in the scintilla-
tion decay. The L and S outputs are processed by the
same electronic system and two-parameter analyser

~as in ref. | to give two-parameter spectra of counts

was apparent that the PSD properties of anthracene, -

besides providing the familiar means for discrimi-
nating against gamma-ray backgrounds, could also
provide a means for sensing the directions of recoil
protons released within the crystal. An obvious appli-
cation occurred in the study of the neutron polar-
ization in n—-p scattering?). A scintillation polarimeter
was developed in which the direction dependence of
the PSD output provided the means for determining
the left-right asymmetry of the proton recoils from
n—-p scattering. The design and operation of this polari-
meter are described in this paper and its suitability for
thestudy of the polarization in n—p scatteringisdiscussed.

2. Qutline of the method -
The equipment used is identical to that described in

ref. | and consists of a single anthracene crystal moun-

ted on a magnetically shiclded photomultiplier tube
fitted with a PSD circuit®). The photomultiplicr pro-
vides three output pulses, namely: a fast output signal
for time-of-llight spectroscopy: a lincar output L
which is proportional to the total light in the scintilla-

* Present address: Physics Department, University of Wisconsin,
Madison, Wisc. 53706, U.S.A.

versus L versus S. We refer to these spectra as LS
spectra. :

The laboratory arrangement for polarization mea-
surements is shown schematically in fig. l1a. A mono-
energetic neutron beam is taken at angle { from for
example, the T(d,n) reaction. The monoenergetic
beam is selected by time-of-flight gating unless the
choice of beam and target makes this unnecessary.
The neutron and deuteron beams define a horizontal
plane and the anthracene crystal is oriented at (2, §) to

Fig. 1. Schematie diagrams of experimental geometry showing
deuteron beam d. neutron beam n and tritium target T. (@) Dia-
gram showing reference fuce RF of anthracene crystal A, photo-
multiplier axis PMA. and / =0" axis, defined by marks M.

" (b) Diagram showing centre X of crystal, mutually perpendicular

erystal axes, a, b and ¢, and recoil proton p. The azimuthal
axis ¢ =0 is detined by projecting the deuteron beam onto a

-plane normal to the neutron beam. The dashed lines illustrate

77

changes implied by a switch from position A to position B.
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the ncutron beam where 2 and § correspond to the

angles referred to as 0 and ¢ in ref. 1. The angle « is

the angle between the photomultiplier axis and the

ncutron beam. The angle # is the angle between the

projection of the neutron beam on the reference face of
the crystal and the azimuthal axis of the crystal. The

reference face is that face of the crystal which is
optically coupled to the photomultiplier cathode and

the azimuthal axis, 8 =0 in fig. la, is a line which is
arbitrarily defined in this face. To simplify the present

discussion we shall restrict ourselves to the anthracene

crystal A of ref. 1, for which the reference plane was an

ab-plane and for which the photomultiplier axis

therefore coincided with artificial ¢’-axis of the crystal').

For this crystal or for any other anthracene crystal

therefore, the angle x could equally well be defined as

the angle between the neutron beam and the ¢'-axis of
the crystal.

The pulse height anisotropy properties of anthracene
for protons are such that, for a given proton energy, L
is a minimum for protons moving parallel to the
b-axis of the crystal and a maximum for protons
moving parallel to the artificial ¢’-axis*). The PSD
anisotropy characteristics') are such that S is maximum
when L is minimum and vice versa. as can be seen in
fiz. 2 of ref. 1. An optimum orientation for asym-
metry measurements is one in which there is maximum
variation of S for proton recoils to left and right of the
neutron beam direction.

This is achieved if the g-axis of the crystal is aligned
vertical (so that the bc’-plane is horizontal) and the

Fig. 2. Isometric plot of an LS spectrum obtained for 21.6 MeV

neutrons incident on the anthracene crystal A. The spectrum

shows counts (vertical) vs pulse height L vs PSD output S. The
upper limit of the count scale is 500,

F.D. BROOKS AND D.T.L. JONES

neutron beam direction is intermediute between the
b- and ¢"-axis so as to make the angle x = 60”, as shown
in fig. 1b. We define two positions A and B (fig. 1b) at
this orientation, depending whether a proton recoil
from the neutron beam towards the c’-axis is in the
same sensc (A) or the opposite sense (B) as the deflec-
tion from the deuteron beam to the neutron beam.
We can change from position A to position B by chang-
ing { to —{, as shown in fig. 1b or by rotating the
crystal through {80° about the neutron beam or by
rotating the crystal about the g-axis until the ¢’-axis
makes an angle (2rm—x) with the neutron beam. The
photomultiplier is mounted in such a way that any one
of these angles may be adjusted without affecting the
other two.

An LS spectrum obtained at the orientation (z,f) =
(60°, 40°) and with other conditions identical to those
used for fig. 2 of ref. 1 is shown in isometric projection
in fig. 2. A contour plot of the same spectrum is shown
in fig. 3. The structure in this spectrum is similar to
that in the spectra shown in ref. [ except that the proton
ridge P now splits into two ridges P, and P, (see
fig. 3) over most of its length. We can show that these
ridges correspond to protons recoiling into the
forward quadrants on either side of a vertical plane
through the neutron beam. The ridge P, corresponds
to recoils into the quadrant containing the ¢'-axis and
P, to recoils into the quadrant containing the b-axis.
By compuring the numbers of counts under each ridge

80

20
0

40|

60

Fig. 3. Contour plot of the LS spectrum shown in fig. 2. The

ridges in the spectrum are identified as follows: Compton clec-

trons, C; recoil protons Py and Pa; escaping recoil protons E;

and alpha particles, A. The linc QR represents the locus of a
constant recoil angle 0,
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we can dctermine the left-right asymmetry of the
proton recoils within the crystal.
The proton component of the LS spectrum includes
recoils at laboratory angles ranging from 0° to almost
90” relative to the neutron beam. The pulse height L
depends on the energy E, and on the direction of the
“recoil proton. The proton direction is specified by the
angle of recoil 9 relative to the neutron beam and the
azimuthal angle of recoil ¢. The azimuthal axis is
defined by projecting the deuteron beam onto a plane
perpendicular to the neutron beam, as illustrated in
. fig. 1b. The energy E_ is related to the angle 0 and the

incident neutron energy £, by :

E,=E,cos* 8.

From measurements') of the L and S anisotropies
we know that the loci of constant E, and hence of
constant recoil angle # approximate to straight lines
across the LS-plane, such as the line QR in fig. 3.
By defining a series of such lines we can therefore
divide the proton region of the LS spectrum into
angle bins corresponding to different recoil angles.
In principle therefore a single LS spectrum contdins
- sufficient information to determine the left-right
asymmetry as a function of recoil angle over a wide
range of recoil angles.

3. Operation for a particular proton recoil angle

~ The operation of the asymmetry analyser is best
described by first showing how the leéft-right asym-
metry would be calculated if the LS spectrum contained
only proton recoils at a particular recoil angle and then
showing how the LS spectrum is sub-divided into a set
of recoil angle bins for a series of such calculations. We
therefore confine the initial discussion to a specific
proton recoil angle § =30° and to a specific neutron
energy £, = 11 MeV for which the recoil proton energy
at 0 =30%is £, =8.3 MeV, from eq. (1). The direction
dependence of § at this energy may be deduced from
" the data given in fig. 5 of ref. 1 for the nearby neutron
energy of 8§ MeV. These data are referred to the crystal
coordinate frame defined in ref. 1, so we must transform
them to the present laboratory frame in which the
crystalis oriented at («, /) = (60°, 40°). The transformed
data for position A of this orientation in the laboratory
frame are shown in fig. 4. The laboratory recoil direc-

tions corresponding to minimum and maximum PSD -

output. S,;, and S,., are (0. ¢) = (60", 0% and (30",
1807) respectively. From fig. 4 we can read the variation

of S(4. ¢) with ¢ for the recoil angle ¢ = 30" and we
obtuin a curve of the form shown in fig. Sa, in which’

(.

S ranges between the values S_ (at ¢ =0") and S, (at
¢ =180"). We define the fractional dispersion F(0)
of S with ¢ for recoil angle 0 by .

F(0) = (S4—S_)/(Smax~ Smin): )

Thus from the data shown .in fig. 4, F(0) =0.9 at
0 = 30°. These data also indicate that for any value of
0 within the range 0. 570° the PSD outputs at ¢ =90°

_and 270° are very nearly equal. Assuming that in the

ideal case these outputs for ¢ =90° and 270° are the

(€260 8 =40
60°

ol

150N,

180}

-—u

2 7 330°

Fig. 4. Contours of equal PSD output S for 8 MeV protons as a

. function of proton direction (0.4). The plot is for the crystal
‘orientation (z.7) = (60°, 40°) and was obtained by transforming

the data shown in fig. 5 of ref. 1 to this orientation. The latter
figurc is equivalent to a contour plot of S(0.4) for the crystal
orientation (a,f3) = (07, 40°). -

8=30°
@' R
17\
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Fig. 5. PSD responses and spectra (schematic) for 8 MeV proton
recoils at 0 =307 (a) PSD output S vs recoil azimuth &; (b)
1ddbidSt vs §; () dafdd vs ¢ from eq. (3); (d) projected and
resolution-broadened spectra AN/AS vs S for #~0 (solid curve)
and & = 0 (Jashed curve); and (¢), as (d) but for £ <20 (solid curve).
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same and equal to S,,,(0) for recoils at angle 0, we note
further that §<S,,(0) for ¢ in the range 0°+90° and
5> S,.(0) for ¢ in the range 180” +90°. Thus the PSD
output S indicates whether the associated proton recoil
direction is to the “left™ or the “right” of the ncutron
beam. For equal numbers of left and right recoils
S..(0) should correspond to the median of the number
distribution with respect to S.

The left-right asymmetry £(f) of proton recoils from
n-p scattering may therefore be deduced from the
amplitude distribution of the S output as follows.
The partial differential cross section (do/d¢),, for
elastic proton recoil in direction (0, ¢) in the laboratory
frame is given by

(do/d$)es = [o(0)j27] [1+ P, P(8) cos¢]
= [o(0)/27] [1 +¢(0) cos ¢], )

where o(0) is the total differential cross section for
elastic recoil at angle 8, P, denotes the polarization of
the incident neutron beam, and P(f) denotes the ana-
lvsing power for proton recoils at angle 0 in n-p
scattering.

The number of proton recoils per unit S at angle 0
" and leading to a PSD output S may now be written

(dN[dS)es = k Y (do/de)e, id6idSlp,, 4)
¢

where k depends on the incident neutron intensity
and the crystal thickness and the sum is taken over all
values of ¢ which correspond to the value S{(see fig. 5a).
The modulus |d¢/dSle, is derived as a function of ¢
from fig. 5a and has the form shown in fig. 5b while
(da;d)ey is given by eq. (3) and has one of the three
forms shown in fig. Sc, depending whether &(0) is
zero. positive or negative.

The S amplitude distribution for a constant recoil
angle 0 is thus obtained by taking the product. as in
eq. (4), of the functions shown in figs. 5b and 5c and
" convoluting with the resolution function of the PSD
output measurement. Figs. 5d and 5e illustrate sche-
matically the types of distribution that will result for
either zero, positive or negative values of £(f).

Projecting the LS spectrum associated with proton
recoils at a particular angle 0. e.g. 8 =30°, onto the §
axis therefore leads to a distribution of the form
shown in fig. 5d or 5e. The peaks P, and P, in this
" distribution correspond to the ridges P, and P, in the
LS spectrum. If the proton asymmetry &(f) increases
the peak P, increases in height and the peak P,
decreases. The opposite happens if () decreases.

In changing from position A to position B (fig. 1b)

we cither change { to ~{, or we change z to 2n—a)
or we rotate the crystal through 180” about the neutron
beam. The first method reverses the sign of the incident
polarization P, and hence also that of ¢(0). The
second and third methods produce an equivalent
effect since they shift the phase of figs. 5a and 5b by
1807 rclative to that of fig. 5c. The effect on the
projected S spectrum is therefore the same whatever
the method used to change from position A to position
B. If the S spectrum for position A resembles the solid
curve in fig. 5d then that for position B will resemble
the solid curve in fig. Se and vice-versa.

In principle the asymnietry £(8) can be determined
by comparing the integrals under the peaks P, and P,
observed in either position A or position B. For
position A the integral under the lower part [S< S, (0)]
corresponds to recoils with ¢ in the range 0°+90°.
Thus the integral N under this part is given by
+1in

N. = [ka(0)j2r] [ [1+&(0) cos @] dop

= [ka(0)/27] [x + 2&(0)]. (5)

Similarly the integral NV, under the upper part of the
A spectrum corresponding to recoils with ¢ in the range
180° 4+ 90°, is given by

N, = [ka(0)/27] [ —2&(0)]. (6)

The asymmetry £(0) is therefore obtained from egs.
(5) and (6):

e(0)

%R(N«: _N>)/(N< + N>)
InANN,, _ (7

where AN therefore represents the difference between
the integrals under the lower and upper parts of the
spectrum obtained at position A and N, represents the
integral of the full spectrum.

The corresponding result obtained using the position
B spectrum instead of the position A spectrum is

e(0) = —Am ANG/Ny, - (8)

where AN, and Ny are defined in the same way as
AN, and N,. The minus sign arises in this case because
the lower and upper regions of the spectrum correspond
to recoils with ¢ in the ranges 1807 +90" and 0°+90°
respectively, which is the reverse of the situation
applying for the position A spectrum.

Asymmetrics determined directly from either eq. )
or eq. (8) will clearly depend sensitively on the value
of S, (0) used, through the effect this has on the
difference AN, or AN, However, for small errors in
S, () the effect on AN, is nearly exactly equal to that
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the mean recoil angle 0 corresponding to the pulse
height L. The angle 0 is determined by using the
known*) relative pulse height versus energy response
of anthracene to protons to determine the mcan recoil
proton energy E, corresponding to L and using eq. (1)
to determine 0 from E,.

The redispersion process is schematically illustrated
in fig. 6. Figs. 6a and 6b illustrate the transformation
of a single row of the LS spectrum. The transforma-
tion may be pictured if we imagine firstly, the distri-

bution shown in fig. 6a shifted along the S axis until its

centre corresponds to S=2n in fig. 6b and secondly,
the § scale of fig. 6b multiplied by a factor (S, —S_)/
[2n F(0)]. The forms of the two distributions will then
be identical and the distributions will only differ in
their count scales and in the number of points or histo-
-gram steps along their S axes, as illustrated for a small
. portion of the two distributions in figs. 6¢ and 6d. The
number of counts N; in channel j of the redispersed
distribution is given by
4n
N,=Y fiN., (10)
i=1
where N, represents the number of counts in channel {
of the original distribution and f; is the fraction of this
channel which is overlapped by channel j of the redis-
persed distribution, as illustrated in figs. 6¢ and 6d.
Since the interval (S, — S_) in the original distribu-
tion corresponds to an interval 2n F(0) in the redispers-
ed distribution we see from eq. (2) that the interval
(Spax—Smia) in the former will' correspond to an
interval 2 in the latter. From the data of fig. 4 we can
also show that the values S = n and 3# in the redispers-
ed distribution will correspond to the limits S,,;, and
Smax in the original distribution. In the redispersed LS

spectrum, therefore, we assume that the S values n and

3n correspond to S, and S, for every row or L
value as illustrated in fig. 6e. The limits S_ and S,
which vary with L are illustrated by the lines S_ and
S, in fig. 6e. These limits vary smoothly from row to
row, but always lie symmetrically about S =2n and
within the region S=nto 3n.

The proton region is now subdivided into angle bins
by defining boundaries as illustrated by the lines
VoW, in fig. 6e. Each such line corresponds to a
specific recoil angle and hence to a specific proton
encrgy E,, given by eq. (1). The pulse height aniso-
tropy ') at proton energy E, is a measure of the amount
that L varies as S varies from S,,;, to S,.,- The angle
boundaries are therefore defined with reference to the
ordinates S=n and S=3# as follows. From a cali-
bration run such as fig. 2a of ref. 1, for which the crystal

c’-axis was aligned with the ncutron beam, we deter-
mine the maximum pulse height that could be observed
for a proton encrgy E, = E, and mark this point V,
on the ordinate S=n as shown in fig. 6e. From a
similar calibration run such as fig. 2b of ref. 1, for
which the crystal b-axis was aligned with the neutron
beam, or from the pulse height anisotropy data for
anthracene') we obtain the minimum pulse height
that could be observed at this proton energy and mark
this pulse height W, on the ordinate S = 3» as shown
in fig. 6e. These points define the bin boundary line
Vo W,y corresponding to the bin limit § =0°. The
boundaries V, W,, V, W, etc. corresponding to suc-
cessively increasing boundary recoil angles 8 are
determined by calculating the recoil proton energy
from eq. (1), using the relative pulse height versus
energy data*) for anthracene to determine V,, ¥, etc.
and using the pulse height anisotropy data shown in
fig. 6 of ref. 1 to determine W, from V,, W, from ¥V,
and so on.

The first angle bin is thus defined by the lines V, W,
and ¥, W, in fig. 6e, the second by the lines ¥ ¥ and
V, W, and so on. The boundary lines are extrapolated
across the LS plane as shown in fig. 6¢ and the counts
between each pair of boundaries are projected onto
the S axis to give the projected spectrum (A or B) for
the corresponding angle bin. The counts in those
channels which are cut by the boundary lines are
distributed proportionally between the bins on either
side of the boundary. The asymmetry £(0) is determined
by comparing the projected A and B spectra as out-
lined in section 3. The median limit S, (0) is specified as
outlined in that section. The other limits used in cal-
culating the integrals N, and Ny and the differences
4N, and 4 Ny are specified far away from the proton
ridges provided these ridges are well resolved from
other significant structure in the projected spectrum.

‘If significant other structure lies close by the ridge, for

example that due to alpha particles or escape protons at
the low L values (figs. 2 and 3), then limits lying be-
tween this structure and the proton ridges are used.

The analysing power P(0) for proton recoils at recoil
angle 0 is equal to £(0)/P,. Thus, with negligible error
we obtain the polarization in n-p scattering P (0..)
at the associated centre-of-mass neutron scattering
angle 0_,, = n—20 from

Pop(0cn) = — P(0) = —£(0)/ Py . (11)

The calculation of n-p polarization values from
pairs (A and B) of LS spectra is accomplished with
the aid of a Fortran [V programme poLYANA. The LS
spectra from the multiparameter analyzer are provided
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either on magnetic tape or punched cards. These are -

read in together with other data required for the cal-
culation and the complete data reduction is carried
out leading directly to a table and plot of P,,(0.,),
with errors, as a function of 8,,,. The time required for
calculation is typically I s of c.p.u. time per angle bin
on a Univac-1106 computer.

An example of a measurement of P, (0.,) for
21.6 MeV incident neutrons is shown in fig. 7a. The
data shown in. this figure are discussed in another
publication®).

5. Limitations and uncertainties

Although LS spectra (figs. 2 and 3) may be obtained
which include proton recoils at angles extending over
most of the kinematically allowed recoil angle range,
0<90°, only the data at laboratory recoil angles less
than about 70° are suitable for analysis. Recoils at
larger angles lead to events in the lower pulse height
region of the spectrum and cannot be resolved from
" other components in this region, notably the protons
“and alpha particles from neutron-induced reactions

on carbon. Furthermore, the fractional dispersion
F(0) given by eq. (2) drops off at §>70° as can be

appreciated from fig. 4, and the resolution of the left- .

right asymmetry determination is consequently im-
paired. This latter difficulty could be partially over-

0-07, v v -

:(o) §{§

(b)_ 'L 1‘%

B

Fig. 7. Polarization Pypand asymmctry £vs neutron cm scattering
angle Oqm for incident neutrons of cnergy 21.6 McV: (a) polari-
zation mecasurements; and (b) null asymmetries determined
cither by using an unpolarized incident ncutron beam (solid
circles) or from analysis of a pair of A spectra (open circles).
The error bars in (4) were calculated from eq. (13). The error
bars in (b) are statistical only and were calculated from cq. (12).

come by using a different crystal orientation e.g.
(o, B) = (457, 40°) instead of (60°, 40°), but then F(0)
would be smaller at small recoil angles (0<40°) and
the sensitivity for asymmetry measurements at these
angles would be reduced.

Multiple neutron scattering in the anthracene crystal
could lead to errors in the polarization measurement,
especially if the primary scattering was on carbon, for
which the energy loss is small and the analysing power
can be high. This problem could be serious with larger

_crystals, but it appears to be unimportant at the

neutron energies (E,>10MeV) and for the small

“crystals used to date. The linear dimensions of these

crystals are about 2 cm or less and therefore correspond
to less than one-tenth of the incident neutron mean
free path at these energies.

On the other hand, for small crystals and for neutrons
of energy greater than 10 MeV, the fraction of recoil
protons escaping from the crystal is appreciable.
However, problems that could arise from this effect
are largely avoided by the fact that the escaped protons
form a separate ridge in the LS spectrum (E in fig. 3)
and can therefore be excluded to a large extent by
proper choice of the integration limits for the asym-
metry calculations. The effect of any residual escape
component is to dilute the observed asymmetry with-
out introducing spurious-asymmetries. This dilution
can be estimated and corrected for by using the data
obtained in calibration runs, such as that shown in
fig. 2a of ref. 1, in which the escape ridge is clearly
resolved from the main proton structure.

The fact that virtually every recoil proton is detected
has an important consequence when we estimate the
statistical uncertainty on an asymmetry measurement
within a particular angle bin. The experimental
method assigns ecery recoil within a given bin as either
“low”, if S<S,(0), or “high™ if $>S,,(0), where 0
is the mean recoil angle for the bin. Each recoil either
adds one count to, or subtracts one count from, the
difference 4N between the number of low-S and
high-S recoils in the bin 0. Therefore, since the differ-
ence 4 N is in principle determined directly, 4 N and
A4 Ny may be regarded as primary observations in the
experiment and we can in consequence show that the
statistical error 4¢(0) may be estimated from

4e(0) = (n/4N)[|AN\] + |4Ny| + N~ (ANZ+4ND]L
' (12)

From egs. (9) and (12) it can be seen that for a given
N and a given £(0) the statistical error 4g(0) will be a
minimum if AN, = —4Ny. The definition of S,,(0)
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.as the median value of the summed A and B spcctra in
fact ensures this equality and thereby helps to minimize
the statistical error.

The systematic errors to which the polarization
measurements are also subject include firstly those
caused by imprecise knowledge of the incident neutron
polarization P, and secondly those which may arise
from experimental asymmetries or errors which pass
undetected and therefore uncorrected in the measure-
ment. Making allowance for these we can express the

error P, (0.) on the neutron polarization measure-

ment by
AP, (0. = IP5 ' {[4e(0)] +
4 (b)) + [Pop(en) AP, (13)

where 4r,, represents- the undetected false asymmetry
and 4 P, the uncertainty on the polarization of the
incident neutron beam.

We may estimate an upper limit for the systematic

~error de,, by measuring a known null asymmetry.

under conditions simulating those of the actual

asvmmetry measurement. One way of carrying out a

null test is to measure recoil proton asymmetries in the
scattering of an unpolarized incident neutron beam,
such as that obtained at the angle { =0° from the
T(d.n) reaction. The results of such a test are shown in
- fig. 7b. Alternatively a null asymmetry should be
obtained if like runs are paired (i.e. A and A, or B and
B. instead of A and B) and this can be checked using
runs obtained at different angle settings. For example
. suppose that we have a set of four runs consisting of
two A runs at (, ) and (=, 2n—2a) respectively and

.two B runs at (—{,«) and ({,2m—x) respectively. "

From this set we can obtain two independent null
checks, based on the A pair and B pair respectively, as
well as two independent asymmetry measurements
based on AB pairings. The results of a null check of
this type are shown in fig. 7b. The error bars shown in
fiz. 7b represent the statistical errors only. Both null
_ checks are seen to give asymmetries which are consis-
. tent with zero. From such checks an upper limit of
A, =0.0011 was deduced and was then used in
eq. (13) to calculatc the total polarization errors shown
in fig. 7a. '

6. Discussion ,

A comparison of the statistical precisions of polar-
ization values obtained by the present method with
those obtained in experiments based on conventional

couble-scattering geometry ‘is of interest. The two

methods are similar up to the point that a polarized

incident neutron beam is sampled by n-p scattering in
an hydrogenous scatterer. In the present method the,
recoil proton associated with each scattering is observed
and analysed as to recoil angle and direction (left or
right) without further statistical sampling. In the
double scattering method, however, further statistical
sampling occurs in the detection of scattered neutrons
by two identical detectors which are disposed at equal
angles 0 on either side of the incident neutron beam.
The primary observations in the double scattering
geometry are therefore the counts N, and N, recorded
by these detectors for a given number. of scatterings in
the scatterer. The asymmetry is given by

2(0) = (N, = Np)(Ny + V), (14)
and the standard deviation 4¢(6) is estimated from '
4e(0) = [4N, NoJ(N; + Ny)2). (15) %

A comparison of eqgs. (12) and (15) for small asym-
metries, |¢j<0.1, and for the same total number of
neutrons detected, namely N, + N, = Ny+ Ng=10%,
is shown in fig. 8. Curve (a) shows the standard devia-
tion given by eq. (12) and curve (b) shows the standard
deviation given by eq. (15). The comparison in fig. 8
shows that even for asymmetries as large as 10% the
statistical er.ors obtained using the present method
should be lower by at least a factor of two than those
obtained using the double scattering method. For very
small asymmetries in particular the statistical precision

-of the present method exceeds that of the double

scattering method by a much larger factor. more than
an order of magnitude for example for e<0.01.
The present .method is therefore well suited to the

T T T T
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Fig. 8. The statistical error e on the asymmetry € as a function

of ¢l for a total of 104 ncutrons detected: (a) by the present

method [from eq. (12)]; and (b) if the scattered necutrons are
detected {from ¢q. (15)].
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mcasurcment of small asymmetries and should offer
advantages in studics of the small polarizations in n-p
scattering at ncutron energics less than 30 MecV.
It is a single-scattcring method and is therefore less
demanding of neutron beam intensity than double-
scattering experiments. Background levels should, in
consequence, also be lower than in the double scatter-
ing method. The ability to make simultaneous polar-
ization measurements over a range of neutron scat-
tering angles (0, = 50°-170°) is also an advantage. A
limitation on the other hand is the resolution on the
centre-of-mass scattering angle, which is about 10° for

16 MeV neutrons and is expected to be larger (i.e.

worse) at lower energies. This resolution is tolerable
in the case of n-p scattering, however, because the
polarization P, is expected to be a slowly varying
function of 0_,,.

The method also has advantages of experimental
simplicity. In particular the electronic system required
(fig. 1b of ref. 1) is simple and the capacity to tolerate
small mechanical misalignments. the effects of which
are eliminated in the redispersion stage of the data.
reduction, is also an advantage. The data reduction
process itself, although complex in principle, is simple
_and straightforward in practice.

The anthracene polarimeter has been used to date
with two different crystals, A and B of ref. 1, to study
the polarizations in n-p scattering at 16 and 22 MeV.
The results will be published elsewhere®). Further
studies are now being made at other neutron energies
in the range 8-30 MeV. [t appears that the method will
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become less effective at neutron cnergies lower than
8 McV because the directional resolution of anthra-
cene as indicated by the paramcter R in table 3 of
ref. 1, drops off with recoil proton energy. On the other
hand the polarimeter should be suitable for work at
higher neutron encrgies than 30 McV and may well
prove more effective at these energics than at lower
encrgies, provided crystals large enough to avoid
excessive proton escape are used.

We thank Mr P.A. Back for construction of much
of the equipment used, the staff of the Southern Uni-
versities Nuclear Institute for their cooperation and

our colleague Mr G. Pauletta for his assistance in

these experiments. We also thank the South African
Council for Scientific and Industrial Research for
financial support and for a bursary to -one of us
(D.T.L.1). ' :
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Pulse-height matching using the two photomultiplier system.

PMTUBE 2 PMTUBE1

MEASURES
PULSE HEIGHT hy

MEASURES
PULSE HEIGHT h;

Assume that this is the crystal orientation which measures the A
‘spectrum. The inverted crystal orientation (with the arrow

pointing down) then measures the B spectrum.’

¢L'and: ¢R are-the photon eFficiéncies with reSpect_to each of
the crysta! Faceé, i.e. if a scintillation produces N photons,
then ¢RN phOtons will reach the P.M.l1 cathode face and ¢LN photons

will reach the P.M.2 cathode face.

- : A L ,
~Hence . h, " = ky ¢ N and ho Kk, o N .

- By | ' .
Sjmllarly. hl;' kl ¢L N _ 'and_. h2 = k2 ¢R N .
These;signals ahe'summed so‘as.to produce the required uséble

pulse heights, i.e.

hA,= hl + h2- = (Bl ¢R + k2 ¢L)N

and

J
I

hB = hl 2 = (kl ¢L + k2 ¢R)N .
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The A and B orientation pulse heights‘are matched by adjusting the

"high voltage supply to each photomultiplier such that hlA =_h2B

(by using the spectra from gamma ray. sources, For‘example).

Then vkl ¢R N = k2 ¢R N
i.e k, =‘k2 = k say ,
so that h, = k( ¢R +'¢L IN = hB .

If not correctly set up, say k

| = ky + Ak .
. Then"th - hg = { k(€ &R - e )+ k2('¢L - ¢R.)']N.
= (k| = ky ) ég = o IN |
| = 8k (ép = o N . |
‘Hence . 8h/h = (. hy - hg )/h, = ( Ak(’¢R - b )}/{k( ¢ + & ) .

QSo, the fractibnal'error in the puLse‘height h is smaller than the

Ffactionaykerrorvin k by a factor ( ¢R - ¢L )/ ¢ +'¢L<) .

" Alternatively, say kl

= gké | and  ¢p = o .
Then = h, - hg = ky ( g_é O &LY)N
o = Ko (g =71 ¢ ( F - 1)N.
'TheréFore»-(‘HA - hg )/hy = {(g-1)CF - i )}/ C af + 1 ).
i.e . hg = ha I - [¢ g‘— i )(F - 1)/Cgf + 1)1 1}
Examgie Say f = ¢R/¢L = 0.95'.'Then for various values of g,

the corresponding'values for the puise height ratids hB/hA are

obtained:
g 0.8 0.9 1.0 1.1 - 1.2
hB/hA 0.9943 0.9973 1.0 1.0024 1.0047

Again it can be seen that matching the photomultiplier dutputs is

not critical in producing similar A and B pulse heights.
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Non-criticality of the median determination using spectra which

coincide.
Suppose the A and B spectra coincide, and have élso been
normal ised. Assume the median used does not cdrrespond to the

true median, as shown ih the diagram. below.

~ x COUNTS,

{

A sPecTRUM
/A
Merie ! .
.-TRUE:/ y COUNTS
B specTRUM

2y

/
E

MRy

— - - o

Myseo

: L.R,x and'y are the integrated counts in the sections shown. The

»Calculéted asymmetries for the A and B spectra are thus

ep = { (L#x) - (R-"x) }/total  ~ and
g = { (L - y) - (R + y) }/total s reépectively.
o Hence ¢

calc = ( €5 + €8 )/2

(L-R+2x+L-R-2y) /2 (total)

(2L-2R+2x~2y) /2 (total)

W

(L-R)/total + (x-y)/total

etrueb + (x-y)/total

Since x = y (because these counts are in the region where

r_asymmetry ys minimal), €cale = ftrue
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 FaIsé asymmetry caQsed by ohe spectrum béing shifted relative to
the other. | | }
The two crystal orientationslﬂhich are Qsed wheﬁ making asymmetry
measurements ine risé to an A and Bvspéctra pair,
For the sake of simplfcity it is | |
v ' v x COUNTS
assumed that the B spectrum is ' J//
normalised to A, and that the | | |
aSymﬁetry is exactly the same

- for each spectrum.

If the B spectrum is shifted
with respect to A, the calculated

median m (calculated from the

calc

sum spectrum A+B) does not coincide

with the true median m, .
. v true_

» . ' . . , -.:\mTRUE
The true asymmetry is'ST = (L - R)/totalA. o T -
_ rue . m
, : : o CALC
Using”mcalc.vthe A spectrum gives Ecaic'él{L + x -(R-x)}/total

'_ as does the B spectrum.

. Hence = er + ( 2Zx/total ) , and since the

€
- calc

€
.calc can be

duantity x contains the non-planar events,
‘signiFicantly different from the true asymmetry unless it is
ensured that the?spéctra coincide with each other as closely as

possible.
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‘Application oF the Basel convention to obtain the correct sign QF

the polarization.
When neutrons are scattered from a target as indicated in the

"diagram._the leFt—right asymmetry as defined by the Basel

convention is_givén-by e = (R-LY IR+ L) .

5

_Hence, in terms of the proton recoils, the asymmetry is given by

no. protohs»to leFt'—'no. protons to right
£ = .
- total counts

Whénvthé orientation of‘the anthracene crystal:was as fndicated,
‘the events were Stofed in matrix A. Here the protons scaftered'
to the left are éloser to the c'—axis (low S) and hence to bé_
.qonsistent‘with the Basef convention, the asymmetry is given by

e = ( SIow cognts - Shigh counts )/total counts .

A orientation
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VWhen the crystal orientation was inverted as shown bélow;'the-
_ »events were stored in matrix B. Here the protons scattefed'to the
. left are.closer to_the:bfaxis (high S) and_hencér

e=.(‘s

high counts - Slow counts )/t9ta1 counts .

" B orientation
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APPENDIX 4.4

Edge normalisation factor

Assume the total_counts.in each of an A and B spectrum is N.
The number of counts in the left edge and-fight_edge windows is as .

indicated below.

|
|
!
|
1
|
|
I
|
1

A SPECTRUM _ B sPECTRUM

"Now select corresponding channel numbers within the windows.
A spectrum: IéFt channel count value = fLPv(i.e. a fraction of Lp)v
right channel count value = gRP (to account for a

possible window width difference)

P

right channel count value = alp

B spectrum: left channel count value = fRg

" An edge normalisationvfactbr K is détermined for the left edge of
the'B.spectrum'chh that
 K.FRP ﬁ.FLP _ i;e. K = LP/RP (ie. thé ratio of the left
| | and right planar counts.)
Then, using 1/K as the normalisation factor for the right edge
gives | |

(1/K)glg = (Rp/Lplglp = gRp  as required.
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It also follows that
€pqanar = (bp~Rp)/(Lp+Rp) = (KRG-Rp) /(KRp+Rp) = (K-1)/(K+1).
Hence the determination of K should give an indication of what

asymmetry value can be expected.

The eFFect of the escape beak

Assume an escape peak sits under the spectrum as shown

'Then.-

A speéthum:-left channel céunt value = fL, + hE
| :v-fight channel count va]ué = gRP
B sbectruh: leFf chénnel cbunt value = FRP + hE
| right channel count value = alp
If K”is_determ}hed és before,
flp + hE

K(FR, + hE) = fL, + hE ie. | K =

P | |
| fRp + hE

Hence,»compensating for the right edge asymmetry gives

1 fRp + hE \ |
-.gty, = —m——— .gLP # gRP unless E = 0 .

K _ FLP + hE |
This shows that if the escape contribution is not properly_
accounted for, asSuming'l/K as the factor for the right edge leads

to an'incorrect_K value being determined.-This in turn results in

an inaccurate estimation of the corresponding shift correction.
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APPENDIX 4.5

1Asymmetrx,uncertainty_estimate.

.To assess the statistical uncertainty of the asymmetry
' extrécted from a single spectrum, it is neceéééry to Qse a formula
based oh the number of events acquired. The derivation is

described below:

Y

Each séattering”evént.has only two pdssible'outcémes, a proton
scatter to the left of'right of ‘the incident beam direction.
 Each event is a Bernoulli trial in which each scatter to the
'right; say, can be defined as a success. From statistical theory,
if X is the total number of successes invn repeated independent
Bernouili trials with probability p ofﬂéuccess on a given trial,

then X is called the binomial random variable.
Here p=R/(L+R) and gq=1-p=L/(L+R) .

For the binomial random variable, the mean u and variance 02 are
as follows: )

u=np=(L+R).R /(L +R) =R

npg = (L + R).R/(L + R).L/(L + R) = RL / (L + R) ..
1/2

and o
Therefore o = [:RL/(L + R) ] iS the standard deviation at the

68% confidence level.
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- A typical left-right angle bin spectrum_iobks as follows:-~

- MEDIAN'
~ CHANNEL

The meaéured asymmetry is given by:,s 5_(L - R) / N where N=L+R

Therefore ¢ = l/N.{L.-‘(Nh“L)} = 1/N (2L - N)‘“"  :

Hence  Ae = 2 AL / N where AL = ( LR/N )!/Z
2Ry /2
ie. '+ Ag =
| (L + Ry3/?2

 (ie. the same as for the conventional double scattering geometry). .
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APPENDIX 6.1

Reéults of the run using the-polarimétef és an ahalyzer.

The crystal scintillation po1arimeter‘canvalso be used in
reverse as an analyzet to determine the polarization of a neutron
'beam; In this application n-p phase-shifts can be used to
~calculate the}n—p polarization values at the'beam'energy being
used. The pQIarizétion of the neutron beam is then given by
P%e/Pnp v where e js the measured asymmeﬁry. To demonstraté the
analyzer,in operation, é run was carried out under slightly
'diFFerent‘conditfons to that'oF'the,n—prpolarization,eXperiménts.
The-T(d,ﬁ)4He reaction was again used and a déuteron energy of 5.6
MeV Was selected. The target wés anthracene 2. Again null ( E=0°
and Ed=5.0 Mev, giving 22.0 MeV‘neutrons) and polarization (For‘
E4=5.6 MeV, a reaction angle of £=25° was chosen, giQing 22.0 Mev.
' neutrons) data werehcollectéd. The results of the‘asymmetry
measQrements'are givéh‘in @éb]e'A6;l._The asymmetry values used in
the following caicu]ation are those to thch a shift correction
was applied.

Since Pih =_e(9)/Pnp(G) , the best least sguares estimate

o . 7 | | )
For_Pinc is given by P, . = (I, wieiPi)/(zivw_p, ) where

C

C 11

€. represents each ¢

i (6) value ,

corr

Pi represents each Pnp(e) value, and

wi o l/(Aei)Z . Aei corresponds to the uncertainty in €, .
The Pnp(e) values used were giveh by the Paris potential
predictions for n-p polarization at E_=22.0 MeV. The values of P;,

ai and Wi are given in table A6.2.
A _ | .
The calculation gives Pinc = 0.110 # 0.015 . A test of the

goodness—oF—Fit'gives a chi-square. per degree of freedom of 1.0.
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Table A6.1. Polarimeter used as an analyzer : asymmetry measurements.

8, no shift correction with shift correction
90° e .11 0.0134 + 0.0011 0.0002 *+ 0,0011
€001 0.0142 + 0.0010 0.0051 % 0.0010
€corr 0.0008 * 0.0010 0.0051 *+ 0.0010
105° e 11 0.0117 * 0.0013 0.0121 * 0.0013
€001 0.0165 * 0.0012 0.0161 * 0.0012
€ corr 0.0048 * 0.0012 0.0040 + 0.0012
115° e 1y 0.0099 + 0.0014 0.0131 *+ 0.0014
€00l 0.0131 + 0.0012 0.0165 *+ 0.0012
€ corr 0.0032 * 0.0012 - 0.0034 * 0.0012
130° &_ 1) 0.0098 + 0.0012 0.0071 * 0.0012
o0l 0.0095 + 0.0010 0.0110 # 0.0010
€ corr -0.0003 * 0.0010 0.0039 + 0.0010

Table A6.2. Values used in determining the polarization of the

neutrons from T(d.ﬁ)4He at Ed=5.6 MeV and E=25°.

%n P € Wi

90° 0.0504 0.0051 1.00
105° 0.0392 0.0040 0.69
115° 0.0313 0.0034 0.69
130° 0.0204 0.0039 1.00
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