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Abstract -

" The effect of isospin violating, charge Symmeuy breaking (CSB) terms in the
néutron - proton interaction has been observed by measunng the difference in ghe P
zero-crossing angles of the neutron and proton analyzmg powers, A and Ap, at a ncutron
energy of 477 MeV at TRIUMF in Vancouver, B.C. The neutron (proton) analymng power .

A (Ap) Wt{S measured with a polanzed (unpolanzed) neutron beam incident on an
- 'unpolanzed&(polanzed) proton target. Neutrons and protons were det_ected in comcrdence

overa 10° angular range. The interleaved ‘measurements were made usmg the same
apparatus to reduce systemanc exrors Although designed as a null mcasurement where .
knowledge of absolute beam and target parameters were not fundamental to the final result,
expcnmcntal parameters were determmed as precisely as possible to reduce systematic errors
associated with the expenmental apparatus Al si'stemauc err’:)rs not correlated with be
target polanzauon rcversals were mmoved toat least second order at the zero-crossing angle .
of the asymmetry. The darget was of the 'frozen spin type' and contained 55 cm? of butanol
ina 2.6 kG magnetic field at 60 mK. Typxcal target polarizations of 0.75-0. 85 v%nh decay

' times of approxxmanely 30 hou,rs were attained throughout ‘the/duration of the experiment.
) Background originated mmnly from the 12C(n'np) reaction and comprised approximately 1%

‘of the total number of neutron proton elastic events. From the dlfference in angles at which

the two analyzmg powers cmss through zero ‘the magmtude of AA(=A, Ap) has been
o

‘ determmed as AA=0. 0045:1:0 0018 (0. ()007), where the second error represents

»

. Systematic effects:n 'I‘lus value is reasonably close.to the latest theoretical calculanons(l") .

whxch include CSB effects due to the n-p mass‘drﬁ'crence in &, p, a,nd 2n exchange

electromagneuc couphng of the neutron agomalous magnetic moment to the proton current,
p-0 meson rmxmgf and short and medmm range effects of the up and down quark mass

: diffcrcnoe Thls expenmem represents the first unambrguous measuregnent of the class IV

forccs present xn the nucleon-nucleon interaction. .

o ,‘ ‘“"r

e

s “ iv .
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_Chapter 1 Introduction

A symmetry of any kind, exther a nuclear force symmetry or that ofa snowﬂake
provides evidence of deeper, more fundamental forces at work than, those 1mmed1ately
visible. In the case of the snowflake, the hexagonal rotation ymmeu'y provxdes arich field
- of study of the behaviour of ice crystals, as v.veII as an understanding of the meteorogxcal .
_conditions during which the snowflake was formed. In the case of charge symmetry L
physicists'may focus on weaker components of the nuclear force, such as p ® meson v
exchange, which are noxmally ,drwﬁ'f} by other larger catportients. . O
An extremely sensitive test of charge symmetry has been cOmpleted atthe TRIUMF
laboratory. The experiment was the first to look for: evidence of isospin- nonconservmg, 3
class (IV) (of reference 2) charge syrnmexry breakmg in the elastic neutron-proton scattering
system. The difference in analyzing powers A Ap, where the subscnpt denotes the
polarized particle, was determined at the angle where the average analyzmg power /2(A +
) equals zero. The expcnment is best described with the dlagram Ylustrated in figure !
(1. 1 1). ‘ ' ‘ L : : N

' Seaﬁen’ng Asymmetry

COM Neutro'\ Séatﬁrﬁzg Anzle'

o Flgure (1.1.1) Method Used to Determmc lefercnce Between A -
. . Zero-Crossing Angle and A, Zerd-Crossing Angle Based on the
C’ nter of Mass (CO Neutron Scattenng Angle

A non-zcrodifferencein;ero—erossing anéles of A, and Ap signiﬁe’s t}xe‘ presence of charge .

N
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* symmetry breakmg in the neutron- -proton interaction. Any systematic errprs inherent in
measuring individual zero-crossing angles canceled when the dxfference was calculated The

“

mcasurement was of the null' variety. Consrder the relations
ep PpAp =Py (<A>- 1/2AA) o O (LLD
= -PoAq =P, (<A>+ 1/2AA) N (R B

1

-where <A> =,1/2 ( An + Ap), and AA = An - Ab.’ The observed difference in en“an'd_'ep is
then L C o \ ‘

Ae=g,- gp=(Py- Pp)<A> I/ZAA(P +Pp) ) (1.‘1.3)

The first term is proportional to the dlfference m target and beam polanzanons IfAA is to be ’

o determmed to ilO’4 the differences in polarizations miust be deterrmned to the same

accuracy This presents extremely difficult expenmental problems But, if A is measured

where <A> = 0, at the neutron-proton asymmetry zero-crossmg angle the first term vanishes.

' leavmg only the second Then Ag is propomonal to the average polanzanons multiplied by
AA. Rmon-zero result is eoncrete evidence of the presence of charge symmetry breaking
~(CSB). The expenmental parameters neéded only to be kept constant through(mt the ,
measurements of An and Ap knowledge of absolute expenmental parameters, such as target
_ polanzanons and beam energies, were not fundamental to the. success of the experiment.
Howeverkcare was taken to determme proton and neutron beam parameters as.accurately as

' possrble to. understand all posstble sources of systematic error. Unprecedented accuracy was -

B ‘aclueved with expenmental apparatus de31gned to, reduce all systematic errors not correlated

_ | w1th target or beam polanzatton reversal to at most second order. In parucular a 'frozen
,spm type' polanzable target enabled the determmauon of: A and Ap with the 1dent1cal

._equxpment. | S ‘ : Lo . -

. - The most pemnent expenmental parameters are summanzed below in table (L1 1).



Table (1. 1 1) Summary of Expertmental Parameters

' Neutron Beam Energy o 47T MeV, 11 MeVFWHM

. Average Neutron Beam Polanzatton oo 0.47
- Target Volume . , o 55cm’
Average Target Polarization 078
,Scattered Neutron Angular Detection Range ~ 27°<8, < 37° . $‘

| Scattered Proton Angular Detectlon Range © 47°¢ 9 <57°

Other expenments relatmg to CSB are summanzed in chapter two, One discovers,
" upon an examinaton of the literature, that conclusive proof of charge symmey breakin 8 has -
.proved exuemely elusive regardless of the forum of study. The expenment descnbed hereis

__ thefirstto consrder only class Iav) type interactions (sge section 2.1) in the n- p system ‘

j,‘.'t

N

——

There is no reason why ¢ class (IV) interactions do not contribute to binding energy
differences between mirror nuclet However, class (IV)’ forces vanish for s- -wave
mteracuons (such forces are typtcally of the form [o(1) - o(2)JL ) and therefore do not ‘
contnbute to the' bmdmg energy difference between 34 and 3He. Binding energy dtfferences
between nuclet with A>3 are more difficult to explain in charge symmetry breakmg terms;
uncertamues in nuclear models tend to cloud the issue. Charge symmetty breakmg tests in
the neutron proton System are advantageous in that the largest electromagnettc tntertcuon is,

a couplmg between the neutron magnetic moment and proton current this interaction is
smialler than the dxrect coulomb coulomb mteracnon by. approxlmately a factorof q/m.

(where q is the momentum transfer and mis the nucleon mass) S ‘;si L '”'
Several contnbunons to CSB in the neutron-proton system are bnefly= summanzed R
and references to more detatled descnpnons are provided in chapter. three. ‘Recent
calculatlons 1nd1cate that the effect of the neutron-proton mass dtfference in '
one-pron—exchange dommates other effects but this is by no means the end of the story.

-----

everal calculattons of AA have been made but as of writing no consensus has been achxev’ed. a

q . The htgh expenmental accuracy reqtured a high prcctslon in the operatton of all
aspects of the proton beam neutron beam, proton target, and detecuon apparatus 'The :—{; R
desxred expenmental accu;'acy reqmred that all possrble systemauc erroxs be reduced so that
thetr effect on AA did not exceed =-=10“‘ at the Zero«crossmg angle In chapter three, the '

) methods used to complete the expenment over several extended umepenods mamtainmg )
; : umform and preclse expenmental standards ire dtscussed m detatl Desrgn and performance SR

of all expenmental apparatus relevant to the expenment is descnbed.
Ih'chapter fom' the analysxs of the expenmental results is descnbed. The
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- ?dctcrmination of the asj"nllmetry zero-crossing angles was. su'aightfor\‘iiard The cxamirlation
| of the data for mtcrnal consxstcncy and absence of cxror was not stxmghtforward The data '

was recorded on approxxmately 300 magncuc tapcs 'Each tape was spooled at lcast four
times at just over one hour each time: Thc cxtxacnon of thedata from the: nnmemus data

-tapcs is dlscusscd along wnh the methods uscd to ensure its vahdlty o ' uf

The experiment measured the d1fferencc bctwcen the zcro-crossmg angles of A, and

. Apas, -O 175%+0.075°. (:tO 026°) basqd on the lab proton'scattering angle whcre the error in .

brackets is an estimate of the. systcmanc €rTor. Smce the difference in asymmctncs is lhe
more pernnent numbcr to thcoreuclans, itis presentcd m the conclusxon Howcver it must
be suesscd that the expenment measured the difference in zero-crossmg angles and not -

asymmetnes The value of A Ap was calculatcd by simply mulnplymg the result by the -

asymmetry slope as determmed fmm the various phasc shift fits to elasuc neutron- protqn .
scattering. ' : ' -

1 f . ~

=



.+ Chapter 2 Thedretical Considerations|

[ K

| 2 I Charge Symmetry Breakmg m Nucleon-Nudeon Elastlc Scatterlng

,t.‘

Charge symmeu'y and charge mdependence were proposed as'the ftrst mtemal

‘nuclear symmetnes shortly after the dtscovery of th&heutron Neutmns and protons- were
v1ewed as two states ofa smgle parucle deﬁned by the direction of a vector in 1sosp1n sppce
Charge mdependence implies the complete equtvalence of hadnomc forces with respect to

arbtt:ary rotations of the isospin vector, T; in isospin space In a manner enttrely analogous
"o angular momentum algebra this relauonslup cambe expressed as .

;o ';[T,Hhadr]éo", T (2.1.1’)' S

where HHadr represents the hadromc part of the nuclear’ Hamrltoman In other words, the .
. n-n, n-p and p-p hadromc or strong forces are mdrsttngutshable in otherwisé identical nuclear
states Charge symmetry isa sirnilar byt weaker synimetry than Charge mdependence
: Charge symmetry 1mphes the equtvalence of the hadronic force only with respect to 180°
o rotauons in 1sosptn space about the T2 axls The charge symmetry operator Pcs’ is deﬁned
e

<P.l‘ -
o cs i=l 77 .

- ey
‘ for a system of N nucleons. Charge symmetry can apply even if charge mdependence fmls

~ but the opposite isfot true. If charge symmetry 1s*va11d the charge symmetry operator ‘
‘ commutes w1th the hadromc pan of the. Hamtltoman, ' o

1
T

: M"\V[Pcs’Hlj-l]-’—O '-: T ‘. e . ’. L -';;(2«'1:‘3)‘
- | The eqmvalence of the nuclear force wrth respect to the exchange of protons and neutrons is-
- a consequence of CS ‘but does not alone deﬁne CS: CS also mﬂuences n-p States 3
' Analagous to a 180° angular rotatton, the charge symmetry operatton mtroduces an tsosprn '

S related phase factor when operated upon a state, ‘

C S .

Pc‘"s‘ld,T,T3:> ="(41)’,"?3'Ia,-T.4T3 > R R JeARSR
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where o represents all other nuclear quantum numbers If the hadromc force is mdcpendent

“of charge symmetry breakmg interactions, the: hadronic neutron proton ‘Hamiltonian can not. -

Thix states of d.tffengg xsospln Otherwrse the etgenvalue of the charge symmietry operator
‘ Pcsv would ﬂlp sxgn Therefore both charge symmetry and charge mdependence prob;btt
_ transitions between n- p 1sosm%et and tsotnplet states. If parity conservanon ls mvoked
thereby prohxbmng AL-l transitions, transmons between spin tnplet and smglet states are
' forbtdden A spin smglet-mplet transition observed in neutmn - proton elastic scattenng isa
necessary ‘and sufficient condmon to demonstrate the presence of charge symmetry breakm 18.
Thts is clearly ﬂlustratcd in table (2 1. 1) o » N :
" ' ' ' vv ' N e ‘ “v’—?l ! ' ‘ . :I‘ ’ ‘ , ) i
: Table (2.1;1) The Separation of 25+ States in the Neutron - Proton =
o ~ System According. to Isospin Conservation
‘ !T = O l o 1So, 3P0‘1’2 . lDz caee .
T=1 ' 38,2, Dypy i
o The rarmﬁcanons of charge symmetry on the neutron-proton system is clearly evident i in
' ‘ﬁgure (2.1.1).

n . - < ,
- " | ApplyCharge N
. "Rot&te'180°; R s
: ' : r -3

2l [ L
e EE >

thttre 2 1 1 Illustrat:on of Charge Symmetry Constramts -

" on Neutron Pmton Elasnc Scattermg
R )



If charge symmerry is valid, the dtfferenual cross secnon of polanzed néufrons scattered>
from unpolanzed protons is identical to unpolanzed neutrons scattered fmm polanzed
‘protons therefore, A, =Ap. - L o S . o
. - Térms in the nucleon nucleon potential have been classified accordmg to thexr\ 5
1sosp1n behawour in a review by EM. Henley and G.A.. Mrller(z)

Table (2 1. 2) Classnficatron of Nuclear Potentials Accordmg to-

Isospm Behavnour IR
Class : | Example_ - . | K Behav}our'
W A+Bu)TQ). . Charge Symmemic -
, \ R SR L - Charge Independent o
(D) K o " 'C1:3(1)13(2)‘, | S R - Charge Symmetric
. | A : ‘ ' ' Charge Dependent .
@ - . Dy + T3(2)] SRR Charge Asymmetnc
St o . a Charge Dependent
av) . EMD)xw@)lo() - o)L " “Charge Asymmetric
' : C - ) Charge Dependent
or - Flt(1) - 13(2)] [o(1) x o(2)) L . Mixes states of drffenng
. - - Isospm ‘

‘e

 Class.(D forces areé of the convenuonal type and obey both charge mdependence and chargc
| symmetry ‘Class (III) potenuals are charge symmeuy breakmg (CSB) but only affect n-n.
and prp states and do not mrx drfferent 1sosp1n states Class (IV ) forces rmx states .of )
different i 1sospm Since AT must equal zero, an 1sospm transmon can arise only between the o
‘states 1P1 3P1 1D2 - 3D2 e 3L LJ Class (Iv) forces do not influence the S state
whatsoever Note that CSB i m n- P elasuc scattermg is due solely to class av) forces |
CIf we allow class av ) CSB in the neutron proton system an additional ampllrﬁde
f must be mtroduced to the conventxonal scattenng matnx The CSB M- mau‘ix@) now looks

. like R S
Mﬁ = (a"'b) * (a‘b)[o'(l) 0’(2)] + (c+d) [0’(1) m] [0'(2) m] + (c d) [0(1) |] [0(2) ”
_ B +e[G(I)+o(2)]n +f[o(1) 0(2)]*n S (215)
: .; 'The umt v'ector's ha've t}te‘ °°'-‘."¢.“.Fi¢nal_‘fo,rrp”j ‘

9 . . ; - . . : -
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N ‘the eonvenuonal amphtudes as_- N

) -L~k./-.. BT o St
= ‘-l-k'z R, R =KX . l (2.1.6)
'I“”[k;*.kzl S "’l kz’l Tommer Y

-Here, ky is the drrecnon of the mcrdent pamcle and k- is the drrecnon of the scatfered l

| particle. ‘ : ‘
- For future use the notation Al_]kl shall be adopted for spin related obscrvables The

subscn‘pts i and j denote polanzauon of the scattcred and recorl pamcles respectrvely, and the
subscripts k and 1denote the polanzauon of the mcrdem pro;ecnle -and target pamcle A0 '

subscript denotcs an unpolanzed or unobserved polanzauon In the densuy matrix

- formahsm the expectauon value, <A> of an operator Ais deﬁned as -

<A‘>{=Tr‘(gMTpiMA),“ S e

whcre Pi is the uuual neutron - proton densrty matrix. If the new scatterin g maix, Mﬁ is

. inserted mto 2.1.8), a non-zero difference wou‘ld be observed besween the asymmetry of

unpolanzed neutrons scatteted fror{) polanzed protons (A(X)On ).and the asyrnmeuy of

= , polarrzed neutrons scattered fmm an unpolanzed proton target (AOOnO ). The evaluauon of
.v(2l7)y1elds B | C ‘

A(,QO,1 -,Aoo,‘,o%‘Tr(MT _‘piM on-n)‘—T‘r,l(MT'pi'Mc -n)." o (2;1.8)

The d1fference in asymmemes is related to the mterference of the CSB amplnude f(E 9) wuh

v

‘ AA'—'Aoono Aooo,.,]=',J;Ré'<rb’o L e

o “‘

: :_' The scattermg matnx M has been norma.hzed accordmg to 0, = 1 / 4 Tr(MMT) An. .
‘ ‘expressron for f(B,O) 1s denved in, secuon (2 3)~ A non~zero AA 1s clear evrdence of the
presence ofa class‘(IV) potennal. R ‘ *

The CSB part of the n-p scattenng matnx can also be determmed by measurmg the ]
left—nght scattenng asymmetry of a beam and target 1mt1a11y polanzed m perpendrcular o N
dnecnons, S Ep S L

7

!
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~'The unit vector, s, is glven bys=nx kl The ten remaining CSB expcnments (mne of

| whxch involve interference terms of the CSB amphtude f(E.9), wrth the convcnnonal

: amphtudcs and the observable related tol f(E 9) 12 ) require | the measuremcnt of two or
mo;e anzanons among the i mcommg and outgomg parucles Such cxpenmcnts mvolve
.rather formidable problems and are not currently feasrble., '

I

P

2.2 Related Measurcrﬁcnfa in Clharge Symmetry Breaking:

Low encrgy nucleon nuclcon scattermg data clcarly demonstrate srrong evxdcnce of
. charge mdependcnce breaking but do not uneqmvocally show effects of charge symmetry 3
breaking.. Scattermg lengths and eﬁ‘ecuvc ranges of the nucleon- nucleon mteracuons are .
prescmed below i m tablc (2 2 1) (refcrence 4 and other references therem) T h

Table (2 2.1) Low Energy 1S Nucleon-Nucleon Elastrc Scattermg |

Parameters
Interaction- - a(fm).' R M,“rr0 (fm)‘ . o
Jn+p 23748£0.10  ° "2.75:0.05 :
" omen U -1845:046 2834016 My
L 16733047 28530200 - HGp2n L e .
p+p- | -7.809840: 0023 276740, 010 "raw experimerital Values *
e v 9:1:10 S 2821003 " comrected forknown . -
‘lv. L S lelectmmagneuc (EM) effecrs-v ;

PR

o : " e . ‘ e
. Clean ewdence of chargc mdependence brcakmg can be seenin thc dxffer;:nt nt p o
¥ .and n- “n scattenng lengths “The charge symmerry. situation 1s rnore problemanc“ Any CSB"“ ‘

_ effect 1s 10% the sme of the theomucal cor:recuon made to ‘the p P scattcnng lcngth Dcﬁmtei" o
L ‘e\ndence of CSB in low energy nucleon nucleon scattenng 1s hmucdhy the accuracy whxch, .
- elecrmmagnenc (EM) conmbquons can be extracted from p- p data There also remams the )

o ‘:quesuon as to wlgch,ann svalue in table (2 2. 1) 1s correct ClaSs (IV) forces vamsh fon - o

S-wave mtemeuons, therefore, the measurement of low encrgy n-p, n-n and P- p scatterm g

': parameters may mdmate class (II) and class (III) forces but not class (TV) forces. ST
CSB can also be mferred from observed bmdmg energy dxffercnces between rmrron e

v ‘A' g

. KN
~
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efunctions chosen and ‘problems rclated 10 subuactmg direct EM cf’fccts persist. As class
'%IV ) | forccs only Pcnam to angular momentum states with L > 0, only evidence for the class
éﬁ);mdjﬂl) forccs can be- found in bmdmg energy differences in the most easily undcrstood
br puclcx pair, -3H and 3He. ‘
L Investigation of CSB has also been extended to the 7t - d Systcm(6 1), Differences
“in thc nt-d total cross sections measured by Pedroni et, al. (©) i in the energy range 70 - 370
. MeV mdlcatc maxxmal CSB cffccts on the order of 4% after the subtraction of Coulomb

*' effects. The origin of thé obscrvcd CSB is uncertain but can be paramdterized in terms of .

_ different A-isobar mass statcs in the elastic scattering channel. Masterson et, al.(7-%)

, measured the nt-d dxffcgcnual ctoss sections at 143 MeV and 256 MeV. Masterson's rcsults
xlluscmted evidence of’ CSB aftcr Coulomb contnbuuons were removed and were in good
agrccmcnt gvuh those of Pcdxom Elcctromagncnc contributions to{o(n"-d) - o(n -d)]
expcnmcnts art: n’luch smallcr than those: of low energy nucleon- rpuelcon scattering studies,
However, other sxgmﬁcant EM contnbunons such as direct coulomb -~ nuclear mterfcrcnw
andithe effective i mtcractmn enct‘gxcs of the n& scattering from the deuteron, must first be

“ determined and their contributions removed from the data. ; /

CSB has also been investigated in the np - dn’o reaction(12-16) " Since a dcu/eron has
1sosp1n cqual to'zcro and a plon has i lsospm equal to one, the reaction can go only m the. T =

1 channel. Thcrcforc ¢ reaction miechanism must be identical to the pp - dn* rgaction

whcr; the identical pamclcs in the incident channel rcquue that the rca,cuon be symmietric

40

aboht@0° in the ccntcr of mass. Thcrcfore, the forward- backwar o etry (ftﬁned by
- J* )

. 0(O°)-0(180°) | | A
VAR = a - : o2

o

B
N L]

 o(0% +0(180%) . o
must idcntically be zero. In the np.- dn® reaction, the significance of an.expbrimental result
‘is not as heavily dependent on uninteresting coulomb effects. Cheung, chléy and Miller(1)
have pn:dxcted that the macnon is driven mainly by ©-n meson meson mixing near the
A(33) resonance cncrgy reglon and have estimated a forward-backward asymmcny of
approxlmately 0. 22% Hollas et. al.(!3) could find no eyidence ofa fomard-backward

asymmctry about 9Cc. m. at 795 MeV at the level of £0.50%.
- Pion sCattering experiments (17) from 3H and 3He have also sh0wn evidence of ~
CSB’ ’I‘hcratxos .

~§}\\ '\'ﬂ‘
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do(rt + ?H) ’ . do(r™ + 3H)
= ————— , and s ———— (22.2)
do(r” +3He) | . do(rt + 3He)

" were used to calculate the 'super-ratio'
R=rr, ‘ - ‘ | (2.2.3)
which must be unity if charge symmetry is valid, Nefkens et. al {17 observed a maximum
valfie of R = 1.3140.09 scatfering 180 MeV n* and 7” from tritium and 3H targets.
Explzlnations other than CSB have been offered. Deviations from the value of unity have
been interpreted in terms of differing structures of 3H and 3He due to three - nucleon
correlations caused by coulomb forces(!®) and by direct coulomb interactions (!%) rather than
evidence of CSB forces. ‘

Isospin conservation, and therefore charge symmetry, forbi(ls thed +'d ->“He +
0 reaction since the initial and final state differ in isospin by unity. Experiments designed to
detect this reaction have placed only an upper bound c;n the cross section. Upper limits of,
. 900 pb/ st with a 404 MeV incident deuteron energy and where the alpha particle was
detected at 5.5° 20), 97 pb / st at 460 MeV and 8.7° 1), and 19 pb / sr at 787 MeV and 11°
(22) have been measured in the past. The reaction is thought to be driven mainly by & — n

andn -1 rnixing(23). The presencé of a T = 1 admixture in the ‘He ground state could

' drive the reaction but no experimental evidence indicates the presence of such an admixture.
Cheung (23) has estimated the forward angle differential cross-sections to be between 0.01 pb
/srand 0.1 pb/srin the energy range 500 - 700 MeV. Coon and Preedom (4 have
estimated the forward angle d+d- 4Hc: + 1t differential cross section to be approxlmatcly
0.12 pb/srat 1.95 GeV. N ‘

An experiment measuring the cxxstencc of the class IV forces in the neutron - proton
elastic scattenng system is in process at TUCF at an incident neutron beam energy 188
MeV. The experiment is similar to the TRIUMF experiment cxccpt that the beam and target
are situltaneously polarized. The arguments are similar to those used earlier in that a
non-zero asymmetry is direct evidence of the presence of class (IV) CSB forces. The IUCF
'expen'ment will not only measure the difference between the zero-crossing angles of A and
' A (qual to the asymmetry zero-crossing angle difference between parallel and antiparallel
targct and beam spin projccuons) but will also artempt to determme AA over approximately
300 (1ab) as well

Y
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L. p
2.3 Theoreucal Consnderanons of Charge Symmetry Breakmg
' in Neutron -Proton Elastic Scattering ’

Thcrc are many sources of class (IV) contributions to charge symmctry breaking in
the neutron - proton system, but until this TRIUMF experiment there had been no direct
experimental evidence of the prcscncc of such‘ forces in the nuc_:lcon Rucleon i interaction. ' \
Some of these C$B effects, such as the effect of the neutron -~ proton mass difference in one
- pion exchange, are relatively straightforward and amenable to calculation. Three of the
larger contributions to charge symmetry breaking are reviewed below. Other CSB class (IV)
potential terms, such as thosc due to two-pion cxchange and quark effects are not as large(:
26) and are ncglectcd here.

"~ The YNN vertex functon is written as

ule FP+F o) MA, - (FP+F ) i%«omF“v Ju'. 23.0)

The graph associated with (2.3.1) isillustrated in figure (2.3.1).

N
NAANT

Figure (2.3.1) Y NN Vertex

i
» .
o -

- The function Fp.v represents the clectromagneuc field stnength tensor. The 1soscalar (s) and

isovector (v) parts of the nuclcar electmmagneuc form factors are given by (26) .' T K S
F,*= 1y (F,® + F®) - ' (2.3.22)
F" 1/2(1:(1» F,®) B o (232b)‘,-',
1/2 (F, @+ F @) i @320

/2(tch ®.¢F®. . "(2:3.2d)

\



The symbols")cp‘ and x;, represent the magnetic moments of the proton and neutron, Thel
first term corresponds to direct Coulomb interactions between two nucleons and can be
neglected for the neutron -~ protor case. The second term of (2.3.1) depicts the couplmg of
the proton current to the netitron anomalous magnetic moment. This term is proportional to
u'B when a non-relativistic reduction is made. - For zero momentum transfer the r“onn factors
reduce to | | | |

Fls(O)‘=Fl"(0)=l/2 ,F25(9)=~0;06 , F}"(O)=l.85 , (2.3.2¢)

If the form factors are reduced to thelr zero-momentum values, the conmbuuon of the NN

diagram to the proton - neutron elastic Lorentz invariant matnx is written-as _

: \'  ‘ .
Mg = u(p;) €2 [F,®y, - F,® ZLM Sy (P~ Py)Y Julpy)

x 1 u(py) F,™ i oMV(py - pyly s(py) - (23.3)
a2_—ie22,2M 72~ P2y A P2 | '

The first - order contribution to the nucleon - nucleon scattering matrix can be deterrmned by
including the lowest order Feynman dxagram in the non-relativistc approxlmauon The -~/
resultant class (IV) effective potential (in the Born approxlmanon) can be found by taking the

Fourier transform of the class (IV) pan of (2.3.3). Itis gwen by (2:28)

V1V(r) j__e Jg“ [13(1) 13 (2)][0(1) 0(2)] L ld.(l) 234
‘ 1 EM " an 4M2 i : rdr ,‘ : o

- where k"' = -1:91 represents the neutron magnetic moment in units of the nuclear magncton
,and M is the nucleon mass.’
T The nNN\yenex funcuon is given by

1g u'Yst(pu . : - . L ) '_,_(2.3.5)_ 2
. The one-pion exchange graph isoresponsib'le fora class (IV) contribution todhe M matrix

13



proportional to the difference in the nucleon masses.

Flgure (23.2) Conmbuuon to class av) chargc syrnmctry breakmg by -
. the neutron- -proton mass dxffcrence in one -p1on exchange .

-
N

The class (IV5 part of the effective potential (in.the Born approxtmadon) is then (28,

29) .

PN

V“’(r)-.z ,g[t(l)xx(z)h [o(x)xo(an 141 L exp mﬂr)l, . @36).

A
:

)} whercmrepresents the avcra e nucleon mass, = (m,- )/ (m, + ),»andf, xs the
g n - Mp/ /MMy ‘.“’pl. Mg isthe

pion mass. AC . ,
- CSB anses m p- exchangc from the n- p mass dlfference The pNN vertex

B -;funcnon is given. by

ulsﬂ“ﬂf\«o*‘ ‘h)]“Pp. SR (2'.3.7)“ |

3

. the vector and tcnsor p m&eon nucleon couphng constants are g1ven by gv and ? \ and q-
Tepresents ‘the four-momcntum transfer Calculations of AA from thlS contnbunon are hlghly
* sensitive to unccrtaxpues in thevector and tensor p-NN couplmg constants Esnmates of this _ E
oontnbunon(l) suggest thati 1t is thc sccond largest effcct after the nucleon mas}u dlfferencc 1n ﬂ _"-' o

-
a
R

«
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n—exchange ‘
| Isospm non-conservation, and therefore a potennal of the class Iv) vanety can be
' mduced by the elecuomagn;nc mixing of mesons of dlfferent 1sospm In pamcular the”

mixing of the p meson (T = l) wnh the @ - meson ('I‘ O) as in ﬁgure (2.3. 3)

P > m . Figure (2.3.3) Isospin nonconserving| ', IR
. H. p—w exchange in n-p elastc scatering [ N
"‘em . ' ‘ - )

; ‘,—,\ g -—.;—\ A , N . ‘ .
- c
: |

The invariant amplitude, Mg, in the Bom: approx1manon from this mixed - meson exchange
" canbe expressed wuh the d1rect apphcauon of the Feynman rules ;

" Mg = - g8y <0 Hegy [p° >[u<1>¢3<1><v“~+ucv oHVqy) u()u(2) 1,u m

@emb@emgh M
PP z;*z‘-'>_1>, G @39
where K" represents the magneuc ‘moment of the vector T 1 meson, mp and Mg, the o

' rnasses of the two mesons, q the four-momentum transfer, gp and’ 86 the meson -nucleon . -
L couphng constarits and < ©° | Hem ! p >'the electromagneuc overlap of the two meson states. -

- . The class (IV) part of the potenual ean bc determined from the above by makmg the

e non-relauwsuc reducuon and evaluatmg the Founer transformanon One finds that(2 28)

-""--‘V(IV) _‘-gpgm <e® lHemlp > [t - 13(2)] x"[o(l) o(2)] L
x 1 ezzr i) T

0

. .f;.(,2.3».17‘o) -



N ‘Accurately esnmaung the CSB contnbuuon from p—a) mlxmg is dlfﬁcult since calculauons
- are sensmve to. uncermmnes in the meson - nuclcon couplmg constants and the -
R electromagneuc mixing factor(l) CSB effects in neutron - . proton elasuc scattering due to the
. mlxmg of the lxghtcr no-n mesons comnbute only class (IIT) CSB forces(z) Interference
. between vector and tensor parts of. the vector 1sovector p meson and vector 1soscaler ")
‘ ‘.meson mteracnon causes the class (IV) type potenual in p— meson rmxmg These terms are .
'absent in the y‘s mteracuon of the pseudoscaler isovectornt meson and the ;‘eudoscaler

16

1soscalern meson. However 1|:°—'r] meson mixing does conmbute to clas IV)CSB in the '

‘ n(.p,d)rc reacnon through plon-producnon mechamsms(m



Chapter 3 Experimental'Apparatus
3.1 Introduct:on
~ This chapter is concerned with the desxgn and cahbranon of the expenmental
equxpment For purposes of clanty, there is some repeuuon between this and the following -
chapter when dtscusston of the apparatus requires results of the analysrs Two other papers

deahng wrth the expertmental equlpment have also been pubhshed 9. 30)

" The expenment measured the dtfference between the zero-crossmg angles of the "
scattenng asymmetry of unpolanzed neutrons scattered from a polanzed target. (A ) and of
polanzed neutrons scattered from an unpolarized proton target (An) The 1nterleaved ,

.expertments were made ‘'with tdenttcal apparatus designed to reduce all systemauc exrors hot
correlated with beam or target polanzauon reversal to at least second order. Any error in the ;
posmomng of expenmenta.l equipment could concetvably influence the measurement of A or
Ap, but sfhice the expertmental geometry was common to Both measurements any such effett
must be 1denttcal therefore, there could be no effect: on the dtfference Ap Ap

Detalls of the proton transport system(29) are tllustrated in figure (3.1.1). The ‘
neutron beam ongmated from a hqutd deutenum (LD2) neutron productton target in the path |

- of the prtma.ry proton beam The dtpole magnet 4AB2 Sswept away the unused portton of the . R

“incident proton’ beam Neutrons were produced via the 2H(p,n)2p reacuon Polanzed )
(unpolanzed) neutrons were produced w1th an polanzed (unpolanzed) pt:oton beam Dunn g L

 the polanzed beam poruon of the expertment the mcrdent proton beam polanzatlon was

" precessed mto the (n,p) scattenng plane to take advantage of the large transverse polanzatton

. transfer coefﬁcrent. The neutron polanzauon was precessed back i mto the verncal direction . -
by two spin’ precessron drpole maﬂnets 'Bonme and 'Clyde Neutrons were extracted at 9q L

| " (where the polanzauon transfer coefﬁctent is at its largest) and colhmated through a, 3 37m

S long iron and lead colltmator Polanzed (unpolartzed) neutrons were scattered froman o .

L events are defined as events where neutrons were detected in the left neutron anay

= unPOIanzed (Polanzed) proton target to measure-Ay, (Ap) SRR EI
) F°1' future conVemence, the expenmental coo?dinate system is deﬁned here Leﬂ e

o~
-

- 1 Comctdent left event recorl protons must scatter to the nght. The z—axxs is deﬁned anng the

incident neutron beam symmetry axis. The x-axts mtersects the target m the honzgmal plane 2 "3}

o 5 Posmve is deﬁned as emergmg to the left of the target if the observ eris lookmg downstream. i

s The y-axls, not shown in ﬁgure (3 1 2), efherges verucally from the target -

o

e e
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3.2 Primafy Beam.\.quitioning |
o " The energy and posmon of thc neutron beam at the FS'I‘ target were sensmve to
*deviadons in the proton beam posmon angle and size at thc LD target. Both the polanzed
" and unpolanzcd proton beams were extracted fmm the same ion source to neduce dxfferences
" “in the etmttanee propcmcs between the three'(up, down and off) proton beam polanzanon
. ' states. To maintain a consxstent posmon of the pnmary proton beam on the LD, target the
verucal and honzontal posmons of the proton beam were fonitored with two pairs of splu
plate secondary emission monitors (SEMs)3!-32) ituated 0:86 m and 2.18 m upstrearfi of
. the llquld deuteritm neutron producuon target (shown as elements 4AM4 7and 4AM4.4 i
. figure 3. 1. l) Aschemauc dlagram of the: SEM assembly is ﬂlustrated in ﬂgure (3 2 1)

Absorber ~ R~ Absorber o - 2
‘ - Poil c S

~ Proton Beam

-/ 2Bapmwmick
/- aluminum foil -~

IR Fxgum (3 2‘1) Schemanc Dxagram of Secondary messmn Momtor (SBM) S
s ‘Current from each semi-circular foil piece was integrated to calculate a leftight = -
.. (in'this figure) or. up-down asymmetry. The asymmetry was used by a micro- - o
SRURE processorto recahbrate honzontal and vertical steenng magnets to mamtam the
e Wi, proton beamposmon P RS

.‘~. - : oy L‘ ) .‘,f S, '
\‘ EE “ I »", ‘-_._ v

20"



‘down and left/ nght asymmetnes were measured at each SEM locauon SEM output sngnals
. were: ampltﬁed and fed mto a mtcroprocessor system programmed to calculate appropnate
- beam element corrections. The feedback system employed the bending magnet 4VB1 , the
~ horizontal steenng magnet 4ASM3 and the two vertical steenng magnets 4VSM1 and
- 4ASM2. The SEMs were uuttally set to centre the proton beam on the LD2 target and were -
. not altered ¢ over the dyration of the expertment 'The geometric centre of individual SEMs
could be remotely posmoned tn vertical and. honzontz;l directions to an Aaccuracy of 0. 075
“mm. Iri total, the four SEMs were equtvalent to 0. 030 mm of aluminum in the'proton beam
path. - S ‘ . :
. ‘ The proﬁle of the‘pr'oton beam was obIServed‘ after eVery 24 hour period with the ,
“ ‘ wkre chamber 4AMS (see figure 3. 1 1). whtch had a 1 mm resolutton The width of the ,‘-’" .
. proton beam at the ltqutd deutertum producuon target was measured as 4 1 mm honzontal
FWHM and 5. 5 mm vemcal FHWM ‘

33 Primary Beam Energy and PolarlzatiOn ” : T . -
“Thé expertment was de51gned so that an absolute caltbrauon of tl}e pnmary prtzgon
beam energyanould not be needed However it was necessary to matn’tatl\ the beam energy' .
S w© within 10. 25 MeV smce the posmon of the zero-crossmg%ngles isa weak functton of the. .
‘ mctdent neutron energy (see appendtx A). Smce the accuracy of the asymmetry gero- .
| ¢rossm g angle determmatton varies with the mverse of the beam and target polanzauons |
polanzattons were momtored throughout and mmntamed as htgh as possxble T
7 The proton beam energy and polanzatton were measured throughout te - b
':_‘.expenment(33) by i tnserung a thin kapton foﬂ in the path of the beam 6. 32m ugstream of the PR
‘ ' LD2 target. Protons scattered at :t:17° where the p-p analyzmg power approaqh’ﬁ‘a\ R
‘maximum at the expenmental energy, were detected in twd transmission counter assembhes' RS
. on either srde of the beam. The detector assembly was cornpleted thh addmona}sctnullator S
o counters at i68 9° 0 detect recoﬂ protons to reduce (p 2p) background A schemanc of the .~ -

‘ l:":beam energy monitor, BEM / polanmeter is illustrated in ﬁgure (3.3, 1) ‘Each assembly was.:
o ‘composed of a scmttllator telescope (polanmeter) followed bya large copperdegrader and -

L osix scmtﬂlator sheets sandwtched wnlun six 1 mm copper plates A more detatlcd ﬂlusn'anon

o of the range counter assembly is 1llustrated in figure (3.3.2). ‘The proton beam energy was

. L detenmned by counnng the number of protons which stopped in each absorber sheet. R
. Normally, sltght mtsahgnments of the beam positton could result in t'alse - A e
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polanzauon(33) measurements due to changcs in the left and right detector angular acccptance
combined with changes in the p-p diffcrcnual cross section as a function of proton recoil
angle, and due to changcs in the effective solid angle. “The polarimeter was constructed to
reduce such systcmanc crrors by rotating the solid angle dcfmmg counter by 68°, This
feature of the polanmctcr design is illustrated in figure (3.3.3), . '

I
. //

¢+ Prowon
Beam
v
‘_\ A}
f |__ Polarimeter/
v . BEM uuge\

. Figure (3.3.3) Rotanon of polarimeter solid angle defining counter by'® was
desxgncd to reduce changes in the solid angle associated with movement of’

. pnmary proton beam. 0 é”ﬂ‘ ‘

A schemauc diagram of the proton polanmetcr clectromcs is, xllustrated in figure

@334, 0 < , S
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. The number of spunous or accidental, polarimeter counts was determined by delaying the
&3011 counter signal by 43.5 ns thus cxcludmg valid elastically scattered proton-proton pairs
‘and satisfying the electronic loglc rcqmrcmcnts only by accident. The proton polarimeter
mstrumental asymmetry: was measured constantly over the cxpenmcm by turmng Qff the
polanzanon one mmute of every sev¢n ,
‘Details of the proton BEM / poranmeter are presented bclow in table (3.3.1). -

Table'(3.3.l) Proton BEM / Polarimeter Details

Defining Counter . .
Vertcal Dimension o 1.0cm

E:\“;«? Horizontal Dimension _ . 2.5cm
SRR Distance to target ) ' 77.47 cm
Solid angle 0.16 msr .
_ Polar angle Range ‘ L 10.37%
Azimuthal Range : +1.26°
Central Angle R VA4
Rotaton Angle - = o 68°
Reconl Counter - . '
- Vertical Dimension ) 2.0cm -
LT Horizontal Dimension ~ 1.0cm
4 - - Distance to Target ' ., 2032cm
‘ Solid Angle : . 4.84 msr
Polar Range - - ‘ -+1.41°
Azimuthal Range N 13.0°
Central Angle ‘ ' 68.9°

Parameters of the proton polarimeter are listed in table (3.2.2) as measured with a 600 nA



beam. Although polycthylenc (CH,) is more-hydrogenous by ‘a ratio of 5.24:1 than Kapton, ’
the latter was chosen as the polarimerer / BEM target due to its greater resistance to mdmnon
damage. Polyethylene and carbon targets were periodically inserted into the beam o
monitor cffccts due to hydrogen loss in the kapton target and to measure the effect.caused by
the presence of carbon in the kapton foil. Kapton targets werc rcplaccd after approximately

30 - 60pA hours,

Table (3.3.2) Proton Polarimeter Target Characteristics

' -CH, Kapton
Relative p-p yield . 524 - 1
% C(p,2p) 0.9% 4.0%
Random Rate ' 9.3% 22%

Instrumental Asymmetry -0.016640.0001 -0.0162140.0002

- ~

—

A 0.42 m long superconducung solenoid, 'Janus’, precessed the proton polarization
by 90° (/B-dl =2.2T-m) mto the scattering plane from the vertical direction to take advantage of the
large 2D(p,n)2p polanzanon transfer coefficient ( Dosso + Do )12 3¢ the LD, target. The
Janus’ solenoid requucd,thmy mmutcs of downtme daily to replenish liquid helium and nirogen

levels.
.~ g



3.4 'Neutro‘{m Beai Production

\ ‘ oo &

The neutron beam was produccd via the 2H(p,n)2p reaction. The target(2?)
contained hqmddeutcnum (LD,)overa21.6 K-22.6K tcmpcmturc range and
242-246 psa prcssure range with a hean density of 0.167 g/cm -The targct was a 19, 7
cm long, 50.8 mm diameter cylinder. The target end windows were 0.051 mm thick
stainless steel an\(\i the }argct walls were 0.25 mm thick stainless steel. ‘During cyclotron
operation, the target was separated from the cyclowron vacuum by a 0.13 mm stainless steel
barrier. \\\ | | ) o |

Critical to \\he cxperi}ncnt was the stabili(y‘ of the neutyon beam energy over the A
duration of the experiment. Ideally, the neutron cncrgy was dlrectly correlated to the proton
beam energy which was monitored throu ghout the cxperxmenL Howcver the neutron beam
energy may changc if target density fluctuations result in sngmﬁcant changcs in the proton
beam energy loss w1th1n the liquid deuterium. The proton beam lost an average of 4.69 MeV -
in the liquid dcutenum Liquid deuterium changes density by 0.6 % over the observed
+0.5 K variation in the target tempcrature This causes a 430 keV changc in the neutron
energy. Such fluctuatmns in the neutron energy are well thhm the stnngem limits required
by the experiment (see appendix A). The absolute energy of thc neutron béam was measured
to be 47712 McV by time- of -flight techniques bctween the FST target and neutron proﬁlc
monitor. : 1

\
\

» ' \

3.5 Neutron Beam Col‘limat_ign.

. The neutron beam was l‘tn.cted from the 9° port and collimased through a 3.37 m
long collimator. The front face of e collimator was located 2.87 m from the center of the
LD, target. The collimator consisted of a pipe enclosed in solid lead and filled with 30.5 mm
long cylmdncal iron inserts with rectangular apertures. It consxsted of two secuons The |

~ upstream section was 1.8 m long, 102 mm in diameter and contamcd six cylmdncal inserts,

' weée posmoned with a lcft-nght asymme to correct for the asymmetnc LDz targct

“The horizontal and vertical dimensio rangcd in steps from 38.6 mm to 39 1 mm and from

e downstream section was 1.5 | m long, 127 mm in 7 Y

18.2 mm to 25.2 mm, reSpcctwcly

'thametcr and contained five inserts. The honzontal and vemcal dimensions- ranged from

43.2 mm to 45 6,mm and from 26.6 mm to 32.0 mm, respectively. The collimator inserts

o —
1



r ‘ . -
"position A secondary collimatof was recessed 20 cm into the 1.6 m ieng gap in thé ‘dip’dle
magnet 'Clyde’. The front face of the. secondary collimator was posmoned 7.26 m from the
" center of the LD, target Lead bricks were stacked into the gap to form a0. 61 m long ‘
colhmator with a 51.3 mm wide and 50.8 mm htgh aperture.
The collimator was demgned to intersect the proton beam at the center of the LD2
target (£3 mm), Neither the entrance nor exit foils of the LD, target were viewed by the.

“frozen spm target..

N
- ~—— . ' . ]

4
3.6 Neutron Beam Polarization )
The polarization of the incident proton beam was precessed into the scattering plane
transvexse to the beam direction to-take advantage of the large transverse polartzauon transfer
coefﬁcxent. The neutron beam polanzauon in the scattenng plane is defined" as o o

-

*
Pn=._(dossO2fdokso?)lépp : , 36D

Here, the ‘quantlit‘y d bcd is.a the poiaﬁzation transfer cnefﬁcient corrected for final state
interactions where a,b,c and d represent the polarization of the scattered, recoil, beam and -
~ target pamcles The unit vector k' represents the particle direction, and the vector sis the ,
direction perpendmular to particle motion and i in the,‘attermg plane Flgure 3.6. 1) features ‘
a schematic diagram illustrating the polanzauon transfer process. Values for these »~
. coefficients were extracted from phase shift analyses of the p-n reaction and then corr ed
- for final state interactions.: . Values of the spm transfer coefﬁments were takcn as' dosso
0. 748, dyg = 0.079 (34 35) (see section 4.6). The main component of the neutron
 polarization emerging: from the production target was a Small angle, ¢ = tan’![ d,
dossol =-6.3° » away from the dxrecuon normal to the beam axis and in the scattering plane.
- (see figure 3.6. 1). In addition there existed a small, but nonetheless undesu'able vcrncal o
‘ polanzauon component due to.the reaction polanzauon coefﬁcxent Aonoo =-006. The = .
~ polarization component in the scattering plané was precessed into the beam direction by the S
- first dlpole precessxon magnet 'Clyde The frmge field of the proton sweep magnet 4AB2 .
- (noted ip figure 3.2 l) precessed the neutmn spm mto the beam axis by a large degree 50
N 'Clyde' (Bz =9, 90310 23 kiG) gad only to precess the spin by ¢ 60°. The second dxpole
L precesswn magnet, 'Bonrne (B = 15 71:t0 76 kG), precessed the neutron polanzanon by

. .
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Fxgure (3 6.1) Dcpxcnon of Neutron Polarization Transfer and Prcccssxon e
'I'hrough Expcnmenml Apparatus | S
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90" 1nto the verucal dtrectton 'Bonnié' also precessed the ongmal verucal component of the
" neutron polanzanon due to Aonoo' into the neutron beam axis. The: two drpole magners
also served to sweep charged particles from the neutron beam. . . -
‘. " The magnetxc fields of both magnets were monitored and kept stable to within £ 2 G
i tproughout the experiment with NMR probes. The drpole magnet 'Clyde' was cahbrated by
- measuring the ratro of the left-nght and up-down neutron asymmetry at the neutron
‘polanmeter to the proton polarization as a function of Clyde's magnetic field setting. A plot
of the ratio is 1llustrated in figure (3.6.2). The setung whéré the up-down asymmetry
mtersected the, asymmeu'y axis where A = 0 was selected as the experimental value. The ‘
precessron curves mdtcates that1 uncertamty in the total neutron, spin precession is +5.8°,
| much less than the acceptable lrmlt of £10°. ‘

37 Nentrbrt Beatn I{roﬁle Mo_nitor and Polarlmeter R

“The neumon beam proﬁle momtor(36) was located . 32 m downstream of the frozen "
. sptn target (16 90 m from the LD, targer) and was used to momtor the vertical and horizontal -
- mtensrty centrords and profiles of the neuuo{zbeam dunng data talcmg A schematic diagram
of the neutron proﬁle momtor’ is illustrated i in figure (3. 7 1). Recoil protons from elasue )
| lH(n,p)n reacuons within 2.21.0 ¢m by 21.0 cm,. 3 2 mm thick scmullator termed the
) ,convertor-scrnullator in ﬁgure (3.7. l), were traced back to therr orrgrn using mformanon .
o ft‘om two 20 3 cm by 20 3cm delay lme chambers (DLCs) The assembly was preceded by
' kS 3 2 mm tluck, 26 cm by 26 cm scrntrllator to veto charged pamcles in the neutron beam.
; ‘ The neutmn polanmeter was located just downstream of the neutron proﬁle momtor, ‘
as shown in ﬁgure (3 7. 1). The heutron polanmeter consrsted of four arms branchrng inthe .
honzontal and vertrcal planes o measm'e left-nght and up-down asyrnrnemes of recorl o
prptons produced by the lH(n,p)n reacnon scattered from as cm thrck 15 cm by 15 cm S
J scrnullator (CHl 1) polanmeter target. The polanmeter target was preceded by a scrnnllator o

o sheet used to veto charged parncles in the neutron beam. Downstream of the target was an o

;;' 'addluonal scrntrllator to detect all recoil charged pamcles Bach of the four arms contamed a’ -

, : o 10 cm by 10 cm scrnttllator sheet 50 cm frorn the target center spanmng a solrd angle of
o 0. 040 STto dewct charged parttcles scattered from the polanmeter target. A wedge—shaped

L 2 fupsu'earn of each of tho{gm- scmnllators to equahze the: energres of scattered protons

B ‘ brass absorber . 6 cm thick at small angles, 9.5 cm thrck at large angles) was posmoned S

-

: ﬁ.-.' ‘untformly over the angular range subtended by each of the scmullators
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R E Fxgure G. 6. 2) Rauo of Up—Down Ncutron-Proton Scattcnng Asymmctry in Ncutron _
- Polanmetcr to Pmton ‘Asymmetry in Proton. Polarimeter asa Funcuqn of thc Magncuc g
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38 N The Frozen Spin Targ‘ety . : o
381 ! I‘ntrod‘ovctliorn and Op‘erat.ion' -

A 'frozen spm type (FST) polanzable proton target was bmlt specnﬁcally for the
expenment(37 38) This type of target allows a lower magneuc holdmg field to mamtam . ‘\ B
target polarlzauon The targct matenal is held ata, very low temper’ature to fneezc the )
polarxzanon in place. Typxcal polanzatxons of 0.8 with decay umcs of 30 days were attamed o
.ina magneuc holding field of 2.57 kG. ‘A schemanc dlagram of thie target-and the suppon | o .

‘ strucrure is shown i in ﬁgure (3.8. l) "The target cell was a 4 O cm dlametcr 4.5cm hxgh Y
Cylmder located 1255 cm from the LD, neutron producuon target ’ R
‘ Ina magnenc ﬁeld the four:fold energy degeneracy of the electmn -proton system
dxsassoclates into four dlsunct substates dependmg on the duecnon of the electron ‘and proton

spms The polanzanon process is explamed in ﬁgure (3\ 8 2)
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Flgure (3"8 2) Target Polanzauon Process ey T ‘- \

Only the; state wnh the electmn magneuc moment ahgned wnh the magnenc field 1s populated

o - -';..;Com pared torthe electron magnetic moment, the: proton magnetic moment is.smaller by the ratio of
..+, the electron to proton mass; therefore; its °d1recuon is not as significant. In (d), microwayes induce v
S ‘ad double spin flip transition from | -+> to 14>, The electron spin quickly.reverts to'its energeucally o

- favourable state but leaves the proton in its microwave induced state, The resultisanet- "~ .
polanzauon Note that the target polanzauon does not depend on the polanzmg fielck d1rccnon ,
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‘ Gross features of the energy level dlagram are deterrmned by the dxrecnon of the electmn

K " 'spm Finer features are caused by the i mteractron of the proton spin. w1th the extemal
o 'magnetlc field and i mteractxons between the proton and electron magnetic mioments. Double

spin ﬂ1ps are generally forbldden in the absence of an externally applied magnenc field. ln ‘
. the presence of a polarizing. magnettc ﬁeld. electron- proton spin states mix together i ina .
. manner whrch allows otherwise forbidden double spm fhp transitions to occur. Microwave '
' radtatton can be apphed to dnve the double s spin flip transitions. Electrons quickly revertto "
. the lower energy statewtth thelr sptn direction aligned parallel to the polarxzmg field -
duecnon but protons mamtam their new dtrecuon for a much longer period due to thClr
smaller magnetic moment. The resultis a, net polanzanon Note that the dtrecuon of the
 target polarizing field did not dictate the duectton of the proton polarization. | .
| Throughout the polanzatlon process ‘the temperature ‘had to remain very low. If
thermal excrtatlons, on the ‘order of kpT, exceeded the energy difference between any two |
nelghbourmg spln states these spm states would become hopelessly mixed thereby ruining
- the polarization process. Thrs process can be controlled with two possrble mechamsms The
external’ magnenc holdmg ﬁeld can be raised to such a value that the energy dtfference o
Between nexghbourmg states is much larger than kBT or the temperature can be’ lowered
| 3 For the expenment for wluch the target apparatus was de51gned it was 1mportant for the
target holding field-to be as low as p0551ble o o
. Electron spin reversals drove the proton polanzauon process The efﬁcacy of the
- polanzauon depended on the drstance between free electrons and protons or eqmvalently,
. the number of free electrons in the target sample A large concentrauon of free electrons was
| supphed by 'dopmg the target matenal w1th an electron donor matenal The relatronshtp '

. between the polarxzauon decay ume, temperature and holdmg ﬁeld strength is gtven by

;.)»p-fsConstantxl-‘Isz: S - | v B ""‘(3‘.8.‘1) - ‘

—

. ) :?'_ ,The constant of the above relatton is proportional to the mverse of the doptng agent
" | o concentrauon Temperatures dunng the operatton of the polanzed target remamed below
‘ }‘ . =70 mK otherwxse thermal excrtattons would have qmekly destroyed any polanzanon A
s ‘ lngh power refngerauon system was needed o cool the 55 cm3 target. ,:)l'he target assembly
e y was mounted ona verttcal dtlutton refngerator thh a coohng power of 100 rnW at 0 5K.

: An NMR cml mserted into the target was used to momtor the target polanzauon over thc
"v_‘-_»courseoftheexpenment. T = S I

,. '
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382 'Targ‘et“ Magnetic Holding ?iel_d " “ o = R
. ‘ SN ' L ot ‘ i . o .

' . 5 \

o Dunng data collecuon a2. 57 k(; holdmg field was maintained w1th a convenuonal
solenoxd above the’ target and a superconductmg solenoid below. The superposmon of the

. two fields provxded a vertical field reproductble and stable to£5G over a three week penod
Both the superconductmg and conventional magnets were contmuously monitored with a pa1r
of Hall probes. A sample plot of the vertical component of the target holding ﬁeld line | ‘

: mtegra] asa funcnon of distance from the cen of the target 1s 1llustrated in ﬁgure (3 8.3).
Table (3.8. 1) contams the mtegraned magnettc ﬂe!d betweé\n the center of the target over the .

extent of the proton detection apparatus (308 cm) }or several honzontal planes above and o

below the neutron proton scattenng plane. N\ S
| Table (381) Integrated Target Holdlng Fteld\ B
. VemicalPositon . [B.-ds (kG-cm)" "
' (cm) - . Holding Field D wn. : HOlé‘iiFlddﬂP
o254 213 39,737
+1.27 : . 41520 ., 39:.080. .
00 . 41178 o 38 N
C-l27 0 aL138 L 38829 N\
254 -5-..41 SRa. 39.994\;_~ R
The cyclotron fnnge ﬁeld contrtbuted 5 0G at the target cernter. Over t& length Qf the .’

pr0ton detecnon apparatus the mtegrated cyclotron ﬁeld was, oot \ :

JBfmgc di = -1 24 kG-cm S PR : Ry (3 8 °)

. or, 3 2% of the target holdmg ﬁeld alone. _ Honzontal ﬁeld components were meastned as _* .
. ll 4i0 8Gi in the central plane of the target. Measurements of A and Ap were rnade wuh

theholdmgﬁeldmbothvemealduecttons L Co T T
. i , Before polanzmg the FST current‘io the convennonal solenotd was reduced and thc N
e supereonducttng solenioid was rarsed around the target. Smce the polanzmg microwave’ " '. RO
frequency was a funcnoh of the magnettc ﬁeld strength, there were stnct requu’ements of RS
10‘4 on the homogenetty of the polanz@g field. The supereonduct;mg magnet prov1ded.a 25 \ |
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| kG field with'a homogcnci'ly of £50 ppﬁ over the volume of the target. The target was
dcpolarizcd by tﬁckling a small current through a 10€2 resistor located in the base of the
targct container to warm the farget material. The target itself was never moved during the
polanzmg or dcpolanzmg processes. :

.. The contnbuuon of the spin precession dipole magnet Bonnie to the horizontal
compionents of the target holding field is illustrated in figure (3.8.4). -

[ ——e e,

A

i ” 1106G
T1130 :
T1226
o 4 Neutron Beam
S . Dixection

. Figure (3.8: 4) Contribution of Spin Precession Dipole Bonnie to
: Horxzontal Component of Target Holdmg Field |

The contribution of the spin precession dipole was constant throughout the cxpen‘mcnf The
'honzontal contributior to the target holding field from the holding field magnets alone was
also measured. The results are illustrated in figure (3.8.5). Unlike the contribution from the

' lspm precession dipole Bonnie, horizontal field components from the target holding field
A

‘magnets reverse sign whcn the field is reversed.
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Figure (3.8.5) Targct Holdmg Field Magncts Horizontal Componems
12
Extra insulation was inserted in thc room temperature coil during thc first
experimental run on two occasions: March 1, 1984 and April 9, 1984 as a result of a
short-circuit between coils. The change in the magnetic field line integral caused by the
insertion of the insulation in the magnet was estimated as < +0.6%.

v, O\ . , ‘ “ " " o
3.8.3 Target Support Structure oo

Insulaﬁomdmcmm in &ic neutron beam paih were kept to an-absolute
minimum to reduce background and proton multiple scattering. The bytanol beads were
uniformly illuminated over their entire volume. The target cell had two 50 cm3 vacuum
spaces above and below the target material to keep as much material out of tails of the

. neutron beam flux. The outer vacuum shell was outside the main nqutron flux. A 10. Q

carbon resistor and an NMR probe were located in the bottom of the target canmstcr A list
- of the target materlal and the support structure around the target is tabulated in table (3.8. 3)
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~ Table 3. 8 3 Target Materials in the Neutron Beam Path

: N\

Material Distance from Qﬂuckness
Description Target (cm) (cm)

Butanol . 0.0 20 + Target material ~0.60 packing fraction

He 0.0 20 . Refrigerant fluid =0.40'packing fracuon
- Copper | 20 0.005 Microwave cavity

Teflon 20 0.013 | Teflon Sleeve

‘Stainless Steel 2.2 | 0.038 Inner Vacuum shell

Kapton .24 0.001 Insulation’

Copper 2.5 0.013" Inner heat shield

Kapton 2.5 0.003 Insulation .

Aluminum 28 0.013 Middle heat shield :

Kapton - 34 0.013 Insulation  * LR

Aluminum 34 0.013. QOuter Heat Shield

Aliminum 40 -

"% 0102 Outer Vacuum shell

~ All materials listed in table (3.8.2) are arranged in a conéf;'ntrical geométry around the farget
center. | Do ‘ - .
;}Pﬂ%@;ﬂd volume of the target material wnhm the targct were recorded with p

X-ray pi6tographs. “X.rays were qaken of the target after data taking Was completednfor the
first data taking run, and pefore zind after data taking for the other data and background runs.

& . N .
" A
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39 . Proton Detection Apparatus
3.9.1-' " Proton Boom

) Proton dctccuon asscmbhcs were mounted on rigid booms and bolted to thefloor . at
+52% 10 the left and right side of the neutron beam axisG, A dlagram of the experimental .
apparatus layout is illustrated in figure (3.9.1). The two booms were mirror images of each other

. with réspect to the neutron beam axis. All discussion will refer to both. Each boom held four
dclay line chambcrs(‘“)) (DLC) to record horizontal and vertical’ proton track coordinates for proton

" track reconstruction, time-of flight (TOF) apparatus for energy 'determination, and a range counter -

- assembly to-isolate neutron- -proton elastic events from high and low cncrgy background.

) The TOF asscmbly consisted of a thin scmnllator (pTOF—start counter) located near the.

- FST targct and alarge 67.0 cm by 67. O cm scmnllator sheet (E- countcr) situated 3.4 m from the
target. The proton TOF assembly d1d hot view the front and back "wills of the outcr target
chamber. The proton energy was determmcd from the proton TOF berween the pTOF-start counter
and E-counter. Individual phototubes viewed the top and bottom of the pTOF start counter. Thie
E-counter ‘was viewed with a total of four phototubcs, two were located at the top and two more dt .

 the E-counter base. In each case, ‘individual phototube signals were fed into time to dlgnal
converters (TDCs) fmm constant fraction discriminators (CFDs) and“the TOF was determined from
the average. A schematic diagram of the proton boom electronics is 1llustratod in figure- Q 9.2).

‘ A wedge-shaped absorber (wedge) was posmoned just upstrearti of the E- -counter, with
the thick edge positioned at thc small angle side, to absorb low cnergy background and to reduce
elasncally scattered protons to an energy mdepcnq,ent of their scattering angle. Downstream of the .
E-counter, a 6.4 mm thick brass absorber was positioned demgrled to absorb elastically scattered
protons. ‘A final scintillator sheet (veto-counter) was located downsteam of the absorber to

dlscnrmnatc agamst high energy background.
| A’ pattern counter’' was mserted in each proton boom to prov1de precxslon in DLC -
calibration. 'f’he pattern courlter consisted of seven 30.0 mm.diameter and 3 .2 mm thick scxnullawr o
disks 1mbcdded in.a lucite sheet of the same thickness. DLC posmons of protons passing through | _
" the scintillator disks provided a convenient coordmatc reference ! system. On occasion, a DLC had f"
. tobe dismounted for maintenance. Reposmomng DLCs required an accuracy of +0.35 mm. |
N Detcctmg passmg charged pamclés in the pattem co tcr allowed an absollgtc DLC posmon
° determination to 0 3 mm overa data—talcmg penod»o 6h. S '; o

&
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Details of appa‘ratus along the proton boom are listed in table (3.9.1).

Table (3.9. 1) Posntwns of Proton Detectlon Apparatus Along Boom

1

: Item , ‘ Dlstance (mm) Tluckness(mm) ' Dimensions (cm) -
' x - Left . Right = Left. nght Horizontal * Vertical
Time-of-Flight Start ' 340 =~ 335 - 0.8 © 0.8 140 140
. DLC1 ‘ v 517 . 518 . 670 - 670"
" DLC2 679 678 . - 6710 . 670
DLC3 =~ 2833 . 3003 - . - S 670 67.0 .

DLC4 : 2997 - 3003 S o 1610 167.0
_fattern Counter 3111 3114 . 0 32 32 67.0 - 670 .

CiAEcounter - 3137 3139 64 6.4 670 670
T Wedge | - o163t 157t 690 0 690
Ecoumer - 3444- 344 - 64 - 64 67.0 670
Absorber N - : 6100 . 670
Vew 3598 3595 64 64 = 610 670

{

T, Absorber wedge tlucknesses were measured at center Thlckness changed w1th
honzontal posmon by 0 046 mm/mm. ‘

‘ All distances are relauve to the dxstance from the center of the FST target to the center plane
-of the listed item. Left and right are defined as the d1rectlon of tch>e scattered ne'tm‘on if the
L observer faces downstream. DLC 2 of table (3 9. 1) was offset 75 mm to keep its frame out”
, ‘of the 10° angular bite subtended by the neutron detection apparatus ,

E 3.9.2 Delay Line Qham_bers‘_'
‘ 'I‘he lcmemauc acceptance of elasncally scattered neutron proton palrs was .
}deterrmned by the DLC furthest from the target on each proton boom.” Each of the DLCs
measured 67 cm by 67 cm m the honzontal and vemcal ires 'ons with an acuve area of 58
. .cm : ! an anode p indwi ,’betweentwocathode
B planes Anode planes were composed of 291 vertlcal 20 um gold plated tungsten wires « . .-
O separated by 20 mim at a +4550 \ potennal Cathode planes were cnnstructed of many 3 5 S
S mm wrde,”ZO um tluck copper stnps separated by: 0.5 mm on mylar backmg 'I’he cathode o -
g Stnps extended honzontally an one cathod 1 lane and verucally on the other. The matenals
whr@‘arecoﬂ proton must pass through ted in- table (3 9, 2)(41)

S




‘ Table 3.9. 2 DLC Constructton ‘
Matenal ! B Thtckness o Thxckness (mycm2)
Aluminized mylar  © 2Spm .

: 33 .
' Magic Gas - 1420 mm 3.4
i Mylar ' 25um . 33 !
. . Copper Cathode Stnp - 20 pm - -18.0 -
Magic Gas . - ' 6 mm - 1.2
- Tungsten Anode Wtre 20 um 38.0
. MagicGas' . : 6 mm 2
-+ Copper Cathode Strtp 20 ym 18.0
Mylar : . 25um "33
Magic Gas 14-20 mm - 34
Alumtmzed mylar - 25um. 33

The thtckness of the magtc gasis hsted as 14—20 mm‘becaﬁ‘se of bulgmg in the DLC centre.
. Note that’in the above table that the cathode copper stnps cover 80% of the active area and
_the anode wires only 1%. Efficiencies of each chambex.coordmate were typtcally >98%.

v . Magic gas(42) (an adrmxture of 30% 1sobutane, 30 % :a mixture of 1% freon in.
argon and 40% a mixture of argon bubbled through methyla.l) was contmuously fed in at
rate of 100 cc/ mm into each of the chambers witha pressure to match the electrostatic

_ attraction between the anode and cathode planes to keep a constant 6 mm spacm g bEtween the -

" two. : : e o
LA sxmphﬁed schemanc dJagram of the DLC electromcs is 111ustrated in ﬁgure '
(393) ‘ ’ ‘
A o b ® o
L Delay o | R
Lines '
oot .

R | thure (3 9 3) DLC electromcs ‘A amphﬁer-dtscnmmator ctrcuxt
IV S s attached at each end of the delay lme

a5



| - The cathode smps passed through the gas seal and were capacmvely coupled to the delay :
. line. Delay lines mounted on the vertical and horizontal frames of the chamber were of the 3
n Perez-Mendez type(“ 45) Delay line propagahon speed was approxlmately 2& ns/cm A v
 discriminator board,was mounted at each end of the delay line.’ ‘The tifne mterval between
detection of the propagated sxgnals at elther end of the delay lme was related to the posmon
‘ ‘where the sxgnal was induced along the delay line; therefore posmon mformanon was taken -
from time mffemnce, or TDIF spectm ' . . | . '
" No mterpolanon can be made between adjacent anode wnes nor can the side of the |
‘ anode w1re where a proton passed be d15t1ngmshed. DLC resoluuon m the horizontal plane
f ‘was resmcted to the anode wire spacing, 2 mm. Ind1v1dual anode wires were'easily . }" -
- dlsnngulshed in honzontal TDIF Spectra as sharp peaks. These: anode wire peaks formed a”
: pxcket fence' 81gnature A pornon of a typlcal plcket fence spectrum is 1llustrated in ﬁgune L

(394) BRI R

. W Left-nght mc leference

Fxgune (3 9, 4) Raw 'I'DC lefexences Between Left and&ght Ends of Honzontal Delay
Lme Illustraung ‘Pi 'cket Fence Strucnme Due 10 Vemcally Runmng Anode eres

K Indmdual peaks can be assoclated ona one-to~one con'espondence thh anode w1res‘ A cahbranon L
' table was constructedrelaung nme delay to absolute posmon Cahbranons were no; as easﬂy made o

U me
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in the vemcal dlmensxon where no such plcket fence spectra CXJSth (the wues run vemcally so.

| that honzontal spectra are dlscrete but the vertical are contmuous) DLCs were cahbrated by

placxng each group of four as close together and-as far as possxble from the target so that the.| entxre

acnve area of each was ﬂlumlnated The ﬁrs,t and third chambers were rotatéd by. 90° so.that t thelr
verucal now honzontal coordinate could be cahbrated againist the picket fence spectra of the L

seoond and fourth chambers and vice versa for the second and fourth chamners. ThlS cahbratxon

process revealed non-hnearmes in the delay line behaviour. An example is 1llu§trated in ﬁgum

(3 9. 5) How such nonhneantles were handled in'the analy51s is dlscussed in detaxl in’ the

followmg chapter

Deviston(mm)

S S o 100 D zoo "‘300,, 3
o TN S WtreNumber |

Flgure 3. 9 5) Delay Lme Nonlmeanty ]‘he plot 1llustrates the dlfference X
between the actual wire position and the wire posmon as calculated ifa .
‘ constant 51gnal wire: propaganon speed is. used Cb

Each chamber contamed 4 BNC mputs for pulser sxgnals to. be fed 1n near both ends
L . ,;‘-of each delay lme, with a, sepatauon of 552 510. 7 min. These pulses were fed in dlrectly
Rk Lo 1. 6 mm thlck copper stnps whxch were capacmvely coupled to the cathode plane The ™"
e 'posmons of pulser DLC'events were used Q! momtor and correct for small dnfts in the delay
T _{" "hne ummg over thecourse ofthe expenment. ; . S G 2 R




: '3.10.1 ) Neutron Detection Teloscope

3.10 f Neutronl)‘eteetionfand Caiibration Apparatus |

[T ) } 4

Each neutmn detecuon assembly was centered at £32° relanve to the neutron beam

“ symmetry axis and subtended 11.5°. Scatteredneutrons were detected ina large scintillator

array. Precedmg the scindillator array was a veto counter to d1§crtm1nate against charged
particles. The veto—counter was compnsed of three overlappmg rectangular scintillator
" sheets. Neutmn TOF was detertmned as the - difference between the detecuon time of events

" inthe neutron scmullator array and the reconstructed time of the neutron -proton scattermg

) vertex from mformatlon taken from the proton detectton system. A schemauc dxagram of the i

P ,0‘

neutron boom electromcs 1s ﬂlustrated tn ﬁgure (3 10.1). Included in the neutron, detecnon

| system were apparatus destgned to contmuously cahbrate scmullator photomuluphers

The posmons of the scmullator arrays. relauve to other expenmental apparatus is

. ﬂlusu'ated in. ﬁgure 3. 9 1). Detatls of the neutron scmttllator array are ltsted in table

(3 10. 1)

1

Table (3 10.1) Neutron Detectton Apparatus

Scintillator"“ " Dtstance (mm) Thlckness (mm) Dtmensmns (mm)

Cleft nght ER ‘ ' Horizontal . Verncal -

"'NeutronTOFStart 326 320 o.vs;‘,‘, SRR S VIS VY

o Vew.. . 5064 . 5080 - . 64 - ..1050.F < 1050.1

Front Bank .. L 5225 0 5225 . 1500 . 1050. . 1050
- BackBank.' - = 5415 - 5426° 1500 . 1050. . ' 1050."

o All dxstances in table (3 10 1) are from the center of the FST to the cent_@of the hsted item. .
: Usmg the estabhshed convenuon, left and nght refer to the scattered neutron dxrecnon 1f the ,‘ f‘ =
observertslookmg downstream. p et e L e L

stz r:-ugutros-“saamia.tblrj-gz'x_rfr’iy,' L

© Buton - 5540 5559 ; 0 70, %

g_'TConstructed w1th three OVerlappmg Scmtlllator sheets e

<3

" Scattered neatrons were detected in two latge 1.05 mwide, 1.05 m high and 0.30m - .-
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thick NE110 scintillator arrays. The two arrays were ide'ntical.to one another all di‘scussion |
refers to both. A schematic drawing ofa scintillator array is illustrated in figure (3. 10, 2)
~ + Edch array was constructed of two stacks of seven 1. 05 m wide, 0.15 m deep and 0.15 m
. high scintillator bars. Both ends of each scintillator bar were fitted w1th a modified Winston .
: ‘cone ltght collector and photomnluphcr desxgned to accept light » reﬂected from scintillator bar
' inside surfaces at angles less than =15°, Delay lines connected groups of four and three
B nonadjacent bars in the front and back stacks, as in ﬁgure (3.10. l) to reduce otherwrse :
prohibitive electromc costs associated w1th separate electronic systems for each of the
fifty- six neutron bars. Stgnals from the neutnon array delay lmes were fed into.a (‘FD TDC

t

combtnauon to prov1de neutron posmon and TOF mformanon L.
CRE ‘ ‘ g o ‘ W
3103 ,,Neutron l’oSition Determination

Identtﬁcauon of struck scmullator bars and the event honzontal coordmate were .- |
made from the tumng difference (TDIF) between the left and right 51de delay ltne srgnals

: D0uble h1ts w1th1n bars dalsy—chamed on the same delay lii yere tdentlﬁed by the time sum L

- (T SUM) of the left and nght delay hne s1gnaIs 'Vertical coordmatcs were taken as thcl
. vertical center of the neutron bar, thereby hrmtmg the vertical resolution to +7 5 cm

3.104 Ne'tttron Tintezof‘-'Fl‘i‘ght and P,‘o‘s‘ition_; Calibr:ation U
“ R S
. Seven small 'button scmnllator counters wereé: located at the do\asll\sueam side of
" each scmnllator array '(see ﬁgure 3, 10 1., Protons passmg through the scmtxllator array and -
B ‘a 'button counter were used 10 connnuously cahbrate photomultphers attached to the
} ‘scmtﬂlator bars For the salce of brevrty, such protons are termed 'button events in the-

u;remamder of the text.. Elasncally scattered protons stnlcmg button scmnllators deposned
546 MeV, (62 3 MeN) mthe front (back) scmnllator bars releasmg a constant amount of

L hght agan’tst whtch the photomuluphers were cahbrated. Each photomulnpher button event
o analog 10, dxgltal convener (AD ) s1gnal was momtored after cvery two hour penod of data

l “takmg throughout the expenment. Drifts i in the magmtudc of phototube ADC stgnals were
o .t"‘“ -5"-corrected for by adJusung the high voltage to mdmdual phototubcs Photomulmpher htgl{
R voltages were controlled by a tertmnal located outsxde the expenmental area Indmdual

- .phototube ADC sngnals were allowed fo dnft thhm ilO% of therr nommal value bcfore
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the analysis by‘s‘caling' the ADC signals by the button event ADC values, but larger drifts
were not pérmincd for fear that changes in absolute dctcction‘cfﬁcicncvy might cnsué.
Drifts in the timing chafactcn'stics of individual phototubcs were corrected by
' obscrvmg the dlf"crcncc between the actual and apparent button proton event position.
C ‘Tmnng corrections were added to thc raw neutron bar delay line TDIF to force the difference
to equal zero, ‘ L ' _

Light pulses were mjectcd into the back of each neutron array with light crmmng
diodes (LEDs) attached to the back side array (see ﬁgure 3.10. 1) The LEDs were designed
to detect any ummg drifts in thc neutron scintillator ¢ anay phototubcs influencing position
mcasurcmcnts In fact, it was discovered that the apparent positions of the button events
allowed a mon: accuratc momtor of phototube timing drifts than the light pulsers.

|
<

of

3105 Neutron Scintillator Afray Ill' nation

' The geometric detection limit of elastically scattered neutrpn-proton pairs was

defined by the DLC furthest fmm the FST target. The 11.5° angular bite subtended by the
neutron detector was sufﬁcxent to detect elasucally scattéred neutrons comcxdem wnh protons
 detected in the proton detection assembly rcgardlcss of the holdmg field conﬁgurauon The
extoqt t of the 1llummatcd area of the neutron scmnllator array is illustrated in figure (3.10.3).
The effects of mulnplc scattering have not been mchidcd in the illustration. Multiple

scattering smeared the edges of the illuminated area by approxunatcly 0.8° or equivajently, 7 ,)

. cm. The targctholdmg field deflected elastically scattered recoil protons by approximately
tl. 2° thereby shifting the illyminated portion of the neutron array 1, 1 cm to the left or right,
dcpcndmg on the holdmg field direction and to which direction the neutron scaitered. The
left and right edgcs of thé néutron array were never “fully illuminated. Only a very small
fracnon of the top and bottorn neutron scmnllator bars were 111ummated.

‘\.,‘

C . . :
. Al
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~1050 mm

v

1050 mm|

23]

’ Figuee (3.10.3) Neutron Scintillator Array Illumination
* The DLC futthest from the FST target defined the kinematic acceptance of
the experimental apparatus.  Only a very small portion of the top and bouom
bars were illuminated by neutron-proton elastic events. The illuminated.
area shifted to the left or-right-by-~122¢H-em) when the target holding field
was applied. The edges of the illuminated area were smeared by 0.8¢ (7 cm)
" by proton coulomb multiple scattering in the target material.



3.11 Trigger Logic ‘
The trigger system used in the experiment is illustrated in figure (3.11.1).

-\

. o ‘ : _» Neuwon ADC Gates
(8) ' ' - Proton Laxh TDC Stwn
(v) O Reset Inhidit ,
| ‘ ADC Clear .
TDC Clear
1> or ' Cofputer
[ and - . (© Reset
) ' |
(] puse heignt shaper NeutonLaxh - . | Lo
O delay . —Reset Inhibit - ‘ '

- __ __Figure (3.11.1) Experimental Trigger Logic. -
* The neutron trigger is shown here. The latch is set by a (a) neutron detected in the
scintillator array and (b) no veto sxgnal The neptron TDCs are started and the ADC
_gate is swobed. Unless the latch is inhibited by'(c) the proton side of the electronics
(neutron latch reset inhibit) or by (d) a buttgn event, the latch releases itself and
clears the ADCs and TDCs. e

A successful neutron latch mggcr requmcs the neutron scmullator array to ﬁrc or the nTOF, )
Veto and button counter to fire simultaneously (SIgmfymg a 'button’ proton). Thc nieutron

latch tnggcr starts the TDCs and strobes the ADC gates. A signal from the proton latch (the: |

neutron latch reset inhibit in the dmgxam) must amve within 100 ns of the neutron latch
trigger otherwise the latch is freed and 1.2 ps later the latch returns to its wamng state. Once
the latch is set, the electromcs waits until the ‘computer has. finished proccssmg the event

~* before the computcr reset is tnggered tl_1;,ADCs and TDCs cleared, the latch freed and

returned to its waiting state.
A sucgessful proton latch trigger (the ppotematemorshown here) requires the
‘ pTOF counter, AE—countcr E-counter to fire thh no signal froin the Veto counter

¥
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‘312 Phase Lock Systertt S
Ttmmg with respect to the cyclotron radto—frequency (RF) system was sensitive to

"cyclotron tune dependent phase shifts between the RF and arrival of each proton beam burst
A scmttllatton detector was tnsened in the 6° port of the'neutron collimator” 5750 mm from

the center of the LDj target. The re31dual ﬂeld of the proton beam sweep magnet 4AB2 (see
" figure 3 1.1) and a 44 mm thick brass phig inserted in the 6° port assure that the scintillator
, detected only neutral pamcles originating at the LD, target. The beam burst signal was
| commuously corrocted by the ume dtfference between the RF apd 6° port stgnals

L)

+

313  Data Collection

C

- During the experiment, the dft'ection of the proton pblan'za’tion and holding field
- were selected on the basisof a four day cycle. The target was polarized each moming for the
| A, measurement and depolarized eath evening for the Ap measurement. A complete cycle

coveririg all permutattons of target polarizations, beam polarizations and holjdmg field |
. directions was completed in four days and then repeated. More beam time was allotted to the
polanze& neutron beam or Ay, portion of the experiment since the accuracy of the' A, ( Ap)
, zero—crossmg angle measurement depended on the inverse of the beam (target) polanzatton
The higher target polarizations were riot without cost, however, since polarizing the target
required a daily four hour period durmg whtch data takmg had to be suspended

The experiment was completed over four separate data taktng periods, each lasting
. approximately two weeks, and a four day background measurement. Each of the four data.
taking periods was: subdivided into the number of data tapes required to store the collected
data. Each data tape was assigned a'run number. A typtcal run collected data between one
and four hours depending on the neutron flux. Dtscussmn of the experimental analysns will
'frequently referto measurements made on a run-to-run basis.
‘ ‘Signals from the detectton apparams were fed into fast electromcs and mterfaced toa

Data General Echpse computer through a CAMAC interface. All data was written to tape at
: 1600bpt o S



.CHAPTER 4 - ANALYSIS

, ;1.1 Int_roduction .

o ’ . . ' . W™
“ »

- The behaviour of the ‘exmental apparatus was monitored throughout b'y on-ling

checks and a more detailed analysis was made later during the off-line analysis" The analysis

* consisted of four parts’: determining good n-p elastic events, tsolatmg goossrble sources@f
systemﬁnc errors, measuring the percentage of background data and its contribution 40 the
asymmetry, and the calculanon of asymmetry zero-crossmg angles from the data. The
current chapter describes the results of each aspect of the expenmenfal analysis.

' Coincident neutmn—proton pairs were detected in two pairs of mirror - symmetric
neutron and proton detection apparatus. Following the established convention, coincident
'neutron proton pairs will be referred to as left or right: n-p events, where left or nght is

defined by which side of the neutron beam the neutron scattered from the pomt of vrew ofan . |

| observer lookmg downstream (see ﬁgure 3.1.2).

"'4 2 Proton Beam Energy | o \ )

~ The prrmary prbton beam | energy was measured at the proton beam energy monitor
(BEM, see secuon 3. 3 and neference 33). The average proton energy was calculated usmg

therelatlon o
\ 25: . .
.(N;-N,.,) o
i‘==l§1 Uk : @21
‘Ep-_- - o o

-

z (N +l)

where N;is the number of counts dctectedm the t‘h BEM scmullator (there were six in toral);

- and #; is the average energy (calcu]ated) of’ a proton whose range extends only as far as the B

o] 1"‘ lmm copper g absorber “Thé BEM had left and right detector arms. The true proton
energy was taken as ‘the average of the left and right valtm to reduce effects associated wrth -

' lateral movement of the beam on the BEM/ polanmeter target A R i
BEM scalers were read eVery ﬁve mmutes and proton beam energres were averaged )

]

-*
- o

Cos6



1
2
3
4
b

" Run - ,Average

L over two hour penods The results f0r the five runs are summanzed below in table (4 2 l)
..+ The average drffenence from the mean is presented as well as the standard deviation of the
energy distributién since the dxstnbuuon of proton energies could not be accurately descnbé?i

by-a gaussran dxstnbutton The observed proton beam energres ‘during the first expenmental

run are 1llustrated in ﬁgure A. 2 1)

4,

.

Energy

V)

498.090
1497.745

497.704 .

ackground 497 671

4

497.763

Standand
Deviation

. .(MeV) ‘

0.072

0.133
0.081

- 0.106
0.067 ,

" Average Difference
from Energy Mean .

(McV)

10.066
0.100°

0.067
0.089

0:046

,j Table (4.2. 1) Average anary Proton Beam Energles

497.833}.00044

Range of

‘Deviation from’

Mean MeV)

Mimmum ‘' Maximum

- 497. 512:t0 083 497.88840.083 -
© 497.81010.070  498.341140.061
.497.5541£0.070  497.97940.071
497.56310.061 - 497.842140.053

497..55

,-57 o

' .“_The largest standand deviation of the energy dlstnbutlon observed dunng the expenment was |
) | 0.133 MeV and the largest observed deviation of a single energy overa two hour penod
~ from the mean was 0.280 MeV. The allowable limit of the proton energy dlstnbutron _
standard deviation was calculated as'0.25 MeV (see appendrx Aon systemauc errors) The
-0.35 MeV increase in the energy of the second run does not introduce systemanc errors if
AAis calculated for cach run and averaged over all four. No run was exCluded on the basxs

of’ an energy far from the nommal mean.

-—
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' Figure (4.2.1) Proton Beam Engrgy During the Firsi Data-Taking Run;,
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" 4.3-Proton Beam,Polariz‘ation

" The pnmary proton beam polanzauon was measured in the BEM / polanmeter
combination. For pamculars of the devrce see section (3.3). Raw left-rtght asymmetnes ‘

were taken from the polanmeter scalers every five minutes and averaged over every two hour ‘

period of data taking. The proton polarization reverted to the unpolanzed state for one -
minute out of every seven to connnuo‘usly monitor the mstrumental asymmetry Raw
left-nght asymmemes were con'ccted for the polarimeter msu'umental asymmetry from B | |
non-elastrcally scattered proton-proton patrs, and from non- hydrogenous contaminants in the -
target. The observed number of accidentals in each of the leftand nght detectors was

‘ subtracted d1rectly from the number of observed events,

VL":SS_-L'a‘c'c- o @3
R=R-R® AR )
, ’ ’ . * @ .

g where, L and R are the observed number of events detected in the left and nght srdes@f the

 polarimeter apparatus, Ltacc and Ra°° are the number of observed‘accrdentals and L' and R' O
po P

are the number of counts after the correctton for accrdentals has been applted The raw
asymmetry was then calculated as g '

&a= Lyg-Ryg - .
Wi

432

"I'he subscnpts 'u' and 'd' represent measurements and correcuons made for the posmve and

] neganve vertical proton polanzanon states 'I'he proton polanzanon ﬂtpped between the three ‘
’states up' 'down and off' during the A measurement The proton mstrumental

e _asymmetry was measured whrle the proton polanzanon was in the off' state Proton

M polanzattons were corrected by subtracnng the measured msu'umental asymmetry avemged
R over-the pertod dunng whtch the polanzatron was measured The corrected asymmetry is -




. 6 0';

Here, eo is the mstrumental asymmetry and em ,d is the asymmetry after corrections have been .. *
. applxed for acc1denta1 counts and mstrumental asymmetry The average proton polanmeter

in table 4.3, 3) 7",:/»‘« o

' Table (4.3.1) Protor Polarim'eter Instru'mental Asymmétry

Run 3 ;"ﬁ‘ Instmmental Asymmetry

1 , o ,-0019. o
2 O 0019 )
3 ~ .. 0012 - '
4 ' Co. 0006
backgnound ;00015 0
o N : ‘ . (D |
,Stausucal erroxs of the mstrumental asymmetnesarenegllgable [T RS
B Thetmeasymmetrywasmencalculatedas R A
&g T ,E“,d*.rst T . (4.3.4)
,éwhere r represents the ratio of (p,2p) events to the total observedrand t—:b-rs the background

} asymmetry The 12C(p 2p) background asymmetry was measured as gy = O 13910. 014 with a .
110 mg / cm2 carbon polaﬁmeter target. " The fracuon of events ongmanng fmm 12c, r, was =
| ‘,measured by i msemng the'same carbon target mto the polanmeter ‘The. number of 12C(p,2p) events B

. foma polyethylene target was determmed by scahng thé number of events observed with the, 12C N

: '-;target in place by the rélative amounts of carbon m the tWO targets, the target thlclcness_es and R

‘_‘;";‘-mtegrated beamcm‘rentoneach ofthe targets, R o o
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- N Here Lnel. and ant represent the number of events detected in the left and right arms of the

o .polanmeter assernbly (after acc;dental subtracnon) Ax is the thlckness of the polanmeter target [)\]

- _ is the amount of non-hydrogenous materials in the target and NSEM is the number of.counts .

-detected in the final SEM }ocated in the primary proton beam downstream of the LD2 target (see
| ﬁgure 3.2.1). 'I'he superscnpts (o4 and CH,' denote the carbon and CHy polanmeter targets
‘reSpecuvely ‘The above expression assumes that the . 16O(p 2p) and 13N(p,2p) reactions are
| ‘ sumlar to 16C(p,2p) quasr-elasnc reactions. Table (4. 3 2) shows the ratio of the actual to observed
| asymmetry for the vanous po]anmeter targets used over the course of the expertment ‘

Table (4.3.2) Polarimeter Carbon Correction Factors |

- Target Material - | Chemical Composition o D'énsity (gn;/cm% . ef,/ e‘mw

. Kapton - . CpoH,N,Oc 142 . - 1025
. Polyethylene - g?-% ‘ON?, S Yoes 1006
Mylar CGHo0,. L 139 L01S

The carbon correcnon factors changed the observed asymmetry by less than 3%.
* Table (4 3. 2) below shows the average proton beam polanzanons measured in, each"
“of the four data takmg and background runs. S o -

Xd : Table (4 3.3) Proton Beam Polanzatlons
Run R Proton Beam Polanzauon
DRORI ' 'Up e Down
1 ‘0.636 e f<0.664 |
3 S '.‘-'»0661 ST ‘-0658 S e T e
background 0660 :-,,‘-Q659 VI S

A change m the proton polanzanon dﬂecuon reqmred several seconds for transxent currents

L "a w1th1n the polanzed mn source to settle mto ethbrmm. Dunng these momen the 1on BRI
ool @ . :

source dehvered a busy srgnal to the expenmental electromcs L
T T
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‘4.‘4,ProtonBeam-Intensity s B
i ) ’ " \ ( [ : .

' Knowmg the soltd angle subtended by the polannteter the p-p dtfferennal cross
section and the thickness of the polarimeter target, a proton beam mtensrty can be calculated.
Average proton 'beam intensities for unpolanzed and polanzed beam pomons calculated in the
‘ above manncr are hsted below m table (4 4.1). :

: o~

Table (4 4. 1) Average Proton Beam Intensmes (nA)

’ A Measurement | . Ap Measurement
-+ Run Number L " Pmton Polanzatron State Proton Polanzauon State - :
- Up -Down ot Off -
1 304 313 308 - 789
2 . 371 424 .. 416 - 681
3 : 0 4800 484 460 o 482
4 7 S .. 44T 450 533 : - 538

. background - 771 - 732 712 T e e

k)

- 4.5;PrOton»‘Beam‘Spatial“S"'tab'ility e )

Asymmetnes measured by the secondary emission rnomtors(31 32) (SEMs)
- beamline elements 4AM4 4 and 4AM4 7 tllustrated in figure (3.2 1), were used o
conttnuously adjust beamhne cortectton magnets to ensure.a stable proton beam posmon on-

L l'f'the neutron pnoductton target. Typxcal proton beam left / nght and up Y down posmonal

".' asymmetnes are 1llustrated in ﬁgure (4 5.1). Wtdths of the SEM asymmetry dtstnbutlons o
. were dtrectly correlated t,the stabthty of the proton beam posmon Given that the SEMs

each contamed almm spactng between wo. semt—cucular plates, and the preton beam spot” . L
was measured wnh a4 1 mmhonzontal and a5 Smm vemcal FWHM (see secuon 3 2) the et

| "_-}magmtude of the mouon of the proton beam on each SEM can be esttmated. The
Iy '4._3;'asymmetnes conespond to. a beam w1dth of Oy 0 06 mm and O' =O 05 mm at the ﬁrst

“SEM location and 12 mm and 6, = 0.05 mmiat the SEM followmg thespin .
preeessmn solenoid, Janus. "I‘here were no srgmﬁcant drfferences in the SEM asymmetries IR
"'ere""protonbeampolanzatton states AR b PR
ncertainty of the proton posmon and mcxdent angle on the LD2
target can be esttmated by early extrapolatrng the beam posmon from the SEMs to the




. Counts - .

"Counts = - -

140

' ‘ Fxgure (4:5.1) Raw left-nght (top) and up-down (bottom) asymmetncs )
-7 measured in SEM 4AM4.7 (seefigum32 1). Anasymmetr.yofO 1 A

| -“‘i*',reprcsents admplaccment of 024mm. - . .. e
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Ctarget.

Flgure @. 5. 2) Esnmate of Maxunum Deﬂecnon of the, Proton Beam Posmon
On the LD2 Tqrgen ‘ . .

Such a calculation shows that the maximum esumates of the po%mon and angular g
o unccrtamnesothcpnmarybeamattheLthargctwereo <02mm o, -<.0.2 mm, -
-0 <0.009° and 09 X 0.013°. These values are less than the 0.33 mm that the proton

- beam could bc allowed to move across the. LD2 target before systematxc errdrs would have ‘

| cffcctcd the asymmctry mcasm'ement at the zero - crossmg angle at the 10‘4 level (see
-appcndxx A on systemauc errors) : ‘

4.6 Neut'rbn Beam Pola_riizitibn "

Neutron polanzauons wcxe measured at the neutron polanmeter (see secnon 3. 7 ).
v The ncutmn polarization is the pmton polanzauon, as measured in the proton polanmeter

. (see secuon 4. 3), mulnphed by the 2D(p,n)2p polanzauon transfer coefﬁcu:nL The neutron

. polanmetcr effecnve left-nght and up-down analyzmg powers were detemnned(43) by

measunng the’ rauo of thc proton polanzanon mulnphed by the polanzanon tmnsfer S
: ‘: coefﬁcxent to the observcd neutron asymmeuy, ) : ST

‘ ‘ ‘ - ‘1.\; '

A [d +. ] . Lo

o Ceftn 0850~ (iks L @e

where'. o ) Gl | o
o By P X ) RRRRE
Sy floono Vo ‘
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| Thc subscrxpts on thc polanzatxon transfcr cocfﬁcu:nts are as thosc deﬁncd in section (3 1),

* Here, the cxprcsswn wnhm the square root of (4 6. 1) is thc 2D(p,n)2p transvcrsc
*polanzauon transfcr cocfﬁmcnt at9° mcludmg fmal state mteracuons Aoono 1s the proton -
o proton’ analyzmg power at 17° (lab), & is the observed proton proton scattcrmg asymmctry :
at the proton polanmctcr and €n is the neutron-proton scattering asymmcny at the ncutmn ‘ \
‘beam polarimeter. D.V. Bugg et. al. 35 have calculatcd a values D O 6992 and |

Dosko = 0 0905 at 9° for frec n-p scattcnng, and d .oy =-0. 7379 and d =0 0778

0SS0 | osko

" for quasx-free n—p scattermg after correcuons for final state mtcractlons Calculatxons usmb

the phase shifts of R. Andt®?).yield Dyg\, & -0.7181 and D, = 0.0449. Aalie Jor

o [doss0 + dokso2] 12 of 0 7496 was used as thc avcragc of thcsc two rcsulss The analysns of.

R Amdt }'ICldS a ‘free p-p qnalyzmg power at 17° of Aoono =0. 507 and the calculanons of

: D V. Bugg yleld Aoono =0.519; }\n average value of Aoono = 0 513 was ased.

| Thc left - right neutron polanmeter cffecuve analyzm@ power was mcasurcd whnlc o
| ."‘thc spin preccssxon dlpoles wcrc at their dcﬁmnve cxpcnmental scmngs to precess the

neutron. spm into the vcmcal dm:ctlon The up down analyzmg power was mcasurcd whnlc :

‘. the honzontal ﬁcld was set to precess the neutron spin mto the scattering planc and
pcrpcndxcular to the bcam direction. Thc followmg valuos wgrc mcasurcd

; updown : % |

, An..eff = 02011:0013 o o o S (462)

. .- ‘ , ‘“ ’-', = ) Q‘ . . uj o o
left,nght . ‘ SRR : ‘ ‘ R ) . v
Anetr. _0195+0012 I A L 463) :

| ‘ ’I'he dlfference between the cffecnve left nght and up ~down analyzmg powers 1f sngmﬁcant v ‘,‘ ; ‘:
may rcﬂect the dtfferences m the hqnzontal and vemcal neutron beam \mdths The wider = . | '
.honzontal w1dth may result in the n-p analyzmg powcr bemg mtegrated over a mder angular,\ [

g “ ‘range thus dllutmg the’ ﬁnal average.

: Neutron bcam polanzauons wem contmuously momtorcd throughout thc 5 o
[A ' expenment. Verucal ncutron polanzauons mea§@ in the, neutmn polanmetcr, aftcr
o correcuons for mstrumental asymmctry, are hsted m tablc (4 6 n g

e
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X
A
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4

Run
. Positive -

. 1 - 0.46240.005
BT N o 0.467+0.004 -
2'-"‘.5 .3 ‘ 0.47240.009

- S 0.49010.003
Backgmund 0.48310.002

"o

4")"‘- PR \
. '

" The: obscrved horxzontal Lcuu‘on polarizations, as measuré'd in the vertical arms of the

, neutron polanmetcr aré kstcd in table (4.6.2).

4.7 Neutron'- Beam Intensit'y Prol‘ile o

1
. ,~_.2
s 3
.4
B

Run ] Positive Vemcal
- , . Proton Polanzauon.
‘\\\ . . . - I~
< 0.003:!:0.003
-0.01530.004
" 0.00210.003
0.007+0.002

ackgmund -0.00‘Ii0.00l

S

The stabllxty of thg)lonzontal and vertical polanmetcr mstmmental gsymmemes prowaes an
illustration of the stability of the neutron beam on. the ri€utron Jpolarimeter,

. . | . M
o

"R K .

A change in the' neutron bcam posmon would result in false angular measurements of

Polarization State

Negative

-0.48940.005
-0.47610.003

' -0.48310,002

-0. 490100073

-0.48840.001

-

L4

\‘

- .
‘ \
.

'\

Tx?ble (4.6.2) Honzontal Neutron Polanzatlons

. Table (4.6.1) Vertical Neutron Polarizations

Instrumental
Asymmetry

-0.042
-0.046
-0.044
.044
-0.044

i

-~

1 ]
' Negative Vemcal " Instrumental
Proton Polarization =~ Asymmetry
-0.00440.003 - -0.004
-0.01110.003; . -0.001
-0.001£0.002 ' -0.003,
-0.009+0.002 '* " -0.003 .
.-0. 0021;() 002 , - —0.004 ~

| outgomg scattered neutron and pmton pan's Such achange could be due to changesan the -

F

»
v
)

posmon, angle or proﬁle of the protonbeam ‘on the LD, target, mqvement of the L02 target itself, _
or a shift in the neumon beam collimator posmon Since the Stablht\y of the neutron beam posmon - |

: was o{great mpqmnce.stbe neutmn beam mtens1ty proﬁle and honiental and vemcal centroids .
“were détermined ona dmly basxs using: the neutron profile monitor / polagmeter lot:ated 1650 m

66"

from the liquid dbuteuum ncutron productxon target (sek section 3.7). A. typtcalmeasurement of the .

vemcal and honzontal neutron’oeam proﬁlw are tllustrated in ﬁgmes (4 2.1). The results of the

wl yo
. 4

Y
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neutron profile measurements on a run-to-run basis are listed in table (4.7.1).

Table (4.7.1) Neutron Beam Intensity Pl;oﬁle

Ccnu'md Vanancc Beam Width
' (mm) ’ (FWHM) (mm)
Run <x> O, <y>» O, Horizontal Vertical

1 .20 04 09 ¢ 03 953 - .72.2 -
2 2.0 1.3 -1.2 0.9 977 729

3 ‘1.0 1.1 -1.4 09 979 72.2

4 -07 03 -2.8 0.3 95.8 69.5

b 0.3 0.6

ackgmund 05 28 - 95.4 69.3

If the L.D, targct is treated as a ﬁxed,ncutmn source around which the neutr(;h beam pivots,
the incident neutron beam angle stabili'.y can be extrapolated to +0.005° on the FST. The
~ neutron beam proﬁle is illustrated in ngure (4 7.1). The neutron beam was 73 mm wide and
55 mm high (FWHM) at the targec. The entire target material is illuminated. The empty 50
: ‘cm spaces at the top and bottom of the inner target canister preventcd illumination of the
surrounding target SupPOIt structure. The neutron beam illuminated the 4 cm diameter, 5 cm
high inner target canmster but not the outer 8 cm dxameter 12 ¢cm high aluminum vacuum
‘ shcll as 111ustraled in ﬁgure (4.7. 2) ’ _ . P 2
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48 Target Position

Undetected changes in the target position would have resulted in an maccurate |
reoonsu'ucnon of the pmton and neutron scattering’angles because of changes in the magnetrc
holding field line mtegral between the neutron-proton scattermg vertex out to the proton

. E-counter. Unless such devrauons in the target position were correlated with the A and Ap
'measurements there would be no net effect on the zero-cmssrng angle measurements
Nonetheless, the target posmon was remeasured on several occasions over thg duration of
the expenment The lateral and longltudmal posmons of the FST with respect to the pwot
posmon are shown in table (4.8. 1) o’ : " :

Table (4.8.1) Frozen Spm Target Posntlon Oftsets

Run o Measurement Date x- ,offset (mm)  z- offset (mm)
1 .+ NoMeasurements N p Cw o
2 - 4Aug84 - -14207  .00%07 - .
. 22Aug84 0107 - .-09%07 . . .-
: - 5Sep84 - -1.6£1.0 0.9+1.0 \
3  26Sep84 . L1007 10407 |
. 170c1 84 | -10%07 . 14307
& aDe8s - . L07 07807 .
) 24Dec84. . . 11307 0707
backglound 8Jan8S, - 10807 O .. 10207 - .°

11]&n85 o .13:I:O7 ‘ 18:1:07'_““

¢
b

h No target posmon measurements wcre made dunng the ﬁrst data takmg run Ihe x-posmon
1s to the‘left of the ptvot as seen by the LD2 target, and the z - position 1s deﬁned posmve

. ‘.'from the pivot towards the neutron proﬁle monitor. 'I‘arget positions were determmed from - -

' X-ray photographs taken of the target. Ot’fsets were measured of the inner target cylmder ‘ |

: aith respect to the outer target can. The outer target can was part of the ngld targct support o |

i .}.g the ﬁrstthteeruns, andbyOSmmupstreamof the targetposmon durmg the ﬁnal




canmster as measured by X-ray photographs are shown in table (4 8 2)

Table (4 8.2) Target Volume and Fl" Level

Run - Target Volume (cmd) - Fill Level (mm)

1 Not Measured o

2 55 - 46

3 : 50 - . 41

‘4 ) 55 . 46 _ :
' background S 4340 0 L 41 A

v ..

- (The values of the height of the butanol beads in the canisterin the above table were avpraged

. over the run.’ Although the target volume was not recorded after the first daa taking fun, (he »
volume was esttmated as 55 cm . Y o Q |

4.9 Target Polarizations

. 5 o .
. R .
0 ! h R

Target polarmmons were measured with a nuclear magnenc resanance (NMR)
‘'system. An NMR coil was located in the bottom half of the i mner target canmster,,
' Po}anzanons were calibrated w1th calculated thermal equlhbnum values in the the target ﬁeLd
near-1K. NMR polanzauon measurements were made when. the target was located in the ‘
~ high25 kG polanzmg field before and after the daily polanzed target runs. Average target
o polartzanons taken dunng the four data runs are hsted below S :

- ,‘ ot - Table49l Average 'I@rget Polanzatlons (NMR)
B | '_,.'Run', e ’I‘arget Polanzauon -
D SR 0677i0011 e e 4
2 s 0846:!:0014 ,-,j-",. P T R
. 3 0804i001Q L e T T s
4 S 789iO 015 T

C . N .
s - ‘,'... < e

o .‘ Polanzauon decay times ranged between 24 and several h"‘"dmd hours SUCh %vanauon
was due toa very strong dependencc bctween polanzauo
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Hf 4.10 . Proton De;gctiom ,. R S

4.10.1 Pmton,Time-obelight

.. Proton cnerglcs are determmed from the txme-of -flight between the pTOF scmnllator
»  and E-countcr 'I'he pTOF 51gnal was taken as the sxmple average of the two timing 51gnals
~~ from the top and bottom of the countcr Four phototubes y v1ewed the E- counter from above
©  .and below. The E-countcr was divided into five secuons(45) with different conditions for

cach‘"'_" N ( N

*'Phowtubes .

ettt | Brcouner




travel fmm the event posmon to eaqh of the three or four phototubes used in the proton TOF;
o fcalculanon The E—counter was artificially divided i into an 18 x 28 element array The time
. requtred for hght to travel from each of the 504 array elements to the four phototubes was - .
measured and recorded The proton traJectory was extrapolated to the: E-counter When the
proton struck the central regton of the E-counter, the time required for the hght toreachall -
four phototubes was subtracted from the phototube TDC sum. When the proton struck a
corner of the E-counter, the time required for hght to reach the three phototubes used in the
. TOF calculation was subtracted from the TDC sum. The apparent proton TOF was taken as -
the corrected TDC sum averaged over the three or four phototubes ' o
Correcttons were made for proton energy losses in the target and wedge shz/tped
absorber by subtractmg a proton TOF dependent vanable from the apparent pro TOF A
TOF constant was added to account to éach of the five regtons of ﬁgure (4.10. 1) to account e
_for electromc delays Tlus constant wis detertmned o force energtes of. elasttcally scattered
protons to thetr ktnemaucally accepted values. A’ random value between -0.5 and 0,5 was
- added 1o all measured TOF values to avotd lustogrammtng errors caused by the granulanty ot |
- ftherawTOFdata. R e T .}; ‘
: 4.10.2 Protot‘tj '_Tr.ack ‘Recon‘struc't'io'n :‘ S
: Honzontal and verttcal posmons were detenmned from four delay line chambers _
| (DLCs) along each pmton boom. The dtfference between the TDC 51gnals (TDIF) frc)m |

o opposrte ends of the vemcal and honzontal delay hnes determined the position of the : o |

| I;";;_(calculatedas L

e . intersection of the proton path thh each DLC The apparent honzontal posmon was

’ A N

--,.,-d"/dtcr ‘rm>> + Cxe . « B "-;(4.10311)'?-ﬂ‘?‘."

-
: v

.l'

fsee secuon 3 9), and dx / dt 1s the number of "mtlltmeters a srgnal travels‘all_'i'ng.the dela
perTDCchannel : :




-17[" "‘\

x P S 1 (4.10.2) -

:‘

.. where, "RP and Xp p are deﬁned as the posmons of the pulsers on the nght and left side of p

 the delay line. The actual honzontal coordinate is then ‘taken as the anode wire position » 1
o closest to the' apparent posmon from the ptcket fence spectrum (see secuon 3.9. 3)

" Since no such dxscrete pxcket fence spectra existed in the verucal dxmensron a

) dtfferent System was used. A verucal posmon was calculated as '

“ya.‘=CT-TBP);»dX/dt ' ,Cy’ S T T @103
. where Cy 1s a posmon dependent corregtion to ccount for vemcal delay hne non- hneanues
". and dy/dt 1sevaluatedas e SR S l.], S
. dy ;g = E’__B_P_ co o @104

. t\,/‘

" . o where, TP and pr are the verucal coordxnates of the pulsers on the top and bottom of the
| i delay line. The pulser TDIF vanables Trps TLP, TTP and: 'L‘BP of (410. 2) and 4. 1,0 4y
. were. reevaluated ofﬂine aftei' every two hour penod to correct for mmor ﬂuctuauons tn the :
U‘x_.delayhneunnng e SR P B
I, The honzontal track posmon resolunort‘of 2 0 mm FWHM was hm1ted by the - o
K _anode w1re spacmg Events whtch caused avalanches to. 0ccur on two nelghbounng anode R
- f» wires could not be ‘dtsttngutshed between events whtch caused smgle avalanches The B
o : verttcal track posmon' resoluuon of 0 7mm FWHM was somewhat better smce the verucal
. }_f.!."‘coordmate was nothmtted by the granulanty of the p1cket fence spectrum a a
o Ry cceptable tracks reqmred at Ieasta smgle honzontal and verucal posmon in the
5 --front_( d hack group of two DLCs. A proton track was reconsu'ucted fron&e avallable i
DLC mformauon asm ﬁgure (4 10 2) e S : |




L d

: Figgre‘ (4.10.2) Proton Tfack Réconstrbcu‘on

| Deviation Between " —
AcnmlamlReconstructed * . Reconstructed : . o L
EvemPosmon \ .. Proton Track \ ‘ R SR
| __i_‘ SRR
S 1 \ !
T | Evemt S SR R
N Position . ' - o
S ant o o . Back .
DLCs ... 7 DLCs e
» “ ‘. } . . | .v.‘ . ’ i} ‘

TS

Typlcal devxanons between reconstructed and observed track coordmates for from DLCs is

1llustrated in ﬁgure (4 10. 3), and for back DLCs in ﬁgure (4 10. 4) '
| “The efﬁcwncy of each DLC coordmate exceeded 98% Smce only a honzontal and
verucal coordmate »m'“ ach of the front and back DLCs were requ1red for an. acceptable track
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Proton tracks were uaced back to the FST targct Smce the neutron track was not |
B reconstructed, neutron - proton vertex posmons were pro;ected onto the X = O plane asin
- ﬁgure @. 10.5) (the coordmate frame was defined in sectxon 3. 1) '

i
i
:

; .
\\
. .
. . o '

“ DA e K j Flgure (4;‘1'0.5) Projection of Reconsmcted'vertex onto z=0 Plarie s

Vertex posmons were not corrected for the deﬂecuon of the recoﬂ protons in the target_
holdmg ﬁeld, iherefore, z-vertex posmons sh1fted by 17.2 mm dependmg on the holding -
ﬁeld duecnon Consequemly, loose consuamts were placed on t.he z-venex pésmon
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4, l(f3 FST Target Holding Field
','\ : \ Proton angles were corrected for honzontal angular deflections caused by the mrgct
."4' holdmg ﬁcld Angular deflections depended on holding ﬁcldéiu‘ectmn neutron-proton
vcnqx posmon within the target, proton recoil energy, and proton energy loss in the target
matcr‘ml and support structure, N
\ Magnetic field mappings were made-before the beginning of the experiment in
N >cvcral planes above and below the median plane. These measurements were used to
determine the line integral of the magnetic field, jB-dl, asa fvincnon of profon angle and
vertex posmon A plot of the magnetic field line mtcgrnl in the median planc as a function of
" distance from thc center of the target is illustrated in figure (3.8.3). The field maps were
used to’ eva}luate proton angular deflections. The angular deflection of a proton in a magnetic
field is

- a0= S fB,dl C O (4.10.8)
pc y . ‘ ]

if the proton scatters in the plane defined by y = 0. Here, By is the vertical component of the
magnetic field as a function of distance form the target and dl is.the incremental distance from -
the target. The simple relation (4.10.8) could not be used since the magnetic field extended
well outside the target area and beyond the first DLC 520 mm from the target Reconstructed -
proton tracks would not be identical to the path dcﬂcctcd by the magnetic ‘field. Thisis -
illustrated in figure (4.10.7). '
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Figure (4.10.7) Proton Angular Deflections due to Target Holdfng Field

A computer code was used to simulate the ﬂight of protons from their vertex position in the
target through the DLCs in the target holding field. Proton energy loss was included in the
calculations. A least squares fit was made 1o the points where the proton flight path
. intersected the DLCs. The angular correction used in the analysm was takcn as the difference
between the origmal proton recoil angle and the angle reconstructed with DLC mformanon
The ﬁnal angular correction to the reconstructed proton track was appvéxxmatcd with

the funcuon o H C

AB=A8 + AAx+B(1 - 1) . | (4.10.9)

Here, the holdfng field deflection and proton momentum at Op = 52° are given by A, and p,,,
respectively, B relates the angular deflection to the inverse of the proton momentum, Ax §s the
lateral offset of the FST from the centre of the magnetic field, and A is a constant relating angular
deflection to lateral target offset. The magnitude of A@, was taken as 1.21° (1.29° when the target
holding field was in the posmvc (ncgauve) vertical dxrecuon (the sign of A6 ;- depended on the
direction of the holding field and the proton scattering direction). The difference between the two
values was due to the contnbunon of the cyclotmn magnetic field in the experimental area. The
honzontal componcnts of the target holdmg g field (scctlon 3.8) were small and negelcted in the

L)
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4.10.4 Effect of the Wedge Shaped Absorber X

Additioﬁal angular corrections wcn:'mad_c \jo the proton angles to correct for offsets
caused by the wedge-shaped absorber, the target holdin’g field and multiple scattering'in the target.
Protons which muitiple scattered to the thiéker side of the wedge had a larger probability.of. N
absorption through nuclear reaction’s than those which multiple scattcred to the thinncr side. The
result was a small bias in the’ obscrvcd proton recoil anglc distribution. Rcvcrsmg the holding tield -

- direction affected the magnitude of the angular shift by sweepmg hlghcr or lower energy prqtons
into the wedge-shaped absorber. A uniform additive angular correcuon was applied to all proton
angles to account for this angular shift.The cor(ecnons are reproduced in table (4.10.1)

1

{

Table (4.10.1) Observed Effect of Wedge-Shaped
Absorber on Recoil Proton. Angles’ ‘

~—— 3t

olding Fxcld Du’c Hon

“up \ down

. Right -0.07° / 0.17°

Proton Direction Avcr%e bias of Proton Afigular Distribution

Left = | 0.13° -0.07°

The angular corr;:ctions were taken from the observed shifts in the neutron-proton opening
angle distributions. The shifts were simulated with a Monte Carlo program. The results of
the simulation accurately reproduced the centroids of the bbscrved neutron - proton opening
anglesas a funcuon of holding field dxrccuon and recoil angle. The observed biases in the

, expenmental proton angular distributions were, not perfectly symmctnc between left-HF up
and right-HF down events and between left-HF down and right -HF up events since the
‘'magnetic field line integral between the FST target and the E-counter differed by 3.2% (table
3.8.1) between the two holding field conﬁgurauons, and since the left and nght wed ge
thicknesses differed by 3% (table 3.9.1);

A bias in the proton angular distribution toward larger or sm'faller angles can not

._inﬂucrice the results of the experiment. The experiment was designed to measure differences
in the Ap and Ap zcro-crossmg anglcs An angular bias in the proton angular dxsmbuuon
shifts both asymmetry distributions by an identical amount but does not mﬂuencc the
differences between zero-crossing angles. '
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4.1 'Neutron Detection System

)
4.11.1 Neutron D'etection Arrangalibration Techniques ‘
co ; TN o
- The analysns of button protor}s smcalled because of 7 cm by 7 cm counters snua(ed Q
in the back of the neutmn amray, provided calibrations for both the gain and timing
characteristics for the 56 photomultipliers attached to the neutron detection scintillator array.
" Button events were extractcd from the expenmemal data and analyzed ina ﬁrst pass through
the data to provide the necessary calibrations.
Cuts were placed on the button proton TOF between the 'neutron’ start counter and -
the veto-counter. A typical button proton TOF spectrum is illustrated in figure (4.11.1),
Cuts were employed to exclude pions. The actual energy of the button protons was
unimportant. Only a stable button proton energy spectrum was required.

* Neutron detection efﬁciency was dependent on the photomultipler analog to digital
convertor (ADC) dlscnrmnauon threshold. ' An undetected shxft id the photomulupher gain
wnhout a correspondmg scahng in the software dlscnmmanon threshold would change the -
neutron detection efﬁciency (gqe appendix A on systemane errors). Button events provided a ,
stable signal from the photomulnphers against which gains were calibrated. Typical button
'pulse height dxstnbunon spectra, after pedestal (the phototube response without an eventin .
the neutron bar) subtracuon are illustrated in figure (4. 11 2). Upstream (downstream) '

‘ ' button phototube cenmblds were posmoned in channel 320 (368) by manipulating the ‘
- phototube high voltages. Upstream and downstrearn phototube pulse height distributions
*were typically 90 and 115 channels wide (FWHM) respecnvely The wider phototube ADC
51gnal distribution in the back bars of the neutron array was caused by proton energy
straggling in the front neutron bars. A sufficient number of button protons were collected -,
: dunng each run to determine the location of the 56 phototube button event ADC centroxds 0 “\
,w1th1n1:03% a I ' o SR : )
The target holding field caused small angular deﬂecuons o the path of the bunon |
protons which caused protons with shghtly d1ﬁ'crent energies for the two holdmg field
o conﬁgurauons The energy dcposxted in the scintillator bars, and therefore the phototube
' signal triggered by passmg butmn protons, was dependent on the button proton energy.
~ Button event photomultiplier mgnals wcxe scaled up or down by approxlmately 0 7% to
aocount for thls effect. :

[2]
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The absolute posmons of button proton events in the neutron scintillator array ‘were
known. Differences.between apparent and actual button proton posmons in each neutron
scmtrllator bar revealed any timing drifts in the neutron an‘ay phototubes A typtcal button
~ proton posmon distribution is illustrated in ﬁgure (4.11.3). The apparent positions of button
_protons were determmed by the difference in time of srgnals at opposme ends of the neutron
‘bar, : - o, )

xp= [(T-Tg +TJL . - @y //
. ‘ . AT ' . o -

. Here, TL and Tg are the pulse amval times at the opposrte ends of the neutron bar, L is the
physical length of the neutron bar, AT is the timé reqmred for hght to traverse the entire .
. neutron bar length, and T is a'correction to account for shifts in PHT timing on a run-to-run
~ basis. The vanable T was reevaluated €ach run by requmng apparent button posmons tobe
within 15 mm (approx1mately 4 TDC channels) of their physrcal posmon in the.neutron bar.’
. Apparent button’ proton posmons xb, were, determined to within +0.4 mrh each -
expenmental run .The apparent button proton position is later used to correct apparent

. neutron posmons (see secnon 4.11. 3)
. '4‘.11.‘2 Neu't“ron Pp‘sition‘ L e

s C e e—

ants in ummg drfferences BetWeen photomumphers of the same neutron bar were
‘ corrected by momtonng the’ dlfference between apparent and actual button proton posmons
' ‘(sectxon (4.11.1). "The Struck neutron bar was 1dermﬁed by the TDIF between the the delay ,
- lmes attached to each end of the neutron array Each bar has its own TDIF srgnature A ) »

- : " f typrcal neutron bar delay line TDIF spectrum is dlustratcd in ﬁgure 4. 11 4). Each peak

s . representsan 1nd1v1dual baroand the posmon of an event in the TDIF plateau determmes xts S

/

position’ . S
‘ The, neutron honzontal posmon, xn, was calculated as

- [ (TL Ts) +TC] L ” '. e S _'(4.'rt.3f)";."
,’Fn-,'v AT *"‘b LT R
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- where the symbols are tdentical to those in secnon 4. 11 ‘1) Shrfts in photomulnpher nmm g '

- were corrected thh the apparenobutton centroid posmon, X The timing width of the
neutron bars was deterrmned by umformly ﬂlunnnanng the ¢ entire Wldt.h of. the bar with reCOll

o pamcles from the target. The coincxdent proton reqmrement was removed since the

kinematic acceptance of the dewcnon apparatus was defiged. by the : acnve area of the DLCs

, (see section 3.10. 5) The TDC channel w1dth of each neutron bar was determmed as AT =

X 210 2 ns. Care was taken 10 exclude events clése to the hardware detection threshold

4113 ,Neutro"n Bar ADC Gaih s:abilizat‘ion.f o T

- Such events had very poor posmon resolunon and would have caused a less accurate

.posmon resolution if included. An emor in the neutron bar TDC w1dth §cales the observed
dtfference in A, and Ap zero-crossmg angles The error has been mcluded in'the csnmate of
. the expenmental systemauc error (see chapter 5).
The neutmn vertical and longltudmal posmon resoluuon both were limited to i 7 5
cm by the 15 cm height and depth of the.neutron bars. The horizontal position resolution
was esumated as £30-mm FWHM by the‘dlfference in the observed front and back posmons
oﬂmttonprotons ([/ L : . .
Neutrons events were not acceptedlf non-adjacent neutron bars were struck in '
comctdence The delay lme assernbly did not perrmt the identifiction of which bar was Struck
first. / ‘ ! :

. . L
r : : . \
R

N ‘ ! R ,"' s . . - - -

) ‘The amplttude of neutron mduced photomulnpler slgnals was scaled toove -
E ,effects of neutron bar erctromc gam changes by usmg the formula | C

P i

PHTf’.:(PHTi-Ped)‘* Seale .. T @112

o The vanable Ped is the ADC pcdestal and represents thc photomulupher srgnal when no S

| .energyis deposnted in the bars (typtcally 5-15 channels of 1024 full scale), ‘Scale'.-

: --represents a constant scahng factor equal to 320 for front bars and 368 for back baxs, |

'PHTbumon is the observed button event phototube ADC cemrotd (secnon 4 11 l) A
typtcal neutron p‘hototube ADC dtstnbuuon is 1llustrated m ﬁgure (4 11 5)
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Fxgure (4.11.5) Scaled Neutron Bar Photomulnphcr Pulse
Hexght sttnbuuon

<



4.11.4 Effect‘of Neutron Pol‘ari'zatidn on Positioh Detérmination

Apparent neutron posmons detected in the scmullator" axray are mﬂuenced by neutron
polanzanon srnce the direction of polanznuon defﬁes a leftor right scattering preference
s Stnee the final neutron polarization was drfferent for neutrons, produced from the A, and Ap
measurements the observed neutron angles were shrfted by a drfferent amount when the -

" neutron based measurements were used. . ' ' oo
'Scattered neutrons durmg the An measurement had the po]anzauon

P

pA):: p.D \iA wt ! , o
nt( ) = Pni”nono™ 00“9_‘, : B N § W B

'l'i'PniAoono S o

and scattered neutrons dtmng the Ap measurement had the polarization‘
| ) | o ) ' ‘ ‘ o \ . . ’
‘» pm(Ap) .= PptDnoon + A » .

: . @uy
l.ippiAooon' S "

Here, pm is the initial neutron polanzanons Dnono is the depolanzauon coefﬁcxent Dnoon
the depolanzatxon transfer coeﬁicrent, the abbre\hauon 'i’ represents scartering to the left (+)
or nght ), and Aoono and A are the (n,p) analyzmg powers The dev1anon from the -

"acmalposmomsgwenby Co e e A

A e
. [

|

1

‘Ax<9)f=33,Pansin9pj P '(4'171-6?

o ‘Where R is the range of the recotl proron in the scmullator array 9 is the proton recorl

o scattenng angle in the struck neutron scrnnllator bar, and A is the ﬁ-ee neutron-proton

‘ analyzmg power at the angle 6 Thrs calculatron assumes that all hght detected is from the

o end of the recorl proton track and 1s therefore an overeshmatton of the effect

| shxft does not affect the zero—crossmg angle measurement to ﬁrst order Thrs effect can be
1-_:_'."3,safely negIected S R T P L

N After averagmg the devratton between the apparent and actual posmons glVen by
- equatlon (4 11 6) over all proton recorl angles, Op: 1 the average shift was calculatedgo be
£ below the 1()‘4 degree level for both the An and Ap measurements In addmon, the angular" i

‘ ".“; B




. N

. 4.115 ‘Néﬁtron Time -of f- Fii‘ght’”f‘,“ '

4.1'1..6 Neutron Deteciieﬁ Efﬁéieney Y

e

v,

. | Neutron time-of- fhght (TOF) nﬁformauon was taken from the average of the ummg  ; |
‘ signals from each end of the struck neutron bar and the mconstmcted time of the scattenng ‘

- within the FST usmg proton ’POF/mformauon Addmve timmg correcuons were calculated e

for each neuu@h barona run to-run basis by forcmg the aVerage neutron energy to the value .

| expected by flee neutmn-proton elastxc scattermg kinematics. Electromcs did not allow"

unamblguous 1dennﬁcation of the neutmn bar sm;ck if adjacent neutron bars fired -

comcxdemally The neutmn TOF was taken as ﬂ{e average anda ‘distance on the order of 40"
mm was ‘added to the: neutron ﬂlghrpath Th1s extra distance was, added to bnng the enctagxes
- 'of such comcxdent events mto agreement wnb energles expected from free neutron - proton

elasuc scattering k:memaucs It can be v1ewed asa cornecuon to account for the distance .
. travelled by recoil parucles from one neutrox) bar to the other.

—

o

i

‘1,

A

Al Monte—Carlo code(47) was used to estimate the netitron detector CfﬂcwnCy

Efﬁcxencxes asa funcuon of threshold dlscmmhauon are presented in table (4 11.1).

Table (4 11. 1) Neutron Deteetlon Efﬁcxency

'rDlscmmnanon o MeV el

Threshold : eqmvalen;

‘ (ADCChannel) IR

00 08
}n' 15 *v " ’ e .\" 0.8 “;"u‘ \
L 20 - 1. ,

2

Smgle Bar Detector‘
. Efficiency -, Efficiency

10165 .
0161

0,159
: Q‘.f156

L

" 0303
029 .
0293

The ovetall detector efﬁexency was the efﬁmency of two 1denncal bars where one was located

dlrectly behind. the other (the geometry of the neutro

E 2Esmg]e snlng , Lo - R .'. .
where Esmgle r‘cpresents the smgle bar efﬁcxency
channel 20 (or at 1 1 MeVee) e

-

n detector an-ay) The overall detector
efﬁmency,@scalculatedas . L e

e

4d in the analysis wasat- " .
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4.12 Kinematic Observables and Data Constraints

. 402.1 Kinematic Observables R . B "

0

The expcnmcm was four times luncmancally ovcndctcrmm%d to.allow .
neutron-proton elastic events to be dlsunguxshcd from inelastdc background Simple elastic
neutron-proton scattcrmg places ught constramts on the encrglcs and scaltcnng angles of the
two outgomg parhclcs The cncrgy sum was formcd as

" Es;,m = Ep+ E, o~ IR (4.12.1)

" . v ‘ .
A typical energy sum histogr"am is illustrated in ﬂgure (4.12.1). The small low energy tail of :
the histogram was“causcd by the low energy componcnt in the incident neutron cncrgy
dxstnbunon and by (n np) backgmund ‘

The transvcrsc momentum sum was determined with the relation

P, =P,cosB, sing, + PycosBp singp. (4.12.2)

A sample histogram of the transverse momentum sum is illustrated in figure (4.12.2). Since
the ongmal transverse momentum sum of thc incident neutron beam was zero, conservation
of momentum dxctates that the total transvcrsc momentum of the scattered neutron-proton palr

be zero also L
Thc dcvmuon bctween the observed and lqnemaucally expected neutron-proton

opcnmg anglc was calculatcd by

Oum = 9_,, + 'e;- 84410 ; o._,iz‘z CH "-.32.0") + 0.0016 @, - 3209 (4.123)%

' Thc linear and quadranc terms were mcludcd to account for the variation of the opcmng angle
*“as'a function‘of neutron: scattcrmg anglc A typical opemng angle dlstnbunon is illustrated in

figure (4.12.3). Thc majority of the width of the dxstnbunon is due to proton coulomb
mulnplc scam:nng ‘\vnhm the FST. . . ‘ .
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Figure (4.12.1) Neutron-Proton Energy Sum. The energy
resolution of the E-sum distribution was approximately
20 MeV. ‘
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Figure (4.12.2) Transverse Momentum Balance. The
resolution of the the transverse momentum balance
was approximately 17 MeV.
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| Exgurc (4.12.3) Opening Angle Distribution.
The angular resolution of the opening angle distributions
was approximately 0.8". ’
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Figure (4.12.4)-Neutron-Proton Coplanarity Distribution
The angular resolution of the coplanarity distribution was

typically 6 =1.4°.



96
The proton-neutron coplanarity was calculated with the relation

Psum = Pn ~Pp- 180°. 4 o (412.4)
Conservation of the vertical component of the total momentum dictated that the coplanarity be
zero. An example histogram of the neutron-proton coplanarity is ilustrated in figure
(4.12.4). The width of the coplanarity hxstogmm originated from proton muluple scattering
and thc inherent 7.5 cri uncertainty in the neutron vcrucal position,

4.12.2 2 Calculations , " .~

The square of the observed difference from the kinematically expected value was
calculated for each of the four kinematic observables and divided by the standard deviation of
the observed distribution to form the kinematic x

(A; - <A>)? .
x;2 = - (4.12.5)

2
i

where the index i represents one of the four kinematic observables (E-sum, p,-sum, @-sum.
and 9-sum), <A{> represents the expected value, and o;is the standard distribution.’ The

: tandard distributions were determined from the data. A 1/ Pp dependence was used to
cribe the observed dependence of the standard distribution, '

i o+ Bi(%- - %') (4.12.6)
. 5 o

Here, P, is the proton momentum at the center of the angular acceptance, Pp is the obsqwed

 proton momentum, and G,, is the standard deviation at Pp = P, The standard deviation used

in the calculation of the kinematic %2 was correlated to the proton momentum to ensure the

- consistency of the x calculations over the full angular range. Uppcr and lower limits to the -
standard devidtions were set according to minifnum and ma)umum cxpenmcmal proton
momenta. In figure (4.12.5) the centroids of the opening anglc %2 variable dxsmbunon as
calculated with a consf"ant standard deviation and with a momentum depcndent standard

" deviation are plotted asa functxon of proton mcoﬂ angle.
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Note the angular dependence of the %2 vanable drstnbunon tf a constant standard dthatron '
is used The scaled staridard deviation substannally decreases the: angular dependence The ‘{
o standard devranons ranged about therr average value by appmxtmately 10% R o

'\.4‘

A . R . .
0" . , . . ' ' . r

A4.12.3 Data C‘onstrai‘nts' - - ; . '

. Various constraints were apphed to the calculated lctnemauc X vanables In some !
cases, all x variables were, forced to be less than a specrﬁ% value 'I'hts condmon 1s |
" expressed as x, <x', where x represents the posmon of the'cut. Altemauvely, constraints
may be applied to the sum of the four kinematic x variables, the event x variable.. Thrs N
constraint is expressed as le <x'. Several cuts were cmployed in the determtnatron of
the asymmetry zero-crossmg angles. Drstnbutrons of the event x vanable and of a single
kinematic x variable are illustrated in figure (4.12. 6). The positions of- the several cuts
employed in the analysis, Exl < 10, 15, and 20 and xl <4, 35, and ‘, 5, are also illustrated °
in the dtagram The drsplayed x2 distributions do not reflect 1deal 2 distributions because of

non- gaussran multiple scattering in the target, a low energy component in the mcrdenr

neutron energy distribution and the presence of (n, np) background s L.
The quahty of the DLC proton uack reconstmcnon was determmed by calculatmg
the variable ' X '
‘ ! O
8 = (Xreoon - Kobserved) L@y

(#coords-used - 4)

Here, x,eco,, a‘ndAxobseeved are the 'reconstrut:ted and observed DLC coordintates. The sum in g
equatton 4.12.7) extended over the number of vahd honzontal and verncal DLC coordrnates )
 of the possrble eight. A cut wasplaced at A2 < 40 whrch rejected approxrmately 6% of the
- recorded events. “This loose cut was used to avord unnecessary rejecnon of events due to ‘
proton muluple scartermg in 1ndtv1dual DLCs;. kmemauc constxatnts were used to- rcjcct |

unwanted events
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- ‘holding ﬂeld dxrectton

_— comctdence wrth neutrons detected in the outer neutron bars is compared wrth the angular

s Vo . ’ . o : ' '
o ' o , [ [ e oo ' " B o
v . . : ’ ' . : o . . '
' a ’ ‘ ' AT e K t
)

- The z y pmjecuon (where y represents the vemcal drrecuon and z lS the dtrecuon ot
- the neutron beam) of the neutron proton vertex posmon was calculated wuh the DLC proton |
-u'u-ackmfonnauon Cutswereplacedat e X o

-30mrr1‘_§yvmcx <430 U R R ‘(4"..1.“2,57;) R
and S
435rum s“zve"rm<v+35mrn, atx=0. oo T .‘(4’:12-75) -

“The cuts on the target tmage z-coordmate were purposely left rather loose since'no |
correcuoﬁs were ‘applied to the vertex reconstructxon to account for magnettc holdmg ﬁeld
effects. The vertex tmage moved by i7 2 mm along the z- “direction. dependtng on the -

. ] Only a small pomon of the outer neutron bars was tllummated by elasucally scattered
- ‘ neutrons because of the consu'arnts placed on the expenmental sohd angle acceptance of the

Al

3 proton detecuon apparatus In ﬂgure (4 12; 7) the angular dtstnbutton of protons in

‘ dtstnbutton of protons detected in comc1dence with neutmns observed in the tnner ftve

L neutron bars Smce fewer elasttcally scattered events were observed 1n the outer neutron

Y

o neutron bars Therefore all events detected tn outer neutron bars were excluded from the
o data set used to calculate the asymmietry zero—crossmg angles _ L

l - A typtcal rettormahzed neutmn scmullator bar pulse hetght dtstnbuuon is 1IIUStrated
‘:"m ﬁgure (4, 12 8). The hardware d1scnrmnauon threshold can be seen near the ongm where

. ‘the pulse hetght dtstnbuuon peaks In order to mvesugate any possrble systemanc errors

. : assocxated wrth neuupn scmullat&t\Stgnals near the hardware dtscrmunauon threshold

y, asymmetry zero-crossmg angles were' calculated as a functton of several cuts on: neutron

' _ scmullator bar pulse hetghts as. mdtcated m ﬁgure (4 12. 8) Cuts Were applred at the ADC | ;{
“.'chanﬁels 0, 15 20 and 25 The results are dtscussed.m sectton (4 13) ' L

,\‘," t' :

’,--‘-" Aot . . N LI s : . i —
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o Figure (4 12:1) Deteeted Proton Angular Distribution with Coincident

LF Neutrons in Quter Neutron Bars (top) and with Coincident Neutronsin =~

- Inner Bars (bottom). The.

peak at smull angles of the former diswibution .

& is'due:to the limits'on the sohd angle acceptance deﬁned by the proton L

; ‘dctectien apparatus.
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Figure (4.12.8) Single Neutron Bar Phototubé ADC Distribution
The position of the cuts employed in the analysis are displayed. "
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413 . Elaotic Neutron-Proton Scattering Asymmetry Calctxla‘fion‘

4.13.1 'Introduction AR o T | L
The neutmn-proton elasnc scattering asymmetry was deterrmned from the rauo‘
1= r 1/2 ST »@:mr» ’
. "I'he—superscnpt represents the proton (neutron) polanzanon d1recuon for measurernents of ‘
A (An) 'The scattermgasymmetry was then o . oL
e-—-‘r_'-__l_ A /V o . @132
Errors in asymmetries were calculated from the function o B

=.(_r2_-("nL'+.L+ 1+ _1_)‘)"2,.' R ",.:(A-."‘13‘.3)'.‘~
o\ ¥ v RORJS

_‘ Asymmetnes Were avcraged over both holdmg field conﬁgurauons Thrs method of
L calculation reduced all systemauc crrors not assocmted wrth target or beam polanzauon

T ‘ reversals o at most second order near the asymmetry zero—crossmg angle However the o

’ angu]ar regxon common to protons scattered to the. left and nght was reduced to o :
E approxrmately 8.1° by the acnon of the target holdmg field (see figure 4, 13 l) Thrs type of
\ calcu‘lauon 1s tcrmed the overlap calculatron Y - :
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Fxgure (4 13.1) Schematic Illustmuon of. the Influence of the Target Holdmg Field
~ on Recoil Proton Angles. The detection apparatus encompasses the angular range
(92- 61 ) The common angular reg10n to'the left and right detecnon systems

7 . ‘ L o
‘ Alternanvely, asymmetnes could be calculated for the entire angular range
T subtended by the expenmental appararus Tlus calculation was called the non-overlap .
B calculauon Asymmetnes calculated in this manner beneﬁt from tmproved stat15ucs but are
| more: suscepuble to systemanc errrors A companstm of the ag ,ymmetry calculated viathe
' : two methods prowdes a means ofetestmg consxstency among the left and nght sets of :
B "expenmental apparatus The scattermg asymmetry was calculated as '

L-_—L+ a_[l" T
—L"‘ +aL" |

@13

on the left and
e= R'*‘ aR‘; i T e T T
T e e (4135)




\ U T e,
on thc ngh\ Here the consxant '’ is the ratio of the total numberof l;ft and nght events B
detected for polarlzauon up compared to polanzatmn down in thp overlap regron

“"‘-Q \

E

a= "Lf"'Rf ' SR s

e  (4.13.6),
L+ R‘ ) '
o Events were hlstogrammed in 0. 25° angular bms for 0 and B, All calculanons .
requxred a minimum of 50 events in each bin to guarantee the applrcabllxty of gaussian ' ‘
| statistics. A typlcal asymmeu'y plot for one’of the four data-takmg runs is rllu$trated in ﬁgure
(4 13. 2). Asymmetry siopes and zero—crossmg angles were calculated wnh a least squares '
fit to a strmght hne The slope of the observed asymrneu-y is expressed as €5 where the
subscnpt rcpresents the polanzed pamcle, and the zero-crossmg angles are. represented as
op(An)' where the subscript on the zmmssmg angle 60, represents the reference
parucle from which the asymmetry was deterrmned For example, Gop(An) represents the.-
An zero—crossmg angle deterrmned from the proton angular dlstrrbuuon ‘

T

—
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4, 13.2‘“ Asymm‘etrnyIopes \

(,.:.

n L wl) In the, followmg tables, all fits to the asymmetry slopcs are presefited. Results

cd with the non-ovcrlap calculation are presented beside the result obtained using the .
ovcrlap calculauon of equanon (4.13.1). All results displayed were determined with the
chi- -square constramt xl < 5 ‘and with the cut on the neutron scmnllator pulse height at

| 'PHTmin > 20 ‘ )
W -
Table (4 13 l) A Measurement Asymmetry Slopes .
Target Holdm; Field Up \
o - Proton Anble Based, x;* < 5, PHTmin > 20
Run . cht" ‘Right " Non- overlap Overlap NOV -OV
1T L 00014311) . 0.0137(11) | 0.0140(8) 0.0145(10)  *-0.0005(6)
©2 . QO0123(10)  -0.0130(10)  0.0127(7) -«  0.0117(9) 0.0010(6)
.3 0.0130(8) -00128(8) 0.0129(6) 0.0132(7) -0.0003(4)
4 00139(10) 0.0148(10)  0.0144(7) -0.0142(9) 0.0002(6)
’ " Table (4. 13. 2) A Measurement Slopes
' Target Hol?img Field Down
. Proton Angle Based xi <5, PHTmin > 20
ﬂkﬁn Left- Right vNon—Ovcrlap : Ov?'? . NOV-0V
1 0.0122(10) ;0.0137(10)  0.0130(7) 0.0 J('%O) 0.0003(6)
2 OO 126(13)  -0.0124(13) 0.0125(9) 0.0133%(12) . -0.0008(6)
3 35(8) -0.0139(8) 0.0137(6) . 0.0128(7) 0.0009(4)
4 . 00148'(13) -0.0140(12) \0»0144(9) ‘ -0.0156(11) _-0.0012(6)
Table (4 13.3) A, Measurement Slopes,
,  Target] Hgldl ;Fleld Up ,
Proton Angle Based, X: <'5, PHTmin > 20
Run Left . . Right Non-Overlap ~ Overlap -NOV -0V
U1 0QiS(2) | 0019K12)  0.0183®) 0.0178(11) - 0.0005(8)
L2 0.0211(10) . -0.0201(10).  0:0206(7) 0.0216(9) .  -0.0010(6)
L3y 0.020209) -0.0190(9)-  0.0196(6) - 0.0198(8) -0.0002(5)
4, - 0,0204(12) ;-0.0184(13)  0.0194(9) | 0.0200(11)  -0.0006(6)
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&
Values in bragkets represent the error of the last digifs of each value, and NOV - OV
represents the difference between the two types of calculation. The quoted statistical error of

the NOV - OV value is rcprcscntativé of the difference in the amount of data used between
the two calculations. ' -

¢ ' Table (4.13.4) A Measurement Slopes
Target Hol%lng Field Down
Proton Angle Based, X. <5, PHTmin > 20

Run Left Right Non-Overlap Ovcrlap NOV - OV

1 00203(11)  -0.0190(11)  0.0196(8) 0.0208(10)  -0.0012(6)
2 00195(15) -0.0209(14)  0.0202(8) 0.0210(13)  -0.0008(10)
3 0019909) -0.0189(9)  0.0194(6) 0.0196(8) - -0.0002(6)
a

0.0202(11). -0.0195(11):  0.0198(8) 0.0210(10) -0.0012(6)

Results of the asymmetry slope mleasurements illustrate the consistency between the average
“of the left and right side measurements utilizing the entire angular €ange and the overfap
calculation usmg only the 8° angular region common to the left and right detection l\’
asscmblles The agreement indicates, but does not prove, ‘that systemanc errors do not

!

contribute to the asymmetry calculation. . o

4.13.3 Asymmetry Zero-Crossing Angles

Asymmetry zero-crossmg anglcs from the four data takmg runs calculated from equation
(4.13.1) for the overlap region, and the zero-crossing anglc calculated as in equation

(4.13.4) for the non- overlap region are presented in the tables below.
L] .



Run

F-NRULE S B oy

Run

BN -

Run

TR WN -

Table (4.13.5) A Zero-Crossmg Angle
‘ Target H(ﬂdmﬁ Field Up
Proton Angle Based, %;* < 5, PHTmin > 20

Left Right - 2R Ovcrlap Overlap

51.54(23)  51.56Q27)  51.55(18) 51.52(19)
51.81(24)  51.72(26)  51.76(18) 51.76(20)
51.89(18)  51.98(21)  51.93(14) 51.96(14)

51.59(21) 51.60(22) 51.60(15) 51.62(16)

~ Table (4 13.6) A, Zero-Crossing Angle
, - Target Hollamg Field Down
Proton Angle Based, Xi < 5, PHTmin > 20

Left Right Noolgl Ovcrlap 6vcrlap

5230(28)  52.18(22)  52.24(18)-  52.23(19)
5227(34)  5191(31)  -52.09(23) 52.04(22)

- 52.09(20) 52.28(17) - 52.20(13) 52.25(14)

52.33(28) 52.16(26) 52.30(19) . 52.22(18)

Tabte (4.13.7) A, Zero-Crossing Angle
Target Hb\ding Field Up
Proton'Angle Based, x;* < 5, PHTmin > 20

Left Right Ixf’o% Ovcrlap Overlap™

52.19(20) - 5225(1)  5222(15)  52.18(15)

51.81(14) - 52.09(17) = 51.92(11) 51.93(11)
52.13(14) 52.33(17) 52.21(11) 52.23(11)

i 52.01(18) - 52.10(23) .. 52.04(14) 52.00(14)

Ov-Nov
-0.01(6)
-0.05(6)

- 0.05(5)

-0.08(6)

OV - NOV

-0.02(4)

0.01(3)
10.02(3)
-0.04(4)

109
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‘Table (4.13.8) A Zero-Crossing Angles
Target Hoﬁimg Field Down
Proton Angle Based, xi < 5 PHTmin > 20

(L Y

Run | L Bg(Ay)

. Left ‘Right NR:OPerlap © Querlap. OV - NOV
1 52.42(18) 52.18(17)  3230(12) . 52.25(12) -0.05(3)
2 52.54(25) © 52.06(21)  52.26(16) - 52.32(16)  0.06(3)
3 52.09(15)  52.09(14)  52.09(10) 52.07(11) -0.02(3)
4

'52.40(18) 52.08(16) 52.22(12) 52.21(12)  -0.01(3)

- The rato method is consistent wnh values obtained using the lcft and right appamtus .
md1v1dually '

Differences between Ap and Ap zero-crossing angles ds a function of holding field direction
are listed in tables (4.13.9) and (4.13.10). B

Table (4.13.9) 6 (A ) 0
Target Holdihg Feld /
Proton Angle Based, x;* <5, PHTmin > 20

Run (A)-0 -

" Left . Right SoplAn) - oR! ﬁp Overlap  OV-NOV

1 -06530)  -0.69(34) 0.67(23) 066(24)  0.0K(5)

2 00128). -03731)  -0.17(1) 017(23)  .0.00(5)
30 02402)  -034Q27) 028(17  -0.28(18) 0.00(5)
-3

-0.42(28) . -0.50(32) . -0.46(21) © -0.38(21) 0.08(5)

Table (4.13.10) 6, (A )= 6 p)
‘ § . Target Holdlné’ Field Dowen
i Proton Angle Based; 3,2 <5, PHTmin > 20

Run . Bon(Ap)- Bop(Ap) (degrees)
Left- Right on-Overlap - Overlap
-0.12(34) * 0.00(28) 0.05(22) 002(22) 0.03(5)
©027(83) | 0.1537) -0.20(28) 029(28)  -0.09(5)

-0.0025)  +0.19(22) +0.11(17) ~  +0.19(18) 0.08(5)
-0.06(34) +009(31) +002(23) . +0.01(22) ;0.0'1(5) .

T WD —

'I'he mcasurementsmadc with d1ffcrent holdmg fields are consmcnt mtcrnally but the two groups
_are sepamtcd by approxunately two standard dewanons Any systcmanc error assocxatcd with .



holdmg ﬂeld dxrectlon cancels to second order when results obtamed with the holdlng field in both

dnrecuons are averaged together These values are presented in table (4 134 1)

Table (4.13.11) Oop(A
Run- o Asymmetry Slope

Left . Right Non- Overlap

1 03923,  -034(22) - -0.366(158)

2 -0.14(26) -0.26(24) = -0.200(176)

3 -0.12(17) -0.08(17). -0.100(121)

4 -0.24(22) -0.20(22) -0.226(155)

Weighted Average | -0.205(74)

. The two calculations are consistent with'one another.

- 4.13.4, Neutr.on and Proton Angular Based Asymmetry Calculations_

Overlap

-0.328(163)

-0.219(176)
-0.051(126)
-0.190(154)

-0.175(76)

)- Averaged Over Target Holding Field
roton An&e Based, x‘ < 5 PHTmln >20 B

OV - NOV

0.038(40)
-0.019(19)
0.049(35)
0.036(18)

11

Both outgoing parucle angles were recorded The asymmetry can be expressed as a

" function of the neutron or proton angle In ordér not to confuse the partxcie angle which the
asymmetry calculatxon was based upon wnh the pamcle which was originally polanzed the
_ asymmetries will be referred to as neutron or proton based asymmetry The consxstency

: between ‘the neutron and proton based asymmetry provxdes another, expenmental consxstency o
fest. Proton angles were sed to calculate the final result The neutron based calculanon was X
susceptable 0 addmonal Eystemauo errors (see the conclusron fora complete summary)

- .which the proton angle based caclulation was not. Table (4.13.12) below illustrates the -

 difference i in the A and Ap zero-crossmg angles based on the neutron and proton angular | N

" drstnbuuons [ >
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, Neutron and Proton Angle Based "
Asymmetr; Zero-Crossing Angle
Xi- <S, PHTmin > 20

: Table (4.13.12)

Rdn Number | Zero-Cmssmg Angle :
‘ eop(An) - eop(Ap)‘ S Bon(Ap) - eon(Ap)

- -0.328(163) +0.341(149)

2 -0.219(176) +0.214(157)

3 -0.051(126) +0.094(114)

4 -0.190(154) 40.229( 145.)

Wtd Average | +0.201(69)

-0.175(76)

A\

The proton and neutron angle based results can not be compared dlrectly because of the slope .
of the analyzing power is dependent on the scattermg angle chosen

4.13.5 Ch\i-S‘q‘uare‘ Dependence of Asymmetry Calcdletions

Asymmemes were deterrmned over a w1de range of x - cuts A zero—crossmg an gle -
1ndependent of x2 demonstrates the 1nsensmv1ty of the expenment wnh respect to
backgmund contammatlon The x - cuts were selected to accepta large percentage of n-p -
- events while keeping the backgmund down to a level where it would have a minimum effect
on the asymmetry calculation. Table (4 13. 13) below shows the results of dlffermg
- constramts on the data set. g

. Table (4 13. 13) Asymmetr; Zero-Crossmg Angle asa -

019079

Function of x* Constraints. .
o Proton Angle Based PHTmin>20 .
" RunNumber x<4 [ xS % 2<75 e R
S1 T 0400074)  0328(163) 4)332(150)[ﬁ --0.361(149)
2 . -0292(180) . -0219(176) . 0202(162) - -0.232(159) .
30 .0006(160)  -0.051(126) ~ -0048(116) - -0.081(114). .
o asdien)  0a9KISH 0195049 - 02040142
© Wtd Average . 175(76) .0.173'(70')' o -0;-198(69)
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There is no significant dependence on the result as a‘ft‘nction of x2 - cut. L

, 413, 6 Dependenee of Asymmetry on Neutron Bar o
~'PHT Dtscrlmtnatton Threshold . o

o ‘Effects assocrated with cuts on the neutronsoftWar‘e ﬂiMaﬁ‘Ammshold &e‘m" .
’ mvesngated by companng results obtained with'a number of cuts. Table§4.13.14) contams, '

- the dxfferences in the zero-crossmg angles asa funchon of cuts on the ADC channel of the : ; -
neutron bar PH'I‘ sxgnal “ o . . o

. o -

' t

' Table (4 13.14) Asymmetry Zeﬂ)-Crossmg Angle as
. .a Functton of Neutron Bar Pulse Height. Cut

Rur'Number No PHTcut "-Channel 15 Channel20,  Channel25' . .
ST (084 MeVee) (112MeVee) | (14 MeVee) |

o 40.347(156)  -0.315(159) - -0.328(163) - -0.332(166) .
. -0.188(164)  :0.221(171)  -0.219(176) -0.194(179) ° -
A -0.036(120) . :0.004(124) - -0.051(126) - -0.083(129) . .

-0 178(150) 0. 162(151) 0. 190(154) -0.190(155) . .

Wid AVernge. -_0,165(7.2) : -0.150(74) 0175076) -0.183(7‘7)"

#wa—- .

o ‘The dcﬁnmve cut used in the asymmetry ca]culauon was posmoned at the ADC channel 20 L
after pedestal subtracnon and PI-I'I‘ s1gnal cahbranom This cut was ]llst beyond the haxdwarel L "

o " . discrimination threshold (this,can be: seen in figure 4.12.8)i m order to achleve maxlmum | '——'] :
o detection efficrency but not to; mclude possxble behavxour defects at or near the hardware _'\ ‘
S threshold Table @3, 14) reveals no trends m the nesults asa funcuon of neutron bar L

R ;’\ ”4 1 3 7 Asymmetry Calculatton Uttltzmg Outer Neutron Bars

~.jthntshold*dtsc:rumnatton R R S

. [ ‘s
Lo

The outer neutron bars wene outsxde the expenmental acceptance for n-p events w1th :

- : g no pmton muluple scattenng (see section 4. 12) Neutrons stnkmg the outer bars enher FOL
S 'smgly orin comcldence w1th adjacent bars were not mcluded if the analys1s Thelr mclusmn L

A " ,-‘ .



"+ Run Inner.

: land

e
"

\.It
‘ |

Neutron Bars

0051126y - T -277(46)

-o 6(17) 1

,\ NI \
. . ’

wid Ayéfége -0. 175(76)

- would .re‘sult\m an mereased bajckground to elasuc eVent rau‘o.

OuterNeutrpn Bars ¢
—0328(163). SR -04(4(»
-0.219(176). 402(12) .

-0. 190(154) S -24(2()) \‘

[N

e,

:-f;All Neutron Bas °

.

Table (4 13. 15) Asymmetry Zero-Crossmg Angne mm b
: " and without Quter Neutron Bars: =
Proton Angle. Based, xﬁ <5, PHTmm > 20°

" “ i. .

‘(‘ e

.. 290(160)

-0.179(170)"

- -0.042(125).
0. 201(152)

. lo.1.60(74).

The 50 event per bin requuement was relaxed to 10 events per b1n for' the outer bar ! |
| ymmetry calculauon because of the fewer number of outer bar events which passed the x
constraints Results obtamed with thé outer neutron bars alone are consmtcnt within the * "}
- grven statistical accuracy wrth those obtamed with innie bars alone; Includmg the outcr bars- -

mcrease?the solrd angle subtended by the neutron detectlon array by 7 /5 but does not

increase the number of observed elasnc events by a snmlar factor because the outer bars dre |

Vo

E 4. 13 8 Comparlson of An and A Slopa |

WIth Meastn'ed Beam and Target Polanzattons

_ . . ' L ,A'm. ' . o

The observed slope of the scattermg asymmetry 1s related to the beam or target

polanzauonby e T -
. N En'=PnAn' v o ' . ‘./v‘

ep P A ,

- A outsrde the angular acceptance deﬁned by the proton detecuon assembly

" ,r'-'<"-~(4‘.13;_7b)-‘_~f L

5

2

v’

[ O

where the subscnpts represents the p‘olanzedpmton or neutron and the pnme denotes the ‘
o slope wrth respect to the proton scattenng angle The neutron polanzauon was related to the
e pnmary proton beam polanzatron w1th the relauon ' ' e "

..

. .041 - -

AN SN

L (@137 i

[
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P = P (doltltoz"' doltsoz)l/2 o . S | ) " (4. 1‘3.8) .o :
L Here, Pp is the pnmary proton beam polanzauon P, is the neutron beam polanzanon and -
‘(domz + dom2)m is the magmtude of appropnate Wolfenstein polarization transfer _y
> cocfﬁcxent con'ected for final state mteracuons at 9° in the lab. As dxscu.ssed in section (4 6),
Vo the magmtude of the polanzauon nansfer ooefﬁcxent can be taken as (d 2+d kso2)1/2

=0 7496. The slope of the scattenng asymmetry with respect to the lab,proton scattenn g
‘.A.angle was taken as A' 0. 0263(3 3) Relauons (4. 13 7a) and (4. 13.7b) can be combmed o

”--glve_.'. c e : R\

(dosso2+dkso21”2?pf\n - m s

Ay oy

e "-,‘ In tlus manner, the rano of the me'asured asymmetry slopes can be compared to the observed
proton beam and target polanzaué)ns Differences between A’y “and A'p due to charge

| symmetry breakmg effects are very small and were neglected Values of asymmerry slopes

-and average beam and target polanzanons are shown in table (4 13.16) for each of the four

o ‘f' data takmg runs. Each run’ is d1v1ded accordmg to the d1recnon of the target holdmg ﬁeld

1. ‘Table 4. 13 16) Asymmetry Slopes and Polarlzanon Measurements
/ Proton Angle Based, Xi <5, PHTmm > 20

’ep/en

SUR down :

0. 820.*,‘.’.02.1' ’

'LD

» Run Holdmg Pbeam Paget - n/P | '.Diffetence

-, Fed o R ,‘ ot

1 up 0658 U 0.67080.016 - 1‘.334¢0.032’~§ ‘123&0 16. 010(16) R
" down 0623 064310016  1.35240.034 ~ 1.64:0. 19.,, 1-029(19) "
3 up - 0646 ~ 0.85310.020 . 1.73040.041° 1.85£0.22 - -012(22) -

.~ down ' 0.647. 0.84730.020. ' 1.716:0.040° ° 1.58+024 . 0.14(24)
3 "upt . 0660 - :0.83040.014 T °1.648+0.027 . 1.5040.14. - - 0.15(14) -
7 % down. . 0.659 078410014' ' 1.550+0.028. 1.53+0.14 ' 0.03(14) -
4. wp  0660. 07510021 . 149130.042  141+0.17 . 0.08(17) -

E 0.665 : 1;616:tQ‘.041: _pl»-'.3SiO.IZg; | "0.27(17)»

o Stansncal ermrs assoclated wth the proton beam polanmuon were neghglble Target

5 -lpolanzauons were determmed thh a nuclear magnenc resonance system: The wexghted
o 'jfaVerage of ranos from the above table 1s 0. 966i0 014:l:0 04 where the first quoted error is
RO statxsucal, and the second systemanc Systemattc etrors are due to uncertamnes in the p-p o




analyzmg powcr (ht 17°, A = 0.513, see section 4 6) and in thc ncutron beam spin

'prcccssmn (j:S°)“The good agrcemcnt bctwecn the two mcasurements prov1dcd a’ :

convement check oh the internal consmtency of the cxpcnman
% ; «
'. v ‘ .’. .“,I\

. l\ Yt

\ _ s
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414 Backgroun_d Reduction 7
4141 BackgrotindSources and Effects

| The expenment was desrgned to measure the drfference in the A and Ap

zero-crossmg angles. Even a small contribution to the asymmetry from neutron proton paus o "

| ‘originating from processes other than elastic scattenng could have shifted the apparem
neuuon-proton scattering asymmetry Zero-crossing angle To measure the fracnon of (n,np)
background and its effect on the elastically scattered neutron- -proton asymmetry zero-crossmg“‘
. angle, the target was filled w1th graphrte beads and the resultant asymmetry was measured.

‘ Hardware and software restncnons reduced the number of neutron-proton events
ongmatmg from quasr-elasttc reacnons in the target material and Support structure. The
background event rate was reduced with the wedge-shaped energy degmder which only

L transmrtted protons ‘with energxes m the range of recoil’ elasucally scattered protons and |
above Overly energetic protons were ﬂagged in a veto-counter (see section 3.9. 1) followmg
‘ the E-counter and an addmonal absorber ‘The 51des of the outer target camster were not -
. tllummated by the colhmated neutron beam. 'l‘he proton TOF start counters (see sectton ‘
. 39. 1) were desrgned not to view the outer target canmster entrance and exitwalls. T WO 50
- Pcm3 empty spaces were located above: and below the target container to keep a large part of
 the target support structure out of the main neutron beam flux. Constramts on kmematxc
o ‘observables further reduced quast-elasnc contamination. ' ‘
- Inelastrc processes mﬂuence the A measurement if any of the quasr-elasuc .
o iscattermg asymmetries, such as 12C(n,np), 4I-Ie(n np)’ and 16O(n np) are rion-zero. 'I'he o
) kpresence of background results in a non-zero shrft in An at the zero-crossmg angle equal to

' A’A,’, =rr'bfAb'f | ‘ff; s o e I I R (4-.1.4-15] o
3 Here, rb represents the rauo of background to observed events sansfymg a gtven x S
o ‘condmon, and Ay, is the background asymmetry Thrs factor must remain below 10‘ (see-:' L :
* appendix A); ﬁbackgr'oundeffects onAA are fo remain neghgrble compared to the R

' ;‘i'expmmentalstausucalaecmacy .“Q o L L
| Sznceanunpolanwd neutronbeamunpmgmg on unpolanzedtarget contammants
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' the: slope of tﬁe Ap asymmetry curve, effecuvely lessemng the FST polanzatron but caused
noshrftmtheApzero-crossmgangle : \ B L S
' Background cvents consisted of (n,np) reacttons from 4He refngerant, 12C and 16O
| ) ‘thhm butanol (C4H90H) and from the target support structure. A’ closer mspecuon of the .
7 ~ background role in the A, measurement was made by replacmg the conventtonal target . L P
"butanol beads with graphite beads. Replacing the conventional butanol beads with graphite
‘ ,beads removed most of the hydrogen from thhm the target but left the relatiye mass rauos of
- the various background sources approxlmately tntact S ‘«, : ‘
‘ Convenuonally, button protons (see settions 3.10.4 and 4.11.1) were used o
connnuously cahbrate neutron detector photomulupher gams and: timing charactensncs
. However such button protons could not be used during the background run fortwo .
reasons: Ftrst, there ‘were an msufﬁment number for the accuracy needed Second, and A
" more n:nportant, the energy dxstrtbutron from button protons produced via the l2C(n,Xp)
. reaction dtffered from the energy dxsmbuuon of button protons from sunple (n,p) scattenng,
therefore, a cahbrat:ton to the background button pr0tons would prov1de a false cahbratton :
"An altemate method was found to cahbrate the neutron detectors. Halfway through the
* background run, a polyethylene (CH2) collar was attached to the FST. Button protons were -
collected to provxde the necessary cahbranons o T T 3

- | 4.14.2 Back.ground Fraction Of Butanol Ta'r'get Data o o @f]
‘ : o o e S :
To calculate the effect of the background on the An measurement the contarmnatxon ‘
o fraction must ﬁrst be detemnned Itis 1mposs1ble to detertmne tlus fractxon from the butanol
' 'data alone. Even at large xz “backgmund events cannot be dxstmgutshed from -
} o neutron-proton elasttc scattenng events Non~Gauss1an proton mulnple scattenng, as well as’
e the low energy tail in ‘the tnctdent neutron energy dtsmbuuon cause the observed event ¥ |
o cht-square dtstnbutton to devxate from the 1deal. The number of background events w1thxn x
the butanol data sansfymg xl <5 (sek’ secuon 4.12) was esttmated by scahng the number B
- sansfymg the eqmvalent condmon in the g:aphtte targetdata by the rauos of relattve carbon. " ;.f o ) :
N fconcentrauons and mtegrated neutron ﬂuxes Inelasuc events in the graphxte datamust ﬁrst- SRR
| "be dlsungmshed from elasttc events or, elsethe butanol target 1nelasnc fractxon wxll be '
_"‘over-estlmated. R L PN R
: Events ongmattng from small amounts of hydmgen dommate the number of

Yt L
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observed events because of the larger elasuc scattenng cross section. The depolanzmg Q
resrstor located in the base of the target cannister (see section 3. 8) contamed approxmlately
11 mg of hydrogen As ﬂlustrated in ﬁgure (4. 14 1), the locanon of the resrsnor is clear on

the netttron—proton vertex 1mage taken durmg the background run. Fortlus reason, the target

‘ wzls aruﬁcrally divided dunng the analysts Only events orxgmaung from the top half of the
' target were used durmg the analysrs ‘ S g "
Event x2 dlstnbuuons of events detected from the top and bottom halves of the e
graphtte bead filled target are 1llustrated in ﬁgures (4.14. 2) and’ (4J4 3) A sample Yo
' dtstrtbuuon from the butanol target is shown in ﬁgure (4 14.4) for companson Note the
' pronounced elasnc peak in the hxstogram taken from the bottom half of the target. If the .
- dlstnbuuon from the top half is subuacted froi the bottom half after a smtable nonnahzanon
10 account for the volume: drﬁ”erer'ce, the. result closely resembles the chi- square drstnbuuon |
, . from the butanol target data. Thxs elasuc peak is clear ewdence that a large percentage of the
g graphrte target events are truly melasucs and not poorly cahbrated elastics; '
".An unknown ﬁ'acnon of the graphtte target events satisfying xl < 5 are -
neutron-proton elastic events ongmaung from the hydrogenous target msulanon l’hts
,fractmn must be calculated. Consider plots of the neutmn-proton coplanarity (the ’

o neutron-proton azxmuthal angle sum) produced from the butanol and graphrte targets (figures

' 4.145and 4.14, 7) Al events in the two histograms satisfied the x2 < 5 condmon for the

---‘other three kmemauc observables ‘Bvents from all neutron bars'were accepted The graphite

target hlstogram consmts of an elasuc peak atop a w1de nearly ﬂat background "The flat
. background dlstnbutxon is s1m11ar in shape to the coplananty drstnbuuon of events whtch |
' "*tnggered the proton boom veto counter 1llustrated in ﬁgure (4 14. 6) Events Whlch mggered

o the veto counter passed through a brass absorber Wthh stopped elasucally scattered protons E |

e A polynomtal ﬁt © the background is illustrated The number of inelastic' évents; was
B esumated by tntegraung under the ﬁt between limits deﬁned.:b;uhe-cuton-the coplananty x
- vanable The number of background events from the i inner neutron bars only was calculated } . ’

by scahng the number from all neutron bars by a. factor of 5 / 7 to account for the dtfference | B

,"m sohdangle R SRR \ SR

©
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TABLE (4 14.1) Inelastic Event Fractlon from Graphite Target
(inner bars, x;% < 5)

Event  Holding' Total Observed  Inelastic = Elastc Inelastic Event
Type - Field _ Events Events Events Fraction

Left Up 2966 8851130 2080 0.30+0.04 °
Right Up - - 2555 6641100 1891 0.2610.04
Left Down - - 1913 ~ - 636+100 1277 - 0.331+0.05
Right, Down - 2158 ° 686£100 - 1472 0.32+0.05

Errors assocmtcd with the numberéwf inelastic events were calculatcd on thc basis of results
obtained with various fits to the dat& The ratio of the number of mclasuc events to the total
obtained with the graphite target in place are nccdcd in the section pertammg to the inelastic
asymmetry calculation. Since the angular acceptance of the left and nght apparatus differed
because of the action of the target holding field, and since the two magncuc field
configurations were not pcrfcctly symmctnc because of the cyclotron fringe field, estimates
were made of the background fraction for both holding field directions and for both left and

' n"ght event types (left and right event, types follow the convention defined in section 3.1).

An estimate of the background fraction as a function of 2 cut can be made. The
ratio of neutron-proton elastic events wtuch pass the Xi2 < 5 constraint to any other constraint
can be estimated from the butanol target data. Given this ratio, the numberof elastic gréphite
target events can be determined as f”ollows. ' .

* N(x2<A) [1-fi( x2<A)]

elastic - . : elastic + - Butanol | ‘ .
N( x%<A) =  N(yx%5) — —Jlamet_ — (4.14.2)

an!uu: ‘ . Graphie  (N(x2%<5) [1- fb(x <5)] -

Target - . Target " Butanol

@ . ‘ - Target

elastic

" “where N( x2<A) repmsents the number of elastically scattered neutron-proton palrs . .
. sausfymg a given x constraint, N(x2<A) rcprescms the total number'of events sansfymg the

given x constraint, and fb(x2<A) reprbscnts the fracuon of backgrour\ld events to the total
observed while the butanol target was in placc As yet, fb(x2<A) is 1‘mknown However,
such correction factors are small (this is shown latcr) and can be neglected. '

The background ftactions as a function of ¥2 constraint are shown in table (4. 14.2). -

By

&
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Since table (4.14.1) shows that the background fraction does fiot noticeably depend on the

target holding field direction, it is neglected in table (4.14.2).

-
| Table (4.14.2) Graphite Target Inelastic Event
\Fraction as a Function of xz_gut (inner neutron bars)

\

\
\ N:zaszic . . .
Chi-Square \ Number of X <A) . Number Number Graphite Target
Constraint \Graphlte “of Elastics  of Inelastics  Inelastic Fraction
* Target Events ' o ‘

L

ﬁ’&% "
x;2 <4 &667 0.889 5975. 1692 | 0.22
X2 <S5 9592 1.000 6721 2871 - 0.300.04
12 <15 14150 1.155 7763 6387 . 045
xZ<9 . 16750 1.206 8106 8644 0.52
E2<100 11257 1.091 7332 3925 0.35
>:x.2 <15 16499 1,218 8186 . 8314 = - 050
Ix2<20 21650 1.277 8583 13067 0.60

\
) \

\ \ _ .
The gmounts of k\arbon in the butanol and graphite targets are shown in table
(4.14.3). ' ! ' ‘

" Table (4.14.3)" Carb\?n Mass in Butanol and Graphite Target Material (

Run \ Carbon Mass (gm) ;-

1 ’ , 26.0+4.0

2 , 26.0£2.0 o s
3 , 23.0+2.0 X

4 1 26.012.0

background 29.740.02




. target évents can be determined as follows,
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-

TABLE (4. 14 1) lnelastlc Event Fractlon from Graphrte ’l‘m:get
(mner bars, Xi < 5)

Event Holding Total Obscrved Inclastic " Elastc Inelastic Event
Type Field Events = Events - Events . Fracton

Left. "'Up 2966 885130 - 2080° 0.30+0.04

Right Up 2555 664+100 1891 - 0.2610.04

- Left ‘Down - 1913 636+100 1277 = 0332005

Right Down 2158 6861100 1472 ‘ O.32:t0.()5

‘ Ermrs associated w1th the numbcr of inelastic cvents were calculatcd on the basls of results
* obtained with various fits to the data. The ratio of the number of mclasuc events to the total

obtained with the graphrtc target in place are needed in the sccuon penmmng to the inelastic

'.asymmcuy calculation. Since the angular accepraice of the left and nght apparatus differed

because of the action of the target holding field, and since the two magnetic field » ‘
conﬁgurauons were not perfectly symmetri¢ because of the cyclotron fnnge ﬁcld esumates
were made of the background fraction for both holding field directions and for both left and
‘nght event types (left and right event types follow the convennon defined in section 3.1).

An estimate of the background fraction as a funcuor} of x cut can be made. The

" 'ratio of neutron-proten elastic events which pass the xl < 5 constraint to any other constraint

can be estimated from the butanol target data. Given this ratio, the number of elasuc graphite
ﬁ

© Ny 22A) [1- fb( x2<A)]

" elastic . © elastic Butanol B
N( x%<AJ = N(x%<S) . gl ————— (4.14.2)
S ogme N (g0
- 7 Target : T

e .
whcrcmbcl( x2<A) rcprcscnts the number of clasucally scattcred ncutron—proton pau‘s
' sansfymg a ngcn 12 constraint, N(x2<A) represems ‘the total number of events satisfying the
- given %2 constraint, and fb(x2<A) represcnts the fraction of background events to the total -
.observed while the butanol target was in place. As yet, fb(x2<A) is unknown. However, .
such correction factors are small (tlusgls shown latcr) and can be- ncglected. '
| The backgmund fracnons asa funcuon of %2 constramt are shown in table (4 14 2).
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)
| . Where mB is the mass of the target structuxe viewed by the protou time-of- fltght apparatus plus the
,average mass Of carbon present in the target | butanol mg is the mass of the target and the grphtte oo
' contamed within dunng the background run, and f, is. the fractron of backgfound ongmatmg from
thetophalfofthetarget ‘ - S S |

. The neutron flux on the FST target was dtrectly propomonal to the proton current on the
liquid d‘eutenum target. The primary beam current was measured with two devrces the .
\ BEM Proton polanmeter assembly, and the SEM downstream of the neutron productton target (see

, ﬁgure 3.1 1., The SEM résults were uséd in the background calculauons since they were not

"affected by hydrogen loss nor were they altered throughout the expenmenL The polanmcter target
X thi‘ckness and composmon was frequently changed The mtegrated SEM counts for the'Ay \
. ~measurement is shown in table 4.14:5. All three proton polar_tzatton states were used in the Ap 1

measuremeht and only unpolanzed protbns were used i 1n the Aﬁ;‘\meaSurement

A N

N
h)

Table (4 14 5) Integraled Cbunts on SEM 4AMS Durmg\A Measurement

L)

Run Number o 2D Integrated SEM Counts (xlO7)

l-loldmg Field Up Holdtng Field Down

\, S ‘Up .Down  Off Up" . Down Off

1 © 631 643 2-2.?:. o705 N 673.‘. YR
~Lo2 T 87T 830 3.1~2x- . 462 600 177 .

3 .. 1663 1640 6.01 21560 1547, 496

4.7 U9a7r 895 352 ~570 L5720 232
Butanol Total ~ 40.88 - 3008  14.92. t32.97‘ B92  1LIS .

_ Graphitefl‘otal . 11'.57 ' 10.54 356 . 7.87 L7930 242
. Do = R ' . - '
Unpolanzed beam was used to cahbrate the proton and neutron polanmeters dunng the Ap -
measurement, Statlsttcal errors in the SEMcountsare completely negﬁgtble, but the relation
between SEM eounts and the neuu:on ﬂux on the FST target could be mﬂuenced by small ‘
. changesi in the cyclotmn beam tune. The cyclotron was retuned on a-daily basis while
| ) 'changmg from polanzed to. unpolanzed beam. The mﬂuences of the frequent changes in o
~ beam tune can be mvesugated by companng the ratio of the number of neutmn-proton elasnc -
scattered pairs to the SEM count over a srngle run\ Data from separate runs can not be
‘dtrectly compared because of changes m target volume o ' o
o ‘The fractron of melastrc to elasnc events is glven by the relanon, S



. Bxk d
N(x“ <5

hite

",_N(‘xl <5 .

Butanol.

. Target

. The results are shown in table (4.14.6). -

" Event
~ Type

" Left
Right

o Left

' nght‘_

Normalization ‘
Dlrecnon (But/Graphlte) (But/GraphJ\@ Background

SEM

'Normalization

373 .
373 =
4.33
433
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‘ ‘(‘4.’14.4)

Table (4'.14.6) The Backgfound Fraction N
. (inner neutron bars, Xi_2 <5)

Butanol

v . Target
Evehts,

© 6417e+5
.. 5.722e45
. 4.598e+5
| 5237645

Background

Fraction

©0.009£0.003
0.0080.003

0.011£0.0Q3

00100003

: Approxxmately one percent of the data used in the asymmetry calculauon is from melasnc

. reacuons Packmg ﬁacuons were 1dennca1 for both target materials.

. An esumate of the background fracuon in. the butanol target data can be made based L

 onthe results in- table @a 3) and (414 6.

-]e
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Table (4 14. 7) Butanol Target Inelastlc Event
Fraction as a Functlon of Chl-Square Cut

‘Chi-Squar'e . Butanol Target

Cut ‘ ‘ . Inelastic Fraction -
x2<4 . 0007:0002

X2 <35 , 0.01010.003
%2 <15 ‘ S 7,0.01540.004 .
AE<9 L L 0.017£0.005
Sx2<10 ¥ o 0.012+0.003
Ix2<15 - e © 0.01740.005
<20 = 0.020+0.006

© L 4143, ¢ ‘Background Asy'mmetry |

The zero-crossmg angles of A and Ap from the butanol target data were detenmned . |
under the x? conditions ' .

X% <5 ‘{f—-— EnmergySum . - (4145)
- ~ Transverse momentum balance S S
- Opening Angle !

E Coplananty 2
: a0 E o .
The graphxte target background data should be evaluated under the xdenncal condmons “The
- graphne target asymmetry at the neutron-proton zero-crossmg anglei is hsted as'a funcuon of
kmemanc x -cut in table (4 14 8 ) Unhke the. neutron-proton elastic’ scattenng asymmetry
R zero-crossmg angle, the proton and neuu'on based backgmund asymrmetry need-not be .
. —-correfared The background asymmetry bas been calculated asa funcaon of both angular

. drstnbuuons and are presented in tables;(Zt 14 8) and (4 14 9) 'I'he average proton (neunoni ‘

: ‘based neutron-proton scattering asymmetry zero-crossmg angle was detenmned 10 be o
51 95:tO 06 (32. 03:!:0 06) The values in the two followmg tables only mclude events from f -
the inner five neutron bars of each array of seven. g |
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Table (4.14. SDBackground Asymmetry As a functlon of
. x% Constraint at 9 =520

(mner bars, PHTrmn > 20 proton angle based)

' Average e

Constraint  Holding Freld -

S .. Up~ " Down. . - s
x2<4 +0.0040.019 +0.00810.022 +0.00629. 014
x2<5. - -0.00610.017 - +0.007+0.019 0.000£0.013

o x2<15 .--0.001£0.014 +0.003+0.016 - +0.001+0.011
x2<9 +0. 00710 013_- . -000210.014. = +0.00410.010

N Table (4 14. 9) Background Asymmetry asa functlon of
‘ - x? Constraint ate =320
o (inner bars, PHTmm > 20 neutron angle based)

N Constraint‘. . Holdmg F“xeld . .Average :

.o Up ‘ : Down - ‘ .

Xy 2<4 - '+0.00240.019 0. 008i0\(.)22 © . -0.003£0.014 -

‘ ’X <5 . -0.01010:017 -0.007+0.019 ©  -0.008+0.013

' x, <75 . -000740.014 - -0.003+0.015" - --0:005+0.011

R x.2<9 - __+Oi.;003:t().013 a -0.003i0.014 «.,,0.00010.010 .

_ The background asymmetry was calculated thh the ratio method of equauon (4 13 2). A
- -typtcal plot of the background asymmetry asa funcuon of proton recoil angle 1s ﬂlustrated m
o ﬁgure 4. 13”9) At leaSt ten counts were requued in each angular bin before an asymmetry
g " was calculated Asymmetry calculauons for the data from the convenuonal butanol target o '\'
S | -;reqtured a tmmmum ‘of ﬁfty counts per 0 025° angular b1n to ensure gaussmn stausucs but L
R 3 this was reduced for the graphxte targetcalculauons because of its smaller data set. An . -
IELE msufﬁcxent number of expenmental counts remained 1f addmonal constraints were apphed
' Allowwg a hlgher percentage of poor %2 events does not appear to mﬂuence theasyrmnetry )
: 'at the neutron—proton zero-crossmg angle The background asymmetry, wuhm the L
‘expenmental accuracy, is consxstent thh zero. . L
e ’Fhe background asymmeu-y may be determmed ﬁ'om the xelauon

oy

,_.,Q" N Sk L o o N
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" where'e represents the asymmetry, ris the ratio of the nurnber of detected events to the qu

' and subscnpts rcpresent total, elasnc and background events. At the zero-crossing’ angl ‘
e 0. The observed proton angle based asymmctry of i inner bar events sausfymg the X. < 5 |

T ‘condmon was - : : : ‘ t o

~

'wer-‘(ep)”:rb e ©y= 000080013 , & (4149
" and the neutron angle béSed’-asym'rne'ﬁ'y‘ was |

-ve‘r'(en) ='rb %&9,,)':-0.60810.013 L ' (4.14.93).

' ~’I'he ratio of baclgro&\d quce deteCted dtmng the graphne target run ‘was
=0. 30:9:0 04 e :g_,,, xhe proton angle bascd background asymmetry was 3

eb( )- 0000&0043 R  (414.100) -
- and similarly,‘ thle neutron angle based:background ésyrrtrneu'y was .
. . ) I ! ) " o , A !

"_‘:eb‘(e)"=-0.‘027¢0.043,-, L l - (4.14.105)

: 'I‘he average pmton polanzanon durmg the background run was O 660 (wrth neglxglble
h error)r If the polanzanon transfer coefficrent is taken as ( dogso” + doskoz) 12=0. 75 the _—
] proton anglebased melasuc background analyzmg power was T

Ab( ) 0000:!:0087 (41411a)

PO

o ' 'and the neutron angle based melasuc background analyzmg power was

o Ab(en)--oos4¢oos7 Ll LT " RICRUR P

L The rauo of inclasuc to total cvents detected sausfymg 7((l < 5 wrth the butanol target was |

o calculated as rb = O 010:t0 003 'I'he melasuc events shxfted the zero~crossmg angle eop(An) "




‘AeOP( Ap = Pp(dosso? +doueD iy Ay @413
L ; d p ‘
~ and shifted the zero-crossing angle Oon(Ah) by .
ABop(Ap) = Py(dogo? +doged P Ay o (414.13b)
. Y . T QA ‘ “ | - o .‘ : ‘. . ‘ "
den A - et

where P now represents the average proton beam polarrzanon over the butanol target runs.. ‘

dA/d(-) is the slopc of the asymmetry with respect to the proton recoil angle in thelab, . "

dA/dOn is the slope of the asymmetry with respect to tfre nettron scattenng angle in the lab .

o and 1 is the butanol target background fraction. ‘Substituting P, =0.654, ( dosso
dogica?) 2 = 07496 and ri, = 0.0100.003, dA/d6, = +0.0237 and dA/de;, = -0.0256 one

" finds that the contnbuuon to the proton and neutron anglc based zcro-crossmg angles from
background inelastic reactJons was ‘ |

"“,Abc?,r’,(An)#o.ooodio.018° FRE Y % LU ) B

and - -

 Bep(Ap=-0010°40.016° . . T (41403



The cxpenmental dlffcrenie in the An and Ap asymmetry zero—crossmg angles based ‘,

" on the laboratory pnoton scanermg angles was determmed to. be .

, .o \a ! ‘ ‘ . :
+0030 - o
0p(An) eop(Ap) ~0175°:oo7e°( Z) e By
) 00259 T
' and based on lab ncuunnscattenngangles\as f” " . | \ . o
| 0027 ol
on(An) eonm,,) +0212°roos9\( 003'1' N € )

O

- where the ﬁrs&error is Stansncal ‘and the second systemauc Coxrecuons have been apphed IO .

~ the ncuu'on lab scattermg angle based result to accbunt for polanzanon dependent neutron
| ‘ detecuon effects in the neutron scmullator array (see sequon 4.11.4) and to accblmt for Lhc '
. presence background (see secuon 4 14) The two res ts (5.1 ahd(S 2) can not be dlrcctly
' ‘compared since the slopes of the asymmetry asa funcuon of ldb newron and proton angles
are not equal (hence the mequalny of the statistical cn‘ors) G{O - o
e Thc systemauc error was calculatcd by summlng th squares of the dewauons of
v op(An) eop(An) f'rom the quoted result aftex’ (x) the x co! N 13 y\nas varied between x
<4tw0y2<15, (n) the cut on the neutron scmnllator bar pulse hexght drsﬁ:xbuuon was vaned
between PH'I‘mm >15t0 PHTnnn > 25 and (m) calculaung the uncenamty essomated wuh
background subtracnon The systemauc errors are summanzed in thble (. 1 l)

.
L
Vi
o o
) o ’
N
" o . [
o . .. A,
. . Al" .’ o R . " '
. w
. i ' AR " N v
R [RREN L ) s, . . a
: o ’ A o R
‘ SN
V. ‘\ .- o
o < La N
oot L . . NS
. 2, RS
. St U

K S \ ,\‘ .

N . [P e W
: R A T
: Lo R Iy BRI h .

Lo B oL a0 .
N L . vy
L i = B .
e ' ® B . k
A v . = Y Y
: N ? .
-0 ! .V
'




. ' : .
: ! ' E ‘,1"‘1‘.34‘ o
y' Table (5 1. 1) Summary of Expenmental Oop(An) Oop(An)
Systematlc Errors e I
“ ‘ ' ) ‘ . ‘, ‘ ' . ' '
S : S lefcrence About Dcﬁmuve 9 ) 0 (A )
Item . : L Mlmmum gmn opr
'xz constraint | ‘ —0.015° S +0002° L )
Neutron Bar Discrimination Threshold - .-0,008° +0.025° c N
. .Background Subtracuon o - -0.018° - +00]8° SR '
ottt . e +0. 0300 ‘
TSummequuadramre | ‘ Q
Vo : Two addmonal values must be evaluatcd m the calculauon of the systemauc error assocxatcd

thh the calculation of © n(An) 6 n(An) Fust, any uncertamty in the cvaluauon of the
neutmn bar TDC length must be mcluded A devxanon in tlus value scales the value of

on(An) Gon(An) by the 1denucal pcrcentagc Second, an error in the. cvaluanon of the
«effect of- the scatten:d ncutmn polanzanon on neutron posmon determination must also be -

mcluded Thesc two systemanc €rTors assoc1atcd with the ncutron angle bascd calculation ) _‘ s
e havc no proton angle based counterpan - | T
P - \ . ' : ‘ N : -
o ‘ﬁ ' \ ' | . " :

Talzle (5.1.2) Summary of Expenmental Oon(An) ‘Bon(An)
¥ Systematlc Errors :

\

lefcrencc Abom Deﬁmnve 6 n(An) 9 n(An)
Max1m

Itc'rh.‘v"_' TR S © . Minifum <

‘xzconstramt - " -_0.()()()° ‘ +0019°_»,“‘.‘ L

- Neutron Bar D1scnm1nanonThre old C-0.026° - +0.0082" |

" Background Subtraction - .7, -0.016% . +0.016° R
- NeutronBarTDCLength S -__»0003° L0 400030 s
Totan‘ B o 7'-00310 o +o;027o'* ’

, T Summed in quadraturc

. L EAREN! ,'
A~ -

The dlfference A Ap was ot du'cctly measured but can be calculated by S
muluplymg the result (5 l) by the SIOpc of thc analyzmg power w:th rcspcct to thc laboratory-; .‘ i i;

\




o

scattering angle,
¥ -

_ the neutron angle based result.

" the DWBA formalism. The transition matrix can be written as -

SR - 135

proton scattering zinglc, K ‘
An - Ap = ’[ eop(An) - eop(Ap) ] - ’ (53)
. . . - de )
or by multiplying (5.2) by the slope of thc"analyzing power with respect to the lab neutron

e

A ' dA .
A, - Ap = - eon(An) - Gon‘(Ap) ] — . : ’ (5.4)
» ds, .
" The Amdt et. al.3%) phase shxft' results give dA/d6;, = +0.0263 and dA/d6;, = -0.0284. The ~
.. Saclay- -Geneva®?) analysis arc dA/d9 = +0.0277 and dA/d8,, = -0.0300. Differences in
the slope of the analyzing powcrs bctwccn the two phase shift fits are negligable compared to
thc cxpcnmcntal statistical uncertainty. The results of Arndt et. al. were used in the
calculanon Therefore, the difference in the two analyzing powers at the neutron- prolon
clasuc scattenng asymmietry zero-crossing angle isthen,
Ay-Ap= +0,0046£0.0020(20.000), (5.5)

based on the lﬁtg‘ pioton scattering angle results, and

Ag-hAy= +0.00600.0020 (+0.0008), o . (5.6)

Ry RO Y
'y

.based on lab neutron scattcnng angles. 'I'hc proton bascd result has been accepted as the
definitive expenmental result because of the shghtly larger systematic cMocnated with
. LA

CSB effects on the n-p transition matrix can be calculated within the framework of

[

]

- where T, represents the charge symmetric transition matrix. The CSB part is then

RN
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STﬂ = -, M( kfN | VCSBl k‘i+> . ) ' (58)

The ( ) and (+) superscripts mdxcate the asymptotic behaviour of the distorted waves as ime
goes to negative and positive mﬁmty, respectively. If the transition to the LS]J basis is made |
the distorted states can be expressed as

i85, o )
Ik*t>= 1 / E aril Ry () Y[ m( p) e ILs;;JM><Ls;JMILm s;m;>
] 2 m ) |

2m) = M | | ~ (5.9a), ¢

s -
=1, 2~l4n(2L+1) i Ry s(0 e ILs;;IM><Ls;JMILOs;m;>,
/2 5 .
(2r) © IM | (5.9b)

and -
_ e . A -idyg . ]
lkf>= 1 3 2Ari- Ry s Y [ L(p) e ILsIM><LsJMILOsim>.
r (2m) M

(5‘.9c)

e,

The functions Ry; 4(r) are the radial solutions tG the Schroedinger equation in the presence of
a charge symmetric neutron - proton potential. Class (IV) CSB forces effect trgnsitions "
between S=0 and S=1 states only (if total angular momentum and parity are conscrved) |
therefore, angular momentum decompositions of the incident and final states in the above
equation need only contain those partial waves for which L=1. o

If the class (IV) CSB potential is given by

Vesa™) =0 (o - o) - L, | 610

is substituted into (5.8) with (5.9b) and (5.9¢), then one finds that fors;=0 and sg="1, .

i (+8yy) M
5Tg=-M_ ;V_ @+DGy e emw‘alj(cose)

(21t) Q. lla)
where 9 and @ are the polar and amnuthal scattcrmg angles in the center of mass system
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" Figure (5.1) Comparison of Theory to Experiment
-+ The experimental result (hollow point with errdr bars) is
compared to the calculations of Svenne (curve,

and of Miller,Thomas and Williams (dark point, reference 1). .

by
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future. -
~ The cxpeﬁmentai result is not inconsistent with theory, bﬁt the variety of results
between different calculatlons points towards the need for more theoretical work.
Expenmnntally, a proposal has been submitted and accepted to remeasure the extent
. to which charge symmetry is broken in neutron - proton elastic scattering at 350 McV at
TRIUMF. Thc proposal itself is reproduced in appendix C. The dlscrepancy bétween ﬂ
theory and expenment at 477 MeV may be due to problems with the energy dependerice Of
‘the terms or due to terms which have yet to- be included. The additional measurement wnll
provide an important constraint on exxstmg and future calculauons as well as help unmvel lhc
energy dcpendencc of the various terms. S ‘ o «
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- Appendix A - Summary of 'Systematics
* A‘l Introduction

. The nature of the experiment removes most errors to first order in the deterrnination

) of the analyzmg power, A, and to second order i in the detemunanon of AA =A Ap where
the. subscript represents the polanzed parttcle, atthe Zero-crossmg angle Absolute

o knowledge of beam mtensrty, target and beam polanzatston are not needed m the final

calculauons Sources of error caused by dtfferences between left and nght detection R
apparatus are diminished by the manner 1n which the analyzrng power is detenmned from

o expenmental data: The followmg notes summanze the major sources of error and a

calculanon of thelr effects on the measured asymmetries under the most pessrtntsuc of
- conditions. It must be stressed ﬁ'om the outset that A, and Ap are mdependent quantmes and:
are: measured in two drfferent, bqt concurrent, expenments unlmng the one setof equipment.
Systemauc errors may affect one or both analyzmg power measurements thh this in ‘mind
‘errors in individual asymmetnes will be denoted 8An P and errors in the drfference A -A
wxll be. specrﬁed as SAA. The errors calculated here follow the outhne of an earlier note( 4,
CItis convement to adopt a general rLotauon which can be referred to throughout this | '
note. The observed count rates 1n the left and rtght side detecuon apparatus can be written as :

| ” L+;o+(1 -‘LtP"‘All*‘.) o ) h SR (A‘Iflél)
. R+"="f('i"'-"1>v+Ar'~+) | o | D | 71‘~_<A.‘,i;tb>
L '-‘-C'(l +P‘Ar-) ' ; : (A lld)
The by superscrtpts represent the\drrecnon of the target or\ beam polartz‘atron for_ =
measurements of Ap or Ap. The asymmetnes are detertmned from. the data as’
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.Where 2L*R /LR
q'=:[ql"‘or‘v(l‘;+kP+‘A1‘,')( 1+ ‘FA,‘)j / (o]0 * (.1. --l;‘_A‘l‘)( 1- P*Aﬁ)].“ (A.1.3) |
‘ ‘ Inthe c"otnplete ahsence of any ext)eﬁnlental errors (A 1.3). rcdnees td (A14),
CARAJ e e

7

& [ | j

The dlfferenual cross secuon as a funcuon of angle has been assumed to dxffer o

L

from its normnal valuc due to s\/ht geometnc or other unperfecuons

crtlr=c(l+silr) _‘ o ‘, (.A.ll.5)

! and/‘or‘ the‘observed.asymmetry changes by | o L
Aﬁf:A%aﬁr | R | o | “ f(A.l;.6)-

| and the rnagmtude of the polanzanon chanés\betwecn up and do;m states by -
pta Pra o o

R (A.1.7)‘

P .
./,"‘

"Insertmg the expanded expressmns (A 1 4), (A 1 5) and (A 1 6) into (A 1 2) one ﬁnds that :
: the parameter r2 to second order in tctms of the S, a and a, changes by, )

‘ "I-'-",‘-'—r°2[1+1(sl +s1. -sl -sr ) BT N -
+P(a1 +ar +a1 +ar ) APz(al *‘ar"al a, ) S
+0t(a1 -ar +a1 +ar ) 2PAoz(al r-a‘r al -t-ar ) +4PA3 2

+P2(al+‘ar + 81 ar )] (AIS) o
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L 1Y S

~ The error in the mcasured asymmetry cari be rewritten with the relation,

8A 1[1(51 +sr ‘51 Sr) "
: 4P o ‘

+P(a + +ap + ) AP2(a +a :a-a )" o
1 ar l ar 1 ar 2’ ")
+ q‘(al+ -a +ay + a.r"‘ ) - Z‘PAa‘(al*“T‘arf - al~.+ aT?“ )+ 4PA§a2 ) ,

R N (S )

A2 \’ﬁeviation of Beam Spot on‘ LDZ\ Tar'get .

' A change of thc proton beam spot posmon wﬂl altcr the anglc of the neutron beam
_on the frozen spin targct (FST) which i in urn mﬂucnccs the dn'ccuon of the scattered and .
'rcco1l pamclcs from the FST The- mcasurcd n-p asymmctry is not affcctcd by minor driftsof .
- ‘ the proton beam inthe vertical dlrectxon but dewauons in the horizontal position are dlrcctly |
. | related to both the polar scattenng angles of thc clastlc n- -p paxr ‘and thcrefbre the observed

i
e asymmetry
1
N [
”!’. "
. :"'.'-“j';.'" "/
_'1{;}5\» 4

R w&ff The FST is sxm;te:iﬁlj”.—SSI m from the cemcr of thc LD2 target A change in the FEEy
x-posmon of Ax = 2mm couldalter the angle of the ncutron bcam mcxdcnt on the FST by 407
= 1 5x10'3 degrces Smce AG w111 be vcry small thc expansxons of (A l 5) and (A 1 6) . Lo .
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" need be tak‘ento only first order :

’a,+_‘A9A' L | a,v'+="-'AvveA',F .

| al —AGA SR = ABA, | (A2.1)

fs, —Aeo‘/o. o s;‘+=:"aé'e?)e,: | )

' s;‘=A9 a’/o, : and o S£AT=;A9 o'/o?. . ‘(,A.V:2.!2) L

Where A'= -O 027 /deg, o =~ 6 9 mb and o' =-0.39 mb/deg at the zero—crossmg angle -
" Therefore, after substttutton into (A.1.9) oné gets : 8A -8AA=0Q. . oo
I the dewauon of the beam spot on the LDZ target is correlated with beam

POl&ﬂmeon (A 1 9) changes into

" As A is not effected by correlated de\nauons in proton beam posmon w1th beam polanzauon

| reversals dAp =0. Therefore SAA 8An =~ 10'4 This value is ltkely a pessmnsnc

. overesttmatton of the error as the neutron colhmator deﬁnes the acceptance region of

neutrons ongmaﬁng at the LD2 target. o : . _

' Changes in the beam spot posmon also cat.se an energy change in the scattered

‘ neutron beam. 'I'he neutron colhmator axis mtersects the center of the LD2 target at nine .
| “"‘ : degrees ) the proton beam axts The average lengm the pmton beam passes through the -
target Az m ﬁgure A 2 1, will depend on where the collimator aXIS mtersects the’ proton -
5 beam. Protons of 477 MeV will lose approxlmately 0. 04 MeV (mm The asymmetry |
zero-crossmg angle changes as a funcuon of energy as awa = -0, 011 deg/MeV (lab)
X .,'.,,T'Iherefore, a changem the proton beam posmon on the LD2 target by L 0 mm causes aa- -
'change to the path lengths of those protons whieh produce the | neutron beam by Az=6. 3 mm -
i ",therebye reductng the neutron beam energy. by 0:25:MeV. This results ina change inthe .
o zero-crossmg angle of 2. 8x10'3 degxees or, eqmvalently, a change in the asymmeny ar. the ;'_, }" 3
nommal } mcrosmng angle byO 7x10‘4 To keep 8A s 10‘4 tlre proton beam posmon on "
'jf,_7theLD2targetmustbekepttovmhmi12mm SIS o

»»»»»»»
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A3 Modilaion of Proton Beam on LDi Target |

Changes in the dtrecuon of the proton bearn on the LD2 target effecuvely alters the .
. energy of the outgoing neutron beam, At the 9% neutron beam exit port, JE/ 89m0u =3.36
MeV/deg (lab). At 480 MeV the ezc does not change apprecxably with neutmn energy, aezc
/aE =-0.011 deg/MeV T

N

Prowon - , ‘
A -
o \ ‘ . “l

4.‘_

‘ Figure (A3.1) Modulatiort of‘Protbn Beam on LDzTarget
Smce aA/ae = -0 027 /deg the observed asymmetry changes w1th neutron recoﬂ angle at the( |
Ltharget as aA/aercco,l = 1.0x10" -3 /deg A modulatton of the beam direction onithe LD2
target of |9+—9"| =0.1° (here the superscript represents protor@yblanzauon) correlated
thh prtmary beam polanzauon results imra systemanc dev1auon of 8AA = 1)(10‘4 o

'’

A4 Irt‘équality“of Up and I‘)t')ht."Pdlarizatioﬁ w S

- ' . . . "r’ .\,,'“ .I /f&‘.

o If the beam or target polanzauon dtffcrs l,n magmtude between up and down states as
P = Po, then orie finds from (A8) that 8Ay, = A302. At A=0,8A, |, =0 and 8AA=0.
o ‘At the lnmts of the detecttqn apparatus the analyztng power approaches a value of A= 02
o and takmg the dtfference inup and down beam or target polanzanon states as 0.2 (that ts.
,;..0 I)SAA =8A —8xIO‘5 T ey : -

7 : oot
CRE " .
Lt . .
/ L g T s
Lo v
' '
p

R y o R L v S

r o
8 A
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'A.3 Misalignment of Apparatus
~ If the apparatus is misaligned by
‘0 =0-¢ ,andBR=0+0, . o . (AS)
Neuur;n‘Be&m '
Symmety Axi3 #
Left O\
;- , __Prowon S
- - . Figure (A.5.1) Misalignment of Apparatus

_then the variables of (A.1.5) and (A.1.6) are

at = A" + <p2Af2 . C at=pA'+ P2A"2 .
a” =-QA' + Q2A"12 | a =-gA+ QA2 - . - (ASD
sit =100 + 9%a"72) st =100 +9%0"2).
(A53) ' : | e
B B S c ..

—

" Allfirst order errors in the asym:ﬁctry cancel to first order lc_avihg second order systematics |

- o // - j
v . . / )
St {

. : : u S
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OA = (PzA" / 2«'. - ) ‘. ' ' 'J\“L;\ i (A'54)

- -8x10™ dt::gj2 < A" <8x10™ deg?,
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giving 8A << 104 throughout the angular range for a misalignment of 0.1°. The proton and

neutron detection booms were located to an accuracy of 40.02° and 10.05° rcspcctxvcly
dunng the experiment, ' ' g,

A.6 Inequahty of Up and Down Polarization and Mlsahgnment of
: Apparatus '

~

Fd

Let the detectors be misaligned as in (A.5.1), and the béam or target polarizations differ in
magmtude between opposite spin states as (A.1.7). Subsumtmg (A5, 1) and (A 1 7) into
(A.1.9) one ﬁnds that

BAp/p =-2AUPA' + gng"‘f-ASaz‘ | Y (AL

Since the proton and neutron detectors can be located to an accuracy of +0.02° and +0.05 -

respectively, in estimating the maximum effect on AA a value of |91 - 9r| =(.1° will be
used. The asymmetry changes with angle by

A =-0027/deg o (A3
IA"1 £ 0.0008 / deg?. o - (A.6.4)

: Atthe ek;neme limits of detection the'elxpression for A is dominated by the term
) proportional to A. Inserting P = 0.740.1, thatis o = D. 1, into (A.6.1) one finds that 8A =

(6x10° 47A As A approaches a value of 0.2 at the limits of the angular acceptance one finds

that 0A = 10‘4 Where Ap=0,all terms in (A.6.1) conmbutc since Ap is m the range of
4x10°-3. Here, 5A<10°S, o
There will be a shght conmbuuon to 8AA as A * Ap due to slight CSB cffccts
- The magmmde of the mequahty can only be estimated on the basxs of theoretical

B

&
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| ‘ contributions to AA illustrated in figure (2.3.1). From Miller, Thomas and Williams("),

Ag-A

p' S5 x 103 /deg (lab) L A

-One sees immediately that such contributions to SAA are insignificant,

A.7 Reproducibility of Target Holding Field

Small changcs in the magmtudc of the holdmg field cause charges in the extent to

which the holdmg‘ﬁeld befids recoil proton trajcctorlcs ‘The holding field will bend n-p
elastic trajectories at the largc angle lumt of the detecnon system by 1.8° and to the small
angle detection limit by 1.2°. The target holding field at the centre of the target is 2.57 kG.and
the line integral [B-dl seen by a proton griginating in the centre of the target is 44 kG-cm .
One finds that at ep-53° = 549 McV/c. 30ps/0By¢ = 4.8x104 deg/Gauss. The
magmtudc of the holding ﬁeld fluctuations can be estimated as:Opf=2.6 G. If target holdmg

~ field deviations are not correlated with spin direction OA = 8AA = 0. If the holding field

- deviations are dJrectly correlated with target polanzano then 06,.= 1.2x10° 3 degrees

comespondmg t0 8AA = 3x107 at A = 0

~

;\—8 Multiple’ Scattering -

\, | Multiple scattering smears the angles of recoil protons emerging from the target. -
Assuming that the multiple scattering follows a'Gaussian distribution -

Lt(0) = [ 6(6+) [1 £ PAGD)] exp(-52/5,2)d5. - Al
and a similar equation for R:}i. The parameter 8, is related to the magnitude of multiple
scattering as 8, = V20 }iix;ianding o(6) and A(8) as a function.of 0 as ..

@) =0(B) + 868y) +32 0" (B) ¥ - - (A8D)
V4 o “ S 1
| /
\. '//
A ¢
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an
-~

and integrating the ﬁxst‘thrcc terms of the combined Taylor expansion of Lt and RE, (A:8.1) |

can be rewrittenas " . ‘ . : -
- L%6) ~ 110, + 8,2 { 0"(1£ PA) £ GPA" £ 2PO'A)) R (A.8.32)
- | 4 , .
RE©) ~ RE@,) + 8,2 ( 0"(1- PA) —~0PA" ~2PG'A). . (A8.3b)
| " 4, ! H

oy

These expressions can be expressed in terms of the more familiar notation of (A.1.9) as

-~ aty=3.2 (0A" +20°A)). | o ' " (A.8.4a)
1=8" (oA"+204).
atn =32 (GA" + 20°A) . (A84b)
R=2 : .. | | |
a = 8,2 (A" +20°A) o (A.8.4¢)
,. L7 (e C
) . . ‘ '
a'p =8,2 (0A" + 20'A)) | _ (A.8.4d)
TRy (N 2R |
Insefting the above results into the expression (A. 1.9), one gets
: . ’ AN
, g
5A = §2( A" +2gA") | ‘ . (A8Y)
: 4 o . ‘ . " :
Near the Zero-crossing angic,
A'=-0.027 /deg e - ~
IA"S 5x107% . :
O =6.9 mb (lab)
o' =-0.39 mb/deg (lab) - e : o
. 8,508 (=V20.,9) .. | - - (A.8.6)
Substituting into (A.8.5) one gets 8A = 5x10°4, at A =0, -
. .
R
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A.9 Incorrect Preces'sion of Spiln A ‘ ’

Any residual proton polarization perpcndxcular to the honzontal plane left after the
proton spin precessxon can only result in a neutron polarization also perpendmular to the
horizontal plane. Such a neutron polanzauon component is rotated into the beam axis by the
dipole magnets Bonnie arid Clyde and cannot in itself result in a false asymmetry. Howevep,

"an.error in the pfofon spin precession leaving a residual vertical cormponent coupled witlt a an
‘error in the neutron spin' precession can cause a error in the measured asymmetry. Assuming
an error in both the proton and neutron spm precession by mp—5° and (nn—5° there would

~ exist an additional vcmcal component to the neutron polanzauon at the FST which would
}

change sign with flips in the beam polar:zanon as L

o L 2 ) - —_ - . H ‘ . ,
Apni = [Pt(dye+ osko’{z Ppsmmp] sinwy, ) (A9.1)
| (1% P" A)

—

whére the (dggso 24 dosko 2112, = 0.75 and the  polarization, equal to the analyzing power P
=A=-0.06. One finds that the extra component to the neutron vertical polanzanon is
rexceedingly small. It has becn shown earlier that differing up/down polanzauons do ot
' contnbute to false asymmegncs if [P*- Pi <0.1. _ '
,\ : N : o . ' . ‘ ) r‘:’/.
0 . H N . ’ T .
A.10 Residual Neutron Polarization on Polarized Target
\ S
N Aresxdual neutron polanzanon can couple to the target polanzauon and cause a false -
asymmetry measm-cmcnt. The polarized ! target state left and nght count rates would (after -
dropplng common factors) be ' - ¢ '
LY =[1+A(P, y +P Y) +P YPnYAyy + Azx(PnzP X+ Pp%P X) # APy "Pp¥] |
(AlO la) - L ' -

e N e el s

= A(ppy Pn}') P YPnYAyy- 'Azx(PnzP X 4 PnZP x) - AjzPn ZP x] (AlO la)

| «‘,.R"'—[l A(Pphp Y)+P yPnyAyy-Au(PnzP "+P 2P, x) +A P zp ]
(AlOla) | | o

IO
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j

-1+ AP, - P Y) PpYP YAyy +Azx(P %Pyt + Py %, X) - Ay P.2PX]
(Al la) , o

Note that the residual neutron beam polanzauon docs not reverse sign whcn thc target
) polanzanon is reversed. Adopung the usual notauon of (A.l 6) one gets
at= 1 [Ay Pn"yj‘+‘PpYPnyAyy+Azx(PnZ X+ PpZP x) +AZZP 2p a1 (A10.20)
a= 1 [-AyP Y+PpYPnYA + A, (Py P X+P ZP x) +A, Pn?an] ‘(Al().?.b)
y -

. Py
at= 1 [AyPyY-P
S

at = _L [-Ay Py Y.p

Ppy

yp YA

P

yy+Azx(P ZP X+P ZP ) 22Pn?P x] (A10.2c)

o'Pn YAyy *Azx(Po Py X4 P, 7P. 5% - AZZP zp K| (AIO 2d)

1

The spin correlation. bararﬁctérs Ayy and A,, donot change signpri the left and right sides,
" ie. they do not cause a left-right asymmetry.—Thc largest contribution to a false asymmerry is

SA -SAA = 1 Azx(p ZP x+p zpp) o (‘A10.3)’
: P py . , -
' Ncutrons created froman unpolanzed proton beam on the LD2 target have a maxxmum
" vertical polanzauon determined by the np asymmctry at 9° The maximum component of the .
~ neutron-polarization in the scattermg plane would then be P, Z =0.06. . The spin correlauon
 pararheter is equal 10 Azy =-0. 02 (B, =477 MeV 70° cm, Amdt '86 phase shifts). The.
~ vertical proton polanzauon is Ppy = 0.8, the maximum component of the proton target -
: pofanzauon in the scattenng plane is determined by the error in the dlrecuon of the ta:get ‘
' holdmg field; this was esumatcd as £1.0% from the vcrncal Therefore, pr <0. 85m(1 0°) -
=0. 014 Thc maxlmum effect on Ap i$ then : : S

*.:,aAp:s,AA‘so'.sx 1_'0_‘4,5-,;}“", e a0y

s
—
e °



." . A1 Neutron-Energy Stability
Asymmetry changes with incident neutron energy. At E,= 477 Mth and 0=

3

7200
0A-.0027/MeV(a) (ALY
® o ‘ Y ‘ < o :
e =-0011 deg/MeV lab) - - (AlD

oE "’
Absolute knowledge of the beam energy is ummportant toa approxlmately a few MeV as
- long as 1t does not change by approxtmétely 0 25 MeV between data taking runs.

- A2 | Relatlve Position of Farget and Holdmg Field
with Respect to Symmetry Axns

: Devxattons in target posmon and/or the holdmg ﬁeld with respeCt to the symmetry

" axis will cause shlfts between actual scattering angles and those measured for the wacks. The
- main contnbutor to the resultant angular deviations is the different /B-dl which protons see

due to the shlfted holdmg ﬁeld As such shrfts of the target posmon are similér in effect o

. shtfts in the: holdmg field. : : ' A

‘ - ‘The] posmon of the target cell was detertmned w1th1n +0 5 mm from X- rays of the _—

L FST taken at least once per data talcmg penod

(a) Lateral Target Dev1auons . | | )
o ‘ Let the target move to one sxde by dx. Protons to one mdeyvrll pass through a larger
fB- dl and be bent through a larger angle, and those to the other side will pass through a
. smaller IB «dl a.nd be deflected bya smaller angle ‘The left/nght change in asymmetnes and

crosssectxonof(Al3)and(A}4)arere1atedby s AR
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st s =-st =57 =s . | e '(A.12.2) ‘
Estimating the parametors aand s as from

a= 9Argy = L20DBy | R S V) N
.~ 8ax  ‘co0ox B :

(74

o The changc in magncnc ﬁeld deﬂecnon can be detemnned as |

thf 5x10 3degmm ate 53° and at the target center, : " (A12.4)
x o - e | o
190 _5.6x102 deg"], D T (Ad28)
“oae‘ S
ofindthat . o e

3A = 28x10‘4dx T L Angs

| throughout the _a'ngular'range. Latoral deviations shonld be ke‘ptto within 0.5 mm. .

‘..‘(b)aLongimdinal Target DﬂViatiOns o

R | ~ Target dewanons alon g the syrnmetry axis cause recoil protons to have a largcr or |
- lower JB dl; depending on:the drrecnon of the sl'@ One discovers that the angular shnft isof .
the same magmtude for protons scatterod to the lcft or nght, but towands largcr anglcs on one '

51de and towards lesser angles on. the other Consequently in the notanon of‘ (A 1. 3) oL l—.
at andasi,-sr - :
a*-L PAQAaﬁ_dl T

at53°3ﬂ=3x103degmm1 L ;) B
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Subsutuung tnto (A 1 9) one ﬁnds that 8A << 10‘ . close to where A O If such |

K devranons are correlated with spin flxps AA = 4x10 -3 dl. 'I‘herefore the upper lmut on
o longttudtnal dtsplacements is :l:O 7 mm ‘ t

©V ertlcal Target Displacement‘ N

h i

| For verncal dlsplacements we have at 1 =-at sil si At the zero crossmg, '

: ‘ﬂuctuauons in vertical position ‘are not critical. If vemcal dlsplacements are correlated w1th

spm ﬂxps AA = 1. 2x10’4 dy (1n rnm) Verncal deviations should be kept w1thm iO 8 mm. -

\

Al3 Nentron Detection“S.tabilit’y

A htgher threshold on neutron deteeuon effecttvely dlscrm%mates against a percentaoe

~ of otherw1se detected np pa1rs If the efﬁc1ency ofa left or nght neutron bar mcreases or
’ decreases by a ﬁxed spe01ﬁc percentage s, then e

“oop
<

si'L—s Vand s.i:R:o, AA=_0._~ i S '(A.i3..t)f .

If the efﬁcxency changes randomly as a:l:Ae as the expenment progresses the esnmauon of

" AA is somewhat more mvolved. If the spin of the beam or target is fhpped N ttmes (consxder
e only the target as 1t S polanzauon is fhpped far less often) the average dtfference in the ¥

efﬁcxency between the time with the target in.the down dtrecnon and the target in the up

- dn'ecnon is mversely propomonal to the. ‘square 1 root of, the number of t1mes the target sptn .
'y was reversed and dlrectly proporuonal to the standard devxauon of the efﬁcxency The nme s

scale at Wthh the efﬁctency dnfts is' also 1mportant but as this'is not known the worst case

; w1ll be selected that the efﬁcrency dnfts cychcally comparable to the frequene}r of target Lt
polanzatton reversal. Then if all of the etght threshold dtscnmmators on both of the neutron o ‘

arrqys have long term random mstabthnes to w1thm :tAe, the uncenamty in each of the
parameters sh.iofequauon (A 1 5) ts ';* O
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Substjtnting('A27)‘into(A9)one findsthat .
SA a8 S o o . ‘:('4.13.3)
4NN IR o R

o thhP 06 N 8 target polanZanon flips, 8A = 0. 15A£ . :“ L
| . The efﬁcrent:y can change due to photomulnplxer gain shtfts Esttmates of € can be

Co made based on the expenmental resul - Experiment #121 had neutron software cuts at

- roughly 1.1 M’eV electron equlvalent \ eVee) At this energy the neutron bar efﬁcrency
changed thh respect to the ener, threshold by 0. 0039 / MeV. The absolute efﬁctency of
 the neutron bars was =30%. To keep OA < 10‘4 changes in efficiency should have been
: ~kept within i6x10 -4 (Equatlon A. 13 3). Therefore the software cut at 1.12 MeVee must not
" change by 0. .06 MeVee, or 5%. Smce changes i in software thresholds are directly '
. 'proporuOnal to photomulnpher gains, an eqtnvalent condmon to the Stablllty of thresholds to '
) _5% is that photomulupher gams should als° be kept to within :t5%

A:.14 Background-
e TR

-

) Polarized Neutron Beam : ' " . :
. ’ R Cox

N : : : Iy o

: X Let f= the fractron of target nucle1 whtch can cause quasrfree scattermg of cross
secnon °b If the analysmg power for the background is ab the count rates for a polansed
' neutron run are, : L ‘

| ,L+—o(1+PA)+fob(l+Pab) L % 5 L) I
. -7,,R+_o(1~‘PA)+fob(1 Pab) o f}“{(’}s,14.'1br o

AN e (A 14. lc)

"?’R?»fi-;ﬁ’(lfPA),+_f9b}<-1'+,sPab>u-:~ " ' " ?A 110

' N . . B . . o R . o e B Y O - -
. » - e B R S B . sy . i - L . . . ,: N
N - 2 " e A N . Te St T ';". N .
o S - . i BRIV - U Cos RS FE S e R i
. e T . Uty T LI LR R T A
P R i P N . R P .

o(l-PA) + fob(l Pq,S




. Adopnng the notdtibn of (A'1'6)‘°n". gets‘*" \

i

atafap(+Pay . L (Alaz)
PO SR
agtesfay(l-Pay . <7 andzy)
PO’ Lo - L T
" pe T S | .
‘?'lg; =f§b(1+i’ab); o o | e 1(A\.\-14.2d) .

Then, substituting the above into (A. L.

‘_8A ’="f§bab f S (A.14.3)“ '

o To keep the effects on 8A due fo the background to w1th1n :1:10‘4 the percentage of

| background counts to real n-p elasuc counts muluphed by the background asymmetry must .
"be kept w1th1n :1:10‘4 An upper hmrt on the ratio of hckgmund to real n- p elasnc events as ‘

[ ‘_ ' - l % - . . . : i . .

S R

A background merely serves to lessen the asymmetrv smce the contents of the target N
;'?"'iother tlrat 1H cannot be polar;zed. One finds that 8Ap = 0 RN :_‘v"ff", ~“ o '

!
v A
. - K
. "L B
N .
\ - "
) .
~




' Appendix B Experimental Overview

Convenuonally, a Ph.D. candtdate in cXpenmental nuclear physrcs must take
, responstbthty for the desrgn, construcuon, obseniauon and analysxs of an. expertment o
o, Physrcs 1s changxng Today, some expenmeuts reqmre the resources of large groups of ,
- physrcxsts together with teams of techmcrans Although there is great opportumty for /
| graduate students to'learn from such large-collaboranons attention must be paid- to whethe
or not the responsrbthnes chosen bya student Jusufy a postgraduate degree
Although all aspects of the expenment are fully described in this work, it is the result
of a cooperauve effort of many people. The charge symimetry breakmg expenment was first
prOposed in 1978 and fundmg was granted two years later In: 1982 the author Jomed the :
extstmg expenmental collaborauon ‘ , ‘ '
’I'here were dtsttnct divisions of labour among\smaller gmups within the | |
expenmental ‘group 1tself The constructton and operauon of the frozen spin target was for
' the most part, carried out by the cryogemcs staff at TRIUMF One of the two neutron
- scintillator arrays had been used prevrously All other eqmpment was constructed e~
specrﬁcally for the expenment. The neutron beam facrhty at 'I‘RIUMF was modlﬁed to neet \_\‘\' )
the strict demands of the CSB expertment. The desrgn work of the apparatus was’ '/ R
‘ subdavrded among the’ group and constructed by the TRIUMF techmcal support s;aff
Dunng this ¢ ttme the author was only peripherally involved. :
| "'Due to the hrgh operating cost of the TRIUMF cyclotron the expertmem ran 24
. hours each day Schedules were estahhshed $O that three or four: persons were alwayson ) "
L "1 duty in staggered etght hour shifts, Dunng the actual data collecuon the author was '
: responsrble for most of the duttes teqmred to: keep a complex expenment runmng ; S
K Before the begmmng of each expenmental runa pmper beam tune was establtshed.
_ "; ‘;Thls ‘was the duty of the. TRIUMF techmcal support staff under the gutdance ofa group gt
I _member Once the b&t tune was sausfactOry the SEM (see sectton 3.2) feedback loop was.
N “‘l,f"slowly turned on to mamtam a conStant proton beam posmon on the LD2 target The! pl‘oper B
- SEM - beam correcnon magnet system matnx elements were reqmred before the feedback
-..";,ffsystemwasoperattonal. e PRI Lo -' ¥ .
. /7 'High voltages were apphed to each of the neutron bar scxnnllator array
i ?:'"\photomultiphers (see secuon 3. 10. 4 and 4 11 1) Smce each photomultrpher response
- changed drasucally between each of the four data taktng rtms a few days were requu'ed
- before theproper cahbrauon was aclueVed. Recaltbranng the photomuluphers reqmred fast

B .L“_'analysm of the data collected before the appropnate’ cotrecuons to the photohtumplter bras,
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| were necessary to monitor neutron bar photomulttplrer srgnal gain shifts. Correcnons were “ .
applied whenever requtred. Addmonal analysxs checks were requtred to 1dentxfy and remove o
| cormpted components of the elaborate expenm ta.l electromcs - o

L The. posmon and dlmensrons of the neutron beam at the neutron beam polanmetcr
locauon were measured The stabrhtyoﬁhe neuﬁ‘onbeam parameters was requrred

othe:nvtse systematrc ermrs would overwhelm the expenment on the level of the desrgn

precrsron AR v A ' Con

~ The stabthty of the neutron and proton hardwars, detection thresholds were

absolutely necessary for an accurate rneasurement. Ach flge in the detecnon thresholds |
could concervably alter the A measurement drffenently than the A measurement and thereby :
'. introduce systetatic errors. These thresholds were momtored on a regular basis.

. ) The target vessel had to be filled w1th frozen butanol beads and cooled to 65.mK. -
This procedure was completed by the cryogemcs subgroup Once the target was operanonal
“the temperature and polartzatron were momtored throughoqt the expenment quurd helium
and’ mtrogen refngerant were supplied on a dally basis. The target holding field and . + _
polanzatton dtmcuon were ﬂ'equently revetsed on the basrs ofa four day cycle (see secaon ; |
3.13). This lengthy process requrred four hours dunng whrch data collectton was P

suspended. : : : o S t; —

' " The 4H¢ levels of the spin precession superconductmg solenord Janis were - ;;.." ,

- constantly momtored and maintained to ‘, 'tn'e the refrigeration system operated properly

A new proton polarlmeter targe foil had to be cut, werghed and mstalled in the o

polanmeter before cach new run and repiaced if radiation damaged.” 4 -

Broken delay line chamber anode wrres needed to be replaced. 'I'lns task reqmred

dtsassembhng the chamber 1dent1fy1ng and replactng the broken anode wrre and replacm g

the chamber in its ongtnal posmon The accuracy of the experxment nequrred hrgh precxston SRS

- whtle replacmg the chamber Apparatus was spectﬁcally desrgned to ensure that the delay

hne chambers were reposmoned accurately R Caelo S

, An NMR srgnal from the neutron spm precessron drpoles Bonme and Clyde were’ v

constantly momtored to ensure a stable magneuc field.- Addmonal Hall probes were located

4

. _in the target holdmg field roor temperature and superconductmg magnets These were

constantly momtored and charted over the duratton of the expenment to checlc the stabthty of b .
thetargethoidmgﬁeld, o IREAIE AR TOU Y RIS

’ ‘. It was not unttl‘ the data collecuon was completed' that the author assumed the major
o pomon of‘hts dutxes. The author was responsrble for all aspects of the analysts The B ".‘ "
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: together w1th one other group member and gradually assumed complete control of the data

. :analysts ‘Beforean expenmental result was, neleased all aspects of the expertment had to be |

L completely. understood. Several subtle > effects and their mﬂuence on the' measurement were

v

thennﬁedbytheauthor B ‘ - » , : I

The Fortran computer eode spec1ﬁc to the expertrpent requlred to analyze the data

. was approxtmately 10 ,000 lines long. The author wrote a large pexcentage of the software

and debugged it all The analysrs is described in full detail i in the fourth chapter
The analysrs 1tself was labour intensive. Over two hundred and fifty magneuc tapes

- were collected Each tape I:;?un'ed an tmttal pass to estabhsh the calrbratron constants (see o,

f sectton 4. 11) and another

extract the asymmetry curves A complete analysrs cycle ‘

‘ requned two, months of shift work to process all the data tapes A prehrmnary run through

B the data was made w1thout thie pamcrpauon of the author ‘A second and thtrd analyses were .

zero-crossmg angles N . o o e

made to study the data searchtng for effects overlooked dunng the data collectton "The finial "

analysrs was then completed w1th a more sophtsucated code 0 actually extract the

V'

| A portton of the expenmenml data was collectedswrth the butanol béads replaced by
graphrte beads to enable the background contamination level and asymmetry at the- n-p elasttc

- - $catering’ asymmetry to be measured. The author assumed sole responsrbthty for analyzm g
: thebackgrounddata IR , : KE

The data was analysed at the Umversrty of Alberta and concurrently at tl?é Umverstty L |
of Mamtoba by two dlSl]nCt groups. Only exchanges of’advrce and observanons but not

" software were made between the groups. The results will be cornpared to'assure that the

VK

- i complete Ont:e both analyses are ¢o pleted a thorough companson ‘will be undenaken o

final results were free of érrors generated by software depcnmt effects. The author 4
'_parttcxpated in many meetings between the two analysrs groups to 1dent1fy dtfferences and to,

suggest appropnate cofre ons. As t;fzvntmg the Un\ersxty of Mamtoba analysxs is not yet i

'\

s .resolve any dtfferences in, the ﬁnal sults.t -

Interest in charge symmetty breakmg in the neutron-proton elasnc scattenng system R

B rematns quite htgh The dtscrepancy between theory and’ expertment and between vanous L
i ,f,calculauons are quite large l}t least three separate meaSurements at dtfferent energtes are :, . 'V‘ B
‘required to unravel the energy dependence of the vanous terms in the calculauons ’I'he o

‘ﬂ"completed expenment at 477 MeV the ongomg effort at the Indtana Umversxty Cyclotron

. " Facility at 188 MeV as well as e future TRIUME experiment at 350 MeV will provide thls
S f';_‘energy dependence.‘ The candtdate authored the proposal o remeasure the éxtent o whlch
| i'-""'iffcharge symmetry was broken at 350 MeV and suecessfully defend itin front of the

: T:‘-.::?‘ TRIUMF Expenmental Evaluanon Commtttee (EEC) The author as respons;ble for

-
v
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' idcnrifyirlg changes to be made to the cxpcrimenml apparatus, estimating the tirne required for-
the mcasuncmcnt to be rﬁadc 1dcnnfymg sources of possxblc systematic errors at 350 MeV,
“as well as justifying thc need fqr the CSB cxpcnmcm to be repeated at a lower energy. The
' proposal itself has been rcproduccd in appendix C. ' -
Several papers have been published relating to the TRIUMF measurement. The
author’s dllthS include the writing of the definitive paper on the cxpenmcm (a distillation of

' this thesis) and the writing of a scpqimc paper devoted to the evaluation of the Ay and Ap

.. zero- crossmg angles (The Cchnment was not dcsrgned to measure the zerp-crossing angles
" biit the difference. An absolute measurement is much more susccptablc to systemanc errors

and requires addmonal analysis ;échmques ), These valucs will be an nmponam constraint
on existing n}utron proton clasuc scattcrmg phase shift analyscs )

Summanzmg, the authqr pamerpaxed fully in the cxpcnmental data collccuon and
assumed comp ete.control over'the Umversrty of Alberta analysis. An accuratc “self
~ cofisistent, convi cing result was obtained. The release of the dcﬁmgvc experimental paper
now awaits thJ complcuon of the Umversrty of Manitoba half of the analysis. An

| cxpcnmental Qmposal was written for a sumlar yet distinct, experiment mcasurmg the extent . -

A

to whrch chargc symmctry is bmk{n ar 350 MeV.



Appendix C

Expenment no

TRIUMF — RESEARCH PROPOSAL @ L Sheet .1 ot 3]

-
\

Tme ot proposed expenmem !

Chatge Symmetry Breakxng in n-p Elastic Scattering at 350 MeV
!

§

l . .
- S 8 o .
R. Tkachuk

L.G. Greenlaus
W, T H. Van Qers

Name ot group

Spokesoerson fq group’ '

Members of group (name, institution, status)
- s

(For each -member. nclude percentage of research ime to be devoled 1o thiy expenment over. some speciticed hme penod)

PN
‘-

Deparfmeﬁt-Faéulty-Udiversity ¢ of Total Research Time

et P . . : ~(1986-7) S
L.G. Greeniaus ' . University of Alberta/TRIUMF 15%
‘ R. Abegg ) University of Alberta/TRIUMF 10
J. Birchall - s University of Manitoba .
C. Davis ' University of Manitoba . ® 1?
P.W. Green ) ~ University of Albérta/TRIUMF ‘
C. Lapointe R ‘ University of Alberta ' ‘10
.~ | C.A. Miller .. University of Alberta/TRIUMF - .10
4 W.J. McDonald } University of Alberta . . 10
G.A. Moss Lo University of Alberta » 15
| W.D. Ramsay '\ . University of Manitoba i v . 15 )
R. Tkachuk E : University of Alberta <7 50
W.T.H. van Oers . University of ;Manuoba R
' ' k 1 .
3o » ] .
‘ 4 [

: |  Dateready “1 .1 Beam ume requested R
N . : g  12hisnhs - - Beam hine/channel J Polanzeqpumwbnm?
“| Spring '87 . Me(test) | 4A--9° Neutron Port -No’% » e
| Fall '87-|,.. . ¢ o e, /7 o 4A==9° ‘Neutrom Pori  YX¥ - U B
, 'rdul ' L K%&o | b Co ‘
Lt ' ) ;,__ BRI o) K RS ‘ . .
T ”"',&".5166 ) .'w R o
. . ‘u‘ . : . . [ ' - '- . . . i .” .
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BEAM REQUIREMENTS ' . ’ Sheet 2 of 31

Neutron Scattering Area .

Expenmental area ~

Proton Area
. Beam Line 4A

. Primary beam and target (energy. energy spread, intensity, pulse characteristics, emittance)

Proton Beam Energy : . - 370 MeV .
Average Proton Polarization <y 0.7 ) —
Average Proton Current 1.5 uA o

- LD, Target X .

Secondary cnannel-

p

Secongary beam (particte fype momentum range momen(:m bite, solid angle, spot size, emmance intensity, beam pumy targel
special charactenstics) B

-

Neutron Port ' - sl 9°* collimator
¢ “ s - . - -
350 MeV-neutrons - !‘ h o : :
"Neutron 1nten31ty ‘at’ targe 3.3+10*% n/sec on 2 cm wide ' x 5 cm high area

Two spxn precession dipoles as requxred in’ experlment #121

. . . kS

As. } . . ' .
3 . y
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SUMMARY

A
o

Sheet * _ of

31 .

Do not exceed one page

LY

A

An experiment similar in most respects to the recentl

experiment "#121 is propose
n-p system at'a 1ower‘inci
charge symmetry breaking (

y completed TRIUMF

d to test the validity of charge symmetry in the
dent neutton energy of 350 MeV.  Direct ‘evidence of
CSB) cancbe detected by measuring the analyzing

power of a.polarized ngutrbn¥beam scattered from a proton target, Ay and
comparing the result to the analyzing power measured " with an unpolarized
neutron beam on a polarized proton target, . Using a polarizable target,
the analyzing powers cad be measured in two toncurrent experiments utilizing
the identical .eqiipment. Rather than measuring the difference B8A. = A_ - Ap
throughout a large angular range, it is proposed that AA be measured at the
zero crossing angle of . the.analyzing powér. Such an experiment requireé no
knowledge of absolute target or beam polarizations. Scattered .neutrons and
protons will be detected in two sets of detection apparafus situated with
mirror symmetry with respect to the neutrofl beam axis. Such an exper imental
arrangqmeni reduces'al} systematic errors affecting the measurfement of A, and
‘A to first order and those affecting AA to second order. The experiment )
will attain an accuracy in the determination of the difference. in the
" zero-crossing angles to $0.0267, corresponding to an accuracy in 8A of
£0.0008. The precision of this experiment will be better than the"
preliminary error of $0.0018 achieved by experiment #121. )

'l
A

\ .

» e

e
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SAFETY | e S )

Sheet 4 ot 31

Summarize possible hazards associated with the experimental apparatus, precautions 10 be taken, ang other matters that should be
brought to the notice of the Satety Officer. Details must be provided separately tn a satety report 1o be prepared by the spokesperson
- under the guidance of the Safety Repon Guide svailable from the Science Division Office.
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Operation of LD, targéi'(BOO.cm3 of liquid) in BL4A " o

Operation of cryogenic polarized. hydrogen target (3? cm ) in Negtron.Area ,
_HV supply to Neutron Detector photomqltiplieﬁg and " -lay line wire chambers

Gas supply to delay line wire chahlbers :
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. The 1ollowrno information shoutd be incuded: o -~ ‘ - \
{a) Sclcnmlc value of the experiment: Describe the Jimportance of the expeniment and its relation to previous work and to theory
" calcutations with which me data will be compared.

" (b) Description. of the oxporimont. Technlques to be used scale drawing of tho apparatus‘ messuremsms to be made, data rates
and background expected, sources of systemalic error, results and precision anticioated Compare this precision with that-obtained
in previous work and discuss its slgnmcance in regard to constramlng theory, Give a precnse list of tarosts to be used in order ot
their priority. ‘ \ ) )

) Expoﬂmontal egquipment: List all equipment to be used and indicate which 15’ to be ‘supphied by TRIUMF ‘
. Details of all equipment and services to be suppllecl by TRIUMF must be provrdsd separately on the Tochmcsl Rsvuew Form avarlabls
trom the Science Division Office, . :

f\,r

(d Rndlnur Provide a schedule lor assembly construcﬂon and lestmo of equipment. inchude eouiomsnt 10 be provnded by TRIUMF

1(e) Bum timo required: State in terms oi nimber of 12 hour shifts, Show details of the beam time ssnmslss rnorcale whelher
prime-user of parasmc ume is mvolved and distinguish time requwed for tast and ad|ustmem of appara!us S

(N Oata analysis: Give details and stale ‘what data processmg |aci|mes are to be provrded by TRIUMF an ,

o>

ol - s TRy .
¥ T e e ORI

‘

(a) Scxentxfxc Value of Bxperxment

‘ An experzment sxmxlar in most respects to the recently completed TRIUMF L
experiment #121 is proposed to test the extent of the isospin mixing
component ‘of" the neutron-protdn interaction at 350 MeV. The ‘experiment will
measure the différence in analyzing powers A, and (where the subscrlpt
denotes. the polarized. nucleon) at the zero-crossing angle. . Designed as & ]
null measurement, the experxment will achieve an accuracy xn AA of '20. 0008 or .
A | £0.026° in the crossover angle., ‘ ; .

The extent’ to whxch charge symmetry is valxd has. been of fundamental
interest .ever since it was postulated soon after the -discovery of the
neutron. Much cxrcumstant%al evidence has accumulated over the years
.| favouring the breaking of" charge symmetry on the order of ‘less than a

| percent. Although low energy .nucleon gtud1es ‘have shown a slight inequality
of the nn, np and pp scattering lengthgl) it has proved very difficult to
_remove exper1mental and theoretical uncertaxnties to- unequlvocably 1solate'
‘_charge symmetry breakxn 1nteract10ns Ev1dence of CSB has«surfaced in.n
scatter1ng from 31 and - 2) and"in m -dacross sectxon experiments 334 ) . The
71~-d total. cross sectxon results have been interpreted in terms of mass .- -
splxttlng in 'the, A system. . The latge effect observed in. reference 2) may be
] -due to purely eometrxc,effects caused, by cOulomb repu1s1on combxned with -
=701 -3=body . forces5 '‘Differences ‘in'the bzndxng energies, ‘of mirror nuclet, the ‘
s ‘Nolen—Schxffer effectGJ, hint. at the presence of. CSB terms-in-the - . = ..~ ..

-~

be difficult, . i,
- Charge symmetry 1mp11es'the complete separat" .
‘1sovector components-of the«n-p“mnteractlon..‘Thls xn turn leads to equal
}d1fferent1a1 cross sectxons of golarxzed neutrons scatter;ng from o

: “result A (0) = A (8).,
Bortxonal to the

All competitive measuremients at other laboratories should- be mentioned. .Include exampies 91 the best avallable thooroncal .

interaction, but aga1n, the 1solatxon and removai of EM.effects has proven to'/ g
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A measurement of AA(ﬁp) at the zero-crosaxng angle at 477 Hev has yleld-
ed a preliminary result of 8A = A - A, = (+3 4 $1.8)-10"3, This value
should be compared to the theoretical fesult?) of =4.1- 10‘3 which includes
direct [EM effects, the ‘effect of the neutron-proton mass difference in one- .
‘pion exchange and the xsospin mxxxng p-w meson exchange. The contr1but10ns
‘to AA due to each of the above 1nteract10ns, -as well as the experxment #121
result, are illustratéed in f1gures (1] and [2]° for neutron beam energies of
- 35Q, and’ 477 MeV The dxscrepancy between theogy and experxmentrat 477 MeV
encourages a8 repeat measurement at a dxfferent energy, ' At 350 MeV the theor-
etical. pred;ctxon of AA 13 -4.0 x'1073.  The calculatxons were done’ w1th
phase shifts from Arndt et al. 3) and the Paris potencxal ' , , .
The 188 MeV experlment at: IUCF ‘is’ progressxng slowly and 1s expected to ¢
yxeld results similar to Exper1menL #121 within a year or so.  The new. thebr- o
etical prediction at that energy is shown in. figure [3]. The magnxtudes of
the contributing terms are s1gn1f1cant1y different from those at both. 350 MeV
' and 477 MeV. The discrepancy between theory and exper1ment at 477 MeV may be’
due to problems wxch the -energy dependence of the terms 1nc1uded in the’ cal- *u
culation, and/or to terms 'that have not been included. In any event, at
‘least three separate measurements will be essential to clarxfy the theoretx-‘
_cal 1nterpretatxon. _There. are no, theoretxcal predictions’ for the proposed
exper;ment at" LAMPF but1.he effect is probably of comparable sxze to that
_near, 500 MeV g : - o o ‘

A
e LT

te N - R
N . . .

§ Aa the propoaed exper1ment is s1mxlar in most respects to the recentty R
completed TRIUHFhexperlment #121, comparisons between it and the prOposed
.eXperxment are’ frequently made, The experxment shall echxeve an ~dccuracy \n~f
: the zero-croaazng angle to. 0. 026°, correapondxng 'to an.« accuracy in the anal-
‘vyzxng power of 0.0008. ‘The, only comparable measurément was ‘taken during -
experiment ‘#121 where" the ;re11m1nary accuracy of‘dA was 20, .0018. . This pre-?’ e
.-‘;lxm;nary result Js- base . analysis which has not’ yet included. the effects
'fof’quap‘éelaatxc Sickground subtraction. - Achxev1ng the : accuracy of ~+0.0008 "
Cwilll requxre léss beam time: chan that’ used for experxment #121: - fifey 12
8 ‘ parameters for ‘the! propoaed experiment and'
: ';thoae observe “he_successfully complet%d exper1ment are summar1zed 1n

w;rb)Deacrxptxon of the Experxnent ‘ “r,d R f';‘,f . ‘y*};f,f ',*d!' S M@af-~fﬂ£
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’ R . v\ ' “‘
. Table (1) Experimental Parameters
R e - Proposed L Experiment #12 .- 0 B
. . . ) ‘ 'l‘ ‘ o . . . ) ‘ L ' , ' 1.;
" Proton Energy - e 368 MeV T .+ 498 MeV o
hReproduclbxlxty of Energy : . £0.09 MeV. ‘ .-10,09‘gev7~ -
 Po1ar1zat1on o - 0.70 *:‘f L 0.68 R
e Proton Current Unpolar1zed ’ o 1.5 yA : '_, “0.8qu_' .
™ " . 'Polarized LS uA R 0.6 wa o on
Neutron- Energy (spread) 350 Mev - -", _A77'MeV .
R B - .11 MeV FWHM 11 MeV FWHM' o
‘ Neutron Polarization - 0.57 e 0.50% R R
1-Neuttdh Intensity on Target . ..l1.5 x 105n/(sec cmz) .3 10“ n/(sec’ cm?) .
Target VoLume ' ‘ L . 35.0 cm I ’f‘ﬁﬁSO 0 cm3 ) - 1
- Proton Angular Range (lab) | 45.1° ¢ ép < 58.5% . - 47. o" < 8p < 57.0° RN R
Neut ron Anguiar RanQe (1ab) = 27. 0° < e "< 40.4°. 27.0° <-,"en,< 37.0% o
Estxmated np Elastlc Event Rate“ ‘27/sec“ e .jdn‘] "6/aeeluw o ’
eerg) Resoku;;ee o ‘ otb =10 MeV T - eﬁ$ = 10 MeV
R f L %, =17 MeV . f‘gﬁd - 17 MeV .
Energy Sum’ Resoﬁutlon o . %keum T 21 MeV ‘  . Esum - 21 Mevx, I o
Angular Resolutxon , b, = 0 g o, = 0.8 . .- |7
‘ e R _19p C ep BRI N
‘ S “, ,“- . ';oen - 0.3° . L % 0 2° woT R [
~ Openxng Angle Resolut1on RETAEE ‘OFB',V“ ;Ja:j;‘f : Q'O.S’iv?f ut AR o f~f€f
. Azlmuthal Coplanarxty Resolutlon f“i;.s" LT ," _‘1;4?'ﬁr~"”‘“7
s e ; \," i .‘ L ) ‘ O AU RRIE SR .\ R
. ] ) » ‘ ' "‘_"“:‘ “’}'f' . . ‘ﬁ “‘ ) ‘ i"“”l:’”" | \"": h“ » , b.-
?;;;ﬁ“igﬂ The laser. pumped polarxzed 1on gource is: assumed ‘to be’ ava1lab1e\to ST
"'.fprov1de a: polarlzed proton beam: inte y of 1.5 WA averaged over. the dura- x“’
‘tion"of the. exper1mentv/ Th1s will sxgnlfxcantly decrease 'the ;ount of beam
ftime necessar to complete the experxment compared to that of experlment
21. . "‘ L. N TR
Proton beam energy and polar;zatxon w111 be mon1tored throughout t‘egﬁﬂ” e
‘;;h a modlfled Nersxbn of ‘the- ex13t1ng beam’ energy . monitor:and -
Dur1ng expe;xment #121 relat1ve proton beam;energxes W
: i f’:he initiatioi of ench run
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- ,proton polartmeter detects protons scattered from a kapton f011 at 17 in

5 " éoincidence with the recoil:proton., ' Throughout  theprevious experxment the
" measured . xnstrumental aaymmetry of the polarxmeter was constant within
10, 001. ‘This apparatua ‘will undergo modifications for use at a lower beam
'energy & nd higher intensities but mno decrease  in 'accuracy is' foreseen. The

v+ anticipated proton beam currents would destroy the kapton foxls in the

~’$?-ex13txng polarimeter ‘within 24 hours after their. insertion,

N ERE For the polar:zed beam portion of the exper1ment a solenoid precesses“

.. the, vertical polar:zatlon of the. proton beam into the scattering ‘plane, per—

'pendxcular to the dxrectxon of motion. Thxs takes . advang_ge of the large

VD(p,n)Zp transverse polar1zat10n transfer coefficient ([R; 2+R'2]1’2 = 0.86)
to attaxn the maximum neutTon polarization. As'R increases 5rom 0.72 to
0.86 for the. ‘proposed exper1ment as compared ‘to its value for experxment
" #121, the amount. of beam time necessary to complete the exper12ent will
-~ be reduced. Minor deviations in the proton beam pos1t10n on- the LD, target
‘will be corrected ‘continuously over the course of the exper:ment to maintain
_ ‘an, ‘accuracy in- the position. to *0.2mm and to %0.009° in the’ 1nc1dent angle,
. as: in exper;ment #121. Asymmetr1es°from two sets of x and y sp11t plate,
?u-lsecondary emission monxtors (SEMs) situated before and after the spin
'“.precelsxon solenoid are used to correct the’ sett1ngs of- steerxng 'magnets’
glocated further upstream.d The posltton of the proton beam on the SEMs can be
" made stable togg = 0. lmm. |
" The n-p scatterxng ‘cross sectlon 1ncreases alxghtly .at the lower energyl
. The intensity noted in table (1) was calculated by scaling .the measured neut-\
. ron 1nten31ty at 477 MeV by the ratio of the two differential cross’ sect1ons-‘-
N Two' dtpole magnets, "Bonnie" and’ “Clyde“,aare to precess’ the. neutron,\‘f~;
'spxn back. intd ‘the vertxcdl direction. " Polarization. components*that do not "
. change dxrectxon thh ‘beam- polar1zat10n reversals ‘aré precessed into the
:‘dxrect;on ‘of. the neutron beam. Par:ty conservat1on forb1ds any contrlbutlonv
‘to a: measured asymmetry from such apxn ‘components. ! ‘
" " The TRIUHF frozen apin target (FST) is’ gssumed to be ava11ab1e.‘ “The'
: oldxng field . (2 6kG) . on: such ‘a target’ is . lower than convent1ona1 types: of :
,=polar1zed.targets.f The reduced effegt of the target holding f1e1d on . reco11
* . proton tracks is’ gaxned at. the ‘expense of - a four hour 't ime per1od needed to

- “.will be reduced from 50’ cmd: to. 35 cm3 and-the shape changed from cylindrical . -
. 'to:rectangular:to m1n1m1z '
- -(see.appendin) & o - - R
o After pas(:ng through the FST the neutron beam w111 pass through a pro-* B
-file:-monitor: cons1st1ng ‘of a.charged- partxcle'veto counter, a scintxllator i
h,?converter ‘and ‘two. del,y line: chambers : (DLCs);. In,exper1ment'#121 the cent—'” '
"troxde of the neutron’b'am were measured £0. be within- 0.5 mm- f the symmetry
' ‘cansed an angle ‘error of less th‘ *( . ]
5 ) ¢ tgi.are. cancelled when: hi analyz1ng”
pouers arevavgraged,ove *the left. and r1ghtfdetect10n systems  (see’ appendlx)
: ’ e tely foll y: th neutron'polar1meter.

‘igre-polarxze the ‘target - ‘for., each day -of operatxon._ The" volume of the: target‘g.__‘n

evthe effecta ‘of . multxple scatterlng in the target 3ﬁf;f};f
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'apparatus by 45

polarxmeter serves both to determ1ne the proper settxngs for the dxpole mag-
nets and to monitor the neudtron polarxzatxon throughout the experrment.

A schematic drawing’ of the detectxon apparatus is illustrated in fxgure
[5] The scattered neutrons are. detected in a large 105.0 x 105.0 x'30.0 cm?
NE110 scintillator array 446 cm from the FST.- Each array is composed of
fourteen 105.0 cm long and 15 x 15 cm? cross section scintillator bars
stacked two deep and ‘seven high. !"Each. bar is vxewed on both ends with a
photomultxplxer. The ‘neutron photomult;plxer ‘gains are to be monxtored ‘
throughout ‘the experxment by detectxng passing protons in: co1nc1dence with

- small "button" counters located in the back of the arrays. The energies of

passxng the protons do .not - have’ .to’'be known absolutely, only that the energy
spectrum remains constant from run’ to run. A neutron detectxon effxcxency of
29% . has been est1mated based on a- Monte Carlo analysxs.

The ‘proton detection system consists of a thin proton time of" flxght
start scintillator and- two x-y DLCs situated. close to the target, two other
'x~y DLCs further: downstream,,a AE and E counter followed by .an absorber and
_veto counter. Durlng eéxperiment #121, .deviations between the four paxrs of
measured horlzontal and vertxcal proton track co-ordxnates and a straxght
‘line .fit were w1th1n ‘0.1 mm. Effxcxencxes were typically > 99% per ehamber.
All pr ton dete' 1on‘apparatus will be. r131d1y attached .to a boom bolted A -
the flaor of th e‘tron area to eliminate the poss1b1lrty of movement durxng

che‘exper}ment.w Moving the detection apparatus clogser to' the target’ from

the‘experfment}#ﬂzlnpostt1ons ‘has 1ncreased the effective solid angle ‘of .the"

tic. n-p events : d 12¢(n; np) background as’ compared ‘to exper1ment "#121-
Experlment #12158150 1ncLuded a- wedge~shaped absorber in front of the:

- E=counteér. to reduce’ low energy background ‘and to equa11ze the n=p elastic
proton energxes ‘at. the. E—@%unter in ependent of -the proton angle~ At the
lower  energy. of. the proposed. exper1ment the wedge must, 'be removed. Monte
Carlo: slmulatxons made before ‘data*taking of experxment #12 ‘Hegan .showed"

;)

_that the trigger rate of 2C(n np)}lB background ‘would 1ne ease by a factor
of two without. the‘wedge.;_Approx1mate1y 0.5% of" backgrouhd’slxpped through

/

ithout a decrease in the ab111ty to dxstxnguxsh ‘among: elas~ o

" the kinematicsoftware cut$ during’ experlment #121 analvazs, byt this . is not\”“

expected to. change.' ‘This level in- allowable limits (see; appendxw on,

“systematic’ errors). A secondary‘targ

'dffects on dr&ect asymmetry méasurements ‘and, more, sernously, of
‘ "AA = A is. presented in theﬁu'pendxx.
The extent to whxch potent1a1 systematxc ergors .can effect the’ difference. AA -

thxevrhg"aV‘ cura :
‘2~hour shxf?. of;unpolarxzed ‘beam” t;me to calxbrate equxpment a
; (ealculatxons summar:zed 1n a: later sectxon) of bea

;ru,.measur1ng AA,_orﬂnf,f
2¢(n, np)- 1B

'wxll be- inserted Just beh1nd the FST‘.‘
- to:allow a; more “exhaustive analys1s o “background events in:case. unforeseen SR
problems ‘arise’ 1n'§11m1nat1ng the background under ‘the ‘new. condxtxons.;;-‘thT-"
ust1ve summary of . the magnitudes of p0881b1e systematxc errorsi”*“*i

ffly Summarired below xn‘table [2].w1th thexr experxment #121 counter-;:ﬁ
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. _Table (2) Effect on AA of Experimentar sysceﬁétie Errors

sttematzc R

7Inequa11ty oi Up and
‘Down Polarzzatxon '

L Scatter1ng Angle ~ H,j

i ( ; 6)

fBeam Sp1n Tel e ,,‘

;3fQﬁaax-Free Scatterlng at FSIfnjt,

“Reexdual Transverse Neutron
‘fpolarlzatxon when FST polarxsed-_

‘1Irreproduc1b111ty of Target
*Holdxng erld 2 RS

nequal Left .and Right

Unequal Scatterxng Angles
and unequal Polarxzatxon

Posxt1on modulatron of ProCOn

Beam at LD2 target

1Movement of‘EST with Respect
to Holdxng Field

5 ; :
Incorrect Precess1on of Proton .

‘uIncorrect Precessxon of Neutron
' Beam Spln uﬁxf“.v,“\ PR

ERAN

gMultxple Scatterzng 1n FST

”p*-o 8 P™=0.6
,-_|9L+eR|-o,1ﬂ

HP*'O 8,pP7=0. 6

Ar=1 tm R

Cdegest

. '"'?“<Q:93§

;' opgt2.56 T

;I"i_"-l“,bfd;'()l,zi L

Parameters '

18 -0 |-o 1°

|x'-x |=1 mm
g ,‘. ' ,“{

<10-Y

8o=5" ‘r<<107“

RCSE

477 MeV'

, 0 at A=0 C
8x1075 at' A=0.2 .

<1075 at A=0.
<1075 at"Aﬁd‘
©. 107" at A=0.2

Q2x1p-t

- x107Y

" 2x10°% at A=0
.0 at A0

‘L :‘8*104h»’"',

| ‘350 MeV .
4 R
.0 at’ ABO\ Ly
8x10’5_at A=0. 2 .

<10‘5\at A=0

Y

<10=5 at A=0 '’
| 10‘5 at A=0.2

leo o oo
L= IEER S

5x107%

. <1°;q“ sy
<<1af5,

- 2x10” “ ‘at A{p
~ O at, A=0 _ ?,
.ﬁ7x10'“‘j,"'

iﬁ‘§19*4_e'i‘" t

f j4i6é§; :;'.?‘
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(¢) Bxperznental Bquxyment - 1‘ " o 'A:‘ ‘ ” ‘: ‘ o

“ﬂkx) It is" assumed that - the laser pumped polarxzqd ion’ eource will be-
thxlable.‘ Prellmxnary calculatxons have'assumed: an ‘average polar~
ized 1ntensxty of 1 5"uA over. :he/course of the experxment. "

.o » [3 . A . o

e L

P P'ii) ro:on beam monitors with a l mmhresolutlon wxll be.requxred

C ' dxrectly ln front of the L02 target. S PRI 'n ' NI

i Cel : we A o
v(iid )'ﬁ proton beam polar1meter insensitive to small drifts in beam pos- "' '
‘ i ition and obetable at beam currents, of 2uA w111 be requ1red oM

» B

" ¢ iv). The frozen spln target with a volume. of 35 cm? 13 assumed to be

o : wavaxlable. This, is the‘confxguratlon planned for experlment :
#182 (A ) . \ R

r o . . . . e B " o

1

( ‘;Nﬁ The 8 delay 11ne multxwxre.proport1ona1 counteta, range counters,
N thin scintillators and proton beam energy monxtor1ng device w111 be

1

Sy pfovxded by the experxmenters. .
RN : ) : L
G vx) ‘The 2" neutron scxntxllator arrays used for expeerent #121 are

.~ . + assumed to’ be avallable. ~“ C ; RN ‘ ‘

S o [ ) . : oo N R L . L
( vxl) The electronxcs reqb1rement for the proposed expetlment is the s ame’
as’ for exper1ment #121 ot the Ahn experxment.

v
»
o -_ .' T’ . T N

x;, (v1i1) Tc is’ 888umed that the DG Ec11pse 18 avaxlable for . data aqu1sxt10n
D and onlxne anqusxs.,7~ .o ‘
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. Lo Bédiﬁmeht"‘ R Alierétions“a L Date Readxi
\" : . . ‘. ' ! ) ' ' "
| ' Frozen Spin Target . Reduction in Volumg of existing Sprxng 86
‘ ‘ Co target from 50 cm? to 35 cm3 '
TOF;S;Hft System. Modificatlona to exxstlng protonv‘ Jan '87 for‘testé
IR ~ TOF system to allow viewing T
+ of secondary target., R ‘ C
Proton Booms o Mod1f1catxons to exxsting 9ystem ' Jan 87 fqr”ﬁgscg
‘ - to enable moving thé counter. .~ - : ‘ ‘
» . . -system closer to the target.,"“ g R "
' ) . C7L o ‘ “ ‘-4- . ‘
Proton Polar1meter/ Modifxcatxons to exlstzng appar— “- Jan‘287 for tests
Beam Enetgy Monxtor - atus to enable running ‘at lower - ) B
1 _energy ‘and hxgher beam currents. LR $". \
The exper1ment w:ll be ready for 1n1t1&1 tests in garry 1987 and. calxbra-
: txona and’ data—takxng in fall 1987, .V P .
M o ‘ "‘. i . b, " O A T v‘,:" ' a .‘ . .“‘ v ‘.\ '
. (e)‘neln Time xstxnates ~ N .
uEV' ues used tQ\calculate the ant1c1pated event rate are 1xsted belqw.
SE i 'ﬁi. Target Volume . b_ S tov3s cm3 . .
Pack1ng Fraction ' _ . o 70% -
Hydrogen/unzt volume . v b6 x 1022/cm
* Average Differential Cross Sectxon o 6.5 mb "
over detéction, region - o S e o
. Neutron Intensity ' v 105/(sec pA cm?2)
| -Defining Counter Dxmenszons v . '61'x 65 °cm? . -
O " . Distance .from FST. . . ‘ T 286-¢m . e" we
SR IERR . Effective Solid. Angle : f"-‘] L ukoﬁmsr‘ ‘f; s
S _‘ e ‘Neutron Detectxon Effxcxency R ;_2 3 R
e w jDeadtxme LB 5 IR 252 SR
Anthzpated‘left + r1ght Evenc Rate :
deadtxme s'b;raeted) S k.g-"~ lB/(uA sec) Co
' “f'*«”f- 50/(uA sec) ,,j;;'~n‘
iillustrates the qpt1c1pated parameters‘needed_to achxevé"‘h
b t-of 1:5 pA. "
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S , ‘ ‘ o N : L . . - . RN B , . i} [
BT A ‘-, * arget Pol rxzed w\'Beam Pblarﬁzed o R
‘ Target/Beam Polarizat ion - . = 0 0.80%0.03, - 0.60% . el L '
‘Measured Asymmetry Slope 2‘—0,024/deg‘ o h,&pp 017/deg R AR |
o Events -over Angular Range (L + R) 6 x‘lOG‘ R 8 x1086 -
. Beam Time Needed - ‘ 90 pA hrs. 120 'uA hrs. -
s 'Beam Txme“ B '\'\ < 60 hrs.v, ;80 hrs. " ..

. ‘ﬁA must be measured for" the Largp& hggdxng fxeld in the up and down ' o byt
ti”qf; We assume that data taking acoount‘ for .16 hours" qach day (5.hours ‘ -
T -

C pé" of target’ maintenance, neutron profile measurements and other . gystem—‘ L
- | atic checks, as well as 3 hours per day- as overhead) _ The number of 12 ~hour’ C
shxfts needed, to complete the experlment is summarxzed below: . S .b‘“\fiJ”.
o : PRI ; ' ‘ ' C | Lal
('i) Equipment set up and Lestlng So2x 6"'-l unpolarized‘beanrﬁ‘ ',‘@} U
(ii) First Data taking run- Y R L Jhw e
Setup and calibration - ' ' 6 " _unpolarized beam, R j‘f
. Data taking : . 18 ‘ IR
o (iii) Second data taking run ﬂj
AN ' N

Setup and calibration
- Carbon background

;fv ) ' Subtraction run ‘
S TOTAL . S Q/ ?r

I‘O‘

Y . .
" ' F.

(f) DaCa Analysls mo ‘“‘[_ I , '~1 . . o o
. . . . . o - . ! . " ; . \ Ly
- | R s
N -.No comput1ng facxlxtles ‘are to be prowxded by TRIUMF as data analysis ' o

w111 be completed at’ the- Unxver51ty of Alberta VAX center. Co ,‘1.,.T3Q
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COST OF THE EXPERIMENT \ Shee(‘l‘9‘.ov(‘ 31
4 v v - ' ‘\“ ‘%\ . '
- Summarize, distinguishing*salaries, major capital ftems and travel costs, : ,, T
indicate the expected sourtes ‘of funding N . , i “ \f .
5 B ! y BN /" ;»
- # . ,:1 I‘F} A ‘r‘
' | Y . "fﬁ h
"Amount from NSERC Est. ‘future rejuirements '
for 1986 ~ 1987 for completing project '
"I, -Salaries and\Stipends  § 0.00 . S 9,600.00
. . , . - =N R :
2.  Equipment $ 14,500.00 - $ 1,500.00 ’
3. - Travel, | o L
' (a).,Codferenc“es $ 5,500.00 - $ 5,500.00 SR '
(b) Field triptﬁlm $ 15,713.00 L § 32!?00.00 . 8. ”‘ I
4‘.; Materials, 'suppli‘ews, ‘ o e C ; e N |
. incidentals T '$_6,701.00 $ 24,900.00 = o 4
+5. . Computing costs W s 0.00 $~ 0,00 w0
, T T e
6. For use of TRIUMF - s ‘
facilities only: T -
(a) Instrument rental $ 0.00 $ - 0.00 -
(b) Machine shop. $ 0.00 $ 0.00
(¢) Electronics Shop ~§ 70.00 ) .$.. . 0.00 , '
(d) Design office - S 0.00 - $ - 0.00 o .
T TOTAL o $ 42,614.00 ' $173,700,00 o
q,"’ . ' .‘ o “"
’.“A . , T Aé\ — — ‘k/-\‘//\‘ _:
_ - | ' — . o
%‘, e . - . _v:\“" ‘,: i _' o
[ ’ ‘ © ; . ‘ . ) ) ! ) '
v ‘ 7 e o, ° | . S
o 3 / . S ’ ’(—.\) o -
A 1‘:_ , ! + " " ] .‘ &
. ) S . A
N A - * : t4
I . N
» '. . / l “ -
/ U - - s
AN .
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Appendix —HSuﬁnury of Systematics

. The nature of the experiment removes most errors to first order -in the
determination of the analyzing power, .A, and to .second qrder: in the determin-
ation of AA -_An—A vhere the subscript tepresents the polarized pertxcle,
at the zero—crouaxgg angle. Absolute kndwledge of beam intensity, -target and
beap polarization are not needed in the /final calculations. Sources of error
caused by differences between left and tight: detectxon apparatus are dimin-
+ished 'by the manner in which the analy;xng power is determined from experi-
mental data. The followxng aotes. summagize the wajor sources of érror and a
calculation of their effects on the measurdd asymmetries under the most pess-
imistic of condxtxons,l It mase” be atressed from the outset that A_ ‘and A
are xndependent quantlfxea and are measured in two different, but concurrgnt,
experiments utilizing: the 1dent1qal equipmeht.. Systematic errors may affect
one ot both analyzing power measurements. ( With this in mind errors in indiv-
idual asymmetries will be denoted GAn and\errors in the difference A_-A
will be 1dent1f1ed as GAA The errord calculuted herein_ follow the. outlxge
. jgf a sxmxlar note wrxttén for an earlier CSB experiment at a ‘higher incident
'fwneutron .energy of 680 HeV by J. Birchall, S/ ~ '

“n

, It is_ convenxent to. adOpt a general\no tion which can be referred t
’ “fthroughout this note. The observed count rat 8. n‘;hé left and right side
detection apparatus can be written as o : '

L* = o’(1+P’A*) T N‘.Iu ‘ . :%_
'R* - o*(l PAY) s
‘ LT.-.o (1-P~A7) S : S
o SR - o'(l+P‘A')."’ i o B . S (Al)'
ihe Je! supeescrxpts represent the dnregt;on of tbe target or beam polhniiae

tion for measurements of Ap or An The asymmetrles are determlned from the
‘data as ‘

' e=r=D/Ge) e T e ()
where - r2 = L*R /L’R*r ', | “,' 5 1"3.:t,3n ‘ f,ff e ‘T e

i

- [azg (1 . P*A*)(l + A )]/[o o3(1 - P AU - p+A+)1

AR I, (A3)

T . ..’ ' ) . I . " ‘ i ,," ‘ ' K ' /’
In the complete absence of any exper1mental errors (AS) reduces to . é e j;f*
A -;z~- (1_:;25) A DAt ;* BN

RANTIE S0 - PA R o FA

The dlfferentxal cross sectxon, as a functxon of angle, has been assumed.l
to dxffer from 1:3 nom1na1 value-due to. slxgﬁf’geometrlc or. other 1nperfec~‘f
tions as:; .} S : R A SRR A N

T LT S N PR ¢

L PPV
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.cir = o(l +‘3ir) , o . - ‘ C | . .(A5)

1

' "

\

and/or the observed tdymmetry changes as
. ) ‘ .

Age = At “zr". e o (46)

\

and. the magmtude of the polarization changes between up and down states as-”

-
il

LS R
. \ . . s R .

Inserting the expanded expresslons (AS) (A6)- and (A7) into (A3) one finds . R
- that the parameﬁér r2, to:second order in, terms of the s, a and a, becomes’

. Y " [N

'}'(/ﬂ 2. r2[1 ¢‘U(3£ + 8T - BE -
| *\?(az + ay, * ajy +\a")-AP2(a+ + a; - ay - a;) | | »
- " ‘ *“dka; - aé + a; + al)- ZPAa(a2 - a_ - & *‘e;)_ o ‘1:;’;
+ 4PA3 2. Pz(az a; + az a’)] - K ’ . | (A8).
Tiie error in the measured asymmé\try canvbe tewritt'en‘:as‘ " |
. sA - %;1!%(%§.+13; - si\-;s+) . ‘ ( [ !
| + P(az't e;\+ ‘2 + a +y %hAPz(ai + & o oay < a}) e ’ '
!

+?a(ab a + ay ¥ "') - ZPM(H}: - a

\ rv
| o apa3a?,+ P2(a} ap + ay at) . e e (a9)
Deviation of Been 8pot on LD2 Tlrget T (\‘ .
A chenge of the proton beam’spot p081t10n w111 alter the angle of the o ,f{~f¢

neutron beam on the frozen spin target (FST) which influences the dlrectxon
of th& scattered and recoil particles from the FST. - The measuted n-p asym-
metty is not’ egfected by minor drifts of the proton beam in the vertical .,
~direction, but deviations in the hotizontal pos1tbon are’ d1rect19 related to '
“both the polar scatter:ng angles of tﬁe elast1c =P pair and therefore'the e

; obsdrved asymmetry. EEEN ;;, SRR B L Cle s f ,E:

SN ' S . : ' . PR
Y a ' P

~Th T is sxtueted 12 55 ‘m from: the center ofﬂthe LD2 target.. A change~ =

o in ‘the x~posit1on\of 2mm could alter the angle of' the neutron beam 1nc1dent

Toe SR R oo h . . . LI
', . K R . o oo . . L - N .

W
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L

. . on the FST by yo= 1. 5 x 1073 degrees.k ance ¥ w111 be Very smal{ the expan*‘
. . 81008 of (AS) and (A6) need be taken to only first: order:,uu

R ,;;-;Q,A", . A;..-r.—m',"“- SR
. e twoise, oo e yetre) o
si - WO /o :.'. ":;“v' g:hﬂ_'s;" -vo /o h"hﬁijh;‘, (AlO);Zrnu |

’u '

* . Here A' -'-0 028/deg, o = 6.4 mb, and o' ~‘-0 32 mb/deg at . the- zero crosslngv‘
angle. Theteore after subsitutxon into (A9) one. gets,v SA ~ GAAta oL s

{ " .- If the a deviation of'the bean. spot on the LD2 target.is_correlated‘yith .
o beam polar1zatlon (A9) changes 1nﬁb i e - e ‘fh‘i" '
3 . 6A - oo + wA - 10‘ at~A -'dl W’_""*' L o RERRTA (All) T
v 'As A_.is not affected by. correlated devxatxons in- proton beam p sxtxon thh I

beam polar1zat10n reversals SA_ = 0. Therefore 60A = 6A '~ 10 e Thxs value ‘
f|1s likely a pessimistic over-agtlmation of the. error as the neutron colllma-'
‘tor deflnes the acceptance regzon of neutrons onlgxnatzng at the LD2 target.
. Changes in the beam spot posxtlon also cause an- energy change in, the
'scattered neutron beam,. The neutron. collxmstor axis 1ntersectm the center . of
' the LD2 target at, - nxne‘degrees to the proton ‘beam axis.. The’ average ‘1éngth .
the proton -beam passes through the target wxli depend on' where the, collxmator N
axis iptersects the proton beam." ‘Protons. of 350 MeV. w111 lose: approxzmately ‘
0.04'MeV/mp. . The dsymmétry: zero-crossxng angle changes as axfunctxon af i,
~energy as 36, /3E = -0,025° /MeV- (1ab). Therefore, ‘a change in.the: proton
g ‘ beam posleon on ‘th 1D, target by 1.0 mb’causes a change to" the. path’ lengths
o ~ of: ‘those protons ?hxch produce the neutron beam by 6.3 mh thereby changtng .
_ the neutron beam energy by 0.25. MeV.. This. ‘results in a Change«1n the. zero-, "
iccro831ng angle ofi 6. 3x10 degrees or, equlvalently, a change xn the asymmer
.. ... tty at the nominal zero-crosslng angle. by 1.9%107%,; To" keep 6A.< 1074, the '
" L proton ‘beam posltlon on the LDz target must be kept to thhin *0 SOmm.
.‘}:"s ’ Hodulatxon of Proton'Beam on I.D2 Target f_f; "j‘ _ ﬂ“ e d ﬂﬂ}fz;‘gtfv:}‘"

T e e ;
PR

Changes 1n the d1rect1on of the proton beam on. the LD target : S
f effectively" alters the energy "of the ontgo1ng neutron beam.. ‘At 480 HeV the‘*,ﬁ”’v‘.
Bzc, ‘and: therefore the asymmetTy, does not change apprecxably thh neutron :ji_fw
energy.‘ Thxs s1tuat10n ghanges at the lower energ1es At ‘350 MeV . ' BRI
38/36 recoil ™ =2.4: Mevldeg(lsp) /35 - -0 025° /MeV at A= 0, and AT
aA/ae = -0, 028/deg result;ng ‘in 85/88 ecoxl =1, 8x10‘“/deg at . the nbmznal
zero-cross1ng angle. ‘A, modulatxon of the“beam dzrection on the LDz targetvof
|e -87] = 0.1% correlated. with’ prtmary ‘bean ‘polarization results in syate- .
- matic devxatxon of: 6AA = 2 X 10 . The. d1rectxon of the proton'beam was. '
atable to *0 009 degrees durlng exper1ment #121 NI S
IR o [ :

a
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jInequaIity of Up and Doun Polarx:atxon , K t “ - ,‘ e

If the beam or target polar::atxon dxffera xn magnxtude between ,up and y
dodn states as P~ = Pia, then one finds from (A9) that 6A, = A 3a2, At o
=0, 6A =:0 and 6AA 0. At the .limits of the detectign apparatus t be-

- analyzlng ﬁgver approaches a value of A = 0.2 and taking the difference in up

and down beam or’ target polarlzatxon atates,as 0.2, (that is, a= 0.1).
6AA 6A p - 8 x 10 v B . N S . a

Hi:alignment‘of Apparatua L o &
1f the,aoparatus is misaligned by
By = 8-y, and g = 6+y, e L (a2

”then the variables of (AS) an&‘(Aﬁ) are:

T *A *wéﬁ"/z NV at = VA' * Y2A"/2 ‘
&;' -*_¢A.|~+":,2Aﬂ./2 - cr 8; - _'.on ‘._ wZA"/Z
| R | | (
ﬁ - _}'.(,W'+¢Zou/2) o | . [ 'si - é‘_¢olf¢2°c|'/2). N (Al3)

\ A " , ‘ y . N

. All fxrat order errors in the asymmetry cancel to first order leauing second

order systematlca y : : : ’ :
— : ’ B
A = p2A"/2,. " S (A1)
'~|A"| < 8x10‘“ deg™2, . . . T T
"‘.‘. ) ‘. . o i v‘ s ' ' o o , k

giving: 6A<<10‘“ throughout the angular range for a mlsallgnment of 0.1° Thei
_*proton and neutron detection apparatus were' located to an’ accuracy of *O 02
and tO 05 respectxvely durlng experxment #121

ot

‘J

Inequalxty oﬁ Dp and Down Polar1zatxon and Hxaalxgnment of Apparatus

Let ‘the detectors ‘be mlsalxgned as 1n (AIZ), and the beam or. target polarlza-“
.tions differ in magnxtude between opposlte spin states as (A7), Subst1tut1ng
(A13) as well as. (A7) 1nto (A9) one fxnds that between opposxte prn states.

£ 6%‘.‘5""3'24“%' *%‘ A" # wa2, F R 1 <A.1.5)' ,



- ') ,.Since the proton and neutron detectoge can be/located to an accuracy of
£0.02° and $0. 05 respectxvely, in estlmatxng the maximum efect on AA a value
of |el -0 | 0 1 9111 be used“ The, nsymmetry changea with. angie as C

el \

A' - -0 028/deg

|A"| < 8‘ % 107 “ deg
At the extreme lxmxtqjog detectxoh the expressxon for sa is domxnated by’
r'the term ptoportlonal Lo ‘Inserting P = 0.7 2 0.1, that is a = 0.1, into
" (A13) one . finds that\éA ol (6 x 10"4)A. As. A approaches a value of 0. 2 at the .
limits of. the angular' acceptance one finds that §A = 10”%. Where A, ~-0, all"
terms 1n (Al5) contrabute sxnce A/ is in the range of 4 x 107 3, Here,
§A<107S. SRR - e o

> * )
. o . & i
. oo
There w111 e a’ shght co Kjbutxon to GAA" as & ' # A_' due to.slight .
CSB effeCts. .The magnxtude of/ the 1nequa11ty can on?y be gatlmated on the
' basis of theoretlcal contrxbutxons to AA 111ustrated_3n ftgure (1) One -
f1nds that “ " e ‘QJJ ¢

‘A Vo d ‘e ' ) \
v

A -A' - 6x10’“2?eg(lds) : r-j“" . o .

»
+

One sees 1mmed1ate1y,th7 . such contrxbutxone to 5AA are sxgnxfxcant

R
* ! A,‘ . ' PR v N

Reproducxbxlxty of Ta get holding Field

‘r‘z - "',“

 Small changes x@ che magnxtude of the holdxng fxeld cause changes in the
‘extent to which th7(hold1ng field bends recoil proton trajectories. ‘The -
holdxng field w111 nd n=p elastic trajectories at .the large angle limit of
‘the detection szz by 1.8° and fo the small angle detecslon limit by .1.2°

.

The target holding - f1e1d at the centre .of the, target is '2.57 kG and the lan
integral fB-dz/ een by.d proton orxgxnatxng 1n'the center of the target 'is

- 44 kG-cm. One/ finds'that at' 8 = 53%, P "= 476 MeV/c.; Also, 36y /B, =

55 x 10~% deg/Gauss. ' The magnftude of tge holdang ‘field fluttuat1ons can be
est1meted a: °hf = 2.6G based on Experiment #121 exPerience. If holdtng

f1e1d devigtions -are not concealed with spin dxrectton, SA = 88A = 0. 1f the
hold1ng field’ devxatzons are dlrectly correlated w1th target golartzat1on R S
then 88, - a x: 10‘ at A'm '

= 1 4 x 10" ‘ degrees correspond1ng to GAA

Hnltxp e Scatterxng ‘h ; :h S ?jj . j ‘,Q
olt1p1e scatter:ng smears - the angles of reco;l protons emergtng from

thebtarget. Assumlng that the multlple scatterxngﬁhas a Gaussxan dxstrxbu—
‘tign, then : ji : R S~ : .

JRRER ‘7:(‘;‘,{16')"'
“and a sxmxlar equat1on holds for R .. The arameter 6 i§ related to the

‘magnitude of multiple scatterzng by 60 Zo Expandxng o(e) and A(e) as

rms"
'3 function of ) as P
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o - ’ §2 - v ' : .
9(8) = 0(8g) + 8a(8;) + g_.o"(e Yoees e ‘ '~(Al7).
. e ' ’ T '
‘ 9 ,
‘nnd 1gtegrnt1ng the fxtat three terms of. the . combxned Taylor expansxon of L‘
- and R (A16) can’ be: rewr;tten as L
‘ | o Lo o . S
! : ‘ .8 ’ ;o T ‘ s
L’(e) - L’(eo_) N ._2‘(0"(1:%).: aPA"12PG'A") (A18) -
/A_', 4 . : AR \
, 5, et _ _ N |
. R7 (e) = R” (e ) + T (a"(1 PA) 0PA"‘2P0 AV (A19‘) ‘ o

Theae expressxons can be expressed in terms of the more famxlxar ‘notation of
(A9) as C ,

&0 ) ‘

g — (oA"+20'A") , L

. bo O : AR ‘ ‘ C ‘ o
2 . - o ‘ ¢

5 ‘ o
B -—o-(oA"+20'A'g e o <
.o %o L R S
o "j 502 o . o .,
-—(OA""‘ZO’..A')

60. "

o .
+
L "

“g ~.Z2.(0A"#20'ﬂV).‘ ; ‘ o “ (A20) .
o ' ‘ ‘ co ' -' . , ‘ ) o v . ~

[ i,
. s I .

Inserting the abévé results inco the expression (A4), one gets

4

. ) ‘ ' 6 o . ‘ "' . . .v ) . "-" ' -
I oA = U(A" 2" ).n' S L s (a21) -

-Near the zero-grOQsing °“8i¢-\ i . ' u‘L; 1 , . )
A' .f - =0, 028/deg I*n:v o '  ;»‘ \. S Ff ,' T *‘; j,;‘:f:
1A < 8 x 10*“ deg - ) | S, | ;

""0";- 66mb(1ab) |
‘ “q . :--o ,32 mb/deg(lab) ‘lg‘g,*4 | ’7  ‘5 ‘.“';f%“;%”;f““ SRS .:-”.%;

Substatutxng 1nto (A21) one gets 6A = 7 x 10‘“, at. A = 0 " Since 6A_ = SA_, . ﬂipisl‘f
6M - 0‘ , ‘ ‘ ‘ ‘ .' . . ’ ‘ “‘ v ) - ln | p -' Co o ',-\j‘.vv‘v:.

‘4.: -

! T . -
¢
" -, & .
,
'
. \ ! N '
. . :
¢ [ S o,
C 4
i o & . -
~ 4 el
. . . . - -
' = ° Yo
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Incorfeét Precedaion‘of Spin. - ! .
. , \ \ - . \ !
Any resxdual proton polarxzatlon perpendxcular to the horxzontal plane
left after the proton spxn preCessron can only result in a neutron polariza-
.~ 'tion also perpendxcular to the horxzontal plane. Such a neutron polarization
" component is rotated into the beam axxs by the dipole magnets,: Bonnxe and ‘
' Clyde, and cannot in’itself result in'a false asymmetry ‘However, an.exror - " ..
in the proton spin precesslon 1eav1ng a residual vertical component coupled
‘with' an error in the neutron spin’ precession can cause an error in: the meas-
‘ured asymmetry.“ Aasumlng an error in both the proton “and neu:roq spin pre*- .
cession by w_ = 5° and 5%, there would exist an additional vertical com-
ponent to: th® neutron poTarlzatxon at the FST which would change sxgn thh
. flips in. the beam polarlzatxon PP, as . Co o : S .
(P2 DP sinw T . ‘ L
n+”i (? L A;P) sxnm S C . (A22) -
. (hzp A) LIRS . ;

\
“

The Wolfensteln depolar1zation transfer parameter Dt = 0.30, and the polari- -
zat1on equal to the analyzing power, P = .At= ~0. 06. One finds that, the

extra component to the- neutron’ vert1ca1 palarxzatxon isg exceedxngly small.

It has been shown earller”that dxfferxng up/down polarizations do not con-
tribute to false asymmetrles 1f |P*°P |< 0.1 from (AIS)

e

Lo

Reaidnai Réntron~Polarizatioﬁ_6n Polari;ed.Target

IR A resxdual vertxcal neutron polarlzat1on can tduple to the target polar—
‘1zatxon and cause a false asymmetry measurement. The polarized target state .
left and r1ght count ?gtes would . (after droppxng common fac;ors) be

)
o

i

R = (142 A Pprncm)l o o - SRR |
B R{-‘(I-PPA+ Pppncnn)f  fJ{”ff“."‘ {; ST | Ny o ;fv//”i::‘
‘y '¥ﬁ = (I-PpA Pppncnn)ﬁ‘,_';‘l..A::*W - e f;!' , :f?v | ‘. R Ve
"tR‘_- (i+p A - Pppncnn) : .grzs" S zvgﬂ*' | (A2 ﬁ .

S . e o
v - | 0 . . . .
- ’ﬁﬁi R D PR EE S
. . .o " Xl - ‘ : ' i .

The sp1p correlat1on parameter C. does not change slgn On the left and right

s1des, i.e. it does not: in 1tse1? cause ‘a left rxght asyﬁk}try. AdOptxng the

, usual notatlon of (A6) one gets AR T

N R e AR S ST
P ..\ﬂ tal'= a ’ P cnn'.“ T R 3
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A " -
nﬁd )
)
a; = a; --PrC ) '
resulting in the foliowlng expxesdion for 6A ‘
-
8A ~ P P C_A.- " (A24)

p n an : K

Neutrons created from an unpolarxzed proton beam on the LD2 target have a
maximum vertical polarization determined by the np asymmetry at 9° A re-
sidual vertical polarization at the FST could only occur if this polarization

was _improperly precessed. . An upper limit on the error of spin precession is

5°. The maximum posaible vertxcnl polarization available to the neutron at

- the FST would then be P_ = 0.06 sin(5°) = 0.0052. The spin correlation para-

meter. is equal to C an -"0.24 (E, = 350 MeV, 70° cm; Arndt/84 phase shifts).

At the limits of detection A = 0 1, giving 8A_ = 2 x 10”%. Since there is no

nxmxlar effect for the polarized target case 8A = 0 and §8A = 2 x 107", At J;:}
N n

A, = 0, A, = 6 x 107 "4 therefore 8AACCI0™",

o N
" 4 . - .

lcntronﬂlnergy Stabilicy . , . ”
‘ Aaymmetry changes with incident neutron energy. At E = 350 MeV, and
6 = 72.0° -

n. . : : L

| %‘3 « -0.028/MeV(lab) . e

a6 ' o
_é__zs. = -0.025 deg/MeV(1ab)
E

Absolute knowledge of the'beam energy is unlmpOttant to a few MeV as long as
it does not” change between data taking ‘runs. During Experiment #121 the
prtmary proton beam energy was kept ‘constant to *0.09 MeV.

a

" ‘Relative - Pooztxon of Target and Boldxng erld vxth Respect to Symmetry Axis

Devxatxons in target posxtxon and/or the holding field with respect to
the symme;ry ‘axis will capse shifts between actual scattering angles and 4

.those measured for the tr¥tks. The main contributor to the resultant angular

devxatxonu is the different IB df which protons see due to the shifted hold-
ing field. As such, shifts of the target posxtxon are similar in effect to
ahxft: xn the holding f;eld

. The posxtxon of the target cell was determined within %0.5 mnd from
x-raya of the FST taken at least once per data taking period. This procedure

- will be‘follogsd‘dutxnﬁ the proposed experiment. "2
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(a) Lateral Target Deviations ,

Let the target move to .one side by dx. Protons to one side will pass
through a larger fB-dl'and be bent through a larger angie, and those to the
other side will pass through a smaller fB-dl and be deflected by a smaller
angle. The left/right change in asymmetries and cross ‘section of (A3) and
(A4) are related by . o .” .

and 3 ! ‘ .
- '"S* = _s; = g . . (AZS)

82 5g r
N .
Esp/imating the parameters a and s ,as from

a =.2A 3¢ dx, o= X 30 e . L
30 3x S . 0.90 3x S ¢

The change in magnetic field deflection Ean'be.easily determined to find
that ' 2
' e

gghf - 5x10~3 deg mm™! at 6 = 53° and at the target center,
x . .

and N ‘
139 a5, 1x1072 deg™!,

o 936 I . x
to find that

8A = 1.5x10™" dx
throughout the angular range. Lateral deviations should be kept to within
+0.7 mm. '

»
——

(b) Longitudinal Target Deviations '

Target deviations along the symmetry axis cause recoil protons to have a
larger or lower fB'dl, dgpending on the direction of the shift. - One discov-
ers that the angular shift is of the same magnitude for protons_scattered to
the left or right, but towards larger angles on one side 'and t wards§1esser
aggleg’on the other. Consequently in the notation of (A3): a; = -a_ and

\

at dA 36 ds N

at,s}', %% ~ 5x10~3 deg mm't1

~
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Sub;tituting into (A9) one finds that 8A<<10™"“ close to where A = 0. If such
deviations are correlated with spin flips, AA = 1.5x107“ d&. Therefore the
upper limit on longitudinal displacements is $0.7 um.

l

(¢c) Vertical Target Displacement

; . . by by By x

For vertical displacements we have ap = -a,, s; = s_. At the zero~
crossing, fluctuations in vertical position are not critical. If vertical
displacements are correlated with spin flips AA = 1.2 x 107" dy (in mm).
Vertical deviations should be kept within 20.8 mm.

Neotron Detection Stability o

A higher threshold on neutron detection effectively discriminates
against a percentage of otherwise detected np pairs. 1If the efficiency of a
left or right neutron bar increases or decreases by a fixed specific percent-
age s, then

+ .-’.\ . ’ .
sf = s, and sp ='0, AA = 0. ! . - (A26)

'
"

If the efficiency changes randomly .as € * 8c as the experiment progresses the
estimation of AA is somewhat more involved. If the spin of the beam or tar- R
get is flipped N times (consider only the target at its polarization is )
flipped far less often), the average difference in the efficiency between the
time with the target spin in the down direction and the target spin in.the up
direction is inversely proportional to the square root of the number of times

the target spin was reversed and directly proportional to the standard devia-
tion of the efficiency. The time scale at which the efficiency drifts is

"also important but, as this is not known, the worst case will be selected

--that the efficiency drifts cyclically with a period comparable to that of

the target polarization reversal. Then if all of the eight threshold dis-
criminators on both of the neutron arrays have long term random instabilities

© the, the uncertainty in each of the parameters s, -of eq. (A5) is ' ’

¢ . . bc .
ASzr : . . ) (A27)
(2/N)
Subatktqting (A27) into’ (A9) one finds: that
o sA = A¢ , : , (A28)
4PYN

e : ) : ;

with P = 0,6, N = 8‘£arget polarization flips, 6A =.0.15 ae.

The efficiency can change due to photomultiplier'gain shifts. Estimates’
of € can be made based on results from Experiment #121. Experiment #121 had

P



' . [
\-

neutron software cuts at roughly 3.2 MeV electron equivalent (MeVee). At
this—energy the neutron bar efficiency changes with respect to the.energy
threshold by 0.0039/MeV. The absolute efficiency of the neutron bars for the
proposed experiment will be =30%. To keep 8A<10”", changes in efficiency
should be kept within 26 x 10™“ (eq. Al5). Therefore the software cut at 3.2
MeVee must not change by 0.15 MeVee, or 5XZ. Since changes in software thres-'
holds are directly proportional to photomultiplier gains, an equivalent con-
dition to the stability of thresholds to 25X is that photomultiplier gains
should also be kept to within 25X%.

A

Backgroand

(i) Polarized Neutron Beam

“
'

Let f = the fractipn of target nuclei which can cause quasifree scat-
tering of cross section o, . If the analyzing power for the background is ay
the count rates for a poltrized neutron run are:

Lt = O(I*PA) + fob(l"'PGb) '
R* = a(1+PA) + fop,(1-Pay) o Lo

L™ = g(1+PA) # fob(l—Pab)

R* = o(1+PA) + fo(1+Pay)

. “
Adopting the notation of (A6) one gets .
' fo. -
at = _2 (1+Pa,)
L Po P
" fo
at = 2 (1+Pa,) .
R "o (1*Pay _
= 220 (1epay) .
ay " T +Pa
L™ g (1*Pa
== 5% (upay) | B . ‘
‘A * +Pa . . . ‘ - )
"R %o b N ' fA30)
Then, substitufing the above into (A9):
= b. ' ¢
6An ab ‘ . i , , (A16)

[
P
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)
Ry

To keeﬁ the effects on 6A, due to the background to within *10™"%, the percen-.
tage of background counts to real n-p elastic counts multiplied by the back-’
ground asymmetry must be kept within *107%. An upper limit on the ratio of
background to real n-p elastic events will be ~=1I. During experiment ¢#121
"the 12¢(n,np)!!B background asymmetry' was measured to be -0.012 % 0.013,
Inserting these values into' (Al16) results .in SA = 1074,

0 !lw
(ii) Polarized Target

A background merely serves to lessen the 4symmetry since the contentsyof'
.the-target other than IR cannot be polarized. One finds that GAP = 0.

»
»



