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FEW-BODY EXPERIMENTS WITH POLARIZED BEAMS AND POLARIZED TAR(;E’.’S

. fm

James E. SIN?40NS

Los Alamos National Laboratory, Los Alamos, NM 67545, U. S. A.

: survey is presented concerning recent polarization experiments in the

eltstic p-d, p-3He, and p-k}le systems. Hentio,i Is made of selected
neutron experiments. The nominal energy range is 10 to 1000 NeV. Recent
results and interpretations of the p-d system near 10 MeV are dtscusaed.
New experiments on the energy dependence of back angle p-d teneor
polarization nre dissus:ied with respect to resolution of discrepancies and
difficulty of theoretlc*l ~nterpretation, Progress 1s noted concerning
multipl~ scattering interpretation of for~~rd p-d deuteron polariz~tion.
Some new rtr~ultrrnre presented concerning
el,mrgy p-ql{e polarization experiments.

the p-3He eystem and higher

1. INTRODUCTION

It is my object here to make n broad survey of few body polmrizflticn

phenomen~ thut hovt. been reporterI in th~. pact few years. Energies will he in

the range of about 10 to 1000 MnV. Requirwmants of time nnd space will limit my

stlbjcct mi+tter tn the clast.Lc channelq in nucleon Interactions with deuterium,

heltllm-’l, and helium-~. Excellent reviews cnve r prior elamentrl of my

r[mp: red thenry with experiment ,



good qualitative prediction for the data. The dashed curve is from Fayard et

a:.7 with separab Le interaction; it is not so good, The dot-dash curve is a

prediction from the phase shift analysls of Schmelzbach et al.8 in 1972; lt lies

between tileother two. It is expected that refinement of such data witl help to

define the nature or the off-shell N-N interaction. Cotnparieon to prior work at

Grenoble in Birmingham is noted in Ref. 5.

The Zurich group (ETHZ) has made a aigniflcant contribution to underatandlng

protrm-d~uteron scattering for equivalent proton energlea in the range 8.5 to

22.7 NeV. A detall?d account of their analyzilvg power meneurementb with

polarized proton and deuteron benma was published thlg year hy Criieblor et JL.9

Sawadu et nl.~() at Tsukuba have also made n serlea or’accurate Analyzing power

❑enaur~ments nenr Td - 20 MeV (published thlq yaar). These efforts hove

clenre~ up cert*tn dlscrepancles, prod,lced complement,try Lnfurm.ltln!b, nnd

brought gtenter con fidt!nce to the axpuriment(il qituntion.

Comparison uf such p-d dotn to tht!ory is ba*ed on tlIc FiIddenv eqwat.inns. 11 ~.

the extent tnnt the N-N tnteractlnns are known, with correct tnc Luslon of the

Coll\omb force, t}~e F’a(ldoovuquntioc!i may bo lntegr,iterlto give oxa(!t Vulut!s of

tlte p-d WtiVO filnctionH. On the whole, thu mi,thod provlduq rem~lrkubla

prediction? tor N-d Hc~tterln~ I>O1OU 50 NeV. [n tt,o follnwin}! p~ir:tgrflphswu

11111Htl Ite tho cumparl+oo betwmen theory and (!xperlmvnL At Tp - 1[)M(.V /equiv-

alent an!fgy. Figure 2 nhows tht.proton mnnlyzlng power A; nt rp - 10 MLIV .ItI

KLVt!ll by l)o~en(!ltlllat. nl,12 For this(1IuILho f(,llowlnN flgur,! Lhv I’)i(l(l*!(!v

prv,lictlonw ~~rw Mlvnn by fo(trcurvvn L;thcllod in n cumml}n !,)NI1l,JN. All cwrvvq

(irt+ Cnl(,lllnta(l I’ur 11-d Hc,ltterinti IIHIIIX 54~p41rnb10 p(lt,*!*Ll11~. Tllt$S-wlvl,

lnt.i~rttclinns lnrl~ldu (ir,,p(llqivocu~ro. All (’!lrw,xincllidt, J two-turm ,III1}:lvI

S-WNVU (2.’SOK) (11111p-WllV($!l, Tho rotlr,O[lrvow,Iru ~umm~rl!od A* ft)llnwII: 1)(1}111!$!1,

with lull term Lo!t!lor(1T2K); ,l,)t-,l~luh,wfth F,mr Lnrm t,,nn,jr(4T4); rlb,ltl(\\\l~,lq,
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compar qon was not as good for the

vector inalyzing power iTL1.

Spellsen et al. ‘,16 at ETHZ

have recently published two papers

on a leries of mea~urements of po-

larization transfer observahles in

p-d scattering at T = 10 !.fe’J.In
P

the second paper measurements were

made for the d(~,?)P process; three

vector-vector and seven vector-

tensor parameters were obtained,

The Faddeev predictions for these

observahles :)howed lLttLe sensi-

tivity to the form nf the tertaor

force or to .iddittonilL D-waves or

the Coulomb force. The re we re

indlcnt ions of ~errsitivtcy to P-

Wilven in the vector to tensor

oh!icrvubLcs. Figure 4 shous three

of these, The c~trvus !Lh(lwing
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conference by Brady et al. 22 on the n-d analyzlng power from 14 to 5( ~.V. Such

data will be important for understanding the basic interaction and the role of

Coulomb effects,

The exploitation of the Faddeev method for the explanation of Low energy

ela9tic scattering has been a major success of the paat decade. The general

qualitative agreement between theory and experiment is moat impressive. We hope

that additional knowledge might be gained about the on-shell N-N interaction in

this way, uwi~g partly to the enhanced effects that occur in some observable of

the N-d syetem. From my viewpoint, it is not obvious that this hae happened.

Nor does it appear that new insights have been gained with respect to the

off-shell N-N interaction from the elastic syltem. In this connection, R.

Br~wn23 has called my attention to the LmpoLtance of breakup st!ldies to

off-shell effect8 and to new experiments of this kind currently underway at

Indiana. The calculattonal complexity of the Faddeev method is partly to blame

for these circumstances. For significant improvement to occur from this state

it ~ppenrs that the calculations must be made more accurate with respect to

current understanding of the N-N interaction,

I have I)ot found any -ecent p~bltcwtlons c.}the phase shift analysfs of the

low energy p-d system. Rsferunce 8 (1972) was one of the most complete. ‘rills

undoubtedly derives from the complexity of the problem and the relative success

of the Faddccv tipproach. At Tp = 10 McV alone, almost 400 da:a on 21 indopen-,

dunt ,)b~trrv/lblen over a hrond r.+nge of angles exist. Perhaps this is the tirno

to reconstdcr this quo~tion, Wou Ld it be possih Le to c~tlc!llar.ehi,;hur part Loll

wavo~ or qome of the inelasticity parnrneter,lfrom thr Faddoov mrthod? This might

mnkv pt,.~,~[,-shift*nnlyHuII more Fenslhto while keeping tll :.l)ent,!tic~l input

rennomhly sm~ll. If hy this menns the m~n$ of dnt~i on N-d ~untterini; from 5 to

50 NOV could be c{)mpn{!ttydo~crlh+!d, this would he .1stgniflcnnt /\cct>ml~liqllm!!!\t.

3. lNTKRMLI)[ATK I!NEKGY P-d FI)!.ARI’”ATION

NUC1OM ,lvutor,>~)#[!~ttnrLn~ mny he conuidorod .ts divtrfing into twf)

reHl\~tl tha t’orwnrd directinn whcr~ the incoming p~rtlclr nc~ttcrq indlvid-

~tnlly from t.ho two cunwtltuorrt~ of the dout!!r,m, and bnckuard tlngle~ where tl,,,

in(l)mlll~ p,lrll(!l!i%**<lMtl)@?i with on., ,)f thtj p,\rtl,-leRpickin~ (UP the othor LO

form 4aI\t)lltgntn~{dt,~itetotl.Nurleon ox,linn}~~won ld.,l}tifletltlllrLy yonr~ ngn hy

ChriNtian It11[1 (;n’mne1~“ as tho sl}~!ll[icnntphyrIlcnl pror.nnn for iuw omorgy N-d

‘.arkwltrd*rntLmrlnK. Itn lmp,,rt,lnc c<)n~[n,ia?.iinto the lntermdi.it!! ennrxy

,,itll~{o. AL orv,r~loq Iw;tr W)()!leV, houever, anotl)or l)rt)(o**boc\)moN Impf)rtflnt.ntid
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Berthet et ~lo26 have •ea~ured backward p-d scattering from 0.6 uP to 2.7

Gev . Their data overlaps the enhancement in the scattering at 600 NeV. Beyond

600 MeV an experimental declir.e was observed to 2.2 CeV where a new change of

slope was seen. They compared existing data on the backward ecatterirrg from 200

to 2000 FfeV using nucleon exchange (ONE) and pton exchange (OPE) models. They

found that neither model was adequate by itself. In unpublished work Laget and

),eccLley27 have formulated a model that employs a coherent sum of ONE and GPE,

whic~ apparently does give good predictions for p-d backward scattering at

intermediate energies.

Measurements of the back angle tensor analyzing power T20( 180) have generated

much interest in the past few years. Earlier this year Arvieux et al. 28

reported such measurements using the polarized deuteron beam at Saturne-2 Gver

the energy range ‘Kd - 0.3 to 3.0 Gev. t%elr experimental arrtingeraenthrid good

signal to backgrwnd for detection of protons over the fu~l ctrergy r~n~:e and

deuterona over a pnrt of it.

good deal of information ~n

thi9 figure of which I can

discuds hut a part. ‘l%elr

experinien:al data are seen in

the lower part of the figure

as solid dots (proton

detection) or open aquarea

(deuteron detection),

A pror,inent fenturu of the

datti of ‘Fig. 5 1s the dip in

T
20

nen] T{!- 0,5 GeV, The

,Latllre of thiq tlip Wlls

predict,!d by Vasan29 Home time

AR() on the basis of ONE. ‘rhi9

caL:ulA:lon 18 Lndicntud by

I,he dott{!d clrv!! 1,1 Fig. 5,

l%elr results are ghowrr in 17+. 5. There L9 a

-0s.
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Significant on Fig. 5 are the data points from Argonne of Igo et al. 31 shown

as crosses at T E 0,4, 0.8, and 1.0 GeV. These points are consistent with zero
P

and are in complete df.sagreemenc with those of the Saturne group. Something

went wrong at Argonne, which was probably related to the difficult problem of

deteciing low energy deuterons from back angle scattering. lt must be noted

that these problems pertain only to back angle scattering. Argonne and Saturne

are in excellent a~reement on forward-scattering measurements. We see that this

very interestin~ experiment from r

Saturne has resolved an experimental 9,8

discrepancy and provided new data

for theoretical comparison.

In the forward scattering of 0.4-

nucleons from deuterium at lnter-

merltate energies two regions ,are
0.0 +

identified At small angles the 0,2
\

sc~ttering
I

occurs singly from the \
f ~

constituent nucl.eons. At momentum
—

a 4-

transfers near -t = 0.3 (tiv/c)? t
i,~~[ .~,>L,L

double scattering become~ important., t ;.-
Y ,>-.:,.>,>

and the scattering derrenses less -Q8C L

rapidly. The deuteron O-state must Fig. 6.

tnvolved32 to o’u:tin a quan-
‘ensor “na’yzinx ‘“’”er “la::

be
;J(d,d)P ar Tp(cquiv, ) = 800 MeV.
nnd M.S. ctrves Kef. 33.

tltattve explanation of the process.

Mensurernent of thr polarlztitf.on par.trneters1s cssentlal to the veriftcntlon of

the validity uf mltltiple scattering theory.

FIAure 6 shows one example of tho many pulorizatinn mensur~ttents of the UCLA

gr,)up and thclr coll,tuorator$, ,ss reported by Bleszynski et :11.33 Shown L~ the

tensor Jlnalyzlng power 1’Yy at T~ (equf.v.) - 800 MeV , wheru y is parmlleL to thu

normal scattering plane. Tho oxperlmentq were done nt the Argonno ZGS machine

Wi!lll n polar (zealdruturon benm incident on u liquld hydrv}~on target. The data

show a rise to a subs r,nntial penk nwnr -t - 0.25 (ccV/c)z, nt the onset IJf

doiiblc qc.attcrlng, then A Shari! t!ecllnc mnd a broad min. mum.

Tlw!rti arv two !IIAnlficfi,ll thtn]retlcnl predictlon~ in Fig. 6, whicli wcr,j

doscribcd in Rcf, 33, .nnd in Rrvntpr d~tnll. in ALh,!ri et nl. 34 The dn~hcd curvt!

roprcMcuts s (;lauher !nud0!I Cnlcul,ttion lncludin}~ the dcuteron O-9tates and

c~lrro!ltN-N nmplittldf,q. [t rrprusontq well th,!forward pen’{ hut undur+hootq tht!

(I(It::tit. Inrxmr vultw!~ (If-t. TIII.+olld c,lrvt!XIVO.4 rvuwlt~ {)f n c(>mll~ot-osyq-

temil’:lcm!lltip~e !lcAtlvr in}!(<:ll(.lll.ILIIIII ‘)~~ ‘“ of Wll[rtl tll(!ml)llt*Lfill1f1.:(1111Iluw

,,],,,,,(,,,1:, :Ir!”~l)rr~til,l[0111{L()I.hl$I$lktllllllm\\l\lrllXllndllll)ll.TIIII!IUcorrocttou~ .tl.low

a&iiLlon41L ,Ilft’r:ictl,m ~ricc(# .in(lI)II,IXI![.h,itl~;,~.:l’Ort.111!1$1(’!<.{,,\W!lV!* .I!t LL
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propagates from the first to the second scattering. ‘L’hesolid curve gives a

signifi.car.tly improved representation of the data in the region of larger

33 also yield values fOrmomentum transfer. Note that the experiments at Ar.onne

E’yand Pxx at 800 MeV and other energies.

It may be noted that the Saturne group 28 has obtained ~y (-Pyy) data at Tp

(equiv.) = 600 MeV over the whole angular range, with good agreement to the

Argonne data at forward angles. At the moment, however, there is no theoretical

model that can give a qualitative explafiation of a growing mass of F&d data at

both forward and backward angles.

In closing this section, I would like to mention some very recent results

from the UCLA collaboration in d(~,~)d polarization transfer at 5130and 1300Hev.

In a contribution to this conference

Sun et al$35 deacrj.be the

,4 [..-
measurements 08 ‘~ . ‘ 1 1 ‘

that were done at LAKPF in the polar-

ized exter$lal proton beam. The
●

““”--”--””--....<1
preliminary results for two parameters, c

‘LL and DSL, are shown in Fig. 7 at
~: ‘~o~j

Tp - 800 t4eV. The nomenclature 1s such _~lG

that L means longitudinal and S means

-,, k~veroendicular to L in the plane of .. .
scattering. The dashed curves are 0.0 0,4 0,8 1.2
preliminary multiple scattering calcu- 2

-t ([;eV/c)

lations of the typi mentioned above .33 Fig. 7. Pol~rizdLlo[l tr:lnsil,r in

The lriteresting point 1s thnt these
,,

:&l’):::’R:F.-3::0 “CV. “rL’li’n’nJry
C\lPVt19do not represent the dst~ well..

New effects may be showing up here, Dr. IgrIinforms me thdt ttlc p-d program

is, on this very date, being pursued at LAMPF at 800 MeV in o NKS experiment

with polarlzerl proLun boom, polnr{zed douteron targut, land fin/11 state proton

pol,lrlz}lt.lonmeasurement . The Long rangu objective is determln~ltion of the

eL,istlc nmp Lltudcq :It 800 t4eV,

,,, :
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conference on preliminary results

on the n- 3He Ialvzing power at

eleven energies between 16 and 50

MeV.

At higher energv very recent

results are becoming available on

P- 3He scattering from Hasell et

al.39 in a collaboration of

Manitoba and others at TRIUNF.

Differential cross sections and

-Ij!!l
“1’ ’’’8 1140 s,,”, ,,,,1,,

1 , I ,
f

O 30 60 90 120 1S0 160
tlcm.

3
Fig. 8. An~lyzing power in He(~,p)3He
ac Tp = 200 FfeV. Data and M.S. curve
from Ref. 39.

analyzing powers were measured with the polarizt!d proton beam at four energies

between 200 and 515 !leV. Evidence for interference between double and triple

scattering was seen in the cross sections. An example of the analyzing power

data at Tp E 200 MeV is shown in Fig. 8. The curve represents a Glauber-theory

prediction with up to three scattering. At this stage in the development of

the model , agreement is re[isonable out to about 40° cm.

In terminating this s.ction, I nute the p- 3He back angle differential cross

section measurements of Berthet et al.40 at Saturne-2 for Tp between 700 and

1700 MeV. They observed two structures associated with delta and possibly heavy

baryon excitation. 1.0

5. SOMR RRSULTS IN N- 4He SCATTERING

I have not found many recent

publications in low energy !{- 4He po-

larization work. Most recent is a

measurement by York et al. 41 at TAMU O.

on neutrOn-411e nc.llyzing power at 50

FleV. The d(8,#i)31{ereaction at 0° wa9
-0.4

N-4He40 *V
rf

~ ‘q
A
Y \,

/
1

!

1
\

, %d’1 1 t

used as the polarized neutron source. o 60 120 180
Their data show a clear minimum in 9 cm.

A(e) at 110° cm. ~nd a strurg maxi- Fig. 9. N-4tie analyzing power at TN -
40 Wv. Outs preliminary neutron data

mum at 135°. In n r-port to the Ret’. 4?; op~n circLes proton data Ref.

conference, Doll et al.42 of the 430 l)aYh~O curvl? is n-4}{c llSA.

Kartsruhe group dcscrlbe t lr measurements for n- IIl{e,i(o) at eleven energies

up to 50 MeV, Shown in Fig. 9 is an example of their dnta at Tn = 40 ?Ielf. The

soltd points are tht!lr wurk , the epen O!$cs Fare proton d:ttq of Piattner et

~lm43 The dn~hed cUrVC Lflfor ‘l- qlie,,I,{15Pshift prediction :~nd the other is

for n- ~lle. At hack aIIgLesIthere 1s excellent ,]greement betweun the two dat:l

sets. Ncnr 90° :i very Lnterestln); cl]mrgc-dul](,l~tlt!t~tdlffert!nce dcvelopq tllnt
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will be important in clarifying

the way in which Coulomb correc-

tions are employed. In this

connection, I note the recent

paper of Fr6hlich et al.44 who

trest such Coulomb differences

explicitly for the N- ‘He system;

referer:ea are also given to prior

phase-shift analyses.

At intermediate energy the moat

timely results in p- 4He scat-

tering come frcm TRIIIMF. Most

recently Moaa et al.45 reported

measurement of the rotation pa-

rameter (R) at 500 MeV. In a

somewhat earlier work the same

group 46 published measurements for

the Jlfferential cross section and

10 -
P + 4He

08

Fh‘‘
350 Mev

-\
---- OM
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/ ),
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analyzing power for p- 4He scattering

at 200, 350, and 500 MeV over the full

angular range,

In a very recent paper, Sherif 47 has

discussed these results (not R) in an

optical model (OM) with exchange

effects. The 4He target nucleus may be

thought to consist of a proton plus

tri.ton cluster, and ~he associated

heavy particle gtrf pping (HPS) mech-

anism is calculated by the distorted

wave Born itpproximationo Tl]us the

total interaction is OM + HPS. The

chief focus 19 on ttleexchange effects,

manifested throuKh HPS, with the (]b.!ect

of reproducing the back angle cross

section and analyzln}; power.

At 350 McV, the dlft’ercntill cross

sec:lon dst~l sre reproduced rhthcr

-1 +-.—_._.__— ~80
20 40 60 80

Qcm

Fig. 10. p-4He analyzing power at ‘r =
350 lfeV. Data from Ref. 46. Optics Y
model predi( cions from Ref. 47.
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UL ‘~1)- 500 Hl,v , [)!lt..l:1111.If)ptlC:I1
pr.,,1lcti,,ll:ifrom Rc!i. /4’).

well. The case for the p- ‘He iin,!lyzln~power ,lLT
P

- 350 Mcv iq !4110wn L!1

FIv. 11);the dati are from Ref. 46. The short d:lshcd curv,! Iq tl~eopt lc.ilImod,!I

a lon(!; it [ioesWOL1 o\it to 90” cm. m lGIIM[i:(,;h~!dcurvu r~,CVSC!)L’+ Cxcllan);v
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through heavy particle stripping. ‘ibe solid curve gives the complete inter-

action. Unfortunately HPS does not help very much; agreement in the large angle

region is lackj.ng.

Data for the p- ‘+Hespin ~otatiofi parameter from Ref. 45 are shown in Fig. 11

at 500 MeV. Carbcr, scattering was employed in the polar imeter. To the
‘P “

best of my knowledge this is the first such measurement for p + 4He above -50

MeV. The parameter haa definite str’~cture with a negative minimum near 40°

cm., rising to large positive values to either side. Also shown on the figure

is a prediction fcr R from results of a standard optical model fit to the

differential cross section and analyzing power in the forward hemisphere. The

prediction is poor.

48 ha.,e carefully examined p-In a current preprint Greben and Gourishankar

‘the~catter~ng at x313 ?feV in the optical model context. Their considerations of

the data set led them co a model with a more pronounced attractive tail in the

real central potential and to reduced spin orbit potentials than some prior

models . In this manner they achieved excellent fits in the forward hemisphere

for da/dfl, A and R. They emphasize the value of R data in arriving at good

optical model parameters.

A substantial amount of theoretical activity has occurred in the past few

years concerning intermediate energy p- 4He scattering. Brief menti.,n of some

49 ~nva~t~gat;ed interme(ii-. ce isrharic states inof this follows. Auger et al.

the multiple scattering model, Wallace and Alexander50 s~udied correlation

effects with f.nclusion of isobar states in the context ,.imultiple scattering.

Alexander xnd Landaus] described a microscopic optical m~del for energies near

200 NeV, Arnold et =1.52 presented a relattvisti- ~ptical model for energies in

the range 0.5 to 1.5 GeV.

Knowledge of the p- ‘He system at intermediate ~nergles 19 in a state of

development. Experimentally the system is fairly simple, both to measure and

wtth respect co the number of observubles

now evident we may expect signiflcnnt in{

few years.
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