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ABSTRACT

Clastic scattering and charge exchange reactions for

polarized proton scattering Iron polarized '^C are

studied using the relalivistic distorted wave impulse

approximation Sensitivities of predicted obserrables

tc relativistic effects in the nuclear wave function and

the Lorenlz torn of the effective interaction are

discussed The results suggest that it nay be possible

in this way to obtain new information concerning

relativislic dynamos in nuclear structure and

scattering processes

I INTRODUCTION

Polarization phenomenon in intermediate energy p r o t o n - n u c l e u s
f*pAj scattering has been a very rewarding area of re s e a r c h thanks to
the reel n a t i o n some five ysars ago' ol the importance of
rel&tIvi;tic virtual pair effects in the elastic scattering process
Since then the nuclear physics theoretical community has responded
with a proliferation of work in this area We should '. e encouraged to
continue pursuing invest i gat ion? involving polbrizati -n pritm<ir»<rn& in
ro*dm«» energy nucleon scattering with an aim Ti-wnrds lur'f.cr
elucidation of rtiativistic dynamics in nuclear many budy systems

In this talk 1 will discuss the possibilities for continued
investigaiion of relativistic aspects of nucletr rebelinf And nuclear
structure based on studies of med i a n <nergy polarized proton
scattering And charge exchange reactions from odd target n u c l e i , rhich
I will also assune to be polarized Scattering data from odd nuclear
targetj are sparse at n e d i u n energies while polarized target data
(other than d e u t e r i u m ) at these energies ere nonexistent A large
experimental p r o g r a n to provide p r o t o n scattering data from polarized
nuclear targets is currently underway at LAMPF 2 3 In the mean t i m e it
is beneficial to both the experimentalists in deciding what to measur e
and to theorists in evaluating the different m o d e l s , to investigate
the predicted model sensitivities in the elastic and charge exchange
channels to the various aspects of relativistic dynamics contained in
the current relativislic models of nuclear scattering and structure

In this presentation I will consider the specific case of elastic
scattering of int ̂ m e d i a t e energy polarized protons from polarized ' >C
with i n the framework of Ihe relalivistic distorted wave Born
approximation (DWBA) using the r e l a t i v i s t I C impulse a p p r o x i m a t i o n
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IRIA) to describe the projectile - target nucleon interaction. 1'l|~9

Sensitivities are calculated and discussed for tbe elaitic scattering

observable* with respect to (1) the lower conponent of the lPj/2

valence nucleon were function, (2l the Lorentz fom of the two-bod;

interaction [eg . pseudascalar (PSI versus pseudovector (PV) tarmw],

(31 contributions of the even-even core to the iaoicalar three-vector

current and 14' the Individual contribution! of the separate Lorentx

terns in the two-bod* interaction

Following this the lame model will be applied lo 13c(p,n) charga

exchange B-10 The fact flat ttut reaction i» dominated by the large,

one-pion exchange component of the effective, nucleon-nucteon (NN)

interact inn aakei it an ideal laboratory for studying relallvislie

aspects of the NN interaction, such as tbe paeudoicalar versus

pseudovector ambiguity

2 THEORETICAL MODEL „
The 500 MeV p + 13c elastic scattering observable* were

calculated using the rslativistic impulse approximation lor the beam
proton - target nucleon interaction,1''1 a four component. independent
particle model for the relativistic target wave function,'2 and the
relativistic distorted wave Born approximation for the valence nucleon
OPi/g) portion of the p + 1 3C elastic scattering amplitude.7 The core
contribution to the scattering amplitude is handled completely within
the usual RlA model ' * The first-order RIA potential is given by

lit)

where

.tfyr. -

where U c o r e is the optical potential lor the J" = 0*

u(?) is ths

12 nucleon core.

u(?) 11 ths 1P1(,2 valence nucleon wave function and tpn is the

projectile (proton) - target valence neutron interaction operator 1 1 1

((0) denotes the projectile, (i) the target nucleon]

= FS

The nucleon wave (unction is expressed as
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Vb

n

*bJb

Y- M(f) (3)

where ll'|i*'(?* '» t n e spin-angle function end lb = tb t 1 if

> b " *b ' / B

In the relalivislic distorted wave Born approximation the p + A
elastic scattering amplitude is (suppressing spin labels)

(4)

where f c o r e
 ) s the exact scattering amplitude due lo Ucor' m

proton mass, and x. is the relalivislic distorted wave func

the proton -*• ll?-nucleon core.

Substituting the partial wave expansions for vc the n

expansion for 'pn ^ ftnz^ ^ n e valence neutron wave funct

Eqs iIbl and <4> yields the partial wave expansion for the

elastic scattering amplitude given in Ref 6 The r

expression depends en sums of radial integrals containing tht

distorted wave functions and the bound state form (actors r

which are defin^i by

is the

tion (or

ion into

p - •-C

esulting

mdial

p n n
f r )

•2dr'

where n. S and p denote the Lorentz component spin dependence and

multipole of the NN interaction, respectively 6 The radial valence

wave functions are contained in the quantity Zlr'l 6 The label n

accounts for upper and lower component contributions of the valence

wave function A listing of the relevant multipoles. spin and total

angular momentum quantum numbers for each component of the W

interaction, along with the corresponding bound state wave function

information required in evaluating Eq. (S) is given in Table 1

To include the pseudovector fori rather than the PS. the second

term in Eq {Z). Fp)g»5, 19 replaced withO-l* FpyvS^o*?^!
/ < 4™ 2' " n e r e

4 = 1^fU' ^ is the 4-nomentum transfer, and F p v = F p using properties

of the Tree particle Dirac equation The S = 0. n = 3 bound stale

form factor F p ^ ' f r ) in E4 (5) is therefore replaced with
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TABLE 1

Angular aoaentua quantua nuabera' and valence nucleon nra
tunctioD mforaation lor the P w o * f\/z transition.

n

1

Z

3

4

1

2

*

Forct
Description

ac»lar

Uae-ltke
rector

pteudoscalar

liae-like
axial vector

tensor|,

axial
Ihree-vector

tentor0l

Ihree-veetor

S

0

0

0

0

1

1

1

1

1

1

1

1

p

0

0

1

1

0

2

0

2

1

1

1

1

J

0

0

I

1

1

1

1

1

0

1

0

1

Proportional
Valence Hue 1 anal
Structure

M2 - IM2

l?l z • |x|2

• *

(vanishes)

l*>l2 + 3IM2

1*12

|*>l* - 3IM*

1*1*

(vanishes)

(vanishes)

• *

"'J is the total angular awBcnlusi transler for the target nucleon.

where U~ore(rl and t's(r ) are the scalar parts of tbe curt optical
potential and single particle binding potential, respectively

A longstandiof failure of relativialic nuclear structure aodels
has been tbe large overestimate of the isoscalar magnetic nonents of
odd nuclei 15 due to enhancenent of the lower component of the
relativistic wave function of the odd nucleon (due to tbe strong
scalar and vector binding potentials) This problem has been studied
by Furnstahl and Serot" and by McNeil tl al " for nfinite nuclear
natter Both show that the isoscalar three-vector current of the odd
A target (even-even core plus one particle) can be represented by an
effective single particle valence nucleon three-vector current in
which enhancement of the lower coaponenl of the valence nucleon is
suppressed to Ibe werJc binding potential value (so-called
"nonrelativistic" liait) Core response effects for the isoscalar
three vector current at non-iero aoaentua transfer in finite nuclei
have also been studied recently." For the present sensitivity study,
a staple node I is assuaed in which the iaoscalar portion of fi4n (r)
in Sq (5) is coapuled assuaing the weak, relativistic binding
potential I'WRBPt liait for the lower coaponent obtained froa solution
of the bound slate Dirac equation with vanishing binding potentials,
and ii given by

.•RBP
nbVb

(r) = -- Be
Za-c 'dr

(n.

where c is the valence nucleon binding energy The resuming lorn
factors and the isovector portion of fp4n"(r) are coaputed as before
uting a relstividic X(r).

The distorted waves and the core contribution to the full
scattering aaplitude were coaputed as explained in Ref 4 for Jn - 0+

targets using the SP82 HN phase shift solution of Arndt.19 the
eapirical 'SC charge density,2* esq>irical values for the neutron
vector density.'' and relativiatic swan field theoretical (RMFT)
values17 for the scalar densities. In all of tti- calculations
presented here the core neutron vector danalty was adjusted (only the
surface radius and diffuseneas) to iaprove the overall agreeaent (not
necessarily to obtain a ptrtmel fit) with the preliminary p + 12C
dltfarential cross section data.M
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The RMFT lP|/z tingle particle wave function was assuaed for t
and *. In addition (be WRBP v'rj ol Eq (7i was used along with the
single particle Dirac equation bound itate fora given by

Be
2a - iulj " uv<r>

which was obtained from solution of the Dirac equation where Us(r1 and
Uy(r) are single particle binding potentials.22 The different aodelt
for kjF are shown in Tig. 1.

8. p + U C ELASTIC SCATTERING RESULTS
Prelim nary dala21 for SOO MeV p" + 12c and >3C(unpolarixed)

•(••tic acaltcring and the predictions of the standard RIA sndal
(!.«.. RMFT wave function* for the valence neutron. PS internctlon
fora, no core quenching of the isoscalar. three-vector current) are
Coapared in rigs. 2 - 5 . The RIA aodel provides a qua11 tat ire
description of these data, being particularly good for the cross
lections, but displaying too such structure for Ds,. The notation for
the D,. neasureaents is such thai subscripts (i) and (j; refer to the
initial and final laboratory prolon polarization directions,
respectively, whera N. 5. «nd L art noraal to the scattering plane,
perpendicular to the particle aoaienlum and in the scattering plane,
and parallel to the particle noaentua. respectively In Fig. 4 the
13c - >2c expermenial and RIA node I differences are shown for the
differential cross sections and analyzing powers. The differences in
the predictions are roughly half du* to kineaatics and half due to the
extra interaction with the 13lh micleon The experimental differences
fcre well described by the standard RIA aodel. For these unpolarized
largs-t observable! liltlt sensitivity to different prescriptions for
Vlpl/2 " l i l > *nd Ih'T iti also insensitive to the choice of
pseudoscalar or pseudovector coupling, quenching of the isoscalar
three-vector current, and parts of the NN interaction other than the
scalar and tiae-like vector teras. Nonetheless, careful analyse! of
such data a m required in order to deteraine the core scattering
aapliluda. These results show that a succensful description of tba
unpolarizad " C observable! priaarily requires a realistic treatment
of the 12-nucleon core portion of the scattering aaplitude.

Preliainary data for p + " C D ^ are shown in Fig. S along with
several relatlvistic aodel predictions, the solid curve representing
the standard RIA prediction. The reaaining calculations are discussed
in the following. The departure of D^. froa unity indicates the
preienca of total angular aoaentua transfer J - 1 contribution! to the
elastic scattering channel. These arias froa the valence neutron
scattering aaplltude through the 1 - 1 coaponents {priaarily tba
pseudoscalar) of the effective NN Interaction (see Table I).
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For p • llClpoUnxed) elastic scattering the Saclay NN
convention for labelling the observabies in tbe pA c m was
assumed 2* observabies with soic components in the directiona of tbs
c • coordinate s.vatea 23 i n and i are denoted by subscripts S.
N. and L. respectively, in the figures and in the discussion that
follows Tbe observabies showr. -i the figures are c a. quantities.

Examination of the individual contributions of the various
components of the Lorentz invariant NN effective interaction to tba
p + 13C elastic scattering observabies reveals the following. The
n-type po:arized target observabies are dominated by the space-]tki.
three-vector interaction and are sensitive to relativulic binding
potential effects in the lower component lp,,2 wave function and to
quenching effects in the iiascalar, three-vector current. The a-type
polarized target observabies land also D^ONO o r D N N ' a r e doartnated by
the pseudoscalar interaction, are sensitive to X,nl/2. and are highly
dependent on PS or PV form* p '

Woderale sensitivity to M r ) it shown in Fig. 6 for Dj^g. and in
Figa. 7-8 for selected polarized target observabies. The solid curves
are standard PIA results where the WFT value for X(r) is assumed, the
dashed curves display the results of similar calculations using
XwRBP(r). However, when pseudovector coupling is assumed the model
sei.sttivily to M r ) for D ^ o and the s-type polarized target spin
observabies Unessentially eliminated. For this case the sensitivity
to lirl in the n-larget observabies remains, since the pseudoscalar
contribution to these observabies is negligible If we additionally
adopt b_£lh. the pseudovector coupling form and the estimated core
cuali ibut ion to the isoscalar three-vector current, the renaming
5<n.-i'.: vity to X(ri in the ii-type target observabies is also
e. MnaVed U.xmg of (.seudoscalar and pseudoveclor interaction
rontrlb.it ions, and variations (from that assumed herel in the core
contribution to 'he effective isoscalar three-vector current at finite
luuiientum transfer for finite nuclei might restore some model
*Ti« 111 vity to )i(r i

Model sensitiv.ty to pse'jdovector versus pseudoscalar coupling is
shown in Fig. S for D N Q N 0 A Q O L S and A o o s s where the solid I dashed)
curves correspond to 'pseudoscalar tpseudovector) coupling
relativiatic. single particle bound slate wave function ol Eq
aisuaed (or M r ) . Considerable sensitivity to the choice of Lorentz
fora is evident in each case shown

A sumsUry of the aodel predictions for Du0NO and several n- and
s-target observablea for p + '*C at 500 MeV is exhibited in Figa S
and 10. The solid curves are results from the standard RIA
calculation (• e.. HUFT v>(rl and M r ) . PS coupling) Predictions
obtained assuming pseudovector coupling with FOOT ?{r) and M r ) from
Eq (B) are indicated by the dashed curves Results using PS coupling
and the quenched Isoscalar three-vector current (RMFT values for ? and
X) are shown by the dashed-dolted lines. Ftntlty. the model results
obtained assuming both pseudovector coupling and quenching of the
isoscalar three-vector current (FOOT y and X of Eq. (8)) are given by
tbe doited curvea. The results in Figs. S and 6 for tx^ suggest a
preference either for PV coupling or the PS form with >""PB(r)
Comparison ol these predictions with the forthcoming polarized 1JC

and tbe
(8) is
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Figure 10
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data will be very exciting and will undoubtedly challenge the

underlying lheoretic.nl models and assumptIOD».

-J 500 WeV :)C{p.D) CHARGE EXCHANGE RESULTS
B e c a m e of the dominant strength of I he PS invariant and given

the importance of the PS - PV ambiguity, studies which focus on t h u
specific coaponent of the NN interaction Mould clearly be worthwhile
B e c a m e the PS component of tbe NN interaction derive* primarily fro*
one-pion exchange It la strongly isoveclor and involves angular
momentum transfer Gaaow-Teller <GT> transition* therefore provide
the aultabla candidate for such studiss Examination* of relalivislic
effects to predicted CT transitions is 1 2 C ( p , p ) hare been presented
already 2* Hera and In Rail. 6 and 10 the sensitivity of (p.n)
reaction obserreblas to PS versus PV foraa is evaluated using the RIA
DTOA siodel discussed in the preceding The particular case chosen is
500 UeV " C { p . n ) 1 3 N leading to the isobaric analogue state (IAS) in
I'M. This and other (p.n) reactions are currently being measured at
the neutron tisw-of-fIight (NTOF) facility at U U 0 T 25

Each tern in tbe NN relatiristlc invariant anplilude is assumed
to be isospln dependent according to

>. j - S.P.V.A.T (9)

ot.ere r is the usual nucleon isotpin operator The charge r,tf.*ngr
transition amplitude is evaluated in the RIA - DWBA model rv A ctlv as
for the -ase of p * i3C elastic scattering, except that the isovtctor
V?< interaction is used and there is nr core contribution For the
cuicuift! .on* presented here fospin ir.variance is assumed for the
brjnd stale and distorted wave functions The charge exchange
amplitude contains both iJ" • 0* and I* components corresponding to
Fsrrsn and Cajaow-Tel lar transitions

The effects of perl ic It-hole sniing in the predicted >^rip n)
observable* have been a s t m a t e d ' and the preditted sensitivities to PS
versus PV fora* are not expected to be qualitatively altered by
configuration ailing in the A • 13 ground slate Improved nut leer
structure Input will be required before meaningful comparison »iih
future data will be possible

Predictions for the 400 MeV Uc(p.n)'3N(lAS) differential cross
section and polarization are shown in Fig. 11 Suppressing the tp,, ?

lower component in the PS calculation or use of the PV fora of the MS
amplitude both reduce the overall Magnitude of the differential cross
section relative to the PS. >RSPD prediction The PS calculation
asauBlna \**RW i a similar lo the PV prediction at forward angles less
than 20 Because the PS calculations with *"RBP for the differential
erosi section arc similar to the PV results at forward angles
comparison with differential cross section data alona is insufficient
to uniquely distinguish between the two forms for the NN amplitudes
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The polarization displays similar trends in that significant
sensitivity to FV versus PS forms <wlth >RSPDt i> Indicated and tht
PS, >*"*** pradiction (dashed curve> n ainilar to the PV remit.

The ipm depolarization observables D^ONO DS0S0 a o d DL0L0 >noHI>

in Fig 12 display considerable sensitivity to both the choice of PV
versus PS fora and to relalivistic binding potential effect* In the
lower component of the valence nueleoc wave function (for tba PS
calculations only). Large, qualitative differences between aitbar af
the two PS calculations and tbe PV prediction are demonstrated for
each "IOIO observable The Di,03D predictions indicate aoa*
sensitivity to the PS versus PV fora and to the strength of H(r) (for
the PS calculations) but are not as dramatic as that displayed by tbe
DJQIQ predictions. Similar calculations for polarised target
observable* do not deaonstrate sensitivity to X or PV versus PS forau
which if •• dramatic as that provided by the D,n|n observable*. The
absence of core contribution* to the (p.n) transition amplitude
permits the PS versus PV effects to become appreciable for the
unpojarizad target observable*,*'-n unlike the situation for proton
elastic scattering fraa '3C (Ret S).

5. SUMMARY AND CONCLUSIONS
The principal result* of this itudy are the following. (1) the

unfolarizad. odd-target observables (except tor D N Q N Q ) are primarily
sensitive to just the scalar and tine-like vector NN interaction
contributions of the core, (2) significant sensitivity to relalivlstic
enhtn-emenl of M r ) exist* for Host n and s-targel spin obpervables in
the standard RIA model, but this sensitivity disappear* when the
theoretically motivated PV model with quenched isoscalar three-vector
currents is used, (3) sensitivity to PV versus PS coupling is amply
demonstrated in "IJQNO *nd t h e '-target observables. (4) n-lergel
observablea arc dominated by the iscscalar three-vector current
(space-like vector contribution) and are sensitive lo core
contributions to such cuirents. and (51 theoretical spin
depolarization predictions. "1O1O ' O r " " I e w nundred "eV proton
induced IAS charge exchange reaction from unpolarized '3C are directly
sensitive to the PS versus PV form, the predictions renaming distinct
regardless of the (reasonablei assumptions made for the valence
nucleon Imsr component wave function A variety of predictions for
several 300 UeV p* «• 13c elastic scattering and charge exchange spin
observables were given.

It can be concluded froa this work that analyses of intermediate
energy polarized proton elastic scattering data from light weight,
polarized nuclear targets should, in principle, provide a wealth of
nr. information related to the following: (1) the Lorentz character ot
t •« NN effective Interaction. (8) spin saturated core contributions lo
the total isoscalar three-vector current, (3) effective strengths and
ranges ot various parts ot the NN interaction, and (4) possible
relativistic binding potential enhancement ol the lower component of
the valence nucleon waje function. However, when faced with the
analysis of actual p* + 13C elastic acatlering and charge exchange data
in the future It should be realized that the physics which must be
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ultimately dealt with is immense IT complex entailing most of tbe
intermediate energy reaction dynamics known lo be important and
requiring very detailed relaliviatic and ncnrelat ivntic nuclear
structure calculations for a nucleut in a region of the periodic table
whose properties «re notoriously difficult ID understand further
progress in this theoretical investigation wilI most likely require.
(1) relativistic. coupled channels calculation, (2) sophisticated
relalivistic NN interaction models rased on meson exchange theory, and
(3) exchange, correlation, off-shell, and medium effects, etc We
hope that tbe interesting results obtained in this work will stimulate
the theoretical coeasunlty to address these and other problems.
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