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Proton-'He scattering with antisymmetrized amplitudes at intermediate energy
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The elastic scattering of protons from He is calculated with a microscopic, momentum space op-
tical potential which incorporates the full spin dependence of the NN and p He interactions. The
theory includes antisymmetrized NN amplitudes, realistic neutron and proton distributions, nucleon
recoil and binding energy shifts, Lorentz invariant angle transformations, t matrices with on-shell

behavior from NN phase shifts, and off-shell behavior from a realistic separable potential model.
Qualitative agreement is found with differential cross section and polarization data for 100& T~

& 1000 MeV.

I. INTRODUCTION

Although the idea of using proton reactions to probe
the nucleus is not new, the different energy dependence of
the spin, isospin, and exchange parts of the nucleon-
nucleon interaction illuminates different facets of the re-
action at intermediate energies than at low and high ener-
gies. In particular, recent experimental study of spin ef-
fects has led to extensive refinements of the NN effective
interaction and the p-nucleus optical potential.

Simultaneous with the above developments has been the
fundamental progress made in understanding the pion-
nucleus system —particularly the momentum space opti-
cal potential. In this paper we join some of these n- He
techniques to those used in proton scattering. This
union is interesting since the nature of the two projectiles,
and the techniques, are quite different.

By studying the p- He interaction we test multiple
scattering theory and unravel a fascinating reaction mech-
anism in which nucleon, N", and deuteron exchanges all
contribute. ' %e also wish to advance the theory so that
the hadron experiment may provide information on the
He nucleus. Specifically, large angle, intermediate energy

proton scattering is sensitive to the nuclear wave function
at momentum transfers considerably higher than the
current electron measurements and without the annihila-
tion problem inherent with pions. Although exchange
currents also contribute to proton scattering, their effect is
relatively smaller since the first order proton term is much
larger. And since the spin of the He nucleus resides
on ——,

' of its nucleons (the two protons's spins are essen-
tially paired to zero) there is the promise of utilizing the
high spin dependence of the NN interaction to deduce the
spin distribution.

The existing" ' and new p- He cross section and po-
larization data are unusually complete in that they scan an
energy range from —1—1000 MeV in both the forward
and backward hemispheres. At low energies (Tv&10
MeV), resonating group and variational calculations
succeed in reproducing the data and find that large an-
tisymmetrization effects can be modeled by an effective
potential having opposite signs for even and odd orbital
angular momenta. By 20 MeV, good phenomenological

fits are possible if the optical potential contains an ex-
change term. As the energy gets higher, diffractive
features appear and a distinct, backward peak is evident
by 400 MeV. At 1 GeV the cross sections are diffractive
and Glauber or multiple diffraction theories should pro-
vide the best descriptions.

The medium energy backward peaks are somewhat of a
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FIG. 1. Processes contributing to p-'He elastic scattering
{Ref. 8). {a) The "direct" scattering of projectile nucleon i with
target nucleon f, the core c is passive; {b) The "exchange" part
of the single scattering term in which the projectile and struck
nucleons interchange; and {c) heavy particle "c" exchange or
stripping, the final nucleon f has not been struck.
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mystery. The momentum transferred is too large for the
direct term [Fig. 1(a)] or any of its multiply-scattered
iterations to be significant. Although the Pauli principle
would indicate that NN exchange [Fig. 1(b)] is as likely as
direct scattering, this is difficult to include reliably in a
practical multiple scattering calculation. Consequently,
more exotic effects, such as heavy particle and N* ex-
changes ' [Fig. 1(c)] are postulated, and often shown to
be significant. Definitive conclusions, however, must
await a more reliable evaluation of Figs. 1(b) and (c) and a
more systematic theory for the entire process.

At present many more studies of the simpler p- He sys-
tem exist; some are microscopic optical potentials, ' some
are diffraction theory, ' and some are phenomenological
fits with both the Schrodinger and Dirac equations. Up
to 1 GeV, spin and exchange effects remain important.
At the higher energies, evidence exists that intermediate
isobar states are contributing.

In Sec. II we formulate a microscopic first order optical
potential for p He scattering. The major complication is
handling the full spin —, && —, dependence of NN and p He
interactions, and the four possible nuclear form factors.
Since this is our first paper on this theory, we give some
specifics in Sec. II and some details in Appendices A and
B. In Sec. III we examine the sensitivity of our theory to
various assumptions and then compare the predicted
dcrldQ and P(8) to data for 100~ Tp & 1000 MeV. Sec-
tion IV provides a summary and our conclusions.

II. FORMULATION

The most general form for the scattering amplitude of
two spin —, particles consistent with rotational invariance,
parity conservation, time-reversal invariance, and the gen-
eralized Pauli principle (isospin invariance) is

A
M = —,

' [(2 +8)+(3 —8)cr ).ncTg n+(C+D)cT] m 0 z m /(C D)cr $
—1cr2 1+E(cr$+ cr2).n+F'(cr] —cr2) n),

where n,, m, and l are the unit vectors,

(2.1)

(2.2)
k;Xkf ~ k;+kf

Ik;+kf I

where (k;, kf ) is the (initial, final) center of mass (c.m. ) momentum, and the amplitudes A I'" are fun—ctions of kf and

k; but not spin. For identical particles (e.g., two nucleons) the F' term vanishes via the generalized Pauli principle.

A. Optical potential

We describe p- He scattering via an optical potential constructed from nucleon-nucleon amplitudes having the full

structure (2.1) in the NN c.m. The lowest order optical potential is the expectation value of the proton-nucleon t matrix
in the nuclear ground state. In the factorization approximation it has the form

U( k '
I

k )=U'( k '
I

k ) = ( gg I

t"
I gg ) =N I t~~+g p",(q)+ [tg~" g cr

p
n o „n+tPo „.n + tP~D opm o„m.

+tc" @op 1o„.l+t8(op mcr„.1+o p /cr„'m)]p p(q)

(2.3)

The tz ~, tc z, . . . , terms are proportional to linear
combinations of the A, 8, C, D, E, and I' terms of (2.1)

and are given explicitly in Eqs. (2.10)—(2.13).
We remind the reader that U'" is complex (absorptive)

only because the elementary t matrices are complex. In
turn, t is complex whenever the energy is physical, i.e.,
total energy greater than twice the rest mass. Thus, the
absorption in U'" accounts for the presence of nucleon

knockout or quasielastic scattering with the elastic t

And indeed, with the three body choice of energy [Eq.
(2.15)], U"' becomes real if the projectile energy is lower

than the nucleon separation energy E~. Of course we also

include pion production as an open channel by using NN
phases which become complex at the elementary ~ pro-
duction threshold. This is, however, a less direct contribu-

tion to the reactive part of our potential.
The off-energy-shell, proton-nucleon t matrices in (2.3)

are functions of projectile and target nucleon momenta k

and po momentum transfer q = k ' —k, and subenergy co,

e.g.,

tJ+a ——&k '~po q I ted+a(co) I
k po~ .

Here, po is a choice for the target nucleon momentum

k A —1
Po= —

A
+

which optimizes the factorization approximation used to
derive (2.3). ' In this approximation the nuclear structure
enters only via p, (q) and p,p(q), the form factors describ-

ing the distribution of nucleon matter and spin within the
nucleus. Although the techniques we outline here are also
valid if actual wave functions were used to describe the
three nucleon system, the simpler equation (2.3) permits a
direct utilization of the measured electromagnetic form
factors.
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It is possible to hypothesize the off-energy-shell
behavior of a t matrix in any reference frame. We believe
it best, however, to do so in the two-body c.m. , where po-
tential theory can serve as a physically motivated guide.
For this reason, we relate the t matrices of Eqs. (2.3) and
(2.4) (in the p-He c.m. ) to off-shell t matrices (in the NN
c.m. ) via

& k '
p

'
I «~)

I
k p) =)'LpT& ~ '1«~)

I
~)

Ez(a )E~(z')EN(x )EN(~')

Ep(k)Ep(k')EN(p)EN(p')VLPT

(2.5)

(2.6)

where ~ and x ' are the pN c.m. momenta appropriate to
the pA momenta (k, p ) and (k', p'), respectively, and
yt PT arises from (on-shell) probability conservation.
The off-shell variation of the t matrices are now described
by a separable potential in each eigenchannel ct= (J,I,S—):

( sc
'

i
t [co(ao)]

i
Pc) = g

g (ao)

&& (~,
~
t.[a(~,)]

~
~, ) r, (~ '.~ ),

(2.7)

where (ao
~

t [co(Ko)]
~
Ko) is the on-shell amplitude. For

this off-shell extrapolation we use the Graz potential
generalized up to E waves; the parameters are given in
Table I. Although the NN potentials are fit to NN data
for T~ (300 MeV, they should provide a physical off shell
variation for a much wider range.

The on-shell NN amplitudes, A E in Eq. (2—.1), are cal-
culated from the Bystricky et a/. phase shift tabulation.
The details are in Appendix A. Our basic two-body input
contains full spin dependences, independent variations of
the momenta, and energy variables as required by the
Schrodinger theory, and is valid for 10(T~(750 MeV
and all scattering angles. These features are incorporated
directly into the momentum space potential.

a =b (8)k+c (8)k ', a. '=b'(8) k '+c'(8) k, (2.8)

where b(8) and c(8) are functions of the scattering angle
in the pA system. The details are given in Appendix B.

Consequences of these transformations include the in-
crease in the pN momenta x. and a' (and pN subenergy
co—see Fig. 2) as the p- He scattering angle increases and
the mapping of backward p- He scattering (cos8= —1)
into backward pN scattering (cos8= —1). In addition,
when we form the three unit vectors n, m, and 1 in the NN
c.m. (analogous to n, m, and I [Eq. (2.2)] in the pA c.m. ),
these will be linear combinations of m and I:

a gsc'
(2.9a)

(2.9b)

We include the Pauli principle by using an antisym-
metrized NN amplitude (e.g. , t~~ is symmetric about 90').
This is equivalent to including direct scattering [Fig. 1(a)]
and the exchange of the projectile and struck nucleon
[Fig. 1(b)]. It does not, however, include antisymmetriza-
tion with unstruck nucleons (as in resonating group calcu-
lations), which can lead to heavy particle exchange (or
stripping) [Fig. 1(c)]. Sherif et al. ' have emphasized the
importance of heavy exchanges for back angle scattering.

Our calculation does not include any second order
corrections to the optical potential such as intermediate
double charge exchange and NN correlations. Of this
same order, and as emphasized by Gurvitz, 3 the optical
potential which appears in the kernel in our I.ippmann-
Schwinger equation [Eq. (2.24)] should have the exchange
part of the t removed (a rather model-dependent pro-
cedure).

The NN c.m. momenta ~ and ~' are determined via a
covariant, an-mass-shell, "angle transformation":

TABLE I. Graz potential parameters

gL, (x)=[po+a ] ', L =0;
L+1 —1

g {a)=H(1+ye ) g (1+P„a), L&0.
' n=o

All parameters in fm . I' —E waves are the indicated generalization of the D2 potential.

Eigen channel

Si

lp
3p
3p

1D

D2

0
0

1.0297
4.3036
0.9055
0.1514
0.4897
0.7544

Po

1.43
1.152
4.2965
4.0351
3.6475
0.4266
5.0341
6,7807

0
0

0.0506
0.7292
0.0446
0.0634
0.1589
0.1583

0.0493
4.3036
0.0412
0.0634
0.0705
0.1583

0.0169
0.0738

all Ii
all 6

0.7544
0.7544

6.7807
6.7807

0.1583
0.1583

0.1583
0.1583

0.0783
0.0783

0.5
0.5 0.5
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(2.3) and (2.13) since it is of the form usually excluded by
time reversal invariance. This seems peculiar since it ar-
ises from expressing the time-reversal-invariant cr lcr. i
and cr rncr m parts of the proton-nucleon amplitude in
the proton-nucleus momenta variables. However, the full
amplitude still obeys the time reversal condition,
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FIG. 2. The effective NN laboratory kinetic energy as a func-
tion of the p- He scattering angle for incident proton energies of
200 and 515 MeV. The solid curves result from the three-body
choice of subenergy [Eq. (2.15)],and the dashed curves from the
two-body energy [Eq. (2.14)]. The arrow indicates the highest

energy for the BLL phase shift tabulation (Ref. 36).

T(k', k, cr )=T(—k, —k', —cr ),

=2m N+2Ep(k)EN(po) —2k po,

cosa ——(kI, +ka Pw &
)—2

(2.14}

=[E (ko)+Eg(ko) —Eg i(P) —
I
Ea

I ] —P, (2.15)

P =I —k —po —pI
2

[k +q /4+pz+ q. k] . (2.16)

since tcD reverses sign upon time reversal, (d, e,f,g)
~(d, e,f, ——g). A further concern with this mixed term
is that it leads to a very small mixing of the singlet and
triplet states in p He scattering. It is small since t~~ ——0
both for on-shell scattering and for the very important
"diagonal"

I
k '

I

=
I

k
I

scattering. Since this mixing
complicates the reduction of the Schrodinger equation, we
ignore its small effect on this initial study.

We need to still specify the NN subenergy co. We
evaluate t(co) with the two- and three-body choices ' for
co. coqa is the four-momentum of the initial projectile k„
and the active nucleon PN. c03a is the four-momenta of
the projectile proton plus target nucleus (k„) minus that
of the passive core (P).

~2a =so =«~p+p "N}
2 p 2

c03a arising naturally in a three-body model of the optical
potential is important in ensuring elastic unitarity at
lower energies, and is our preferred choice. pz is a Fermi
momentum which we choose as 185 MeV/c —appropriate
for a nucleon in the nuclear surface, and Ea is an effective
nucleon-core binding energy (we take it as "only" 5 MeV
since nucleon-core interactions are known to partially can-
cel the naive three-body energy shift}.

The difference between coza and c03a is shown graphi-

cally in Fig. 2. co3& is always at least 40 MeV less and in-

creases less rapidly with 0. Consequently, since our input
t 's are valid up to 750 MeV, and since we reach this
limit for 550 MeV p-He scattering at 180', our back angle
results lose validity above that energy. Fortunately, multi-

ple, smaller angle pN scattering is dominant at large pA
angles, and there may be some validity to our results up to
-900 MeV.

tc+D = —(yr.pT/2pz) '

f'(8„)(C D)+ e'(8„)(C+—D),
(2.10b)

ta = (y LpT/2pE )(bb' cc'')E—, —
t„' = —(y /2p )(A+8), i =pp, pn,

~cD = —( yLPT2/pz)[ (d)8e( )8( C+D)

+f(8)g(8)(C D)] . —

(2.11)

(2.12)

B. Three nucleon form factors

We use the four form factors shown in Fig. 3 to
describe the neutrons's and protons's matter and spin dis-
tributions. If we follow the anlaysis used in our pion

study and ignore exchange currents, we can relate them
to the experimentally accessible charge form factors of
He and H and the magnetic form factor of He:

(2.13)

Here, (A,B,C,D,E)/2p@ a—re the amplitudes in the NN
c.m. and we do not include any relativistic (Wigner) spin

precession.
Of particular interest is the tcDcr. lo"rn terms of Eqs.

~ p

=f(8)l+g(8)m . (2.9c)I.+.'I

[The functions d(8)—g(8) are derived in Appendix B.]
This mixing implies that (Ic '

I
r

I
a. ) has the form [Eq.

(2.1)] in the NN c.m. , only now with n, m, I, and, conse-

quently, the cr rn cr m and cr.lo"l terms in the pA c.m.
derived from mixed terms. The t matrix elements which

appear in the optical potential [Eq. (2.3}]are given by

d (8g)(C+D)+g (8g)(C D)—
(2.10a)
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o 50'
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(Tp = 200 MeV)

60 90 120 150 180
I

F,h, s( He)=exp( —aq ) —bq exp( —c q )
I' '2
0 —Qo (2.22}

He (Form Factors)
2

A14041 ~ ~ ~ ~ ~ 1 FSP

~e~ P' A

mf

~ ~ ~ Oa~

~O
~ 4'

yO

0

a, ~ =(0.675,0.654),

b, ={0.366,0.456) fm „

c, =(0.836,0.821) fm,

d, =(—6.78X10 3,0),
qo

——3.98 fm ', p =0.90 fm

and for large q (18~q &80 fm ) froin Arnold et Ql. :

F,h('He) = [(1+~)/(1+~pH, )]' '& ' '

A 'i =a exp( —Pq ),

a=0.034, P=0.1059 fm

~=qi/4m H„ IM = —2. 1 .

{2.23)

/,
20 H

p~',"(q)=F,h( He, 3H)/f ~(q),

p,"~(q)=2/ 2F,s('He)+ ~ F,„('He)

(2.17)

lI
(I

-5 i III i I

'O 0 4 8 &Z &6

q (fm
FKJ» 3. Thc neutron RII protonq Illatter and spin form fac-

tors for He as deduced from BM form factors of He and H.
Thc 10%vcr axis is momentum transfcrrcd squared, thc UppcI',

scattering angle for a 200 MCV beam. Note that I',"P appears Un-

physically large for high q2 and is not used in the calculations.

Unfortunately, some of the assumptions used to deduce

these form factors become weak at very large momenta
transfers" and further choices are needed. p~, (solid
curves in Fig. 3) is thus quite realistic and reliable. If we

take the 3H charge form factor of Collard et al. ,
' and ex-

trapolate it for q ~ 15 fm with the three nucleon wave

functions of McMillan, we obtain p", (dot-dashed curve)
which is less reliable beyond 15 fm . If we substitute
these two charge and one magnetic form factors into Eqs.
(2.17)—(2.21) we obtain p,"~ (dotted curve) and p~~ (dashed
curve). We see that p,"~ appears unphysically large in the
extrapolated q2~12 fm ~ region probed by large angle
proton scattering and consequently ere set p",p

——p",. Like-
wise, since the deduced proton spin form factor only be-
comes significant for q & 12 fm, i.e., where the empiri-
caI input used to «ierive it becomes Unreliable, we decrease
noise by setting p~~—=0.

To proceed we must make these choices regarding the
nuclear form factors. After our basic calculation is under-
stood and perfected, we will deduce these form factors
from the proton scattering data or 3N wave functions, and
remove meson exchange current effects.

C. Thc I ippIQRnn-Sch%66gcr cqURtion
F,h( H)

3PII

p~p(q) =g[F,s( He) ——', F,h( H}+—,F,h( H)],

(2.18)

(2.19)

We wish to solve the I.ippmann-Schwinger equation
with relativistic kinematics, '

where IM~ and Iu„are the nucleons's magnetic moments,

Pn

2(IM, +2' )f,'(q)
(2.20)

and fP(q) is the elementary proton's form factor

(2.21)

For "small*' q~ ( & 20 fm ~), the 3He form factors are tak-
en from McCarthy et al. ,

Z(k') k)=U(k'~k)+~ I"'P {"'~P'"'P ~")
E(ko) —E(p)

E (ko ) =Ep(ko )+Eg (ko )

=(~',+k', )'"+(m„'+k,')I",
for a potential with the general spin dependence of Eq.
(2.3). Although this seems not to have been previously ac-
complished, the framework can be found in the very use-
ful NN study of Haftel and Tabakin. They indicate the
appropriate partial wave expansions of the potentials or
amplitudes in terms of spin-angle functions:
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(k ~k)+' (k )e" (k)
R(k'i k)

After substitution into (2.24), for each J value there results five partially coupled, integral equations:

m dpp UL1(k' p)R1L (p k)
RLL (k'

(
k) = ULL (k'

~
k)+ —g P flT

(2.26)

(2.27)

For S =1, 1.=/+1 and J—1 are coupled by the tensor forces as indicated in Tables II and III. The numerical tech-
niques used to solve these equations are similar to those in Ref. 43 and the computer code LPOTT.

Since the proton and He nucleus are not identical, there is no generalized Pauli principle to eliminate the coupling be-
tween p He singlet and triplet states. However, since we use a first order optical potential proportional to the elementa-

ry NN t matrix [Eq. (2.3)] there is still no singlet-triplet coupling
The on-shell values of R matrix are related to the pA phase shifts (Blatt-Biedenharn convention) via

J—1,J—1 J+1,J+1R —R
tan~L=J+1 PLPT RJ —1,J—1(ko I ko)+RJ+1,J+1+

cosZE'~

2RJ, J+1(kp
~
kp)

tan2e =
RJ ) J I

—RJ+) J+(

PLPT 2koP(kp)

1M(kp ) =Ep( kp )Eg (ko )/[Ep(kp ) +Eg (kp ) ]

(2.28)

(2.29)

(2.30)

(2.31)

D. Partial wave matrix elements

To solve the Lippmann-Schwinger equations [(2.27)] we

need to evaluate the partial wave elements of V and R for
a completely general spin dependent potential. While it is
possible to evaluate directly the elements, e.g.,

UIL (k'
i
k)

L' —L VM U k k JM

(2.32)

an advance in our approach (which reduces complications
and errors) is the realization that the p He R &„and U„
must have the same expansions as the NN amplitude

[Eqs. (AS)—(A14)]. Schematically, this is

( &
'

~

k ) = g &LL ULL (k'
~
k)PL (cosO), (2.33)

LL'J

which permits direct projections for ULL (k'
~
k).

In Fig. 4 we plot ReU (k '
~

k ) for k =k'=465
MeV/c (TP =200 MeV) as a function of scattering angle

Okk . The zeros seen in U" ' reflect those in t and p (q).

TABLE II. Spin 2 X 2 amplitude codes.

For example, at 90' the form factors vanish (for illustra-
tion we setg", =p,"~=pP, ), and near 60' and 120' different
parts of t vanish. The dots indicate the precision of
our numerical projections at reproducing these data. The
only noticeable inaccuracies occur at large angle zeros in
U~ which ultimately get filled by the nonzero potential
contributions and multiple scattering.

III. RESULTS

We solved for all possible spin observables for
10 & Tp & 1000 MeV. In Sec. III A we examine the effects
of different theoretical assumptions, keeping the energy
fixed at 200 MeV. In Sec. III 8 we present a comparison
of predictions for do/dQ and P(8) at nine energies for
which data are available.

A. Sensitivity

One of the fundamental questions for this initial study

is how the spin structure of U(k '
~

k ) and t influence

p He scattering. In Fig. 5 we answer this for 10/dfl and
in Fig. 6 for the polarization P(0). On the left-hand sides
of these figures we alternately employed (i) spin 00; or
(ii) spin 0 T~; or (iii) spin —,s 2 forms of the Lippmann-

&spin
JMLL Stapp

1

2

3

5

6

L+1 L+1~L+2,L =~L,L+2

ML —=MLL
L L

L
MLL
mL+'

LL
L+1~L+2,L
L+1~L+2,L +2
L+1~L,L +2

&L,L+1
~L —1(I ~ I +2)
aL~ L~ 1{I'=I +2)

L+1

0 —1 —1 0 0
Moo ——Moo ——Mo+2 ——M 1 1

——M02 ——0

S+D
~OO+ ~22

3g) +36

I7+ K7

G, +3I

I=1
'P2+3F2

3F4+ H4

3II6+3/6

TABLE III. NN coupled channels, 2S + 1L Mpp

=m'=', m,„=—,
' (I'='+m'=0).
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4), with the deep minimum in any one filled by the others.
By upsetting this somewhat delicate balance quite dif-
ferent results are obtained.

While some of the midangle structure is caused by spin
scattering, we see in Fig. 7 that some is caused by multiple
scattering (MS). The single scattering (SS} contribution,
i.e., the Born term of (2.27), contains the zero of the He
form factors (we have set p",=p,"~=p „and p,~=0 here).
The zero is filled predominantly by double scattering
(DS), with the remaining MS sill significant even at small
angles —a structure quite different from the Glauber
theory. The dotted curve in Fig. 7 shows the effect of us-
ing the Kerman-McManus- Thaler (KMT) rescalinp,
which reduces all multiple scatterings by (A —1)/A = —,.
This effect will not change any conclusions.

It is also possible to notice in Fig. 7 that the relatively
large back angle cross section —which at higher energies
turns into an actual peak —is present even in the single
scattering term. This reflects their origin in the antisym-
metrization of the elementary NN amplitude.

It is all too evident in the preceding figures that agree-
ment with these 200 MeV TRIUMF data is not very
good at small angles (unless we turn off the spin —in
which case the large angle cross sections are too small).
While this is not surprising for our first attempt with an
unadjusted theory, we need to examine the variations in
our results at other energies and to theoretical assump-

tions before drawing conclusions. For example, we see in

Fig. 8 that the choice of the three-body (preferred) or
two-body energy [Eqs. (2.14) and (2.15)] produces a rela-
tively minor variation, whereas the angle and momenta
transformation [Eq. (2.8)] does produce a major increase
in back angle scattering, as compared to the naive ap-
proach (solid curve).

In the upper part of Fig. 9 we see the effect on do/d Q
of assuming different forms for those He form factors
not well determined at these large q values. A similar
study is given in Fig. 10 for the polarization. The solid
curves in the upper part of Fig. 9 refer to our preferred
choice, p,"~=pm, +p~~, . The dashed curve in Fig. 9 and the
dot-dashed curve in Fig. 10 are obtained when indepen-

dent forms [Eqs. (2.17)—(2.19}] are used for these three
form factors. As expected in this latter case, where the
large q behavior of p,z is not realistic, peculiar behavior in

do/dQ and P(0) is predicted [the P(8) behavior is even

qualitatively incorrect]. We see how proton scattering can
extend our knowledge of the 3N form factors. We also
note in the upper part of Fig. 9 (dot-dashed curve) that
unphysically small cross sections would be predicted if we

did not divide out the elementary proton form factor from
the He form factors.

In the lower part of Fig. 9 we note that an increase in
the nuclear size ["a" parameter in (2.22)] can bring the
forward 200 MeV peak into agreement with the TRIUMF
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FIG. 8. The importance of the choice of two-body subenergy,

co2~, m3~, and of angle transformation for 200 MeV scattering.
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angle transformation).
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work well until T 300 Me& [i.e., the region where the

gystricky, I.echanoine, and I.char (&I-I) phases
Ret&" to change sign]. Yet the reader should also note

that a tremendous energy and complete angular range is

data —but only at the expense of the midangle region. Yet
since agreement is found at other energies, further study
(e.g., other t matrices) is needed.
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In Figs. 11 and 12 we show theoretical and experimen-
tal drr!dQ for energies varying from 100 to 1000 MeV.
The large energy and angular regions covered by these
data" 20 are cIearly impressive, as are their quahty. The
new TRIUMF data fill in the intermediate energy re-
gime. The solid curves are our full calculation with dif-
ferent form factors for the neutron and proton distribu-
tions, the dashed curves have the three nuclear form fac-
tors equal. The differences in these curves set the scale
for nuclear structure sensitivity as a function of energy.
The dotted curves are the (antisymmetrized) single scatter-
ing contribution and indicate the relative importance of
multiple scattering.

In general, the quality of agreement is not as good as
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Apparently, the physics for very light nuclei is quite dif-
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We have developed and applied a microscopic, first or-
der optical potential for p- He scattering. The theory in-
cludes the full spin —,

' X —,
'

dependence of the antisym-
metrized NN amplitude, 'll off-energy-shell behavior
based on a rcallst1c, nonlocal, scpaIablc potcntlal model,
realistic form factors for the distributions of neutron and
proton matter and spin within the He nucleus, and a
three-body model for the optical potential which naturally
incorporates important unitarity constraints and nucleon

t40--
l j

~ 2 o-I'P+rp"

80—

20— TOT
~=I

TOT
~=~

I I l I

100 200 500 400 500 600 700 800
Tp (MeV)

FIG. 14. p-'He total cross sections for no polarizations
(upper curves) and vnth polarization (lower curve). The dashed
curve ls the smgle scattering, 1mpulse approx1matlon result
2o "~+o ~".

varies smoothly with energy (it is essentially just a func-
tion of r here) and the agreement between theory and ex-
periment ' is at least qualitative. At larger angles the
predicted P(8) becomes a highly oscillatory function, is
much more sensitive to changes in the theory (e.g., tensor
forces), and does not agree in any detail with experiment.
Yet we can notice that there is much interference [P(8) is
the small difference of two large numbers] and that the
experimental P (8) varies least when the theory shows can-
cellations (e.g., 90' at 415 MCV).

Finally, In Fig. 14 are given the predicted total cross
section for unpolarized target and beam (upper solid
curve). The dashed curve shows the nonfolded, single
scattering, impulse approximation result

o(p-'He) =2o "~+o~" .

Clearly, there is significant shadowing at the higher ener-
gies. The lower curve shows the predicted spin depen-
dence of the total cross section.

binding and recoil. After developing new procedures, we
arc RMc to solve coupled I.ippmann-Schwlngcr Integral
equations with relativistic kinematics in momentum space
and thus include all orders of multiple scattering in which
the nucleus remains in its ground state (presumably the
dominant terms for coherent elastic scattering). This
formulation thus includes all the theoretical nonlocalities,
and energy, angle, spin, and momenta dependences ("angle
transformations and energy shifts" ) in such a way that
predictions are possible for all the p- He spin variables
over the entire angular range and for energies between 100
and I000 MCV.

In comparing our predictions with the challenging
number of complete and accurate data, " we find that
our use of tensor forces and antisymmetrized nucleon-
nucleon amplitudes provide partial explanation of the oc-
currence, the energy dependence, shape, and magnitude of
the back angle p- He peaks. Yet since this simple applica-
tion of the Pauli principle only amounts to the exchange
of the projectile and struck nucleon, there are other ex-
changes which should be included. For example, heavy
particle exchange is known to be significant in p- He
backwRrd scRttc1111g, ' whcl'cas N cxcllRIlgc Rlld coll-
stituents have also been postulated. ' Furthermore, a
higher order understanding of nucleon exchange requires
the decomposition of t into direct and exchange
pieces —a difficult task to accomplish in a model in-
dependent way at intermediate energies.

Our analysis of the data also shows that the differential
cross sections and polarizations display quite different
physics. For example, the backward hemisphere's P(8) is
sensitive to tensor forces. The forward slopes of do/dQ
are not reproduced well until T„~200 McV, possibly sig-
naling the onset of validity of the impulse approximation
or some shortcoming in the low energy nucleon-nucleon
phase shiftsl6 (different ones are currently under investiga-
tion).

Essentially, all predictions show a high sensitivity to the
elementary neutron and proton matter and spin distribu-
tions. Yet since intermediate energy proton scattering ex-
plores these functions at very high momentum transfers,
q ) 100 fm, only the proton matter (or He charge"0)
form factors can be considered known. This naturally
leads to several interesting possibilities. One is to "usc"
proton scattering to measure form factors —which of
course assumes the theory is up to the task. Another is to
employ theoretical three nucleon wave functions to gen-
erate the needed nuclear structure information. In any
case, serious comparisons need to account for meson ex-
change currents in both the electromagnetic and strong
form fRctol's.

Although our calculation is just a first, elementary step,
we believe the generality of this approach is quite promis-
ing and with improvements will be valuable for much of
intermediate energy nucleon scattering. Indeed, other
workers are independently applying similar formalisms to
scattering from heavier nuclei. To maintain this pro-
gl'css, sonic of Gill' pl'cscnt wol'k includes cxamlnatlons of
the He(p, p) and H(p, n) He reactions, the use of other,
nucleon-nucleon phases, use of other off-shell models, and
the incorporation of heavy particle exchanges.
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APPENDIX A: SPIN ~ X 2 AMPLITUDES

FROM PHASE SHIFTS

We follow the formalism of Stapp et al. , extended by
Bystricky, Lehar, and Winternitz, for the NN ampli-
tudes, A Eof Eq—. (2.1). In the singlet (S =0) state, J=L
and there is only one amplitude. In the triplet (S=1)
state, J=L+1,L and we need five amplitudes. In Table
II we enumerate amplitudes, relating Stapp's amplitudes
a,j, Haftel and Tabakin's (Ref. 43) ML L, and LPOTT's

(Ref. 44) N, ~;„. In Table III we indicate some of the cou-
pled states for NN scattering consistent with the general-
ized Pauli principle (L +S+T =odd).

For each eigenchannel the Stapp amplitudes are the fol-
lowing:

2i5
ag ——e —1, agz ——e —1, (Al)

exp g+] &j p) j:cos Eje
2i 5++sin eje ——1,

=cos2e.e '~ ' —1,2i8.
J

cx—:cxJ=
2 sln2e (e —e )J

i(8++8 )= I, sin2ej. e +

(A2)

(A3)

(A4)

(A5)

~S,ms ——v' IM IS,m =v) =M „, S=O(:—s), 1, (A6)

via the expansions

where for coupled channels the 5's refer to the Blatt-
Biedenharn convention, and the 5's to Stapp's "bar"
phases.

We use the Bystricky, Lechanoine, and Lehar S —E
wave phase tabulation, smoothed to produce continuous
amplitudes over the energy range 10—750 MeV. The am-
plitudes MLL are first calculated in the eigenchannel a
basis directly from the phases. These are then converted
to the spin basis amplitudes,

M'= 2C g 'PL (8)(2L + 1)ML, (A7)

Mit ——C g "PL(8) (L +2)MLL+'+(2L + 1 )MLL+(L —l)MLL
' —[(L+1)(L+2)]' MLL+2 —[(L —1)L]' MLL '2

L

(AS)
' 1/2 ' 1/2

Mtp=V2CQ "P'(8).M +' —M '+ M +' — — M
L

(A9)

M) ) ——C g "PL(8) MLL — MLL+ —MLL
2 1 L+1 2L+1 ML 1 L —1

—[(L + 1)(L +2)] '~ MLL++2 [L (L —1)]' M—LL (A10)

Mp) ——v 2C Q "PL(8) ~— I- +2 g+& 2~ +1 I.
L+1 L(L+1) LMgg + Ml~+

l. +2
2+1

1/2
a~i-+ &

lYZI g +

' 1/2

MI. —1
LL —2 (Al 1)

Mpp ——2C Q "PL(8) . (L +1)MLL+ +LMLL '+[(L +1)(L+2)]' MLL+p+ [(L —1)L]' MLL '2 (A12)

where

PL (cos8) =sin 8 PL(cos8),
dx

1 for Stapp NN amplitudes
2ik

for pA V or T expansions
4m

(A14)

I

the "' " indicates two times the sum over even L for NN

scattering, and the """two times the sum over odd L for
NN scattering. Note that for the "nonidentical" pA

scattering, there is no restriction to even or odd I. and no
factor of 2. The Coulomb amplitude gets added to the
singlet M' and M», Moo amplitudes.

The 3—E amplitudes are calculated as the linear corn-
binations:
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a = —,'(M„+Mop —M, , ),
8 = —,

' (M))+M„+M) |),
C = —,(Mii —M„+Mi i),
D = —,

'
(Mpp+Mi i

—M |i)/2cos0,

E =i(M)p —Mp( )/v 2 .

(A15)

(A16)

(A17)

(A18)

(A19)

s;„=(k"+p")

=2m „+2E~(k)E~(p) —2k p .

Similar relations hold for v ', e.g.,

a'=a(k', k ) .

(810)

(811)

If all substitutions are now made, we can express ~ and ~ '

in the simple forms

k+P~k'+P ', (81)

APPENDIX B: REFERENCE FRAME RELATIONS
WITH SPIN

We consider the scattering of two particles in an arbi-
trary frame of reference

~ =bk+ck ', v '=b'k '+c'k,

b =b(a)= —a, b'=b(a'),33+1 A —1

4A 2A

c=c(a)= — —a, c'=c(a') .
(A —1) 3 —1

4A 2A

(812)

(813)

(814)

k'=k+q, p '=p —q, (82)

where three-momentum —but not energy —is conserved: These relations then permit us to relate the three unit vec-
tors in the NN and pA frames

E(k)+E(p)&E(k')+E(p') .

p is given by the "optimal" choice [Eq. (2.5)],

(83) I=krak'

/

k&&k'i

k+k' k' —k

1

k+k'I
(815)

—k A —1
p = +

We wish to relate these momenta in the c.m.

IC+ —K~K + —K

(84) KXK

i
~)&Pc'

i

~I
K —K

=n,

=e(8)l+d(8)m,

(816)

(817)
The Aaron, Amado, and Young (AAY) prescription is

x =Q —aK,
where

(86)

~ p

=f(B)1+g(B)m,
[

a. +a. 'i

e(8)= ,' (c c+-b —b)
I
k '—+ k

I
/

I

17' —~
I

(818)

(819)

a =a(k, k')=
Kp[Kp+s;„(k, k ')]

K =(Kp, K ) = I [E~(k)+Ez(p)],k+ p ],
Q= —,

' [k —p —K(m —m~)/s;„],

= —,'(k —p ),
=[(32 +1)k—(A —1)k ']/4A,

(87)

(88)

(89)

d(8) = —,(b +b' —c —c')
~

k ' —k
~
/ [

a. ' —pc
~

f(8)= —,(b+b'+c+c')
I

k +k
) /) ~ +&

(

g(0) = —,
' (c c'+ b ' b)

)
k ' ——k [ /

[
a—'+ Ic i,

(820)

(821)

(822)

Further study regarding spin transformations with the full
Breit-to-c. m. Wigner spin rotation can be found in the
work of McNeil, Ray, and Wallace.

'Present address: Departamento de Fisica, Universidad de An-
tioquia, Medellin, Colombia.

For recent reviews, see Proceedings of the University of
Alberta/TRIUMF Workshop, Studying Nuclei with Inter-
mediate Energy Protons, Edmonton, 1983, edited by J. M.
Greben, TRIUMF Report No. TRI-83-3; The Interaction Be-
tween Medium Energy nucleons in nuclei —1982, Proceedings
of the Workshop on the Interaction Between Medium Energy
Nucleons, AIP Conf. Proc. No. 97, edited by H. O. Meyer
(AIP, New York, 1983);W. T. H. van Oers, TRIUMF Report
No. TRI-77-3, 1977.

A. W. Thomas and R. H. Landau, Phys. Rep. 58, 121 (1980).
R. H. Landau, Phys. Rev. C 1S, 2127 (1977); for kinematics,

see also S. A. Gurvitz, J.-P. Dedonder, and R. D. Amado,
ibid. 19, 149 (1979).

4G. W. Hoffmann, L. Ray, M. Barlett, W. R. Coker, J. McGill,
G. S. Adams, G. J. Igo, F. Irom, A. T. M. Wang, C. A. Whit-

ten, Jr., R. L. Bourdrie, J. F. Amann, C. Glasshausser, N. M.
Hintz, G. S. Kyle, and G. S. Blanpied, Phys. Rev. C 24, 541
(1981),and references therein.

5L. G. Arnold, B. C. Clark, R. L. Mercer, and P. Schwandt,
Phys. Rev. C 23, 1949 {1981);L. G. Arnold, B. C. Clark, and
R. L. Mercer, ibid. 21, 1899 (1980).

S. W.-L. Leung and H. S. Sherif, Can. J. Phys. 56, 1116(1978);
H. S. Sherif, Phys. Rev. C 19, 1649 {1979).

7A. Herzenberg and E. J. Squires, Nucl. Phys. 19, 280 (1960).
H. S. Sherif, M. S. Abdelmonem, and R. S. Sloboda, University

of Alberta report, 1983.
B. Z. Kopeliovich and I. K. Potashnikova, Yad. Fiz. 13, 1032

(1971) [Sov. J. Nucl. Phys. 13, 593 (1971)j.
H. Lesniak, L. Lesniak, and A. Tekou, Nucl. Phys. A267, 503
(1976).

N. P. Goldstein, A. Held, and D. G. Stairs, Can. J. Phys. 48,
2629 (1970).



2280 M. J. PAEZ AND R. H. LANDAU 29

H. Langevin-Joliot, Ph. Narboni, J. P. Didelez, G. Duhamel,
L. Marcus, and M. Roy-Stephen, Nucl. Phys. A158, 309
(1970).
R. Frascaria et al., Lett. Nuovo Cimento 2, 240 (1971).

~4R. Beurtey et al., Saclay Report as private communication of
D. Hasell.

~5R. Frascaria, I. Brissaud, N. Marty, M. Morlet, F. Reide, A.
Willis, R. Beurtey, A. Boudard, M. Garcon, G. A. Moss, Y.
Terrien, and W. T. H. van Oers, Phys. Lett. 66B, 329 (1977).
M. Blecher, K. Gotow, E. T. Boschitz, W. R. Roberts, J. S.
Vincent, P. C. Gugelot, and C. F. Perdrisat, Phys. Rev. Lett.
24, 1126 (1970).
J. Fain, J. Gardes, A. Lefort, L. Meritet, J. F. Pauty, G. Pey-
net, M. Quertou, and F. Vazeille, Nucl. Phys. A262, 413
(1976).
J. Berthot, thesis, Centre d'Orsay, Universite Paris-Sud; J.
Berthot, G. Douhet, J. Gardes, L. Meritet, M. Querrou, T.
Tetefort, F. Vazeille, J. P. Burq, M. Chemarin, M. Chevallier,
B. Ille, M. Lambert, J. P. Marin, J. P. Gerber, and C. Voltini,
in High Energy Physics and Nuclear Structure —1975 (Sante
Fe and Los Alamos) Proceedings of the Sixth International
Conference on High Energy Physics and Nuclear Structure,
AIP Conf. Proc. No. 26, edited by R. E. Nagle and A. S. Gol-
dhaber (AIP, New York, 1975).
R. Bertini et al., Saclay Report as private communication of
D. Hasell.
G. P. Alkhazov„S. L. Belostotsky, E. A. Damaskinsky, Yu. V.
Dostsenko, O. A. Domchenkov, N. P. Kuropatkin, D.
Legrand, V. N. Nikulin, O. E. Prokof'ev, M. A. Shuvaev, and
S. S. Volkov, Phys. Lett. 85B, 43 (1979).
T. A. Tombrello, C. Miller Jones, G. C. Phillips, and J. L.
Weil, Nucl. Phys. 39, 541 (1962).
D. K. Hasell, A. Bracco, H. P. Gubler, W. P. Lee, %. T. H.
van Oers, R. Abegg, J. M. Cameron, L. G. Greenaius, D. A.
Hutcheon, C. A. Miller, G. A. Moss, G. Roy, M. B. Epstein,
D. J. Margaziotis, A. W. Stetz, and H. Postma, Bull. Am.
Phys. Soc. 27, 568 (1982); (private communication).

I. Reichstein, D. R. Thompson, and Y. C. Jang, Phys. Rev. 3,
2139 (1971).
P. Heiss and H. H. Hackenbroich, Nucl. Phys. A182, 522
(1972).

z5G. W. Greenlees and Y. C. Tang, Phys. Lett. 34B, 359 (1971).
G. Bizard and A. Osmont, Nucl. Phys. 364, 333 (1981).
Ph. Narboni, Nucl. Phys. A205, 481 (1973).

A. Chaumeaux, V. Layly, and R. Schaeffer, Ann. Phys. (N.Y.)
116, 247 (1978).

S. J. Wallace, in Advances in Nuclear Physics, edited by J.
Negele and E. Vogt (Plenum, New York, 1981), Vol. 12, p.
135.

S. A. Gurvitz, Y. Alexander, and A. S. Rinat, Ann. Phys.
(N.Y.) 93, 152 (1975); 98, 346 (1976).

3 Y. Alexander and R. H. Landau, Phys. Lett. 84B, 292 (1979)„

S.J. Wallace and Y. Alexander, Phys. Lett. 90B, 346 (1980).
J. Bystricky, F. Lehar, and P. Winternitz, J. Phys. {Paris) 39, 1

(1978).
4R. H. Landau, S. C. Phatak, and F. Tabakin, Ann. Phys.

(N.Y.) 78, 299 (1973).
35K. L. Schwarz, H. Zingl, and L. Mathelitsch, University of

Graz Report No. UTP 02/79, 1979.
J. Bystricky, C. Lechanoine, and F. Lehar, Saclay Report No.
D Ph PE.79-01, 1979.
S. A. Gurvitz, Phys. Rev. C 24, 29 (1981).
I. V. Falomkin et al., Nuovo Cimento 57A, 111 {1980);R.
Mach and M. G. Sapozhnikov, Dubna Report No. E4-82-191,
1982, submitted to J. Phys. G.
J. S. McCarthy, I. Sick, R. R. Whitney, and M. R. Yearian,
Phys. Rev. Lett. 25, 884 (1970).

~R. G. Arnold, B. T. Chertok, S. Rock, W. P. Schutz, Z. M.
Szalata, D. Day, J. S. McCarthy, F. Martin, B. A. Mecking,
I. Sick, and G. Tamas, Phys. Rev. Lett. 40, 1429 (1978).

~ H. Collard, R. Hofstadter, E. B. Hughes, A. Johansson, M. R.
Yearian, R. B. Day, and R. T. Magner, Phys. Rev. 138, B57
(1965).
J. M. McMillan, Phys. Rev. C 3, 1702 (1971).
M. I. Haftel and F. Tabakin, Nucl. Phys. A158, 1 (1970).

~R. H. Landau, Comput. Phys. Commun. 28, 109 (1982).
45M. L. Godberger and K. M. Watson, Collision Theory (Wiley,

New York, 1964).
A. Picklesimer, P. Tandy, and R. Thaler, Phys. Rev. C 25,
1215 (1982).

47P. Tandy (private communication).
H. P. Stapp, T. Y. Ypsiltantis, and N. Metropolis, Phys. Rev.
105, 302 (1957).

R. Aaron, R. D. Amado, and J. E. Young, Phys. Rev. 174,
2022 (1968).
J. A. McNeil, L. Ray, and S. J. Wallace, Phys. Rev. C 27,
2123 {1983).


