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Nonlocal spin-dependent couplings in the effective nucleon-nucleon interaction are shown to
probe current spin correlations in inelastic nuclear excitations. Together, these couplings and
correlations provide an important dynamical source of polarization-analyzing-power differences ob-
served in inelastic proton scattering. This is illustrated explicitly by schematic calculations for
0+—+1+ and 0+~0 transitions. More realistic distorted-wave impulse approximation calculations
have been made for the 0+~1+ transition in ~Zr at E„=8.9 MeV which support the more trans-
parent schematic considerations. Distorted-wave impulse approximation calculations are also com-
pared with experimental (p,p') data for the two lowest 1+ excitations in ' C. For isovector 0+~1+
transitions these nuclear structure spin s current correlations also enter P decay through the "in-
duced tensor" couplings, and this relationship is used to help identify the nonlocality in the
nucleon-nucleon effective interaction.

I. INTRODUCTION

There is an ongoing interest' in nuclear physics in
measuring spin observables such as polarizations (P),
analyzing powers (A), and spin-flip probabilities (S) in
order to understand nuclear reaction Inechanisms and to
extract nuclear structure information. In inelastic proton
scattering and charge exchange reactions below 50 MeV
bombarding energy this effort has met with limited suc-
cess at the microscopic level. ' Recent advances in experi-
mental techniques have made possible measurements of a
variety of spin observables ' at intermediate energies
which clearly require improved theoretical techniques if
the full richness of the proton as a probe of nuclear struc-
ture is to be realized. Measurements of analyzing powers
at intermediate energies have become almost routine; in
addition, a number of polarization tranfer measurements
have been reported. It has recently been noted that mea-
surements of differences between P and A are especially
sensitive to a different aspect of nuclear structure than are
most measurements and it is primarily the origin of this
difference ( P —A) on which we focus here. In particular,
we wish to make explicit those aspects of the nucleon-
nucleon (N-N) coupling and nuclear structure which can
give rise to such differences within a single scattering ap-
proximation. The P —A topic has been discussed ear-
lier with emphasis primarily on natural-parity excita-
tions. More recently Amado' and Bleszynski et al. "
have emphasized the role of the reaction Q value in deter-
mining P —A. Here we emphasize those features of the
dynamics which lead to P&A and which are relatively in-
sensitive to the Q value. Very recently, Faldt' has shown
that higher order terms can give rise to P&A. The

M =a+P oz,
where o~ is the Pauli spin operator of the projectile, and
a(P) is a scalar (vector) function of the other dynamical
variables. In terms of these amplitudes the product of the
unpolarized differential cross section cr and the polariza-
tion may be written (after taking the trace over the projec-
tile spin matrices) as

trP= (aP +13a +iPXP ),2Jt+ I
(2)

where the remaining trace is over the target spin projec-
tions and J; is the initial angular momentum of the target.
Similarly, for the analyzing power times o we find

oA= (ap +pa ipXp ).—
2J, +1

If the target is unpolarized and the polarization of the
residual nucleus is not measured, parity conservation en-
sures that only those components of P and A normal to
the scattering plane are nonzero, giving

projectile-nucleus coupling necessary for P&A is shown
to be of essentially the same form (for 0+~1+ transi-
tions) as the induced tensor or "weak electricity" terms in
P decay. A very rough estimate is made of the depen-
dence of P —A "effects" on the projectile energy.

II. P AND A FOR THE SCATTERING
OF SPIN ~ PARTICLES

The general form of the nonrelativistic (elastic or in-
elastic) scattering operator for a spin —, particle is given
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and

oP„= [ap„+p„a +in (.p&& p )]i+

oA„= [ap„+p„at in—(p&& p )],2J;+ 1

differences should be small because in lowest order the
spin-orbit term produces an amplitude proportional to
oz n giving P„-n and X -0.

III. SCHEMATIC APPLICATIONS
TO 0+—+ 1+ TRANSITIONS

where n is a unit vector in the direction kz)& k z and
k~ (k &) is the initial (final) relative momentum. If the
vector p is written as

p=piei+p„n+p3e3 (6a)

Q'(k~ —k ~)QQ=kg+k g, q'=kg —k g—

but this choice is not essential. In the adiabatic limit (no~l
energy loss), q'~q—:kz —kz. To better isolate dif-
ferent aspects of nuclear structure and of the reaction
mechanism it is useful to work with the combinations
o(P„+A„). In particular,

o(P„+A„)= (ap„+p„a )(2J;+1)

—:X+ =2(o+y —a )

o(P„—A„)= i(p X p ) n.
(2J, +1)

—:X =2(o + —a+ ),

where the quantities o~ represent the differential cross
sections for scattering from an initial (v) to a final (v')
spin projection as measured along the vector n. Note that

X+ (X ) is linear (quadratic) in the projectile spin-
dependent amplitudes; in addition 7+ is sensitive to the
component of p normal to the scattering plane, while X
is sensitive to the interference of its in-plane components.
Equation (9) shows that in order to study differences be-

tween P and A we need to focus on the origin and content
of the vector P.

The above considerations are quite general. One partic-
ular implication of Eq. (9) is that in the distorted wave ap-
proximation measurements of P —A should be relatively
insensitive to small admixtures of S=1 transfers (to the
target) in predominantly S=O excitations because the
relevant interference in Eq. (9) is only between amplitudes
characterized by S=1 transfer to the projectile. Since the
nucleon-nucleon spin-orbit force can transfer S=O to the
target and S=1 to the projectile, differences between P
and A are allowed in such transitions. However, these

and the unit vectors (e„n,e3) form an orthogonal right-
handed coordinate system, then

n '( p X p ) =p3pi pips- (6b)

For some purposes' it is convenient to take e& and e3 in
the directions of Q and q ', respectively, which are de-
fined by

For definiteness and simplicity we consider unnatural-
parity transitions of the type 0+—+1+ (or 1+~0+) and
use the plane-wave impulse approximation (PWIA) to il-
lustrate the underlying physics. Although distortion ef-
fects provide an additional source of P —A and should be
included in detailed comparisons with observation, they
tend to obscure the essential points without altering the
primary qualitative features. (See Sec. IV.)

One widely used version' of the impulse approxima-
tion consists of representing the N-N t matrix by a com-
plex interaction of the form

C LS . T
Vip = Vip+ Vip L'S+ VipSip ~

where C, I.S, and T denote the central, spin-orbit, and
tensor parts of V)z, respectively, and i (p) denotes a target
(projectile) nucleon. The parameters of V~ are adjusted
until its antisymmetrized momentum space matrix ele-
ments match the free N-N t matrix at each energy of in-
terest. Therefore, when calculating nucleon-nucleus
scattering, knockon exchange terms must be calculated ex-
plicitly. For many purposes these exchange terms may be
included adquately by adding a local pseudopotential' '
to Vp; we must, however, go beyond this approximation
to understand the microscopic origins of P —A. Indeed,
it is the nonlocality (or velocity dependence) of the effec-
tive coupling between projectile and target nucleons which
in the present model gives P&A for zero Q value even in
the absence of distortion. To show this we restrict our-
selves to the central part of the interaction for simplicity.
Many of the auxiliary details are given in Ref. 16 and in
the Appendix of this paper. Although the exchange terms
arising from the tensor force have been shown to be a
more important source of P&A than are those associated
with the central force, the most important features of the
mechanism are illustrated more transparently by consider-
ing the central force alone.

The direct part of the nucleon-nucleon t matrix which
is associated with the o; oz part of Vqz for a 1 transi-
tion I—+F takes the form

Z,', =(k'„r
~

V'~ k„l)
=VF)q)()" Xj (qr, )o; I)Dop=Bs ~p

I

in the PWIA where Vi (q) is the Fourier transform of the

o; o~ part of V&~, q =kz —k z, jo is a spherical Bessel
function, and isospin indices have been supressed. In-
clusion of a zero-range pseudopotential' to approximate
exchange effects simply adds a constant to Vi (q) and
does not alter the structure of the term. Henceforth we
regard Vi (q) as including the zero-range pseudopotential
associated with the exchange terms. [Actually Eq. (11)
only includes the usually dominant monopole part of V)z,

'

for present purposes it is unnecessary to include the more
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complicated quadrupole contribution. We will return to
this point in Sec. IV.]

The new type of nucleon-nucleus amplitude arises when

we account explicitly for the nonlocality present in the ex-

change terms. In the present context nonlocality corre-
sponds to different coordinates for the incident and scat-
tered nucleons. This nonlocality arises from the finite
(nonzero) range' of Vtz in the present model. More expli-
citly, we may imagine expressing Vz in terms of its
Fourier components V (k ) in the exact exchange in-

tegral and then making a Taylor series of V (k ) about
some average momentum transfer which is usually taken'
to be kz the incident nucleon-nucleus momentum. This
choice is based on the idea that on the average (for
A » 1) the incident nucleon must simply be stopped.

c)V
V (k )=V (k„)+ (k' —k„');

k~=k2

k —kq —k;, kq —kg . (12)

The first term is a constant in k space and gives rise to
the zero-range pseudopotential mentioned and included
above; the second term corrects for the distribution of
momentum transfers due to the motion of the target nu-

Ccleons and vanishes for a zero range V . It is the k; kz
part' of the second term which gives rise to the new
(current-current) type of coupling. This can be shown' to
lead to a correction to V)z of the form

5V~= —f q'dq g( —) + 2 . . . q'[& I( i)&s(i)] [pl. (p)&s(p)]
LSJ (jg k =k

where

PJ(qr, L)= [i YJ i(r })3)L]
qr

80——1, 6', =cr,

(14)

and VsT is the Fourier transform of that part of Viz operative' in the exchange terms which transfer spin S and isospin

T to the nucleus (or projectile); L is the usual orbital angular momentum operator. For J= 1 transfers,

1 c}VsT j &(qr;) j &(qr )
5V&&~, f q dq [2L(i) L(p)5so+[iL(i)X cr(i)] [iL(p)X cr(p)]5s&I . (16)2~' Bk' k~ 0 qr; qr

This operator (see the Appendix) clearly samples the
current and current spin densities of the target and con-
tributes terms to the t matrix of the forms

BI n~(101), and (BLsXn) oz~(111). By comparing
Eqs. (1) and (19) (M~Tzz) we identify

TFj—BL

TFI (Bi.s X n ) ~I'

where

(17a}

(17b)

cx =BL n

P=Bs+Br.sXn

BS+~LS1 3 ~LS3 1

(20)

Bcs—F X ))L(i)Xrr(i)j I),
qr;

(18a)

(18b)

In the notation of Ref. 10, Bls ——ea» ———ea31 and

Bs= ea;; apart from kinematic factors. To evaluate Eq.
(9) using this explicit form for P given by Eq. (20) it is
convenient to note the following relationship for the trace
over the nuclear substates:

and n is a unit vector in the direction k~ X k z. [There
are other correction terms to Vz which contribute to am-
plitudes having ( —) =b.m and therefore give rise to no
new selection rules. ] From Eqs. (11), (18a), and (18b) we

get for the transition matrix

TFI =TFI+ TFI+ TFI
S L LS

=Bs crp+Bi 'n+(BL,sXn) cr~, (19)

where Bs, BL, and BLs denote target transition "spin"
densities analogous to oz for the projectile. In terms of
transferred angular momenta (I.SJ) Bs o.z~(011),

(21)

( p. +w. ) = «&J II&I. I I Jf )
4

3 2J;+1
X & J

I I
&s

I I Jf )* (22a)

A and B are vector operators in the nuclear target space
like those which generate Bs, BL, and BLs', u and v are
arbitrary constant vectors; and the reduced matrix ele-
ments are as defined in Bohr and Mottleson. ' Using Eqs.
(9), (20), and (21) we soon find [with &Bs)—=B, in Eq.
(11),etc.]
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Im( J
I IBIs I I Jf &

—8

3(2J, +1)

X (J; I IBs
I I(Jf &' (22b)

each of which is typically nonzero. Equation (22b) illus-
trates explicitly a source of P —A which arises from a sin-

gle (central) part of the interaction. (Note that the stan-

dard two-body spin-orbit terms' would be of the BL o.
z

and Bs n forms and would alone, or with the static cen-
tral term only, give rise to P =A. )

The interference in Eq. (22a) is between two time-
reversal odd operators (BI and Bs); however, the interfer-
ence in Eq. (22b) is between time-reversal even (BIs) and
time-reversal odd (Bs) operators as should be expected
from Refs. 9 and 20. It should also be pointed out that
the "frozen nucleus" approximation, as used in Ref. 11 in
the Glauber model, manifestly excludes amplitudes such

as BL and BLs from the outset and hence necessarily
gives P-A.

Although Bs and BLs both arise from the central part
of the force, the imaginary part of (Bls)(Bs)* in Eq.
(22b) need not vanish. This follows from the fact that
those parts of V operative in the direct and exchange
terms can have different phases since these terms sample
quite different parts of the momentum profile of V as
well as different spin and isospin combinations. (See the
Appendix. } If V were taken to be real as is done in the
ordinary Born approximation, P =A. From Eq. (13) we

also see that BL,s depends explicitly on the slope of the in-

teraction in momentum space.
These schematic considerations have been confirmed in

PWIA calculations which treat the exchange terms exact-
ly. In particular, the lp-shell amplitudes of Cohen and
Kurath ' have been varied ' for the lowest 1+ excitations
in ' C; these variations have established the strong sensi-

(r7) =(F g r7(k) I]
k

(23a)

and

(iLX rr)—:(F Z [iL(k)Xrr(k)] I)j, (23b)

along with the oscillator parameter. Recalling that we
have suppressed isospin variables for brevity, the matrix
element ( cr ) is essentially the spin part of the electromag-
netic M1 operator. For isovector excitations where
o ~sr r, (or) is also proportional to the Gamow-Teller
matrix element' familiar from P decay. Although less

familiar, the matrix element (iLX o ) does arise in p de-
cay where it describes weak electricity or alternately the
"induced tensor" term present in the timelike com-
ponent of the axial current; this is discussed in the Appen-
dix. The iLX 87 component of the transition density also
enters the m. photoproduction process where, however,
fourfold variations of its strength are reported to pro-
duce only small differences in the calculated cross sec-
tions. It is important to stress that measurements of
electromagnetic form factors for 1+ excitations are totally
insensitive to this LSJ= 111 part of the transition density.
The single particle matrix elements of iLX cr are especial-
ly simple and we record them here for completeness. In
the convention of Ref. 18 these are

tivity of P, A, and P —A to the LSJ=111 spectroscopic
amplitude between 100 and 200 MeV bombarding energy
when only a complex central interaction is used.

From a nuclear structure viewpoint the observation of
PjA implies nonvanishing form factors defined in Eqs.
(11) and (18b). For transitions within a single shell or at
small q these form factors are specified by the matrix ele-
ments

(n'(l' —, )j'~[(iLX cr)~ ~n(l —,)j)=0, j=j'

=~j (2j+1}(2j'+1)5&i(n'
~

n ), j&j ', (24a)

where (n
~

n') denotes the radial overlap integral of the two single particle wave functions and j& is the larger of (j,j').
In terms of (0 ) we have

(j'lliLX~llj&=(J —j'}J (J'll~llj& . (24b)

One simple but nontrivial implication of Eq. (24a) is that within the present model P =A for 0+—+1+ transitions within
a j"configuration if Q-value effects are not too large; this will be explored in more detail below.

Before leaving this section it is worth noting that, for zero Q value, the types of couplings considered so far satisfy the
equality '

Dqg ——
D&q where D,J a—re the polarization transfer coefficients described in Refs. 4 and 11. This follows

readily from Eqs. (20) and (21) and the definition of DIJ. ..

Tr(MoJM o;) 0.;=o'e;, etc. (25)
TrMM

This equality is not preserved, however, when we include the static quadrupole (8) spin term in Eqs. (11) and (19). In-
clusion of this term gives rise to

5Trr —V&(q)(F +jr(qr;)[Yr(r;)err;]' II [Yr(q)()r7r]:~8w[Qs() Yr(q)] 'Fr
l

(26)
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which in PODIA leads to

«Dqg+Dgq) = &~ ll&isIIJ/ &&J IIQsII~/ &'
3(2J, +1)

(27)

providing another potential measure of the presence of
spin current (and quadrupole spin) couplings. In-
clusion of the tensor force coupling to the nuclear mono-
pole or quadrupole matrix element can, in conjunction
with spin g current, also give Dqg+D~q&0.

IV. MORE REALISTIC CALCULATIONS

A. The Zr(p, p') transition ( E„=8.9 MeV)
at Ep ——200 MeV

To illustrate some of the above ideas in a more realistic
context we have made DULIA calculations at 200 MeV for
the Zr(p, p') reaction to the "giant" 1+ state at 8.9 MeV
of excitation. Figure 1 shows the results for the quantities
o(P+A)I2 which from Eqs. (8) and (9) isolate the in-

plane and out-of-plane components of P. When a pure
(gq/2g7/2)~ configuration is assumed which admits [see
Eq. (24)] a large BLs-type amplitude, o(P+A) is seen to
be quite sensitive to turning off either the optical model
spin-orbit distortion (dashed line) or the nucleon-nucleon
spin orbit force (6 s) as is implied by Eq. (8). By contrast,
o.(P —A) is very insensitive to either of these changes. To
illustrate the various contributions, calculations were also
made by including the full interaction and changing the
"excitation" to be of the form (g9/2g9/2)„. From Eq. (24)
this configuration forbids (LSJ=111)terms, i.e., BIs——0,
and as anticipated o(P —A) becomes very small; setting
the Q value to zero in this case reduces P —A to essential-
ly zero. Hence with this interaction'" Q&0 is seen to be a
relatively small source of P —A&0. By contrast, Fig. 1

shows that rr(P+A) is rather insensitive to the above
change in configuration, again in accord with the
schematic results above.

Coupled with the schematic considerations above, these
more realistic results indicate the desirability of isolating
the observables o(P +A) and o(P. —A). Clearly measure-
ments of o(P —A) provide the possibility of learning
about 1+ "modes" of excitation of the iLX o-type which
complement the information obtainable from (e,e') mea-
surements. At least one experiment of this type has been
reported at 150 MeV and others are underway.

B. 1+ excitations in ' C at Ep ——150 MeV

We next consider the excitation of the two lowest 1+
states in ' C by 150 MeV protons within the D%IA. The
data are from Refs. 6 and 21; the t matrix interaction-
used is an updated version of that in Ref. 14 based on the
SM82 N-N amplitudes of Amdt at 140 MeV. The wave
functions are those of Cohen and Kurath ' (CKWF)
which for the T=1 state at 1S.11 MeV provide a good
description of the Gamow-Teller strength, the Ml form
factor for q (1 fm ', and the unpolarized (p,p') cross sec-
tion at small q over a wide range of energy. The wave
function for the T=O state at 12.71 MeV is much more

1.2 I I I I I

9o
, o . Zr(p, p'), 0'-I'

E„=8.9Me V, E&=2OOMeV

o.e-' o (P-A)/2

0.6—I

I

I

I

0.4 P

0.2 —,

Q,Q i

n I~ -0.2-
a

h,
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~---no OMLS

9/2 9/2
& 4]
\~l
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' 0 5 10 15 20 25 50
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(b)
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I
I
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l 1

l

04- I oy
\

,
'e o ~

I
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0
I ~O~g
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~0
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~ DW I A (complete)--- no OMLS
~ no tLS

g9/2 ~ g9/2

I I ! I I

0 5 10 15 20 25 50

ec.m. (deg)
FIG. 1. o.(I'+A)/2 for the Zr{p,p') reaction at 200 MeV.

The dark points correspond to a complete DWIA calculation.
The dashed lines and triangles correspond to turning off the op-
tical model spin-orbit and N-N spin-orbit interactions, respec-
tively. The dark points, dashed lines, and triangles refer to cal-
culations made with the (g9/~7/2}„configuration; the open cir-
cles refer to a complete calculation using a (g9/2 g9/2) configu-
ration.

poorly understood. Above -400 MeV it provides a
reasonable (though not excellent) description of the (p,p')
differential cross section; below 200 MeV it does not work
well using either a t-matrix' or G-matrix interaction.
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At this point it is important to reemphasize that mea-
surements of the transverse electromagnetic form factors
for these transitions provide information on the nuclear
structure spin or current matrix elements associated

with Bs and BL and their quadrupole counterparts. [See
Eqs. (11), (18), and (27).] For isovector 0+~1+ transi-
tions, P-decay rate measurements are also sensitive pri-

marily to the nuclear structure associated with Bz.
However, recent measurements of alignment correlation
coefficients (a+) from the P decay of mirror nuclei in the
mass-12 system yield

FE /F„= ——,(a++a )

10

110

(fm )

3.8+0.5 (( —iLX o )r ) 1

2m (cr r) 2m
(28)

where m is the nucleon mass, FE" is the first class contri-
bution to the form factor corresponding to weak electrici-
ty (or the induced tensor term), and F~ is the axial vector
form factor. The CKWF yield ' 10

(0+
~

( —iLXcr)r
~

1+)
(29)

for this ratio (denoted by d/AC in Ref. 28) is in excellent
agreement with the P-decay results. Therefore, for the

(p,p') excitation of the 15.11 MeV state in ' C, those as-

pects of nuclear structure most important for calculating
cr(P —A) may be regarded as known. Since this is the
only nucleus for which such detailed information is avail-

able for transitions to the ground state, (p,p') and (p,n)
measurements of P —A provide a potential technique for
extracting information on (iLX cr ). For nonisovector
transitions neither electromagnetic nor P-decay measure-

ments determine ( i L X cr ).
For the two transitions considered here it is instructive

to examine the transition densities in an I.S representation
as has been done by I.ee and Kurath. ' For each I.SJ
transfer their 1 —p shell spectroscopic amplitudes ALs/
are given in Table I; the ALsJ for a pure (p3/2 pi/2) exci-
tation are listed for comparison. The relative sizes of the

ALsJ illustrate why these two transitions are especially

sensitive to the inclusion of the I-SJ= 111 (~BLs ) terms.
Measurements of P —A may also be used to place gross

constraints or limitations on the N-N effective interaction.
For example, where significant values of o(P —A) are ob-

served, the purely real m. +p model of the effective iso-
vector force is inadequate. Although some deficiencies in

the m+p model are to be expected, such measurements

place limitations on the deviations.

20 40

ec.m. (deg)
60

FIG. 2. Comparison of DWIA results (at 150 MeV) with ex-
perimental data of Ref. 21. The calculated and measured cross
sections for the 12.71 MeV state have been multiplied by ten.
The solid (dashed) curve corresponds to using the CKWF
(MCKWF).

The calculated and experimental results for cr(P+A),
for these two 1+ transitions are shown in Figs. 2 and 3.
Positive (negative) experimental values of cr(P+A) are
denoted by solid (open) circles. The experimental and cal-
culated unpolarized differential cross sections are shown
in Fig. 2 to place our overall level of understanding of
these excitations in perspective. The calculations using
the CKWF are denoted by the full curves. Calculations
for these transitions using modified CKWF (MCKWF)
constructed by deleting the 3» i amplitudes are shown as
dashed curves. Removal of this amplitude sets

(iLX cr ) =0 without affecting the calculated transverse
form factor; the P-decay rate is also negligibly altered.
It should be emphasized that our purpose here is to estab-
lish trends and to explore sensitivities, not to obtain pre-
cise fits to the data.

LSJ

011
211
111
101

~LSJ
(15.11 Mev)

0.160
0.096
0.515

—0.023

~LSJ
(12.71 MeV)

0.152
0.049
0.537

—0.093

~LSJ
(P 3/2 P 1/2 )

—0.385
—0.215

0.500
0.289

TABLE I. Transition density matrix elements in an LSJ
transfer representation.

The 15 11 Me V (T=.1) excitation

For this transition the unpolarized cross section is well
described in the DWIA out to 20'—25' which corresponds
to q —1 fm '. By using the CKWF the calculated
cr(P+A) has the wrong sign forward of —13' and is too
small by a factor of -2. Beyond —15 there is qualitative
agreement between theory and experiment. The calculat-
ed values of cr(P+A) are negligibly different when the
MCKWF are used, which is in accord with the schematic
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model above [see Eq. (22a)]. We expect the combination
o(P+ A) to be especially sensitive to the optical model
and N-N spin-orbit interactions as was illustrated for the

Zr transition. The calculated values of cr(P —A) are
only in good agreement with the experimental datum near
9' when the CKWF are used; the MCKWF yield
o(P —A), too small at small q by at least an order of mag-

nitude. Recall that the P-decay information on (iLX cr )
is most relevant for small q; moreover it is the small q re-
gion where the unpolarized differential cross section is
best described. Beyond 10'—15' neither set of wave func-
tions describes the cr(P —A ) data well overall. The
MCKWF do, however, seem to describe o and o(P —A)
between 20' and 25' which suggests that the nonlocal part
of the N-N interaction is not correct in detail in this re-
gion of larger momentum transfer. It would clearly be
desirable to have more forward angle data on cr(P+ A).

2. The 12.71 MeV (T=O) excitation

Neither set of wave functions describes the differential
cross section well at this energy. Unlike the isovector
transition, there is a very substantial change in the magni-
tude and shape of do/dco when Aiii is set to zero
(MCKWF). This arises from the fact that this transition
is dominated by the exchange terms in the present model,
presumably due to an absence of a simple meson to ex-

change in this channel. The effect on o(P+A) of chang-
ing the wave functions is rather small (see Fig. 3) but not
completely negligible as is the case for the 15.11 MeV
transition. Moreover, the calculations are in qualitative
agreement with experiment for o(P +A). It is useful here
to note that the isoscalar N-N spin-orbit force is relatively
large and well understood the isovector N-N spin-orbit
force is believed to be small but is poorly understood.
Apart from being too large by a factor of -3, the calcu-
lated o(P —A) for this transition has roughly the correct
shape and phase when the CKWF are used. From Fig. 3
results obtained with the MCKWF (A», =0) disagree
completely with the data suggesting that significant spin
s current correlations are present in the wave functions

(Aiii&0) and that the spin-dependent part of the effec-
tive interaction is significantly nonlocal, though apparent-
ly not in the same way as prescribed by the free t-matrix
interaction.

V. P AND A FOR 0+ —+0 TRANSITIONS

P and A are particularly interesting for 0+—+0 transi-
tions where only the longitudinal part of the static N-N
coupling contributes. The general form of the nucleon-
nucleus scattering operator for this case is

M =A o'q+Bo"Q (30)

where q and Q are defined earlier. Comparison of Eqs.
(1) and (30) gives

a=0, P =A q+BQ (31)

for this case, which from Eqs. (8) and (9) gives P„=—A„
and

o(P„—A„)= 2crA„= —81m—(AB')kzkzsin8, (32)

where 8 is the center-of-mass scattering angle.
In the static approximation in which the N-N coupling

is local and any exchange terms are included by a zero-

range pseudopotential, the 8 term —+0 and P=O=A.
When corrections' are made to the treatment of ex-
change, however, there appear current couplings analo-
gous to those for 0+~1+ transitions which take the form
(see the Appendix)

5V(~-(o;.p;)(cr~ p~) (33)

and contribute to the B term in Eq. (31). Actual PWIA
and DWIA calculations and unpublished experimental
data ' indicate analyzing powers significantly different
from 0, again indicating the importance of the spin 8
current terms in the effective N-N interaction.

It is interesting to note (see the Appendix) that for iso-
vector 0+~0 transitions, the A and B terms are the in-
elastic scattering counterparts of the spacelike and time-
like couplings which enter the corresponding P-decay
calculations. Hence measurements of nonzero A„ for
such states is a positive signature of appreciable couplings
of both of these types in the N-N interaction as well as
sizable nuclear matrix elements for these types of opera-
tors. A study of the analyzing power for this class of
transitions at a number of bombarding energies could pro-
vide important information on the nonlocality of the ef-
fective interaction.

VI. ENERGY DEPENDENCE

VII. SUMMARY

A number of the ideas described here regarding the
P —A problem have been discussed more formally by oth-
er authors. ' Since there has been considerable con-
fusion on this topic it seemed appropriate to make some
of the relevant ideas more concrete and to indicate expli-
citly the new aspects of nuclear structure which enter in

It is important to understand the energy dependence of
these current (3} spin couplings to know where their conse-
quences may best be studied. Here we make a very rough
estimate of this dependence by assuming that Vtz may be
represented by an energy independent Gaussian interac-
tion of mean square radius (r ) and that the direct
momentum transfer is of the order of the Fermi momen-
tum kF. In this case the ratio of the current spin am-

plitude to the direct amplitude should go roughly as

TLs

&
-(r )[k~exp(k~(r )/6)[kqexp( —k~(r )/6)],

TFI
(34)

so that the effects of the current spin couplings should
decrease with increasing energy at intermediate energies at
a rate dependent on (r ). [Eq. (34) assumes an even-state
interaction; a more quantitative estimate should also in-

elude the ratio of VsT to Vsz (see Sec. III) as well as ex-
plicit consideration of the tensor force.] A decrease in
I' —A with increasing energy has been observed. ' Al-
though the simple Gaussian interaction is known to be
oversimplified, it illustrates the salient features.
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lowest order.
In particular, we have shown both schematically and

with explicit DWIA calculations that current spin cou-
plings are important for understanding measurements of
P and A for unnatural-parity transitions in (p,p') and

(p,n) scattering and have indicated explicitly for 0+~1+
and 0+—+0 transitions how one source of this type of
nonlocal coupling, the exchange terms, gives rise to P&A.
Other sources of nonlocality in the spin-dependent parts
of the N-N interaction can also be important in this
respect. One of these (explicit energy dependence) has
been discussed by Walker; multistep processes' and ex-

plicit velocity dependence are two other possible sources.
Some theoretical advantages for considering the observ-

ables cr(P+A) have been suggested and illustrated both
schematically and by a comparison of DWIA calculations
with data for the excitation of the two lowest 1+ states in
' C by 150 MeV protons. For isovector 1+ transitions we
have related the measurement of o(P —A) to weak electri-

city present in P decay through the matrix element

(iL)&cr). Although a quantitative theoretical under-

standing of the sources of nonlocality in the spin-
dependent part of the effective N-N interaction is current-

ly unavailable, measurements of cr(P —A) provide a con-
vincing signature of their presence and should prove quite
helpful in discriminating between different N-N interac-
tions having differing nonlocal behaviors. Once this as-
pect of the N-N interaction is understood (or calibrated),
the (p,p') reaction may be used as a more quantitative
probe of the poorly understood but very interesting
current spin modes of excitation in nuclei.
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APPENDIX

change terms have velocity-independent and velocity-
dependent counterparts in the weak-interaction current.
In the PWIA the knockon exchange contribution' to the
nucleon-nucleus t matrix is given by

T= rl r2e 'X~ 2 f ri V r&2o.

X P;(r2)X„(2)e (Al)

r =rl2 ——rl —r2,

2R= ri+ r2 . (A2)

If V is not intrinsically velocity dependent this readily
gives

T= f dR f dr e' 'e'q P(R+'r/2)V(r, o)

(A3)

where

k k'K=, q=k —k'
2

If the interaction is of short range we may use

(A4}

P(R+ r /2) =P(R)+—V~ g(R)
2

to write T=T' '+ T'" where

(A5)

T'"= f dRqf(~)&X, ~e'q V(K, cr) ~X„)g;(R),

where we consider a typical sirgle particle transition
i ~f; the X„~ represent the initial and final state spins of
the projectile, V= —VP P is the interaction appropriate
for exchange, and isospin indices have been suppressed for
brevity. The spin dependence of V is denoted schemati-
cally by 0.. It is convenient to change to relative and
center-of-mass coordinates defined by

In this appendix we show that in the nonrelativistic im-
pulse approximation several of the isovector knockon ex-

I

and

(A6)

T'"= —,
' f dRff(R)(X~ ~e'q' [V~ u(K, o ) —u(K, cr) V'~] ~X„)P;(R),

where

V(K, o)—:f dre' 'V(r, o),
u(K, o )—:f d r e' ' ' r V( r, o )= —i P'x V(K, o ),

and Vz acts only on gf(R). Integrating the Vz term by parts gives

T"=—, R fR & e' ' —iq —2 & uKo P;R

(A7)

(A8)

(A9)

(A10)

Using the anticommutator relationship

te'q'", Vg I
=e'q' (i q+2V g) (A 1 1)

when acting on a wave function to the right, we obtain

T"'=——,
' f dRgf(R)

X(Xy~ Ie'q'", u(K, o) V/) ~X„)y;(R) .
(A12}



%'. G. LOVE AND J. R. COMFORT 29

The generalizations of Eqs. (A6) and (A12) for T' ' and
T'" to include arbitrary configurations in the initial and
final states are the following:

vector current and the timelike component of the axial
vector current are

and

TFI y@F e y K, 0 j 0 p @lyly
l

(A6')
V'+-'(r;) = i—t+(i} I e ', V; j2'

gm l q. r,.
e 'o;Xq

2m
(A15)

Ap+—'(r;) = t+(i) I e ', o.; V; j
2172

(A 12') t+(i)te ', o; p;j,2' (A16)

For the central part of the interaction

V(K;cr;, o~)=Vp(E )+Vi(& )cr; cr~

and

(A13)

u(K, o;, crp)= —2iK[Vp(E }+Vi(E )o;.o~p];

(A14)

If K is further approximated by k the term T' '

represents the standard short-range approximation
described in Sec. III which samples only the static transi-
tion density; for the central part of the force the leading
(monopole) term is essentially the knockon exchange con-

tribution to Bs of Eq. (11). Several of the isovector parts
of the operators appearing in Eqs. (A6') and (A12') have
their counterparts in the weak vector and axial-vector
currents responsible for P decay. For example, the spin-
independent and spin-dependent parts of the nuclear
operators in T' ' are proportional to the leading terms in
the timelike component of the vector (Fermi) current and
the spacelike component of the axial-vector (Gamow-
Teller) current, respectively. The correspondence be-
tween the operators responsible for T'" and those present
in P decay is less familiar. To make this connection we
note that the dominant terms of the spacelike part of the

I

8"'=—2Vi g ( —) (Ko~) (p cr ) bm. =yes
J=0, 1,2

where t+ are the isospin raising and lowering operators,
m is the average nucleon mass, and g„and g are the usu-
al22 vector and weak magnetism form factors. [The sign
change in q relative to Ref. 22 (Holstein) corresponds to
definitions of momentum transfer q which are opposite
in sign. ] From Eqs. (A12'} and (A14) we see that the
spin-independent part of the operator responsible for T"'
may be readily associated with the g„ term in V(r;); the

g~ (weak magnetism) part of V(r;) is a static transverse
correction term of order q/m. The timelike component
of the axial current Ap corresponds most closely to the
spin dependent part of T"' where from Eq. (A12') and
(A14) the operator acting on each nucleon is

&s' i(t')= —ViIe ',K p;cd o;j, p;= iV; .—

(A17)

Although the couplings in Eqs. (A16) and (A17) are simi-
lar, they are not identical because of the additional recou-
plings of the form [p;S cr;],' implied by Eq. (A17). In
the long wavelength (small momentum transfer) approxi-
mation where e' '' —]+i q r a closer correspondence
can be derived; for proton scattering we also neglect terms
involving q K cc Q value. In this approximation, the pari-
ty changing and unchanging parts of 6"' may be written
as

=+2iVi g( —) [(qK)'oz] (L;cr;) +[(qK) Scrz] [(r;p;) cr;] ., km=no.
J 2

For 1+ excitations the relevant part of 6"' is

8"'(I+)~2iVi I
——,[(qK)' crz]'(L; X r;)c+[(qK) oz]'[(r;p;) I31 o;]'j .

An analogous small-q approximation for Ap(r;) gives

~ 2

Ap
+—'(r;)= t+(i) —2(cr; p;) — (o;.r;)—V(2/3)q (r;8 o;) C2(q) —q [cr;+2i r;(cr;.p;)] . ,

2m

(A18)

(A19)

(A20)

where C2(q) is the normalized spherical harmonic, the
first three terms contribute to parity changing (0 or 2 )

excitations (see Sec. V), and the term in square brackets
contributes to positive parity excitations. Using Eqs. (21)
and (22) of Horie and Sasaki3 the term in square brackets
may, for transitions within a single l shell, be rewritten as

cr+2i r(o"p) =
t o v10[C2(r }@cr—]'j 1+ ,

'r—
—tLXo . (A21)

If, in addition, the participating radial wave functions are
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equal the first term does not contribute due to a vanishing
radial integral and we are left with (A 19')

&a+-'(r;)= q (i&;Xtr;)t+(t) .2' (A22)

Under these same conditions the rank-two part of Eq.
(A19) does not contribute so that

Recalling that n —k X k ' we see that 6' "(1+) in (A19') is
essentially T of Eq. (17b) and in the nuclear subspace
corresponds (in the small-q limit) to the timelike com-
ponent of the axial current in P decay.
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