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Theoretical modification on semiclassical distorted wave model and its application
to the study of spin observables
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The semiclassical distorted wave~SCDW! model of nucleon inelastic and charge exchange scattering at
intermediate energies is modified to take accurate account of off-the-energy-shell matrix elements of the
in-mediumN-N interaction and explicit account of the exchange of colliding two nucleons, making use of the
G matrix parametrized in coordinate representation. The effects of the modification on the double differential
inclusive cross sections are discussed for the cases of (p,p8x) and ~p,nx! reactions on90Zr at 160 MeV. The
modification enables the SCDW model to calculate spin observables. The depolarizations in58Ni( p,p8x) at 80
MeV and 90Zr(p,p8x) and 90Zr(p,nx) at 160 MeV by one- and two-step processes are calculated, and the
result for58Ni( p,p8x) is compared with experimental data. The calculated spin flips in (p,p8x) and~p,nx! on
90Zr are analyzed in terms of the effects of in-medium modification of theN-N interaction and the contribu-
tions of individual components of the effective interaction.@S0556-2813~99!03110-6#

PACS number~s!: 24.10.Eq, 24.70.1s, 24.50.1g, 25.40.Ep
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I. INTRODUCTION

Preequilibrium processes in nuclear reactions at inter
diate energies are known to be dominated by multistep di
~MSD! processes. Quantum-mechanical models@1–3# and
methods of simulation@4–7# have been proposed and appli
to the analysis of preequilibrium MSD at intermediate en
gies with varying degrees of success. We have investig
MSD with a semiclassical distorted wave model, herea
referred to as the SCDW model@8–11#, based on the DWBA
expansion ofT-matrix elements as in the previous quantu
mechanical models. The cross section formula has no
adjustable parameter and allows a simple intuitive interp
tation. We have applied the model to the calculation
double differential inclusive cross sections of (p,p8x) and
~p,nx! at intermediate energies taking account of up to thr
step process. The results have been in overall good ag
ment with experimental data except at very forward ang
and at large momentum transfers.

The SCDW model hitherto, however, has been based
the following two assumptions that need be examined. F
off-the-energy-shell matrix elements ofN-N interaction are
approximated by on-the-energy-shell ones whose squ
moduli are replaced by a constant times freeN-N scattering
cross sections. Second, it is assumed that the effect of
exchange of colliding nucleons is included in theN-N scat-
tering cross sections.

The first purpose of the present work is to remove the t
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assumptions to put the model on sounder theoretical foun
tions. We make use of theG matrix parametrized in coordi
nate representation by Dortmans and Amos@12,13#, hereafter
referred to as the DAG matrix, as the effectiveN-N inter-
action in the nuclear medium. The DAG matrix has an ana-
lytic form with parameters which are adjusted so that its o
and half-off-shell matrix elements reproduce those of theG
matrix based on the ParisN-N potential@14#.

The use of experimental freeN-N cross sections has lim
ited the application of the SCDW model so far to unpola
ized cross sections. The modification described above
ables one to calculate physical quantities beyond t
limitation. The second purpose of this work is to calcula
the spin observables for (p,p8x) and~p,nx! reactions includ-
ing one- and two-step processes. In particular, we ana
the depolarizationDNN and the spin flipSNN in detail in
terms of the number of steps of the process, the spin de
dence of the effective interaction and the effects of its mo
fication in the nuclear medium, hereafter referred to as
medium effect.

In Sec. II, the formalism of the newly extended SCD
model is described and the formulas are given for unpo
ized and polarized cross sections, and for some spin obs
ables. The method and the input data of the numerical
culations are described in Sec. III. In Sec. IV the results
the numerical results are presented and discussed. A s
mary and conclusions are given in Sec. V.

II. FORMALISM

The starting point of the SCDW model is the DWB
series expansion of theT matrix for the reaction as alread
mentioned. The following three approximations are th

ng
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made@8–11#: the single particle model for the nucleus, th
sum of the two-body interaction potentials for the resid
interactions and the ‘‘never-come-back’’ assumption
MSD, viz. the number of excited target nucleons increa
with the number of steps in MSD. Then the cross section
the reaction is given as an incoherent sum of the cross
tions each of which corresponds to a number of steps in
process, since the final states of the system reached by
ferent number of steps are different.

TheT-matrix element of the one-step transition in which
target nucleon is excited from an initial single particle st
fa(r ) to a final onefb(r ) is given by

Tb f ,a i5^x f~r0!fb~r !uV12~r2r0!ufa~r !x i~r0!

2fa~r0!x i~r !&, ~2.1!

where thex i , f(r0) are the distorted waves for the leadin
particle ~LP! at coordinater0 in the initial and the final
states, andV12(r2r0) is the two-body interaction potentia
between LP and the struck target nucleon atr . We assume
for the moment that it is spin and isospin independent
simplicity. The cases ofV12 including those variables will be
discussed later. Equation~2.1! contains the exchange term
explicitly. This is the first modification to the SCDW mode
It should be noted that the use ofV12 in the coordinate rep-
resentation is an essential ingredient of the present mod
will become clear in the formulation that follows.

With the T matrix of Eq. ~2.1!, the double differential
inclusive cross section, hereafter referred to as the DDX,
one-step process of nucleon emission at energyEf;Ef
1dEf and into solid angledV f is given by

]2s1step

]Ef]V f
5C

kf

ki
(
a,b

uTb f ,a i u2d~e f2e i !, ~2.2!

whereki andkf are the asymptotic wave numbers of LP,e i
ande f are the total energies of the system in the initial a
the final states, respectively, andC54m2/(2p\2)2. The
delta function ensures the conservation of the total energ

Putting R[(r1r0)/2 ands[r2r0 , one can rewrite Eq
~2.2! as

]2s1step

]Ef]V f
5C

kf

ki
(
a,b

u^x f~R2s/2!fb~R1s/2!uV12~s!u

3fa~R1s/2!x i~R2s/2!&2^x f~R2s/2!

3fb~R1s/2!uV12~s!ufa~R2s/2!

3x i~R1s/2!&u23d~e f2e i !. ~2.3!

We assume that the rangeb of V12 is short so that the inte
grand of Eq.~2.3! is only appreciable for smallusu,b. We
then make the following two approximations. One is the
cal density Fermi-gas~LFG! model for the nuclear states
and the other is the local semiclassical approximat
~LSCA! for the distorted waves.

The LFG model for the nuclear states allows one to
sume that the wave functionsfg(g5a,b) in Eq. ~2.3! are
plane waves within a small cell of sizeusu,b so that
05460
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fg~R6s/2!>fg~R!e6 ikg•s/2. ~2.4!

The LSCA for the distorted waves is essential to the SCD
model and is written as

xc~R6s/2!>xc~R!e6 ikc~R!•s/2, c5 i , f , ~2.5!

for small s/2, wherekc(R) is the local wave number given
by @8#

kc~R!5
m

\

flux@xc~R!#

uxc~R!u2 . ~2.6!

With these two approximations, Eq.~2.3! becomes

]2s1 step

]Ef]V f
5C

kf

ki
(
a,b

u^x f~R!fb~R!ufa~R!x i~R!&

3$Ṽ12~q!2Ṽ~Q!%u2d~e f2e i !, ~2.7!

where

q[k82k[@kb2k f~R!#/22@ka2k i~R!#/2, ~2.8a!

Q[k81k[@kb2k f~R!#/21@ka2k i~R!#/2, ~2.8b!

wherek ~k8! is the relative momentum between the collidin
nucleons in the initial~final! state, andq is the momentum
transfer in the two-body center of mass system.Ṽ12 is the
Fourier transform ofV12 defined by

Ṽ12~k!5E V12~s!e2 ik•sds. ~2.9!

Expanding the squared modulus in Eq.~2.7!, one obtains

]2s1 step

]Ef]V f
5C

kf

ki
E E dRdR8x f* ~R!x i~R!x f~R8!

3x i* ~R8!K̂~R,R8!, ~2.10!

where the kernel-hatK̂ is defined by

K̂~R,R8![(
a,b

fb* ~R!fb~R8!fa~R!fa* ~R8!

3uṼ12~q!2Ṽ12~Q!u2d~e f2e i !

5
1

~2p!6 E
ka,kF~R!

dkae2 ika•~R82R!

3E
kb.kF~R!

dkbeikb•~R82R!

3uṼ12~q!2Ṽ12~Q!u2d~e f2e i !. ~2.11!

It replaces the kernelK in the previous SCDW model define
by
5-2
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K~R,R8![
1

~2p!6 E
ka,kF~R!

dkae2 ika•~R82R!

3E
kb.kF~R!

dkbeikb•~R82R!d~e f2e i !,

~2.12!

which is a short range function ofR2R8 @8–11#. The short
range property ofK is retained inK̂ because of the shor
range nature ofV12 which makes its Fourier transforms
Ṽ12(q) and Ṽ12(Q), slowly varying functions of the argu
ments,q andQ.

The assumption ofR>R8 allows one to use the LSCA to
the x i , f(R8) in Eq. ~2.10! and to obtain

]2s1step

]Ef]V f
5C

kf

ki

1

~2p!3 E dRux f~R!u2ux i~R!u2

3E E
ka,kF~R!,kb.kF~R!

dkadkbuMnew~k8,k!u2

3d@kb2ka1k f~R!2k i~R!#d~e f2e i !, ~2.13!

whereMnew is defined by

Mnew~k8,k![Ṽ12~q!2Ṽ12~Q!. ~2.14!

If one neglected the exchange termṼ12(Q), one would get

M 8~k8,k![^k8uV12~s!uk&5Ṽ12~q!, ~2.15!

which would have the form of the matrix element in th
previous formulation of the SCDW model. This is only a
parent, however, because in actual calculations in the pr
ous SCDW model the squared modulus of the matrix e
ment was replaced by the experimentalN-N scattering cross
section which did contain the effect of the exchange of c
liding nucleons. In order to see this point more clearly,
rewrite Mnew as

Mnew~k8,k!5E dse2 i k8•sV12~s!@ei k•s2s2 i k•s#

5E dse2 i k8•sV12~s!@12Px#ei k•s, ~2.16!

wherePx is the exchange operator of the coordinates of
two nucleons, i.e.,

Pxs52s. ~2.17!

In the previous formulation of the SCDW model@11#, the
matrix element was given by

Mprev~k8,k![^k8uv~s!uk&5 ṽ~q!, ~2.18!

where v(s) is the ‘‘two-body effective interaction.’’ The
squared modulus of the matrix element ofv(s) was then
calculated in terms of the experimental two-nucleon scat
05460
i-
-

l-

e

r-

ing cross section. Comparing Eq.~2.16! with Eq. ~2.18!, one
finds that this procedure is justified if

v~s!5V12~s!@12Px#, ~2.19!

since thenMprev(k8,k)5Mnew(k8,k). One sees, therefore
that the ‘‘two-body effective interaction’’ in the previous for
mulationv(s) contained the exchange operator, though o
implicitly. Formally, however, it was treated as if it were
function only of s. As a consequence, only the factorize
kernelK appeared in the formulation. We see, however, t
what is really needed is the kernel-hatK̂. This is a defect of
the previous formulation of the model, although its cro
section formula is now justified as described above.

The second modification to the SCDW model is related
the energies of the colliding two nucleon system in the init
and the final states. It was shown in Ref.@11# that the argu-
ment of the energy delta function in Eq.~2.13! can be written
as

\2

2m
~kb

22ka
2 !1Qab2v, ~2.20!

wherev is the energy transfer,Ei2Ef , Qab5Sa2Sb is the
reactionQ value and theSg (g5a,b) are the separation
energies of the struck nucleon in the initial and the fin
nuclear states. It is obvious that the energy of the collid
N-N system is not conserved. As a consequence, the squ
moduli of off-shell matrix elements ofN-N interaction be-
come necessary for the calculation of cross sections. In
SCDW model calculations hitherto, it was assumed that t
were proportional to experimentalN-N scattering cross sec
tions. The validity of this assumption, however, needs
examined. It should also be noted that such a replacem
restricts the application of the model to the calculations
unpolarized cross sections.

In this paper, we calculate the off-shell matrix elemen
explicitly. In the formulation described above, one needs
N-N effective interaction in coordinate representation
this purpose. We use the DAG matrix parametrized in co-
ordinate representation by Dortmans and Amos@12,13#.

The DA G matrix has the form

V125(
ST

V12
STPST, ~2.21!

V12
ST5VC

ST~s!1VLS
ST~s!l•S1VT

ST~s!S12, ~2.22!

whereSandT are the spin and the isospin, andl is the orbital
angular momentum of relative motion of the two-body sy
tem. PST is the projection operator toSTchannel andS12 is
the usual tensor operator. The radial parts of the central
the spin-orbit components in Eq.~2.22! are sums of Yukawa
forms, and that of the tensor component is a sum ofs2 times
the Yukawa forms.

The ranges and the depths of individual components
given as energy and density dependent parameters, whic
chosen so that the on- and half-off-shell matrix elements
the DA G matrix best fits those of the solution of th
5-3
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Brückner-Bethe-Goldstone~BBG! equation for the Paris
N-N potential@14#. The density dependence is given throu
the Fermi momentumkF

G of the nuclear matter in which th
BBG equation is solved.

With this G matrix, Mnew(k8,k) is given by

Mnew~k8,k!5(
T

A~n18n28n1n2 ;T!

3(
S

(
MM8

~1/2m181/2m28uSM8!

3~1/2m11/2m2uSM!3~MC1MLS1MT!,

~2.23!

where

A~n18n28n1n2 ;T![~1/2n181/2n28uTT3!~1/2n11/2n2uTT3!.

~2.24!

In Eqs.~2.23! and~2.24!, them(m8) are thez components of
the spins, then(n8) are the third components of the isopin
of the LP 1 and the struck nucleon 2 in the initial~final!
channel.M andM 8 are the thez components of the total spi
S in the initial and the final state, respectively, andT3 is the
third component of the total isospinT of the two-nucleon
system.

The matrix elements for the central, the spin-orbit, and
tensor components including both the direct and the
change terms explicitly are given by

MC5$ṼC
ST~q!2~2 !S1TṼC

ST~Q!%dM ,M8 , ~2.25!

MLS5
8p

3
k(

a8
@~2 !a8~SM1a8uSM8!dS,1

3$ṼLS
ST~q!@Y1~ q̂!,Y1~ k̂!#1,2a81~2 !S1TṼLS

ST~Q!

3@Y1~Q̂!,Y1~ k̂8!#1,2a8%#, ~2.26!
ha
th
m

05460
e
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MT524A2p (
m

@~2 !m~SM22muSM8!dS,1

3$ṼT
ST~q!Y2m~ q̂!2~2 !S1TṼT

ST~Q!Y2m~Q̂!%#,

~2.27!

whereY are the spherical harmonics andṼj
ST(k) ( j 5C, LS,

and T! are given by

ṼC
ST~k![4pE s2ds j0~ks!VC

ST~s!54p(
i

v i
C~Ri

C!3

11~kRi
C!2 ,

~2.28a!

ṼLS
ST~k![4pE s3ds j1~ks!VLS

ST~s!58p(
i

v i
LSk~Ri

LS!5

$11~kRi
LS!2%2 ,

~2.28b!

ṼT
ST~k![4pE s2ds j2~ks!VT

ST~s!532p(
i

v i
Tk2~Ri

T!7

$11~kRi
T!2%3 ,

~2.28c!

whereRi
j and v i

j are, respectively, the range and the dep
parameters of thei th component of thej 5C, LS, and T
potentials.

With this spin- and isospin-dependent DAG matrix, one
gets the DDX for one-step process
]2s1 step~n1 ,n18!

]Ef]V f
5

m2

2~2p\2!2

kf

ki

1

~2p!3E dRux f~R!u2ux i~R!u2E E
ka,kF~R!,kb.kF~R!

dkadkb

3 (
m1 ,m18

(
m2,m28

(
n2

uMnew~k8,m18n18m28n28uk,m1n1m2n2!u2d@kb2ka1k f~R!2k i~R!#

3dS \2

2m
~kb

22ka
2 !1Qab2v D , ~2.29!
en
r
licit

far
which is merely the extension of Eq.~2.13! to the case in
which V12 depends on the spin and the isospin.

Extension of the SCDW model to multistep processes
been made with the assumptions of the LFG model and
LSCA as for the one-step process and the additional assu
s
e
p-

tion of the eikonal approximation to the intermediate Gre
functions@9#. The modification of the DDXs is quite simila
to that for the one-step process described above. An exp
formula will be given later.

The modifications of the SCDW model described so
5-4
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not only put the model on sounder theoretical foundatio
but also give the possibility of calculating various physic
quantities other than the unpolarized DDX. In the followin
paper we calculate some spin observables in (p,p8x) and
~p,nx! reactions.
fi

r-
e-

d
i

th
no

-
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s,
l

From Eq. ~2.29! one can derive the DDX of a one-ste
process for specified spin directions of incoming and out
ing particles by lifting the summation overm18 and the aver-
age overm1
s of the
]2s1 step~m1 ,m18 ,n1 ,n18!

]Ef]V f
5

m2

~2p\2!2

kf

ki

1

~2p!3 E dRux f~R!u2ux i~R!u2E E
ka,kF~R!,kb.kF~R!

dkadkb

3 (
m2 ,m28

(
n2

uMnew~k8,m18n18m28n28uk,m1n1m2n2!u2d@kb2ka1k f~R!2k i~R!#

3dS \2

2m
~kb

22ka
2 !1Qab2v D . ~2.30!

Similarly, the modified expression for the partial cross section of a two-step process with specified spin direction
incident and the outgoing particles is given by

]2s2 step~m1
~1! ,m18

~2! ,n1
~1! ,n18

~2!!

]Ef]V f
5

m2

~2p\2!2

kf

ki

1

~2p!6 E dEmE dR1E dR2ux f~R2!u2ux i~R1!u2

3E E
ka2

,kF~R2!,kb2
.kF~R2!

dka2
dkb2

E E
ka1,kF~R1!,kb1

.kF~R1!
dka1

dkb1

3
e22gmuR22R1u

uR22R1u2 (
m2

~1! ,m28
~1!

(
m2

~2! ,m28
~2!

(
n2

~1! ,n2
~2!

(
n18

~1!
uM2 stepu2

3d@kb2
2ka2

1k f~R2!2km~R2!#d@kb1
2ka1

1km~R1!2k i~R1!#

3dS \2

2m
~kb2

2 2ka2

2 !1Qa2b2
2v2D dS \2

2m
~kb1

2 2ka1

2 !1Qa1b1
2v1D , ~2.31!

where

M2 step[ (
m18

~1! ,m1
~2!

Mnew~k8~2!,m18
~2! n18

~2! m28
~2! n28

~2!uk~2!m1
~2! n1

~2! m2
~2! n2

~2!!

3Mnew~k8~1!m18
~1! n18

~1! m28
~1! n28

~1!uk~1!m1
~1! n1

~1! m2
~1! n2

~1!!, ~2.32!
nt
are

n-
te
nd
and the numbers 1 and 2 in the superscripts stand for the
and the second collision points, respectively.gm is the
imaginary part of the local wave number of LP in the inte
mediate channel andv1,2 are the energy transfers corr
sponding to the first and the second collisions, i.e.,v15Ei
2Em , v25Em2Ef , respectively. We neglect the spin an
the isospin dependence of the distorting potential for LP
the intermediate state as we do for those in the initial and
final states. Then, the spin and the isospin of LP do
change in the intermediate state, i.e.,m1

(2)5m18
(1) and n1

(2)

5n18
(1) . One sees from Eq.~2.32! that two paths with dif-

ferentm18
(1) interfere.

With Eqs.~2.30! and ~2.31!, we can calculate four polar
ized cross sections, i.e.,s↑↑ , s↑↓ , s↓↑ , ands↓↓ , where the
rst

n
e
t

left ~right! arrow stands for the spin direction of the incide
~emitted! particle. Once these four partial cross sections
calculated, the polarizationP, the vector analyzing powerA,
the depolarizationDNN , and the spin flipSNN can be ob-
tained by the combination of them. We fix the axis of qua
tization for the spins by taking the right hand coordina
system withz axis perpendicular to the scattering plane, a
the y axis in the direction of incident beam. Then,P, A,
DNN , andSNN are given by

P[
Tr~TT†sz!

Tr~TT†!
5

s↑↑2s↑↓1s↓↑2s↓↓
s↑↑1s↑↓1s↓↑1s↓↓

, ~2.33a!
5-5
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FIG. 1. Comparison between the calculat
and experimental DDXs for (p,p8x) and ~p,nx!
on 90Zr at 160 MeV for three emission energie
of 120, 80, and 40 MeV. The left~right! panel
corresponds to (p,p8x) @~p,nx!#. The cross sec-
tions of one-, two-, and three-step processes
represented by dashed, dotted, and dash-do
lines, respectively. The solid curves are the su
of them. All of the calculations use the in
medium DA G matrix. The data are from Ref
@22# for (p,p8x) and Ref.@23# for ~p,nx!.
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A[
Tr~TszT

†!

Tr~TT†!
5

s↑↑1s↑↓2s↓↑2s↓↓
s↑↑1s↑↓1s↓↑1s↓↓

, ~2.33b!

DNN[
Tr~TszT

†sz!

Tr~TT†!
5

s↑↑2s↑↓2s↓↑1s↓↓
s↑↑1s↑↓1s↓↑1s↓↓

,

~2.33c!

SNN[
1

2
~12DNN!5

s↑↓1s↓↑
s↑↑1s↑↓1s↓↑1s↓↓

,

~2.33d!

wheresz is thez component of the Pauli spin matrix.
We emphasize that the axis of the spin quantization

fixed throughout multistep processes. This greatly simpli
the calculation. In contrast, calculations become very co
plicated with an effective interaction in momentum repres
tation because the quantization axis for the spin depend
the direction of the propagation of LP in the intermedia
state and the momentum of the struck target nucleon. N
that the latter dependence exists even in a one-step pro
In practice, this is treated approximately, for example, w
the so-called optimal momentum assumption.

III. NUMERICAL CALCULATION

We adopted the global optical potentials of Schwa
et al. @15# for ELP>80 MeV and of Walter and Guss@16# for
05460
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s
-
-
on

te
ss.

t

ELP,80 MeV, whereELP is the energy of the leading par
ticle in the laboratory frame. For neutron, we slightly mod
fied the potential of Ref.@15# in the way of Madland@17#.

We assumed that those potentials are equivalent local
tentials of the ‘‘true’’ nonlocal optical potentials, and mult
plied the Perey factor@18# to each distorted wave to tak
account of the reduction of its amplitude due to the non
cality of the potential. The range of nonlocalityb was taken
to be 0.85 fm. We did not include the spin-orbit terms of t
optical potentials as already mentioned. The effects of
approximation on the calculated spin observables will be
amined in the next section.

For nuclear densityr(R), we used Negele’s parameter s
of Woods-Saxon forms@19# and we assumed the proton an
the neutron densities to be given byZ/Ar(R) andN/Ar(R),
respectively. Then the corresponding local Fermi mome
necessary for calculating unpolarized and polarized cr
sections, were obtained by

H kF
~p!5~3p2r~R!Z/A!1/3,

kF
~n!5~3p2r~R!N/A!1/3,

~3.1!

which were also used as an input parameter for calcula
the DA G matrix. To calculate the DDXs, we carried out th
multifold integrals by means of Monte Carlo integratio
method with quasirandom numbers@20,21#.
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FIG. 2. The DDXs calculated with ‘‘free space’’ DAG matrix,
i.e., with kF

G50 ~lines with crosses! for (p,p8x) and~p,nx! on 90Zr
at 160 MeV for the emission energy of 80 MeV, compared w
those shown in Fig. 1 including the in-medium effect~lines without
crosses!. The upper~lower! panel corresponds to (p,p8x) @~p,nx!#.
The meaning of the lines is the same as in Fig. 1.
ng
al-

05460
IV. RESULT AND DISCUSSION

A. Double differential cross section

Figure 1 shows the calculated DDXs of (p,p8x) and
~p,nx! on 90Zr at 160 MeV compared with the experiment
data@22,23#. The dashed, dotted, and dash-dotted lines r
resent cross sections of one-, two-, and three-step proce
respectively, and the solid lines are the sum of them. T
calculated cross sections have just the same features as
of our previous work@11# and are in overall good agreeme
with data except at very small and large angles for b
(p,p8x) and ~p,nx!.

In order to clarify the in-medium effect on the DDX, w
carried out the calculations with the DAG matrix putting
kF

G50, hereafter referred to as the ‘‘free space’’ calculatio
The typical results are shown in Fig. 2, with those of t
in-medium calculation for comparison. Crosses on the lin
stand for the ‘‘free space’’ calculation. Note that the DDX
are plotted in linear scale. One sees that the in-medium
fects on the DDXs are only less than about 10%, in agr
ment with the conclusion of Ref.@11#. The reason for this is
as mentioned in Ref.@11#, that the scattering takes plac
mainly in the nuclear surface region in which the local Fer
momentum is relatively small. We also calculated the DD
using thet matrix parametrized by Love and Franey@24,25#
for both on- and off-shell matrix elements and the resu
were quite close to those of ‘‘free space’’ calculation.

B. Spin observables

We first examined the effects of spin-orbit terms of op
cal potentials that we neglected in our calculation. For t
purpose, we made test DWBA calculations of the contrib
tion of the one-step process to the four spin observab
given by Eq.~2.33! with the spin-orbit terms in the distorting
potentials and a spin-independentN-N interaction, Yukawa
potential of range 1 fm. The calculated spin observables
then only affected by the spin-orbit coupling in the distorti
potentials. We used a method often adopted in DWBA c
culations of (p,p8x) and~p,nx! to the continuum@1,26#. The
e

e-

lar-
FIG. 3. Spin observables calculated with th
use of DWBA codeDW81 @27# with the spin-orbit
terms of the distorting potentials and no spin d
pendence ofN-N force for 58Ni( p,p8x) at Ep

580 MeV andEp8565 MeV and 50 MeV~left
panel!, and atEp5200 MeV andEp85170 MeV
and 100 MeV~right panel!. The solid, dashed,
dotted, and dash-dotted lines represent the po
ization P, the vector analyzing powerA, the de-
polarizationDNN, and the spin flipSNN , respec-
tively. Note thatA and P are very close to each
other.
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cross section was calculated as the incoherent sum of
cross sections of the excitation of one-particle one-h
states. For each occupied bound single particle statea, those
spherical Nilsson orbits that are at the given excitation
ergy from a were selected to find proper angular mome
and parities of the final single particle states. The radial p
of the single particle wave function was calculated in
Woods-Saxon potential whose depth was adjusted so tha
a bound state its separation energy is reproduced, and
state in the continuum to make it is barely bound at 0.2 Me
We carried out the calculations for the cases of (p,p8x) on
58Ni at 80 and 200 MeV, using the DWBA codeDW81 @27#.

The results are shown in Fig. 3. One sees that the po
ization P and the vector analyzing powerA have finite val-
ues. This indicates that our model cannot be used for
calculation of these quantities. In contrast, the depolariza
DNN and the spin flipSNN deviate very little from 1 and 0
respectively. This implies that the neglect of the spin-or
potentials in the distorting potentials is justified in the calc
lation of DNN andSNN in a one-step process.

The method described above is not applicable to qua
tative tests for intermediate states in multistep proces
Qualitatively, however, the overall effect of this approxim
tion is probably not so important because~a! the distance of
propagation of LP in the potential in the intermediate stat
short and~b! spin-orbit coupling potentials are localized
the surface of the nucleus, therefore do not much affect
intermediate propagation in the nuclear interior. In additi
the multistep cross sections are small compared to the
step ones except at very small and large angles.

We show the calculated and experimental@28# DNN for
(p,p8x) on 58Ni at 80 MeV in Fig. 4, and the correspondin
result and data@29# for the DDX in Fig. 5. In Fig. 4, the
dashed and solid lines are the results of one-step and
plus-two-step processes, respectively. Crosses on the
indicate that in-medium effects are not included, i.e., us
the ‘‘free space’’ DAG matrix. The interference terms be
tween the different paths in two-step process discusse
Sec. II turned out to be negligibly small.

The calculatedDNN agrees with the experimental data
the sign and roughly the magnitude at forward angles. A
the angular dependence that monotonically decreasing
ward large angles is qualitatively reproduced. The agreem
seems reasonable considering the simplicity of the mo
although the calculation underpredictsDNN at 60°, the maxi-
mum angle of the experimental data. The ‘‘free space’’ c
culations give quite similar results as the calculations w
in-medium effect, except still smallerDNN at backward
angles.

From Fig. 4, one sees that the contribution of two-s
process is quite small in the middle angular region. This
because, as one can see from Fig. 5, the contribution of
two-step process to the cross section is much smaller
that of the one-step process there. At small angles where
two-step cross section is comparable to the one-step one
two-step contribution is also appreciable toDNN . At very
forward angles, say 0°, theDNN is quite different from that
of one-step process. The reliability of the present calculat
however, is questionable there.
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Figure 6 shows calculatedDNN for (p,p8x) and~p,nx! on
90Zr at 160 MeV. For (p,p8x), the calculatedDNN has quite
similar features as in Fig. 4, while for~p,nx! it is very dif-
ferent from Fig. 4 in that the in-medium effect can now
clearly seen. In order to see this in more detail, we analy
the calculated spin flip in terms of different components
the DA G matrix in the following representation:

V125V0~s!1Vs~s!s1•s21Vt~s!t1•t2

1Vst~s!s1•s2t1•t21VLS~s!l•S1VLSt~s!l•St1•t2

1VT~s!S121VTt~s!S12t1•t2 . ~4.1!

In Eq. ~4.1! si and ti are the spin and the isospin vector
respectively, of each of the colliding particles. The results
the analyses for (p,p8x) and ~p,nx! reactions are shown in

FIG. 4. Comparison between the theoretical and the meas
DNN for 58Ni( p,p8x) at Ep580 MeV andEp8562.5, 52.5, and 42.5
MeV. The one-step and one-plus-two-step calculations with the
G matrix are represented by the dashed and solid lines, respecti
The crosses on the lines stand for the ‘‘free space’’ calculation.
data are from Ref.@28#.
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Fig. 7. Each line represents the contribution of each term
Eq. ~4.1! to the one-step part of the spin flip. For examp
the contribution ofVs is defined as

F~Vs![
s↑↓;Vs

1step 1s↓↑;Vs

1step

23sunpol full
112step , ~4.2!

FIG. 5. The same as in Fig. 1 but for (p,p8x) on 58Ni at 80 MeV
and Ep8562.5 MeV. The data for the excitation energy of 12–
MeV are from Ref.@29#. The calculation uses the in-medium DAG
matrix.
05460
f
,

where the numerator is calculated withV125Vs(s)s1•s2

only, and the denominator with fullV12. In Fig. 7, the total
contribution of the two-step process and the total spin flip
also plotted.

For ~p,nx!, it was found thatVst , VTt, and the interfer-
ence between them make large contributions. The contr
tions ofVLS andVLSt to SNN are very small. They are null in
N-N scattering in free space, since the quantization axis
the spin, taken to be perpendicular to the scattering plan
parallel to the orbital angular momentum, and the compon
of the total angular momentum along that axis is conserv
In N-N collisions in the nucleus that condition is not strict
satisfied since the struck nucleon has an initial momentum
all directions. Actual calculations showed, however, that
contributions of the two-body spin-orbit forces were still le
than 1% of the totalSNN in the cases under consideratio
This is presumably because the momentum of the struck
get nucleon is much smaller than that of the incide
nucleon. The in-medium effect causes considerable chan
in the contributions ofVTt and the interference betweenVst

and VTt to SNN . Since the changes are constructive, th
cause a rather drastic change inSNN , and so inDNN .

For (p,p8x), some additional contributions exist.VT ,
Vst , VTt , and the interference between the last two a
particularly important. The in-medium effect causes qu
large change in them, but the totalSNN does not change so
drastically since they happen to be rather destructive.
FIG. 6. The same as in Fig. 4 but for (p,p8x)
and~p,nx! on 90Zr at 160 MeV for three emission
energies of 120, 80, and 40 MeV. The left~right!
panel corresponds to (p,p8x) @~p,nx!#.
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FIG. 7. The contributions of individual components ofN-N interaction to the one-step process part of the spin flip in (p,p8x) ~left panel!
and ~p,nx! ~right panel! on 90Zr at 160 MeV for the emission energy of 80 MeV. The contribution of two-step process as a whole a
total spin flip are also plotted. The upper and the lower panel correspond to the results obtained with DA ‘‘free space’’ and in-meG
matrices, respectively. The contributions ofVst , VT , VTt of Eq. ~4.1! are represented by dashed lines with triangles, open circles,
squares, respectively. Contributions of the interferences betweenVst andVTt are represented by dashed lines with crosses. The lines
no symbol are the total contributions of one-step~dashed lines!, two-step~dotted lines!, and one-plus-two-step~solid lines! processes. For
(p,p8x), the other terms with quite small contributions toSNN are put together and plotted with dash-dotted lines.
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V. SUMMARY AND CONCLUSION

The semiclassical distorted wave~SCDW! model is ex-
tended to take account of the exchange of colliding partic
and to calculate explicitly the off-shell matrix elements w
the half-off-shellG matrix parametrized in coordinate repr
sentation by Dortmans and Amos~the DA G matrix!. Includ-
ing the exchange term explicitly in theT-matrix element
does not change the resultant formula for the double dif
ential inclusive cross section~DDX!, which justifies our pre-
vious calculations in which the exchange was dealt with o
implicitly.

In order to clarify the effects of using exact off-shell m
trix elements, the DDXs of (p,p8x) and~p,nx! on 90Zr at 160
MeV are calculated. The agreement with experimental d
is almost the same as in our previous work. This justifies
previous calculations with approximate treatment of off-sh
matrix elements in terms of on-shell ones. The effect of
medium modification of theN-N interaction, in-medium ef-
fect, on the DDX is examined with the DAG matrix and
found to be quite small, in agreement with Ref.@11# in which
the effect was investigated with the in-mediumN-N cross
section given by Kohnoet al. @30#.

The extension in the present paper enables one to ca
late spin observables with the SCDW model. We, therefo
calculated the depolarizationsDNN and the spin flipSNN for
the first time with the SCDW model for58Ni( p,p8x) at 80
MeV, and for (p,p8x) and ~p,nx! on 90Zr at 160 MeV. Nu-
merical tests for one-step process by means of DW
showed that the spin-orbit coupling in distorting potentia
which is neglected in the present work, little affectsDNN and
SNN in this case, though significantly affects the polarizati
and the vector analyzing power. The effect onDNN andSNN
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of the spin-orbit coupling in the intermediate state distorti
potentials in two-step process is also probably unimport
for the reasons discussed in Sec. IV.

The calculatedDNN for 58Ni agrees with experimenta
data in the sign and roughly the magnitude at forward ang
and in qualitative feature of angular dependence. In-med
modification of theN-N interaction improves the agreeme
at the larger angles.

For ~p,nx! on 90Zr, fairly large in-medium effect is ob-
served, in contrast to the case of (p,p8x). Detailed analysis
shows that the effect due to the modification of the ten
interaction is particularly important.

In conclusion, the present work put the SCDW model
sounder theoretical foundations than hitherto, and ena
calculation of spin observables. Calculations of the depo
ization and the spin flip were made for (p,p8x) and ~p,nx!
and the results were analyzed in detail. The calculated de
larization agrees semiquantitatively with the experimen
data on58Ni( p,p8x) at 80 MeV which are the only availabl
data in middle angular region at present. More extensive
systematic studies of spin observables in (p,p8x) and~p,nx!
will be very interesting for the understanding of reacti
mechanisms and the refinement of the model. Experime
data, however, are not enough for that purpose, only at a
angles below 20°@31–33# or at 0° @34–36#, where the
present SCDW model is inadequate. Measurements ofDNN
in middle angular region is highly desirable.
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