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The semiclassical distorted way8CDW) 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 caseg,pfX) and(p,nx reactions or*Zr at 160 MeV. The
modification enables the SCDW model to calculate spin observables. The depolarizaffigpnp’x) at 80
MeV and °%Zr(p,p’x) and °°Zr(p,nx) at 160 MeV by one- and two-step processes are calculated, and the
result for®Ni(p,p’x) is compared with experimental data. The calculated spin flipgjp’) and(p,nX on
%zr are analyzed in terms of the effects of in-medium modification ofNRM interaction and the contribu-
tions of individual components of the effective interactipB0556-28139)03110-§

PACS numbds): 24.10.Eq, 24.70:s, 24.50+g, 25.40.Ep

[. INTRODUCTION assumptions to put the model on sounder theoretical founda-
tions. We make use of th@ matrix parametrized in coordi-
Preequilibrium processes in nuclear reactions at intermenate representation by Dortmans and Arfiti3, 13, hereafter
diate energies are known to be dominated by multistep diredeferred to as the DAS matrix, as the effectivéN-N inter-
(MSD) processes. Quantum-mechanical modédls3| and action in the nuclear medium. The D& matrix has an ana-
methods of simulatiofd—7] have been proposed and applied lytic form with parameters which are adjusted so that its on-
to the analysis of preequilibrium MSD at intermediate ener-and half-off-shell matrix elements reproduce those of@he
gies with varying degrees of success. We have investigate@@lrix based on the Parl¥-N potential[14]. _
MSD with a semiclassical distorted wave model, hereafter The use of experimental fréé-N cross sections has lim-
referred to as the SCDW mod@—11], based on the DwBA  ted the application of the SCDW model so far to unpolar-
expansion off-matrix elements as in the previous quantum-'zed cross sections. The modification described above en-

mechanical models. The cross section formula has no frelrtr):ifsti onneTr:o Calc‘;';‘teurphys'cil tr?iuavr\]/tltrllfsi’ lgeyorlld ltftlat
adjustable parameter and allows a simple intuitive interpre,Ehe : i(r)l c‘)bseewz%?gs fo P ( E);())SZn% ( nS>¢ rgactiinSigglﬁg—a €
tation. We have applied the model to the calculation of. P pPip P,

. o . . ing one- and two-step processes. In particular, we analyze
double differential inclusive cross sections gf,§p’'x) and 9 pp b y

. di . Ki ¢ h the depolarizatiorDyy and the spin flipSyy in detail in
(p,n¥ at intermediate energies taking account of up to t "®€terms of the number of steps of the process, the spin depen-

step process. The results have been in overall good agregance of the effective interaction and the effects of its modi-
ment with experimental data except at very forward anglegication in the nuclear medium, hereafter referred to as in-
and at large momentum transfers. medium effect.

the following two assumptions that need be examined. FirStr,'node| is described and the formulas are given for unpolar-
off-the-energy-shell matrix elements BN interaction are  jzed and polarized cross sections, and for some spin observ-
approximated by on-the-energy-shell ones whose squareghles. The method and the input data of the numerical cal-
moduli are replaced by a constant times f\eeN scattering  culations are described in Sec. lll. In Sec. IV the results of
cross sections. Second, it is assumed that the effect of thtte numerical results are presented and discussed. A sum-
exchange of colliding nucleons is included in tNeN scat- mary and conclusions are given in Sec. V.
tering cross sections.
The first purpose of the present work is to remove the two Il. FORMALISM

The starting point of the SCDW model is the DWBA

*Present address: Department of Advanced Energy Engineeringeries expansion of the matrix for the reaction as already
Science, Kyushu University, Kasuga, Fukuoka 816-8580, Japan. mentioned. The following three approximations are then
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made[8-11]: the single particle model for the nucleus, the ¢y(Rig2);¢y(R)eiikrs’2_ (2.9
sum of the two-body interaction potentials for the residual

interactions and the ‘“never-come-back” assumption ofThe LSCA for the distorted waves is essential to the SCDW
MSD, viz. the number of excited target nucleons increasesgnodel and is written as

with the number of steps in MSD. Then the cross section for

the reaction is given as an incoherent sum of the cross sec- X(REF2)=y (R)e“ kR 92 c=j f, (2.5
tions each of which corresponds to a number of steps in the

process, since the final states of the system reached by difor small §/2, wherek.(R) is the local wave number given

ferent number of steps are different. by [8]

TheT-matrix element of the one-step transition in which a
target nucleon is excited from an initial single particle state  flux x.(R)]
$,(r) to a final oneg4(r) is given by ke(R)= TRIZ (2.6)

Tpt.ai = (xr(ro) (N Vi r =ro) [ $a(Mxi(ro) With these two approximations, E(.3) becomes
—u(ro)xi(r)), (2.) -
o step p

where they; (ro) are the distorted waves for the leading MZCEE [{(x1(R)#5(R)[¢o(R)xi(R))
particle (LP) at coordinater, in the initial and the final Font Pk
states, and/,(r —rg) is the two-body interaction potential Y iy 2 o
between LP and the struck target nucleorr .atVe assume XVl @) = V(QH e~ ei), @
for the moment that it is spin and isospin independent fokynere
simplicity. The cases 0¥, including those variables will be
discussed later. Equatiof2.1) contains the exchange term q=x'— k=[ks—ki(R)112—[k,—ki(R)]/2, (2.83
explicitly. This is the first modification to the SCDW model.
It should be noted that the use ¢, in the coordinate rep- Q=x'+ k=[kg—K;(R) 12+ [K,—ki(R)]/2, (2.80)

resentation is an essential ingredient of the present model as

will become clear in the formulation that follows. wherex («') is the relative momentum between the colliding

. W't_h the T matrlx of Eq. (2.1), the double differential nucleons in the initialfinal) state, andy is the momentum
inclusive cross section, hereafter referred to as the DDX, fO{’ fer in the two-bod ¢ ¢ & is th
one-step process of nucleon emission at endegy E¢ ransfer in the two-body center of mass systan, is the

+dE; and into solid anglel(); is given by Fourier transform oWy, defined by

aza_lstep ¢ 5 '\7 K _fv —ik-sd 29
TE70, :CE;B Torail’dle—e), (2.2 1K) = | Vi(s)e s, 2.9
wherek; andk; are the asymptotic wave numbers of L&, Expanding the squared modulus in E8.7), one obtains

and ¢; are the total energies of the system in the initial and
the final states, respectively, ar@=4u?/(2742)2. The
delta function ensures the conservation of the total energies.  JE{d{);

Putting R=(r+ry)/2 ands=r—rq, one can rewrite Eq. T )

2 glsten
S =C S [(xi(R—52) p(R+52)|Vi(9)|
IE;0Q; ki & A B 12

(92 0_1 step

k
:cﬁf f dRdR’ x7 (R)xi(R) x+(R")

where the kernel-h& is defined by

X o(R+52) xi(R—52))— (x1(R—2) R(R,R’)EEB ¢5(R)pp(R") bo(R)B4(R')
X ¢pa(R+52)|ViA5)| po(R—5/2) - -
g ; X |Vid @)~ V1o Q)28 €1~ €))
XXi(R+S/2)>|2X6(Ef_Ei). (23) 1
— —iky (R"=R)
We assume that the rangeof Vy, is short so that the inte- (2)® ka<kF(R)dk“e
grand of Eq.(2.9) is only appreciable for smalsl<b. We
then make the foI_Iowing two approximations. One is the lo- % dk .eks (R —R)
cal density Fermi-gagLFG) model for the nuclear states, kg>ke(R) B
and the other is the local semiclassical approximation 5 B
(LSCA) for the distorted waves. X Vi) = V1A Q)|?8(es—€). (2.1

The LFG model for the nuclear states allows one to as-
sume that the wave functions,(y=«,B) in Eq. (2.3 are Itreplaces the kerné in the previous SCDW model defined
plane waves within a small cell of sizd <b so that by
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1 R ing cross section. Comparing E®.16) with Eq. (2.18), one
K(R,R")=—5—3 dk e K (R7R) finds that this procedure is justified if
(27)° Jk, <ke(R)

R v(s)=Vis)[1—-P"], (2.19
Xf dkﬁelkﬁh(R _R)5(6f_6i), .
kp>Kg(R) since thenMP®Y(«’', k) =M"*"( k', k). One sees, therefore,
(2.12 that the “two-body effective interaction” in the previous for-
mulationv(s) contained the exchange operator, though only
which is a short range function &—R’ [8—11]. The short implicitly. Formally, however, it was treated as if it were a
range property oK is retained inK because of the short function only ofs. As a consequence, only the factorized
range nature ol,, which makes its Fourier transforms, kernelK appeared in the formulation. We see, however, that

vlz(q) and vlz(Q), slowly varying functions of the argu- what is really needed is the kernel-h&ét This is a defect of

ments,q and Q. the previous formulation of the model, although its cross
The assumption oR=R’ allows one to use the LSCA to section formula is now justified as described above.
the y; {(R’) in Eqg. (2.10 and to obtain The second modification to the SCDW model is related to

the energies of the colliding two nucleon system in the initial

g2 Lstep ki 1 and the final states. It was shown in Rgf1] that the argu-
JE9Q; C 2n)? f dR|x+(R)|?|xi(R)|? ment of the energy delta function in EQ.13 can be written
: as
fo dk,dk g Mk’ )| ? A,
«<kg(R) kg>Ke(R) ﬂ(kg_ka)Janﬁ_w, (2.20

><5[k,3—ka+kf(R)—k|(R)]5(6f—el), (213) ) )
wherew is the energy transfeE; —E;, Q,5=S,— Sz is the

whereM ™" is defined by reactionQ value and theS, (y=a,B) are the separation
_ _ energies of the struck nucleon in the initial and the final
M"™ M k" )=V 1(q) — V12 Q). (2.149  nuclear states. It is obvious that the energy of the colliding

5 N-N system is not conserved. As a consequence, the squared
If one neglected the exchange tekmy,(Q), one would get  moduli of off-shell matrix elements di-N interaction be-
come necessary for the calculation of cross sections. In the
M (k' 1) =(K'|V1(9)| k) =V1q), (2.159  SCDW model calculations hitherto, it was assumed that they
were proportional to experimentBl-N scattering cross sec-
which would have the form of the matrix element in the tions. The validity of this assumption, however, needs be
previous formulation of the SCDW model. This is only ap- examined. It should also be noted that such a replacement
parent, however, because in actual calculations in the previestricts the application of the model to the calculations of
ous SCDW model the squared modulus of the matrix eleunpolarized cross sections.
ment was replaced by the experimeBN scattering cross In this paper, we calculate the off-shell matrix elements
section which did contain the effect of the exchange of col-explicitly. In the formulation described above, one needs an
liding nucleons. In order to see this point more clearly, weN-N effective interaction in coordinate representation for
rewrite M"®" as this purpose. We use the D& matrix parametrized in co-
ordinate representation by Dortmans and Arfit,13).

M”EW(K’,K)=j dse 1% V(s[5 s 1] The DA G matrix has the form

g . V — VSTPST, 22
:fdse_”"s\/lz(s)[l—PX]e“"s, (2.16 12 SET 12 (2.21

ST__\/ST, ST, ST,
where P* is the exchange operator of the coordinates of the V2 =Ve (8)+Vis(s)l- S+ V7 (8) Sy, (2.22

two nucleons, i.e., whereSandT are the spin and the isospin, anid the orbital

PXs= —sg, (2.17 angular momentum of relative motion of the two-body sys-
tem. PST s the projection operator t8T channel ands,, is

In the previous formulation of the SCDW modgl1], the the usual tensor operator. The radial parts of the central and

matrix element was given by the spin-orbit components in ER.22) are sums of Yukawa
forms, and that of the tensor component is a surs’dfmes
MPY( k' k) =(K'|V(9)|K)=V(Qq), (2.19  the Yukawa forms.

The ranges and the depths of individual components are
where v(s) is the “two-body effective interaction.” The given as energy and density dependent parameters, which are
squared modulus of the matrix element\ofs) was then chosen so that the on- and half-off-shell matrix elements of
calculated in terms of the experimental two-nucleon scatterthe DA G matrix best fits those of the solution of the
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Bruckner-Bethe-GoldstondBBG) equation for the Paris
N-N potential[14]. The density dependence is given through ~ Mt=—4V2m % [(—)™(SM2—m|SM") 55,
the Fermi momenturk?® of the nuclear matter in which the

BBG equation is solved. < {V8T(q)Y SETVST(Q) Yom(Q)M],
With this G matrix, M"(«’, k) is given by Ve @Yon(@=(-) @ 2m(Q)}(]2 2
MY x’ 1) = 2, A(vivpvyvp;T)

T

whereY are the spherical harmonics al@'(k) (j=C, LS,

XE > (1/2mi1/2mySM’) and 7) are given by
MM’

X(l/ZInl:I./Zﬂz|SM)X(Mc+MLs+MT), 5 (RC)3
(2.23 VgT(k)E47Tf s%ds jo(ks)VE'(s)= 4772 WRF)Z

where (2.28a
A( V:’LVéVlVZ ,T)E(1/2V£1/2V5|TT3)(1/2V11/2V2|TT3) .

LS LS\5
2.2 k(R™)
225 sy =an f sds ja(ks)Vis(s) =87 —(Lm
In Egs.(2.23 and(2.24), them(m’) are thez components of {1+(kR™)%}
the spins, thes(v') are the third components of the isopins (2.28b

of the LP 1 and the struck nucleon 2 in the initidinal)
channelM andM' are the the components of the total spin

Sin the initial and the final state, respectively, ahglis the ~ _ ) viK3(RT)?
third component of the total isospifi of the two-nucleon V7 (k)5477f ds ja(ks) V7 32772 {1+ (KRN
system.

The matrix elements for the central, the spin-orbit, and the (2.280

tensor components including both the direct and the ex-

change terms explicitly are given by where R{ and v{ are, respectively, the range and the depth

MC:{VgT(q)_(_)S+T’\7§T(Q)}6M’M,’ (2.25 parameters of théth component of thg=C, LS, and T

potentials.
8 , With this spin- and isospin-dependent D&\ matrix, one
MLSI? KZ [(—)?(SM1a’'|SM') s gets the DDX for one-step process
XAVEA DY (), Y1(#)]1 -0+ (—)STTVE(Q)
X[Y1(Q),Y1(&)]1-ar}], (2.26
|
(92 15tep(yl v ) MZ k
dR|x+(R)|?|xi(R)|? f f dk,dk
IE ;904 2(277%2)2 (27 )3J X(RIFXi(R)| Ko <Ke(R),Kg>ke(R) A

X X 2 2 MMk mivimyvh| e myrimy,) 28l k s Ko+ ki(R)—ki(R)]

my,my mp,my V2
2

h
) ﬂ(kﬁ—kiwqaﬁ—w), (2.29

which is merely the extension of EqR.13 to the case in tion of the eikonal approximation to the intermediate Green

which V,, depends on the spin and the isospin. functions[9]. The modification of the DDXs is quite similar
Extension of the SCDW model to multistep processes hato that for the one-step process described above. An explicit

been made with the assumptions of the LFG model and théormula will be given later.

LSCA as for the one-step process and the additional assump- The modifications of the SCDW model described so far

054605-4



THEORETICAL MODIFICATION ON SEMICLASSICA. . .. PHYSICAL REVIEW C 60 054605

not only put the model on sounder theoretical foundations, From Eg.(2.29 one can derive the DDX of a one-step
but also give the possibility of calculating various physicalprocess for specified spin directions of incoming and outgo-
quantities other than the unpolarized DDX. In the following ing particles by lifting the summation oven; and the aver-
paper we calculate some spin observablesprp(x) and age ovemm,

(p,nX reactions.

&20'1 Ster( ml,mi V1, Vi) /.LZ kf 1
= = dR RZ-RZJJ dk dk
IE¢ Qs (27h?)? kK (27T)3f RIFx(R ko <kg(R)kg>ke(R) P
X 2D IM™(k mivim) )| e myvimyv,) 28l ks~ K, +ki(R) —ki(R)]
my.my V2
ﬁ2
X 8 ﬂ(kg—ki)JrQ,w—w). (2.30

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

2 1(2
(AL LS S B de dedel (R2)|?xi(Ry)|?
JE;9Q¢ T (27h3)?% k (2m)° m 1 2l Xt (R2) 7 xRy
X dk,_dk fJ dk . dk
J'jk“2<kF(RZ)’kﬂz>kF(R2) %22 kag<kp(Rq)kg >kg(Rq) “
e727m‘R27R1| ) ctens
8 IR.—Ri* o o @ @@ ;1) M7
My "My ™ My My vy vy vy

X 8[Kp, = Ka, T Ki(R2) —km(R2) 1ol kg, =Ko, +Km(R1) —ki(Ry)]

ﬁz ﬁZ
2 2 P
X8 ﬂ(kﬁz_ ka,) T Qa,p,~ wz) 5<m(kﬁl— Ka,)+ Qayp,— @1/, (2.31)

where

M2 sten= 2 MneW(K'(Z),mi(z) Vi(Z) mé(Z) Vé(2)|,‘(2)m(12) V(lZ) m(22) V(ZZ))
m, & @

X MW g Dz (1) 3,7 (1)t (1) 3,1 ()] DD 31 D 4,0y (2.32

and the numbers 1 and 2 in the superscripts stand for the firtft (right) arrow stands for the spin direction of the incident
and the second collision points, respectively, is the (emitted particle. Once these four partial cross sections are
imaginary part of the local wave number of LP in the inter- calculated, the polarizatioB, the vector analyzing powe,
mediape channel_anebm are the energy ;ransfgrs corre- the depolarizatiorDyy, and the spin flipSyy can be ob-
sponding to the first and the second collisions, k&=E;  (ained by the combination of them. We fix the axis of quan-

—En, w,=E,,—E;, respectively. We neglect the spin and tization for the spins by taking the right hand coordinate

the isospin dependence of the distorting potential for LP in . . . .
the inter?nediatpe state as we do for thosg iﬁ the initial and th ystem W'thz axis p_erpe_ndlcula_r t(? the scattering plane, and
final states. Then, the spin and the isospin of LP do nofl€ Y @xis in the direction of incident beam. TheR, A
change in the intermediate state, im®=m;® and »?  Pnn. andSyy are given by
=M. One sees from Eq2.32 that two paths with dif-
ferentm]® interfere. t

With Eqs.(2.30) and(2.31), we can calculate four polar- pP= T ?Z) _onzontonTon . (2.333
ized cross sections, i.ar;;, oy, |, ando ||, where the ™TT)  opytoptoto

054605-5



OGATA, KAWAI, WATANABE, WEILI, AND KOHNO PHYSICAL REVIEW C 60 054605
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5 10 - Ep=120Mev | 100 SNt Ens120MeV
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s fedee weee- ISTEP 4 107 L N ----- 142438TEP - -
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é _ Rlchle‘r etal, _ 10 ? ! ey o etal
a R 107 p---q-----F e
NE E
RIS I ST el S . Ll
90 120 150 180 0 30 60 90 120 150 180
, 10" — — FIG. 1. Comparison between the calculated
~ 160MeV **Zr(p,p”) whaal 5 160MeV ** Zr(p,n) and experimental DDXs forp,p’x) and (p,nX
E 107 En=80MeV - on %zr at 160 MeV for three emission energies
& N RPN AN ] of 120, 80, and 40 MeV. The leftright) panel
> ! 02 F ? - corresponds tof,p’x) [(p,n¥]. The cross sec-
E 107 i eI tions of one-, two-, and three-step processes are
E ~ s - : represented by dashed, dotted, and dash-dotted
a 38 RN lines, respectively. The solid curves are the sum
10 R — (R I 15 S B of them. All of the calculations use the in-
0 30 60 90 120 150 180 0 30 60 90 120 150 180 medium DA G matrix. The data are from Ref.
T/ — 1) — : [22] for (p,p’x) and Ref[23] for (p,nX.
I 160MeV *Zr(p,p’) E | 160MeV* Zr(p,n)
B ow0®L 10% f o 80q,, En=40MeV
2 3 ‘ : !
§ - ' '
= -01 -0 [ . ;
= 1o 10 A
g E
E 107 ‘ 1072 [ N
= E PN E -+=+= 3STEP Y
~—@— Richter et al. oy ™ i @ Scobel et al. [
10 I RN B N S A w1
0 30 60 9 120 150 180 0 30 60 90 120 150 180
Emission angle (deg.) Emission angle (deg.)

E p<80MeV, whereE,, is the energy of the leading par-
ticle in the laboratory frame. For neutron, we slightly modi-
fied the potential of Refl15] in the way of Madland 17].
TH(To,T o) om0y —0 o We assumef‘j tha}F those potent.ials are equivalent Iocallpo—
Dyn= — = , tentials of the “true” nonlocal optical potentials, and multi-
Tr(TTh opptontotoy plied the Perey factof18] to each distorted wave to take
(2.330 account of the reduction of its amplitude due to the nonlo-
cality of the potential. The range of nonlocalig/was taken
to be 0.85 fm. We did not include the spin-orbit terms of the
optototo))’ optical potentials as already mentioned. The effects of this
(2.330  approximation on the calculated spin observables will be ex-
amined in the next section.
whereao, is thez component of the Pauli spin matrix. For nuclear density(R), we used Negele’s parameter set
We emphasize that the axis of the spin quantization isf Woods-Saxon formpL9] and we assumed the proton and
fixed throughout multistep processes. This greatly simplifieghe neutron densities to be given BYAp(R) andN/Ap(R),
the calculation. In contrast, calculations become very Comrespective|y_ Then the Corresponding local Fermi momenta,

plicated with an effective interaction in momentum represennecessary for calculating unpolarized and polarized cross
tation because the quantization axis for the spin depends Ogbctions, were obtained by

the direction of the propagation of LP in the intermediate

state and the momentum of the struck target nucleon. Note

that the latter dependence exists even in a one-step process. kiP'=(372p(R)ZIA)YR,

In practice, this is treated approximately, for example, with kf:n):(3772p(R)N/A)1/3, 3.1
the so-called optimal momentum assumption.

A

(2.33b

o top

1
Sun=7(1-Dnn)=

1. NUMERICAL CALCULATION which were also used as an input parameter for calculating
the DA G matrix. To calculate the DDXs, we carried out the
We adopted the global optical potentials of Schwandtmultifold integrals by means of Monte Carlo integration
et al.[15] for E_ p=80 MeV and of Walter and Gug46] for = method with quasirandom numb¢gi20,21].
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1.8 : ; : : : : ; : IV. RESULT AND DISCUSSION

1.6 f 160MeV *Zr(p,p) A. Double differential cross section
o L4y ‘ Ep’:SQMeY R Figure 1 shows the calculated DDXs op,p’x) and
- 12 SN NS R AN SO N (p,nx on %9Zr at 160 MeV compared with the experimental
= L L e 15T (o e space) data[22,23. The dashed, dotted, and dash-dotted lines rep-
< B R BIfPfresac) resent cross sections of one-, two-, and three-step processes,
'E 0.8 - e ; -—1+2+3S'1:EP(il:1:medium) ————— respectively, and the solid lines are the sum of them. The
; 0.6 el ‘ ‘ TOTED e calculated cross sections have just the same features as those
a i ; 3STEP (in-medium) of our previous worK11] and are in overall good agreement
A g4 | AR R S

0.4 f . RN P A [ I with data except at very small and large angles for both

0.2 [ RN (p.p'x) and (p.nX.

P oy ‘ P In order to clarify the in-medium effect on the DDX, we
0 carried out the calculations with the D& matrix puttin
80 100 120 140 160 180 p 9
1.4 ; ‘ : , : : , : kEzO, hereafter referred to as the “free space” calculations.
L S The typical results are shown in Fig. 2, with those of the

L2 |- R 160MeV “Zr(p,n) - in-medium calculation for comparison. Crosses on the lines
= ! ; \ En=80MeV | stand for the “free space” calculation. Note that the DDXs
; 1 YT i\ o R T o H T are plotted in linear scale. One sees that the in-medium ef-
é’ s b N e 2osTER (reespace) fects on the DDXs are only less than about 10%, in agree-
= 50 | X : o ;ggg::::zg ment with the conclusion of Reff11]. The reason for this is,

-g 0.6 L. ‘ || -t 3STEP(freespace) as mentioned in Refl11], that the scattering takes place
- F0x., | . et mainly in the nuclear surface region in which the local Fermi
- LSTEP ) ly in the nuclear surf hich the local F
E §§$§§8§2§3’m"§ 777777 momentum is relatively small. We also calculated the DDXs

a X 1 ‘ | ; ; using thet matrix parametrized by Love and Frang4,25
' , ,,,,,,, N S SO N for both on- and off-shell matrix elements and the results
Ry N | | | f were guite close to those of “free space” calculation.
Seserek

80 120 140 160 180

B. Spin observables
Emission angle (deg.)

We first examined the effects of spin-orbit terms of opti-
FIG. 2. The DDXs calculated with “free space” DG matrix, ~ cal potentials that we neglected in our calculation. For this
i.e., withkS=0 (lines with crossesfor (p,p’x) and(p,nX on %zr purpose, we made test DWBA calculations of the contribu-
at 160 MeV for the emission energy of 80 MeV, compared withtion of the one-step process to the four spin observables
those shown in Fig. 1 including the in-medium effées without ~ given by Eq.(2.33 with the spin-orbit terms in the distorting
crosses The upper(lower) panel corresponds t@(p’x) [(p,n¥]. potentials and a spin-independétN interaction, Yukawa
The meaning of the lines is the same as in Fig. 1. potential of range 1 fm. The calculated spin observables are
then only affected by the spin-orbit coupling in the distorting
potentials. We used a method often adopted in DWBA cal-
culations of f,p’x) and(p,nx to the continuuni1,26|. The

1

R SUH— =

0.8 £ 200MeV *Ni(p,p’)

£ 0.6 f Ep=170MeV

g P SR

g 0.2 f--- FIG. 3. Spin observables calculated with the
'§ 0 ot use of DWBA codepws1 [27] with the spin-orbit

& 0.2 f terms of the distorting potentials and no spin de-

0.4 [
0.6 &

pendence ofN-N force for **Ni(p,p’x) at E,
=80MeV andE, =65MeV and 50 MeV(left

10 20 40 % 80 100 120 10 160 10 1 pane), and atE,=200 MeV andE,, =170 MeV

- and 100 MeV(right panel. The solid, dashed,
dotted, and dash-dotted lines represent the polar-
ization P, the vector analyzing powek, the de-

0-8 I 200MeV *Ni(p,p’)

0.8 [Ty :
0.6 L Ep=100MeV -

0.6 - 80MeV *Ni(p,p)
Ep’=50MeV

0.4 0.4 | .
0.2 —Isj'c’n’i'»&anmetal. polarizationD yy, and the spin flipSyy, respec-
0 = L e tively. Note thatA and P are very close to each

Spin observables
<
DN

P A 0.2 b NG A other.
o | GewatermaGes e | b LN e
0.6 Bl b ) 0.6 R TR T T TR BT T

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

Emission angle (deg.) Emission angle (deg.)
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cross section was calculated as the incoherent sum of the 0.8 r : : :
cross sections of the excitation of one-particle one-hole ] ' 80MeV *Ni(p,p’)
states. For each occupied bound single particle siateose o 0.6 iy T 5 Ep=62.5MeV
spherical Nilsson orbits that are at the given excitation en- £ : & w | T
ergy from a were selected to find proper angular momenta S 04 L/ SR T
and parities of the final single particle states. The radial part ] ) ! ! , '

. : : ; = . 1+2step (in-medium) - - - g - - - g -]
of the single particle wave function was calculated in a §. 0.2 1step (n-mediom) ‘
Woods-Saxon potential whose depth was adjusted so that for & o i:tiste(lf)rg::e sg:)ce) ! 3 :

a bound state its separation energy is reproduced, and for a 0 70" Takahashi N P P
state in the continuum to make it is barely bound at 0.2 MeV. 0.2 T T
We carried out the calculations for the cases pfp( x) on -
. . 0 10 20 30 40 50 60 70 80

%8N at 80 and 200 MeV, using the DWBA codevs1 [27]. 0.8 -

A s ) ‘ : T T T
. The results are shown in Flg. 3. One sees tha.t the polar b | | | 80MeV ®Ni(p,p’)
ization P and the vector analyzing powér have finite val- 0.6 |-t i ,

i (6 T i Ep’=52.5MeV
ues. This indicates that our model cannot be used for the g | oy ‘ .
calculation of these quantities. In contrast, the depolarization % ¢4 [ /A~ TRGe.- § ____________
Dyn and the spin flipSyy deviate very little from 1 and 0, < -
respec_tivel_y. This_impl_ies that the n_eg_lect_ (_)f the spin-orbit -g 0.2 AN iﬂstep‘(in_mﬂ‘ﬁ“m),i,i ,,ji‘:~:~._f__,;_,
potentials in the distorting potentials is justified in the calcu- ) i o dstep (in-medium) ! :
lation of Dy andSyy in a one-step process. ' ) };iﬁi?,ﬁﬁ;:ﬂ;“’ SE

The method described above is not applicable to quanti- [ 7O Takabashi ! ! 1
tative tests for intermediate states in multistep processes. Y J PSP S P WSS A AN ESTS S
Qualitatively, however, the overall effect of this approxima- 0 10 20 30 40 50 60 70 80
tion is probably not so important because the distance of 0.8 — : ; ; ; ; ;
propagation of LP in t.he pote_ntial in the_ intermediatg state is E 3 3 ' 80MeV *Ni(p,p’)
short and(b) spin-orbit coupling potentials are localized in o 0.6 Ty “ Ep’=42.5MeV
the surface of the nucleus, therefore do not much affect the ¢ . X : ! 1 :
intermediate propagation in the nuclear interior. In addition, E ST T
the multistep cross sections are small compared to the one- & | /271 ORE
step ones except at very small and Iarge angles. g 02y Lo 2step (nmediom) | < L]

We show the calculated and experimeri2z8] D, for & - :)-(--_-}stzep(in-;nedium) ; | ' !
(p,p’x) on *®Ni at 80 MeV in Fig. 4, and the corresponding 0 b T Loy s pace) I
result and datd29] for the DDX in Fig. 5. In Fig. 4, the . 9~ Takahashi : ! !
dashed and solid lines are the results of one-step and one- L 2 ————

. X 0 10 20 30 40 50 60 70 80
plus-two-step processes, respectively. Crosses on the lines L.
indicate that in-medium effects are not included, i.e., using Emission angle (deg.)

the “freﬁ spz'a}?e” DAG Lnat.rlx. The interference tgrms be- . FIG. 4. Comparison between the theoretical and the measured
tween the different paths in two-step process discussed 1B, for 8Ni(p,p’x) atE, =80 MeV andE,, =62.5, 52.5, and 42.5

Sec. Il turned out to be negligibly small. ~ MeV. The one-step and one-plus-two-step calculations with the DA
The calculatedy agrees with the experimental data in G matrix are represented by the dashed and solid lines, respectively.

the sign and roughly the magnitude at forward angles. AlsoThe crosses on the lines stand for the “free space” calculation. The
the angular dependence that monotonically decreasing t@ta are from Ref[28].

ward large angles is qualitatively reproduced. The agreement

seems reasonable considering the simplicity of the model, Figure 6 shows calculatedyy for (p,p’x) and(p,nx on

although the calculation underpredi@gy at 60°, the maxi- 97y at 160 MeV. For p,p’x), the calculated yy has quite

mum angle of the experimental data. The “free space” cal-similar features as in Fig. 4, while fdp,nx it is very dif-

culations give quite similar results as the calculations withferent from Fig. 4 in that the in-medium effect can now be

in-medium effect, except still smallebyy at backward clearly seen. In order to see this in more detail, we analyzed

angles. the calculated spin flip in terms of different components of
From Fig. 4, one sees that the contribution of two-stepthe DA G matrix in the following representation:

process is quite small in the middle angular region. This is

because, as one can see from Fig. 5, the contribution of the/1o=Vo(S) +V(S) o1 02+ V (S) 71 7

two-step process to the cross section is much smaller than

that of the one-step process there. At small angles where the

two-step cross section is comparable to the one-step one, the  +V(5)S ,+V1.(S)So7;- 7. 4.2

two-step contribution is also appreciable Bgy. At very

forward angles, say 0°, thBy is quite different from that In Eq. (4.1) o; and 7, are the spin and the isospin vectors,

of one-step process. The reliability of the present calculationrespectively, of each of the colliding particles. The results of

however, is questionable there. the analyses forg,p’x) and (p,nX reactions are shown in

+VO.T(S)0'1' Oy71° 7'2+V|_3(S)I'S+VLST(S)| . ST]_' T
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10" where the numerator is calculated with,=V (s)o- o,
o~ eOMaV SN o) only, and the denominator with fulf,. In Fig. 7, the total
o0 SONI[;Y= 62NIS(II\)/I’£ ‘3 contribution of the two-step process and the total spin flip are
10 :p T also plotted.
|  1+2STEP For (p,nx, it was found thatv,,., V1., and the interfer-
107 LT LN ) ;gg ence between them make large contributions. The contribu-
@  Sakaiet al. tions of V g andV, g, to Sy are very small. They are null in

N-N scattering in free space, since the quantization axis for
the spin, taken to be perpendicular to the scattering plane, is
parallel to the orbital angular momentum, and the component
of the total angular momentum along that axis is conserved.
In N-N collisions in the nucleus that condition is not strictly
satisfied since the struck nucleon has an initial momentum in
all directions. Actual calculations showed, however, that the
contributions of the two-body spin-orbit forces were still less
than 1% of the totalSyy in the cases under consideration.
FIG. 5. The same as in Fig. 1 but fqo,p’x) on®Niat 80 Mev ~ This is presumably because the momentum of the struck tar-
andE, =62.5MeV. The data for the excitation energy of 12-16 get nucleon is much smaller than that of the incident
MeV are from Ref[29]. The calculation uses the in-medium B  nucleon. The in-medium effect causes considerable changes
matrix. in the contributions o¥/;, and the interference betwe#dfy. .

i ; I nd V;, to Syn. Since the changes are constructive, the
Fig. 7. Each line represents the contribution of each term O? T NN g y

R h ic ch inDy -
Eq. (4.1) to the one-step part of the spin flip. For example, >0 & rat, er drastic changeSigy, and so Dy .
I . . For (p,p'x), some additional contributions exist/t,
the contribution ofV,, is defined as

V.., V1,, and the interference between the last two are

DDX (mb / MeV sr)

0 20 40 60 80 100 120 140 160 180
Emission angle (deg.)

a%f??,p+oj$§’,p particularly important. The in-medium effect causes quite
F(V,)= % (4.2) large change in them, but the tot&|y does not change so
2X 0 ynpol ful drastically since they happen to be rather destructive.
0.9 — — 0.9 [ — ;
0.8 F ©” 160MeV *Zr(pp) | 08 | 160MeV * Zr(p,n) "
0.7 " Ep=n2oMev | 0T En=120MeV T
g 06 . : 06 B 1 e e
g 0.5 S 0.5 TTLTTTUTTT eates lstep(freespace)
£ 04 B8 0.4 | -
_g 0.3 1 o3
0.2 Lol 0.2
B o1 B Sl e 0.1 f
0 ? S T l+2§le|i)“(‘i':-med.) 0 i
0.1 ook TR Y 01k :
0.2 Bl b b b b 0.2 SHE| | Lol | |
0 10 20 30 40 50 60 70 80
0.9 0.9 T
0.8 0.8 | 160MeV *Zr(pn) -~ -1~~~ -~
0.7 0.7 En=80MeV -
g 06 0.6 F e T e sty
s 0.5 0.5 E - 1+2step (in-med.) ] ]
§ 0.4 0.4 F2lr oo Tstep (n-med.) FIG. 6. The same as in Fig. 4 but fop,(’x)
i g‘g gg a3 and(p,nx on °%Zr at 160 MeV for three emission
&2 o1l Y s teep teee space) 0.1 energies of 120, 80, and 40 MeV. The lé&fight)
0 ron [ tseplreespees L 0 panel corresponds t@(p’'x) [(p,n¥].
F---f--- r==-" Istep (in-med.) -0.1
Bt -0.2
0 10 20 30 40 50 0 10 20 30 40 50 60 70 80
0.9 N T T 0.9 ; :
0.8 £ 160MeV *Zr(p,p”) "~ " IR 0.8 | 160MeV * Zr(p,n) —w— 1s2step (tree space)
0.7 E Ep’=40MeV e 0.7 En=40MeV 7 luepdrecspace
g 0.6 ; j‘ ””” i 0.6 s e Istep (li’n-n'nd.)
"é 0.5 F---1- 777 %= 142step (free space) 0.5 Bttt
= 0.4 X+ Istep (free space) 0.4 F---—-1--—---
3 03} o e ey 0.3
£ 0.2 R R 0.2
a8 0.1 | 0.1 BTt TN
0% 01 i ‘
0.1 £ 0.1 oot b
0.2 & 0.2 L Ll |
0 20 40 60 8 100
Emission angle (deg.) Emission angle (deg.)
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0.6 . r . - T 0.6
0.5 | L 0.5 o~ - freespace .
0.4 0.4

& 0.3 0.3

=

g 0.2 0.2

& 0.1 0.1 F--digorm Bt

0

*, X

0.1 F | . -0.1 [-----%%%1_ 160MeV *Zr(p,n) En=80MeV
0.2 ! ; ! [ i Led 5g i [ i i L
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
0.6 r T - - - 0.6 r - - "
0.5 ___+___ in-medium ; | N 0.5 o imd i K . L
0.4 (oot Sew 0.4 ‘ ! 1
- T r
8 0.3 [k Ten ] 03 F
i 0.2 the: 0.2 B e T e
B
w)

0.1 F—- o
0 Fumi —

4

! B ! %! | | | | | |
0.1 [roo--moo 160MeV *Ze(p,p) Ep'=80MeV | 0.1 F---%x® -~ 160MeV ®Zr(p,n) En=80MeV |
0.2 Eovun 1 | 1 | I | 0.2 I Loy I ! I I
0 20 40 60 8 100 120 140 160 0 20 40 60 80 100 120 140 160
Emission angle (deg.) Emission angle (deg.)

FIG. 7. The contributions of individual componentshdfN interaction to the one-step process part of the spin flipip(x) (left pane)
and(p,nx¥ (right panel on °°Zr at 160 MeV for the emission energy of 80 MeV. The contribution of two-step process as a whole and the
total spin flip are also plotted. The upper and the lower panel correspond to the results obtained with DA “free space” and in@nedium
matrices, respectively. The contributions 6§, V1, Vr, of Eq. (4.1) are represented by dashed lines with triangles, open circles, and
squares, respectively. Contributions of the interferences betWgeandV+, are represented by dashed lines with crosses. The lines with
no symbol are the total contributions of one-stepshed lines two-step(dotted lineg, and one-plus-two-stefsolid line9 processes. For
(p,p’'x), the other terms with quite small contributions3qy are put together and plotted with dash-dotted lines.

V. SUMMARY AND CONCLUSION of the spin-orbit coupling in the intermediate state distorting

. . . . _ potentials in two-step process is also probably unimportant
The semiclassical distorted way8 CDW) model is ex for the reasons discussed in Sec. V.

tended to take account of the exchange of colliding particles The calculatedD,,, for 5Ni agrees with experimental

and to calculate explicitly the off-shell matrix elements with . . ;
. . . ; data in the sign and roughly the magnitude at forward angles,
the half-off-shellG matrix parametrized in coordinate repre- . L2 '
and in qualitative feature of angular dependence. In-medium

;entatlon by Dortmans and A.m.(ﬂ;lel DAG matr[x). Includ- modification of theN-N interaction improves the agreement
ing the exchange term explicitly in th&matrix element
at the larger angles.

does not change the resultant formula for the double differ- For (p.nX on ®Zr, fairly large in-medium effect is ob-

ential inclusive cross sectididDX), which justifies our pre- erved, in contrast to the case f. p'x). Detailed analysis

?/rIT:)F;J”sCi%e;ICUIatlonS in which the exchange was dealt with only:hows that the effect due to the modification of the tensor

: . interaction is particularly important.
In order to clarify the effects of using exact off-shell ma- .
trix elements. the InyDXs ofi.p’x) and(png on %971 at 160 In conclusion, the present work put the SCDW model on

MeV are calculated. The agreement with experimental datggllgl?:tzot:i?rset'izaggggpvtg;ggs Ctgﬁtrlljlgtlitgr?;tg} %ld dgnzﬂf.s
is almost the same as in our previous work. This justifies ouf’ P : P

. . : . ¥ ization and the spin flip were made fop,p’x) and (p,nxX
previous calculations with approximate treatment of off shelland the results were analyzed in detail. The calculated depo-

matrix elements in terms of on-shell ones. The effect of in-_ .~ " . o . .
medium modification of th&-N interaction, in-medium ef- Iarlzat|o5r; agrees semlquantltatlv_ely with the expen_mental
fect, on the DDX is examined with the [5,@ matrix and data on l_\ll(p,p’x) at 80 MeV which are the only ava|l_able
found to be quite small, in agreement with R@f1] in which data in mllddle a_ngular region at presen'g. I\/I,ore extensive and
the effect was investigated with the in-mediddaN cross systemanc stydles Of. spin observables gl X.) and (p,nX :
section given by Kohnet al. [30]. will be very interesting _for the understanding of reaction
mechanlsms and the refinement of the model. Experimental

The extension in the present paper enables one to CaICdata however, are not enough for that purpose, only at a few
late spin observables with the SCDW model. We, therefore ' ' Y purpose, only

o o angles below 20931-33 or at 0° [34-36, where the
calculated the depolarizatiomyy and the spin flipSyy for o=
the first time with the SCDW model fo*Ni(p,p’x) at 80 present SCDW mode_l IS _mac_jequate. _Measuremenﬁ),m
MeV, and for ©,p’x) and (p,nX on %Zr at 160 MeV. Nu- in middle angular region is highly desirable.
merical tests for one-step process by means of DWBA
showed that the spin-orbit coupling in distorting potentials, ACKNOWLEDGMENTS
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