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SEMI-CLASSICAL DISTORTED WAVE MODEL FOR MULTI-STEP
DIRECT PROCESS IN (p,p'z) AND (p,nz) REACTIONS!
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Present status of Semi-Classical Distorted Wave model (SCDW) for multistep
direct (MSD) processes in {p, p'z) and (p, nz) at-intermediate energies is discussed.
A brief derivation of the cross section formulae for 1-step and 2-step processes is
given and their salient features are discussed. Calculated double differential cross
sections for *°Ni(p, p'z) at 120 MeV and 200 MeV and for #07Zr(p, nz) at 120 MeV

are presented and compared with experimental data. Comparison with other
models of MSD is also discussed.

1. Introduction

Understanding the mechanism of pre-equilibrium processes in nuclear reactions has
been a subject of extensive studies in recent years. Analyses have been made by means
of various models [1]: classical models including several versions of Exciton model and
ntra-nuclear cascade model (INC), and the quantum mechanical statistical models.
Jimulations have also been made of late by means of Quantum Molecular Dynamics
'QMD) [2] and Antisymmetrized Molecular Dynamics {3].The mechanism seems to be
ather complex in general.

In (p,p'z) and (p,n) at intermediate energies, however, the mechanism of emission
f high energy nucleons at forward angles seems to be mainly direct processes with rel-
tively small number of steps. Quantum mechanical models of multistep direct process
{] have been proposed and applied to analyses of experimental data. These models
re all based on DWBA series expansion of the T-matrix. They differ in statistical
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assumptions [5] and assumptions on nuclear wave functions and the Green function f,
propagation of the fast particle in the intermediate states, etc. Simplifying m.mm::%nog
are also made in practice on form factors of transitions, nuclear state densities et o
which contain some free adjustable parameters. S

As an alternative approach, we have proposed a semi-classical distorted wave mod |
(SCDW) [6, 7] which is also based on DWBA expansion. It, however, is greatly sim _w
mmm.v% the assumption of the local density Fermi gas model for nuclear states, a _o_w“ _
.mmBTQmmmmomp approximation to the distorted waves, and Eikonal E:unoxm:&sor to zw
intermediate state Green functions. These approximations are based on the ovmm_émaom
that the spatial variation of the local Fermi momentum and of the distorting vonmnﬂﬁw
are small compared with the oscillation of the distorted waves. Under these assum
tions, the cross section of each step of MSD processes can be expressed in a %5 vﬂ
Qo%.wm form in terms of the distorting potentials, the nucleon-nucleon mom:mlsw nawmm
mwnn_osm E the nuclear medium, and the nucleon density distribution. These quanti-
.Emm are given either empirically or theoretically, and no free adjustable parameter wa
5<w_<m&. The expressions for the cross sections allow simple intuitive wbnmn?.mnmaor
which gives a justification for a basic assumption of INC,

ﬁwm.vlmm% describe the model and discuss some of its salient features in section 2
In section 3, we present our recent SCDW calculations of the cross sections of 1- m:m
2-step processes in **Ni(p,p’z) at 120 MeV and 200 MeV and in NZr(p,nx) at 120
MeV and compare with experimental data. We also discuss comparison s.wﬂr previous
quantal models and with AMD. A summary and a discussion of future prospect of nr,m
model is given in section 4. ‘

2. The model

We start from the DWBA expression
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for the 1-step direct process in A(p,p'z)A* where A” is in the continuum. In 1), p
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W: MWm HMM:MQ_ mass, x; (x 7 ') is the distorted wave in the initial (final) channel at
nergy ..% .Lu. @mr the wave number k;(ks) and the spin component s;(sy) at infinity,
@6(P,,) is the .5;5_ (final) state wave function of the nucleus at energy ¢o(e,), and
w = E; l.m.‘. is nvm energy transfer. The summation extends over all the states n.
vo; is the 53.525: potential between the incident nucleon, 0, and the j-th target
nucleon. For m:dvro_ﬁa we assume for the moment that v, i 18 a central Wigner force,
Ty = v(ro — r;). This assumption is not made in the actual numerical calculations
described later.

We assume single particle model for ®y and P,

Ach = Dﬁc@, e: = :o\&\&, AMV
J

J

with the single particle w
a one-particie-one-hole (1plh) state w
and a hole in a state a. Thus, one of the §;

the aj = a is missing among the ;.

where C = p2/(27h%)? and eq(€p)
squared modulus in (3), one has
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ave functions ¢. All the a are below the Fermi level. @, is
ith a particle in a state § above the Fermi level
= B is above the Fermi level and one of

In coordinate representation, (1) then reads

( 9o
OE;0Qf ,

= qm 2 < drodrx" (r0)63(r)o(r0 — D)X (Fo)B0(¥)] (ep — e — ) (3)

is the energy of the state (). On expanding the

2o ks \ %aaimx%r?%?13&6?3
OE 0 ki e I

<K (e, xSl lrh — ¥)xd " (xh), 3

where the kernel K (r,r') is given by

K(rr) = 6() ¢a(r)ba(r)o5()8(ep = o = )- (5)

Ba
y part of the one-particle one-hole Green function.

he ®,, i.e. of the dp(r)*da(r) and da(r')dr(x"),
ch case the products of the four ¢ are nearly
assume a local density Fermi gas model

and is proportional to the imaginar

Because of the random phases of t .
K(r,r') is small unless r = r', in é_:. :
| al(r) 2] ¢p(r) {*, and s0 positive definite. We
for the r.h.s of (5) to get

2
&nn&nmm:xa |xl.:f_.;%w|?w — wwv —w), (6)
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i i = "V /9. The r.h.s. of (6) is indeed a
‘here kp(F) is the Fermi momentum at T = (r+1')/ ;

MWMM«.SMM@.W function of s =| r' —r |, peaked at 5 = 0. The width of arm peak wﬁ. rm.ﬁ
,EwﬁBEd turns out to be less than 2 fm even for Ep as low as 1.6 MeV [6], which is
much smaller than the nuclear diameter and is of the order of the wave lengths of a

distorted wave at 200 MeV.
Since the range of v is also short, the factor

v(re — r) K (r,r')o(rg — r')

in the integrand of (2.4) is only appreciable when ro = ry. If the distorting potential
U,(r})) varies slowly with r}, a local semi-classic

i ro)-(rf—r |. ﬂ
o(rh) & xolro)e™e! )-(ro—ro) (c=14,f) ()

al approximation
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will be valid for rjy within a small cell, | ¥) — ry < d with a small distance, d, where

ke(ro) = —iVXe(ra)/Xe(ro) is the local wave number vector with ke(ro) = Tt\mMAh -

Qa?.cvz( 2 If, as we assume, the imaginary part of U, is not too _ww.mﬁ we can :mﬁmg

,nrm <@Mm£ob of the amplitude of x(r}) within the cel!, and assume ke(ro) to be Em&

in good approximation. In that case, k.(r¢) = Flux[y.(r ce(ro) |2 ~

R e gy, T R Tl [and e
Putting (6) and (7) into (4), one obtains

g
OE;00;
ks A \? 2 2 Lo fhep(r) 5
= L dr |y )| | | 7{ o
where
Pa dink;(r) ; o
- = o S22
OB (r)O(r) ). B*hi(x)(4m /3)kp(r)? \ o), 00 =) O

k<kp(r)

is the local average differential cross section of NN scattering where & = (ki(r) —k)/2
i . :
(w \.,Ia.? 7(r) — k')/2) is the relative momentum ir the 2-nucleon c.m. system where
k(k') is the momentum of the struck target nucleon in the initjal (final) state. The local
average cross section, however, is put to 0 if the Pauli principle, ky(ry), k' > kp(re), is
So_mﬁmm” The local kinetic energy, Ey(r) = li’ks(r0)2/p1, and direction, Qs(r) = ks(ro),
of emission correspond, respectively, to E s and Sy at infinity. In (9),
Jda T.;\Mvm 1 A v, Ig-X =
— = : dxu{x}e
@ba\ s AMH.UH.V.N J AHOV

is the NV scattering cross section with the momentum transfer q=+r—r=ks(re)—
ki(ro). Eq. (8) is the final form of the SCDW cross section for a 1-step process.

The approximations described above can also be used to calculate cross sections
of m,-m_r.mc processes. In the present picture, a 2-step process in (p,p't) 1s a successive
excifation of two target nucleons, oy — |
—1

81— B2 and o._l_ -3 v,

7 and ay = 3y, except for the rare cases of
which we neglect. Tts T-matrix element is

1
w K~ Ow:. + :N

(2) (= "oy
NJ;. = M A/\v _@y.ww _ﬁ _ou:.mv e

arag 33
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57@.5 (E,.— K-U,, + i)~ is the Green function of rclative motion: between the fast

particle and the nucleus in the intermediate state at energy B, = E— (g, — €4, ), with
X i . | X i | ot ~dy 1

kinetic energy K and distorting potential U

riLe
In addition to the same approximations as for the l-step process, we assume Eikonal
approximation fo the coordinate representation of the Green function

(rs 1 rhE IWRchT.\n:_ vy —r ) (12)

w— N —~U, + i) h _m.u s H.; ’
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where 1| (ry) is the first (second) collision point, and k,, = [(2uh*)2(Em — Um)]'/? =
K + 17m 1s the complex local wave number in the intermediate state.
We then get the expression for the 2-step process cross section [7]

ﬁ.\w.NQ.A.NV A 4 NA..\\\A.‘.AH.NV - " "
= | dey [ drpSLE0E2) . _ _ ()
909y )~ \A+1 \am \ :\ e ey @ )
8 QN—VAI.MQ.S _n.m - Hp_v 8%
x @Mw\mwbu - \uAva _n.n -1 _N %mu:mwb:_ . EAW_V A_...wv

ErmmeS?LH mmm.w. \m:,mnabimmnrm%wmnaosamwmlf.Hro_anm_mzmnmmmnngm
sections are given by (9) with appropriate substitutions of coordinates and momenta.

Eqs. (8) and (13) allow simple intuitive interpretations. Eq. (8) gives the cross
section as an incoherent sum of local average cross sections at the individual points, r,
of the nucleus, each weighted by | x:(r) |*| xs(r) | which represents the probability
of the incident particle reaching and the outgoing particle escaping from the collision
point, r. The fluxes of the fast particle are renormalized to the local values. Eqs. (13)
can be interpreted in the same way as (8), plus the decrease in the flux of the fast
particle in propagation from the first to the second collision points by the absorption of
the potential and by the geometrical inverse square law. The interpretations described
ahove are clearly consistent with the picture of INC. (8) and {13), however, take account
of all the effects of the distorting potentials and of collisions in classically inaccessible
regions of the nucleus which are not included in INC calculations.

Another interesting feature of (8) and (13) is that they predict, in agreement with
observation, angular distributions without oscillatory patterns which are characteristic
to direct reactions leading to discrete final states of the nucleus. The origin of such a
pattern is the interference between outgoing waves generated at different points in the
nucleus which are at a distance of the order of the nuclear dimension. In (8) and (13),
such interference exists in the transition to the individual states, n, but is canceled out
when the cross sections are summed over the n because of the random phases of the @,,,
i.e. of the ¢,¢g, which make the range of K short and, consequently, the local collisions
incoherent.

In fact, if @,, is a linear combination of 1p — 1h states created on @4 of the form of
(2), I takes the form

K(r,x') = MU MU Al Al D5 (0)Pa(r)da (r)d5 ()0 (€0 — €0 — w) (14)

n ool

where the Aj, are the coefficients of the linear combination. If the phases of the
‘ M:&w?v&:?v are not, random, but coherent for all fa and n, as in the case of excitation
of a coherent state in the continuum such as a giant resonance, K'(r,r’) does not vanish
even if r and r’ are far apart, even at a distance of the order of nuclear dimension.
The angular distribution then must show the diffraction like pattern, which is indeed
observed in giant resonance excitations by (p,p’) or (p,n).

In actual calculations, effective NN interaction in the nuclear medium must be

used for v rather than the bare nuclear force, including spin and isospin dependence.



698 M Kawaj

Exchange of the incident and the struck target protons must also be included. One
can do it easily by modifying the r.h

5. of (2.10). If one uses experimental NN cross
sections for (9o / ON,r) ~ s the exchange effects are automatically included.

Another factor to be taken into account is the non-locality of the distorting poten-
tials. The empirical local optical potentials we use for them should be considered to be
the local equivalent potentials of the true, non-local optical potentials. We take account
of this by means of the well known Perey factor [12]

; -1/
ub*U.(r)
T Hw‘
oK2 (15)

multiplying the wave functions of all the particles in the continuum w
B stand for the fast particle in the initial and the final states and a struck target nucleon
in state 8 in the continuum respectively. The Perey factor is 1 for bound state wave
functions in the Fermi gas model because of normalization. We multiply the Green
function by Fi,(r;) and F,.{r,) on either side of it.

Derivation of the cross section formulae for (p,nz)
(p,p'z) reactions.

F(r)=1{1-

here ¢ = i, f, and

reactions is entirely analogous to

3. Results and discussions

The input data of numerical calculations are (a) the distorting potentials, (b) the
in-medium NN scattering cross scctions, and (c) the nuclear density distribution. For
(a), we use the global nucleon optical potentials of Refs. [8] and [9]. For the calculation
of the Perey factors, we use the range of non-locality b = 0.85fm. For (b), we use NN
scattering cross sections in the nuclear medium given by Li and Machleit [10], and also
those in the free space for comparison. For (c), we use p(r) = po[l + exp((r — R)/ag)]™t
where B = rqA'/? with ry = (0.978 4 0.0206.4'/2) fm and ay = 0.54 fi, py is fixed by
the normalization, A = [ p(»)dr [11] ;

The 7-fold integration in the 2-s

tep cross section is carried out by means of the
method of quasi-random nwnt

Monte Carlo method [13]

The results of the calculations are ghows in Figs. 1 through 4, and in Fig. 6. Figs. 1
and 2 show the angular distributios of SINGp, p'x) at 200 MeV and 120 MeV respectively
for the diffcrent outgoing preton energies, BV Agroement with the experimental data
is on the whole satisfactary. Aprecmieni in the absolute magnitude of the cross sections

is significant since the model has no adjustzble parameter. The peak in the 1-step cross
sections at high m_v rouglhly corresponds

o the quasi-clastic scattering. It is seen that
the 2-step cross section is larger thau the I-step one at large and very small angles
where the 1-step process is inhibited hy tle kinematics. The 2-step process gradually
takes over the 1-step process as E gets lawer.

Comparison with caleitations witl: ihe three previous quantal models, FIKK, TUL
and NWY [5], is shown in Figs. 3 for the cascs of MZr(p,p') at E, =80 MeV and
E}, =40 MeV. In the three model calcnla 1028, a collective form factor is used whose
strength is normalized in cach model to {it the angle-integrated energy spectra at high

E;,. The SCDW cross section has no adjusteble parameter. In all cases, the summed

caa

—
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Fig. 1. SCDW double differential cross
section for **Ni(p,p'z) at E, = 200 McV
and at E, = 170, 120 and 60 MeV.
The dotted{dot-dashed) lines arc 1(2)-step
cross sections and the solid lines are the
sum of the two. The closed circles are the
data from Ref. [14].
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Fig. 2. The same as in Fig. 1 but at Ep =
120 MeV and m“. = 100, 60 and 40 MeV.
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M\mm' 3. Ooﬂ\_vmﬁ.wmon— of SCDW, FKK, TUL and NWY cross sections for *Zr(p, p'z) at E, =80
ev and E, = 40 MeV. The notations for the SCDW cross sections are the same as in mﬁm. 1.
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M;m. 4. AMD cross mon,iona_& and the data for the same cases as in Fig. 2. The dashed,
A.O?A.»wvroa_ and dotted lines are the 1- , 2- and 3-step cross sections respectively, and the solid
linc is the total sum. The crosses are the data taken from [15]. B
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Fig. 6. SCDW cross sections for 9°Z1(p, nx) at E, =120 MeV and E, =100 MeV and 40 MeV.

Notations are the same as in Fig. 1. The data from Ref.

[16].

cross section of the 1- and 2-step processes agree with the data at angles less than
100°. The SCDW cross section then drops off the data, mainly because of the sharp
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drop off of nvm 1-step cross section which is presumably due to small high moment
MoE%osm:ﬁm in nvm degenerate Fermi gas model wave functions. Another possible aMm.w:E
or the underestimate at large angles is the effect of higher order processes, particul o
3-step process. The other models more or less maintain the agreement at ,_Ma oy
Another noticeable difference between the SCDW and the other cross mmnaoMM wbmpmm.
nrm. 1-step cross section of SCDW has a peak at about quasi-elastic scatterin o
MMEM nMHOmm of the other models do not. As a result, SCDW predicts Em&oamzwbm“@m
€ 2-step cross section over the 1-step one at forward an les in cont
Mﬂom&. The reason mOn. this is subject to further study. .Hrmm 2-step Mo“mmmmmnnwmww“ Mmrmww
e Bommﬁm disagree with each other. The SCDW cross section is, roughly, bet
cross section of NWY and the ones of the other models. , Y between the
. The AMD cross sections of Ref. 3] are shown in Fig. 5 which should be ¢
with the SCDW cross sections in Fig. 2 for the same case of 80Ni(p,p') at Hmwd WMH M\a
wpmanmmsmnn 1s good in the cross .mmnao: as a whole in every case. It is wmnmnmmasm to :Mnm
at the AMD p.-mnmw cross sections do show peaks at about the quasi-elastic scatteri
angle, though slightly shifted forward. This is in agreement with SCDW and i rans
to the 1-step cross sections of the three previous MSD models mentioned m_% nosnm,mma
1-step cross m.mnﬂo: is predicted by AMD to be always dominant near th it
peak, which is contrary to what is seen in Fig. 2. © auasiclasti
. One can see the effect of the medium correction to the NN interaction and that
Mr mﬁ“ Mm:m.“m.w:@ nwmﬂmwmob wm w:m compares Fig. 2 with Figs. 5a and 5b which show
ions o Up,p'x) at 120 MeV and E/ =60 MeV calculated with
free-space NN cross section and with the :o:-_oowmm correcti the éwo o
in-medium VN cross section and without the sou;onwwn MMM : :M.: . nwmn. o On
sees that the effects of the two kinds of corrections are Mo: Ho _M:nwmmwmnn:\m_%. >
magnitude and reduce the 2-step cross section much more ms.m VM ¥ h  the Lstep oy
Together they bring the calculated cross section down e 2.5 o iy
The noqmmiobm are much smaller at E, = 100 MeV m:M_WMMoﬂ% _Mwwmmxww HM‘EWBMW wwn@.
nrmm Amn E,, = 60 MeV, although they are not shown here, T ’
?Hm(mmw % MUOIQMOM: zmx/wBEm of (p, nx) n.mwnnmosu for the case of *Zr(p,nz) at 120
e n eV and 40 MeV. Again, agreement with the experimental data is
actory, mxnwvn at very large angles for the case of E,, = 40 MeV. The reason for
the discrepancy is not clear for the moment. It could be due to higher .oamn v\monmmmmm

4. Summary

mﬁmvmw“mm_m.m“now_m mU_mmoRmm Mw<m.<m model AmOU/,S.mon inclusive cross sections of multi-
Slop diterk m ses in (p,p'z) and (p, :sv reactions at intermediate energies is de-
cribed, with explicit closed form expressions for the cross sections of 1- and 2-ste

direct processes. The expressions are consistent with the basic Eoﬁ:.am of intra ::o_amw
_nmmnmmw A,HZOM M.doam_ .nvmﬁ the cross section is a sum of the cross sections of successive
moOoW_/M\/ ..NW collisions 2_9 absorption in the propagation between consecutive collisions.
. w_ mMMMMMmﬁ ,no:nmsu.w all i:.m effects of the distorting potentials and the contribu-
o ® el ¥ naccessible region of the nucleus. It is shown that such a cross section

*sult of the random phases of the final state nuclear wave functions which renders

-
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the range of the kernel K of section 2 short. The same reason is responsible for the lack
of diffraction-like oscillatory pattern in the angular distribution which is characteristic
to direct reactions leading to discrete final states of the nucleus; the diffraction-like
pattern in the angular distribution seen in the excitation of a giant resonance is due
to the long range of K because of the coherent phases of the 1plh components in the

state.

Double differential cross sections of SCDW for (p,p'z) on %Ni at 200 MeV and 120
MeV, and of (p,nz) on % Zr at 120 MeV agree well with experimental data on the
whole, including the absolute magnitude. Use of the in-medium [NV scattering cross
sections and the correction due to the non-locality of distorting potentials are essential
for the agreement. The effects of those corrections are larger on the 2-step than on the
1-step cross sections and at low than at high exit energies. Both corrections reduce
cross sections. Extension of the model to higher energies, including meson degrees of
freedom, will be very interesting.

Comparison of SCDW with the three previous quantal models, FKK, TUL and
NWY with collective form factors [5] is made for the case of **Zr(p,p’) at E, = 80 MeV
and E;, = 40 MeV. All the 4 calculations agree with the data and with each other up
to 100°. However, individual cross sections of the 1- and the 2-step processes do not
agree with each other. Roughly, the SCDW 2-step cross section is between NWY and
TUL ones. The drop off of the SCDW cross section at large angles is presumably due
to the use of the degenerate Fermi gas model in SCDW. The behaviour of the 1-step
cross section at forward angles is different in SCDW and the other models. It will be
interesting to know which is likely to be the case in reality. SCDW agrees well with
AMD for % Ni(p,p’) at 120 MeV in the cross sections as a whole and in the shape of
the 1-step cross sections, but not in the relative importance of 1- and 2-step processes:
SCD W predicts dominance of the 2-step process at the lower exit energies while AMD
predicts dominance of 1-step process at all exit energies near the qausi-elastic peak. It
will be very interesting to see which prediction is better.

Extension of SCDW to 3-step processes is straight forward. It will be useful not
only for analyses of experiments, but also for confirmation of the convergence of the
model against increased number of steps. Application of SCDW to the cases of low
exit energies will be more complicated since still higher order processes and compound
nuclear processes are likely to be important there. In practice, connecting SCDW to
some existing statistical models, such as Exciton model, may be more practical than
straightforward continuation of higher order SCDW calculations. Whether that is fea-

sible is a subject of future investigations.
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