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We extend the semiclassical approach which was implemented successfully for the one-step direct
reaction to the two-step process. Using essentially the same approximations as in a previous paper
by Luo and Kawai, we obtain a closed parameter-free formula for the two-step cross section. This
formula contains experimental nucleon-nucleon cross sections and distorted-wave intensities, and is

physically interpreted.
PACS number(s): 24.10.—i, 24.50.+g

I. INTRODUCTION AND SUMMARY

In a previous paper [1], hereafter referred to as I, Luo
and Kawai (one of the present authors) developed a semi-
classical distorted-wave approximation for the one-step
nucleon-induced reaction leading to a continuum final
state. The closed expression for the inclusive double-
differential cross section for the (p,p’z) and (n,n'z) re-
actions obtained in this way allowed for both a simple
interpretation and a parameter-free calculation. The re-
sults were in good agreement with data at 62-164 MeV
bombarding energy.

The two-step direct process is almost as important as
the one-step direct process for a quantitative description
of the direct part of nucleon inelastic scattering. In fact,
at large scattering angles at an energy loss in excess of
several MeV it can even dominate. Motivated by this
fact, and encouraged by the success of I, we extend the
approach of Iin the present paper to the two-step process.

The starting point for our derivation is the general the-
ory of precompound reactions and the modern distinction
between multistep direct and multistep compound pro-
cesses [2,3]. Especially for the first few steps of the re-
action, we believe this distinction to be superior to the
older exciton models.

Specifically, we use the result of Ref. [3], hereafter re-
ferred to as II, for the two-step direct reaction cross sec-
tion. This result is based on statistical properties of the
residual nucleus, and on the sudden approximation: Af-
ter the first collision of the incident nucleon with the tar-
get, the intermediate state of the target is described as
a particle-hole excitation on the ground state of the tar-
get (“sudden approximation”) rather than as an eigen-
state of the target nucleus (“adiabatic approximation”
as used in Refs. [2,4]). (The nature of the statistical
assumptions used in various theories [2-4] was recently
discussed in Ref. [56].) The sudden approximation was
justified in Il in terms of the characteristic nuclear time
scales. Qualitatively, the cross section derived in I is the
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square of a second-order distorted wave Born approxima-
tion (DWBA) amplitude multiplied with the density of
two-particle-two-hole excitations in the target nucleus.

In the spirit of I, we reduce this expression to a product
of probabilities. We use the same approximations as in I:
The slow variation in space of the density and the single-
particle potentials for nucleons, the short range of the
nucleon-nucleon interaction, and the summation over ini-
tial and final single-particle orbits allow us to introduce
a local-density (or Thomas-Fermi) approximation for the
nuclear states and a local semiclassical approximation for
the distorted waves, and to neglect all interference terms
and antisymmetrization effects. An additional entity not
encountered in I is the Green function for the fast parti-
cle in the intermediate state. We observe that the optical
potential varies slowly in space, and we therefore use for
the Green function the Eikonal approximation, consistent
with the other approximations mentioned above. As in
I, we neglect the spin dependence of the nucleon-nucleon
interaction and of the distorting potentials.

The central result of our work is the expression (3.19)
for the double-differential two-step cross section. As is
the case for the result obtained in I, this expression does
not contain any adjustable parameters if the cross sec-
tions on the right-hand side (rhs) are taken to be ex-
perimental nucleon-nucleon cross sections, and if the dis-
torted waves and the damping factor for the Green func-
tion are calculated from standard optical-model poten-
tials. The cross-section formula (3.19) permits a straight-
forward intuitive interpretation and is in line with (al-
beit a generalization of) Goldberger’s intranuclear cas-
cade model [6].

In view of the above-mentioned approximations, our
final result is not expected to be quantitatively reliable
at low bombarding energies. All our approximations be-
come more reliable with increasing bombarding energy.
Still, it is difficult to predict precisely when our approach
becomes adequate. We believe that at a few 100 MeV the
error incurred should be in the 10% range. This, however,
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may well be too pessimistic a view. It is quite possible
that the present approach is useful already below 100
MeV. This will have to be checked by a comparison of
results obtained from Eq. (3.19) with an evaluation of the
two-step formula of II. In addition, there are several cor-
rections at lower energies that need to be examined, such
as the use of the ¢t or G matrix for the nucleon-nucleon
interaction, the nonlocality of the distorting potentials,
and exchange effects between the incident and the target
nucleons.

In Sec. II, we give a simple derivation of the two-step
DWBA formula for the cross-section, referring to II for a
more detailed and complete argument. This brief section
is included to make our paper self-contained. The case of
a channel-dependent optical potential, not envisaged in
IT but potentially important for practical calculations, is
treated in Appendix A where we show that the two-step
DWBA formula remains unchanged under this modifica-
tion. The main argument is developed in Sec. III which
ends with a physical interpretation of the central result,
Eq. (3.19). One of the main approximations, the neglect
of interference terms and antisymmetry, is investigated
and justified in Appendix B.

II. THE TWO-STEP CROSS SECTION

The starting point for our approximation scheme is
the formula for the quantum-mechanical two-step cross
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section. We present a brief and simple derivation of this
formula. We also indicate why this formula holds more
generally than the derivation suggests.

We consider a target nucleus with A nucleons governed
by the Hamiltonian H(4). This target is hit by a nucleon.
The Hamiltonian for the (A + 1) particle system has the
form H = H4) 4+t + V. Here, t is the operator of kinetic
energy of relative motion and V' the (effective) nucleon-
nucleon interaction between the target and the nucleon.
To account for absorption effects on the incident nucleon,
we introduce a complex optical-model potential U, con-
sisting of the mean field, the imaginary potential, and
the dispersion integral giving a correction to the mean
field. We write H in the form

H=HY4t+U)+V (2.1)

where V = (V — U), and calculate the cross section to

second order in V. Let go§+)

eigenstates of (H(4)4¢4U) with A nucleons in the initial
and the final state of the target, respectively, and subject
to the usual incoming or outgoing wave boundary con-
ditions. They are normalized to a delta function in en-
ergy and carry normalization factors (uk;/27h*)1/2 and
(pks/27h?)1/2 respectively. Then, the two-step cross-
section has the form

and go(f_) be the scattering

(2.2)

Here, p is the reduced mass, hik; and hky are the initial and final momenta, and the delta function guarantees energy
conservation.

Equation (2.2) can be simplified by assuming that the states of the target can be approximately described by the
shell model, that the ground state is doubly magic, that in the collision of the incident nucleon with the target an
ever-increasing number of particle-hole pairs is created, and that the collision is “sudden” in the sense that in the
denominator of Eq. (2.2) H(*) can be replaced by the mean-field approximation. The last assumption was justified
in II, the rest is standard in the field. We denote by ®;, ®; the initial and final states of the target, given by

@)= ( I laj))A, 0= (18162 T |aj>)A. (2.3)

Ji<kr i<kp
J#£1,2

Here, A is the antisymmetrisation operator, a; denotes the states below the fermi surface, kp, and 3, B2 (a1, 3) are
the particle states (the hole states) generated by the twofold action of V. We have

) = ). i) = i) »

where xi:'H, x(j_) are scattering eigenstates of the one-body operator (¢ + U). Using the above-mentioned assumptions
and Egs. (2.3), (2.4), we find that Eq. (2.2) can be simplified as follows:

2
2 - - *
o = k; 22‘2(»& @ [0]®m) G (Bi — em)(® [0x{ D) | 6(E) — ), (2.5)
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where v denotes the two-body effective interaction, the
round bracket an integration over A nucleons, and ®,, is
one of the four possibilities

[Pm) = (|ﬂb) H |aj)> , aand b equal to 1 or 2.
i<kp A
J#a

(2.6)

Moreover, Gp(E; — €5,) is. the operator (Ej’
—€m — t — U)'l, and ¢,, the sum of the energies of the
particle state 8, and of the hole state ag in |®,). In
the approximation scheme leading to Eq. (2.5), the delta
function 1s now interpreted as the two-particle-two-hole
level density in the Fermi-gas model at the excitation
energy AFE defined by the energy loss of the incident nu-
cleon.

We can considerably improve on this brief derivation
without changing the form of the result, Eq. (2.2). One
such improvement removes the assumption that the tar-
get is in a pure shell-model state, and that the effect
of the residual interaction on nucleons in the orbitals
laj), |B1), and |B2) is altogether negligible. The deriva-
tion is given in II. Using the “sudden approximation”
(which 1t justifies) and statistical assumptions on the
eigenstates of the final nucleus, this paper yields an equa-
tion like (2.2), with §(E; — E;) replaced by the full (non-
Fermi-gas) two-particle-two-hole density at energy . If
that level density can be well approximated by the Fermi
gas expression, we retrieve Eq. (2.2). We expect such
an approximation to hold for excitation energies AF of
the residual nucleus which are in excess of several MeV.
Incidentally, the derivation of 11 shows why there is no
interference between one-step and two-step processes. A

J

second improvement relates to the fact that the optical
model depends upon energy; this fact was not taken into
account in our derivation. In Appendix A, we show that
Eq. (2.2) can be derived even when U depends on the
channel.

ITII. THE APPROXIMATIONS

We now introduce the central approximations needed
to write Eq. (2.5) in semiclassical form. We proceed in
close analogy to I. To make the argument transparent,
we defer to Appendix B the justification of the main ap-
proximation (the neglect of interference terms).

Writing the absolute square in Eq. (2.5) as a double
sum over the four values of m and m’ each, we neglect
the interference terms with m # m’. We likewise neglect
the antisymmetry between the incident nucleon and the
nucleons in the target. We use the identity, valid for any
function F(£),

FIE =) = [dBu8(En = E+e)F(En). (3)
With 0" # b and «’ # «, we also have, in coordinate
representation,

(Pm|v|®;) = /d37’1ﬂ5(1‘1)v(r1 —r;)aq(ry),
(3.2)
(@s1018m) = [ drafi(ea)otra = v (v2).

Using the coordinate representation also for the Green
function G,,, we obtain

oD = k? / dEnm ] / ds”’/ drix X7 e I ) (1) Gy v Em)GT vy xi s Em)

I=1,f,1,2

xv(ry —r)v(ry’ —r; Yo(re —rp)v(re’ — vy )Ki(ry, 11 ) Ka(re,r2”)

We have defined

Ki(rper) = Y an(r)ai(rn )85 (x1)Bi(rr )8(Em + €5, — €a, — Ei),

ay,P1

and similarly for K3. The sum in Eq. (3.4) over «; (81)
is over occupied (empty) states.

One of the central approximations of this paper, kin to
the local density approximation or the Thomas-Fermi ap-
proximation, is based on the following approximation, ex-
ploited already in I: The potential v has a short range of
about 1 fm. And the function K is a short-ranged func-
tion of |r; —r; /| with approximate range kz'(r;), where
hikp is the local Fermi momentum. Only the region of r}
values with sufficiently high nucleon density contributes
significantly to a;r‘;). Here, kp(r;) does not differ signifi-
cantly from the nuclear matter value kp = 1 fm~'. The
same argument applies to Ko. This shows that the inte-
grand in Eq. (3.3) is significantly different from zero only

(3:3)

(3.4)

-
when r; v/ =r; ;' and ro v’ Z vy oy’ We
therefore approximate the expression (3.3) by locally ex-
panding the integrand around the points of coincidence
of each of the two sets of vectors (ry,r;’,r;,r;’) and
(r2,v2' vy, vy ’). This approximation is expected to be
valid for heavy nuclei with radii large in comparison with
1 fm. In implementing the local expansion, we assume
that locally both single-particle wave functions and the
distorted waves can be approximated by plane waves. We
denote the local momenta appearing in the exponents by
the symbol &, with & real or complex (as the case may
be) and in any case depending on the position. The in-
tegrals appearing on the rhs of Eq. (3.2) take the form
(x =11~ )

/
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/ Bry By (e1)o(ry — 1) (1)

= exp [i (10 = 1) 1] [ 2 5 ()0(x)aa(x) (35)

with x4, K real. With r;/ = r; + s; and &; complex, we
have similarly for x§+)(r; N,

AP (') = X () exp (ini - s5,) (3:6)

where #; has the direction of the local flux and the mag-
nitude

(3.7)

We proceed analogously for x(f_)(rf "), introducing x;.
For the Green function, we use the eikonal approximation

(7

B exp [iSm(rs,x;)]
v E) = — 3.8
G(l[;rw m) 27rh2 Il'f _ ril ) ( )
where the complex phase S, is given by
l‘!
Sm(ry,ri) =/ ds km(s). (3.9)

The integration is taken along the classical path, with
the direction of k,, given by the tangent to the path or,
equivalently, by the flux at s, and the magnitude of x,,
is given by

(3.10)

2
K2, = h—’* (Em — Un(x)].
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In the local approximation, we assume Up,(r) to vary so
little that the path in (3.9) is straight and, with r =
(s +ri),

Sm(rs,ri) = km(r) vy — i) (3.11)

We note that Eq. (3.11) goes beyond the previous local
approximation. For G*(r;’,r;’; E;,) we proceed analo-
gously, writing r; ' = r; + s;, etc. as before. Then, with
Km in the direction of (ry —r;),

G (ry' vy En)

'u e—ix:nlr/-r,-l
2rh?  |ry —ril

IR

exp [—ikm - (s5 — s;)].

(3.12)

In the spirit of these local approximations, the summa-
tions in Eq. (3.4), when written in terms of local mo-
menta, are constrained by the condition Kk, < kKp < Kp.
To further simplify the resulting expressions, it is nec-
essary to assume that U; = U, = U;. More precisely, we
assume that in the integration over s;, with an integrand
given by the exponential of is; - (ki + Kqa — Km — Kb),
the imaginary parts of x; and k,, cancel to the extent
that the result in good approximation is (27)3 times a
delta function of (k; + K5 — Ky, — K4), and similarly for
sy. By the same token, we replace the argument of the
delta function in Eq. (3.4) by its local equivalent, i. e., by

(h2/2u) (n; S R Kg). Using all this in Eq. (3.3),
we obtain

9 5 [ _ 2 2 ] 2 lex K, (v) vy — 15 2
U;;):k;z/dEm/d37'i/d37'f ‘X(f )(rf)l {X,(“H(ri). < H ) I p[ “( )l S !]l

x{z

Kay <Kp(ri)<ks,

oy

Kap<kp(ry)<ss,

2 [rcfz + fc} — lc?h - nm(r)]) }

271'h2 |l‘,’ - 1'_[|2

[(B1] v |ar)|? (27)363 (K4, + K (¥) = Ka, — Ki)

X 6(h
m

2
g o+ st = ] }

[(Ba] v |az) | (27)363 (Ko, + K5 — Kay — Km(T))

(3.13)

To arrive at the final formula of this section, we connect each of the terms in curly brackets in Eq. (3.13) with the

nucleon-nucleon cross section. To this end, we write

(3.14)

) (L)oo o[ o) 20])

Ka<KF<Kp

Ka<Kp<Ky

where the factor 2 is due to spin (we take v to be spin independent), where Q/(27)3 is a density-of-states factor and
§2 the size of the Thomas-Fermi cell volume, and where the indices n (p) indicate that the struck nucleon is a neutron
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(proton). Locally, we have

2
(Bl v|a)]? = Q1 /da:c exp [i (kq — Kb] X) v(X) (3.15)
Q
In the two-nucleon c¢.m. frame and in Born approximation, the nucleon-nucleon cross section is given by
do (m/2)* , 2
= -2 0 , 3.16
(%) = St sl (3.16)

where v is isospin dependent. We introduce the average local nucleon-nucleus cross section in Born approximation by

([20' "wn(l) 47[' 3 3 3 ﬁz 3, i i
(), 588 (5] [ [ (£), s

—K
wi(ri) r(r
Ka <~F(x.)<nb

h-
<5 (5; (K2 + K2, (x) — w2 — rc,?]) ,

and similarly at point ry. It was shown in I that upon replacing (do/dQ2)nn in Eq. (3.17) by an isotropic expression,
o¢/(47), with o, the experimental total nucleon-nucleon cross-section, the rhs of Eq. (3.17) becomes equal to the cross
section of Kikuchi and Kawai [8]. Using Egs. (3.16) and (3.17), we can express the curly brackets in Eq. (3.13) in

terms of the local nucleon-nucleon cross section at r; and r;. The normalization factors of |X£+)|2 and lxg,_)IQ

(3.17)

are

xi+)|2 = (;Lki/'thg)l)}EH]?, where x is asymptotically normalized to a plane wave of unit amplitude. We introduce

the local density for protons and neutrons,

2 Ar 3
Pnyp = (27!') 3 Fn,p
and find
aﬁ) < ) /dE,,,/dsu/ Br _K?__(I‘_,_/_/:_'
A+1 nj ry /kf

, EXP [=27m(

ey —ri)?

Here, 9, (r) stands for the imaginary part of k,,(r), with
r = %(r,: + ry). The product of the double differen-
tial cross section tumes p appearing twice on the rhs of
Eq. (3.19) is a shorthand notation for the sum of two
terms relating to neutrons and protons in the target as
in Eq. (3.14).

Our result, Eq. (3.19), has a simple interpretation.
The incident flux, weakened by absorption effects and
refracted by the real potential, penetrates into the nu-
clear interior. At point r; the first nucleon-nucleon col-
lision occurs, described by the product of the double-
differential cross section (a local quantity because it de-
pends on the local momenta), and the local density of
nucleons. Then the incident nucleon, having lost some
of its energy, propagates to point ry. The propagation
is described by the geometric factor |r; — 1‘/]'2 and by
the factor exp (—2yp, |r; — ry]) which accounts for loss
of flux by absorption. At rj, the second collision takes
place. Eventually, the flux leaves the nucleus in the di-
rection of k, after it was further deflected and absorbed

as described by the factor |x( )|2

In applying Eq. (3.19) it is well to remember that after
the first collision the incident nucleon leaves the point r;

(3.18)
2 0%
_) oo )
) (351391),.jp(1f)
v) vy — ] ( o e
O Em 0 l.'P(l, X; (r ) (3.19)

with a local energy that corresponds asymptotically to
the energy E,,; the corresponding local energy at point
r; defines the energy with which the second collision is
initiated. And the direction in which the nucleon leaves
the point r; is that of the vector ry — r;.
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APPENDIX A: CHANNEL-DEPENDENT
OPTICAL POTENTIAL

We allow for a channel dependence of the optical po-

tential and denote by Ut the optical potential in chan-
()
v —

nel ¢, by U,E_ its complex conjugate, and by
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V- Uc(i) the remaining interaction. Let ¢, be the con-
tinuum eigenfunctions of H(4) 4 ¢, products of the tar-
get state ®, and a plane wave of relative motion for the
nucleon in the continuum, orthonormalized in the usual

way. The optical-model distorted wave states go(ci) obey
the Lippmann-Schwinger equation

) = o - ),
(A1)

The full scattering solution \Ilﬁi) obeys both the equa-

tions
)

.\I,gi)> - I‘P(ci)> +[EE - H] Y@ ‘4pg*)>. (A3)

(A2)

\I:g*)>: l¢c>+ [E* - H] 'V

and

The transition amplitude is given by
Ty; = <¢f ‘v ]\115“ >

In Eq. (A4), we use Eq. (A3) for channel ¢, then Eq. (A2)
for channel f, and finally Eq. (A3) for channel f. This
yields (we drop the plus sign on U, and V, )

Ty = <¢f |Ui1805+)> + <‘P§_) |v"|‘p$+)>
(o7 |V (8% = 117 W etP).

Equation (A5) is still exact. We identify the first term
on the r.h.s. with the optical-model contribution to elas-
tic scattering (¢ = f), and the second term with the
one-step DWBA amplitude. Only the last term can con-
tribute to the two-step amplitude. In the sudden approx-
imation, we neglect the interaction between nucleons in
bound shell-model states and replace in each intermedi-
ate channel m the operator H by (e, +t + Uy,). This
yields the desired generalization of Eq. (2.2).

(A4)

(AS5)

APPENDIX B: NEGLECT OF INTERFERENCE
TERMS

It is intuitively clear that the terms with m # m’
should become less important as the incident energy in-
creases. In this appendix, we show that this is indeed
the case, and we give a rough estimate of the bombard-
ing energy E; where neglect of these terms is justified.

By way of example, let us consider for m the sequence

[0) — |a181) — |araeBiB2) and for m’ the sequence
[0) — |a2B1) — |a1a2B1B2), in obvious notation. With-
out introducing the E,, integration via Eq. (3.1), we fol-
low the derivation of Sec. III until we arrive at a product
of sums of the type displayed in Eq. (3.4). These now
have the form

D aa(r)ai(r )8 (r1)Bi(x1 )

ay<ks<p

and (B1)

Y as(ra)ad(ry)B5(ra)Ba(rz).

az2<ky<pB2

The terms in expression (B1) are small unless r; = r;/ =
ro’ and ry = ry’ = ry’. Together with the conditions
derived from the short range of the potential v(r), these
constraints amount to saying that the essential contribu-
tion to the interference term is due to the integration over
the point where all vectors ry,ry/,ro,r2’,ry, 10,0y’
(nearly) coincide. This is a stronger constraint than en-
countered for the terms with m = m’ and qualitatively
accounts for the neglect of interference terms.

Semiquantitatively, we expect the cutoff to be given by
k;l. This has to be compared with the integration over
[r; —ry|in Eq. (3.19) which is limited by the exponential
damping factor in the Green function. The ratio of both
is v/kr = (lkp)~!, where [ is the elastic mean free path.
Now, [ is a function of energy. Because of the exclusion
principle, | reaches a minimum of about 4 fm at an energy
of about 100 MeV, and increases slowly with increasing
energy thereafter [8,9). The product (kpl) is thus always
larger than unity, especially at small bombarding ener-
gies. There, however, the interference effects considered
below are important.

There is another type of interference term in which the
integrand is significant only when r; 2 ry’ and rp = r,’.
This constraint is much weaker than in the case discussed
above. Nevertheless, the contribution of this type is small
compared to the terms with m = m’. Indeed, the con-
straint just mentioned and the short range of v lead to
the condition r; = r;’ and r; = r;’, and to the appear-
ance of the factor xg_)*(rf)Xﬁ—)(ri)xp)(r;)x&“'(rf) in
the integrand of o'(?. This factor is an oscillating func-
tion of both r; and r, especially at high incident energies
and/or deep distorting potentials, in contrast to the pos-
itive definite factor appearing in Eq. (3.19).

In summary, the arguments presented above only in-
dicate that the neglect of interference terms is a fair ap-
proximation at a few 100 MeV, and possibly useful even
below 100 MeV, depending on the required accuracy.
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