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The imaginary part of optical potentials for fixed exciton number to be used for preequilibrium
reactions is microscopically calculated. The semiclassical approximation and a simple delta function
type interaction are adopted. Only the lowest order processes are taken into account, and the incident
particle is restricted to nucleons. Five types of processes contribute to the imaginary potential; the
first is the creation of a particle-hole pair by the incident nucleon. This process is considered in usual
optical potentials, but in this work the intermediate states are restricted to Q space. The imaginary
parts corresponding to the other four processes are obtained in analytic forms, to which the effects
of particle-hole states in the target nucleus are taken into account. The resultant imaginary parts
are, with good accuracy, independent of the excitation energy and related to the exciton number
in a very simple way. The transmission coefficients are calculated using obtained imaginary parts
and compared with the ones based on conventional imaginary potentials. The effect of inelastic
scattering before absorption is studied in a perturbation expansion and the second-order terms are
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found to be comparable with the zeroth-order terms.

PACS number(s): 24.10.Ht, 24.60.Dr, 24.60.Gv

I. INTRODUCTION

Optical potentials have been devised to generate
energy-averaged elastic scattering amplitudes and ap-
plied to numerous analyses of experimental data. Ab-
sorption by the imaginary potential is considered to be
the formation of a compound nucleus, and the transmis-
sion coefficient is calculated to be used for the Hauser-
Feshbach statistical theory of nuclear reactions.

With the development of the coupled channel approx-
imation of direct reactions, the optical potential has also
been modified to accommodate the situation where cer-
tain important channels are taken into account explicitly,
while the effects of the remaining channels are treated
statistically [1]. Many works on optical potentials for the
coupled channel calculations and other processes have
been published.

Preequilibrium reaction theories have been utilized to
analyze a great deal of nuclear reaction data, but only
after the work of Feshbach et al. [2] did the function of
the optical potential in this process become clear. The
whole Hilbert space is divided into two parts, the P space
where at least one nucleon is in a continuum state, and
the @ space where all nucleons are bound. Both P and
Q spaces are further divided according to the exciton
number, which is a sum of the excited particle and hole
numbers.

The incident particle proceeds in the P space exciting
the target nucleus and if it loses enough energy it falls
in the Q space. In the Q space, nucleons collide with
other nucleons changing the exciton number, and at some
stage one nucleon gets enough energy to be ejected before
reaching equilibrium. The reaction which takes place in
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the P space is called the multistep direct (MSD) reac-
tion, while the reaction in the @ space is the multistep
compound (MSC) reaction.

Bonetti et al. [3] analyzed experimental data success-
fully using the MSC theory of Feshbach et al. [2]. Re-
cently Chadwick and Young [4] calculated both MSD and
MSC reaction cross sections simultaneously and found
that the MSC cross section must be reduced to fit the
experimental data if the conventional optical potential is
used to calculate the transmission coefficient.

On the other hand, Nishioka et al. [5] gave a fully quan-
tum mechanical and microscopic foundation for the MSC
reaction theory based on the random matrix theory. That
theory was previously used in the equilibrium case [6]
and it was shown that the fluctuation cross section is
expressed in terms of transmission coefficients which are
obtained from the optical potentials fitted to the elastic
and total cross sections and no further information was
necessary. In the preequilibrium process (MSC), this is
not the case and further work was necessary in order to
analyze the experimental data. This was carried out by
Herman, Reffo, and Weidenmiiller [7], who obtained a
good agreement with the experimental data. They made
assumptions to calculate the necessary transmission coef-
ficients from the available optical potentials. To evaluate
the MSC reaction cross section based on the quantum
mechanical theory [5] more closely and to check the va-
lidity of their assumptions, it is desirable to calculate
optical potentials microscopically.

In this paper the imaginary part of the optical poten-
tial for preequilibrium processes is studied. Microscopic
optical potentials have been investigated in various ways,
but the semiclassical one is simple and also suitable for
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preequilibrium processes because the average potential is
obtained. The Thomas-Fermi theory gives optical poten-
tials averaged over the energy as well as the mass number
[8]. This is nice since the preequilibrium model describes
bulk nuclear properties. As the dependence of optical po-
tentials on the angular momentum is usually known to
be weak, it is reasonable to use the momentum represen-
tation, which is much easier to handle. We can avoid the
need to calculate the transmission coefficients for each
partial wave microscopically as was done by Feshbach et
al. [2].

We use the Thomas-Fermi theory as a basis and em-
ploy a simple residual interaction of a delta-function type.
We have to calculate various processes which are not en-
countered in a usual optical potential calculation except
for the finite temperature optical potential [9]. We take
into account only the lowest-order processes, and restrict
the incident particle to nucleons. Our aim is just to ex-
plore the new area and study the bulk properties of the
imaginary potential. Of course, more refined and detailed
studies for a particular nucleus may be necessary but we
do not attempt these in this paper.

In the following section, five kinds of processes for tar-
get states with a minimum number of excitons, which we
call elementary processes, will be investigated. The cal-
culation is not difficult but the integration over the phase
space is rather tedious, so details of these calculations
are included in appendixes. The obtained results will be
compared with previous works. In Sec. ITI, the imaginary
potential in a general case is considered, where the effect
of the spectator is taken into account. The exciton num-
ber and excitation energy dependence of the imaginary
potential will be discussed. In Sec. IV, the transmission
coefficients to be used in a preequilibrium process are
calculated. The effect of indirect capture will also be es-
timated. In the last section, the summary and discussion
will be presented. In the appendixes, a detailed deriva-
tion of the integrals which appeared in the imaginary
potential for elementary processes is presented.

II. ELEMENTARY PROCESSES

In the MSC process, the target or residual nucleus is,
in general, in an excited state with a certain exciton num-
ber, so the imaginary potential is calculated taking into
account this fact. As the nucleon-nucleon interaction is
assumed to be two-body in nature, the nucleons in the
target nucleus may be divided into two groups, the par-
ticipant, which interacts with the incident nucleon, and
the spectator. The process which takes place between the
incident nucleon and the participant is called the elemen-
tary process here. The spectator does nothing except for
sharing the excitation energy. In this section the imagi-
nary potential for the elementary processes is calculated.
J
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FIG. 1. The five types of processes contributing to the
imaginary potentials.

There are five types of elementary processes, and the
first is the creation of a particle-hole pair, which ap-
pears in usual optical potentials. The calculation is the
same as that given by [8] except for the domain of par-
ticle states. We follow their procedure to introduce the
Thomas-Fermi approximation.

A. Creation of a particle-hole pair

The process is shown in Fig. 1(a). The imaginary part
of the mass operator for the polarization effect is given
by

(1w ®]1)

= Im lim % 3 (12[v]34)nn (2)np (3)np(4) (43]0|21)

vl E1+E2—E3——E4+1:6

(2.1)

The numbers 1,2,. .. represent the variables for the single
particle or hole, namely, the coordinate vector r;, and
the spin and isospin variables are represented by a single
symbol s;. The single particle energy is given by E;, and
the occupation probability for a particle by n,(¢) and for
a hole by n;(i). The mass operator Eq. (2.1) is written
as

s dt
(1|w(a) Il) = —5 ) Z /drzdrgdr4dr4:dr3:dr2: Z?ie E‘t/ﬁ(12lv|34)

2841
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(2.2)
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where p, is the single particle density operator and pp
the single hole one, while h is the single particle Hamil-
tonian. Next, the Thomas-Fermi-like approximation for
the single particle density is introduced by

(eslipe™/e's) = b [ s

e—tE[P,(r+r )/2]t/k

xnp [E (P, ! J; r')] . (2.3)

where the single particle energy for the wave number P
at the location R is given by
r2p?
E(P,R) = am(B) + U(R).
The single particle energy is a sum of kinetic and poten-
tial energy, and the effective mass m*(R) is introduced
to take into account the energy dependence of the mean
potential, although our choice of a zero-range interaction
has no such energy dependence. We also restrict our-
selves to the case of being on the energy shell. The mean
field U(R) and the effective mass are adopted indepen-
dent of our choice of the nucleon-nucleon interaction to
simplify the calculation.
The occupation probability of particle and hole are
given by

e P(r—r")

(2.4)

np(E)
nh(E)

= O(F — Er)O(Eo — F),
=O(Er — E),

(2.5a)
(2.5b)
J

w(a) (Pl, Rl)

8181
828384

where O(z) is the unit step function, EF represents the
Fermi energy, and E, is the upper limit of the particle
energy. In the usual optical model Eq = oo is used. We
assume that Er, Fy are same for neutrons and protons,
and take Eg = 0 except for the cases where it is otherwise
stated. For the incident particle Er < E; is assumed,
and usually Fy < E; but also the opposite case E; < Ey
is considered for completeness.

The nucleon-nucleon interaction is assumed to be zero
range and spin independent, and its matrix element is
expressed as

(12|v]|34) = §(ry — r3)d(r2 — ra)d(r1 — r2)Vs, 65,0564 (T1),
(2.6)

where
Vg, 83,8584 (R) = vo(R)(s182|1 — P, Pr|s35s4). (2.7)

In the above equation P, and P, represent the exchange
operator of spins and isospins, respectively. Now, the
Wigner transform of the imaginary part of the optical
potential is calculated by

w®(E,P,R) = / dxePX (R + 3, slw @ (B)R ~ 3, )

(2.8)

3@m= > / > dXdP3dP3dP vy, 03.0000 (R1 + 3 )

X‘U“,s,,,,l (R1 - 5) €xp {’L(Pl + Pz el P3 el P4) . x} exp[i{E(Pl,Rl) + E(P2,R2)

—E(Ps,Rs) — E(Py, R4)}t/h] nn [E(P2,Ra)] 1, [E(Ps, Rs)] np [E(P4, Ra)] .

(2.9)

Sums over intermediate spin and isospin states are performed assuming N = Z,

Z Vs 82,8384 (Rl + )_zc) Vsys3,8281 (Rl - ;) = o (Rl + ;) Vo (R1 - g)

828384

x ;<3152|(1 — P, P,)%|s152) = 6up (R1 + g) vo (R1 - 5) ~ 6[vo(R1)]%,

(2.10)

where the last expression is supposed to be a good approximation. If this is put in Eq. (2.9) we obtain

w® (P, Ra) = — 7 (27) 6[uo (Ry)]? / dP;dP3dP5(P; + P3 — Ps — Py)

xJ{E(Pl, R,) + E(P3,R3) — E(P3,Rs) — E(Py, R4)}nh(62)np(63)np(€4),

where the suffix s; is dropped as the imaginary potential
is independent of s;.

By defining the Fermi wave number Pr(R) and the
upper bound of particle wave number Py(R) by the fol-
lowing formulas

R?PE(R) _
2m*(R)

thg (R)

F_U(R)’ '(R)

Eo — U(R),
(2.12)

(2.11)

[
the particle and hole occupation probabilities are given
by

np(P) =

O(P — Pr)O(P, — P), (2.13a)

n;,(P) = G(P)G(PF - P) (2.13b)

The imaginary part of the optical potential for process

(a) is
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62m‘(R1)
h2
x8(P? 4+ PZ —

w® (P, Ry) = —’Z—r(zw)—

This result is the same as that given by the Fermi-gas
model in which momentum and energy conservation are
taken into account [10].

Calculation of integrals over wave numbers is given in
Appendix A. The final results are

o) (B, Ry) =~ (2m) 2 B g1y L

52
x[{£(P3) - £(P2)} ©(P5 - Pa)
+{g(P}) - g(P2)} ©(P5 — P_,)], (2.15)

where two functions are defined by

1
—z
10

8

f(z) = {1<P3 —1pp) - 5 (216)

1 3
g(z) = {3(2P12 P%) + —16:1:} T2 (2.16b)
_
lim w(“)(El R)) = w(®®(Ey, Ry)
P2 500
T a2m’*(R,) (Rl)
- 2(2 ) ﬁg [’U
_r —q42m’ (Rl) 2
5 (M) 45 6 [vo(R1) 30P

which agrees with the results given by [10] and [12].
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G[Uo(Rl)]z / szdPgdP46(P1 + Pz - Ps - P4)

- Ptlz)"h(P2)np(P3)np(P4)~ (2.14)
h
and the limits of PZ are given by
P2% = max{P? + P} — P?,0}, (2.17a)
P} = max [0, min{P%,2P; — P?}], (2.17b)
P? = max{2P} — P},0}, (2.17¢)
P} = max [0, min{P% + P} — P}, P%}]. (2.17d)

From Egs. (2.17b) and (2.17d) it follows that P = 0
and P? = 0 for 2P¢ < P? and
w @ (E;,Ry) =0 for

2P2 < P} (2.18)

If we consider the case of no upper bound for the particle
energy, Pg < P, and Ps = Pr then

o(R) 5 {g(P1%> — (P)}

{(5P2 7P2)P3 + 2(2P% — P2)3©(2P2 — Pf)} (2.19)

B. Scattering by a particle

The process is shown by Fig. 1(b). For fixed states 1 and 2, the imaginary part of the optical potential is calculated

by modifying Eq. (2.1) to fit process (b) as

(2.20)

12lw®|12) = Im li
(12[w'™(12) m lim > >

1 Z (12|v|34)np(3)np(4)(43|v]21)
Ei+E;—E3—E;+16 )

The calculation of the imaginary potential in the semi-classical approximation is similar to the previous case and the

result is given by

52m* (Ry) 6

w(b) (P1R17 PgRg) = —g(Zﬂ')— h2

X /dPgdP46(P1 + Py — Py — Py)§(PE + P — P — P3)n,(Ps)ny(Py).

This expression is already averaged over the spin and

isospin of particle 2, so the factor % appears in front of

[vo(R1)]%. Integrals over wave numbers are carried out

as shown in Appendix B. For Py, < P,

w(b) (P]_R]_, Psz)

_ Zm*(Rl) 6

_(op) 3 2

2( ) R 4

x5 (2P — P — P})O(2P§ — P} — F}),

vo(R1)]* 6(Ry — Ra)

(2.22)

1 [vo(R1))? 6(R1 — Ra)

(2.21)

-
where P = P, + P3. Next the above expression is av-
eraged over the direction of Pz which is carried out as
shown in the previous case [see (A7)], and the following
expression is obtained:

w® (E; Ry, e2R5)

(2 )~
o5 (2P3 — P1

22 R 8 o (o)) 5(Rs — Ra)

- P2)®(2P0 — P2 — P2).
(2.23)

2101
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The only change is the replacement of P by P;. The
energy E isrelated to P; by Eq. (2.4) whilee; = E,—Ep
is the excitation energy of particle 2 where E is related
to P, through Eq. (2.4).

The imaginary potential (2.23) still depends on the
position of the participant, and we have to average over
it. The probability of a particle of an excitation energy
€ being at R is given in Thomas-Fermi theory as

m*(R)P(R)
w2R2

where P(R) is the wave number determined by (2.4) for
J

9 (&, R) = (2.24)

w( )(E1,€2a Rl)

gp(52)

gp(e2) 8(2m)3 k2

fixed E and R. Equation (2.24) is obtained from the
formula given by Ring and Schuck [11]. If we integrate
over position R then the familiar state density formula
in Thomas-Fermi theory,

gp(€) = /gp(e, R)dR = % /m'(R)P(R)R2dR,

(2.25)

is obtained. The final form of the imaginary potential
becomes for P, < P;

/ 8181 E1R1’€2R2)gp(€2R2)dR2

L 1 (""’"(R‘)) Soa(RPEE (2P - P?

— P2)O(2P2 - P? - P2). (2.26)

For P; < P, the calculation is more involved and details are given in Appendix B. For P2 + P2 < P? + P2 <2P?

3 2m* (Rl)

™ _
w®(EiRy,e2R,) = —5(270 A2

§(R1 —Ry)

4P1

where P. and P, indicate the smaller and larger of P;
and P,, respectively.
For 2P% < P} + P} < P} + P,

'w(b)(ElthSng)
" (em 2D Oy
4P1P25(R1 R;) [§P<(3P§ + P%) - g-P,‘Z .

(2.28)

The average over £; and R is the same as before.

32m (Rl) 6

w(c)(PlRl,Psz) = —7r(27r)' 12

v / dP3dP,§(Py — Py — Py + P,)5(P? — P2 — P2 +

For P2 — P < P?

w9 (PR, P,Ry) = _,,(21)_3%

)((S(Rl - Rz)

8 3
2P<(3P2 + P2) - (P} + P - P}

3 (RO

(2.27)

C. Scattering by a hole

As shown in Fig. 1(c) the procedure is the same as
process (b) except for particle 2 being replaced by hole
2. The quantum mechanical expression is accordingly

14|v|32 Ynp(3)mn (4) (23]0]41)
12|w(9|12) = { P
A2k 2y = o i Y B+ Batib

(2.29)

and the semiclassical imaginary potential is given by

ni o(R1)]*6(R1 — Ra)

P})ny(Ps)nn(Py). (2.30)

— PZ the integration over P3 and Py is carried out as shown in Appendix C and the result is

B2 [UO(RI ]2 [(Po P)® (PF ! 2123

P2 _ p2 4 p2\? P%_ p2 4 p?
+{P°2_(1 2P ) @{ 2P

P2—P2+P2)

2 _ p2 2
_PF}@{PO_W;}]

(2.31)

After averaging over the direction of P, Eq. (2.31) gives for P, < P,
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2m‘(R1)§
R 4

x©(P2 — P? + P2)§(R; — R»).

w(c)(PlRl, PR;) = —7(27) 3

{vo(Rl)]zﬁ,ll’;;
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(P} + P2 — PD)E — (P} + PR — P)RO(P} + P} - P})]

(2.32)

The average over R, is same as before, and the final result is given by

w(c)(El,Ez, Rl) =

" gn(ez) 6(27)3 A2

x| (P} + P2 — P)} — (P} + PR — P)3©(P} + P} — P})| (P} - P + F}),

where gp(€) is the hole state density at an energy e.

For P, < P, the imaginary potential is calculated by
using Eq. (C35) but the result is not shown here because
it is obtainable in just the same way as Eq. (2.33).

1 1 (Zm*(Rl)

2
6 1
2 [vo(Ry)]? 2

(2.33)

[
(14]v]23)mn (4) (32[v]41)
El—Eg‘—E3—E4+i(s’

1
(d) = im =
(123|w'?"|123) Imgm})z 24

(2.34)
D. Annihilation of a particle-hole pair by a hole
For the process shown by Fig. 1(d) the quantum me-
chanical imaginary potential is given by and the semiclassical one is
J
2m*(R;) 6
wO(PyRy, PoRy, PoRy) = —n 2 ) B 1y (R ))25(R; — Ra)3(Rs — Ra)

v / dP45(Py — Py — Py + Po)6(P? — P? — P + P2)n(Py). (2.35)

Averaging over directions P and Pj3 yields the following
results:

w@ ( EiRy, E;Ry, EsR3)
2m*(R;) 6
= —W—"l—ﬁ(z,—l)ﬁ[vo(Rl)]zé‘(Rl - Rz)

/p2 2 _ p2
x 6(Ry —Rs)—PM.

2.36
4P, P, Ps ( )

Averaging over E; and FEj3, keeping E; + E3 = Ea3 as a
constant, and over Ry, R3 gives

1 (m‘(Rl))ZE

_w(2h€23) ﬁ w2h2 16

x[vo(R1))?4/ P35 — P}(2P¢ — Pjy),

w'D (Ey,e93,R1) =

When the excitation energy of the participant vanishes,
the imaginary potential becomes

4P, \ m2h2

Zm*(Rl) 1
X’/2P127—P12—_h2 E,

where gr is the single particle state density at the Fermi
energy.

. 2
wl(E0,R) =~ 7 (T ) loo(Ra)P

(2.39)

E. Annihilation of a particle-hole pair by a particle

The process shown by Fig. 1(e) has a contribution

(2.37) when P; < P, and vanishes if Ey = 0 is assumed. The
where quantum mechanical imaginary potential is given by
2m*(R,) . _ . (12|v|34)n,(4)(43|v|21)
P} =P} + P} = o C(Ey — 2U(Ry)], (238a)  (128Juf J|123) = Imglgg); Bt B BB i
€23 = 2Ep — Eas, (2.38b) (2.40)
w(2heq3) = € — €2)des. 2.38
(2heas) / 9n(€2)9n (€23 — £2)de2 ( °) while the semiclassical one is given by
J
w® (P, Ry, PsR, PsRg) = —w@h(zi)% vo(R1)]?6(Ry — Ro)3(R; — Ra)
x /dP46(P1 + Py — Py — P4)§(P? + P2 — P2 — P2)n,(Py). (2.41)



49 IMAGINARY PART OF THE OPTICAL POTENTIAL FOR . .. 1105

After averaging over directions P, and P3 we obtain

w'®(E Ry, B3Ry, E3Ry3)

_ 2m‘(R1) 6 2
= —WTI‘G‘[Uo(Rl)] 5(R1 - Rz)

x6(Ry — Rg)

. 4
4P, P, (2.42)

Averaging over E; and Ej3, keeping E; + E3 = Ep3 as a
constant, and over Ry, R3 the last equation becomes

w(®)(Ey, €23, R1)

_ 1 e m"‘(Rl) 2
- _w(lplhezs) 4P, ( w2h2 )
e

)

3
H
€23 + P},) - P}

(2.43)

where

w(1plheas) = /gp(sg)gh(523 — €3)des. (2.44)

For vanishing €23 the above equation reduces to

e © [m*(Ry)]* 6
WO (B, 0,Re) = - || oo
2m*(R1)&

X
h? gf,.

(2.45)

F. Residual interaction and mean potential

To evaluate the imaginary potential using these formu-
las, the residual interaction and the mean potential must
be chosen. If we employ Skyrme-type interactions, the
self-consistent mean potential is obtainable with relative
ease [12]. However it is rather involved to apply these in-
teractions to the imaginary potentials for the five types
of processes and we use a simplified Skyrme interaction
which gives rise to nuclear saturation. The interaction is
assumed to be

v(1,2) = (to + tzp™)d(r1 — r2), (2.46)
where p is the nuclear density, and the parameter set

which satisfies the saturation condition was given by [13]
as

to = —1020 MeV fm®, ¢35 = 2404 MeV fm®, o =1.

(2.47)
Almost identical values have recently been used by Peilert

et al. [14]. For the nuclear density we use the empirical
one given by Bohr and Mottelson [15]

p = po(1 + e(r—Ra)/aa)—1 (2.48)

where pg, Rq, and ag4 are given by

po =0.17 fm™3,
ag = 0.54 fm.

Ry = (1.12A4Y/3 — 0.8647Y/3) fm,
(2.49)

For the mean potential, we employ a Saxon-Woods
type whose strength is linearly dependent on the energy.

Uo+ (1-— —'—:;LQ)E

U(T, E) = 1 +e(r—Rw)/aw :

(2.50)

According to Mahaux et al. [16] this is equivalent to using
the energy-independent potential

Uo

ur) = m*(r) 1+ e(r—Bw)/aw (2:51)
with the effective mass

mir) _ . 1-%

R (2:52)

where m is the nucleon mass and myg is the effective mass
at the nuclear center. The geometrical parameters Ry =
1.27A5 fm and aw = 0.67 fm, and the effective mass
mg/m = 0.7, are used throughout this work.

As stated before we assume symmetry with respect to
neutrons and protons in the target nucleus. To be com-
patible with this, the depth parameter of the Woods-
Saxon potential for the neutron is chosen so that the
neutron particle state number is equal to the average of
the observed particle state number of the neutron and
proton. For protons the same potential is assumed. In
Table I the single particle parameters for °Ca and 2°6Pb
are listed. The single particle numbers are taken from
[16] and the depth parameter U, is fixed by using the
geometrical parameters Ry and aw. For this mean po-
tential, the Fermi energy Er and the state density (for
neutrons and protons) at this energy gr are also listed.

Between two magic nuclei *°Ca and 2°®Pb, we choose
93Nb because much experimental data and theoretical
analyses are available. For this nucleus, the depth pa-
rameter is fixed assuming a linear function of the neutron
excess. By fitting with the data for two magic nuclei it
becomes

Up = —45.51 + 17.68(N — Z)/A MeV. (2.53)

The obtained value is given in Table I, where the rate

TABLE 1. Potential depth parameter Up, Fermi energy Er,
single particle state density at E'r, derivatives of these two
quantities with respect to Up for nuclei used in this work. For
4Ca 20 neutron particle states and 8 proton particle states
are assumed, while 58 and 44 states for 2°°Pb.

4OCa 208Pb 93Nb

Us (MeV) —45.51 —41.77 —43.42
Er (MeV) —10.06 —9.27 —9.57
gr (MeV™1) 2.04 9.04 4.32
%%g 0.87 1.05 0.96
5%5 0.038 0.148 0.078




FIG. 2. R-dependence of elementary pro-
cess imaginary potentials in units of MeV for
93Nb. Curves are plotted for (a0) and (a)
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of change of Fermi energy and the rate of change of the
state density with the depth parameter are also shown to
see the effect of a change of Up.

G. Results of calculation

In Fig. 2, the R dependence of the imaginary poten-
tial for w(*®)(E, R), which corresponds to Ey = oo, and
those for the other four kinds of elementary processes
corresponding to Ey = 0 are shown. For process (a) the
incident energy E; varies, while for (b)—(d) both F; and
the excitation energy of the participant ¢ vary. Process
(e) is not shown because it vanishes for 0 = Eq < E;. Ex-
cept for the highest excitation energy of the participant,
the R dependence is surface peaked, which is supposed
to be caused by the R dependence of the effective mass
and the density-dependent effective interaction, but de-
tails are a little different for each case. Results for °3Nb
are shown, but those for “°Ca and 2°®Pb have similar

processes varying the incident energy, while
for other processes by varying both the inci-
dent energy and the excitation energy of the
participant.

behavior.

The energy dependence of the imaginary potential of
the elementary processes at the nuclear center is shown in
Fig. 3. While w(%®) increases with energy approximately
like (E — EF)?, which is the well-known behavior due to
the increase of the state density of intermediate states,
w(®) increases up to 7 MeV but then decreases almost
linearly and vanishes as shown by (2.18). This is of course
due to the restriction of particle states to the Q space.
For w® w(®), and w(? the strength for several energies
E; of the incident nucleon are shown as a function of the
excitation energy €2 of the participant. This dependence
on e, is weak except for w(®). The magnitudes of w®
and w(® are one order smaller than w(®and w(? is two
orders smaller than w(®).

So far the imaginary part of the optical potentials has
been evaluated using (2.1) for process (a) and similar ex-
pressions for other processes as explained in this section.
However, they are also expressed as

0.05 T T T T

0.04

0.03

0.02

0.01 -

(b))
- W, €, R)

FIG. 3. Energy dependence of elementary
process imaginary potentials in units of MeV

for ®*Nb. The imaginary potential at the
nuclear center R = 0 is plotted for pro-
: cesses (a0) and (a) against the incident en-
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-wE € R)
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ergy, while for other processes against the ex-
citation energy of the participant by varying
the incident energy.
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(MeV?)

0.001

FIG. 4. Mean square P-Q matrix elements
in units of MeV? as a function of energies for
93Nb. Each curve in this figure corresponds

0.002 | £=20 7

0.001

Mean square P-Q matrix elements

{ E=10/
! ‘-lll

related one in Fig. 3.

w(By,e3) = n|[v®2(By, £3)wi(e), (2.54)

where i = a,...,d and |v()|? is the average square of
matrix elements between P and Q spaces corresponding
to the process (i). The next factor w;(c) is the state
density of intermediate states with the excitation energy
€= E]_ - FE F + €2.

We evaluate the average square matrix elements for
the four types of processes by using the imaginary po-
tential obtained here and the state density evaluated by
the Thomas-Fermi theory. For process (a) a particle-hole
pair of neutrons or protons is created, and the state den-
sity for neutrons and protons must be used. In other
processes, the isospins of intermediate states are all fixed

once the initial state is fixed. Therefore the state density
for neutrons (or protons) should be used. The results are
shown in Fig. 4. For process (a) the average square ma-
trix element is a function of E; and the dependence on
this is weak. For other processes they depend on F, as
well as €3, so they are plotted against the latter for each
value of the former. Except for process (b), they increase
with E; as well as 3. As shown in the next section, the
important part of the imaginary potential is near e, ~ 0
and we see that the four types of processes have almost
equal values. It is shown that the average square matrix
elements for the four processes are the same in the limit
of zero excitation energy for all participating particles
and holes.

In Fig. 5 the mean square matrix elements for van-

0.002
0.016 1 0.0016
0.012 | 0.0012
0.008 1 0.0008

0.004 ° 1 0.0004

. FIG. 5. Mean square P-Q matrix elements

0.00016 |

0.00012 [

8x10*

4x10°® 7

0 .

20

E (MeV) 30

0 20
E, (MeV)

in units of MeV? as functions of E; for fixed
€2 = 0 for °Ca, ®*Nb, and 2°®Pb.
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ishing excitation energy of the participant are plotted
against E) for three nuclei, and they show similar be-
havior. Except for process (a0), which shows rapid in-
creases with energy, the energy and type dependences are
weak. However, the absolute magnitude decreases as A
increases.

Herman et al. [7] assumed in their calculation of MSC
that the average square of matrix elements are the same
for all types of processes. Our calculation justifies their
assumption. But they used the conventional imaginary
potentials w(®®), which overestimates the transmission
coefficients.

III. GENERAL CASE

The imaginary part of the optical potential in the gen-
eral case is obtained from those for the elementary pro-
cesses by taking account of the spectator. The target nu-
cleus is assumed to be an n,-particle and ns-hole state
with the excitation energy . First we consider process
(a) with Am = 2. In this case the spectator has noth-
ing to do with the imaginary part if we neglect the Pauli
blocking effect, and the imaginary potential of the ele-
mentary process is equal to that of the whole system:

For other processes, the imaginary potential of the el-
ementary processes is averaged over the energy of the
particle or hole with which the incident particle inter-
acts. It is convenient to introduce the probability func-
tion P(npnse; np, np,€1) for a nucleus with an npy-particle
and np-hole excitation at an energy € having a part with
an nyp, -particle and ny,-hole at an energy €;. Neglecting
the Pauli blocking effect this quantity is given by

P(npnpe;np, np,€1)

_ w(npl’nhusl)w(np — Np,yMh — Mpy, € — 51)

) (o Jw(npnne)

(3.2)

where the binomial coefficients are to correct for double
counting. If this probability function is integrated over
€; then we obtain unity.

As the imaginary potential of the elementary process is
calculated based on the Thomas-Fermi theory, the state
density should be based on the same theory. However,
its calculation is complicated and, for reasons which will
soon becomes clear, the much simpler Oblozinsky for-
mula based on the equidistant single particle level [17] is

w (np,nh, E,e, R) = w(a)(E7 R). (3.1) adopted. It is given by
J
(np+nn) Tp Th
- ()
w(np,Np,€) = .
(mp, s €) np!nh!('n,‘,-':-n;,—1‘1_20120 2 J
XO(e — Anyn, — €pmax — J€hmax)(€ — An,ny — €pmax — FEhmax)™? TR L, (3.3)

where €pmax = Eo—FEF is the maximum excitation energy
of particles, and €pmax is that of holes. A constant single
particle state density g is assumed and the Pauli effect is
included by the two correction factors an n, and A, n,,

[
which will be neglected in the following calculations.
Before using the approximate formula (3.3) we com-
pare the two predictions for the cases to be used in eval-
uating the imaginary potential. In Fig. 6, particle, hole,

93m Thomas-Fermi --- Solid Curve |
- Dashed Curve 3

i:

g—v—'—'ﬁ—' L N e B S B 'V"—fv'—"**} o T

Oblozinsky

State Density (MeV' ')

FIG. 6. State densities for particle, hole
and particle-hole states in **Nb. Solid curves

E (MeV)

State Density (MeV ')

E (MeV)

represent those calculated by Thomas-Fermi
model, and dashed curves represent results
calculated with equidistant model.

30
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and particle-hole state densities for *Nb are shown. In
the case of particles, the approximate formula underesti-
mates because the single particle state density increases
as the excitation energy increases. For the case of holes,
the tendency is opposite. In the particle-hole case, the
differences are smaller compared with the previous two
cases, as the two effects mostly cancel.

In Fig. 7 we show the probability function given by
(3.2) for the cases to be used in our calculations as func-
tions of participant energy ;. Figure 7(a) represents
typical cases of high exciton numbers, while Fig. 7(b)
corresponds to low exciton numbers. The sharp peaks at
low energy observed in Fig. 7(a) are interpreted as fol-
lows. The probability (3.2) is proportional to a product
of two state densities. For the cases of n,, + np, = 1,
to which processes (b) and (c) correspond, the first state
density on the right-hand side of Eq. (3.2) is a constant.
The energy dependence comes from the second state den-
sity, and it is approximately given by

P(nynpe;10ey) = P(npnpe; 0leq)

_np+np—1 _ &1 nptnn—2
- € (1 € ) » (34)
whose half-width is given by
Aey = eln2/(np + np — 2). (3.5)

For the process (d) np, = 0 and ny, = 2 and the prob-
ability function has a sharp peak, which is approximately
expressed by

P(npnpe; 02¢,)

JPetm-1f 1\
5 Ny +np —2

1/e— 6[1) 2
X exp[ 5 ( 2 ) . (3.6)
The peak energy is given by
0 €
= 3.7
1 np +np — 2 (3.7)
and the half-width is
Aed = e9v21n2. (3.8)
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These formulas are derived just taking the i = j = 0
term of the state density formula (3.3), and assuming
np+ny > 1. When these conditions are not valid a broad
distribution is seen as in Fig. 7(b). It is also noted that
the probability function given by (3.2) is independent of
the single particle state density as we use the equidistant
state density formula (3.3).

The imaginary potentials in general cases for processes
(b), (c), and (d) are calculated using the imaginary po-
tential for elementary processes and the probability func-
tions as

W(b)(npnh,E,s,R) = np/w(b)(E,el,R)

xP(npnpe, 1,0,e1)dey,  (3.9a)
W(C)(npnh,E’ea R) = nh/w(C)(E1511R)
X P(npnpe,0,1,6,)de;, (3.9b)

nh(nh - 1)
2
XP(np'n,h,e, o, 2,61)d€1.

WD (nynn, E,e, R) = / wD(E, e, R)

(3.9¢)

We have evaluated the imaginary potential using the
above formulas for the case of ®*Nb. The R dependence
is shown in Figs. 8 and 9, and it is similar to that of
elementary processes. The imaginary potential is cal-
culated for target excitation energies ¢ = 0,10, and 20
MeV, and low exciton states 0p-Oh, 1p-1h, and 2p-2h,
which are important in absorption processes. For conve-
nience the ground state is considered as the 0p-Oh state.
In Fig. 8 the curves for e = 0,10, and 20 MeV coincide
with each other inside the nucleus, but split away at the
nuclear surface. The spread increases as the excitation
energy increases. In Fig. 9 the R dependence for higher
exciton states is shown taking process (c) as an example.
The excitation energy dependence becomes weak as the
exciton number increases, and the magnitude is clearly
shown to be proportional to n,. For process (d) it is pro-
portional to ny(n, — 1)/2. These dependences are easily
understood as the probability function (3.2) has a sharp
peak near £; = 0, while the dependence of elementary
processes on € is weak.

In Fig. 10 the incident energy dependence of the central
part of the imaginary potential is shown. It is clearly
seen that the excitation energy dependence is weak as

[ ] !“, (a)

"
-

P(2,2,20;1,0,¢,)

P(10,10,5:1,0, €,)

3 / P(10,10,5:0,1, €,)

Probablility (MeV
Probability (MeV ™)

P(2,2,20,0,2,¢,) |

T

(b)

FIG. 7. The probability function
P(npnpe;np,nr,e1) which represents the

. ] probability of finding a n,,-particle and

. nh,-hole state of excitation energy €1 in a
v np-particle and nx-hole state of excitation en-

~ % ergy € in 2>Nb.

0 1 2 3 ] 5 [} 4 8 12
€, (Mev)
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FIG. 8. R dependence of imaginary potentials for E; =15
MeV and € = 0, 10, and 20 MeV. The target nucleus is **Nb
of low exciton number 1p-1h and 2p-2h states. Note different
multiplying factors for different processes.

the incident energy F; increases.

Considering these dependences shown in Figs. 8-10 it is
a good approximation to replace the probability function
by d(e1). Equations (3.9) become

W® (n,ns, E, e, R) = nyw® (E,0,R), (3.10a)

w (npnn, E,e,R) = npw9(E,0,R), (3.10b)

W(d)(npnh,E,s,R) = n—hgn’z'—_l)w(d)(E,O,R), (3.10c¢)

where w(®) and w(®) are easily obtained from (2.26) and
(2.33). For the last equation w(?) is given by (2.39).
For emission from low exciton states the process with

~W® (MeV)

R (fm)

FIG. 9. R dependence of imaginary potentials W (B, €)
for E; = 15 MeV, € = 0,10, and 20 MeV, and target nucleus
93Nb of n, = ny = 2,4,6, and 8 states.
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FIG. 10. Energy dependence of imaginary potentials at the
nuclear center for target nucleus 3Nb of 2p-2h states with
excitation energies ¢ = 0,10, and 20 MeV.

Am = —2 is also important, because the final state den-
sity is the largest among the four processes. In such cases
the nuclear surface part of the imaginary potential is im-
portant, and the original formulas (3.9) should be used.
For absorption processes the dominant one is (a) and the
contributions from other processes are small, so the ap-
proximate formulas (3.10) may be enough. However, it is
necessary to evaluate the transmission coefficient to see
how much the approximate formulas (3.10) are useful in
exceptional cases.

The same formulas may be applicable in the case of
internal transition. These make the calculation of the
parameters used in preequilibrium processes much easier
than the original Feshbach et al. [2] formulation.

IV. TRANSMISSION COEFFICIENT

In preequilibrium theories, formation and decay rates
of the compound system is obtained from transmission
coefficients, which are usually calculated using the ma-
trix elements between P and Q space. The transmission
coefficient for the channel a to form compound states
with the exciton number m is given by [5,7]:

472 | vy o 2w

= Umal & (4.1)
(1 + 72[vrm o |Pwpm )2

am b

where the quantity 7|v,, o|?ws, corresponds to the imag-
inary part of the optical potential which appeared in
(2.54). However, our approach is to calculate the
transmission coefficients quantum mechanically using the
imaginary potential obtained semiclassically. In the fol-
lowing the general formulation for calculating the trans-
mission coefficients is outlined. The relation with the
formula (4.1) will be discussed later.

The Schrédinger equation for the whole system is given

by
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(Ho + H, +V — E,)¥(H =0, (4.2)

in which a indicates the incident channel, H, the Hamil-
tonian for the target nucleus, and V the residual inter-
action between the particle and the target nucleus. The
particle Hamiltonian is written as

Ho = K + U +iW, (4.3)

where K represents the kinetic energy, U the real part of
the optical potential, and W is the imaginary part. The
zeroth-order equation with respect to V is

(Ho + H, — E,)3(") = 0. (4.4)

Both wave functions ¥&") and 35" are eigenfunctions

of non-Hermitian Hamiltonians, so they do not make or-
thogonal sets and are normalized as

Jim (€59 12(7) = lim (8(9]8(7) = bus6(E. — By).
(4.5)

These two wave functions are connected by the relation
1

(+) = () Ve, 4.6
The general transmission matrix is given by [18]
Tapm = —4m(T$H | W, (), (4.7)

The imaginary part of the optical potential is given quan-
tum mechanically by

Won = —TFHPQQ,,,&(E — HQQ)QmHQp, (4.8)

which contains the projection operator @, onto m-
exciton states. A

We now evaluate the transmission coefficient in the
perturbation approximation with respect to V' [19]. We

1 ML L L L B T T -
93 -—-"
~ Nb(2p-2h - ]
£ * ( p/),/'gT(Ang) (P+Q)]
: 0.8 [—.-.1/2/, Curve £20 ]
] [roo s, ” oo £=10 |
& (o) of*
5 06 L,.'OA ) R
o Ll [N ]
c ':, T(AMm=+2) |
g 04y T(AM=0) x 10° % °?-e/ ( )
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2 0.2 q'ﬂnﬂnﬁ'ﬂ'ﬂ'ﬂiﬁ""- ‘
E T(Am=-2) x 500 i EE'.E.E'E'D‘EFED"
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FIG. 11. Transmission coefficients for s,,, neutron to 93Nb
2p-2h states as a function of E;, with ¢ = 0,10, and 20 MeV.
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assume the independent particle model for the target nu-
cleus, so H; is a sum of single particle Hamiltonians.
Then the exciton number of the target nucleus and con-
sequently that of the channel a may be fixed, which is
denoted by v,. The zeroth-order transmission coefficient
is given by

Tiom = —4m(3(D|Wn|2(V), (4.9)
while the second-order one is given by
TR = —4x(dN)|VGIW,.GoV|8(H), (4.10)
and
Go= — 2 (4.11)
°~ E—-H, - H, '

is the zeroth-order Green’s function.

Here we employ the imaginary potentials obtained in
the previous section. They are calculated for the tar-
get state specified by the particle and hole numbers =,
and ny. Then the exciton number for the initial chan-
nel is given by v, = mo = np + 1+ ny . Intermediate
states in the Q space have one of the exciton numbers
m = mg,mg £ 2. The corresponding imaginary poten-
tials Wi —»m(r) are more explicitly written as

Wino—smo+2(r) = W (nyny, Eer), (4.12a)
Wingomo (1) = W® (nynp Eer) + W (nyny Eer),

(4.12b)

Wing—smo—2(r) = W@ (nyny,Eer). (4.12¢)

The imaginary potential appearing in (4.3) is given by

Z Wing—m(r)- (4.13)

Wino (1) =

The channel wave function specified by a channel index
a is written as a product of the particle wave function
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FIG. 12. Transmission coefficients for s,,; neutron to 93Nb
np = np = 3,6, and 9 states as a function of E; with € = 0.
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specified by p, = (.,,la,ja) and the target nucleus one
specified by A, = (va — 1,1,);

o) :[ (+) ] il

a Ppa’ P et (4.14)
1

¢(t) = ;ugz)taj,X!ajamu, (4.15)

where v, is the exciton number and J,M, are the total
angular momentum and its z component of the channel a.
It is not necessary to explain the other quantum numbers.
The single particle wave function satisfies the equation

(K + U + iWpm, (r) — E]¢{}) = 0. (4.16)

Using these notations the zeroth-order transmission co-
efficient is given by

TO), = 4 / D (1) 2 [~ Wi om(r)] dr,  (4.17)
0

with |y, — m| = 2,0.

The zeroth-order transmission coefficients are calcu-
lated for the neutron scattering by °3Nb of 2p-2h states
and the results are shown in Fig. 11 for the s,/5 neu-
tron. The full line shows the transmission coefficient for
Am = 2 with Ey = 0, while the dot-dashed curve shows
results for the same process but taking Fy = oo, which is
labeled as P + Q (absorption). The two curves coincide
at low energy, but deviate with increasing energy. The
full curve corresponding to @ absorption has its peak
around 7 MeV and falls off with energy. However, the
difference between the two curves is not so much as for
those of the imaginary potential because the transmis-
sion coefficient cannot exceed unity. In the figure, the
transmission coefficients for Am = 0 and —2 are also
shown to indicate the excitation energy dependence. If
the approximation (3.10) is good, there should be no de-
pendence within each group. However, the case shown

1 —~ L A B T T T
LN
s ~~  n+*°Nb(op-on) e=0
2 08 | \ 1
o
2 | \
- r \ 0 %ay 6'°'(P+Q)
g 06+ N7 "
s f
Z \\ |
]
S 0.4 [ N 1
s | S o
3 (a) (a0) ~ ~
g oo | WOXE,0/WEE 0) <]
o r 4
[’_:_;_A_A_I_A_A_;_A_I_A.J_A__L.J_:_A_A_A‘L.J_L_L_;_I_A_L_A_Lw
0

0 5 10 15 20 25 30
E (MeV)

FIG. 13. Ratio of reaction cross sections for Q absorp-
tion to P + Q absorption ag)(Q)/ag)(P + Q) is shown by
a dotted line for neutron scattering by °*Nb. For com-
parison, that of imaginary potentials at the nuclear center
W) (E;,0)/W () (E,0) is also shown by a full line.

here corresponds to the situation shown by Fig. 7(b),
and some dependence appears at the low energy part of
the Am = 0 case. Otherwise the dependence is weak and
may be ignored.

In Fig. 12 the exciton number dependence is shown
for the same cases as for the previous figure except that
the target excitation energy is kept to zero while the ex-
citon number is changed. Apparently the exciton num-
ber dependence of the imaginary potential is reproduced
in the transmission coefficients. This indicates that the
approximation of (3.10) is good while the transmission
coefficient is far less than the unitary limit.

Data shown in the figures are with respect to one par-
tial wave only. To see the effect of all partial waves, the
reaction cross section is calculated by

i :
TR =505 > (25 + )Ty,

a IJ

(4.18)

where Tj; is the transmission coefficient for the partial
wave with orbital and total angular momenta ! and j,
respectively. For the same reaction as in Figs. 11 and
12 but keeping both the exciton number and the excita-
tion energy to zero, the ratio of reaction cross sections
corresponding to Q to P + Q absorption is shown in Fig.
13. The curve shows the general tendency of being a de-
creasing function of the incident energy. There appears a
small bump for which we do not have clear explanation,
but it may be due to competition between an increase in
the effective number of partial waves and a decrease in
the magnitude of the imaginary potential with energy. In
the figure the ratio of imaginary parts is also shown and
the decreasing tendency is stronger than for the ratio of
transmission coefficients. This is due to the saturation
property of the transmission coefficient by unitarity.

We now evaluate the second-order transmission coeffi-
cient for the ground-state target (0p-Oh). After the first
collision the intermediate state becomes a 2p-1h state
with one nucleon in the continuum. This state decays
to form a 3p-2h state by the imaginary potential w (e,
This is the main process and other processes are not con-
sidered here. As for the channel wave function for the in-
termediate state c, the target nuclear state A is assumed
to be a 1p-1h state and is given by

Pr. = [Prdpl1. M., (4.19)
where a particle p and a hole h are coupled to the angular
momentum I, and its z component M,. First, the matrix
element of the interaction which appeared in (4.10) is
expressed as

([orcXs)jama | VIRET)
= Z(jhmhjpmpIIcMc> (IcMcjcmcljama)

* ($pXjem. |V 10505") a-

The calculation of the matrix element is straightforward,
and the result is given by

(4.20)
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(12 Xicliama [VI®ED) = r=2ug(r)vo (r)ui (r)ugh (r)
(- l)jh +dp

x - VI(fha.’
VI +1)(2j.+1) P
(4.21)
where
Ve = Upll¥z.llm) Gell Y2, lla)
=04, (h),t.(a) (Tl YT Ta) (Gel Y2 NTn).  (4.22)

The second term of the right-hand side of (4.22) is for
antisymmetrization of like nucleons. The reduced matrix
element is given in terms of the Clebsch-Gordan coeffi-
cient by

(27 +1)(25' +1)
47
1+ (_1)l+l'+l
2 b

GVl = (~1)7' =12 \/

x(j%i" - 3110) (4.23)

where [ indicates the orbital angular momentum of the

orbit j.
The Green’s function is given by

! " = W—k s )u T
(T|E—K-U~iW|r>—_zj;\/_;o( >) ) <)

x> Dagu)Oaguls  (4:24)

where 7~ and r. represent the larger and smaller among
r and 7', respectively, and O(r) is the radial part of the
outgoing wave solution of (4.4) and its asymptotic form
is

T e e e AR

n + 2°%pp (0p-0n)
1.6 .
r . cn"’(o)/ cn“”(mo)

Q absorption / (P+Q) absorption

0 5 10 15 20 25 30
E, (MeV)

FIG. 14. Ratio of the second-order reaction cross section to
the zeroth-order P+ Q absorption cross section of neutron for
208ph, is shown by a dotted line as a function of the incident
energy. The final states are 3f;-2h states. The zeroth-order
reaction cross section ratio ag (Q) /a'f:)(P + Q) is also shown
by a solid line for comparison.

O(r) =I*(r) ~ exp [i (kr — nln(2kr) — gl + az)] ,
(4.25)

where 7 and o; are the Coulomb parameter and the
Coulomb phase shift. The asymptotic form of u(*)(r)

W) ~ 1o (1) = 5@00)]

where S{2 is the zeroth-order S matrix. Using (4.24) and
(4.22) the second-order transmission coefficient (4.10) is
calculated as

(4.26)

@) — 4nk, (Voeha)®
aan oy E. (ZIC + 1)(2]., + 1)

<[ T lpehalr) P [ Wa(P)ldr,  (427)

where
fpcha(")
" ’
= Oc('f') / u;(r’)u$:+) (T,)'llo(’l")u;(”‘l)u‘(l+) (7") (:%
v0

P /
40 [ a0l ool () )

' (4.28)

The second-order transmission coefficient is evaluated
for 4°Ca and 2%Pb with incident neutrons. The magni-
tude of the second order is more or less the same as that of
the zeroth order, but in some partial waves the transmis-
sion coefficient exceeds unity in contradiction with uni-
tarity. This shows the breakdown of the perturbation ap-
proximation. The second-order transmission coefficient is
a sum of many intermediate components, whose number
exceeds a thousand in the case of 2°8Pb. Although each
component is very small, the sum becomes as large as 2.

Despite the violation of unitarity the reaction cross sec-
tion is calculated and shown in Fig. 14 for n+2%%Pb. The
second-order reaction cross section is shown by the dot-
ted curve and the zeroth-order Q-space absorption by the
solid curve, both in units of the zeroth-order P + Q ab-
sorption cross section at the corresponding energy. The
second-order cross section starts around 4 MeV, increases
with energy exceeding the zeroth-order cross section at
9 MeV, has its peak around 17 MeV, and thereafter de-
creases. This behavior is considered qualitatively correct
although not quantitatively. As a consequence of the
limitation of absorption to @ space, the reaction cross
section decreases from a certain energy, while the second-
order contribution increases fast to reach the peak, and
then decreases gradually.

We return to Eq. (4.1) and show that it is derived from
(4.17) with an approximation. The radial wave function
ul{*)(r) satisfies

(K, +U +iW — E)u™(r) =0, (4.29)

where K, represents the kinetic energy in terms of the
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radial coordinate. Between the radial wave function (™)
for the optical potential and uR(+) for the real part of
the optical potential, the following relation analogous to
Eq. (4.6) holds,

1 .
u(r) = (1 TR inW) uB (r).

(4.30)

The Green’s function in Eq. (4.30) is evaluated by ex-
panding in terms of i{W. Neglecting the principal part of
the zeroth-order Green’s function

1
—_—— ~ —iwé(F - K, — .
EF_K. U imd( K, -U), (4.31)
the transmission coefficient becomes
R(+))/_ R(+)
po) - AW

[ W) )]

which is equal to (4.1) if the relation between the imagi-
nary part of the optical potential and the matrix element
between @ and P spaces is considered. We tested the ap-
proximation (4.32) in the case of the calculations shown
in Fig. 2, and found that differences between (4.17) and
(4.32) were at most 10%.

V. SUMMARY AND DISCUSSION

We have shown that a delta-function-type residual in-
teraction combined with the Thomas-Fermi approxima-
tion gives rise to simple formulas for the imaginary parts
of the optical potential for fixed exciton number to be
used in preequilibrium reactions. The effect of spectators
is taken into account by the aid of the probability func-
tion, which may be approximated by é(ez) in most cases.
Calculations of the transmission coefficient are straight-
forward. Therefore our formulation is much simpler than
that of Feshbach et al. [2], which is widely used in data
analyses. To use our imaginary potential in phenomeno-
logical analyses, finer adjustment of parameters may be
necessary.

By using a simple model we have also calculated the
second-order transmission coefficients, where the incident
nucleon makes a collision in P space to create a particle-
hole pair before it is captured. The second-order trans-
mission coefficients are found to be of the same order as
the zeroth-order ones, and are important in preequilib-
rium analyses. For quantitative estimation of this effect
more elaborate calculations are necessary, as our second-
order coeflicients exceed the unitarity limit in some cases.

We have used a simplified version of the Skyrme inter-
action to avoid complicated calculation, but it is inter-
esting to compare the results with the full version. Zhuo
et al. [12] performed such a calculation for P + Q ab-
sorption, which is shown by the curve denoted as “Zhuo
(P + Q)” in Fig. 15. To obtain the imaginary potential
with the full version, we use the same formula as Zhuo
et al. for W(@9 and the similar formula for W(®) which
satisfies the condition that the intermediate states are re-

16 T —
r 208
14 | Pb E1_20 MeV
12 |
; [ simplified Skyrme (P+Q)
s 10} Zhuo (P+Q)°
= simplified Skyrme (Q uo (P+
D 8
=
| 6 F GS2 (P+Q)
4 £ _ __G_SL(Q_)\—\)(—— =
21 \Y
N e e ettt :
0 2 4 6 8 10
R (fm)
FIG. 15. The imaginary potential based on the GS2

Skyrme force compared with our results based on the sim-
plified delta-type interaction. Zhuo et al.’s result denoted by
Zhuo (P + Q) is also shown [12].

stricted to Q space. The Skyrme interaction GS2, which
was used by Zhuo et al., is employed to calculate W (2%
and W@ with the method explained in Sec. II, namely,
the relation (2.4) and effective mass (2.52). The results,
together with our results with the simplified Skyrme in-
teraction (2.46) and (2.47), are shown in Fig. 15 for 20
MeV neutron scattering by 2°®Pb. Although the tails of
both curves agree well with each other at the nuclear sur-
face, inside the nucleus the imaginary potentials of the
simplified Skyrme version are larger than those of GS2
by up to a factor of 2. The magnitude of the imaginary
potential depends on the parameter set of the adopted
Skyrme interaction.

Comparing our curves with Zhuo et al.’s we see that the
imaginary potential W (%) with GS2 agrees with their po-
tential inside the nucleus, but their imaginary potential
extends farther out and agrees well with the phenomeno-
logical optical potential [20]. This should be due to their
adoption of the local density approximation in contrast
to our local momentum approximation [8]. In fact, if we
define the Fermi wave number Pr(R) by the relation

(R) = 5o Pr(R)® (5.1)

p - 37!'2 F I .

we get an imaginary potential W(2®) which extends far-
ther out and is very similar to Zhuo et al’s. The re-
lation (2.4) together with a zero-range interaction make
the imaginary potential vanish beyond the classical turn-
ing point, although the use of a finite-range interaction
makes the imaginary potential extend beyond the classi-
cal turning point [8]. As for W(®) both the local density
approximation and the local momentum approximation
give similar imaginary potentials which fall off rapidly at
the nuclear surface due to the restriction to Q space.

To compare with the reaction cross section obtained
from phenomenological optical potentials, the reaction
cross section for P + Q absorption was calculated for 30
MeV proton scattering by *°Ca and 2°®Pb and we ob-
tained 900 and 1680 mb, respectively. The values cal-
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culated by using the optical potential by Greenlees and
Pyle [20] are 940 and 1860 mb, respectively. Our imagi-
nary potential underestimates a little compared with the
phenomenological ones, because our potential is cut at
the classical turning point although it is larger than the
phenomenological one inside the nucleus. So we see that
the simplified delta-type interaction gives rather good re-
sults, but, to improve our results, more realistic finite-
range interactions as well as the inclusion of various
higher-order terms are necessary. In a practical appli-
cation, however, the use of our semiclassical formula for
W (a9 and Eq. (5.1) may be useful.

We assumed symmetry with respect to neutrons and
protons and chose parameter Uy as explained before. And
we also chose Fy = 0, which may not be a good choice in
some cases. For example, protons have a Coulomb barrier
so that F¢ may be chosen about the order of magnitude
of the barrier height. Except for the process (a0) with
Py = oo, the magnitude of the imaginary potential is
sensitive to the Fermi energy Er and P, because these
determine the available phase space for particles. We can
estimate the change of gr with Up by dgr/dU, as shown
in Table I.

In preequilibrium reactions, the main contribution to
absorption comes from process (a), in which particle
states should be limited to the Q space. If the con-
ventional imaginary potential in data analyses is used,
then the MSC cross section is overestimated. Chadwick
and Young [4] analyzed the data of nucleon scattering by
93Nb employing Feshbach et al.’s theory [2] and found
that the MSC reaction cross section must be reduced by
a factor RMSC which is well estimated by the following
formula:

RMSC — (2p1h, E) /wP+9(2p1h, E) (5.2)
where the numerator w is the same as that given by (3.3)
with np, = 2,n, = 1, and €pmax = —EF, while the de-
nominator w”*? is the one with épmax = 00. The ratio
is just the portion of intermediate states belonging to Q
space. The ratio of the imaginary potential agrees well
with the ratio of the state density as shown in Table II.

The effect of absorption of the incoming flux to Q
space, however, is measured by the transmission coef-
ficient, which is not proportional to the imaginary po-
tential as shown by (4.1) approximately. In addition, the
total contribution comes from many partial waves. In
Fig. 13, the ratio of the reaction cross section for Q-space
absorption to the one for P+ Q absorption was shown to-

TABLE II. Ratio of imaginary potential Q absorption to
P + Q absorption, and ratio of state density for Q to P + Q
spaces are shown as a function of incident energy for 2°®Pb.

E (MeV) w) jw(a0) w(2p,1h, E)/wF*2(2p, 1k, E)
0 1 1
10 0.44 0.46
20 0.17 0.20
30 0.083 0.11
40 0.039 0.063
50 0.0083 0.0051

gether with the imaginary potential ratio W(®) /W (20 in
the case of n+%3Nb. Although the reaction cross section
is not proportional to the MSC cross section, this indi-
cates that the reduction factor introduced by Chadwick
and Young [4] overestimates the effect up to a factor of

Chadwick and Young [4] emphasized the importance
of transitions from the P space to the Q space not only
at the first stage but also after collisions in P space.
Our second-order results for the transmission coefficient
support their claim. However, as already stated, the
second-order trasmission coefficient exceeds the unitarity
limit. If this is improved by more elaborate calculations,
both the direct and second-order transmission coefficients
should be reduced to satisfy unitarity.

We see that the most important imaginary potential
W () is independent of the spectator in the target nu-
cleus. This is the result of neglecting the Pauli block-
ing effect, or the Pauli principle acting between the pro-
duced 2p-1h state and the existing particles and holes in
the target nucleus. To estimate this effect accurately is
not easy in our formulation, but a rough estimation is
possible. Suppose the total number of states below the
Fermi level is Nj, and the total state number of particles
is Np. If the target nucleus is a p-particle and h-hole
state, the number of combinations making a 2p-1h state
is ( Pz_p) (N"l_") against (1‘;”) (Nl") for the 0p-Oh state.
Then the average reduction factor due to Pauli blocking
is given by

(Np —p)(Np —p—1)(Np — h)
Np(Np —1)Na '

R = (5.3)

In Fig. 16 these reduction factors are shown in the cases
of 4°Ca, %3Nb, and 2%Pb as a function of p = h. It is
seen that this factor becomes important as p increases.
Other processes are similarly evaluated, but they are not
shown here.

50

FIG. 16. Imaginary potential reduction factors due to Pauli
blocking effect for “°Ca, ®*Nb, and 2°®Pb for process (a) . For
“0Ca N, = 14, N, = 20, for °**Nb N, = 26.5, Nx = 46.5, and
for 2°*Pb N, = 51, N, = 104 are used.
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We have discussed the imaginary part of the optical
potential only. The polarization contribution to the real
potential may be computed by the dispersion relation
if we have the imaginary potential for the whole spec-
tra. However, we have not yet evaluated the one for hole
states, so we postpone this discussion until the imaginary
potential for hole states is completed.

We have calculated the imaginary potential for fixed
particle and hole numbers, but these are connected to
the imaginary potential with fixed temperature. This
will be discussed in a forthcoming paper.

ACKNOWLEDGMENTS

We thank Professors H. Nishioka and Y. Takahashi,
and Dr. M. Abe for stimulating discussions. One of
the authors (S.Y.) acknowledges financial support by the
Grant-in-Aid for Scientific Research of Japanese Min-

istry of Education, Science and Culture under Grant
No. 04640309.

APPENDIX A: CALCULATION OF INTEGRALS
FOR PROCESS (a)

For the calculation of w(®) given by (2.14) it is neces-
sary to evaluate the integral

Ia - /szdP3dP45 (P1 + Pz - P3 - P4)
x8(Pf + P§ — P§ — PY)nn(Py)np(Ps)np(Pa). (Al)

After integration over P4

I, = /szdPyS [P2 + P? — P? — (P, + Py — P3)?]

xnn(Pz)np(Ps)O(PE + P} — P§ — P)
xO(P2 — P - P? + P?) (A2)

J

1
I, = / PidP,~ [O(P} + P} — P2 - P3)0(2P¢ - P2 P[P}
1

2 2 __ p2
+O(PE + P} ~ P} — P2)O(P? + P} — 2PR)[PIY," " na(Py).

The integral range of P; is determined by the two step
functions and ny(P,) in (A9); Py < P, < Pg for the first
term and Py, < P < Pj for the second term of the right-
hand side of (A9), where P, --- Ps are given by (2.17).
After performing the integral we finally obtain (2.15).

APPENDIX B: CALCULATION OF INTEGRALS
FOR PROCESS (b)

The integral for the process (b) is

Ib = /dp3dp45(P1 + P2 - P3 - P4)

x8(Pf + P§ — P§ — PY)ny(Ps)ny(Ps).  (BI)

is obtained. Defining
P=P, +Py;=P3+ Py, P -P3 = PP;cosfs,
(A3)
the first § function on the right-hand side of (A2) is ex-
pressed as

§ [P} + P} — P — (P + P; — P3)’]

2
5(c0593_ Fs_ifﬁz)_

PP;
(A4)

1
" 2PP;

As the relation |(P? + P, - P;)/PP;| < 1 is shown to
be always satisfied, the integral over 3 is performed and
(A2) becomes

1
2PP;
xO(P, — P3)O(P? 4+ P} — P? — P3)
xO(PZ — P} — P? + P3).

Ia = 27r/dP2P§dP3 ’nh(Pz)@(P;; - PF)

(A5)

The integral over the direction of P, is performed by
defining

P2 'P] = P2P1 COSOz, (AG)
and using the relation
! 12
— = —. A7
/_1dc0s02P P (A7)

The integral range of Pj; is fixed by the step functions in
(A5),

max (P2, P} + P — P})
< P2 < min(PZ, P? + P} — P%), (A8)

and the integral over P; leads to

PZ+PI_P?

(A9)

r
The calculation is the same as for I, except for the inte-
gral over P;, and the same definitions (A3) and (A6) are
used. We consider two cases according to the magnitude

Of P1.
1. B, < P,
In this case, the relation | cos 03| < 1 is always satisfied
as in (a) and Eq. (B1) becomes
o
T 2P

The range of integration over P; is given by (A8), but
for Py < P, it reduces to P? + P} — P? < P} < P§, and
(2.22) is obtained.

Ib P3dP3' (Bz)
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2. P,<P

In this case, the condition |cosf3| < 1 [see Eq. (A4)] gives the relation

2 2 2 2 2 2 2 2
{P32—P1+P2 _\/(P1‘;'Pz)2_P12P22c05202}{P32_P1;Pz+\/(P1‘;‘Pz)z*Plzpzzcoszgz}So. (B3)

2

Using the notation

2PP; \°
T = \/1 - (—P—12—+—})—22') cos? 02,

(B3) is rewritten as

2 2 2 2
{pg_ﬁ;—ﬂ’_(1+z)}{pg_P_li_&(1_$)}So,

(B4)

2
(B5)
where the range of z is given by
|P? — PZ|
=-——-2=<z<l1 6
*=Tpry P; — £= (BS)

The range of P; is obtained by (A8) together with (B5)

2 2
max (Pl2 + P} - P2, PZ, Bl—;—Pz(l - m))

2 2
< P? < min (Pf + P} —Pﬁ,Pg,i;ﬁ(l+m)) .

(B7)
Let us consider two cases according to the magnitude of
P} + P,
a. P} + P} < P} + P} < 2P}

Equation (B7) reduces to

2 2
max (Pf + P2 P2, 5;—132(1 - x))

2 2
< P? < min (Pg, P—I;—Lﬁ(l + .1:)) . (B8)

If P2 + P7 — P2 < BP(1 — 2) holds, then B (1
+z) < PZ also holds. The integral range becomes

P24 p2? 2 2
%(1 —2) <P < £l;r—P"’(l +2),  (B9)
where the range of z is given by
2 _ p2 _ p2
a<z<f@B= 28 — Py — By (B10)

P + P}
The integral (B1) is evaluated as

[
™

I, =
b= 5P

(P? + P})z. (B11)
The average over the direction of P, is computed by

changing the variable cos 6, to

Pz = P12 + P22 + 2P1P2 COSOz. (BIZ)
Noting
_ P./2P} + 2P} — P?
z = PT 1 P2 , (B13)
the average is performed as
- 1
Iy, = E/Ibdcos02
T 1 Py
=" (-2)[P?+2pP2 - P? 3/2] B14
o (73) [ept+2pi -] ()

where P, and P, are the upper and the lower integral
limits of P, respectively. While cos 8, changes from —1
to +1, z changes from a to a via 3,1,8 . The variable
P changes from |P; — P;| to P, + P,. Corresponding to
the first £ = 3 and the second 3, P takes the values

respectively. The integral range of P consists of two
parts, namely,

|P, — P <P < Py—4/P2+ P2 - P2
Po+ /P! +P}~P}<P<P +P,.

Carrying out the integral,

(B15)

and

= ™

*~ 4P P,
~2(P? + P} - P})}}

1
5{613§P< +2P3 — 6P2(P? + P? — P2)}
(B16)

2 2
is obtained. Next, the opposite case 21352 (1 — z) < P?

2 2 . . . 2 P24+P2
+Pj — P§ is considered. In this case P§ < =52 (1+x)
holds. The integral range is

Pl +P}-P}<P}<P? for pB<z<l1, (B17)
and the integral becomes

s
I, = ﬁ(ng — P — P2). (B18)
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The average over the direction P becomes
- m

4P, P,
s /

Adding together (B16) and (B19) the result is given by
(2.27).

(2§ — P} — P)[Plg;

b. 2P2 < P? + P? < P? + P?
In this case we obtain
m
Iy = —
b= 3p!
I, = 5%(Pl2 +P2-2P2) for y<z<1, (B20b)

P! + P)z for a<z<yn, (B20a)

where
P? + P —2P%
K PZ 4 P} (B21)
Noting
P =./P}+ P} - PZF Pp for z=v, (B22)

the average is carried out just as in the previous case and
the result is given by (2.27).

APPENDIX C: CALCULATION OF INTEGRALS
FOR PROCESS (c)

For process (c), evaluation of the integral

I. = /dP3dP46(P1 —P; —Pg+ P4)

x8(P? — PZ — P} + P2)ny(Ps)ny(Pa) (C1)

is necessary. From the energy delta function and two
density functions we obtain

max(P} — P, P}) < P < min(P} — P} + P%, P}).
(C2)

To carry out integrals over P3 and P4 we introduce no-
tations

P=P1—P2—_—-P3—P4, P'P3:PP3C0593,
(C3)

P1 . P2 = P1P2 00502.

After integration over P4 the energy delta function yields
the relation

§ [P} — P — P} + (P — P3)?]

p2 — p?+ p?

3P ) (C4)

1
= 65 —
2PP36 <cos 3

The condition | cosf3| < 1 leads to (PZ — P + P?)? <
4P2? P2, which together with (C2) gives

w)
4p2
< P2 < min(P? - P? + P%,P?) (C5)

max (P%,

as P? — P < (P% — P2+ P?)?/4P? is shown to be valid.
Equation (2.31) is obtained after integration over P3. In
order to average over the direction of P, the integration
range of cosf; must be fixed. The three step functions
which appeared in (2.31) give rise to constraints on cos ;.
After the integral over P3 we obtain

_ 1 p2ap. = ™ (p?
IC—Z'IT/ P3dP3— 2P[P3]’ (CG)

2PP;

where the range of Pj is given by (C5).
Let us consider two cases according to the sizes of PZ —
PZ and P? — PZ.

1. P2 — P2 < P? — P}

The range of P? becomes

max (P%, &%;—ﬂ) < P:;" < POZ. (C7)
First consider the following case.
T < Pr
Equation (C6) becomes
I = = (P} - P}) (C8)
2P
and the range for P is given by
Ps<P<P, for P}-P?<P} (C9)
where
Py = Pp +4/P% — P} + P}, (C10a)
Pg = Pp — /PE — P? + P, (C10b)

and the integral averaged over the direction of P; be-
comes

I.= g(Pg — P2)P1

T /
Now consider the next case.
p2_p31p?
b. Pp < BZPLAET
Equation (C6) becomes
T P2 — P2 4 p?\?
ez [ (BB Y] e
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and the range for P is given by For Py < P; combining (C13), (C14), and (C16) we
obtain
2 2 2
P]~P2$P_<_P1+P2 for PFSPI_PZ’ (C13a) PJSPSPB7 PaSPSP’y for Pl2_P22Sp12:'

P, — P, < P < Pg, P,<P<P+P (C17)
for P?— P} < P% (C13b)  and

In this case the relation ﬁ—ggif—’— < Py must be satis- Ps<P<P, for PP<P!-P}< P2 (C18)
fied; this gives the condition . i . On the other hand, for P, < Py,

Ps<P<P, for P - Py <Py, (C14) PL—P,<P<Ps, Py<P<P +P
where

- P <P} (C19
P, = Po+ /P2 — P2+ P2, (C15a) for Py =P, < Pp, (C19)

and
Ps = Py — /P? — P} + P}. (C15b) P,-P,<P<P +P, for P:<P?>-P}<P.
For various values of P the following relations hold: (C20)
P-P,<Ps<P3<P,X{P,<P+P Therefore, in the case Py < P; we have

3
for Po SPI, (Clﬁa) Ic 3P1P (PO 12+P22)2

Bsh-PsPhsPash+hsh for max(P? — P}, PE) < P2 — P? < P2, (C21)

for P, < P,. (Cl16b) and
]

L= > [2(P2 — P2+ P2)% —2(P} — P} + P})} — 3(P — P})y/P} — P} + P}]
for P} - P:< P?-P:<PZ (C22)
while for Pl S Pg
L= P — (3P?-3P?+2P?) for max(P?— P2,P2)<P?-P2< P2 (C23)
1
and
I.= [P2(3P0 — 3P? 4+ 2P2) — 2(P2 — P? + P2)% — 3(P2 — P2)\/PZ — P? + Pg]
6P1P
for P?- P2 < P?— P2 < P2. (C24)
[
2. P2 -P?<P?}-P? and the integral averaged over the direction of P be-
comes
This case applies only for Py < P, and Eq. (C4) be- _
comes I.= 2P (P1 P}) —- P} + P} (C28)
1
o (PP —P}+P?)? 2 p2_p2, p2 ;
max ( PZ, ——pr < P; <P} - Pj + Pj. Now consider the next case.
025 2 3 2
(G25) b. Pp < Tt

First consider the following case.
Equation (C6) becomes

P{-pP7+P? < Py (P12 _ P22 +P2)2

2P = 2 _ s - 7
L=55 (P P2 + P2 — P ) (C29)

a.

Equation (C6) becomes

® o2 o In this case P? — P} + P2 — B=BtP) > ¢ holds. For
I= ﬁ(Pl - P;), (C26) PZ < P? — P} the integration range is given by

and the range for P is given by P—P,<P<P+P,, (C30)
Ps<P<P, for P} - P < P2, (c27) and averaged integral is
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= ™
Ic — 2 _ 2
6P]_ (3PF P2 )

for =~ P2 <P}-P;<P;-P: (C31)

In the opposite case PZ — P} < min(PZ — P, PZ), the
integration range is

= T
. = — 2 _ p2
c 6P1P2[P2(3PF P3)

~(P? - P} +2P})\/P} - P} + P3|
for P2 — P} < min(P}, P? — P%). (C33)

Adding the obtained results, the final forms are sum-
marized as follows: for Py < P,

= ™

Ic: [(PZ_P2+P2)%@(P2_P2+P2)
Pl_PZSPSPﬁ’ PaSPSPl+P2a (032) 3P1P2 ’ l 3 : ’ 1 ’
—(P} — P} + P}):©(P; — P} + Pj)], (C34)
and the averaged integral is given by and for P; < P,
J
I.= %F [P2(3P§ — 3P2% 4 2P2)Q(P? — P% — P% + P%) + Py(3P% — P2)
152
x©(P2 — P2 — P? + P2) — 2(P% + P? — P?)*/?@(P% - P? + P;’)]. (C35)

In deriving the above formula the following averages
over angle 6, are used

3 A\ Pu P,
P=(mm), 7 (m)
6P, P, P 2P, P, P
-— Pll
ﬁ?ﬁ=<—”‘) ,
2P\P; ) p,

where P, and P, indicate the lower and upper limits of
P.

(C36)

APPENDIX D: CALCULATION OF INTEGRALS
FOR PROCESS (d)

We evaluate the integral

Iy = /dP46(P1 -P,—-P3+ P4)

x8(P2 — P? — P} + P})np(Ps). (D1)
Using Eq. (C3) we obtain
1 P2 — P? + P?
= ) I N D2
la=2p,p (“’S 3 2PP, ) (D2)
From the condition | cosf3| < 1 we obtain the range
—-l<a<cosb, <f3<1, (D3)
where
P? — P? — P;\/P?+ P? — P}
= 4
o P, P, , (D4a)
P? — P} + P3\/PZ+ P} — P}
= . b
g ) (D4b)
The average over the direction of P3 yields
— 1 1
==- | —— 0. 5
I 4‘/213313dcos 2 (D5)

By using (D3) the average over the direction of P is
performed and (2.36) is obtained.

APPENDIX E: CALCULATION OF INTEGRALS
FOR PROCESS (e)

The integral
I, = /dP45(P1 +Py, - P — P4)
x§(P{ + P — P§ — P})ny(Pa) (E1)

is evaluated. Using (A3) and (A6) the integral over Py
is carried out,

I, (E2)

2 7]
5 (Cosgs_ M&u)

1
"~ 2PP, PP;

From the condition |cosf3| < 1 the region of cosf; is
fixed as

1< —a<cost, <a<l, (E3)
where
P3\/P? + P? — P?
= . E4
@ P1P2 ( )
Averaging over the direction of P3
1
I.= ——, E5
4PP; (ES)
and further averaging over the direction of P
— 1
Le 4P, P;’ (E6)

from which Eq. (2.42) is obtained.



49 IMAGINARY PART OF THE OPTICAL POTENTIAL FOR . .. 1121

[1] S. Yoshida, Proc. Phys. Soc. (London) Ser. A 69, 668
(1956).

[2] H. Feshbach, A. K. Kerman, and S. Koonin, Ann. Phys.
125, 429 (1980).

[3] R. Bonetti, M. B. Chadwick, P. E. Hodgson, B. V. Carl-
son, and M. S. Hussein, Phys. Rep. 202, 171 (1991).

[4] M. B. Chadwick and P. G. Young, Phys. Rev. C 47, 2255
(1993).

[5] H. Nishioka, J. J. M. Verbaarschot, H. A. Weidenmiiller,
and S. Yoshida, Ann. Phys. (N.Y.) 172, 67 (1986).

[6] J. J. M. Verbaarschot, H. A. Weidenmiiller, and M. R.
Zirnbauer, Phys. Lett. C 129, 367 (1985).

[7) M. Herman, G. Reffo, and H. A. Weidenmiiller, Nucl.
Phys. A536, 124 (1992).

[8] R. W. Hasse and P. Schuck, Nucl. Phys. A438, 157
(1985).

[9] P. Grange, J. Cugnon, and A. Lejeune, Nucl. Phys.
A473, 365 (1987).

(10] S. Hayakawa, M. Kawai, and K. Kikuchi, Prog. Theor.

Phys. 13, 41 (1955); E. Clement and C. Villi, Nuovo
Cimento 2, 176 (1955).

[11] P. Ring and P. Schuck, The Nuclear Many-Body Problem
(Springer, New York, 1980).

[12] Zhuo Yizhong, Shen Qingbiao, and Tian Ye, Adv. Sci.
China Phys. 1, 231 (1985).

[13] S. Yoshida and H. Morinaga, Z. Phys. A 317, 173 (1984).

[14] G. Peilert, H. Stocker, and W. Greiner, Phys. Rev. C 39,
1402 (1989).

[15] A. Bohr and B. R. Mottelson, Nuclear Structure (Ben-
jamin, New York,1969), Vol. 1.

[16] C. Mahaux, P. F. Bortignon, R. A. Broglia, and C. H.
Dasso, Phys. Rep. 120, 1 (1985).

[17] P. Oblozinsky, Nucl. Phys. A453, 127 (1986); K.
Stankiewicz, A. Marcinkowski, and M. Herman, :bid.
A 435, 67 (1985); C. Kalbach, Report No. LA-10248-MS,
Feb, 1985.

[18] Y. Takahashi and S. Yoshida, Nucl. Phys. A507, 371
(1990).

[19] H. Nishioka, H. A. Weidenmiiller, and S. Yoshida, Z.
Phys. A 336, 197 (1990).

[20] G. W. Greenlees and G. J. Pyle, Phys. Rev. 149, 836
(1966).



