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Surface contributions to the complex neutron- Pb mean field between —20 and +20 MeV
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Phenomenological analyses of the experimental n- 'Pb differential, total, and polarization cross
sections with local optical-model potentials indicate that the radial shape of the surface absorption
depends upon energy below 10 MeV: The corresponding diffuseness decreases and the radius pa-
rameter increases with decreasing neutron energy. Because of the dispersion relation that connects
the real and imaginary parts of the mean field, these features imply that the real potential contains a
surface component whose radial shape also depends upon energy. This radial shape is calculated
numerically for typical parametrizations of the energy dependence of the surface absorption; it
turns out to be quite complicated for neutron energies between 0 and 15 MeV. In this domain, the
predicted differential cross sections are sensitive to the radial shapes of both the real and imaginary
surface components of the mean field even though their volume integrals are exactly the same in all
the investigated models. The best agreement with the experimental data is obtained for parametriz-
ations in which the radial shape of the surface absorption depends only weakly upon energy. It is
shown that good fits to the experimental data can also be obtained in the framework of models in
which the radial shape of the surface absorption is independent of energy but in which the strength
of the surface absorption depends upon the orbital angular momentum of the incoming neutron.
Tentative physical interpretations of these features are proposed.

I. INTRODUCTION Hartree-Fock contribution VH(r;E):

In the familiar optical model it is assumed that the in-
coming nucleon moves in a local complex mean field, viz. ,

JK(r;E)=V(r;E)+i'N(r;E),

VH(r;E)= VH(E)f (XH),

f (XH ) =[1+exp(XH ) ]

XH (r —RH )/——aH, RH rH 3't——

(1.4)

(l.sa)

(1.5b)

where E is the bombarding energy. This mean field can
be continued towards negative energies, for which
V(r;E) is called the shell-model potential. This unified
description of the shell-model and optical-model poten-
tials is not only of formal but also of practical interest. In
order to gain reliable information on the energy depen-
dence of the depth and radius of V(r;E) it is indeed
necessary to analyze simultaneously the bound (E &0)
and scattering (E &0) data. Two methods have recently
been developed. ' They are both based on the following
dispersion relation (DR) which connects the real and
imaginary parts of the mean field:

In practice one can assume that the shape parameters rH
and aH are independent of energy and that the depth is
an exponential function of energy: '

VH(E) = VH(0)exp( —aE) . (1.6)

The main interest of the DR is that the complicated
energy dependence of V(r;E) is contained in the disper-
sive contribution b,V(r; E), which can be calculated from
the imaginary part of the mean field. The latter is usually
decomposed into volume-shaped and surface-peaked
components:

V(r;E)=VH(r;E)+b V(r;E),

b, V(r;E) =—f 'lg(r;E')/(E' E)dE';—
(1.2)

(1.3)

'N(r;E) ='N, (r;E)+%',(r;E),
'ltd, (r;E)= W, (E)f(X„),
')V, (r;E)= W, (E)g (X, ), (1.9a)

P denotes a principal value integral.
It is plausible to adopt a Woods-Saxon shape for the

g(X, )= —4a, f(X, ) .
d
dT

(1.9b)
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The dispersive contribution is then the sum of volume
and surface components:

Throughout, as in Ref. 2, we assume that 'N(r;E) is sym-
metric about the Fermi energy, for which we take

bV(r;E) =6V„(r;E)+bV,(r;E), EF= —6 MeV . (1.13)

where, for instance,

b V, (r;E)=—f '1V, (r;E') l(E' E)—dE' . (1.10)

Jq~ (E)=—f J~ (E') l(E' E)dE', —

where

Jz~ (E)= f b, V, (r;E)r dr, (1.12a)

(1.12b)

As described in Ref. 2 the volume-shaped components
VH(r;E), 'N, (r;E), and b, V„(r;E) are mainly deter-
mined by the experimental differential and total cross sec-
tions for E & 14 MeV and by the observed value of the
Fermi energy. Accordingly, those components are prac-
tically not affected by modifications of the parametriza-
tion of 'lV, (r;E) for small values of E. Throughout the
present work we therefore retain exactly the same values
of VH(r;E), %'„(r;E), and EV, (r;E) as in Ref. 2. We
shall also keep the same spin-orbit coupling, and the
same values of 'N, (r;E) for energies larger than 12 MeV.

In Ref. 2 the experimental n- Pb scattering data were
analyzed in the framework of a mean field model in
which the DR was explicitly taken into account within
the assumption that the shape parameters r, and a, are
independent of energy. This analysis yielded good fits to
the experimental cross sections for neutron energies
larger than 10 MeV, and accurately predicted the ob-
served single-particle energies ( —20 MeV&E &0). For
small positive energies (0 & E & 10 MeV), however, this
dispersive optical-model analysis yielded rather poor fits
to the differential cross sections.

Two possible ways of improving the agreement be-
tween the model and the experimental data at small bom-
barding energies were suggested in Ref. 2, namely: (i)
take into account the fact that phenomenological fits with
local optical-model potentials indicate that at low energy
the shape parameters r, and a, associated with the sur-
face absorption depend upon energy; (ii) introduce the
possibility that the strength W, (E) of the surface absorp-
tion depends upon the orbital angular momentum of the
incoming nucleon.

The main purpose of the present paper is to properly
include these two refinements in the dispersive optical-
model analysis. This was done only in an approximate
way in Ref. 2. There indeed, the radial shape of
bV, (r;E) was chosen in a semiphenomenological way
rather than calculated from the DR (1.10); the latter was
replaced by the following less stringent relation between
the volume integrals per nucleon (in short, volume in-
tegrals):

Thus, we modify only the parametrization of %,(r;E),
and we do that only for values of E smaller than 12 MeV.
In order to explore a range of parametrizations we first
review the original parametrization from Ref. 2 and then
present five modifications. The success of each of these
six models is evaluated by comparisons with experimental
data at several energies. We judge in two ways. (i) We
compare at each energy the predicted and experimental
differential scattering cross sections by performing plots
of the angular distributions and, more quantitatively, by
examining the X /N calculated from the N experimental
points. We extend the comparison above 12 MeV be-
cause, even though 'N, (r;E) is not modified above 12
MeV, bV, (r;E) is changed for E & 12 MeV since the
DR (1.10) involves %', (r;E') for all E'. However, we
limit this extension to E & 20 MeV because the
modifications of bV, (r;E) are negligible at higher ener-
gies. (ii) We perform least-squares fits to the experimen-
tal data with, as fitted adjustable parameters, renormal-
ization factors for the real and imaginary surface com-
ponents. This second method provides clues as to how
the model might be improved to better describe the ex-
perimental data. We extend these searches up to 40
MeV; they take into account the differential and total
cross sections and, where available, the polarization data.
More importantly, we also extend these searches to nega-
tive energies by calculating the renormalization factors
by which b, V, (r;E„IJ) should be multiplied in order to
reproduce the observed energies E„I of the bound single-
particle states ( —18 MeV & E„&~ & 0).

This paper is organized as follows. In Sec. II we briefly
recall the main results of the analysis performed in Ref.
2, in which the shape parameters r„a„,r„and a, were
independent of energy. In Sec. III we first present phe-
nomenological evidence that the shape parameters r, and

a, of the surface absorption depend on energy for E & 10
MeV. We adopt two typical parametrizations of this en-

ergy dependence and calculate numerically the corre-
sponding dispersive contributions EV, (r;E). These turn
out to have rather complicated radial shapes, which
furthermore strongly depend on energy for E & 14 MeV.
We investigate to what extent these calculated EV, (r;E)
yield good agreement with the experimental differential
and polarization cross sections in the domain 4 & E & 14
Me V, and with the observed energies of the bound
single-particle states ( —18 MeV &E„I,&0). Section IV is
devoted to models in which the strength W, (E) of the
surface absorption depends upon the orbital angular
momentum of the neutron. Three cases are considered in
which, respectively, (i) r, is fixed and a, strongly depends
upon energy; (ii) r, is fixed and a, weakly depends upon
energy; (iii) r, and a, are kept fixed. In Sec. V we explain
the origin of the rather complicated radial shapes of the
surface dispersive correction b, V, (r;E) calculated in the
models of Secs. III and IV. Finally, Sec. VI contains a
summary and discussion.
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II. FIXED GEOMETRY

r, =1.27 fm, a, =0.58 fm . (2.1}

Here we review briefly the "fixed-geometry" model
which was studied in Secs. III—V of Ref. 2 and which we
denote here by FX. From the viewpoint of the present
paper the distinguishing feature of this FX model is that
the shape parameters r, and a, of the surface absorptions,
Eqs. (1.9), are independent of energy; specifically,

and we adjust the factors A,,' '(E„& ) to reproduce the ob-
served E„IJ.

In Fig. 2 the volume integrals derived from these
least-squares fits are represented by dots for E & 0 and by
crosses for E & 0. The linear segments in the upper draw-
ing show the imaginary volume integrals of the FX mod-
el; they are obtained by multiplying the right-hand sides
of Eqs. (2.3) by the geometric factor (8.09 fm ) associated
with the fixed geometry of Eq. (2.1), viz. ,

Then the radial shape of the surface dispersive contribu-
tion is also independent of energy:

J~ (E)=—3.24(E EF) —for —6&E &10 MeV,

(2.5a}
b,V, (r;E)=b, V, (E)g (I,),

where

(2.2a) J~ (E)=0.834(E —72) for 10&E &72 MeV,

J~ (E)=0.0 for E &72 MeV .

(2.5b)

(2.5c)

hV, (E)=—J W, (E')l(E' E)dE—' . (2.2b)

W, (E)= —0.4(E EF ) fo—r —6 & E & 10 MeV, (2.3a)

W, (E)=0.103(E—72) for 10 & E & 72 MeV, (2.3b)

The strength W, (E) is parametrized by contiguous linear
segments (see Fig. 3 of Ref. 2 and Fig. 6 below):

The curve in the lower drawing is derived by inserting
the parametrization (2.5) in the DR, Eq. (1.11). In fact,
except for the geometric factor of 8.09 fm, our Fig. 2 is
the same as Fig. 3 of Ref. 2; we show it here in order to
facilitate the comparison with the refined models that will
be considered here.

W, (E)=0.0 for E & 72 MeV; (2.3c)

A,,'"'(E)b,V, (r;E)+i)(.,' '(E)N, (r;E); (2.4a)

we recall that W, (E) is symmetric about E = —6 MeV.
In Fig. 1 the solid curves represent the differential

cross sections predicted from the FX model for
4&E &14 MeV, and the solid points the experimental
cross sections. The column labeled FX in Table I lists the
associated X /N at each energy, where N is the number of
experimental points. It is seen that, for 5.5&E &10
MeV, the model predictions are not very good at large
angles, 8& 100'.

In the following sections we introduce refinements in
order to improve the description of the scattering cross
sections for E &10 MeV. Before proceeding to those
models, we seek insight by renormalizing the real and
imaginary surface potentials for the present FX model in
order to better fit the data. In so doing, it is important to
examine a broad region of both positive and negative en-
ergies because the role of the DR cannot be reliably eval-
uated from a study of a narrow energy domain. At the
positive energies, we multiply the real and imaginary sur-
face components of the FX model by renormalization
factors, namely, use the following complex surface com-
ponent:
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A,,' '(E„, )b,V, (r;E„(~) (2.4b}

we determine the renormalization factors A,,' '(E) and
'(E) by performing least-squares fits to the experimen-

tal data for 4 &E & 40 MeV, including total cross sections
and the polarization data [as in Ref. 2 a (+0. l%%uo) uncer-
tainty was assigned to the total cross section]. At the
negative energies E„I.of the single-particle states, we con-
sider only the real part of the surface potential: we take

5 (degj

FIG. 1. The dots give the experimental n- 'Pb differential
cross sections at 7, 9, 10, 11, and 14 MeV and the shape elastic
part of the experimental differential cross sections at 4, 4.5, 5,
5.5, 6, and 6.5 MeV; the sources of these data are specified in
Ref. 2. The solid curves have been calculated from the FX
model (Sec. II). The dashed curves are associated with the WK
model (Sec. III C).



2576 J.-P. JEUKENNE, C. H. JOHNSON, AND C. MAHAUX 38

TABLE I. 7 /N from comparisons of model predictions to experimental angular distributions for N scattering angles at the neu-
tron energy E. (i) See Sec. VI of Ref. 2. (ii) See Sec. VII of Ref. 2.

E
(MeV)

4.0
4.5
5.0
5.5
6.0
6.5
7.0
9.0

10.0
11.0
14.0

FX
(Sec. II)

4.7
9.1

11.9
13.3
43.8
54.7
47.0
36.4
20.2
11.6
12.0

SG
(Sec. III B)

16.8
12.1

13.9
47.7
37.9
41.4
34.6
17.9
16.6
16.1
14.2

11.5
6.6
6.2

11.8
17.6
25.2
26.6
33.6
20.2
11.7
12.0

WK
(Sec. III C)

6.9
7.0
8.8

19.7
22.6
23.2
23.1

16.8
9.6

11.4
10.0

L-SGa,
(Sec. IV A)

8.4
7.1

9.5
22. 1

32.2
47.1

34.6
31.2
28.2
15.2
18.2

3.2
6.4
6.4

14.6
11.6
5.5
6.9

15.6
9.0

11.4
12.0

L-%'Ka,
(Sec. IV C)

6.2
5.7
7.8

12.8
16.8
19.9
13.5
17.2
14.5
12.0
14.8

L-FX
(Sec. IV D)

13.2
10.1
11.4
7.5

19.8
22.3
20.7
20.3

8.9
11.4
13.8

In the lower part of Fig. 2, the crosses at negative ener-
gies lie close to the predicted curve. At positive energies,
the dots agree well with the predicted curve, except in the
region below 10 MeV where the dots lie below the curve;
this is the same energy domain in which the angular dis-
tributions in Fig. 1 are poorly described by the FX mod-
el.

We note that the general good agreement between the
points and the curves in Fig. 2 results partly from the pa-
rametrization of the FX model adopted in Ref. 2: the
linear segments in the upper figure were chosen to give a

60 ''I '' I''''I' I I I I ~ I I I '
I
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FIG. 2. Energy dependence of the volume integrals per nu-
cleon of the imaginary (top) and real (bottom) components of
the mean fields in the case of the FX model of Sec. II. The dots
are obtained by multiplying the surface components of the FX
model by renormalization factors, expression (2.4a), and by ad-
justing the latter to a best least-squares fit to the experimental
cross section at that energy. The crosses are obtained by multi-

plying the surface component of the FX model by a renormal-
ization factor, expression (2.4b), and by choosing the latter in
such a way that the observed single-particle energies are repro-
duced.

good description of the points, and the parameters of the
Hartree-Fock potential were chosen in part to give good
average agreement with the dispersive curve for negative
energies and for energies from 14 to 40 MeV.

Within a fixed-geometry model, the authors of Ref. 2
were unable to find a better set of parameters to improve
the agreement with the angular distributions below 10
MeV without disturbing the good fits at other energies.
One can reasonably conclude that a fixed-geometry model
is too restrictive to describe the imaginary potential for
E & 10 MeV, and that in the lower part of Fig. 2 the devi-
ations of the dots from the dispersive curve in that energy
region result because the least-squares searches try to
compensate for this inadequacy. Our goal in the follow-
ing sections is to refine the FX model by allowing more
flexibility in the parametrization. However, we reiterate
the conclusion from Ref. 2 that the FX model is overall
quite successful, considering the small number of adjust-
able parameters. This success is attributed to the DR.
The data would not be described nearly as well if one
were to omit the dispersive corrections while adopting a
fixed Woods-Saxon geometry for the real part of the po-
tential, as is done in usual "global" optical-model fits.

III. ENERGY-DEPENDENT SURFACE GEOMETRY

A. Phenomenological evidence

Here we consider the same set of phenomenological lo-
cal optical-model potentials as that described in Sec. 3.3
of Ref. 1, except that we drop the potential at 0.98 MeV
where only the total cross section was available and
fitted. These potentials are phenomenological in the
sense that the DR is not taken into account; they involve
up to seven adjusted parameters, which were determined
by least-squares fits to experimental differential cross sec-
tions. The crosses in Fig. 3 represent the diffuseness pa-
rameter a, associated with the surface absorption of these
phenomenological optical-model potentials. They exhibit
a clear trend that the diffuseness decreases as the neutron
energy falls below 10 MeV; a similar trend has been ob-
served in other cases, in particular Y (Ref. 4), Co (Ref.
5), Bi (Ref. 6), and 'V (Ref. 7). The crosses in Fig. 4
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FIG. 3. Diffuseness of the surface absorption [Eqs. (1.9)] of
the phenomenological optical-model potentials compiled in Sec.
3.3 of Ref. 1. The horizontal line shows the value a, =0.58 fm

adopted in the FX model, Eq. (2.1). The short-dashed line cor-
responds to the SG parametrization of Eqs. (3.3). The long-
dashed line gives the %K parametrization of Eqs. (3.7).

that the scattering cross sections are sensitive mainly
(though not only, see below) to the volume integral of the
imaginary and real parts of the optical-model potential.
In Secs III B and III C we shall change the shape parame-
ters r, and a, from their fixed values of Eq. (2.1); in each
case we shall determine the strength W, (E) in such a way
that the volume integral of %,(r;E) is given by Eqs.
(2.5).

Throughout the present work we adopt the same
volume-shaped absorption 'N„(r;E) as in Ref. 2. The re-
liability of this choice as well as the parametrization of
Eqs. (2.5) is illustrated in Fig. 5, which shows that the
volume integrals of the phenomenological absorptive po-
tentials compiled in Figs. 3 and 4 are in good agreement
with the linear segments which represent the parametriz-
ation that had been adopted in Ref. 2 for the volume in-
tegral of the full imaginary part, i.e., for the sum

Jlv(E)=JR (E)+Jlv {E) (3.1)

B. Strong energy dependence of r, and a,

In Eqs. (6.4a) —(6.4c) of Ref. 2 it was proposed to
pararnetrize the shape parameters of the surface absorp-
tion as follows (in fm):

represent the radius parameter r, of the surface absorp-
tion of these phenomenological optical-model potentials;
this radius parameter tends to increase as the neutron en-
ergy falls below 10 MeV; the scatter of the empirical
values of r, is fairly large so that this trend is less pro-
nounced than in the case of the diffuseness.

Below, we shall consider two typical pararnetrizations
that take into account the energy dependence of the
shape parameters r, and a, . In each case we shall choose
the strength W, (E) in such a way that the volume in-
tegral J~ (E) remains unchanged. Indeed, it is known

S

and

r, =1.41 for E &2.6 MeV, (3.2a)

pg f 27 for 10 MeV (E (3.2c)

a, =0.20 for E &2.6 MeV, (3.3a)

a, =0.20+0.0513(E—2.6) for 2.6 &E & 10 MeV,

(3.3b)

r, =1.41 —0.0189(E—2.6) for 2.6&E &10 MeV,

(3.2b)

n- Pb
-80

g G14-
~WK

FX+

+
~ +

P)
E

QJ -40—

-20-

I I I I

-10 0 10 20 30 40

E { MeV)

FIG. 4. Radius parameter of the surface absorption [Eqs.
(1.9)] of the phenomenological optical-model potentials which
belong to the set described in Sec. 3.3 of Ref. 1. The horizontal
line shows the value r, =1.27 fm of the FX model, Eq. (2.1).
The short-dashed line corresponds to the SG parametrization of
Eqs. (3.2). The long-dashed line gives the WK parametrization
of Eqs. (3.7).

I

-10 0 10 20 30 40

E {MeV)

FIG. 5. Energy dependence of the volume integral per nu-
cleon of the full (surface plus volume) absorptive part of the
mean field. The crosses correspond to the same phenomenologi-
cal optical-model potentials as those used in Figs. 3 and 4. The
straight lines represent the parametrization which was adopted
in the dispersive optical-model analysis of Ref. 2 and which is
used throughout the present work.
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a, =0.58 for 10 MeV&E . (3.3c)

This parametrization will henceforth be referred to as
SG, for "strong" energy dependence of a„r,. The short-
dashed lines in Figs. 3 and 4 shows that this SG parame-
trization of r„a, is in good agreement with the trends
which emerge from the available phenomenological
optical-model potentials. This is not trivial since original-
ly this SG parametrization was proposed on the basis of
fairly specific optical-model fits to the experimental cross
sections.

The SG model is specified by the geometric parameters
of Eqs. (3.2) and (3.3) and by the requirement that the
volume integral of "lV, (r;E}be given by Eqs. (2.5}. The
corresponding strength W, (E) is represented by the
short-dashed curve in Fig. 6. The dispersive term
b, V, ( r;E) is found by numerical evaluation of the in-
tegral in Eq. (1.10). As will be demonstrated in Sec. V
below, the radial shape of b,V,(r;E) deviates consider-
ably from the derivative of a Woods-Saxon, in contrast
with the assumption made in Sec. VI of Ref. 2.

The differential cross sections predicted by the SG
model are represented by the dashed curves in Fig. 7.
The symbols represent the same experimental data as in
Fig. 1. The associated X /N are contained in the column
labeled SG in Table I. Comparisons with the FX model
of Sec. II show that the SG model gives slight improve-
ments for 6 & E & 10 MeV but poorer agreement with the
data for 4&E &5.5 MeV. For the latter lower energies
the predicted minima are too deep and occur at too large
angles.

To gain further insight into the SG model we renor-
malize the surface terms in like manner as in Sec. II: we
introduce the SG surface potentials into expressions
(2.4a) and (2.4b) and adjust the renormalization factors to
best fit the data. In Fig. 8, the crosses and dots represent

104
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1P4E
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FIG. 7. Angular dependence of the differential n- 'Pb cross
sections. The dots are the same experimental values as in Fig. 1.
The dashed curves give the predictions of the SG model of Sec.
III A. The solid curves represent the predictions of the L-SGa,
model of Sec. IV A.
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FIG. 6. Energy dependence of the strength of the surface ab-
sorption in the FX model of Sec. II (solid lines), in the SG rnod-
el of Sec. II B (short-dashed line) and in the WK model of Sec.
III C (long-dashed line).

FIG. 8. Energy dependence of the volume integrals per nu-
cleon of the imaginary (top) and real (bottom) components of
the mean fields in the case of the SG model of Sec. III B. The
dots are obtained by multiplying the surface components of the
SG model by renormalization factors, expression (2.4a), and by
adjusting the latter to a best least-squares At to the experimental
cross section at that energy. The crosses are obtained by multi-
plying the surface component of the SG model by a renormal-
ization factor, expression (2.4b), and by choosing the latter in
such a way that the observed single-particle energies are repro-
duced. The model curves are the same as in Fig. 2.
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the resulting volume integrals; the curves are the same
curves as in Fig. 2. The fact that the dots in the upper
part of Fig. 8 follow the linear segments almost as well as
in Fig. 2 supports our assumption that the imaginary
volume integral is approximately the same for the SG as
for the FX model; one might redraw the lower segment
with a higher threshold but that would change only
slightly the dispersive curve in the lower part of Fig. 8.

The dots and crosses in the lower part of Fig. 8 do not
follow the dispersive curve as well as was the case in Fig.
2 for the FX model. In particular, the crosses associated
with the bound states tend to lie under the model curve
for occupied states ( —12 MeV & E & EF ) and above it for
unoccupied valence states (EF & E & 0). In other words,
the absolute value of the strength of the predicted real
surface dispersive correction has to be increased in order
to reproduce the observed single-particle energies. A
likely explanation is the following. Figure 9 shows that
near the Fermi energy the radial shape of the calculated
real surface component b, V, (r;E =EF) is approximately
given by g(X, ) with R, =8.3 fm, a, =0.24 fm. This real
surface dispersive correction is narrow and peaked
beyond the average root-mean-square radius of the
valence orbits (6.8 fm, see Table V of Ref. 2). In contrast,
the surface dispersive correction in the FX model is
peaked at R, =7.52 fm and is fairly broad (a, =0.58 fin).
Near the Fermi energy, the surface dispersive correction
thus has a larger overlap with the bound states' orbits in
the FX than in the SG model. The fact that the crosses
lie closer to the predicted curve in Fig. 1 than in Fig. 8
therefore probably reflects the feature that the assumed
increase of r, at low energy is too large in the case of the
SG model.

Thus, the single-particle energies depend upon the ra-
dial shape of the surface component, not just its volume
integral. This is also true for the predicted scattering
cross sections. This can be exhibited by comparing the

LU

QUI 2

E =-3.94 MeV

r {fm}

FIG. 9. Surface component of the real part of the mean field
at the energy F2g = —3.94 MeV. The short dashes corre-

g9/2

spond to the SG model of Sec. III B, and the long dashes to the
WK model of Sec. III C.

present results with those presented in the "hybrid" SG
model of Sec. VI of Ref. 2. In this hybrid model,
'lV, (r;E) was exactly the same as in the present SG mod-
el; however, the real surface component bV, (r;E) was
not calculated from Eq. (1.10): only the integral form,
Eq. (1.11), of the DR was fulfilled. More specifically, the
radial shape of AV, (r;E) was assumed a priori to be
given by the derivative of a Woods-Saxon:

b V& (r;E)=5 V&(E)g (Xz ), (3.4)

and the shape parameters were set equal to (in fm)

rz ——1.35 for E &5.8 MeV, (3.5a)

rz ——1.35 —0.0190(E—5.8) for 5.8&E &10 MeV,
(3.5b)

r„=1.27 for 10 MeV&E,

a~ ——0.58 for all E .

(3.5c)

(3.5d)

C. Weak energy dependence of r, and a,

We argued in the preceding section that in the SG pa-
rametrization the parameter r, takes too large values at
low energy, Eq. (3.2a). Therefore, we now consider a
model in which the energy dependence of r, and a, is
weaker than in the SG model. In this WK (for "weak")
model, the quantities r, and a, are parametrized as fol-
lows (in fm):

r, = 1.35 for E & 5 Me V, (3.6a)

r, =1.3 50.0160(E —5) for 5 &E & 10 MeV, (3.6b)

The strength b Vz(E) was determined in such a way that
the volume integral of b, V&(r;E) is equal to that of
b V, (r;E), i.e., in such a way that the integral form (1.11)
of the DR is fulfilled. The X /N associated with this hy-
brid SG model are listed in Table II of Ref. 2 and repro-
duced in column (i) of Table I. They are smaller than in
the present SG model for E ~7.0 MeV. This does not
imply that this hybrid model is more meaningful than the
present SG model. Indeed, the radial shape (3.4)
disagrees with the DR (1.10) (see Sec. V). Furthermore,
the values (3.5a) —(3.5d) of the shape parameters adopted
in Ref. 2 were determined in such a way as to improve
the agreement with the experimental cross sections; it is
thus not surprising that the agreement with the experi-
mental data reached in the hybrid SG model of Ref. 2 is
better than that obtained in the present, more consistent,
SG model, since the hybrid model contains a larger num-
ber of adjustable parameters.

Finally, we mention that the hybrid model of Eqs.
(3.4) —(3.5d) leads to the same problem as the SG model
as far as the single-particle energies are concerned.
Indeed, Fig. 18 of Ref. 2 shows that the absolute strength
of the predicted real dispersive correction has to be in-
creased in order to reproduce the observed single-particle
energies. In both cases, the main origin of this problem
lies in the feature that, near the Fermi energy, the real
surface component is narrow and peaked beyond the
average root-mean-square radius of the valence orbits.
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r, =1.27 for 10 MeV&E,

a, =0.40 for E &5 MeV,

(3.6c)

(3.7a)

a, =0.40+0.0360(E —5) for 5 &E & 10 MeV, (3.7b)

a, =0.58 for 10 MeV&E . (3.7c)

This parametrization is represented by the long-dashed
lines in Figs. 3 and 4. The corresponding strength W, (E)
is determined by our requirement that the volume in-

tegral of the surface absorption be given by Eqs. (2.5); it
is represented by the long-dashed line in Fig. 6.

The differential cross sections predicted by this WK
model are given by the dashed curves in Fig. 1. Their
agreement with the experimental data is sizably better
than that obtained in the SG model (dashed curves in

Fig. 7). It is also better than that obtained in the FX
model (solid curves in Fig. 1), except at 4 MeV. These
features are confirmed by the X /N listed in the column
labeled WK in Table I.

In order to study the overall goodness of the WK mod-
el, we proceed as in Figs. 2 and 8: we perform two-
parameter least-squares fits [see expression (2.4a)] to the
experimental cross sections and one-parameter adjust-
ments [see expression (2.4b}] to the observed single-
particle energies. The resulting volume integrals are
represented by the dots and crosses in Fig. 10. Their
overall agreement with the model curves is sizably better
than in the case of the FX model (Fig. 1) or of the SG
model (Fig. 8). In particular, the model values of the
volume integral of AV, (r;E) are satisfactory for the
unoccupied valence orbits; they are still somewhat too
small for the occupied orbits. A plausible explanation is
the following. The average root-mean-square radius is
larger for the unoccupied valence orbits (7.32 fm, see
Table V of Ref. 2} than for the occupied orbits (6.17 fm).
Figure 9 shows that near the Fermi energy, the model

IV. ANGULAR-MOMENTUM-DEPENDENT
SURFACE ABSORPTION

A. Introduction

In Sec. VII of Ref. 2, the surface absorption was al-
lowed to depend upon the angular momentum L of the
incoming neutron. The radius r, of the surface absorp-
tion is held fixed as in the FX model, viz. ,

r, =1.27 fm . (4.1)

The partial waves were divided into two groups: "group
(b)" contains the partial waves with L = 1, 3, and 6, while
"group (c)" contains all the other partial waves. The ori-
gin of this grouping was that empirical fits indicated that,
below 11 MeV, the volume integral of 'N, (r;E) for group
(b) is systematically larger, in absolute magnitude, than
that of group (c). The following parametrization was
used in the case of group (b) (in units MeV fm ):

J~ ——0 for —6gE & —2 MeV,
S

J~ —— 6.44(E+2—) for —2&E &6.5 MeV,

J~ ———0.835(72—E) for 6. 5 & E & 72 MeV,

J~ ——0 for 72 MeV&E .
S

(4.2a)

(4.2b)

(4.2c)

(4.2d)

In the case of group (c), the parametrization was the fol-
lowing:

b, V, (r;E) peaks at R, =7.90 fm, and approximately has
the radial shape g (Xf ) with Rf ——7.90 fm, af —0.52 fm.
Hence the overlap of EV, (r;E) with the single-particle
orbits is larger in the case of the unoccupied than of the
occupied valence orbits. This suggests that the assumed
value of r, at small energy is still too large in the WK
model.

Pl
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These parametrizations will be adopted in the present
section. They are represented by the solid and dashed
linear segments in the upper part of Fig. 11. The
strengths 8', (E) of the surface absorption for these two
groups are specified by the requirement that the volume
integrals of 'N, (r;E) are given by Eqs. (4.2a) —(4.3d).

c] 40- 208pb B. Strong energy dependence of a,
I I ~ I ~ I-I - ~ -- ~ ~ ~

-10 0 10 20 30 40

E iMev)

FIG. 10. Same as Fig. 8, except that the dots and crosses are
now obtained from the WK model of Sec. IIIC. The model
curves are the same as in Figs. 2 and 8.

We first investigate a model in which the diffuseness
has the same strong energy dependence as in the SG
model, Eqs. (3.3). We recall that the radius parameter r,
is independent of energy, as specified by Eq. (4.1). We
denote this model by "L SGa, " to signify that -the surface
absorption depends upon the orbital angular momentum
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FIG. 11. Energy dependence of the volume integrals per nu-
cleon of the imaginary (top) and real (bottom) components of
the mean fields in the case of the L-SGa, model of Sec. IVB.
The symbols are obtained by multiplying the surface com-
ponents of the model by renormalization factors, expression
(2.4a), and by adjusting the latter to a best least-squares fit to the
experimental cross section at that energy; the solid dots corre-
spond to group (b) and the open symbols to group (c). At nega-
tive energies the symbols give the volume integral of surface
component renormalized in such a way as to reproduce the ob-
served energies of the single-particle states, expression (2.4b);
the solid symbols correspond to the levels of group (b) and the
open symbols to those of group (c). The lines are the same as in
Fig. 22 of Ref. 2.

ing volume integrals are represented by the symbols in
Fig. 11, with round symbols for E &0 and squares for
E (0.

The upper part of Fig. 11 confirms that, for E & 12
MeV, the volume integral of the surface absorption is
larger for group (b) than for group (c). The solid and
open symbols are in fair agreement with the solid and
dashed lines, i.e., with Eqs. (4.2a) —(4.2c) and
(4.3a)—(4.3c), respectively. This agreement is not trivial
since these linear segments are reproduced from Ref. 2,
where they were derived from different least-squares fits,
as will be recalled below.

The lower part of Fig. 11 shows that the symbols asso-
ciated with the bound single-particle states lie closer to
the predictions of the DR than was the case for the SG
model; compare with Fig. 8. This improvement is a
consequence of the constant value now adopted for the
radius parameter, Eq. (4.1). For low positive energies
(E &11 MeV), the solid points for group (b) follow the
predicted solid curve rather closely, while the open sym-
bols for group (c) fall slightly below the predicted dashed
curve. The fact that the symbols for E &11 MeV are
more scattered than in Figs. 2, 8, and 10, in both the
upper and lower parts, is associated with the existence of
four rather than only two adjustable parameters.

One can obtain clues for improvement of the model by
comparing with the L-dependent "hybrid" L-SGa, model
which had been considered in Sec. VII of Ref. 2. There,
the surface absorption was exactly the same as in the
present model; however, the detailed DR, Eq. (1.10), was
not fulfilled. Indeed, it was requested that only its in-
tegral form, Eq. (1.11), be satisfied. More specifically, the
radial shape of bV, (r;E) in this hybrid L Sga, model-
was a priori assumed to have the radial shape of Eq. (3.6),
with the following shape parameters (in fm):

L, while the diffuseness a, strongly depends upon energy.
As in the previous models the real surface contribution
b V, (r;E) is determined from the DR, Eq. (1.10), by nu-
merical integration performed for the two angular
momentum groups, separately.

The differential cross sections predicted by this L-SGa,
model are represented by the solid curves in Fig. 7, and
the associated X /N are listed in the column labeled L
SGa, in Table I. We see that the agreement with the ex-
perimental data is comparable to that reached in the FX
model (solid curves in Fig. 2) and in the SG model
(dashed curves in Fig. 7); correspondingly, the P /N are
comparable for the three models.

To gain further insight we proceed in a similar way as
in Figs. 2, 8, and 10: we renormalized the surface poten-
tials in order to reproduce the binding energies of the
single-particle states and to best fit the differential, total,
and polarization data by least squares. In the present
case, however, there are two expressions like (2.4a) be-
cause there exist two groups of partial waves. Thus, for
positive energies there are four parameters to be adjusted
by least squares. For negative energies the bV, (E) for
the group having the L value of the bound state is insert-
ed into expression (2.4b), and the renormalization factor
is adjusted to reproduce the binding energy. The result-

7d
—1 27 for all E (4.4a)

ad ——0.20+0.0238(E+6) for —6&E & 10 MeV,

(4.4b)

ad ——0.58 for 10 MeV&E . (4.4c)

The strengths EVd(E) for groups (b) and (c) were deter-
mined by the requirement that the volume integrals of
'N, (r;E) and EV, (r;E) must fulfill the DR (1.11). The
values of X /N obtained from this hybrid L-SGa, model
are listed in Table II of Ref. 2 and reproduced in the
column labeled (ii) in Table I. They are smaller than in
the present L-SGa, model. However, this is not very
meaningful since the radial shape of b,V, (r;E) assumed
in Ref. 2 is not consistent with the DR (1.10). Further-
more, the parameters (4.4) of the assumed radial shape of
EV, (r;E) were chosen in such a way as to optimize the
quality of the fits to the experimental scattering data. In
other words, the hybrid L-SGa, model of Ref. 2 con-
tained more adjustable parameters than the present, more
consistent, L-SGa, model.

The fact that the present L-SGa, model gives a much
worse fit to angular distributions than the hybrid L-SGa,
model of Ref. 2 is attributed primarily to the fact that in
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the present model the dispersive component bV, (r;E)
strongly depends upon r. For energies close to 6.5 MeV,
for example, b,V, (r;E) has a surface attractive (negative)
minimum between two positive maxima, as we shall
demonstrate in Sec. V. This contrasts with the hybrid
model in which AV, (r;E) has a simple radial shape, see
Eqs. (4.4). Since the strong radial dependence of
b, V, (r;E) is a consequence of the strong energy depen-
dence assumed for a„one can reasonably conclude that
the agreement with the experimental data can be im-
proved by assuming a weaker energy dependence of a, .
This is discussed in the following section.

C. Weak energy dependence of a,

We now consider a model which differs from the L-
SGa, model of the preceding subsection only in that a,
will now have the weak energy dependence defined by
Eqs. (3.7). We call this the "L WKa, "-model, meaning
"L-dependent surface absorption with weakly energy-
dependent diffuseness a, ."

The differential cross sections predicted by this L-
WKa, model are represented by dashed curves in Fig. 12
and the associated X /N are listed in the column labeled
L-WKa, in Table I. The agreement with the experimen-
tal data is seen to be better than in the L-SGa, model at

105

104

1P4

1P4

104

104
L

104

E

Cl

O
1P4

1P4

all scattering energies and comparable to the hybrid L-
SGaz model at most energies. This in keeping with the
discussion in the preceding section.

Figure 13 shows the results of renorrnalization searches
analogous to those in Fig. 11. These results are quite
similar to those shown in Fig. 11, with the main
difference that, for E &10 MeV, the solid symbols for
J~ now lie closer to the parametrization of Eqs. (4.2)

S

and (4.3).

D. Fixed geometry

The comparison between the results obtained in Secs.
IV B and IV C respectively, indicates that the experimen-
tal data do not favor the use of a strongly energy-
dependent radial shape of the surface absorption when
one takes due account of the DR between the real and
imaginary surface components. We now investigate to
what extent the division of the partial waves into two
groups enables one to avoid the use of an energy-
dependent radial shape of the surface absorption. We
thus set the shape parameters to the same constant values
as in Eq. (2.1). We retain the same two groups (b) and (c)
of partial waves as in Ref. 2, and also the same volume in-
tegrals of the surface absorption as in Eqs. (4.2a) —(4.3d).
We refer to this model as the "L-FX" model, for "L-
dependent surface absorption with fixed radial shape. "

The differential cross sections predicted by this L-FX
model are given by the solid curves in Fig. 12, and the
values of X /N are contained in the last column of Table
I. The agreement with the experimental data is almost as
good as in the L-WKa, model, except at the three lowest
energies for which it is rather poor. The latter feature is
reflected in Fig. 14, in which the corresponding volume
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FIG. 12. Angular dependence of the differential n- Pb cross
sections. The dots are the same experimental values as in Fig. 2.
The dashed curves represent the predictions of the L-WKa,
model of Sec. IV C and the solid curves those of the L-FX mod-
el of Sec. IV D.

E (WeV)

FIG. 13. Same as Fig. 11, except that the solid and open sym-
bols are now obtained from the L-WKa, model (Sec. IV C) in-
stead of the L-SGa, model. The lines are the same as in Fig. 11.
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FIG. 14. Same as Fig. 11, except that the solid and open sym-
bols are now obtained from the L-FX model (Sec. IV D) instead
of the L-SGa, model.

FIG. 15. Radial dependence of the real surface component
EV,(r;E =6.5 MeV), for the partial waves of group (b). The
short-dashed curve corresponds to the L-FX model of Sec.
IV D. The long-dashed line is computed from the L-SGa, mod-
el of Sec. IVB.

integrals of the imaginary or real surface components lie
rather far away from the solid curves.

On the average, however, the L-FX model leads to sa-
tisfactory agreement with the experimental data. This is
quite remarkable in view of the small number of pararne-
ters which appear in this model.

V. RADIAL SHAPE
OF THE REAL SURFACE COMPONENT

In the preceding sections as in most empirical analyses,
the radial shape of the surface absorption 'N, (r;E) was
assumed to be the derivative of a Woods-Saxon form fac-
tor, Eq. (1.9b). However, this does not imply that the
real surface component EV, (r;E) also has a similar
shape. Indeed, the DR (1.10) expresses the real surface
contribution bV, (r;E) in terms of the surface potential
'N, (r;E') at all energies E'. Hence, the radial shape of
b, V, (r;E) at the energy E can be quite different from
that of %', (r;E) at the same energy E. This is illustrated
in the present section.

We first consider parametrizations of %', (r;E) in
which the radius parameter r, = 1.27 fm is independent of
energy, as in the models studied in Sec. IV. Then, the
DR (1.10) implies that AV, (r;E) is symmetric about
R, =7.52 frn. The short-dashed curve in Fig. 15 has been
calculated from the L-FX model of Sec. IVD, in which
the shape of 'N, (r;E} is independent of energy. Then,
AV, (r;E) has the same shape g(X, ) as %', (r;E); see
Eqs. (1.9) and (2.2). This changes drastically when the
diffuseness parameter of "W,(r;E) depends upon energy.
This is exhibited by the long-dashed curve in Fig. 15,
which is associated with the L-SGa, parametrization of
Eqs. (3.7) for a, (E). We emphasize that the two curves in

Fig. 15 correspond to exactly the same volume integral.
This peculiar radial shape of B,V, (r;E) at small E in

the L-SGa, model can be understood as follows. For

E = 6.5MeV
1.0— Soas

(b)

0.5—

0.0—

I
I
I
I
I
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+E'- E = + 6.5
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8 10
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FIG. 16. Radial dependence of the integrand in the DR
(1.10) in the case of group (b) of the L-SGa, model of Sec. IV B,
for E =6.5 MeV. The short-dashed curve corresponds to
E' —E = —6.5 MeV and the long-dashed curve to
E' —E =+6.5 MeV.

E' & E the integrand in the DR (1.10) is positive and nar-
row [since a, (E') is small]; an example is shown by the
short-dashed curve in Fig. 16. For E'pE, the integrand
in the DR (1.10) is negative and broad; an example is
given by the long-dashed curve in Fig. 16. Hence the
value of b, V, (r;E) in the energy domain 0SE 514 MeV
derives from the sum of narrow positive peaks and of
broad negative pockets. This gives rise to a narrow hump
superimposed on a broad attractive dip, as illustrated by
the long-dashed curve in Fig. 15.

This peculiar shape of EV, (r;E} persists when one
adopts a weaker energy dependence of the difFuseness a, .
This is displayed in Fig. 17, which is associated with the
L-WKa, model of Sec. IVC. In this case, however, the
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FIG. 17. Radial dependence of the real surface component

AV, (r;E =11 MeV) for the L-WKa, model of Sec. IV C. The
solid curve is associated with group (b) and the short-dashed
line with group (c).

hump near R, is less narrow than in the L-SGa, model
(note the difference in the abscissa scales of Figs. 15 and
17). Figure 17 also exhibits the fact that at low energy
the surface dispersive component is quite different for
groups (b} and (c), respectively.

When, in addition to a„ the radial parameter r, of
%', (r;E) depends upon energy, the radial shape of
b, V, (r;E) becomes even more complicated. This is illus-
trated in Figs. 18 and 19. Let us first consider Fig. 18,
which is associated with the SG model of Sec. III B. For
small values of E, the integrand of the DR (1.10) involves

r (fm)

FIG. 19. Same as Fig. 18, for the WK model of Sec. III C.

positive contributions which are narrow and peaked at
large distance [ =8.3 fm, see Eq. (3.2a}], and negative
contributions which are broad and centered at a smaller
distance [=7.5 fm, see Eqs. (3.2c)]. The combined effect
of these two contributions leads to the wiggle represented
by the short-dashed curves in Fig. 18.

These complicated shapes of b, V, (r;E) occur only for
small positive values of E. For E negative and close to
the Fermi energy, the radial shape of b V, (r;E) is mainly
determined by the shape of lH, (r;E') for

~

E' E~ & 20—
MeV. It is thus a sum of attractive peaks. These are nar-
row and centered near 8.3 fm in the SG model; they are
broader and centered near 8 fm in the WK model. This
explains the shape of the two curves that had previously
been shown in Fig. 9.

The effect of the dispersive contribution on the radial
shape of the real part of the full mean field is illustrated
in Fig. 20. In the case of a weakly energy-dependent ra-
dial shape of "lV, (r;E},the surface component b, V, (r;E)
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FIG. 18. Radial dependence of the dispersive contributions
to the real part of the mean field in the case of the SG model of
Sec. III B, for the energies E =6.5 MeV (top) and E =11 MeV
(bottom). The short-dashed curves represent the surface com-
ponents, the long-dashed lines the volume (Woods-Saxon
shaped) components (same as in Ref. 2), and the solid curves the
sum of these two contributions.

-50

r (fm)

10

FIG. 20. Radial dependence of the real part of the full mean
field at 6.5 MeV. The short-dashed curve corresponds to the SG
model of Sec. III B and the long-dashed curve to the WK model
of Sec. III C.
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is fairly broad and is centered not far from the radius
RH ——7.35 fm of the volume contribution VH(r;E)
+6V, (r;E) [see Eqs. (1.4a) and (1.7') and Ref. 2]. Then,
the full potential approximately has a Wood-Saxon
shape, as illustrated by the long-dashed curve in Fig. 20.
In contrast, b V, ( r;E) has a marked wiggle in the SG
model (Fig. 18). Then, the radial shape of the full poten-
tial sizably deviates from a Woods-Saxon; this is illustrat-
ed by the short-dashed curve in Fig. 20.

VI. SUMMARY AND DISCUSSION

For low bombarding energies the imaginary part of the
phenomenological local optical-model potential is peaked
at the nuclear surface. This surface absorption 'N, (r;E)
is usually assumed to be proportional to the derivative of
a Woods-Saxon form factor, see Eqs. (1.9). Phenomeno-
logical optical-model analyses of recent accurate experi-
mental cross sections for neutron scattering from Y
(Ref. 4), Pb (Refs. 8 and 9), Bi (Ref. 6), Co (Ref. 5),
and 'V (Ref. 7) show that the radial shape of 'N, (r;E)
depends upon energy for E smaller than about 10 MeV.
This is confirmed by the compilation of n- Pb optical-
model potentials presented in Figs. 3 and 4. In particular
the diffuseness a, associated with the width of 'N, (r;E)
sharply decreases with decreasing energy in the domain
4&E &10 MeV.

The DR (1.10) implies that the real part of the mean
field contains a surface component, EV, (r;E), which can
be calculated from the imaginary part SV, (r;E). When
the radial shape of 'N, (r;E') depends upon E', that of
b, V, (r;E) also depends upon energy. Initially the main
purpose of the present study was to calculate bV, (r;E)
for several parametrizations of the energy dependence of
the radial shape of 'N, (r;E'). This has to be done nu-

merically and had not been performed until now.
Examples of calculated values of b, V, (r;E) are shown

in Figs. 15 and 17 (in cases when the diffuseness a, de-
pends upon energy and the location R, of the surface ab-
sorption in constant) and in Figs. 9, 18, and 19 (in cases
when both the location R, and the diffuseness a, of the
surface absorption depend upon energy). The radial
shape of EV, (r;E) at small positive E is seen to be rather
complicated. The origin of this finding is explained in
Sec. V (see Fig. 16). This calculated shape is quite
different from the one that had been assumed in Secs. VI
and VII of Ref. 2. We have thus been led to compute and
compare with experiment the differential cross sections
associated with our calculated EV, (r;E) since these "hy-
brid" models used in Ref. 2 were not fully consistent. We
have also computed total and polarization cross sections
but did not show these in our paper because they do not
modify the conclusions that can be drawn from the
differential cross sections alone.

Our primary purpose in Secs. III and IV was thus to
investigate the influence of the radial shape of EV, (r;E)
on the n- Pb differential cross sections. In order to
focus on this effect we always retained exactly the same
volume- (Woods-Saxon) shaped components of the com-
plex mean field as in Ref. 2; we also always retained ex-

actly the same volume integrals of the real and imaginary
surface component hV, (r;E) and lV, (r;E).

In the SG model of Sec. IIIB the surface absorption
'lV, (r;E) is the same as in Sec. VI of Ref. 2. The only
difference is that here the radial shape of EV, (r;E) is
calculated from the DR (1.10), while in Ref. 2 it was a
priori assumed to be the derivative of a Woods-Saxon. In
both cases the volume integral of EV, (r;E) is exactly the
same. Thus, the radial shape of EV, (r;E) is the sole
source of the difference between the 7 /N listed in the
columns respectively labeled SG and (i} in Table I. The
calculated differential cross sections are seen to be quite
sensitive to the radial shape of KV, (r;E), although this
surface component is quite weak (its volume integral per
nucleon is smaller than 20 MeV fm }. This opens the pos-
sibility of investigating in detail small components of the
mean field.

In the SG model the energy dependence of the
diffuseness is quite strong. It gives rise to a pronounced
wiggle in the radial dependence of hV, (r;E) at low ener-

gy (Fig. 18), and relatedly to a marked deviation of the
full real part from a Woods-Saxon shape (Fig. 20). The
agreement between predicted and experimental cross sec-
tions is then rather poor (Fig. 7). Between 4 and 5.5 MeV
it is even less good than in the FX model of Ref. 2 (Sec.
II) in which the radial shape of 'N, (r;E) is independent
of energy. In the SG model the real surface component
AV, (r;E) is quite narrow in the vicinity of the Fermi en-

ergy, where it is furthermore located outside the nuclear
surface (Fig. 9). As a consequence the real surface com-
ponent 6V, (r;E) has too small an overlap with the or-
bits of the bound single-particle states. This is reAected
by the systematic deviation of the crosses from the solid
curve in the lower part of Fig. 8.

In view of these defects of the SG model, we construct-
ed in Sec. III C a model in which the energy dependence
of the radial shape of the surface absorption is weak.
This WK model yields good fits to the experimental cross
sections (Fig. 2): the corresponding values of X~/N are
smaller than those of the SG model by approximately a
factor of 2. For negative energies, however, the overlap
of the predicted EV, (r;E) with the single-particle orbits
is still somewhat too small (see the crosses in Fig. 10).

From the above discussion we conclude that the
dispersive optical-model analysis of the scattering cross
sections indicates that for E & 10 MeV the diffuseness a,
of the surface absorption decreases with decreasing ener-

gy, but that this decrease is weaker than the one assumed
in the SG parametrization of Sec. VI of Ref. 2. On the
other hand, the comparison between the predicted and
experimental single-particle energies suggests that it is
not justified to assume that the radius R, of the surface
absorption increases with decreasing energy. Therefore
we investigated models in which the radius R, of the sur-
face absorption is independent of energy. We checked
that if one sets R, constant (while letting a, depend upon
energy} in models of the type studied in Sec. III the fits to
the differential cross sections are worsened. This is why
we turned in Sec. IV to models in which R, is a constant
but in which the surface absorption depends upon the or-
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bital angular momentum of the incident nucleon. This
possibility had been suggested in Ref. 10 and studied in
more detail in Refs. 2 and 11.

In order to facilitate comparison we adopted in Sec. IV
the same type of angular momentum dependence as in
Sec. VII of Ref. 2, namely we assumed that "lV,(r;E)
takes one value for the neutron orbital angular momenta
L= 1,3,6 [group (b}],and another one for all the other or-
bital angular momenta [group (c)]. Furthermore we re-
tained the same parametrization as in Sec. VII of Ref. 2
for the volume integral of 'N, (r;E}for groups (b) and (c),
respectively.

In Sec. IV B we used exactly the same surface absorp-
tion %',(r;E) as in Sec. VII of Ref. 2, namely one in
which the radius is independent of energy (R, =1.27 fm),
while between 2.6 and 10 MeV the diffuseness a, has the
same strong dependence upon energy as in Sec. IIIB.
This L-SGa, model does not yield good fits to the experi-
mental cross sections (Fig. 7). The corresponding X /N
are much larger than those which had been obtained in
Sec. VII of Ref. 2 [see column (ii) of Table I]. There, the
radial shape of b,V, (r;E) was assumed a priori to be the
derivative of a Woods-Saxon, with a diffuseness a~(E) ad-
justed to yield optimal fits to the experimental data; we
have shown that these assumptions are not compatible
with the DR (1.10) (see Fig. 15).

This failure of the L-SGa, model can be ascribed to the
fact that the strong energy dependence of a, (E) yields a
sharp wiggle in the radial dependence of EV, (r;E); this
leads to a full potential whose shape is sizably different
from a Woods-Saxon (Fig. 20}. This led us to consider in
Sec. IV C a model in which a, (E) has the same weak en-

ergy dependence as in Sec. III C; as in Sec. IV B the ra-
dius parameter is kept constant (r, =1.27 fm) and the
partial waves are divided into the two groups (b) and (c).
This L-WKa, model yields good fits to the differential
cross sections (Fig. 12). This indicates that one can keep
r, constant at low energy provided that one allows the
surface absorption to depend upon the angular momen-
tum of the incident nucleon. The origin of this property
is discussed in Ref. 11.

The agreement between the predicted and experimental
single-particle energies (see Figs. 11 and 13) is better in
Secs. IV B and IV C than in the models of Secs. III B and
III C. Hence the models in which the radius R, is con-
stant but 'lV, (r;E) depends upon angular momentum are
globally better than those in which R, depend upon ener-

gy and 'N, (r;E) is independent of angular momentum.
This led us to investigate in Sec. IV D a relatively simple
model, the L-FX model, in which the radial shape of the
surface absorption is fixed but depends upon the orbital
angular momentum L. This L-FX model yields fair
agreement with the experimental cross sections (Fig. 12)
and satisfactorily predicts the single-particle energies
(Fig. 14). We note that this model has the same opera-
tional virtue as the original FX model in that the DR can
be evaluated analytically. Also, it is simple in that it in-
volves fewer empirical functions of energy than all but
the original FX model.

We conclude that in the case n- Pb there exists good

evidence that at low energy (i) the surface absorption
'lV, (r;E) depends upon the angular momentum of the in-
coming neutron, and (ii) the diffuseness a, of 'N, (r;E)
shghtly decreases with decreasing energy belo~ about 10
MeV. These conclusions are based on a detailed compar-
ison between the experimental data and the predictions of
the dispersive optical-model potential. Note that it was
important to extend this comparison to negative energies.
Indeed, this extension provides the main basis for believ-
ing that it is more plausible to assume that 'N, (r;E) de-
pends upon angular momentum than to assume that the
radius R, of "V,(r;E}depends upon energy.

We finally turn to a brief discussion of possible micro-
scopic interpretation of our findings. This discussion can
only be qualitative since there exists no reliable theoreti-
cal evaluation of the imaginary part of the mean field at
low energy. It is known empirically that at low energy
the imaginary part of the optical-model potential is
peaked at the nuclear surface. This demonstrates that at
low energy the single-particle degree of freedom is
predominantly coupled to the low-lying collective excita-
tions of the nuclear surface. This coupling is schemati-
cally represented by the diagrams of Fig. 21. In (a) the
incoming neutron n excites a collective vibration A,

' of the
Pb core and falls in an orbit labeled n', note that this

orbit can belong to the continuum. Graph (a) of Fig. 21
thus accounts for the imaginary part that arises from
direct inelastic scattering. This contribution has been
evaluated in Ref. 12 in the framework of a self-consistent
random-phase approximation based on Skyrme-type
effective interactions. The most important collective ex-
citations A,

' at low energy are the low-lying 3, 5, 2+,
and 4+ isoscalar levels in Pb. These have a transition
density that is approximately proportional to dp/dr,

n(

(a)

FIG. 21. Contributions of collective core excitations to the
mean field. In (a) an incident neutron with quantum numbers
generically denoted by n excites a collective mode A,

' of the core
and falls in an orbit with quantum numbers n'. In (b) this initial
step is followed by the excitation of another collective mode A,".
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where p(r) is the density distribution in the Pb ground
state. The contributions of these excited states to
%', (r;E) are roughly proportional to (dp/dr) [see Eq.
(9) of Ref. 12]; the density dependence of the effective in-
teraction pushes the absorption peak towards larger radi-
al distances but this peak remains quite narrow: the cal-
culated 'lV, (r;E) is peaked near 7.3 fm (r, =1.23 fm),
with a diffuseness a, =0.25 fm. ' This diffuseness slightly
increases with increasing neutron energy; ' this trend is
in keeping with one of our semiphenomenological
findings. It reflects the decreasing relative importance of
the first 3 excitation of Pb as the bombarding energy
increases.

The theoretical calculation of Ref. 12 underestimates
the absorption. At low energy, the processes that should
be blamed for this underestimate most probably corre-
spond to multiple excitations, of the type described by di-
agram (b) of Fig. 21. This type of absorption gives rise to
complicated intermediate states, i.e., essentially to com-
pound nucleus formation. It is important to notice that
in the contribution shown in Fig. 21 the interactions all
occur at the nuclear surface.

From this discussion, we conclude that at low energy
the absorption mainly arises from surface excitations of
the Pb core, and that at very low energies the excited
3 state at 2.6 MeV dominates, i.e., provides the main
doorway to the feeding of the compound nucleus. Note
that this would explain the trend that, at low energy, the
diffuseness a, of the surface absorption increases with en-

ergy as assumed in the WK model, since any combined
influence of several collective excitations would necessari-
ly broaden the surface absorption peak.

We now turn to the possible origin of the property that
the surface absorption depends upon the angular momen-
tum of the incident neutron, as in the models of Sec. IV.
Below 10 MeV the main contributing partial waves corre-
spond to the orbital angular momenta L =1-6. Indeed,
Fig. 19 of Ref. 2 shows that the partial waves with L =0
and with L & 6 only play a minor role.

The radial parts of the wave functions of these opera-
tive partial waves are represented in Fig. 22, for E =6.5

MeV. This energy has been shown because it is the one
for which the difference between the surface absorptions
for groups (b) and (c) is maximum (see, e.g., Fig. 13). Fig-
ure 22 shows that the wave functions of the dominant
partial waves of group (c), namely the d5/2 d3/2 g9/2,
and g7/2 wave functions, all present a node between 7.7
and 8.6 fm, i.e., within the radial domain where the core
surface vibrations can be excited. Note that this radial
domain lies beyond the nuclear surface because of the
density dependence of the effective particle-hole interac-
tion. ' Accordingly, these core vibrations cannot be
efficiently excited by the partial waves of group (c) for in-
cident neutrons with low energy, and the surface absorp-
tion is expected to be weak for these partial waves. This
is to be contrasted with the main partial waves of group
(b). Indeed, the p3/2 p]/p f7/2 and f~/z wave functions
tend to have antinodes in the radial domain where the
main wave functions of group (c) have nodes. " Hence it
appears plausible that they can more efficiently excite the
core surface vibrations. This would provide a qualitative
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FIG. 22. Radial parts of the scattering wave functions at 6.5
MeV as calculated from the volume-shaped (Woods-Saxon) real
mean field VH(r;E)+BV„(r;E) of Ref. 2 [see Eqs. (1.4a) and
(1.7')]. These wave functions are normalized to unit amplitude
at large distance. The lower drawing contains the wave func-
tions of group (b). The upper drawing gathers the main wave
functions of group (c) [we observed that the location of the
modes of the h wave functions near 11 fm move inwards by as
much as 1 fm when EV, (r;E) is included in the real mean field,
in contrast to the other modes which remain stable]. The
dashed curve represents the radial shape of the surface absorp-
tion at 6.5 MeV in the L-WKa, model of Sec. IV C (R, =7.52
fm, a, =0.454 fm).

"lV, (r, r';E) = g ')'V, (r, r', E)Y&M(r ) YLM(r '), (6.1a)
LM

and to assuming that

%', (r, r', E)=%V, (r; E)5(r r') . —(6.1b)

Here we omitted complications associated with spin. The
angular-momentum-dependent quantity %V, (r;E) fulfills
a dispersion relation, as is apparent from Eq. (9) of Ref.
12. The nonlocality associated with channel coupling
therefore does not affect the validity of the DR.

explanation for the property that, at low energy, the
strength of the surface absorption is on the average weak-
er for the partial waves of group (c) than for those of
group (b).

Finally, we note that a dependence of 'N, ( r;E) upon
angular momentum amounts to introducing a nonlocality
in the surface absorption. This type of nonlocality is as-
sociated with channel coupling rather than with ex-
change effects. ' Schematically, it amounts to expanding
the nonlocal potential in the form [see Eq. (8) of Ref. 12]
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In conclusion, we have shown that the dispersive
optical-model analysis yields detailed information on the
surface components of the n- Pb mean field at low ener-
gy. This has been possible because the differential cross
sections are sensitive to the radial shape of the surface
component of the real part of the mean field although this
component is quite weak. Our analysis provides support
for a model in which, below 10 MeV, the real and imagi-
nary surface components depend upon the angular
momentum of the incident neutron. Furthermore, the

diffuseness of the surface absorption appears to slightly
decrease with decreasing energy below 10 MeV.
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