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The sensitivity of forward angle heavy-ion transfer calculations to the details of the imaginary optical

potential in the region of the nuclear surface is demonstrated. A phenomenological imaginary potential,

consisting of a deep volume term of sharp diffusivity and a shallow surface term of standard diffusivity,

is proposed and used in distorted-wave Born-approximation calculations to reproduce a variety of
angular distribution shapes. The proposed parametrization of the imaginary potential allows the region

of the nuclear surface to be transparent enough to produce large forward angle cross sections, seen

experimentally, and yet remain strongly enough absorbing in the nuclear interior to suppress unphysical

contributions from this region. Bound state configuration dependence of angular shapes, produced in

two-particle transfer calculations with weakly absorbing volume potentials, is shown to be removed by

the use of the proposed surface transparent potentials.

NUCLEAR REACTIONS DWl3A analysis of o'(8) for 40Ca('3C, ~4N), E =40 MeV;
OCa( sC 12C), E =40, 60, and 68 MeV. 4sCa(i4N &3C), E= 50 MeV. 60Ni(isP (60),
E =65 MeV; Ni( 0, F), E =65 MeV. Discussion of optical-model parameters

for such reactions.

I. INTRODUCTION

Forward angle cross sections of heavy-ion in-
duced transfer reactions are the subject of num-
erous recent studies (c.f. Refs. 1-10). At incident
energies sufficiently above the Coulomb barrier
these forward angle cross sections can be large,
and the angular position of the most forward peak
is dependent upon the transferred angular momen-
tum. ' ' ' lt has been demonstrated (see e.g., Refs.
1-4, 7) that the magnitude of these forward
cross sections is particularly sensitive to the ab-
sorptive potential at the nuclear surface. In many
cases it is possible to reproduce such forward
angle cross sections with DW'BA calculations using
weakly absorbing optical-model potentials with the
same Woods-Saxon geometry in the real and imag-
inary wells. These potentia1s also reproduce the
elastic scattering cross sections and the magnitude
and energy dependence (for a limited range of in-
cident energies) of single-nucleon transfer cross
sections. "'

However, angular distributions for reactions at
reasonably low energies (-1.5 times the barrier),
which have a well formed "bell-shaped" peak at
the grazing angle and large forward angle peaks,
are often difficult to reproduce using Woods-Saxon
wells of the same geometry. The use of different
geometries for the real and imaginary potentials
to fit data""'" is not new, but little justification
or discussion of the effects of such potentials has
been given. The present paper discusses the im-
portance of heavy-ion transfer angular distributions
in limiting the allowed shape of the imaginary po-

tential. The proposed potentials, "which are not
unique, but whose general features are required
by the data, consist of a strongly absorbing volume
part with a small diffusivity and a surface absorp-
tive potential with a more standard diffusivity. The
volume potential must be deep enough to effectively
exclude flux from the interior and yet reduced in
radius and sharp enough to allow surface pro-
cesses. The inclusion of the surface potential is
based on physical arguments and accounts for loss
of flux to quasielastic processes, which can ac-
count for a significant fraction of the total reaction
cross section. "'" Calculations using such poten-
tials reproduce the shape and magnitude of selected
one- and two-nucleon transfer angular distributions
as well as elastic scattering.

II, ANALYSIS

The distorted-wave Born-approximation (DWBA)
single-nucleon transfer cross section, o Dw8„(8),
calculated for the reactions(a, b)B is related to
the experimental stripping cross section o,„(8)
through spectroscopic factors

a. p(8) =NC'S, ~C's„eoD~~„(8) .

Differential cross sections for the single-nucleon
transfer studies discussed below were calculated
using the finite range DWBA code SRC." This code
includes the effects of recoil in a proper Taylor
series expansion" keeping terms to the second
order. Values assumed for the spectroscopic fac-
tors, taken from light-ion experimental measure-
ments'7 "or from theoretical calculation, "are
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TABLE I. Values of the spectroscopic factors
assumed in the analysis.

Case C2S Source

13 12Cg.s. Cg.s. +n
3C . .+p~14N

14 13
Ng~. Cg.s. +p

18O +p 19F
18p +p 19F

g.s. 0.11
18p +p 19F

g.S. 0 ~ 20
40Ca 39K +p
4oC ', +„41C
48Ca +p 49Sc

48Cag~. +p SC3 p8
~49

60Ni 59Co +p

0.77
0.69
0.69
0.30
0.12
0.42
4.0
0.80
1.0

0.60

6.0

ave. of "C(d,p)
theory
theory

"O('He, d)

0( He d)
«P(3He, d)
sum rule
4'Ca(d, p)

"Ca('He, d)
and (d, n)

4'Ca('He, d)
and (d, n)

ave. of Ni(t, n)
and (d, 3He)

17
22
22
18
18
18

19
20

20

21

40C (I3C l4N)39K

E&=40 MeV

I.O—
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E

b
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FIG. 1. Angular distribution of the Ca( 3C, 4N) tran-
sition to the ground state of 39K measured at an incident
energy of 40 MeV (from Hefs. 25 and 26). The dashed
curve, cal.culated using optical-model parameters (Set
2, Table II) derived from a fit to 40 MeV elastic scat-
tering of both 3C and N on 4 Ca, fails to reproduce the
large, rapidly varying experimental angul, ar shape at
forward angles. With the absorption reduced to W= 5.5
MeV in both entrance and exit channels, large cross
sections are predicted (solid curve) at forward angles;
however, the details of the oscil. lating yield still are
not reproduced.

given in Table I. A value of the normalization con-
stant N near one then indicates agreement between
the predicted and measured cross sections.

The "Ni("0, "0)sa¹cross sections were calcu-
lated using the two-nucleon transfer version" of
the finite range DWBA code RDHC. ' This code
calculates the two-nucleon transfer form factor
microscopically, but the effects of recoil are not
included.

III. DISCUSSIPN

A. 40 MeV Ca( C, N) K(g.s.) angular distribution

An angular distribution shape typical of those
difficult to reproduce by DWBA calculations using
conventional heavy-ion optical potentials is shown
in Fig. 1. It corresponds to the s'Ca("C, ' N)
transition to the "K ground state, J"=2', mea-
sured"' "at an incident energy of 40 MeV. A
large rapidly varying differential cross section is
observed at the most forward angles while smaller
amplitude oscillations, superimposed on a broad
peak, are observed near angles corresponding to
the classical grazing trajectory. Shown with the
data are DWBA calculations based on optical-mod-
el parameters having identical geometry for both
the real and imaginary potential wells. The dashed
curve represents calculations based on parameters
(Set 2 of Table II) which reproduce "C and "N
elastic scattering on 'Ca over a range of incident
energies. ' " This calculation reproduces neither
the large forward angle cross section nor the vari-
ation of the cross section as a function of angle. If
the imaginary potentials in both the entrance and
exit channels are reduced to R'=5.5 MeV, with the
other parameters unchanged, the forward angle
cross sections are strongly enhanced and strong
oscillations are predicted (solid curve in Fig. 1).
However, the oscillations of the curves based on
these weakly absorbing potentials are out of phase
with the data forward of 30'. The positions of these
peaks in the data agree much better with the maxi-
ma calculated using the more strongly absorbing
potentials.

The change in the angular positions of the for-
ward angle maxima is the result of contributions
from amplitudes corresponding to large nuclear
overlaps. Calculated angular distributions for the
"Ca("C, ' N)"K(g.s.) reaction (for W=5.5) as a
function of the lower radial cutoff radius, R, are
shown in Fig. 2, clearly indicating that contribu-
tions from the nuclear interior are present. In
fact, large contributions to the calculated forward
angle cross section come from separations of the
nuclear centers of less than 5 fm, causing the po-
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TABLE II. Optical-model parameters used in calculations:

1 . 1 . , d 1
U(r) = V —V " Wws 1 „+zWsD4a d 1c ] +ex 1+ex dr 1+e

where

r —Rx=
a

r +4's tr r +sD
aWS

Channel (M'.V) (fm)
a = asD Wws Wso &ws &sD aws

(fm) (Me V) (Me V) (fm) (fm) (fm)

13C ~ 40Ca Set 1
Set 2
Set 3

33.4
33.4
33.4

Ca( C, N) K Reaction
7.33 0.55 18
7.33 0.55 18
7.33 0.55 10

4 5 6.75 6.75 0.05
7.33 ' ' 0.55
7 33 ' 0 20

14N+ 39K Set 1
Set 2
Set 3

34.2
34.2
34.2

7.37
7.37
7.37

0.55
0.55
0.55

18
12
12

0.3 7.10 7.10 0.05
7 37 ' ' 0 55
6.70 0.20

4 Ca( C, 'C) 1Ca Reaction

"C+"Ca

"C+4'Ca

40 MeV 33.4
60 MeV 33.4
68 MeV 33.4

40 MeV 33.4
60 MeV 33.4
68 MeV 33.4

7.33
7.33
7.33

7.29
7.29
7.29

0.55
0.55
0.55

0.55
0.55
0.55

18
18
18

18
18
18

4.5
9.0
9.0

4.5
9.0
9.0

6.75 6.75 0.05
6.90 6.90 0.05
7.00 7.00 0.05

6.75 6.75 0.05
6.90 6.90 0.05
7.00 7.00 0.05

Ca( N, C) Sc Reaction

'4N+4'Ca
»C+ "Sc

70.0
70.0

7.47 0.50
7.33 0.50

18
18

8.0
8.0

7.00 7.00 0.05
7.00 7.00 0.05

60Nj (18Q 16O)62Nl Reaction

18O+60Nl

16p+ 62Ni

Set 1
Set 2

Set 1
Set 2

70
70

70
70

8.68
8.68

8.31
8.31

0.40
0.40

0.40
0.40

18
8

18
8

8.38 8.68 0.05
820 '' 0 50

8.01 8.31 0.05
820 '' 0 50

60Ni( O, F) 9Co Reaction

18p+ 60

19F+ 59Co
70
70

8.68
8.71

0.40
0.40

Bound state

18
18

8.38 8.68 0.05
840 871 005

4'Ca("C, '4N) "K '
Ca(13C, 12C)41Ca a

Other reactions ~

1.2A'~3 0.65
1.2A1~3 0.65
1.25A i 0.65

' The bound state well depths were adjusted to give the transferred nucleon the proper
binding energy.

sitions of the forward maxima to shift as the nu-
clear interior is included.

With the absorptive potential weak throughout the
nuclear volume, the lower partial waves have a
significant effect upon the cross section. In Fig.
3 the transition amplitudes, "

P, ", as a function of
the outgoing partial wave l are shown for the M = 1
normal and M =2 non-normal substates. The dif-
fraction pattern of the solid curve in Fig. 1 arises
from a beating of the contributions corresponding
to the two peaks in P,

" shown in Fig. 3. When the

first 15 partial waves are removed, the angular
positions of the maxima return to those calculated
using the strongly absorptive potential (see Fig.
4)

In addition to the desire to reproduce the phase
of the data, there is a strong theoretical prejudice
against allowing interior contributions to aone step
direct heavy-ion process. Large overlap of the two
ion densities surely implies that more complex pro-
cesses are dominant, and indeed the optical model
itself is no longer relevant. The absorption in the
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nuclear interior must be increased to reduce what
are clearly unphysical contributions; yet it is nec-
essary to maintain a weak absorption in the nu-
clear surface region to reproduce the large for-
ward angle cross sections observed in the
'Ca("C, "N)"K ground state transition (see Fig.
I) and elsewhere. Inevitably the imaginary well
depth must experience a sharp decrease in the
nuclear surface, as one passes from the deep in-
terior to the shallow exterior absorption. Within
the framework of one body optical potentials a
reasonable prescription is the introduction of an
imaginary part possessing two pieces: a volume
piece with a small diffusivity to simulate the
rapid surface change and a surface piece with a
diffusivity equal to that of the real potential. A
physical basis for such a potential shape is not
hard to find. At separations of projectile-target
centers implying large overlap of densities, vio-
lent compound reactions must be taking place which
destroy the identity of the entrance channel and
leave only a small probability for exit into simple
direct channels. The onset of such processes as
a function of the (decreasing) separation between
centers is likely to be sudden. On the other hand

exterior absorption will arise from those reactions

40C (
I5 l4~) &9KCa goS ~

FIG. 2. Calculated angul. ar distribution of the
OCa( C, 4N)39K~, cross section at an incident energy

of 40 MeV as a function of a lower cutoff on the radial
integration, Rpp for the optical-model parameter set
used to calculate the solid curve in Fig. 1. Large con-
tributions to the forward angle cross sections are ob-
tained well inside the channel radius.
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FIG. 3. Transition amplitudes, B~&+, corresponding
to the I= 1 substate of the normal L, = 1 and the I= 2

substate of the nonnormal I =2 Ca( 3C, '4N)~9Kg, tran-
sition. These amplitudes correspond to the calculation
whose angul. ar shape is shown as a solid curve in Fig. 1.
Large amplitudes are predicted for the low partial waves.

FIG. 4. Comparison of the calculated angular distri-
bution shown as a solid curve with the data in Fig. 1
with an identical. calculation (dashed curve labeled
LCO= 15), having the contributions of the lowest 14
partial waves removed (see Fig. 3).
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most probable at larger separation. These are
just the direct or quasielastic events which are
weaker and fall off with distance at a rate com-
parable to that seen in the tails of nuclear densi-
ties.

In practice we employ a Woods-Saxon volume po-
tential with a diffusivity a =0.05 fm (although as
we will point out a & 0.20 fm would produce similar
results), in combination with a surface derivative
Woods-Saxon piece possessing a = 0.55 fm. The

1.0— (p
Ip

Ip(p
Ip

40C (I~C, I+
N) 3K

I
i ip

tLJ
ip

4OC (l3 l4
)

39K
g. S.

I.O— ip

pIp )p

O. I
I

30

L9c ~ (de 9)

60

FIG. 6. Comparison of the measured 40 MeV
'OCa("C, "Nl "K,, angular distribution (Refs. 26 and 26)
with that calculated using optical potential. s having a
pure volume absorption with a small diffusivity (Set 3
of Table II).
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JD
E PI

4O
(

I3 I2
)

4I

g.S.

explicit form of these potentials and their param-
etrization is included in Table II (Set I).

Predictions based on such parameters are shown
in Fig. 5 for the "Ca("C, "N) and "Ca("C, "C)
transitions to the ground states of "K and 'Ca.

40 I3 I4 39
g.s.

I.O
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I
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NON NORMAL

L=2
M=2

O.I—

30
8 (deg)
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I

20 40
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FIG. 5. Comparison of measured (Refs. 25 and 26)
and calculated angul. ar distributions for the 40 MeV

Ca(BC, N)39K and OCa(3C, ~ C)4 Ca ground state tran-
sitions. The curves were calculated using the proposed
optical potentials (given as Set 1 of Table II) which are
nearly transparent near the nuclear surface and strongly
absorbing in the nuclear interior.

FIG. 7. Transition amplitudes, B~&, for the M=1
substate of the normal, L = 1 and the M = 2 substate of
the non-normal. , I = 2 Ca( ~C, N)~9K g.g. transitions cal-
culated using the proposed surface transparent potential. s
(Set 1 of Table II). The large amplitudes predicted for
low partial waves using weak absorptive potentials of
Woods-Saxon geometry (Fig. 3) are much reduced.
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The theoretical curves in Fig. 5 are normalized
by K= 1.25 for both the 'Ca(' C, ' N) K(g.s.) and
"Ca("C, "C)"Ca(g.s.) transitions. The spectro-
scopic factors assumed for such normalization are
given in Table I. The shape of the ("C, "C) angu-
lar distribution is well reproduced by these calcu-
lations. The general shape of the more structured
("C, "N) angular distribution is given, but the de-
tails of the most forward angle data still are not
completely reproduced. However, predictions
based on these potentials give a better description
of the forward angle ~OCa('sC, "N)"K(g.s.) data than
calculations using potentials with the same real
and imaginary Woods-Saxon geometry (see, e.g.,
Fig. 1).

Optical potentials with purely volume absorption
but small diffusivity also are able to reproduce the
general features of the "Ca("C, "N)"K ground
state transition at 40 MeV (see Fig. 6), and have
been used to fit other distributions at higher en-
ergies. ""'" Although it is generally possible to
fit a specific reaction at a single energy with this
type of potential, it seems preferable, on physical
grounds, to include a surface dissipation with a
standard diffusivity. This surface absorption also
proves to be very useful in accounting for the ob-
served increase with energy of the imaginary po-
tential. "

The "Ca("C, '4N)"K(g. s.) transition amplitudes,

P, ", calculated for the M = 1 normal and M =2
non-normal magnetic substates using the potentials
we propose are shown as a function of l in Fig. 7.
As a result of the stronger absorption in the nu-

clear interior, the larger contributions that were
observed for the small partial waves using the
weakly absorbing Woods-Saxon potentials (see Fig.
3) are greatly reduced in these calculations. In

Fig. 8 the 40 MeV ' C elastic scattering from Ca
predicted using these potentials is compared with

experimental data. Here, as elsewhere inthepaper,
the elastic scattering was not refitted with these
potentials, but the calculated elastic cross sec-

0.8—
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E

K
b 0.4—

0.0

l5

b
b

I.O—
~0

K
4J

Ld

LLJ 0
~o
CL

R (fm)
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O. l
I

50
8 (degj

60

FIG. 8. Comparison of measured (Befs. 25 and 26)
and calculated 40 MeV ~3C elastic scattering from Ca
using the proposed surface transparent potentials (Set 1
of Table II) that reproduce the transfer angular distribu-
tions (Fig. 5);

FIG. 9, (Top) predicted total cross section of the 40
MeV Ca( C, N) K ground state transition as a func-
tion of a lower cutoff on the radia1. integration in the
surface region for the proposed surface transparent
potentials. (Bottom) The radial shape of the real and

imaginary optical potentials also are shown for cozn-
parison. The largest contribution to the total cross
sections is from the region of the Rutherford radius.
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tions do not differ radically from the experimental
ones (see Fig. 8).

In Fig. 9 the calculated total cross section for
the "Ca("C, "N)"K ground state transition at an
incident energy of 40 MeV is shown as a function
of a lower cutoff in the radial integration. These
calculations used the surface transparent poten-
tials. For comparison, the real nuclear + Cou-
lomb and imaginary nuclear potentials in the "C
+ "Ca channel also are shown. It must be em-
phasized that the use of a radial cutoff is only heu-
ristic, but it does indicate for what radii large
contributions are obtained in the calculated cross
sections. The predicted cross sections corre-
sponding to radial cutoffs of &7 fm were nearly
identical both in magnitude and shape' to the cross
section calculated with no radial cutoff. This is in
sharp contrast to the weak Woods-Saxon imaginary
potential which also produced large forward angle
cross sections (Fig. I), but had significant contri-
butions from the nuclear interior (see Fig. 2). The
rise in the total cross section for cutoffs between
7 and 8 fm results from removing certain contri-
butions which caused cancellations in the total
cross section. The main contributions to the total
cross section are still obtained in the region of
the Rutherford (or barrier) radius, where nuclear
and Coulomb forces balance, though very weak po-
tentials are used in the region of the nuclear sur-
face.

10—
C ( C C)

g.S.

l
I

1

1.0—

tentials do not reproduce the details of the
OCa("C, '4N) reaction at higher energies. At 40

MeV the agreement between data and theory is
satisfactory while at 60 and 68 MeV the over-all
shape and magnitude of the angular distribution is
reproduced but the oscillations in the data are ex-
actly out of phase with the calculations. ' '"

The forward angle oscillating cross section pre-
dicted' for the ("0,"0) reactions on light even-
mass Ni targets recently has been established' as

B. Other data 10—

The volume plus surface potentials are successful
in reproducing cross section magnitudes, as well
as angular shapes varying from that typical of a
grazing collision to ones possessing rapid oscilla-
tions. The optical model parameters and spectro-
scopic factors for all cases considered are given
in Tables II and I, respectively. Other pertinent
information for these various transitions, e.g.,
transferred angular momentum, normalization
constants, incident energies, excitation energies,
etc. are collected in Table III.

The cross section of the "Ca("C, "C)"Ca ground
state transitions measured at incident energies of
60 and 68 MeV are observed' to oscillate as a func-
tion of angle. These angular shapes are compared
with the calculated cross sections in Fig. 10. An

energy dependence in the imaginary depth in the
surface region and a slight adjustment in the imag-
inary radius is needed to predict the change in the
angular shape and magnitude of the cross sections
for this transition between 40 and 68 MeV. (See
Fig. 5 for the comparison between predicted and
measured cross sections at 40 MeV incident ener-
gy. ) It should be noted, however, that these po-

68 MeV

1.0—

O. l

0
I I

20
8 {deg)

40

FIG. 10 Comparison of the experimental angular
distribution for the Ca( 3C, ~2C)4 Ca ground state tran-
sition at incident energies of 60 and 68 MeV (Befs. 3 and
28) with DWBA calculations using the proposed surface
transparent optical-model parameters given in Table II.
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TABLE III. Summary of transi 'sitions analyzed.

Reaction

Incident
energy
(Mev)

Final state

(Mev) (Me V)

Transferred L
Nor mal Non-nor mal

Nor maliz ation
N Figure b

H,ef.

40ca(13g 14N)3&g

40 Ca(13C 12C)41Ca

"Ca("N, "C)"Sc

60

50

0.0

0.0

0.0

0.0

0.0

7

2

7

2

7

2

-0.78

3.42

3.42

3.42

2.07

1.25

1.25

1.25

1.50

0.75

10

10

25

3.0850 -1.01

-1.54

0.75

6 Ni( 0 F) Co
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0.0 0+ 6.23 065
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TABLE IV. Two-neutron spectroscopic amplitudes
used in the 6 Ni(~ 0, Q)6 Ni(g. s.) calculations.

18p 16O & 6ONi -62Ni b

(2 s&~2) 0.450
(1d~yp) 0.893

(2p@2)2 0.795
(1f,],)' 0.991
(2pgg2) 0.395

' Reference 23.
Determined from pairing wave functions of Ref. 29.

60, 18 1

g.S.

l.0

absorption at the nuclear surface in order to re-
produce the oscillatory structure strongly suggests
the type of potential proposed here. The details of
the cross section are shown to be reproduced in
Fig. 11, using the potential (Set 1) in Table II.
These theoretical cross sections were calculated
using a proper two-particle form factor" and two-
neutron spectroscopic amplitudes from the litera-
ture"' ' given in Table IV. Such a calculation un-
derpredicts the magnitude of the cross section by
about a factor of 4. Although the effects of recoil
may significantly change the calculated absolute

cross section, "the angular shape should not be
appreciably affected. Nearly all of the shape de-
pendence on explicit single-particle configurations,
predicted" for the 6ONi("0, "0)"Ni(g.s.) transition
using potentials which were too weakly absorbing
in the nuclear interior, is removed in calculations
based on potentials which are still nearly surface
transparent but are deep in the nuclear interior
(see Fig. 12).

The angular shape of the "Ni("0, "F)"Co(g.s.)
cross section, "measured at the same incident
energy of 65 MeV as the "Ni("0, "O)6'Ni ground
state transition, is reproduced (see Fig. 13) using
"O optical parameters identical to those used in
the two-neutron transfer. The same parameters
also were used in the "F exit channel except that
the radii were scaled bye' '. The experimental
angular distributions contain unresolved particle
groups corresponding to "F in its ground state,
J'= ~"; 110 keV state, J'=2; and 197 keV state,

The predicted contributions for these
three states of "F scaled by the experimental
"0('He, d) spectroscopic factors" for the corre-
sponding final states of "F (see Table I) were
summed and are shown with the data in Fig. 13.
Calculations based on the proposed optical poten-
tials, therefore, reproduce the change in the an-
gular shape from rapidly oscillating forward angle
cross sections for the "Ni("0, "0)"¹(g.s.) tran-
sition (Fig. 11) to the shape characteristic of a
Coulomb dominated grazing collision for the

l0

48 (14 15 149

O.I

1 I

30
8 (deg)
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60
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FIG. 13. The angular shape, characteristic of a
Coulomb dominated grazing collision, corresponding
to the Ni(~ 0, 9F) transition to the ground state of 9Co
measured at an incident energy of 65 MeV (from Ref.
31) is reproduced using optical-model parameters
(Table II) similar to those which predict rapidly oscil-
lating angular shapes for the owi(&so 6O)6 Ni ground
state transitions (see Fig. 11). The ground, 110 keV,
and 197 keV states of IF were not resolved in the ex-
perimental data; therefore, the DWBA curve is the
sum of the predicted contributions for these states in
~F scaled by the corresponding experimental 0( He, d)

spectroscopic factors (see Ref. 18 and Table I).

„= 3,08 MeV

J = 3/2
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FIG 14. Comparison of the experimental angular
distributions for 4 Ca(4N, 3C) transitions to the ground
and 3.08 MeV excited states of 9Sc at an incident energy
of 50 MeV (Ref. 2) with DWBA predictions using the pro-
posed surface transparent optical-model parameters
given in Table II.
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' Ni("0, "F)'9Co reaction (Fig. 13) measured at
the same incident energy of 65 MeV.

Large forward angle cross sections have been
observed' for ~'Ca('4N, "C) transitions to the
ground and 3.08 MeV excited state of "Sc at an
incident ' N energy of 50 MeV. Angular distribu-
tions of these transitions are shown in Fig. 14.
The shapes and magnitudes of these transitions
are well reproduced using the potentials given in
Table I. These fits are equivalent to the original'
analysis of this data using weakly absorbing
Woods-Saxon potentials.
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C. Details of the potential

The shape of the volume Woods-Saxon plus sur-
face derivative imaginary potential proposed for
'SC+ ~'Ca (Set 1 of Table II) is compared in Fig.

15 with a pure Woods-Saxon shape (Set 2 of Table
II) that also reproduces the 40 MeV "C+«'Ca

elastic scattering data. ' Also shown is the sum
of the real nuclear and Coulomb potential. Using
a pure volume Woods-Saxon imaginary potential
with the same geometry as the real potential, it
has been impossible to fit the angular distribution
of the "Ca("C, "N) transition to the "K ground
state (see Fig. 1). The proposed imaginary poten-
tential is weaker than the pure volume form in the
nuclear surface region, but it is stronger in the
nuclear interior. The strong absorption in the
nuclear interior restricts the major contributions
for transfer reactions to the region of the nuclear
surface. The weaker absorption at the nuclear
surface allows the colliding nuclei to be affected
by the real nuclear potential, thus enhancing the
forward angle cross section. As we have indicated
in Sec. IIIA, if the volume Woods-Saxon imaginary
potential is weakened sufficiently to obtain large
forward angle cross sections then significant con-
tributions may be obtained from the nuclear in-
terior.

The sum of volume and surface derivative shapes
in the imaginary potentials possesses a significant
feature, a sharp dip at the radius where the
Woods-Saxon volume term becomes large. In
Fig. 16 calculations for the "Ca("C, "N)"K(g.s.)
angular distributions are compared using poten-
tials both with and without such a dip. Nearly no
difference is observed between the calculations
based on imaginary potentials with this dip and
those which are flat inside of the imaginary nu-
clear radius.

Only five parameters actually have been varied

lMAGINAR NS +SO

p I I I
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FIG. 15. Comparison of the volume Woods-Saxon
plus surface derivative ' C+ Ca imaginary potential.
(I.ower solid curve) given as optical-model Set 1 of
Table II with the imaginary part of the pure Woods-
Saxon potential (dashed curve) —Set 2 of Table II. Both
imaginary potentials together with the same real. poten-
tial (shown summed with the Coulomb potential as the
upper solid curve) reproduce the 40 MeV ~~C elastic
scattering on Ca. Different transfer angular shapes,
however, are predicted for the 4 Ca( C, 4N)3~Kg. , tran-
sition using such potentials (compare the dashed curve
of Fig. 1. with the curve of Fig. 5).

I

RADIuS (tm)
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FIG. 16. Comparison of angular shapes (right) cor-
responding to the Ca(~~C, N)~~K ground state transi-
tion at an incident energy of 40 MeV for the ~C+ C
imaginary potential shapes shown (left), demonstrating
that these cross sections are insensitive to the sharp
dip in the imaginary potential labeled 1. The imaginary
potential labeled 1 corresponds to parameter Set 1 given
in Tabl. e II.
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to obtain the "fits" shown for these reactions:
the real depth, radius, and diffusivity, an imag-
inary radius and the surface imaginary depth. The
depth of the Woods-Saxon part of the imaginary
potential has been fixed at about 18 MeV, a value
sufficiently large to remove the contribution from
the nuclear interior. Equal radii are used in the
two portions ot the imaginary well (except for the
"Ni+ "0 induced cases where the imaginary sur-
face radius arbitrarily was set equal to the real
well radius). The diffusivities of the volume and
surface derivative parts of the imaginary well
have been fixed as a~s =0.05 fm and asD =a„„in
these calculations. The calculated transfer and
elastic angular distributions are relatively insen-
sitive (except at very large angles) to sizeable
changes in the depth and diffusivity of the Woods-
Saxon part of the imaginary potential so long as
this potential is "deep" and has a "sharp" surface.
To demonstrate the insensitivity of the calculation
to this sharp diffuseness Fig. 17 shows calcula-
tions for diffusivities of 0.05, 0.1, and 0.2 in which
only the imaginary radius has been changed to re-
produce the cross section. It is clear that it would
be very difficult to distinguish between these cal-
culations of the transfer cross section based on the
existing data. However, a significant difference is
predicted in the large angle elastic scattering (Fig.
18), the smallest diffusivities presumably produc-
ing more reflection in lower partial waves.

IV. CONCLUSIONS

Certain angular distribution shapes for reason-
ably low energy heavy-ion induced transfer reac-
tions having both large cross sections at extreme
forward angles, and a well formed "bell-shaped"
peak at the "grazing" angle are often difficult to
reproduce using optical-model potentials with the
same Woods-Saxon geometry for both real and
imaginary parts of the optical-model potentials.
To reproduce such shapes it is necessary to use
potentials that are very strongly absorbing in the
nuclear interior but are almost transparent near
the nuclear surface. A parametrization of such
an imaginary potential which is convenient to use
and is successful in reproducing both elastic scat-
tering and transfer cross sections is the sum of
a deep Woods-Saxon well with a small diffusivity
and a shallow surface derivative potential with a
diffusivity characteristic of the nuclear matter.
distribution near the nuclear surface. A similar
parametrization for other reactions reproduces
both bell-shaped angular distributions character-
istic of a grazing collision and rapidly oscillating
angular shapes that are observed for higher inci-
dent energies. The suggested parametrization
seems to be a reasonable one which incorporates
the desired exterior and interior features and has
a form compatible with existing DWBA and opti-
cal-model search codes. However, one could

I.O 7 l0.0

40CQ(l3C l4N) 39K — — 40Ca(l3C l2C) 4ICG

I

Io'
) I

l3C 40

E
0 l
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I I I l & & l 0
0 30 60 0 30 60

FIG. 17. Comparison of predicted 4 Ca( 3C, ~ N)3~Kg,
and Ca( ~C, C) Cag, angular shapes (at 40 MeV inci-
dent energy) for various diffusivities in the volume
part of the imaginary potential. . The solid curves,
shown with the data in Fig. 5, correspond to parameter
Set 1 of Table II having a~, = 0.05 fm. The I.ong dashed
and short dashed curves correspond to a~, = 0.10 and
0.20 fm, respectively. The imaginary radius in the

N channel has been changed to maximize the ( ~C, N)
forward angl. e cross section in these calculations (6.95
fm for a~, = 0.10 fm and 6.85 fm for a~, = 0.20 fm) .

-4
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FIG. 18. Comparison of 40 MeV elastic C scattering
on 4 Ca, calculated using parameter Set 1 in Table II
with a~, = 0.05 fm (solid curve), 0.10 fm (long dashed
curve), and 0.20 fm (short dashed curve). See Fig. 17
for similar comparison on transfer cross sections.
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perhaps "draw" a better imaginary potential with
these features and without the dip shown in Fig.
15.

The division of absorption into two parts has
another distinct advantage. Changes in absorption
with energy and channel may be incorporated into
the surface depth while leaving the volume depth
fixed. One expects such changes to arise more
noticeably in the quasielastic connected dissipa-
tion, and has in fact been able to describe ob-
served effects in this way. ' ' ' In the present
work, for example, the surface depth varies
strongly between "C + ~'Ca and '~N+ "K and shows
some signs of increasing with energy.

Such potentials may have a physical basis with,
as we have indicated, the two pieces of absorption
almost certainly arising from different processes—compound processes dominating the interior
and quasielastic processes important in the region
of the nuclear surface. A sharp increase in the
absorption might then be expected at the radius
where compound processes become important.
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