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Comparison of the single-proton pickup reactions Ca("B,"C)"Kand "Ca("C,"N)"K at low
and high bombarding energies

C. F. Maguire, G. L. Bomar, A. V. Ramayya, and R. B.Piercey
Physics Department, Vanderbilt Uni Uersity, Nashville, Tennessee 37/35

: 'I

J. L. C. Ford, Jr., J.'Gomez del Campo, D. Shapira, and D. Hensley
Oak Ridge Nationa1 Laboratory, Oak Ridge, Tennessee 37830

{Received 26 December 1979; revised manuscript received 23 April 1980)

The single-proton pickup reactions "Ca("B,"C)"K and "Ca("C,"N)"K are found to produce qualitatively
different angular distributions when compared at similar bombarding energies. The surface transparent potential
invoked to explain the forward rise in the ' Ca("C,"N)"K differential cross section at 40 MeV is shown to be
inappropriate for the "Ca("B,"C)"K data analysis at 32 MeV incident energy. For the higher energy
measurements at 68 MeV, both systems produce oscillatory angular distributions, but in the former case the
distorted-wave Born approximation prediction is out of phase with the data, while in the latter it is exactly in
phase with the. data. The success of the distorted-wave Born approximation in predicting the magnitude of the
cross sections is also different in the two cases.

. NUCLEAB BEACTIONS Ca( 8, C), E=32 and 68 MeV; Ca( C, N), E=40
and 68 MeV; DWBA analysis of reactions; optical potential derived for elastic

s catter ing.

I. INTRODUCTION

Becent studies" of the "Ca("C,"N)"K (g.s. ,
2.53 MeV Q, = -0.779) reactions at incident ener-
gies of 40, 60, and 68 MeV have yielded experimen-
tal angular distributions which could not be readily
reproduced by standard distorted-wave Born-ap-
proximation (DWBA) calculations. At 40 MeV, as
shown in Fig. 1, the large forward angle enhance-
ment of the ground state differential cross section
is absent from the shape predicted using a conven-
tional volume absorption parametrization of the
optical potential. By introducing a shallow surface
absorption term effective outside a reduced region
of strong volume absorption, Baltz gt al. ,

' were
able to obtain a theoretical curve in good agree-
ment with their data. However, later measure-
ments at higher energies' revealed that the sur-
face-transparent description was no longer helpful,
and in fact, the oscillatory behavior of the experi-
mental angular distributions was almost exactly
out of phase with the predicted shapes calculated
from conventional optical potentials. That is, these
data were part of the class of "3=1 anomalous"
angular distributions. ' '

In order to determine the generality of the sur-
face-transparent concept, and also to determine if
the anomalous phasing persists in a more kine-
matically favored reaction we have studied the
'Ca("B "C)"K (g.s. , —', + 2. 53 MeV, —,";Q,=+7.628

MeV) reactions at 32 MeV and at 68 MeV incident
energies. At the lower energy, this system is at
nearly the same fractional height above the barrier
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FIG. 1. Angular distribution of the 4oCa(3C, N) ~K

(g.s.) reaction at 40 MeV incident energy (Bef. 1). The
dashed curve is the exact-finite-range (EFB) prediction
using the optical potential set 2(V= 33.4 MeV, W=18
MeV, rz, I ——1.27 fm, a~ I ——0.55 fm) of Bef. 1. The solid
curve is with set 2 except that W is 5.5 MeV. The dotted
curve is with set 2 except that W is 12 MeV and rI is
1.17 fm. .

as the 40 MeV "Ca("C,"N)"K experiment, while
at the higher energy the present reaction is much
closer to the optimum Q value. The Q-value dif-
ference between the two reactions affects not only
the distorted waves in a DWBA calculation, but
since it represents a tighter binding of the trans-
ferred nucleon in the ejectile in the ("B,"C) reac-
tion, the 4OCa("B, "C)"K study is also sensitive to
a more interior region of the form factor than in
the case of the 40Ca("C, '~N) reaction.
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II. EXPERIMENTAL PROCEDURE

The 32 MeV data were measured using the ORNL
EN tandem Van de Graaff with the reaction pro-
ducts being detected, at more backward angles, in
a position sensitive silicon surface barrier detec-
tor (PSD) masked by a 15 angle defining collima-
tor, and at more forward angles, in a dual cham-
ber, position -Ag, gas proportional counter located
at the focal plane of an Enge split-pole magnetic
spectrometer. The 15 collimator angle positions
were determined optically and their respective so-
lid angles measured using an & source and also by
scattering the beam off a gold target. The C
particle groups were gated by virtue of having the
highest energy at a given angle and elastic data
were taken simultaneously. The PSD was moved
three times with two overlap angles between each
position, and three overlap angles were also taken
with the magnetic spectrometer measurements.
Elastic scattering was measured into a lab angle
of 8', where for absolute normalization purposes
the cross section was assumed to be the Ruther-
ford cross reaction

The 68 MeV data employed the B beam from the
OBNL isochronous cyclotron with the ejectiles
being recorded in a similar counter at the focal
plane of an Elbek broad range magnetic spectro-
meter. Elastic scattering data were obtained into
a lab angle of 5 for which the cross section is pre-
dicted to be within 10% of the Hutherford value.
At both energies in the magnetic spectrometer
measurements a current integrator and a solid
state monitor detector at a fixed angle in the scat-
tering chamber were used to obtain the relative
normalization of the data.

III. ANALYSIS

The elastic scattering data at 32 MeV were used
to generate two optical model parameter sets, la-
beled A. and B in Table I, employing the search
code GENOA. ' Set A. was obtained using the pure
volume geometry and set 2 of Bef. 1 as a starting
point and letting all six parameters vary to fit the
data as seen in Fig. 2. The potential set B was
generated by using the shallow zeal, deep imagina-
ry potential ("818")developed by Cramer et al. '
for which the radii and diffuseness were kept fixed,
and the two depths were allowed to vary. The pa-
rameter set thus generated had an even smaller
real to imaginary ratio than did the original 818
set. For purposes of comparison the surface
transparent potential of Bef. 1 is listed in Table I
as C. The bound state geometry for the transfer
reaction calculations was the set BS-0 as given by
Low and Tamura' and also used in Ref. 1. The
reaction calculations were carried out using the
exact-finite-range DWBA code NICOLE ' which in-
cludes the Coulomb correction terms discussed
by DeVries et al.~o as being significant in proton
tran8fer reactions. The transfer reaction data
and predicted angular distributions are shown for
the two incident energies in Figs. 3, 5, and V. The
32 MeV data and comparison with the 40 MeV
"Ca( 'C, "N)"K data are discussed first.

jn Fig. 3 are shown the theoretical fits to these
data obtained by using the pure volume absorption
set Q in both the entrance and the exit channels.
Also shown are curves obtained with the more ab-
sorptive set C. The general shapes of the data are
fairly well reproduced although the finer details
are not. More seriously, the extracted spectro-

TABLE I. Optical model parameters used in analysis of Ca( B, C) and ( C, ~ N):

U(~) =V -V(1+e } —iW(1+e } +i%"D4aD (1+e )'dy

Set

a

(fm)
a~

(fm) (Me~
KQI

(fm) (fm)

D c

J3S-0

57.6
11.7
34.2

53.6
e

1.24
1.35
1.27

1.18
1.20

0.53
0.618
0.55

0.60
0.65

21.6
32.0
18.0
8'g =4.5
46.6

1.19
1.23
1.17
Q{j i+17
1.15

0.60
0.552
0.05
gD = 0.55
0.55

1.6
2.0

1.3

R =ra(AQ~~+Ag~ ) except for BS-0 where Rz REAP=
Reference 1.' Reference 11.
Reference 8.
Depth adjusted to fit the binding energy; a spin-orbit depth of 7 Me V is also present with

the same radius and diffuseness.
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FIG. 2. Elastic scattering data of 8 on, Ca at 32
MeV. The solid line is the optical model prediction
using set & of Table I. Fits using sets J3 or C would be
nearly indistinguishable.

Co("".8, " C) K ELAB= 32 Mev

10
I I I

Ca(3C, N) 3 K(g, s, &ps)

ELae 40 MeV

I I I

1

I

0.5E

Cg

0.2—

scopic factors as given in Table II are too high in
comparison with the light ion results and also with
those of the ("C,"N) reaction.

The original attempt at fitting the "Ca("C,' N)"K
(g.s.) data at 40 MeV was with a very shallow
(5.5 Me V) volume absorption term which predicted
the solid line curve of Fig. 1.. Subsequently this
approach was abandoned as it permitted unphysi-
cally large contributions from the interior of the
nucleus. A less drastic alteration of the imaginary
potential (W =12 MeV, r, =1.17 fm) significantly
improved the quality of the fits (dotted curve of
Fig. 1) while preserving more reasonable volume
absorption. The potential actually adopted by Baltz
et al. ' for their system, set C of Table I, gives the
curve shown in Fig. 4. When this surface trans-
parent potential is used for the 4cCa("B,"C)3'K
reaction, however, the resulting shape is unsatis-
factory as shown by the solid curve of Fig. 5. By
using potential set A. in the entrance channel and
set C in the exit channel, one obtains an improve-
ment (dashed curve of Fig. 5), but the fits are still
inferior to those shown in Fig. 3. It might be noted
that the exit channel 'C+ "K is at nearly the same
center of mass energy at 32 MeV as the entrance
channel ~'C+4cCa of'the 'Ca("C, '~N) reaction at
40 MeV, so one might have expected similar optical
potential descriptions of these channels.

For the 68 MeV data analysis we took the optical
potential parameter set developed by Glover et
a/. ,

"who analyzed "C+"K elastic scattering at
54 and 63 MeV. As shown in Fig. 6, the set re-
produces our B+~ca elastic data at 68 MeV. In
Fig. 7 are shown the angular distributions pre-
dicted for the 68 MeV 4cCa("B,"C)"Kreactions
with the use of the Glover optical potential set in
both the entrance and exit channels. The spectro-
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FIG. 3. Angular distributions of the Ca(» 8, ~ C) K
reaction to the ground and first excited states. The
solid curves are EFH fits using potential sets A of
Table I and the dashed curves are from potential set B.

FIG. 4. The same data as in Fig. 1 with the curve
being that generated by the surface transparent potential
C of Table I. As in Ref. 1 the exit channel imaginary
term is slightly altered (~'D-—0.3 MeV, ~&—-1,22 fm).



1100 C. F. MAGUIRE et cl. 22

TABLE II. Spectroscopic factors deduced from light- and heavy-ion induced proton pickup
reactions on 40Ca.

K level
Zx(Meg

(d, 'He)
82 MeV

(1.3C $4N)

40 MeV 50 MeV'
(iiB 42C) d

32 MeV 68 MeV

0.0
2.53
2.82

ld3/2

1f7(2

3.6
1.1
0.3

5.0 4.8
1.7

8.8 (8.2)
4.7 (3.7)

e

10.1'

1.8

' Beference 17.
Beference 1.' Reference 5.
Present work; assumed 2.85 for the (~~B, ~2C) spectroscopic factor from Ref. 18. Number

in parentheses is obtained using set B of Table I.
Not observed.
See the text for a discussion of the effect of the bound state radius parameter on these

values.

scopic factors thus extracted are given in Table
D. As at 32 MeV these strengths are larger than
obtained in previous measurements. In contrast
to the 60 and 68 MeV 4'Ca("C, "N)"K data, ' how-
ever, the phasing of the predicted shapes is gen-
erally in good agreement with the experimental
data. Furthermore, if the optical potential which
was used to analyze the higher energy ("C,"N)
reactions were used for these ("B,"C) data, the
predictions would not be substantially altered from
what is shown here.

IV. DISCUSSION

There are apparent qualitative differences be-
tween the two single-proton pickup reactions

('3C, ~~N) and ( 'B, '2C) at both low and high bom-
barding energies. These differences relate to the
success of the DWBA theory in reproducing the
shapes and magnitudes of the experimental data.
For ("C, '~N) one must resort to a surface trans-
parent potential at 40 MeV which then reproduces
the ground state transfer quite well, while at 68
MeV no optical will reproduce the observed shapes
but the magnitudes are still correctly given. For
("B,"C) transfers the shapes are as expected but
the theoretical yields are consistently underpre-
dicted.

As has been pointed out previously" an impor-
tant feature affecting the predicted magnitudes is
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FIG. 5. The Ca(~ B, ~ C) ground state reaction data.
The solid curve is calculated with optical potential set
C in the exit and entrance channels; the dashed curve
with set A in the entrance and set C in the exit channel.

FIG. 6. Elastic scattering data of ~B on C at 68
MeV. The curve is an optical model prediction made
with the use of set D of Table I.
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Of course, if the 1.25 fm bound state parameter
is used to analyze the 40 MeV ( 'C, '«N) data, then
the d,~, spectroscopic factor is changed from 5.0
to about 3.6 and then one is faced with a relatively
large energy dependent change in the ("C, '«N) de-
duced spectroscopic strengths, such a change not
being seen in the ("B,"C) induced reactions. Ac-
tually the situation is more complicated because of
the 40 MeV ("C,"N) data were analyzed by an ap-
proximate finite range program (SRC) (Ref. 13)
which does not include the Decries Coulomb cor-
rection terms" known now to change the magni-
tudes of the predicted cross sections by large
amounts in charge transfer reactions. These Cou-
lomb correction terms derive from the necessary
equivalence of the post and prior forms of the
transfer reaction interaction potential L p which in
the notation of Ref. 10 are given by

0.5

0.2

0.1

The post form is

AV —vb*(rbx) + VbA( brA)
—UbB(rb),

&V' = V;„(r,„)+ V', „(r,„)—U,', (r,),
while the prior form is

a V" = V„"„(r„„)+ V",„(r,„)—U,"„(r.),
~ V' = V'„„(r„„)+ V,'„(r„„)—U.'„(r.) .
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FIG. 7. Transfer reaction data for the 4 Ca( ~B, 2C)39K
reaction at an incident energy of 68 MeV. The curve is
a fit to the data made with an EFB prediction using opti-
cal potential set D.

the choice of the bound state geometry. %e have
found that by increasing this radius parameter
from 1.20 to 1.25 fm, we can systematically in-
crease the predicted yields by about 40%%uo and thus
decrease the extracted spectroscopic factors by a
corresponding amount. In this regard it might be
noted that in Ref. 1 the 40 Me V ("C,' N) data were
analyzed having the bound state radius parameter
as 1.20 fm while for the higher energy ("C,' N)

reactions the parameter was taken as 1.25 fm.
Hence the lack of consistency in extracted spectro-
scopic factors between~the higher energy ("C, '«N)

and ("8,'2C) experiments is largely, though not
completely, due to a different choice of bound state
geometry.

The reaction notation is A(a, b)B with g=b+~, II
=A. +x, and x being the transferred particle. The
superscript C refers to the Coulomb part and the
superscript N to the nuclear part of the interac-
tion, and U is the optical potential in either the exit
or the entrance channel. The Coulomb correction
terms are given by (3) or (5) and can be included
exactly while it is assumed that the exact (and un-
known) nuclear core-core term VN» and the nuclear
part of the optical potential U~ cancel out. Since
these correction terms are important" near the
Coulomb barrier, we have undertaken the complete
post-prior comparison of the 32 MeV ("B,"C)
and the 40 MeV (' C, '«N) reactions. The results
of that analysis are presented in Table III.

As expected the inclusion of the b, V terms has a
significant effect in the size of the predicted cross
sections, more so in the prior than in the post
calculations in line with the results of DeVries et
al." It is seen from Table III that in the ("B,"C)
reactions there is little remaining post-prior dis-
crepancy with the Coulomb correction terms in-
cluded. Somewhat unexpectedly, however, there
remains a substantially large discrepancy between
the post and prior results for the ("C,~«N) reac-
tions, most especially for the 2z,~, state which was
not recorded experimentally. We have established
that these discrepancies are related to the choice
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TABLE III. Post-prior comparisons of ( ~B, C) and ( C, N) reactions on Ca.

Reaction
Final
s tate

~@C
with or
without

Post
ox'

prior a+ total

Potential
set

(iiB 12C)

(f3C $4N)

(13C 14N)

g+
2

With

Without

With

Without

With

Without

Without

With

With

Post
Prior
Post
Prior
Post
Prior
Post
Prior
Post
Prior
Post
Prior
Post
Prior
Post
Prior
Post
Prior
Post
Prior

0.253
0.259
0.300
0.390
0.678
0.700
0.822
1.01
0.518
0.691
0.682
1.05
0.699
1.17
0.808
1.54
0.371
0.418
0.393
0.456

0.533
0.543
0.640
0.800
1.59
1.61
1.86
2.23
1.13
132
1.44
1.94
1.59
2.67
2.13
3.43
0.751
0.799
1.23
1.27

A
A
A
A
A
A
A
A
Cc
C
C
C
C
C
C
C
A
A
A
A

'Cross section in arbitrary units, with 8& for ( B, 2C) at 34' and Op for ( C, 4N) at40';
at, t,l is integrated differential cross section.

Potential set as given in Table I.
'As in Ref. 1 the N+ K optical potential was modified from set C given in Table I.

of the optical potential by repeating the ("C, N)
calculations with the "Boptical potential set A. and
the results of that analysis are also given in. Table
III. With the use of this optical potential set the
post-prior discrepancy for (~'C, '~N) is mostly
eliminated. An interpretation of these results is
that the surface transparent optical potential is not
a good representation of the exact core-core inter-
action V'» at least insofar as the evaluation of the
transfer reaction amplitude is concerned. Such an
interpretation is counter to the analysis presented
in Ref. 1. Qn the other hand, the use of the stan-
dard volume absorption set 4, while it does not
suffer a major post-prior discrepancy, will not
reproduce the angular distribution of ("C,"N) giv-
ing a shape like the dashed line in Fig. 1. The use
of set A. would also give a much larger spectro-
scopic factor than set C. We thus conclude that the
~oCa("C, ~~N}s9K reaction at 40 MeV is not weil un-
derstood and these data may well be related to the
anomalous behavior of this reaction at higher en-
ergies.

Regarding the analysis of the 68 MeV ("C "N}
angular distribution data, it has been suggested'
that the inclusion of a spin orbit term in the opti-
cal potential would substantially improve the theo-
retical fit. That analysis, however, was based on
a no-recoil approximation to the transition ampli-

tude, an approximation which is less trustworthy
for j, to j, (Ref. 15) transfers as is the case here.
In Fig. 8 we show a comparison of the no-recoil
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FIG. 8. The OCa( SC, t4N) K (g.s.) transfer reaction
data are from Ref. 2. The dashed curve is a no-recoil
finite range calculation including a spin-orbit coupling
potential obtained by Bayman et al. (Ref. 14). The solid
curve is the same calculation except that it treats recoil
exactly.
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and full-recoil predictions using the same optical
potentials including spin orbit. The exact calcula-
tion is still out of phase with the data and attempts
to bring it in phase with the data by changing the
value of the spin orbit depth were unsuccessful.
Of course, another choice of a spin-orbit optical
potential may be successful. This comparison
merely shows that any such conclusion must be
based on a full recoil calculation.

V. SUMMARY

The ~Ca(~~C, N) ~K and Ca( 8, C) reactions
have been compared at similar bombarding ener-
gies. The ("8,"C) reactions have angular distri-
butions which are reasonably well predicted by
the DWBA theory but have yields which can be ac-
counted for only by choosing a larger bound states
radius parameter than has been customary. The
spectroscopic factors thus extracted are consis-
tent between 32 and 68 MeV incident energy. The
surface transparent potential which mas used in

reproducing the 40 MeV ( C, N) reaction is un-
satisfactory for ("8,'2C) although the kinetic en-
ergies are comparable between these two systems.
A closer analysis of the lower energy ("C, ' N)
reaction with the surface transparent potential re-
veals a serious post-prior discrepancy not present
mhen standard volume absorption is used. Hence,
the "Ca("C,"N) reaction data appear to be anoma-
lous in shape at both lom and high bombarding en-
ergies. A coupled channels approach has been sug-
gested" for the explanation of the 68 MeV data,
and it mould be interesting to see if such a calcula-
tion mere also effective at 40 MeV incident energy
with a standard optical potential.
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