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Angular distributions of the differential cross section for the 3C(d,p)'*C reaction at 200-350 keV deuteron
energies have been calculated using the finite range distorted wave Born approximation (DWBA) model and
have been compared with the experimental data. Optical model parameters data used in the present DWBA
model calculations, was taken from previous normalized zero-range DWBA calculations for the '*C(d,p)“C
reaction at 410-810 keV deuteron energies. There is good agreement between the finite range DWBA model
calculations and the experimental *3C(d,p)'*C cross section data at 200-350 keV deuteron energies. For the
sake of comparison, the angular distributions were also calculated using the zero-range DWBA approximation.
It was observed that the differential cross section obtained from normalized zero-range calculations over
200-350 keV deuteron energies was about 30-40 % smaller than that obtained from finite range calculations.
The study has shown that the '*C(d,p)'*C reaction at such low deuteron energies still proceed through the

Distorted wave Born approximation fit to 1>C(d,p)!*C cross section data at E ;=200—350 keV

direct reaction channel and can be explained using the finite-range DWBA model.
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L. INTRODUCTION

Deuteron stripping reactions are highly selective and
strongly populate states in the residual nucleus by simply
adding a neutron to the ground state of the target nucleus
[i-5]. The distorted wave Born approximation (DWBA)
model has been successfully used in predicting the correct
cross section for deuteron stripping reactions using zero-
range as well as finite-range approximations [2-5]. Although
the zero-range approximation is inaccurate in treating the
contributions from reactions occurring inside the nucleus [4],
it has been successfully used to predict cross section for high
Q-value (d, p) reactions where DWBA calculations are sen-
sitive to the interior wave function of the projectile. Gener-
ally this is done using normalized zero-range DWBA calcu-
lations [2] where normalization factor for such calculations
depends upon the reaction kinematics. An exact treatment of
such reactions can be obtained using finite-range DWBA cal-
culations.

Previously cross section data of low as well as high
Q-valued reactions such as 12C(d,p)”C, l3C(zi,p)""C,
1BC(d,t)C, and *C(d, @) "'B at E;=410-810 keV have
been analyzed using normalized zero-range DWBA approxi-
mation [2]. Although there was a good agreement between
the normalized zero-range DWBA calculations and experi-
mental cross section data of l2C(d,p)”C and l3C(zi,p)""C
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Ref. [2] and fit it with finite range DWBA model calcula-
tions.

A study has been undertaken at the 350 keV accelerator of
King Fahd University of Petroleum and Minerals, Dhahran,
Saudi Arabia in which an experimental cross section of
l3C(d,p)"‘C cross sections were measured over 200-350
keV deuteron energies [1] to investigate the reported dis-
agreement [2]. In the present study *C(d,p)'*C cross sec-
tion data [1] has been fitted with finite range DWBA calcu-
lations. Results of DWBA fit to *C(d, p)MC cross section
data are presented in this paper.

I. ANGULAR DISTRIBUTIONS
OF THE C(d,p)*C REACTION

The experimental setup and procedure used to measure
the cross section of the 1*C(d,p) '“C reaction has been pub-
lished in detail elsewhere [1,6,7]. For the sake of continuity,
it will be described briefly here. The differential cross section
of l3C(d,p) 14C was measured at the scattering chamber of
the 80° beam line of the 350 kV accelerator [8]. Prior to the
measurements, the beam energy of the accelerator was cali-
brated using 224 and 340 keV resonance of the

TABLE I. Experimental and calculated total cross sections of
the '*C(d,p)"*C reaction.

rc?actions but the normalized zero-range DWBA calcylations E, e Uﬁ';i(l':;b) . U'i‘]";i(l’:;b)

d1dl ?ot procligce a g(;;)d fit to exBenmentfll cross section data (keV) (ub) V=795MeV x> V=800MeV

of “C(d,t) “C and “C(d,aq,)" B reactions [2]. It is known

that normalized zero-range DWBA calculations predict (d, p) 350 453+25 448.1 10 4334 7

cross section nearly identical to those of an exact finite range 335 328+21 343.7 11 3322 8

calculations [2]. In order to verify this fact and investigate 310 20016 211.1 7l 203.9 5

the reported discrepancy in Ref. [2], it was worthwhile to 290 140+ 14 136.3 5 131.5 4

measure cross section data at or near the deuteron energies of 270 87+10 83.6 5 80.6 4
250 50+9 482 4 465 3
200 8+4 84 2 8.1 2
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TABLE II. Optical model parameters used in the present study.
They were taken from Ref. [2].

OMP " Entrance Exit
parameters channel channel
V (MeV) 79.50 51.50
r (fm) 1.25 1.30
a (fm) 0.80 0.34
W (MeV) 10.00 19.20
r,, (fm) 1.25 1.30
a,, (fm) 0.80 0.125
Ve (MeV) 6.00 6.00
r (fm) 1.25 1.30
a, (fm) 0.80 0.34
r. (fm) 1.25 1.25

YF(p,ay)'®0 nuclear reaction. The cross sections were
measured using eight silicon surface barrier detectors, each
with 300 um thickness and 100 mm? effective area. In this
study 30 ug/cm’ thick enriched '3C foils were used as tar-
gets. The foils were supplied by the Atomic Energy of
Canada Limited, Chalk River, Canada. For the deuteron
beam flux calculation, the beam transmitted through the tar-
get foil was measured at an electrically suppressed Faraday
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FIG. 1. Angular distributions of the differential cross section for
the '*C(d,p)"*C reaction at 290-350 keV deuteron energies. The
dashed and solid curves are the results of the finite range DWBA
calculations.
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FIG. 2. Angular distributions of differential cross section for the
13C(d,p)"*C reaction at 200-270 keV deuteron energies. The
dashed and solid curves are the results of the finite range DWBA
calculations.

cup and was integrated using an electronics module.

The excitation functions of the 3C(d,p)'*C reaction were
measured over 200-350 keV deuteron energies in 10 keV
steps at eight angles, namely, 30°, 48°, 66°, 90°, 110°, 128°,
146°, and 164°. The statistical uncertainties in excitation
functions were 2 to 6 %. The excitation functions are struc-
tureless and have a smooth increasing trend with deuteron
energy. The angular distributions of the *C(d,p) '*C reaction
were measured at 200, 250, 270, 290, 310, 335, and 350 keV
deuteron energies. The angular distributions are forward
peaked with a minimum cross section around 120°. For all
angular distributions, the cross section at 30° is almost 10
times larger than that at about 120°-130°. Within statistical
uncertainties, all the angular distributions showed a smooth
trend and had no structure. The total uncertainties in angular
distributions above 250 keV energy varied from 6 to 10 %
while below 250 keV they were 10 to 30 %. The shape of the
excitation functions and angular distributions measured in
the present work are consistent with the data of Putt [2].

The total cross section of the l3C(d,p)"‘C reaction was
calculated from Legendre polynomials fit to angular distribu-
tion data and is listed in Table I. The uncertainties shown in
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FIG. 3. Angular distributions of differential cross section for the
13C(d,p)"“C reaction at 350 keV deuteron energy. The dashed and
solid curves are the results of finite range DWBA calculations using
a real potential of 79.5 and 80 MeV, respectively.
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FIG. 4. Angular distributions of the differential cross for the
13C(d,p)"C reaction at 310 keV deuteron energy. The dashed and
solid curves are the results of the finite range DWBA calculations
using a real potential of 79.5 and 80 MeV, respectively.
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FIG. 5. Angular distributions of differential cross section for the
C(d,p)"*C reaction at 200 keV deuteron energy. The dashed and
solid curves are the results of finite range DWBA calculations using
a real potential of 79.5 and 80 MeV, respectively.

the total cross section were calculated from uncertainty in
values of coefficients of the Legendre polynomial fit.

III. FINITE-RANGE DWBA ANALYSIS OF THE *C(d,p)C
CROSS SECTION

The finite range DWBA model of direct reaction was used
to analyze angular distribution data of the *C(d,p)'*C reac-
tion. The compound nucleus contribution in *C(d, p)'*C re-
action data at 200-350 keV deuteron energies were obtained
from extrapolation of Putt’s compound nucleus data [2]
down to 200-350 keV deuteron energies. The estimated
compound nucleus contributions at these deuteron energies
were smaller than the experimental uncertainties in this data
and therefore were ignored.

The finite-range DWBA calculations to fit l3C(d,p)mC
reaction cross section data were carried out using the finite-
range DWBA code TWOFNR [9]. The code is a finite range
version of a zero range DWBA code TWOSTP and it contains
all the functions to calculate the finite-range form factor. The
TWOSTP code was written to calculate differential scattering
cross section for general form of the distorted wave Born
approximation up to second order using the zero-range ap-
proximation. Therefore one-step and two-step processes of
the reaction can be calculated using the TWOSTP program.
For this code the incoming and outgoing waves may be in
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FIG. 6. Angular distributions of the differential cross section for
the '3C(d,p)'*C reaction at 410 keV deuteron energy. The dashed
and solid curves are the results of zero-range DWBA calculations
by Putt and those obtained in this study by using the TWOENR code.

any combination of spin-0, spin-3, or spin-1 particles. In
the TWOSTP code, calculations are performed in a zero-
range form factor between the coordinates of prior and
post channels waves. The angular momentum algebra
used in this program is almost similar to that of Satchler
[10,11]. The TWOFNR code has been successfully used
in finite range DWBA analysis of transfer reaction data
such as 338Ar(d,e)33Cl [12], *8Ni(d,a)%Co [13],
31p(d, 3He)?°Si [14], and 3'P(d,r)*P [14]. In these calcula-
tions even D-state effects of triton and particles were also
included. In very light nuclei D states are sensitive to details
of the nucleon-nucleon tensor interaction.

In the present analysis of the '*C(d,p)'*C reaction cross
section, finite range DWBA calculations were carried out
using the TWOFNR code. The wave functions of light and
heavy bound systems were assumed to be of Wood-Saxon
type. The depth of the binding potential for light and heavy
bound systems were searched by the code for a given bind-
ing energy, potential radius, and diffuseness parameters. Val-
ues of potential depth were taken which reproduce correct
binding energy for the light and heavy bound systems. For
angular momentum transfer calculations the stripped neutron
was assumed to be in the 1s state and was captured in the 1p
state. The depth of the interaction potential was assumed to
be the same as that of the light bound system.
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FIG. 7. Angular distributions of the differential cross section for
the '*C(d,p)"C reaction at 350 keV deuteron energy. The dashed
and solid curves are the results of zero-range and finite-range
DWBA calculations obtained in this study by using the TWOFNR
code.

The deuteron energies used in the present study were
close to the 410-810 keV energy used by Putt [2]. Due to
small energy difference between the present data set and Putt
data set, it was assumed that present data can be analyzed
using the same optical model parameters as used by Putt [2].
Also the value of the spectroscopic factor was taken from
Ref. [2]. The finite-range DWBA analysis of the
B, D) 14C reaction at 200-350 keV deuteron energies was
carried out using the OMP parameters of Putt [2] data listed
in Table II. The form of the potential used in this study with
the TWOFNR code is given by

2
=—{VJ<R)(r)+zWaf“)(r)}+2( ) %di
|3
3——|z r<R,
- RC
X{VfBII-5)+
Ze2, r>R,

where R and ] are real and imaginary parts, V., W, and V
are the real, imaginary, and spin-orbit well depths of optical
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FIG. 8. Angular distributions of differential cross section for the
C(d,p)"*C reaction at 290 keV deuteron energy. The dashed and
solid curves are the results of zero-range and finite-range DWBA
calculations obtained in this study by using the TWOFNR code.

potential, R and r are radius parameters, and R defines Cou-
lomb radius. The f’s are associated form factors given as

1
1+expl(r—Rg)/a,]’

f®(r)=

f'f;l)(r)=(l _Csd) 1+exp[(r—Rl)/ai]

I'—RR 1
1+exp[(r—R,)/a,]’

+4C,, exp(

i

1
1 +exp[(r—RSR)/asr] '

£ =
where
R.=r.m T1/3, r.>0,
R.=|rd(mr'P+m,'P), r.<o.

C,, is the mixing factor of volume and surface imaginary
wells.
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FIG. 9. Angular distributions of the differential cross section for
the "*C(d,p)"*C reaction at 250 keV deuteron energy. The dashed
and solid curves are the results of zero-range and finite-range
DWBA calculations obtained in this study by using the TWOFNR
code.

The angular distributions of the differential cross section
as well as a total cross section was calculated for the
13C(d,p)"‘C reaction at 200 to 350 keV deuteron energies
using the finite range DWBA approximation. The total cross
section is listed in Table I along with the experimental total
cross section obtained in this study. Within statistical uncer-
tainties, there is good agreement between the experimental
and calculated total cross sections for the *C(d, p) 4C reac-
tion at 200-350 keV deuteron energies. Also

Figures 1 and 2 show experimental as well as calculated
angular distributions of the differential cross section for the
B3C(d,p)'C reaction at 200 to 350 keV deuteron energies.
There is good agreement between the calculated and experi-
mental angular distributions at forward angles. At backward
angles, i.e., angles greater than 120°, the DWBA model pre-
dicts a slightly lower cross section than the experimental
cross section. Similar trends were also observed by Putt in
the comparison of the normalized zero-range DWBA cross
section calculations and the experimental differential cross
sections for the *C(d,p)"“C reaction at 410-810 keV deu-
teron energies [2].
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FIG. 10. Angular distributions of the differential cross section
for the '3C(d,p)'C reaction at 200 keV deuteron energy. The
dashed and solid curves are the results of zero-range and finite-
range DWBA calculations obtained in this study by using the
TWOFNR code.

The angular distributions of the differential cross section
for the 1*C(d, D) 14C reaction calculated at the lower deuteron
energy have better agreement with the experimental data.
Furthermore if the depth of the real potential in the entrance
channel is slight adjusted, even better agreement is achieved
between the experimental and calculated angular distribution
of the differential cross section for '3C(d, p) 14C reaction. An
increase of 0.5 MeV in the depth of the real potential has
improved the DWBA fit to experimental angular distribu-
tions over 200-350 keV deuteron energies, as shown in Fig.
3-5. The total cross section of the '*C(d,p)'*C reaction at
200 to 350 keV deuteron energies obtained in the DWBA
calculations using V=80.0 MeV is also listed in Table I
along with x> values. The calculated total cross section over
200 to 350 keV deuteron energies for V=280 MeV still agree
within statistical uncertainties with experimental values. The
value of x> has improved and it indicates a better fit to an-
gular distribution. This is clearly shown in Figs. 3-5. For the
sake of comparison, the DWBA fit to the angular distribution
with V=79.5 MeV has also been plotted in the Fig. 3-5.

The comparison of the two DWBA fits for V=79.5 and
V=280 MeV to the experimental angular distribution of the
13¢C(d,p)"C reaction at 350 keV, presented in Fig. 3 shows
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FIG. 11. Percentage deviation of the finite-range differential
cross section from the zero-range differential cross section for the
BC(d,p)"*C reaction at 200-350 keV deuteron energy.

an improved fit to the experimental angular distribution at
forward angles around 60°-90° as well as at backward
angles around 120°~150°. The same is also true for Fig. 4
which show the two DWBA fits for V=79.5 and V
=80 MeV to an experimental angular distribution of
13C(d,p)'*C reactions at 310 keV. Also there is an improve-
ment in the DWBA fit to the experimental angular distribu-
tion at 200 keV for V=80 MeV but only at forward angles.
At backward angles, there is a better DWBA fit to the 200
keV angular distribution for V="79.5. This might be due to
the decreasing direct reaction cross section at this energy and
flattening of the angular distribution at backward angles.

IV. ZERO-RANGE DWBA ANALYSIS
OF THE BC(d,p)'“C CROSS SECTION

It was stated earlier that zero-range DWBA calculations
with a proper normalization constant may reproduce the re-
sults of a finite-range DWBA calculations [1]. Putt had cal-
culated angular distributions of differential cross section for
the 1*C(d,p)"C reaction at 410-810 keV deuteron energies
and compared with the experimental data. He found a good
agreement between the calculations and the experimental
data using a normalization constant of 2.38. It was worth
investigating that normalized zero-range DWBA calculations
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FIG. 10. Angular distributions of the differential cross section
for the '3C(d,p)'“C reaction at 200 keV deuteron energy. The
dashed and solid curves are the results of zero-range and finite-
range DWBA calculations obtained in this study by using the
TWOFNR code.

The angular distributions of the differential cross section
for the '3C(d,p)"*C reaction calculated at the lower deuteron
energy have better agreement with the experimental data.
Furthermore if the depth of the real potential in the entrance
channel is slight adjusted, even better agreement is achieved
between the experimental and calculated angular distribution
of the differential cross section for 3C(d, D) 14C reaction. An
increase of 0.5 MeV in the depth of the real potential has
improved the DWBA fit to experimental angular distribu-
tions over 200-350 keV deuteron energies, as shown in Fig.
3-5. The total cross section of the nC(d,p)MC reaction at
200 to 350 keV deuteron energies obtained in the DWBA
calculations using V=80.0 MeV is also listed in Table I
along with x> values. The calculated total cross section over
200 to 350 keV deuteron energies for V=280 MeV still agree
within statistical uncertainties with experimental values. The
value of y? has improved and it indicates a better fit to an-
gular distribution. This is clearly shown in Figs. 3-5. For the
sake of comparison, the DWBA fit to the angular distribution
with V=79.5 MeV has also been plotted in the Fig. 3-5.

The comparison of the two DWBA fits for V=79.5 and
V=280 MeV to the experimental angular distribution of the
BC(d,p)"C reaction at 350 keV, presented in Fig. 3 shows
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FIG. 11. Percentage deviation of the finite-range differential
cross section from the zero-range differential cross section for the
BC(d,p)"C reaction at 200-350 keV deuteron energy.

an improved fit to the experimental angular distribution at
forward angles around 60°-90° as well as at backward
angles around 120°-150°. The same is also true for Fig. 4
which show the two DWBA fits for V=79.5 and V
=80MeV to an experimental angular distribution of
13C(d,p)"C reactions at 310 keV. Also there is an improve-
ment in the DWBA fit to the experimental angular distribu-
tion at 200 keV for V=280 MeV but only at forward angles.
At backward angles, there is a better DWBA fit to the 200
keV angular distribution for V=79.5. This might be due to
the decreasing direct reaction cross section at this energy and
flattening of the angular distribution at backward angles.

IV. ZERO-RANGE DWBA ANALYSIS
OF THE C(d,p)*C CROSS SECTION

It was stated earlier that zero-range DWBA calculations
with a proper normalization constant may reproduce the re-
sults of a finite-range DWBA calculations [1]. Putt had cal-
culated angular distributions of differential cross section for
the *C(d, p)'C reaction at 410-810 keV deuteron energies
and compared with the experimental data. He found a good
agreement betwesn the calculations and the experimental
data using a normalization constant of 2.38. It was worth
investigating that normalized zero-range DWBA calculations
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may still fit angular distributions of differential cross section
for B3C(d, p) YC reaction measured at 200—350 keV deuteron
energies.

For the reproducibility check, angular distributions of the
differential cross section for the *C(d,p)'C reaction was
calculated at 410 keV deuteron energy using the TWOFNR
code and was compared with the zero-range calculations of
Putt. With a normalization constant of 2.38, the results of a
zero-range calculation by TWOFNR is in good agreement with
the zero-range calculations of Putt. This is clearly shown in
Fig. 6. Then angular distributions of the differential cross
section for the 1*C(d,p)*C reaction were calculated at 200
350 keV deuteron energies using a zero-range DWBA ap-
proximation. The results of these calculations at 200, 250,
290, and 350 keV deuteron energies are shown in Figs.
7-10. Angular distributions of differential cross sections for
the *C(d,p) 'C reaction generated by the finite range calcu-
lations are also superimposed on the zero-range calculation
results. A comparison of finite-range and zero-range cross
section data at 200, 250, 290, and 350 keV deuteron energies
show that the zero-range calculations underestimates the dif-
ferential cross section at all angles by energies. Figure 11
shows the percentage deviation of a zero-range cross section
from the finite range cross section for the *C(d,p)!*C reac-
tion as a function of c.m. angles at 200, 250, 290, and 350
keV deuteron energy. Below the 100° c.m. angle there is a
constant deviation but at angles larger than 100° the devia-
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tion varies between 30-40 % depending upon the deuteron
energy. This larger deviation at backward angles is due to a
change in angular distribution shape at backward angles for a
finite range calculation at higher deuteron energies.

V. CONCLUSION

The results of the present study has provided a finite-
range DWBA fit to C(d,p)*C cross section data at 200—
350 keV deuteron energies. The good agreement between the
experimental data and the calculations indicates that the high
Q value BC(d,p)"*C reactions at E ;= 200-350 keV energy
can still be described quantitatively by the finite-range
DWBA model. For the sake of comparison, the angular dis-
tribution of the differential cross section for the ‘3C(d,p) l4c
reaction at 200, 250, 290, and 350 keV deuteron energies
were also calculated using the zero-range DWBA approxi-
mation. It was observed that the zero-range calculation un-
derestimates the cross section at all angles by 30-40 % over
200-350 keV deuterons energy range.
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