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Coupling effects studied in the 3*C(p, pn)'?C and *C(p, d)'?C reactions
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The *C(p, pn)*?C reaction was studied at E, = 35 MeV with an experimental arrangement which
favored detection of p-n pairs in the 'Sy state. Measured cross section angular distributions were
compared with those for the *C(p, d)**C reaction at the same incident energy. The two reactions
show different angular distribution shapes, those for (p,pn) being more slowly decreasing at large
angles. Coupled channel calculations which include continuum states of the p-n system reproduce
angular distribution shapes and cross section magnitudes of both the (p,pn) and (p, d) data.

PACS number(s): 25.40.Hs, 24.10.Eq, 24.50.+¢g

I. INTRODUCTION

It is known that (d,p) and (p,d) angular distribu-
tions above incident energies of about 20 MeV cannot
be described well by the distorted-wave Born approxi-
mation (DWBA) theory [1]. Experimental differential
cross sections fall off more rapidly than DWBA calcula-
tions. Johnson and his collaborators proposed the adi-
abatic deuteron breakup approximation (ADBA) theory
[2], which turned out to be very successful in explaining
(d,p) and (p,d) angular distributions. According to this
theory, they incoming (or outgoing) deuteron wave con-
tains components in which it breaks up into continuum
states. Such components are not described by an opti-
cal potential, nor are they included in ordinary DWBA
matrix elements. The method of continuum discretized
coupled channels (CDCC) [3] was developed later, which
treats in a more exact manner coupling between the
deuteron ground state and continuum states as well as
coupling between continuum states. It has been shown
from CDCC calculations that coupling with the 3S; con-
tinuum states is indeed important in (d,p) reaction am-
plitudes at low energies, although coupling with the D
state also has noticeable effects. Coupling with the 'P
channels has been shown to improve the fit to polariza-
tion observables of deuteron elastic scattering data at
several hundred MeV [4].

In addition to (d,p) and (p,d) cross sections, the
CDCC theory can predict transfer cross sections from/to
continuum states at the same time. However there exist
no experimental data to be compared with such calcu-
lations at present. Transfer cross sections to continuum
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states, which can be measured in principle in (p, pn) reac-
tions, would be very interesting since they would exhibit
more direct influences of coupling effects. If outgoing p-n
pairs are in the 3$; state in (p,pn) reactions, they cor-
respond to the inverse reaction of the neutron transfer
from continuum states in the (d, p) reaction, and should
be strongly affected by the coupling with the bound state
and between continuum states themselves. If outgoing
p-n pairs are in the 1S state, on the other hand, their
center-of-mass angular distribution might be appreciably
different from those for (p,d) and (p,pn(3S;)), because
there is no bound 1S, state and the coupling between
the 1Sy and 38, states is very weak [5]. Furthermore,
the 3D, state can mix with the 35; state through the
tensor force but not with the 1.5, state.

According to the analysis of low-energy p-n scattering
data [6], the probability of a proton and a neutron be-
ing coupled to the 1S, state is most enhanced at zero
p-n relative energy, while p-n pairs in the 35; state show
a much broader relative-energy distribution. Those in
higher L states are negligible at relative energies below
several MeV. Therefore, although we cannot separate p-n
pairs in the 1Sy state from those in the 3S; and higher
L states experimentally, p-n pairs dominantly in the 1Sq
state could be observed if we confine our measurement to
small relative-energy region. Utilizing such a technique,
Cohen et al. have studied the (p,pn) reactions on sev-
eral target nuclei with 12 and 17 MeV proton beams [7].
However, cross sections were measured only for a limited
angular range in these experiments. There is also a possi-
bility that their incident energies were low and contribu-
tions from compound processes may not have been neg-
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ligible. Level densities of light nuclei are not large even
around 20 MeV in excitation, and compound processes
may not be averaged out to give an imaginary distorting
potential for the incoming proton at these energies. In
the 3C + p channel, for instance, appreciable resonance
structures are seen at least up to E,=17 MeV [8]. In
such a case the (p,d) and (p,pn) cross sections might
be affected in a different way depending on the quantum
numbers of a few specific compound states which incident
protons happen to come across. We have measured the
angular distributions of differential cross sections for the
13C(p,pn)2C and 3C(p, d)'2C reactions leading to the
ground state (0%) and the 4.44 MeV state (21) of 2C
over a wide angular range and at a higher incident energy
where direct reaction theories are expected to be better
applicable. Enhanced detection of p-n pairs in the 1S,
state was performed by measuring protons and neutrons
emitted at the same angle in coincidence.

II. EXPERIMENTAL PROCEDURES
AND RESULTS

The experiment was carried out using a 35-MeV pro-
ton beam from a sector focusing cyclotron at the Institute
for Nuclear Study, University of Tokyo. The target was
2.0 mg/cm? thick self-supporting foil of enriched (99%)
13C. The 3C(p,d)'2C angular distributions were mea-
sured by a magnetic spectrometer [9] and a focal plane
detector system [10]. In the p-n coincidence measure-
ment, protons were detected by three pairs of Si counter
telescopes, each consisting of a 0.2- or 0.4-mm-thick AFE
detector and a 2-mm-thick E detector. The solid angle of
the two forward detectors was 11.6 msr, and that of the
most backward detector was 13.4 msr. Neutrons were de-
tected by three NE213 liquid scintillation counters 20.3
cm in diameter and 5.1 cm in thickness placed behind
the proton detectors. Neutron energies were determined
by the time-of-flight method. The flight length ranged
from 162 cm to 249 cm, corresponding to the solid an-
gle from 12.3 msr to 5.2 msr. Typical intrinsic efficiency
of the neutron detector calculated by the Monte-Carlo
code TOTEFF [11] was about 8% with the threshold of 2.5
MeV electron equivalent, and rather flat over the neutron
energy range of interest. These efficiencies were exper-
imentally checked by measuring the 3C(p,n)!3N cross
sections with the present experimental setup. The re-
sults reproduced previous data [12] within 2-4 %.

A sample two-dimensional energy spectrum of protons
and neutrons in coincidence obtained at ¥, = ¥, = 70° is
shown in Fig. 1(a). Two loci corresponding to the ground
state and the first excited state of *2C are clearly seen.
Figure 1(b) shows a sum-energy spectrum obtained from
Fig. 1(a). Overall resolution of the sum-energy spectra
varied from 0.8 to 1.3 MeV depending on the detection
angle and the neutron flight path. A proton energy spec-
trum corresponding to the 4.44 MeV (27) state at dhab
= 70 ° is shown in Fig. 1(c). The upper scale of this fig-
ure indicates the p-n relative energy. Enhancement due
to the 1S, final state interaction is clearly seen at small
relative energies. The lines are results of Monte Carlo
calculations described below. Two vertical bars indicate
the region used in further analysis.
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We introduce the effective solid angle [13] for the
13C(p, pn)*2C reaction, treating this reaction as if it were
a reaction with a two-body final state, to make a di-
rect comparison of the (p,pn) cross section with those
for (p,d). In the (R, r) coordinate system, where R =
%(rp +r,) and r = r, —r,, are the center-of-mass and
relative coordinates of a proton and a neutron, the triple
differential cross section for the (p,pn) reaction may be
factorized as

d3c
AR dSY, de

where Qp is the effective solid angle for the center of
mass of the p-n pair, 2, is the solid angle in the rela-
tive coordinate, and €, is the p-n relative energy. The
factor C(2g) depends on the mechanism of the assumed
pseudo-two-body reaction, but is independent of £, and
Q, except through the energy and momentum conserva-
tion. The density of states of the p-n system P(e,,) may

= C(Qr)P(epn), (1)
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FIG. 1. (a) Two-dimensional energy spectrum and (b)
sum-energy spectrum from the *C(p, pn)**C reaction mea-
sured at B, = 35 MeV and ¥, = ¥, = 70°. (c) Proton
energy spectrum from the '*C(p,pn)*?C reaction leading to
the 4.44 MeV (2%) state. Accidental coincidences have been
subtracted in these spectra. The lines are Monte Carlo calcu-
lations based on the Watson-Migdal approximation. See text
for details.
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be given by the Watson-Migdal approximation [14] using
the phase shift § for p-n scattering. Equation (1) can be
transformed to the (rp,r,) coordinate system by using
the Jacobian J, and the proton energy spectrum can be
calculated from

i"-:C(QR)/ / TP (Epn)dQpdS,,. (2)
dE, 0, Ja.

The dotted, dashed, and solid lines in Fig. 1(c) show the
results for the 1Sy and 35, states and their sum, respec-
tively, calculated from Eq. (2) using a Monte Carlo code
[15]. The scattering lengths and the effective ranges used
to obtain the phase shifts were taken from Ref. [6]. The
energy dependence of the neutron detector efficiency and
the geometrical solid angles of the proton and neutron de-
tectors were taken into account in these calculations. The
solid line is normalized to the data, but the 1Sy to 35
relative intensity, which is essentially determined by the
1Sy and 38; p-n forces, is not adjusted. The experimen-
tal points above 13 MeV are higher than the calculated
curve. This is due to the inelastically scattered protons
from the 3C(p,p')13C*(n)2C reaction passing through
the AE-FE detector. Similar fits to the data were obtained
at other angles and also for the transition to the ground
state. The contribution from the 38, state is estimated
from these calculations to be about 18-23 % depending
on the angle, and subtracted in the following cross sec-
tion calculation. However, since the 3S; contribution is
rather small, we obtain an almost identical shape of the
cross section angular distribution even if no subtraction
is made. We will denote p-n pairs in the 1S, state thus
obtained as d* for simplicity.
Effective solid angles can be calculated from

o, I, Is, TP(epn)dpd2,dE,

Qe , 3
ff 4rr [omex P(Epn)dfpn (3)

and were 26 — 92 usr for the 1Sj state in the present ex-
periment. The number of counts in the region indicated

H. TOYOKAWA et al. 51

by two vertical bars in Fig. 1(c), after subtraction of the
estimated 3$; contribution, was divided by the effective
solid angle to calculate the differential cross section at
each angle. They are shown in Fig. 2 together with those
for (p,d). It should be noted that the effective solid an-
gles change as well as experimental yields when we change
the integration range, so that resultant differential cross
sections are insensitive to the choice of the integration
range. Error bars in the figures include statistical un-
certainties and errors in the fitting procedure. The scale
uncertainty for the (p,d) cross section is estimated to
be less than 10%. That for the (p,d*) cross section is
considered to be about 20%, which include uncertain-
ties in the subtraction of the 3S; component using the
Watson-Migdal approximation and in the neutron detec-
tion efficiency. The 3C(p, d*)'2C cross sections decrease
more slowly at large angles than the 3C(p,d)'2C cross
sections.

III. CALCULATIONS AND DISCUSSION

To compare the present data with various theories,
standard DWBA and ADBA analyses for the (p, d) reac-
tion were made first by using an exact-finite-range (EFR)
DWBA code TWOFNR [16]. An optical potential given
in Ref. [17] was used for the incident proton channel
throughout the present analysis. The deuteron optical
potential used in the EFR-DWBA calculation was taken
from Ref. [18]. The real and imaginary parts of the adi-
abatic potentials [2] for the present ADBA analysis were
calculated from

[Vo(IR + 37]) + Va(IR — 3r))]Von (r) da(r)dr
[ Von(r)¢a(r)dr '

V(R) =
(4)

Here V,, and V,, are nucleon optical potentials obtained
from Ref. [17] for the p-2C and n-!2C systems at one
half of the deuteron energy. The LS potential was taken
to be the same as for the nucleon optical potential. The
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FIG. 2. Differential cross
sections for the '3C(p,d)'*C
and '3C(p,d*)'?C reactions
leading to (a) the ground state
and (b) the 4.44 MeV state in
'2C. The dotted, dot-dashed,
and solid lines are the re-
sults of DWBA, ADBA, and
CDCC-CCBA calculations, re-
spectively. See text for details.
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Reid soft-core potential [19] was used for V,,, and the
deuteron ground-state wave function ¢4 was its eigen-
function. The transition to the ground state of 12C is
a pure Op,/; neutron pickup, while that to the first ex-
cited state at 4.44 MeV is a pure Ops/; neutron pickup.
The well-depth description was used to generate the form
factor of the transferred neutron with parameters ro =
1.25 fm, a = 0.65 fm, and V,, = 6.5 MeV throughout
the present calculations. The EFR-DWBA results are
shown by the dotted lines, and the ADBA results by the
dot-dashed lines, in Fig. 2. Calculated (p,d) cross sec-
tions were normalized to the data at forward angles to
give spectroscopic factors listed in Table I together with

those from the Cohen-Kurath shell model wave functions .

20].
[ Overall shapes of the DWBA angular distributions
have much slower falloff than the data. Use of different
optical potential parameter sets and a folding deuteron
potential [21] gives similar results. ADBA calculations
better reproduce the data. These observations are con-
sistent with a number of previous analyses [1,2], and
indicate the importance of the coupling effect. It was
also confirmed that the 3D; component in the deuteron
ground state has a very small contribution to the (p,d)
cross section at this energy. Further DWBA and ADBA
calculations for the (p,d) reaction have shown that the
experimentally observed differences between the (p,d)
and (p,d*) data cannot be ascribed to the 2.2-MeV dif-
ference in the @-value or the absence of the LS term in
the 1Sy channel. We also tried DWBA calculations for
the (p,d*) reaction using potentials generated by fold-
ing the p-12C and n-'2C optical potentials over the 1S,
wave functions at several values of the relative wave num-
ber kp,. Resultant radial shapes of the folding potential
for d* are very shallow and diffused and give structure-
less (p,d*) angular distributions, in very poor agreement
with the data. This may indicate that coupling between
continuum states plays a key role also in the (p, d*) reac-
tion. Therefore ADBA calculations for the (p,d*) reac-
tion were tried with potentials obtained from Eq. (4) by
using the 1.S; wave function averaged over ky,. The re-
sults shown by the dot-dashed lines in Fig. 2(b) are in fair
agreement with the data, but the cross sections decrease
too rapidly with the angle. Actually ADBA angular dis-
tributions for (p,d*) are very similar to those for (p,d),
and experimentally observed differences between (p,d*)
and (p,d) are not reproduced.

As an attempt to describe both the (p,d) and
(p,d*) data in a consistent manner and to include the
deuteron breakup effect more explicitly, we then per-
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formed coupled-channel Born approximation (CCBA)
calculations with CDCC wave functions. The codes
CDC2RT and HICALST [3] were used in the CDCC cal-
culation. The base wave functions for the bound and un-
bound states of the p-n system were eigenfunctions of the
Reid soft-core potential V, [19]. The wave number k,,
for the unbound state was divided into discrete bins. The
maximum values of kp, were taken to be 0.81 fm~1! for
the ground state and 0.75 fm ! for the first excited state
of 12C. The coupling term was then calculated for each
bin by using Vp, and p- and n-'2C optical potentials [17]
to obtain the CDCC equations [3]. The 3D components
were mixed in the 3S; channels in the case of the (p,d)
reaction, while the coupling is only between the 1S, chan-
nels in the case of the (p,d*) reaction. Solutions of the
coupled equations were then fed into TWOFNR to calcu-
late (p,d) and (p,d*) cross sections treating the transfer
channel in the first-order Born approximation. The solid
lines in Fig. 2 show the results of CDCC-CCBA calcu-
lations. They are multiplied by the spectroscopic factors
given in Table I. Additional density-of-state factors are
incorporated in the (p,d*) cross sections, but no other
normalizations are introduced.

The CDCC-CCBA calculations reproduce the (p,d)
data very well. A considerable improvement over the
ADBA calculation is observed especially for the first ex-
cited state. Although there seem to exist slight shifts
to larger angles, the present CDCC-CCBA calculations
also reproduce overall features of the experimental data
for the (p,d*) reaction. The angular distribution shapes
for the (p,d*) reaction as well as the (p,d*) cross sec-
tion magnitudes have been explained by the calculation.
Inclusion of additional effects ignored in the present cal-
culation, such as coupling with inelastic channels, would
hopefully improve the agreement with the data.

The calculated results for the (p,d) reaction did not
depend much on the maximum value of k,, or on the
bin size. On the other hand, it was found necessary to
take as large kp, values as possible for the convergence of
(p, d*) results. In other words, coupling with higher k,,
channels is more important in the (p,d*) reaction. This
may be due to the fact that what we are looking at in
the (p, d*) reaction are continuum states themselves while
they are well defined bound deuterons in the case of the
(p, d) reaction. Present analysis implies that a high-lying
18, continuum state has more chance to come out as a p-
n pair with smaller relative energy through coupling than
does a high-lying 35, state as a bound deuteron. Never-
theless, inclusion of neutron pickup to continuum states,
which then come out as deuterons through the coupling,

TABLE I. Spectroscopic factors obtained from the **C(p,d)**C and *3C(p, d*)**C reactions.

Excitation Transferred Spectroscopic factor
energy (MeV)  J” L ®d* _ ®d° _ _®d° __ ®d)° _ (pd)° __ Shell model
0.00 ot P1/2 1.0 0.8 0.8 0.8 0.61
4.44 2t P32 1.4 1.1 1.1 1.1 1.12

*DWBA calculation.
®ADBA calculation.
“CDCC-CCBA calculation.
9Reference [20].
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modifies calculated (p,d) angular distribution shapes to
some extent, in agreement with a previous conclusion by
Iseri [3]. Coupling between continuum states has only a
minor effect on the (p, d) reaction, and major effects arise
primarily from the coupling between the bound state and
continuum states. On the other hand, it is the coupling
between continuum states which is crucial to obtain good
fits to the data in the case of the (p,d*) reaction. The
ADBA method is a reasonable approximation to include
such effects, but more rigorous treatment of the coupling
could appreciably improve the agreement with the data.

IV. SUMMARY

In summary, we have measured differential cross sec-
tions for the 13C(p,pn)!2C and 3C(p, d)'2C reactions at
an incident energy of 35 MeV. The experimental setup
for the (p,pn) measurement was chosen in such a way as
to enhance detection of p-n pairs in the 1S, state. The
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two reactions show different angular distribution shapes,
those for (p, pn) being more slowly decreasing at large an-
gles. DWBA calculations cannot explain the measured
(p, d) angular distributions, and inclusion of the breakup
effect, either by using an adiabatic approximation or by
the CDCC method, is essential to explain the (p, d) data.
The CDCC-CCBA calculation is found to give not only
good descriptions of the (p,d) data, but also reasonable
angular distribution shapes and cross section magnitudes
for the (p,pn) reaction.
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