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The *N+!2C and *C+'2C elastic cross sections are measured at the center-of-mass energies of
7.8, 9.6, and 14.2 MeV, using radioactive >N and stable '*C beams and position-sensitive solid-
state detectors. These data are analyzed with the optical model assuming the same real central
part of the nuclear potential for both systems as suggested by charge symmetry. The *N-+'2C
angular distributions display a significant backward rise which arises from a parity dependence of
the nucleus-nucleus interaction, as for the mirror *C+'2C system. The corresponding parity terms
in both potentials are similar when the different charges of the exchanged nucleons and their different
binding energies are properly taken into account. A smaller imaginary part is obtained for **N+'2C
than for **C+'2C, which might be due to a smaller number of open two-body inelastic and direct

reaction channels.

PACS number(s): 25.70.Bc, 24.10.Ht, 24.80.Dc

I. INTRODUCTION

Charge symmetry is a well established property of the
nuclear interaction. Its effects are most easily observed in
spectroscopic properties of mirror nuclei where Coulomb
effects are not too important. The experimental level
schemes clearly and simply display this symmetry of the
strong interaction if the Coulomb energy shift is taken
into account. On the other hand, the effects of charge
symmetry in collisions are less obvious because there is no
easy way of separating the contribution of the Coulomb
force.

Various attempts to test charge symmetry in collisions
between nucleons and light nuclei have sometimes led to
controversy (see Ref. [1] for a review). They mainly in-
volve the 3H(p,v)*He and 3He(n,v)*He reactions and the
reversed photonuclear reactions. The most recent data
and calculations on these reactions do not indicate a sig-
nificant charge-symmetry violation [2]. Charge symme-
try is also well tested by the Barshay-Temmer theorem [3]
in transfer reactions where the colliding nuclei have zero
isospins and the exit channel consists of a pair of mirror
nuclei. Such studies can be performed by colliding stable
nuclei [4].

Except with the 3H/3He pair, charge symmetry cannot
easily be studied in elastic scatterings of mirror systems
because, for mass numbers A larger than 7, all pairs of
mirror nuclei contain a short-lived nucleus. With the ad-
vent of radioactive nuclear beams [5,6], it becomes pos-
sible to study mirror elastic collisions involving heavy
ions. Charge symmetry must introduce some relation-
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ship between these reactions but no simple recipe exists
for relating their cross sections. Indeed, the complexity of
the interpretation of cross sections increases considerably
with increasing A. The Coulomb force which dominates
the collision process below the Coulomb barrier is much
stronger than for very light systems. The existence of
many open channels (whose threshold energy is also sen-
sitive to Coulomb effects) may completely hide the man-
ifestations of charge symmetry above this barrier.

In the present paper, we address the problem of re-
lating mirror elastic collisions between heavy ions in a
simultaneous study of the 3N42C and 3C+4!2C sys-
tems. The postaccelerated 3N radioactive beam at the
Louvain-la-Neuve facility allows us to study the 3N+12C
reaction. Experiments were carried out at three labora-
tory energies: 16.3, 20.0, and 29.5 MeV. In the center-
of-mass (c.m.) frame these energies correspond to 7.8,
9.6, and 14.2 MeV, respectively, covering an energy range
from just above to about twice the Coulomb barrier. The
mirror 13C+12C scattering is very well documented [7-9]
and switching from the radioactive 3N beam to the sta-
ble 13C beam allows us to check the reliability of the
present results. The cross sections are obtained from 14°
to about 150° in the c.m. frame. In the same experiment,
data on the 3N+413C and 3C+4!3C elastic scatterings
were taken with the same setup, except for the target
[10]. These results and their analysis will be reported
elsewhere.

The 3N+!2C and 3C+!2C elastic cross sections
are analyzed simultaneously with the potential model.
Charge symmetry implies that the real central parts of
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both optical potentials should be very similar, except for
the known Coulomb interactions and for the parity effect
discussed below. On the other hand, the imaginary parts
might be different since the absorption into direct chan-
nels depends on the thresholds of the different inelastic
and reaction channels. With about 10® particles per sec-
ond in the radioactive beam, a direct fit of our limited
13N+12C data with an optical potential is not expected
to test charge symmetry in an accurate way. In order to
bypass this difficulty, instead of testing charge symmetry,
we choose to perform a theoretical analysis which adopts
this symmetry a priori. We therefore assume that, ex-
cept for the Coulomb and parity terms, the real parts
of the mirror nucleus-nucleus potentials are identical and
we perform an analysis of the 13N+12C elastic-scattering
data with a potential inspired by an analysis of more
extensive 13C+'2C data. We employ here the simplest
assumption consistent with charge symmetry. This as-
sumption reduces the number of adjustable parameters
in the ¥N+!2C case and removes ambiguities from the
fitting procedure. Results found with this method, if sat-
isfactory, will provide a first confirmation of the validity
of charge symmetry in mirror elastic collisions between
heavy ions, since most parameters of the *N+!2C po-
tential are deduced from the }*C+2C interaction.

In order to correctly study charge symmetry with the
13N+12C and '3C+2C collisions, an important charac-
teristic of these systems has to be taken into account.
During the collision process, the valence nucleon can be
transferred — or equivalently the identical 2C cores can
be exchanged — and the corresponding amplitude con-
tributes to elastic scattering [8,11,12]. This effect gives
rise to a parity dependence in the nucleus-nucleus poten-
tial, i.e., the same potential cannot be used for even and
for odd partial waves. Such a parity dependence can be
understood microscopically as arising from the combined
effects of Pauli antisymmetrization with respect to all
the nucleons involved in the collision process, and of par-
ity conservation [13-15]. The parity effect is especially
strong when the mass-number difference is 1 [13,16]. The
parity term is sensitive to the asymptotic behavior of the
valence-nucleon wave function with respect to the 12C
core [8]. Hence this term depends predominantly on the
binding energy Ep of this nucleon. Because of Coulomb
effects, this energy is very different in 13C (Ep = 4.946
MeV) and in ¥N (Ep = 1.944 MeV). Moreover, the
transfer of a proton is not identical to the transfer of a
neutron since the tail of its bound-state wave function is
affected by the Coulomb interaction. Therefore the par-
ity terms differ in mirror collisions and may contribute to
hide charge symmetry. However, the form factor of this
term is well understood in 3C+!2C and the measure-
ment of 13 N+12C elastic-scattering cross sections offers a
unique opportunity of analyzing it in the mirror case.

The experimental setup and the results are described
in Sec. II. An optical-model study of these data is per-
formed in Sec. III. For the parity dependence in }3N+12C
scattering, we generalize the physical picture which has
been found to be efficient for 13C+2C. The properties
of the resulting potential are discussed in Sec. IV. Con-
cluding remarks are presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

A. Setup

The 3N radioactive beam of Louvain-la-Neuve is ob-
tained by a two-cyclotron scheme described in detail else-
where [6]. N2+ beams are postaccelerated to energies
of 16.3, 20.0, and 29.5 MeV, with intensities up to about
1.2 x 108 particles/s, and sent to a 1 m diameter reaction
chamber. The '2C and '3C self-supporting targets, 40
pg/cm? thick, were produced by evaporation in Louvain-
la-Neuve and Erlangen, respectively.

Two passivated implanted planar silicon (PIPS) detec-
tors placed at +15° and —15° with respect to the beam
axis monitor the incoming angle of the incident beam.
They are collimated to 2 mm X 6 mm and are at a dis-
tance of 48 cm from the target. Two large ion-implanted
silicon detectors [17] register the elastically scattered 13N
or 3C ions, or the recoiling ions from the carbon tar-
gets. Each detector is made of 12 resistive strips, 60 mm
long and 5 mm wide, separated vertically by a gap of 50
pm. The signals from both ends of each strip allow the
determination of the particle energy and of its position
along the strip. The detectors are located on a rotatable
plateau at mean distances of 20 and 25 cm from the tar-
get and the angle between their mean position is 22°. In
this way, the angular distributions of the 3N+'2C and
13C+12C elastic scattering are obtained from 15° to 150°
in the c.m. system with only two different angle settings.

The energy calibration of the detectors is obtained by
13C + Au elastic scattering and by means of a ?4'Am
a source. The calibration in position along the strips is
performed by placing a grid with seven vertical slits in
front of the detectors.

The 24 signals coming from the strips of each multistrip
detector are fed into preamplifiers (under vacuum) and
shaping amplifiers. Analog-to-digital converter modules
are gated by a common signal generated by the backplane
of the detector. The data acquisition is controlled by a
personal computer, reading data from a CAMAC crate.
The data are sent by a VME processor to a magnetic tape
and simultaneously transferred to a monitoring task.

Downstream of the main setup, a possible 13C contam-
ination of the }3N beam is monitored on line by scattering
the outgoing beam on a gold foil, the scattered 3C and
13N ions being detected at 25°. A 1 mg/cm? thick alu-
minum degrader foil is placed in front of all the detectors
in order to achieve a clear separation between C and N
ions, taking advantage of the different stopping powers
of those ions.

Ten days of data acquisition were needed to measure,
at three energies, the angular distributions for the elastic
scatterings of the 3C and 3N beams on !2C and !3C
targets. The data with the 13C beam are mainly used to
check the consistency with existing data [9,18].

The angular offset of the detectors with respect to the
real beam axis is determined by fitting data at small
angles (@ < 20°) to Rutherford scattering or, at 14.2
MeV, to results of the optical model as discussed be-
low. Around 45° in the laboratory, we check that the
same cross sections are obtained by detecting either the
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mass-13 or the mass-12 ions in the }3C+12C or 13N+12C
systems. The angular offset is found to be at most 1°.

B. Results

The '3N+4!2C angular distributions are determined
from the scattered ®N and recoil 12C ions. The former
provide the data points between 15° and about 100° in
the c.m. system, while the latter give the data between
about 80° and 150°. The energies of the 12C peaks, whose
intensity is much weaker than those of the 3N peaks, are
imposed by the high-statistics data taken in the }3C+12C
scattering at the same incident energy. Figure 1 shows
experimental spectra of the two mirror scatterings mea-
sured at an energy of 20 MeV and at a mean angle of
26° in the laboratory frame. Each peak is fitted by a
Gaussian distribution with an exponential tail taking into
account the imperfect charge collection in the detector.
The peaks are superimposed on a linear background. A
global x2 fit of the energy spectrum is performed, at each
angle, using the MINUIT minimization code [19]. In the
upper spectrum of Fig. 1, the 12C recoil ions are strongly
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FIG. 1. Experimental spectra of **C+'2C and '*N+!2C
elastic scatterings at 9.6 MeV in the c.m. frame and at a
mean laboratory angle of 26°. The energy FE is in arbitrary
units. The different peaks are explained in the text. The solid
lines show global fits of the spectra, with the contribution of
each peak (dotted lines).

mixed with the '3C scattered ions because of the poor en-
ergy resolution and the very small kinematical separation
at this small angle. However, the contribution of 2C is
very small compared with 3C in the 3C+!2C spectrum.
Hence, the single 13C peak imposes the shape and po-
sition of the '2C curve in the 3N+2C spectrum (lower
part of Fig. 1). The proton peak comes probably from
the beam scattering on water present in the target, and
the o particles come from the 24! Am calibration source.
The last peak (denoted as “Contam.” in Fig. 1) is due to
a heavy contaminant present in the target, as discussed
later on.

As a test of the MINUIT routine, we simulated a spec-
trum similar to the observed ones: we generated two
Gaussian peaks with a width and an energy separation
typical of the data, and a ratio of amplitudes equal to
0.02. This spectrum was analyzed by MINUIT with the
constraints of keeping identical widths and a fixed cen-
troid for the small peak. The program was able to re-
trieve the original parameters. The integrals of the peaks
were exact at the level of 2.5 %, which is half the statisti-
cal uncertainty reported by the program. When the posi-
tion of the small peak that simulated the '2C recoils was
changed within reasonable limits corresponding to the
experimental uncertainties, the integral of the peaks var-
ied by an amount less than the uncertainty reported by
the fitting routine. Hence, this latter value was adopted.

Each data point of the angular distributions is an av-
erage cross section within an angular interval of 1° in
the laboratory frame. The absolute normalization is ob-
tained by equating to unity its ratio to the Rutherford
cross section (0 /og) at very small angles. This procedure
is in agreement with the value 1 obtained with the optical
potential described in the next section, for the two lower
energies. At a c.m. energy of 14.2 MeV, the predicted
value of the same ratio at a c.m. angle of 20° is 1.10
for 13C+12C and 1.14 for 3N+12C. This value does not
change by more than 5% with different potential param-
eters. Hence the experimental data are normalized by
equating the first three data points to the optical-model
values.

The two different locations of the detectors, necessary
to cover the whole angular distribution up to 150° c.m.,
are linked by an angular overlap in order to normalize the
two sets of data to each other. In such a way, the normal-
ization is independent of experimental conditions such as
beam intensity and target thickness, thereby minimizing
systematic errors.

Finally, two corrections are applied to the data. First,
the elastic scattering of 13N (13C) on the %0 and W con-
taminants (Fig. 1) is subtracted from the data of inter-
est in the regions where the kinematical curves overlap;
the tungsten comes from the filament used to evaporate
the targets (these corrections are not applied to the data
presented in Ref. [10]; this explains the small differences
which can be observed). Second, a contribution due to
the 13C contamination of the 3N radioactive beam is also
estimated: considering all the runs, the ¥C/!3N ratio
reaches an average value of about 0.2%. The correspond-
ing correction, computed from the 13C+4'2C data, is sub-
tracted from the backscattered peaks, assumed to be
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mixed with the 3C contaminant. The effect depends on
the relative behavior of the angular distributions. It be-
comes significant at large angles around 140°-150° c.m.
At 20 MeV, for example, the contamination represents
35% (£12%) of the recoil peak which yields the cross
section at 146° in the c.m. frame.

Our 3C+!2C elastic-scattering data at 7.8 MeV (see
Fig. 2 in the next section) are in agreement with the
data in the literature [9]. The method used to separate
the recoil nuclei from the scattered ones limits all the
curves to a maximum angle of about 150°. The 3N+12C
elastic-scattering data are presented below in Fig. 3. The
last two angular distributions are incomplete around 90°
due to poor statistics.

III. POTENTIAL-MODEL ANALYSIS
OF ANGULAR DISTRIBUTIONS

The nuclei involved in both reactions differ by only one
nucleon. In the elastic-transfer model [8,11], two scat-
tering amplitudes corresponding to the direct scattering
and the elastic transfer of the valence nucleon appear and
their interference induces the observed structures in the
angular distributions of elastic cross sections. In a mi-
croscopic model, where all the nucleons are taken into
account, direct and transfer amplitudes do not appear
separately; nevertheless, the indiscernibility of the nucle-
ons and the Pauli principle are responsible for the oc-
currence of a parity term in the potential which leads
to the same physical consequences [13]. The dominant
component of the parity effect is due to the simultaneous
exchange of all the core nucleons. This provides a mi-
croscopic foundation for the elastic-transfer model. The
parity effect, which should occur in many cases of elas-
tic collisions between heavy ions [14], is especially strong
when a single nucleon is transferred.

A parity dependence is well described in the optical
model when a central nuclear potential V is comple-
mented by a parity term V,, as [14]

V=Vy+ (-1 (1)

where [ is the orbital momentum of the relative motion.
The parity form factor V, can be positive or negative,
depending on the nuclei involved in the collision. Its sign
determines which among the even-wave potential Vi +
Vp, and the odd-wave potential Vy — V, is deeper. A
simple rule derived from the microscopic model predicts
the parity of the deeper potential [14]

_ [ (=1)#< (s shell, sd shell)
(-1 = { g—1;A> (p shell, pf shell) (2)

where A and A correspond, respectively, to the smaller
and larger mass numbers among the scattered nuclei. In
the present case, the »*N (or 13C) and !2C nuclei belong
to the p shell and the potential V' should be deeper for
odd waves than for even waves, i.e., V, should be positive.

The total potential V of Eq. (1) is used in an optical-
model formalism to fit the data. Energy-independent
Saxon-Woods form factors are chosen for the real (R)

and imaginary (I) parts of the nuclear potential

Vn(r) = Vfr(r) +iW fi(r) (3)
where
fi(ry= (1 + exp r —ajRj ) ) (4)

with j = R or I. For simplicity, we do not introduce
any energy dependence in the parameters. Tests have
shown that such dependences cannot significantly be ex-
tracted from the present sets of data, because both of
their limited energy range and their limited accuracy.
The Coulomb potential is described by a sphere-sphere
approximation with r. = 1.74 fm [20].

The expression of the parity term V,, should be derived
from microscopic models. However, in order to treat the
c.m. motion exactly, these models are until now based on
harmonic-oscillator orbitals for which the tail of the par-
ity term presents an unrealistic Gaussian behavior [14].
When a single neutron is exchanged, von Oertzen [8] has
shown that a simple expression can be derived for V,
from the theory of Buttle and Goldfarb [21] in the case
of the 13C+12C system. Let us define the wave number
of the transferred nucleon in the core potential

k= (2uEg/K?)Y/? (5)
and its Sommerfeld parameter
Ze?

= ——— 6

where Ep is the binding energy of the valence nucleon,
Ze is the core charge, and y is the reduced mass of the
core-nucleon system. According to Ref. [8], the parity
potential resembles the asymptotic form of the valence
neutron wave function in the potential of the 2C core,
and reads

Vp(1BC+12C) = Frc(0, knT) exp(—Knr) /KinT (7)

where k, = 0.469 fm~!, F,, is an adjustable amplitude,
and the cutoff factor c is defined below. This parity po-
tential is purely real. Some authors have considered the
possibility of a parity-dependent imaginary part (see ref-
erences in Ref. [11]) but the physical origin of such a term
is completely different from the Pauli effects that we dis-
cuss here. Its shape would therefore be very different
from the shape of V,, in Eq. (7). In particular, it will not
exhibit the slow decrease which leads to a longer range
for V, than for Vy and which makes the effect of V,, so
important.

For the mirror 3N+12C reaction, the Coulomb interac-
tion between the core and the valence proton complicates
the situation. We show in the Appendix that in that case
the parity term Vj, is also given, to a good approxima-
tion, by the asymptotic form of the proton wave function.
However, the expression (A5) contains a Whittaker func-
tion which is rather complicated for a potential model.
In order to keep rather simple form factors in the poten-
tials, we choose to replace the Whittaker function by its
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asymptotic form. The parity term is then expressed as
Vp(P*N+12C) = Fpe(n, kpr) exp(—rpr) /27 (kpr) o (8)

where £, = 0.294 fm™', = 0.653, and F,, is a parameter.
The c factors appearing in (7) and (8) are cutoff functions
introduced to regularize the parity terms at the origin.
They are defined as

c(n,z) = 1 — exp(—nz'*") (9)

with n = 5 for 13C+'2C and n = 11 for *N+'2C. These
values lead to similar cutoff factors for both systems. A
change of the cutoff parameter n by one unit in expres-
sion (9) does not give rise to noticeable changes in the
results, showing the weak sensitivity of the analysis to
details of the cutoff function. When 7 is replaced by
zero, V,(*3N+'2C) in Eq. (8) reduces to V,(}3C+!2C)
in Eq. (7). The physical interpretation of F,, and F}, is
discussed in Sec. IV.

As explained in the Introduction, in a first step, we
start from a set of 13C+12C data, found in the literature
[9] or measured in the present experiment. These data
are fitted to determine the parameters of a }3C+12C op-
tical potential, which contains the parity term (7). For
simplicity we do not allow any energy dependence of the
parameters. However, as usual, either deep or shallow
potentials can be employed in the model [15]. The best
results that we obtain are presented in Fig. 2 and the
corresponding parameter values are listed in Table I. The
quality of the fit is almost identical with both potentials
which provide a reasonable reproduction of the data ex-
cept around 70°-80° c.m. where some structure is miss-
ing at most energies. The backward data at 11.72 MeV
are also not well reproduced. However, the quality of
these fits is similar to that obtained with the distorted-
wave Born approximation (DWBA) and coupled-channel
formalisms [9].

In a second step, the data on the mirror 3N+12C sys-
tem (see Fig. 3) are studied with potentials requiring
minimum changes and taking into account the charge
of the transferred nucleon. These changes arise in the
Coulomb interaction, where the charges are adapted, and
in the parity term, which is modified as indicated in Eq.
(8). The depth W of the imaginary part in (3) is also
varied since absorption is not supposed to comply with
charge symmetry. However, the form factor of the imag-
inary part is not modified. As shown in Fig. 3, the
agreement with the data is satisfactory for the potentials
given in Table I, with the parity term given by Eq. (8).
The differences between the cross sections calculated with
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FIG. 2. Potential-model fits [Eqs. (1) and (3)—(7)] of the
13C+'2C data of Ref. [9] (7.8, 8.84, 10.7, 11.72, and 12.72
MeV — stars) and of the present experiment (7.8, 9.6, and
14.2 MeV — dots). The dashed and solid lines correspond
to the deep and shallow potentials defined in Table I, respec-
tively.

the deep and shallow potentials are larger than in the
13C4+12C case, especially at 14.2 MeV. However, these
differences are not really significant because error bars
are large in the backward region. The values of F, are
rather different for both potentials, when the three ener-
gies are taken into account. They are in closer agreement
when the third energy is not included in the fit, as in the
calculation performed in the next section.

The overall agreement observed for both collisions
gives confidence in the parameters found and confirms
the validity of charge symmetry in these analog reactions.
The amplitudes of the parity terms and the differences
between the imaginary terms found in this analysis are
discussed in the next section.

TABLE L. Potential parameters [Egs. (1), (3), (4), and (7) for **C+'2C or (8) for '*N+'2C].

Vv RR apR w R] ar Fn,p

(MeV) (fm) (fm) (MeV) (fm) (fm) (MeV)

Shallow 13C+12C ~16.6 5.92 0.56 -17.3 5.87 0.44 26.6
BN412C -3.0 9.9

Deep B3C+12C —115.8 5.05 0.50 —22.1 5.05 0.51 26.5
BN4+2C —8.6 13.0
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FIG. 3. Ratios of *N+4'2C elastic cross sections to Ruther-
ford cross sections, measured at 7.8, 9.6, and 14.2 MeV in
the c.m. frame. Comparison with potential-model fits of the
13N+'2C data, calculated with the parity potential of Eq. (8)
taking account of the charge of the transferred nucleon. The
dashed and solid lines correspond to the deep and shallow
potentials defined in Table I, respectively.

IV. COMPARISON BETWEEN THE MIRROR
POTENTIALS

The good agreement between the data and the optical
model justifies the use of the real part of the 3C+2C
potential for the 3N+!2C system. We can therefore an-
alyze the differences between the two potentials given in
Table I on physical grounds. Let us start with the parity
terms.

The parity terms are obviously not identical. This is
easily understood when one realizes that all the differ-
ences are related to Coulomb effects. Indeed the Coulomb
repulsion reduces the binding of the proton in 3N and
distorts its wave function. However, the two parity terms
present similarities. First they have the same sign: F,
and F, are both positive. This is to be expected as the
sign of V,, is a consequence of the Pauli principle, which
acts in a similar way in mirror systems [14]. This sign is
in agreement with the simple rule (2).

A second similarity appears in the physical interpreta-
tion of the parameters F,, and F,. Their values displayed
in Table I weakly depend on the deep or shallow nature
of the potential. The parameter F,, appearing in (7) can
be factorized as [8]

W2k,

F, = S,N?
n 2#

(10)

where S, is the spectroscopic factor for the valence neu-
tron in '3C. The asymptotic normalization constant N,
of the neutron orbital follows the definition of Ref. [22]
[see also Eq. (A2) in the Appendix]. With V, = 45.7
MeV, the 12C +n potential of Gubler et al. [22] provides
the value N,, = 1.72 fm~'/2, From Table I, we derive
S,» = 0.85 in good agreement with the value 0.81 £ 0.04
derived in Ref. [22]. Conversely, the latter value could be
used to reduce the number of free parameters in the fit
of the 13C+12C data.

Understanding the constant F, requires more cau-
tion. Indeed, in (8), we have chosen a simplified form
for the parity potential, in order to avoid the use of
the Whittaker function W_,, ;,2(2kr). This function is
about 20% smaller than its asymptotic approximation
exp(—«r)/(2kr)" between 5 and 8 fm, so that F, has
to be rescaled. Here we prefer to consider a regularized
version of (A5),

171,(13N+IZC) = FPC(O,np'r')W_,,’l/z(anr)/K,pr, (11)

which inspires the approximation (8). In this expression,
the strength is given by

. h2k2
_ 2 P
By = SN2

(12)

where keg = 0.357 fm~! and A = 0.625 are determined
from Eq. (A3). The constant N, = 1.85 fm~!/2 is calcu-
lated with a 2C + p potential derived from the 2C + n
potential of Ref. [22] modified by a Coulomb term and by
a slightly readjusted depth (Vo = 44.5 MeV), which fits
the binding energy of the proton. At 7.8 MeV, the effects
of the central part of the nuclear potential are minimum
because we are close to the Coulomb barrier (7.3 MeV).
When we fit Fp at this energy with the potential defined
by (1) and (11), we obtain values close to 11.8 MeV for
the deep and shallow potentials. This corresponds to a
spectroscopic factor close to unity. The accuracy of this
result cannot easily be evaluated because the error bars
reduce the sensitivity to F},, but the mere fact that the
value of S, is physically plausible also corroborates the
validity of the present analysis. Within the uncertainty
on S, this result is also compatible with charge symme-
try. At distances where the parity term plays an impor-
tant role, W_,, 1/, is equal to about 80% of its asymptotic
approximation, so that a ratio Fj, /ﬁ’p =~ 0.8 is expected.
This is verified in Table I by the value of F}, for the shal-
low potential, but not for the deep one. However, let us
recall here that F}, results from a global fit of the three
energies, while ﬁ’p is fitted at 7.8 MeV only.

In order to reduce the number of parameters in the po-
tential, a first approximation for F), can be obtained by
assuming S, = S,. This charge-symmetry assumption
for S, is compatible with the scattered values encoun-
tered in the literature. They range from 0.38 to 1.48, with
the latest results below S, (see reviews in Refs. [23,24]).
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FIG. 4. Comparison of the experimental *N+!2C angular
distribution at 7.8 MeV with a calculation using the parity
potential defined in Eq. (11) involving the amplitude F, [Eq.
(12)] computed with the '3*C spectroscopic factor S, = 0.81.
The dashed and solid lines correspond to the deep and shallow
potentials, respectively.

The choice S, = 0.81 provides the value ﬁ',, = 9.4 MeV.

The obtained parity potential Vp is tested in Fig. 4 with
respect to the data. One observes that the quality of the
results is very close to that obtained in Fig. 3. An ap-
proximation for F} is given by 0.8F,. We can conclude
that the parity term for 3N+!2C can also be derived
from the corresponding term in 12C+12C, at least within
the accuracy of the present data.

Finally, Table I shows that the strength W of the imag-
inary term is reduced in '3N+12C scattering with respect
to 13C+!2C, independently of the deep or shallow na-
ture of the real term. Some previous 3*C+2C potentials
[11] display a smaller imaginary part but they only con-
cern energies close to the barrier. When the full sets of
13C4+12C and 3N+!2C data are fitted, a larger value of
W is obtained for the former system. The sensitivity with
respect to W is illustrated in Fig. 5 for the shallow po-
tential at our highest energy, i.e., 14.2 MeV. We present

120 180
Oc.m.(deg)

0 60

FIG. 5. Sensitivity with respect to W of the **C+!2C and
13N+12C shallow potentials, at 14.2 MeV. The solid, dashed,
and dotted lines correspond to W = —3, —10, and —17 MeV,
respectively.

results for three W values, either typical of one system
or intermediate. The differences between W values for
13C+12C and ¥N+4'2C correspond to differences in be-
haviors at back angles, with a more important rise for
the 1¥N+12C o /og ratio. This effect may to some extent
be due to the higher Coulomb barrier of the 3N+4'2C
system. The barrier increase should play a role at low
energies but cannot completely explain the strong reduc-
tion of W. A more important cause for this reduction is
the fact that 13N is more fragile than 3C: it has no bound
excited state. The number of two-body channels available
for the absorption into direct channels (inelastic and re-
action channels) is smaller for 1*N+*2C scattering. Since
two-body channels provide the most efficient absorption
at angular momenta close to the grazing value, this reduc-
tion should explain the weaker value of W for 13N+12C
[25]. When other data on pairs of mirror heavy-ion sys-
tems become available, it will be interesting to explore
the generality of this phenomenon.

V. CONCLUSION

We have measured the 3N+!2C and 3C+12C elastic
scatterings with the same experimental setup at three
energies over a large angular range. The present exper-
imental data offer a first opportunity of considering the
effects of charge symmetry in mirror elastic collisions be-
tween heavy ions. Simultaneously these data provide a
new insight into the study of parity dependence in heavy-
ion scattering. They will also allow further tests of other
models such as coupled-channel descriptions of heavy-ion
reactions [12].

We first fit the more detailed *C+!2C data with
energy-independent potentials. Then, because of charge
symmetry, we assume that the real part of the 3N+12C
nucleus-nucleus potential is the same as for the 3C+12C
system, except for the known Coulomb and parity
terms. In addition, we keep the same form factor for
the imaginary part. Therefore only two parameters of
the 3N+4'2C potential remain to be adjusted, i.e., the
strengths of the imaginary and parity terms. The quality
of the final results supports this interpretation of charge
symmetry. A simple formalism is thus able to reproduce
consistently the scattering cross sections of two mirror
systems of heavy ions.

When a proton is transferred, the usual parity term,
which is valid for the elastic transfer of a neutron (8],
must be generalized. Satisfactory results are provided by
a natural extension which takes the charge of the trans-
ferred nucleon into account. The sign of the parity term
is the same for both mirror systems in agreement with
the simple rule (2).

The spectroscopic factors derived from the parity term
for the proton in *N and for the neutron in '3C are not
very different from each other, and are also compatible
with charge symmetry. In fact, assuming that they are
equal allows one to reduce the number of unknown pa-
rameters in the 3N+412C case to 1, i.e., the strength W
of the imaginary part.
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The strength W is found to be weaker for ¥N+12C
than for 3C+!2C. This effect seems physically reason-
able, because the absorption into direct reaction channels
should be weaker when the number of open two-body
channels is smaller. However, at present, we cannot ex-
plain it quantitatively. Further studies of mirror systems
will be necessary in order to learn how to transpose the
known optical potential of a collision between stable nu-
clei into a potential valid for the mirror collision involving
a radioactive nucleus.
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APPENDIX

For a distance r between the colliding nuclei, we ap-
proximate the parity term with the exchange integral [8]

J(r) = wa*(rz)V(rl)qp(rl)drl (A1)

where the nucleon coordinates r; and r; with respect to
both cores are related by 75 = »—;. In this expression .S
is the spectroscopic factor and v is the individual orbital
of the valence nucleon with respect to one of the identical
cores. The integral is evaluated by replacing v by its
asymptotic form

Y(r) = NY( QOW_p,141/2(267) /7 (A2)
where W_,, ;.1/2 is a Whittaker function and N is the
asymptotic normalization coefficient. When the valence
particle is neutral, the radial function reduces to the Han-
kel function hl(l)(nr), and J(r) is provided in Ref. [21].
However, in the proton case, no simple form is available
for this integral.

In order to calculate (Al) in the proton case to a rea-
sonable accuracy, but with a simple expression, we em-
ploy the approximation [26]

W_piv1/2(267) /kr = NBO (regr) (A3)

The constants A and kg are parameters which can easily

be fitted in each particular case. They depend on x and

7 but almost not on /. This property is used below. With

the approximation (A3), J(r) can be calculated with the
standard technique as

hz 2
J(r) =~ SN? ———K—./\/’zh(()l) (KesrT)

A4
2/‘““@3 ( )

where we assume as usual that [ = 0 dominates. Hence,
reversing (A3) provides

J(r) = FW_, 1/2(2k7) /K (A5)
with F' given by (12). In the neutron case, n = 0, N = 1,

and Keg = K, so that the traditional J(r) involving (10)
is recovered.
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