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Evidence for one-pion charge exchange in13N 1 13C elastic scattering near the Coulomb barrier
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Elastic 13N 1 13C cross sections are measured at center-of-mass energies of 8.15, 10.0, and 14.75 MeV,
using a radioactive13N beam and position-sensitive solid-state detectors. The13N 1 13C angular distributions
display oscillations beyond 80° and even a significant rise at large angles for the two higher energies. These
data are analyzed in the framework of the optical model including a parity-dependent term necessary to explain
the backward behavior. This parity term is among the strongest encountered in heavy-ion collisions. Its
properties are close to those of the parity term reproducing the13N 1 12C elastic scattering in the same energy
range. Its long-range nature indicates that the parity dependence arises from a single rather than from a double
exchange. One-pion charge exchange between the valence nucleons seems to possess the necessary properties
as qualitatively shown by a simple molecular model.@S0556-2813~96!05311-3#

PACS number~s!: 25.60.Bx, 24.10.Ht, 25.60.Lg, 25.70.Kk
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I. INTRODUCTION

The existence of radioactive ion beams allows for the
time a detailed exploration of the isospin degrees of fre
in nuclear reactions@1#. Replacing in a collision a nucleus
another nucleus with the same mass number become
sible @2,3#. Such studies were until now severely limited
the fact that pairs of stable isobars do not exist for
numbers smaller than 36. They were restricted to
where long-lived isotopes such as3H, 7Be, or 14C are avai
able.

Recently charge symmetry could be studied in a com
tive study of the mirror13N 1 12C and 13C 1 12C elasti
collisions@2,3#. The elastic cross sections at three energ
the vicinity of the Coulomb barrier were analyzed with
optical model assuming the same real central part o
nuclear potential for both systems as suggested by c
symmetry. The absorptions which depend on threshold
gies and elastic-transfer effects which depend on the ta
the individual wave functions of the valence nucleon
both sensitive to the Coulomb interaction. Therefore the
different in mirror collisions. Differences in the parity te
simulating the elastic transfer of the valence nucleon are
understood. Differences of absorption seem to be most
to the coupling with direct channels, and especially wit
elastic channels. Except for these known differences, c
symmetry applies as a good approximation to the centra
of the nucleus-nucleus interaction.

Collisions between distinct mirror nuclei provide an e
more interesting challenge because they are not rea
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without radioactive nuclei, so that their properties rema
essentially unknown at present. Here we report on a fi
experimental study of the13N 1 13C elastic scattering at
energies close to the Coulomb barrier~preliminary accounts
can be found in Refs.@4,3#!. In marked contrast with the pair
of mirror 13N 1 12C and 13C 1 12C elastic collisions which
are strongly related to each other, the13N 1 13C collision is
essentially distinct from13C 1 13C because of different iso-
spin contents: While13C 1 13C is purely T51, 13N 1
13C contains a mixing ofT50 andT51 components. More-
over, while the13C 1 13C cross sections are symmetric with
respect to 90°,13N 1 13C provides useful information up to
large angles. It offers a better opportunity of probing th
interaction between these nuclei.

The postaccelerated13N radioactive beam at the Louvain-
la-Neuve facility allows us to study the13N 1 13C collision
with intensities of about 1.23108 particles per second. Ex-
periments were carried out at three laboratory energies 16
20.0, and 29.5 MeV with an energy resolution of about 0.3
0.6 MeV. In the center-of-mass~c.m.! frame, these energies
correspond to 8.15, 10.0, and 14.75 MeV, respectively, co
ering an energy range from just above to about twice t
Coulomb barrier. This collision involves two different nucle
with identical 12C cores but different valence nucleons
Therefore the elastic cross sections simultaneously cont
contributions from core exchange and from charge exchan
between the valence nucleons. Its analysis brings physi
information which is not available from other collisions
Only the 3He 1 3H @5# and 7Be 1 7Li @6# collisions were
until now accessible for such studies. The former is, how
ever, restricted to a small number of partial waves and t
latter is rendered complicated by the high spins and def
mations of the colliding nuclei. At low energies, the13N 1
13C scattering at backward angles is expected to be sensi

, Ja-
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to exchange effects such as elastic nucleon transfers
charge exchange.

The 13N 1 13C collision has been analyzed schematical
in the framework of a molecular orbital model in Ref.@7#.
The same model was later applied in a numerical predicti
of the 13N 1 13C cross sections at energies below 10 Me
@8#. The results exhibit no significant backward rise. Th
authors of Ref.@8#, being aware of very preliminary results
of the present experiment, conjecture that pion exchange
fects might significantly modify the behavior at large angle

Let us mention that another experimental study of th
13N 1 13C collision has been recently performed in a ver
different energy range, i.e., atE/A557 and 105 MeV with
respective intensities of 53106 and 63105 particles per sec-
ond and with energy resolutions around 1 MeV@9#. The
authors of Ref.@9# attempt to measure Gamow-Teller trans
tion strengths with heavy ion collisions. They focus o
charge transfer at 0°.

The experimental setup and the results are described
Sec. II. An optical-model study of these data is performed
Sec. III. The interpretation of the resulting potential is dis
cussed in Sec. IV. Concluding remarks are presented
Sec. V.

II. EXPERIMENTAL PROCEDURE

The experimental setup is described thoroughly in a p
vious paper@2#. In brief, 13N21

beams@10# of 16.3, 20.0,
and 29.5 MeV energies and of 1.23108 pps typical intensity
bombard a self-supporting13C target of 40mg/cm2 thick-
ness. Two large ion-implanted silicon detectors record t
scattered13N and the recoiling13C ions; each detector is
made of 12 resistive horizontal strips, 60 mm long3 5 mm
wide, with a passive gap of 50mm between successive
strips. They are located at mean distances of 20 and 25
from the target, covering angular ranges of 13° and 15°
the laboratory system, respectively. With this setup, the a
gular distributions of the13N 1 13C elastic scattering are
obtained from 15° to 150° in the c.m. frame with only tw
angle settings. At each energy, some data are also recor
with a stable13C beam@2#. Apart from checking the consis-
tency with existing data@11#, they are useful at several lev-
els, as it will appear later. Signals from both ends of ea
strip yield the energy and the position of the particles. Th
energy and position calibration of the detectors are obtain
from the 13C 1 Au scattering and from the transmission o
a particles from an241Am source, through a grid with seven
vertical slits placed in front of the detectors. Convention
electronics and a CAMAC-VME data acquisition system a
used to analyze the data.

The detectors are located at forward angles in the labo
tory and they record scattered13N ions~forward c.m. angles!
and recoiling13C ions ~backward c.m. angles!. To increase
the energy difference between both species, a 1 mg/cm2

thick Al foil is placed in front of the detectors, inducing a
typical energy loss difference of 1 MeV between13C and
13N. The full width at half maximum~FWHM! of the 13N
and 13C peaks is of the order of 600 keV, resulting from th
convolution of several factors: the energy width of the c
clotron beam (DE/E'2% FWHM!, the angular resolution,
arising from the 4 mm diameter beam spot on target(1°),
or
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the detector energy resolution~50 keV FWHM for 241Am
a particles!, and the energy loss and straggling in the A
degrader foil~100 keV, as estimated byGEANT @12#!.

Figure 1 shows typical spectra of the13N 1 13C ~lower
part! and 13C 1 13C elastic scatterings~upper part!. Each
peak is fitted with a Gaussian distribution matched to a
exponential tail, taking into account the imperfect charg
collection of the detector. These functions are superimpos
on a linear background. At each angle, a globalx2 fit is
performed, using theMINUIT minimization code@13#, the re-
liability of which was tested by simulations similar to the
ones reported in Ref.@2#. Because of the weak intensity of
the 13C recoil peak in the13N 1 13C spectrum, its location
and shape are imposed by the main13C peak in the upper
spectrum, strictly obtained at the same energy and ang
under the same conditions. The proton peak probably com
from the beam scattering on water crystals on the surface
the target, and the alpha particles are emitted by the241Am
calibration source. The last contribution~‘‘contam.’’! is due
to a heavy contaminant of the target. Indeed, the13C target is
known to be contaminated by W or Ta coming from the
filament or the crucible used to make the target. A contam
nation in oxygen is also observed. These contaminations a
subtracted from the13N 1 13C data in the region where the
kinematical curves overlap.

A possible contamination of the13N radioactive beam by
its stable isobar13C is checked on-line by scattering the
beam on a Au target located 80 cm downstream the ma

FIG. 1. Experimental spectra of13C 1 13C ~upper part! and
13N 1 13C ~lower part! elastic scatterings at 10 MeV in the c.m.
frame and at a mean laboratory angle of 26.75°. The energyE is in
arbitrary units. The different peaks are explained in the text. Th
solid lines show global fits of the spectra, the dashed lines givin
the contributions of each peak.
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54 2479EVIDENCE FOR ONE-PION CHARGE EXCHANGE IN . . .
13C target. A silicon detector records scattered particles
25° in the laboratory system; an Al foil in front of the de
tector allows a separation of13C ions from 13N ions. The
average13C-to-13N ratio is 0.2%. The13N 1 13C data are
corrected using the corresponding13C1 13C data taken with
the same experimental setup. The induced effect becom
really significant at large angles around 140°–150° in t
c.m. frame.

The absolute cross sections are obtained by normaliz
data at very small angles to the Rutherford cross sections~at
8.15 and 10 MeV! or to optical potential predictions~at
14.75 MeV!, as described in@2#. The data coming from the
two different detector locations are normalized to each oth
thanks to an imposed angular overlap. This normalization
then independent of several experimental conditions such
beam intensity and target thickness. Figure 2 shows the
gular distributions of the13N 1 13C elastic scattering, mea-
sured at 8.15, 10.0, and 14.75 MeV in the c.m. system.
the two higher energies, poor statistics prevent us from g
ting data around 90° c.m. No data are obtained at ang
larger than 150° because of the difficulty of extracting th
information. There is indeed a huge difference in intensi
between the neighboring13N and 13C peaks giving the cross
sections at very small and very large angles, respective
For instance, at an angle of 10° in the laboratory, the ratio

FIG. 2. Ratios of13N 1 13C elastic cross sections to Rutherford
cross sections, measured at 8.15, 10, and 14.75 MeV in the c
frame. Comparison with potential-model fits of the13N 1 13C data,
calculated with the potentiel~1! including the parity potential de-
fined in Eq.~2!.
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the Rutherford cross section at 20° c.m. to the Rutherfo
cross section at 160° c.m. is 103.

III. POTENTIAL-MODEL ANALYSIS
OF ANGULAR DISTRIBUTIONS

Different physical effects may lead to a parity dependen
of the phase shifts, i.e., to a different behavior of even an
odd partial waves~see Sec. IV!. An odd-even variation of the
phase shifts is better observed at large angles where the C
lomb contribution is minimum and interference between pa
tial waves is large. It is usually well described in the optica
model when the central nuclear potentialVN is comple-
mented by a parity termVp as @14–16#

V5VN1~21! lVp , ~1!

wherel is the orbital momentum of the relative motion. The
parity form factorVp can be positive or negative, depending
on the nuclei involved in the collision and on the mechanis
leading to the parity dependence. Its sign determines whi
among the even-wave potentialVN1Vp and the odd-wave
potentialVN2Vp is deeper. In the present section, we con
sider the parity potential as free from physical assumptio
about its origin, and try to determine its properties with
simple form factor, without restrictions about parameter va
ues.

The total potentialV of Eq. ~1! is used in an optical-
model formalism to fit the data. Energy-independent Wood
Saxon form factors with the same rangeR and diffusivity
a are chosen for the real and imaginary parts of the nucle
potential. They differ by their respective depthsV andW.
The choice of a common form factor is imposed by the lac
of sensitivity of the fit to differences between the shapes
the real and imaginary parts. It should not be considered
physically motivated. For similar reasons,W is kept constant
although one might expect an increase of this parameter w
energy. The Coulomb potential is described by a spher
sphere approximation withr c51.74 fm @17#. As in Ref.@2#,
the parity potential is written as

Vp5F$exp~2kr !2exp@2~n11!kr #%/kr , ~2!

where the second exponential provides a cutoff which reg
larizes this parity term near the origin. As in Ref.@2#, the
integer valuen55 is selected. HereF andk are considered
as free parameters. We discuss in the next section poss
interpretations of these parameters.

The best fit that we obtain is compared with the data
Fig. 2. It corresponds to the parameters given in Table I. T
potential provides an excellent fit up to about 80°. Backwa
structures beyond 95° are also well reproduced although
large error bars do not allow a very precise test. Data poin

.m.

TABLE I. Potential parameters for the real and imaginar
Woods-Saxon form factors ofV(r ) @Eq. ~1!# and for the parity term
Vp(r ) @Eq. ~2!#.

V R a W F k
~MeV! ~fm! ~fm! ~MeV! ~MeV! ~fm21)

2162.6 4.26 0.68 28.8 15.2 0.45
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are missing near 90° at the two larger energies but the res
at 8.15 MeV and the existing data points at 10 and 14.
MeV in this angular domain show that the potential is n
very successful there. The cross section extrapolation
wards 180° indicates thats/sR might exceed unity at back-
ward angles forE514.75 MeV but not for the other two
energies.

The obtained potential is deep. We did not try to establi
a shallow potential as in Ref.@2#. An exact algorithm for
constructing shallow from deep potentials is now availab
@18#. The parity term of this potential is rather similar to th
parity terms obtained for13N 1 12C and13C1 12C. Its most
striking property is the low value ofk. The fittedk50.45
fm21 is slightly smaller than the valuekn50.47 fm21 of
13C 1 12C, indicating a slower decrease. For13N 1 12C,
kp is equal to 0.29 fm

21, but this long range is weakened by
a powerr 11h in place ofr in the denominator of the corre-
sponding parity termVp @2#. The additional powerr h is due
to the Coulomb repulsion of the valence proton in13N. The
parity term of 13N 1 12C scattering can be simulated by a
Yukawa term with an effectivekeff'0.36 fm21 @2#, slightly
smaller than the present value. Let us emphasize that lar
values ofk cannot reproduce the13N 1 13C data, as illus-
trated by Fig. 3. We have fitted the cross sections at the th
energies with the same central potential as in Table I b
with different fixedk values. In each case, the amplitudeF
was the only free parameter. The resulting amplitudes a
11.3, 26.9, and 46.8 MeV fork50.4, 0.6, and 0.8 fm21,
respectively. In Fig. 3, one observes thatk50.6 and 0.8
fm21 are unable to reproduce the observed structure at
MeV. The 0.4 value is apparently satisfactory but does n
provide an optimalx2. Allowing the central part of the po-
tential to vary does not improve significantly the fits. Simila
observations can be made at the other two energies. In p
ticular, at 8.15 MeV, the 0.6 and 0.8 curves are essentia
structureless. Finally, let us note another significant result
Table I. The sign ofF is positive, which means a deepe
potential for odd partial waves.

We can summarize the properties of the parity term
follows. It is unexpectedly large since its decrease is slow
than for 13C 1 12C. The sign of the parity effect is the sam
as for 13N 1 12C and 13C 1 12C. Both the range of the
parity term and its sign are in contradiction with model pre
dictions based on a simultaneous exchange of the neut

FIG. 3. Best fits ofs/sR at 10 MeV for different imposedk
values~see text!.
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and proton valence nucleons@4#. These surprising findings
point towards a mechanism for the parity effect which
different from the one anticipated. This mechanism is a
not described by the model of Ref.@8#. We discuss its pos-
sible origin in the next section.

IV. DISCUSSION

The parity potential can usually be explained in micr
scopic models@15,16# or in the nonmicroscopic molecular
orbital model @14,19,7#. In both cases, the potential is as
sumed to be derived from a parity projection, giving

VN6Vp'
^fuVuf&6^fuVPuf&

16^fuPuf&
, ~3!

whereV is the sum of the different potentials acting betwe
the nucleons of13N and the nucleons of13C, andP is the
parity operator with respect to the c.m. of the system. T
wave functionf differs from one model to another. In mi
croscopic models, all nucleons of the colliding nuclei a
taken into account but their individual wave functions a
usually described in the two-center harmonic-oscilla
model. In molecular-orbital models, only valence nucleo
are explicitly taken into account; other nucleons indirec
appear in phenomenological core-core and core-nucleon
teractions. The wave functions of the valence nucleons
be described in a more realistic way. Here we shall mak
qualitative discussion of the leading parity term at large d
tances. Although such a discussion does not replace m
quantitative calculations, it should allow us to extract t
physical origin of the observed parity effect. For simplicit
we first omit any reference to the spin quantum numbers

Parity dependence arises from one of the matrix eleme
^fuVPuf& or ^fuPuf&. Usually, the typical behavior of the
parity dependence can be estimated from the overlap t
^fuPuf&. We shall evaluate its asymptotic form with a co
ordinate system centered at the c.m. of the12C cores~see
Fig. 4!. In this system, the parity operatorP simply changes
the sign of all nucleon coordinates. Recoil effects are n
glected. For large distancesr between the12C cores, all ex-
changes involving the core nucleons give negligible con
butions and this matrix element becomes, in all models,

^fuPuf&'^wn~
1
2 r1r1!uwn~

1
2 r2 r1!&

3^wp~2 1
2 r1r2!uwp~2 1

2 r2r2!&, ~4!

wherewn andwp are the single-particle orbitals of the va
lence neutron and proton, respectively. Because of the pa

FIG. 4. Coordinate system in Eqs.~4! and ~8!.
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operator, single-particle overlaps in Eq.~4! involve particles
centered at different points. If we use the same notations
in Ref. @2#, the asymptotic form is given by

^fuPuf&}exp@2~kn1kp!r #/knr ~kpr !11h. ~5!

In this expression, the wave numbers are given by

k5~2mEB /\
2!1/2, ~6!

whereEB is the binding energy of the valence nucleon an
m is the reduced mass of the core-nucleon system. The S
merfeld parameter of the proton reads

h5
Ze2

\~2EB /m!1/2
, ~7!

whereZe is the core charge. The values ofkn , kp , andh
have been evaluated in Ref.@2# and lead tokn1kp50.76
fm21 andh50.65. The overlap term deduced from Eq.~5!
decreases much too fast to explain the parity potential t
fits the data. More precisely, if expression~5! is employed
for Vp with an adjustable amplitude, the cross sections ca
not be fitted. At 10 MeV, they are very similar to the
k50.8 fm21 curve in Fig. 3. This does not mean that th
two-step mechanism, i.e., the mutual exchange of the
lence proton and neutron, does not contribute to the emp
cal parity term that we obtain, but its effect is at best a min
contribution and is most probably negligible at the prese
level of accuracy of the data.

Let us now calculate the asymptotic form of the potent
matrix element̂ fuVPuf&, which is dominated at large dis-
tance by components without any exchange between
12C cores,

^fuVPuf&

'^wn~
1
2 r1r1!wp~2 1

2 r1r2!uVuwn~
1
2 r2r1!

3wp~2 1
2 r2r2!&

2^wn~
1
2 r1r1!wp~2 1

2 r1r2!uVuwp~2 1
2 r2r1!

3wn~
1
2 r2r2!&. ~8!

PotentialV in Eq. ~8! can be separated into two parts: a ter
without charge exchange, to which we shall refer for sim
plicity as the Wigner force, and a term where the charges
the interacting nucleons are exchanged. Since orbitals
pend on different coordinates, the Wigner part of the fir
term displays the fast decrease characteristic of products
overlaps as in Eq.~4!. As a double-exchange term, the sam
comments as before still apply: Such an effect cannot expl
the empirical parity potential. The second term vanishes
Wigner forces because of the isospin quantum numbe
However it does not vanish for charge-exchange forces. T
contribution of charge exchange can be expected to decre
more slowly since it corresponds to asingle-particle ex-
change, namely, of a charged pion.

Let us focus on the tail of the nucleon-nucleon interacti
which is given by the one-pion exchange potential~OPEP!
@20,21#
as
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VOPEP5
1
3 f p

2mpc
2~s1•s2!~t1•t2!

exp~2kpur12r2u!
kpur12r2u

, ~9!

wheres andt represent spin and isospin Pauli matrices. I
Eq. ~9!, mp is the pion mass,kp'0.7 fm21 is the pion
Compton wave number, andf p

2'0.075 is the pion-nucleon
coupling constant. The charge-exchange part of Eq.~8! can
be deduced from the OPEP potential by usin
t1•t252Pt21 wherePt is the isospin exchange operator
The parity-dependent potential matrix element of Eq.~3! be-
comes, at large distance,

^fuVPuf&'2 2
3 f p

2mpc
2^wn~

1
2 r1r1!wp~2 1

2 r1r2!u

3~s1•s2!
exp~2kpu r12r2u!

kpur12r2u

3uwp~
1
2 r1r1!wn~2 1

2 r1r2!&, ~10!

wherewn and wp now represent only the spatial and spin
parts of the wave functions, without the isospin componen
We have used the fact thatwn andwp have the same parity.
The important point in Eq.~10! is that individual functions
depending on the same variable are now centered around
same point. Forr tending to infinity, the asymptotic form of
Eq. ~10! is shown in the Appendix to be

^fuVPuf&}exp~2kpr !/kpr . ~11!

We observe that the decrease of this expression is also
fast to explain the parity term~2!. However, this asymptotic
behavior is reached at large distances only. We now arg
that a slower decrease occurs at intermediate distanc
which looks similar to the decrease of the empirical parit
potential.

This is illustrated by Fig. 5 where the matrix element~10!
is calculated under different assumptions and compared w
exponential decreases proportional to exp(2kpr)/r and to
exp(2kr)/r with k50.45 fm21 as given in Table I. Normal-
izations should not be considered in the comparison. T
matrix element is calculated under three different assum
tions: with 0s and 0p oscillator orbitals, and with realistic

FIG. 5. Comparison of exchange matrix elements~10! for dif-
ferent types of orbitals with typical Yukawa terms with constant
0.7 and 0.45 fm21. The thick solid line corresponds to realisticp
orbitals while the dashed and dotted lines correspond to oscilla
p ands orbitals, respectively.
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p orbitals. The 0s case~dotted line! is not physically useful
but can easily be checked by the reader with the help of E
~A4! of the Appendix. One observes that the asymptotic b
havior~11! is only reached beyond 5 fm for these 0s orbitals.
With 0p oscillator orbitals, a longer analytic expressio
leads to the dashed line which becomes asymptotic near
fm. Between 4 and 7 fm, the average decrease is howe
slower than for 0s orbitals. Realistic individual wave func-
tions for thep orbitals are obtained by solving Schro¨dinger
equations with the samen112C andp112C potentials as in
Ref. @2#. The matrix element~solid line! then tends more
slowly towards its asymptotic form which is only reache
beyond 9 fm~the Yukawa function withkp'0.7 fm21 is
normalized to the matrix element at 10 fm!. Before reaching
that asymptotic regime, the decrease of the matrix elemen
quite slow. One understands that it can be simulated with
Yukawa form factor withk smaller thankp ~the Yukawa
function with k50.45 fm21 is normalized to the matrix el-
ement at 6.8 fm!. At a qualitative level, the slow decrease o
the parity potential is therefore not surprising when charg
exchange forces are taken into account.

Let us now discuss qualitatively the sign of the parit
term of the potential. Because we are concerned withp1/2
orbitals, the treatment of the spin parts requires angular m
mentum recouplings which are beyond the scope of t
present work. Let us simplify the discussion by using a
approximation where the nucleon spin is decoupled from t
orbital momentum as ins orbitals. For spin-1/2 nuclei, the
differential cross section reads

ds

dV
5
1

4
u f 0u21

3

4
u f 1u2, ~12!

where f 0 and f 1 correspond to the channel spinsS50 and
S51, respectively. In Sec. III, we have approximated th
expression with a single average amplitudef since the po-
tential is spin independent. In fact the two amplitudes, wh
treated separately, may require different parity potentials a
this complicates the sign determination. However, if we ta
into account the fact that13N and 13C belong to a same
isospin multiplet, the different partial waves must satisfy

~21! l1S1T521. ~13!

Hence, by calculating mean values of (s1•s2)(t1•t2), one
readily obtains that the odd-l potential is deeper at large
distances than the even-l one in the second term of Eq.~8!
for both spin values. This agrees with the positive value
the constantF found in Sec. III. Moreover, if angular mo-
mentum recouplings do not complicate the situation to
much, one might expect the same behavior in other collisio
between mirror heavy ions, i.e., a similar slow exponent
decrease and the same sign, since the present discus
mostly relies on the asymptotic form of the nucleon-nucleo
interaction.

The present discussion will have to be verified by mo
elaborate calculations. Such a calculation has already b
performed in Ref.@8#. However, the conclusions of that work
neither confirm nor contradict the present analysis beca
the authors have used a pure Wigner force. The second t
of our Eq. ~8! vanishes in that case and long-range pari
q.
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effects are not found. Their parity dependence resembles
one deduced from Eq.~5! and the resulting cross sections ar
similar to thek50.8 fm21 curve of Fig. 3.

V. CONCLUSION

We have measured the13N 1 13C elastic scattering at
three energies from just above to about twice the Coulom
barrier. The data display a significant rise at large angles.
central optical potential accurately fits the cross sections
to about 80°. The behavior at large angles is well fitted wit
the introduction of a slowly decreasing parity term. In fac
contrary to predictions@4,8#, the present parity effect is large,
and is of a comparable magnitude with the effects encou
tered in the13C 1 12C and 13N 1 12C scatterings@14,2#.

In spite of rather large error bars at backward angles, t
fact that a consistently good fit is obtained at three differe
energies shows that the optical potential is fairly well esta
lished. Its long range is incompatible with mechanisms in
volving more than a single exchange because they imply
product of at least two overlap matrix elements and lead to
faster decrease. The decrease is even slower than the asy
toptic form of a one-pion exchange matrix element, which
related to the pion Compton wave number. However, it
compatible with matrix elements taking the spatial extensio
of individual wave functions into account. At distances be
tween 5 and 8 fm, the matrix element indeed decreases m
slowly than its asymptotic form. The sign of the parity effec
is also, with some simplifying assumptions, explained wit
simple physical arguments.

The present optical-model results encourage the use
more elaborate molecular-orbitals models in order to d
scribe the13N 1 13C elastic scattering. However, these ca
culations should generalize the assumptions of Ref.@8# and
take an explicit account of charge-exchange contributions
the nuclear forces. Such models are necessary to establish
validity of the qualitative arguments that we propose in Se
IV. They may, however, have to take into account the im
portant 14N 1 12C and 14N 1 12C* channels which must
dominate the absorption at these low energies. Microscop
models@15,16# can also address the same problem but wi
other effective forces than usually assumed, i.e., with forc
reproducing the OPEP behavior at large distances.

The existence of a strong exchange effect in13N 1 13C
scattering calls for an experimental confirmation. Furthe
data about this system would be useful when better statist
and larger scattering angles will become reachable. Also d
points around 90° would be useful for a more accurate d
termination of the13N 1 13C interaction. Information from
other collisions between mirror nuclei would also provide
confirmation of the exchange mechanism. Among candida
for radioactive-beam experiments which might become fe
sible in a not-too-distant future are15O 1 15N with spin 1/2
nuclei or 11C 1 11B and 17F 1 17O with higher spins. In
principle the importance and sign of the parity effect shou
be quite similar to the13N 1 13C case in all these systems if
the mechanism that we suggest here is valid.
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APPENDIX

First we calculate the matrix element in~10! for 0s oscil-
lator basis functions with a common oscillator parameterb.
To this end, we employ the integral representation@22#

exp~2kr !

r
5

2

Ap
E
0

`

expS 2
k2

4t2
2t2r 2Ddt. ~A1!

With Gaussian wave functions centered at2r /2 and r /2
along thez axis, one is led to calculate the simple expressio

^w~ 1
2 r1r1!w~2 1

2 r1r2!uexp@2t2~r12r2!
2#

3uw~ 1
2 r1r1!w~2 1

2 r1r2!&

5~112b2t2!23/2exp@2t2r 2/~112b2t2!#. ~A2!

With the change of variable,

u5A2bt/~112b2t2!1/2, ~A3!
.
.
g,
-
e-
er-
es
l
on-
ro-

n

the spatial part of the matrix element in Eq.~10! becomes

^w~ 1
2 r1r1!w~2 1

2 r1r2!u
exp~2ku r12r2u!

ur12 r2u

3uw~ 1
2 r1r1!w~2 1

2 r1r2!&

5S 2

pb2D
1/2

expS b2k2

2 D
3E

0

1

expS 2
r 2u2

2b2
2
b2k2

2u2 Ddu. ~A4!

For r large, the exponential in the integral becomes small
u'1 and the upper limit 1 can be to a good approximat
replaced bỳ . Then with Eq.~A1!, one recovers the asymp
totic behavior~11!.

The result~A4! can easily be extended top orbitals and to
oscillator states with different oscillator parameters. The
nal expressions are significantly longer and we do not d
play them here. These analytic expressions are also usefu
a calculation involving realistic~nonoscillator! p orbitals. In
a first step, the neutron and proton orbitals are calcula
numerically with the potentials described in Ref.@2#. They
are then expanded on a basis of oscillator 0p states with
different oscillator parameters, the linear coefficients be
determined with a least-squares fit. Good results are alre
obtained with ten basis functions. The matrix element d
played in Fig. 5 is finally obtained by a combination of m
trix elements such as Eq.~A4! extended to 0p states with
different oscillator parameters.
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