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Reaction Mechanism of Heavy-Ion Charge-Exchange Scattering at Intermediate Energies
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The reaction mechanism of heavy-ion charge-exchange scattering at low and intermediate incident en-

ergies is studied theoretically. Contributions of direct charge exchange due to central and tensor isovec-

tor interactions and of charge exchange via sequential proton and neutron transfer are taken into ac-
count in one-step and two-step exact-finite-range distorted-wave Born-approximation calculations. The
nuclear structure of the intermediate and final states is described within the shell model. Calculations
for ' C(' C, ' N) "B indicate that direct charge exchange is safely dominant for incident energies
F/A ~ 100 MeV.

PACS numbers: 25.70.Cd, 24.50.+g

Charge-exchange scattering has become a very useful
new application of heavy-ion physics aiming at spectro-
scopic studies of both proton-neutron (p, n) and neu-

tron-proton (n, p) type transitions in nuclei. However,
the interpretation of such data is complicated because
the final channels can be populated by the two distinct
reaction mechanisms of direct and transfer charge ex-
change. In the direct process the final states are excited
by the one-step exchange of charged mesons as described
by the isovector nucleon-nucleon (NN) interaction. The
transfer charge-exchange mechanism is at least a
second-order process in which the same final states are
populated by sequential proton-pickup neutron-stripping
processes (or vice versa). Since the desired nuclear
structure information is most directly available from the
direct process it is of particular importance to know in

which energy range the direct mechanism will dominate.
Single-charge-exchange reactions have been widely

studied at incident energies around E/A =10 MeV with

light (e.g. Refs. 1-3) and medium-heavy systems and
also in the Fermi-energy regime . It has been found
that at low incident energies E/A —10 MeV the transfer
contributions generally dominate. Recently, Winfield et
al. concluded from the analysis of the reaction ' C(' C,
' N) ' B at incident energies 10 MeV ~ E/A ~ 35 MeV
that only for energies well above 50 MeV will direct
charge exchange begin to dominate. However, this re-
sult was obtained with rather drastic approximations to
the reaction dynamics.

In this Letter we present a quantitative analysis of the
energy dependence of the reaction mechanism of heavy-
ion charge-exchange scattering. The one-step direct and
the two-step transfer contributions are calculated in the
first- and second-order distorted-wave Born approxima-
tion (DWBA). Nuclear structure is described micro-
scopically by shell-model calculations. A realistic NN
interaction including the tensor interaction is used. A

similar approach was successfully applied before to
heavy-ion charge-exchange reactions at low incident en-

ergies. ' Here, the reaction mechanism of charge-
exchange collisions at incident energies of 10
MeV ~ E/A ~ 100 MeV is studied for the reaction
' C(' C, ' N) ' B. The calculations are compared to
data measured recently at the VICKSI accelerator in

Berlin with the Q3D spectrometer for E/A =30 Mev and
the GANIL accelerator in France with the SPEG spec-
trometer for E/A =70 Mev. A preliminary report on the
measurements has been given in Ref. 10.

The cross section for a charge-exchange reaction

a(N„Z, ) +A(ZA, NA)

~ b(N, + 1,Z, + 1)+B(NA + 1,Z, + 1)
is determined by the coherent superposition of direct and
transfer charge-exchange contributions. The direct com-
ponent is described in lowest order by the DWBA T-
matrix element'' Tp,

' =(gp
~ Fp, ~g,

+ ) where g, +

and g~ are the distorted waves in the incident channel
a = (a,A ) and the final charge-exchange channel

P = (b, B), respectively. The form factors

Fp (R) J d4 d(A Pob(4 )PAB(4A ) v (R 4 4A )

are given by folding the isovector NN interaction V '
with the transition densities p. Central spin-scalar
(AS=0) and spin-vector (AS=1) and also tensor in-
teractions are included in V ' . The energy dependence
of V ' was taken into account by interpolation between
the G-matrix interaction of Anantaraman, Toki, and
Bertsch' at E/vs ~ 10 MeV and the complex NN T ma-
trix interaction of Franey and Love' given at (discrete)
NN energies E~~ =50 MeV. Single-nucleon knock-out
exchange contributions are included in the local-
momentum approximation. ' ' .

The transition densities in Eq. (1) were constructed
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with the one-body transition amplitudes of Winfield et
al obtained in (lp) and (lp, 2s, ld) shell-model calcula-
tions for the 1+ and 2 4 states, respectively. The P-
decay matrix elements for ' B(1+, g.s.) and ' N(1+,
g.s. ) are very accurately reproduced. Single-particle
wave functions were calculated in Wood-Saxon poten-
tials.

The transfer charge-exchange contributions are de-
scribed, in second-order DWBA, as the superposition
of proton-pickup-neutron-stripping and neutron-strip-
ping- proton-pickup processes. The two-step transfer
matrix elements are given by

TP. =~~Pr. (&P ~ FPrGr (2)

The summation is restricted to intermediate transfer
channels y in which either the particle or the hole com-
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FIG. l. Angular distributions for '2C('~C, '~N(1+,
g.s.))' B(1+ g.s.) at incident energies 10 MeV ~E/A ~ 100
MeV. Theoretical results for the direct (dashed-dotted lines)
and transfer (dashed lines) charge-exchange contributions and
also of the coherent sum of both (full lines) are shown. The
theory is compared to data (circles) at E/A =30 and 70 MeV
(Ref. 10). Note the change in abscissa for E/A =70 and 100
MeV.

ponent of the final configurations are populated. In the
present calculations all contributions from ' N+ "Band
''C+ '3C channels with (lp, 2s, ld) configurations obey-
ing the above rule have been included so that within the
model space the two-step contributions are completely
accounted for. Contributions from outside the model
space will be strongly suppressed in the final con-
figuration and hence in the cross section because of an
energy separation of 2@co~25 MeV. The transfer ma-
trix elements are calculated in second-order exact-finite-
range (EFR) DWBA using the prior-post representa-
tion. ' The EFR form factors are denoted by I' and the
propagation in the intermediate channels is described by
the optical model Green's functions G~+ . ' ' The am-
plitudes C~~ contain the spectroscopic factors of the first
and second steps, ' respectively, which were taken from
shell-model calculations. ' In contrast to former calcu-
lations ' and to other approaches ', here the coherence
of the direct and transfer contributions is taken into ac-
count, trP, —~ TP,

' + TP, ~
. Optical potentials from the

literature have been used. '

Theoretical results for the reaction ' C(' C, ' N(1+,
g.s.) ) ' B at incident energies 10 MeV ~ E/A ~ 100
MeV are shown in Figs. 1 and 2 for angular distributions
and excitation functions. In Fig. 1 it is seen that the re-
action leading to ' B(1+, g.s.) is dominated by the
transfer contribution for low incident energies. At
E/A =45 Me V the two contributions are of similar
strength at forward angles. The range of angles where
the direct process dominates increases with incident en-
ergy. However, because of the two-step origin, the
transfer angular distributions have a less steep slope and
are dominating at larger angles even at E/A =70 MeV.
Similar results are found for the angular distributions of
other final states (see also Fig. 2).

For E/A =30 and 70 MeV the calculations are com-
pared to experimental data' which are well described
without renormalization, thus confirming the reliability
of the approach. In this case only intermediate routes
with (1p) configurations contribute. The data of
Winfield er al. at E/A =35 MeV are reproduced equal-
ly well.

The incident energy dependence of the peak dif-
ferential cross section o. „and the angle-integrated
cross section o&,& for ' B(1+,g.s.) and the strongly excit-
ed (2,4 ) doublet at E, -4.5 MeV are shown in Fig.
2. Of particular interest is the energy dependence of the
direct and transfer contributions, also shown in Fig. 2
separately. The transfer cross sections have their max-
imum at about E/A =30 MeV and then decrease. The
direct cross sections, generally, increase with incident en-
ergy but depend in detail on the final state. For o. „the
crossing point of transfer and direct cross sections is
found at E/A —50 MeV for the 1+ and the 2 states
but is shifted to —75 MeV for the 4 state. In o-t, t the
crossing points are shifted to higher energies such that
they are located at E/A —60 MeV for ' B(1+) and at
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FIG. 3. Direct charge-exchange diAerential cross section for
"C(' C, "N) "B(l+, g.s. ) at E/A =70 Mev. The central
(long-dashed line) and tensor (short-dashed line) contributions
and the coherent sum of both (full line) are shown. The exper-
imental data are taken from Ref. 10.
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FIG. 2. The maximum of the diA'erential cross section (left)
and the total cross sections (right) for ' C(' C, ' N) ' B as a
function of the incident energy per nucleon, E/A. Results are
shown for "B(l+, g.s.), ' B(2, 4.37 MeV), and ' B(4 4.52
Mev). The direct (full lines) and transfer (dashed lines) par-
tial cross sections and the coherent sum (bold lines) are
displayed, Experimental and theoretical results for the 1+ and
2 state are compared at E/A =30 MeV (Ref. 10), 35 MeV
(Ref. 7), and 70 MeV (Ref. 10).

E/A =80 MeV for ' B(2 ) and even at E/A & 100
MeV for ' B(4 ). This state dependence is mainly due
to the diff'erent angular and linear momentum transfers
involved in the three cases shown in Fig. 2. The difIerent
behavior of cr,„and at, t on incident energy follows from
the contribution of the two-step transfer angular distri-
butions at large angles as discussed above.

In Ref. 7 the crossing point in cr«& for ' B(1+)was es-
timated to be around E/A =50 MeV. Although this
value agrees rather well with our result there are consid-
erable diff'erences in the detailed energy dependence of
the direct and the transfer cross sections in Fig. 2 and
the approximate calculations of Winfield et al.

The energy dependence of direct and transfer charge
exchange can be understood from quite general proper-
ties of the two amplitudes. The direct amplitude de-
pends mainly on the momentum transfer (i.e. , excitation
energy and scattering angle) of the reaction while, as
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was discussed by von Oertzen' in a plane-wave picture,
the transfer amplitudes for each step depend mainly on
the linear momenta (i.e. , kinetic energy) of the
transferred nucleons. These momenta have to be ab-
sorbed by the binding potentials. Since high-momentum
components are strongly suppressed in the nuclear mean
field the transfer cross section will decrease with incident
energy as seen in Fig. 2. Since the momentum transfer
at a given angle decreases with incident energy the
/3L =0 direct component in the ' B(1+) reaction is
kinematically favored and the cross section continues to
increase. This kinematical enhancement is missing for
the higher multipolarities so that the cross sections for
' B(2 ) level off'and for ' B(4 ) even start to decrease
at E/A & 50 MeV.

In order to relate heavy-ion charge-exchange data to
P-decay strengths ' it is important to investigate the
direct transition operator in more detail. In Fig. 3 the
central and tensor contributions to the direct cross sec-
tion for ' B(1+, g.s.) at E/A =70 MeV are shown. It is
seen that the central interaction results in a strongly os-
cillatory angular distribution in clear disagreement with
the data. The shape of the experimental angular distri-
bution is only reproduced if central and tensor contribu-
tions are included coherently (they interfere slightly des-
tructively).

The angular range shown in Fig. 3 corresponds to
linear momentum transfers of 0.4 fm ' ~q ~1.4 fm
The tensor contributions account for about 33% of the
diff'erential cross section at 0' (Fig. 3) and for even 50%
of the angle-integrated cross section. They become even
more important for higher multipolarities and, for exarn-
ple, contribute by about 70% to the ' B(2 ) cross sec-
tion. These results reflect the rapid increase of the ten-
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sor strength at small momenta 0(q ~1 fm '. A direct
relation to the nuclear P-decay response corresponding to
vanishing momentum transfer is only possible at much
higher energies. For example, calculations for ' B(l+)
at E/A =200 MeV show that the tensor contribution is
reduced to 5% at forward angles.

In summary, one-step direct and two-step transfer
contributions to heavy-ion charge-exchange reactions
have been studied theoretically as a function of incident
energy. The calculations show that the reaction mecha-
nism of heavy-ion charge-exchange scattering is chang-
ing from transfer to direct as the incident energy in-
creases from E/A =10 MeV to 100 MeV. However, the
transition point depends on the final state. Generally,
the two-step process can be neglected for E/A ) 100
MeV. Similar conclusions will hold for other (quasielas-
tic) heavy-ion reactions at intermediate energies, thus in-
dicating that mean-field processes vanish only at much
higher incident energies as is usually expected.
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