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Charge exchange reactions in the Glauber approximation
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A treatment of heavy ion charge exchange reactions based on the Glauber approximation is presented. It is
applied to the analysis of the reactions12C(13C,13N)12B, 12C(13C,13B)12N, and 12C(12C,12N)12B at intermedi-
ate energies. Overall agreement is found on the basis of a model whose ingredients are the experimental
nucleon-nucleon scattering amplitudes, the phenomenological nuclear densities, and the transition densities
derived from microscopic nuclear structure models.@S0556-2813~99!03604-3#

PACS number~s!: 24.10.2i, 25.70.Kk
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A considerable amount of experimental data on cha
exchange processes in intermediate energy heavy ion c
sions is now available and more is expected with the n
facilities. By suitable choice of projectile and target, they c
allow convenient tests of the isovector channel of the eff
tive interaction useful for the analysis of Fermi and Gamo
Teller transitions. In the past years, several heavy-ion cha
exchange reactions have been described within semim
scopic approaches in which the charge-exchange form
tors are calculated from microscopic interaction but the re
tive motion is described in terms of phenomenologi
optical potentials@1,2#.

Since it is well known that high energy scattering pr
cesses are dominated by nucleon-nucleon collisions, in
present work we describe the charge exchange process o
line of the Glauber approximation@3# where the nucleus
nucleus collision is fully microscopically described. Succe
ful applications of the model have been previously obtain
for a variety of elastic and inelastic heavy ion data at int
mediate energies@4#. Another encouraging aspect of th
Glauber-like approaches is that their parameter-free na
makes them particularly suited to predict the gross featu
of reactions, also in regions where there is no previo
knowledge of heavy ion scattering data, a fact which is i
portant when planning new experiments.

In this paper a formalism to deal with charge exchan
heavy-ion reactions based on the Glauber approximatio
developed. We will assume that, at high energies, these
actions are dominated by one step processes@6#. The formal-
PRC 590556-2813/99/59~4!/2297~4!/$15.00
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ism is here applied to reactions where the projectile as w
as the target can be described asp-shell nuclei. The choice of
this region is made on the basis of the fact that the sa
nuclear structure~shell-! model can be used for projectil
and target systems and that there exists a simple nuc
interaction @5# that has been extensively and successfu
used to account for a large amount of spectroscopic data.
reactions studied cover a range of projectile, targets and fi
states that allow a good appraisal of some of the feature
the charge exchange process.

In the one-step Glauber approximation, the scattering a
plitudes of one-step charge exchange reactions (Aa→Bb),
for the momentum transferD, can be expressed@7# in terms
of an integral on the impact parameterb

f Aa→Bb~D!5 ik(
LM

E bdbmLM
Aa→Bb~b!JM~Db!

3el~b!1x~b!e2 iM w
D. ~1!

In the above expression,x(b) is the Coulomb phase shift
i.e., x(b)52ih ln(kb), and l(b) is the elastic phase shif
obtained from the central spin- and isospin-independ
nucleon-nucleon scattering@see below, Eq.~6!#.

The details of the charge exchange transition are c
tained in the matrix elementsmLM

Aa→Bb(b). By making ex-
plicit the nuclear spin and isospin of target~residual! and
projectile~ejectile! systems these charge exchange matrix
ements can be written in the form
mLM
Aa→Bb~b!5

1

ikNN
^tanatb2nbu1na2nb&^tAnAtB2nBu1nA2nB&

3(
JpJt

ĴpĴt^ j amaj b2mbuJpma2mb&^ j AmAj B2mBuJtmA2mB&

3(
KS

K̂ (
l pl tLpt

L̂ptH l p l t Lpt

S S K

Jp Jt L
J †@Bl p

Bl t
#LptBK‡M

L E qdqr̂ab
l p ,S,Jp~q!r̂AB

l t ,S,Jt~q! f NN
1SK~q!, ~2!
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wherer̂ l ,S,J(q) are the transition densities in the momentu
space corresponding to the transfer of one unit of isospi
the 2S11l J channel. The amplitudesf NN

1SK stem either from
the isovector central (K50) or the tensor (K52) parts of
the nucleon-nucleon potential, as described below. The q
tities Blm arise from the projection of the spherical harmo
ics on the plane perpendicular to the trajectory@Yl

m(p/2,w)
5 i l 1mBlmeimwd l 1m,even#. The squared brackets are used
indicate the couplings of the related angular momenta.

The nucleon-nucleon interaction. In the case of a nucleus
nucleus collision the general velocity-independent inter
tion between a target- and a projectile-nucleon can be wri
in the form

V~rW tp!5 (
S,T,K

VST
K ~rW tp!†@s t

Ssp
S#KYK* ~ r̂ tp!‡0@t t

Ttp
T#0, ~3!

where sS and tT are the spin and isospin Pauli operato
when S51 or T51, and are the unity operators whenS
50 or T50.

The velocity independence of the interaction implies t
in Eq. ~3! the sum runs only onK50 and 2. It can be shown
that, as a consequence of the condition thatl 1m must be
even in the transition densities, noL50 transfer is allowed
when the parities of the entrance and exit channels are
ferent, even if tensor contributions (K52) are taken into
account.

The scattering amplitudef NN
1SK in Eq. ~2! is related to the

Fourier transform of the effective nucleon-nucleon potent
which has been parametrized by Love and Franey@8# to fit
the free nucleon-nucleon scattering data. This effective
tential is complex and energy dependent.

Transition densities. The transition densities appearing
Eq. ~2! are, in the target-residual nuclei system, the Fou
transforms of the matrix elements

rAB
l t ,S,Jt~r t!5

1

A3Ĵt

^ j BtBuuuTl tSJttuuu j AtA&, ~4!

where the one-body transition operator is

TMt

l tSJt5
d~r 2r t!

r 2
@Yl t

sS#Mt

Jt . ~5!

The statesu j AtA& and u j BtB& are the many-body wave func
tions for the target and residual nucleus, respectively.
pressions similar to Eqs.~4! and~5! result for the projectile-
ejectile system.

The calculation of the transition densities involves t
choice of a model for the nuclear wave functions and o
suitable algorithm for the obtention of the matrix elements
TMt

l tSJt and TM p

l pSJp. A specific choice forp-shell nuclei is ex-

plicitly described below.
The elastic phase shift. The elastic phase shifts

l~b!5
1

2p ikNN
E r̂p~q!r̂ t~q! f NN

000~q!e2 iqW .bWdqW ~6!

have been evaluated by using nuclear densitiesr(r ) and the
Love and Franey nucleon-nucleon interaction@8#.
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The above microscopic method has proved to be relia
in many applications. It is known, however, that exceedin
diffractive elastic cross sections result when very transpa
nuclear systems are involved, as for example, in the cas
the 12C112C reactions. In this case better fits are obtained
resorting to optical model approaches, where the ela
phase shiftl(b) is obtained from the macroscopic ion-io
potential. In the high energy range one can use the eiko
approximation starting from an optical potential. The price
be paid is the need ofad hocfits of optical parameters fo
each reaction.

Normal parity states in nuclei around12C can be satisfac-
torily described in terms of many nucleon configurations
the 0p shell. For the states that are considered below, a c
plete basis~see, e.g., Ref.@9#! is provided by theL2S
coupled wave functionsupn@ f #TSLJ&, (n5A24). Then, the
nuclear states are written as

uA,J,T,g&5 (
[ f ]SL

c[ f ]SL
g upn@ f #TSLJ&, ~7!

where g identifies one specificJ,T state. The coefficients
c[ f ]SL

g are obtained by diagonalizing a nuclear interaction,
the present case the~8-16!POT of Cohen and Kurath@5#. The
matrix elements of the charge exchange transition opera
~5! are calculated in Ref.@10#. In this scheme the transition
densities of Eq.~4! result

r i f
l ,S,J~r !5

w0p
i ~r !w0p

f ~r !

r 2
Ki f . ~8!

In the above formulai stands for the labels corresponding
projectile or target (a or A) and f for those of ejectile or
residual nucleus (b or B), respectively. All the Hamiltonian
eigenvectors, angular momentum and charge-spin fractio
parentage and spherical tensor recoupling coefficients
contained inKi f . The Table I gives the values of the facto
Ki f for the lSJ charge-exchange transitions under consid
ation.

The single-nucleon wave functionswnl(r ) are the solu-
tions of a Woods-Saxon potential, which depth is adjusted

TABLE I. Transition density factors.

A Ji Ti Jf Tf l S J

12 0 0 1 1 0 1 1 20.1338131021

2 1 1 0.3222531022

12 0 0 2 1 2 0 2 20.1994931021

2 1 2 0.3341331022

13 1
2

1
2

1
2

1
2 0 0 0 20.6264731021

0 1 1 0.5684931022

2 1 1 0.4879531021

13 1
2

1
2

3
2

3
2 0 1 1 20.1330331021

2 1 1 0.2707031021

2 0 2 0.2421331021

2 1 2 20.3250631021
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get the experimental binding energies of the correspond
nucleon in each of the four nuclear systems~projectile, tar-
get, ejectile, and residual nucleus!.

The 12C(13C,13N)12B reaction. This reaction changes
proton into a neutron in the target and conversely a neu
into a proton in the projectile. Table I shows that the proje
tile can go to the mirrorT5 1

2 , Jp5 1
2

2 ground state of13N
via the 1S0 , 3S1 and 3D1 transition channels. The reactio
populates theT51, Jp511 ground state in12B ~analogue
of the level at 15.11 MeV in12C) through transitions in the
channels3S1 , 3D1. Although a non-spin-flip channel (1S0)
is possible in the projectile, Eq.~2! implies a similar transi-
tion in the target and therefore onlyDS51 terms contribute
to the cross section.

This reaction populates more strongly the 21, 0.95 MeV
state in12B with the target undergoing1D2 and 3D2 transi-
tions. In this case both, spin-flip and non-spin-flip, chann
are allowed, but the factors coming from Eqs.~2! and ~8!
predict at least three orders of magnitude larger contributi
to the cross section forDS50 than forDS51.

In Fig. 1 we show the results of the present calculatio
compared to the experimental data@11,12#.

The 12C(13C,13B)12N reaction. Although from the target
point of view this reaction is mirror to that treated prev
ously, differences arise from the projectile, that in this ca
goes to aT5 3

2 state~the Jp5 3
2

2 ground state of13B). As
seen in Table I, possible transition channels would be1D2 ,
3S1 , 3D1 and 3D2. Once again the non-spin-flip channe
are removed by the absence of matches in the target.

In an extreme single-particle picture, with12C acting as
the core, the transition in the projectile in the previous re
tion corresponds to the flip of the spin and isospin in thep1/2
state. On the contrary, the present case leads to more
plicated @p1/2,np3/2,p

21 #DT51,DS51 particle-hole configurations
This fact does not seem to reflect in a particular way in
cross sections. Figure 2 shows the data@11# and the calcula-
tion results.

The 12C(12C,12N)12B reaction. In this case there are mea
surements atE/A570 MeV ~Refs.@6,13,14#! and 135 MeV
~Refs. @15,16#!. For the theoretical analysis, the isovect
nucleon-nucleon interaction of Love and Franey@8# has to be
interpolated since for those energies there is no availa
parametrization tabulated.

Being the final nuclei the mirrors12N and 12B, the same

FIG. 1. Calculated and experimental angular distributions
the reaction12C(13C,13N)12B.
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spin-flip transition channels3S1 and 3D1 are involved, both
in the projectile and target systems.

As stated earlier the Glauber approximation gives too d
fractive cross sections already for the elastic12C112C colli-
sion. Therefore, for this case the elastic phase shift ente
into Eq. ~1! has been obtained in the eikonal approximati
starting from the optical potential obtained in Ref.@15# for
the elastic scattering~best fit!. The results of the presen
calculations are compared with the experimental data in F
3 for E/A570 MeV and in Fig. 4 forE/A5135 MeV.

In the case ofE/A570 MeV there is a not solved discrep
ancy between the data of Ref.@13# and those of Ref.@14# and
both are plotted in Fig. 3. The selectivity of the reacti
(12C,12N) for spin-flip transitions, in contrast with the (n,p)
reaction, allows one to test the isovector (DS51) compo-
nents of the effective interaction. In Fig. 3, the contributio
arising from the central and the tensor parts are display
The central component carries mainly theL50 transition
terms while the tensor component is mainly associated to
L52 transitions. AlthoughL52 (L50) transitions are not
absent in the cross section associated to the central~tensor!

r
FIG. 2. Calculated and experimental angular distributions

the reaction (DS51,DT51)12C(13C,13B)12N(11, g.s.!. Contribu-
tions from the central~dashed-line! and tensor~dotted-line! are dis-
played separately.

FIG. 3. Calculated and experimental angular distributions
the reaction12C(12C,12N)12B (11, g.s.!.
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FIG. 4. Calculated and experimenta
angular distributions for~a! the charge-
exchange reaction12C(12C,12N)12B (11,
g.s.!; ~b! elastic scattering for the reactio
12C112C.
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term, their contributions, shown as dot-dashed lines~dot-dot-
dashed lines!, are very small. However to get a good descr
tion of the experimental angular distributions, both ter
have to be included. Our results are consistent with the fi
ings of Ref.@6#, where microscopically constructed form fa
tors were used in a DWBA formalism.

For the case ofE/A5135 MeV, the elastic differentia
cross section is in very good agreement with the experim
tal data as shown in Fig. 4~b!. However, for the charge
exchange reaction, the quality of the calculation is n
so good. To reproduce the experimental data one sh
multiply the central interaction by a factor 1.4 and the ten
term by a factor 2. Since the parametrizations for all ot
cases studied in this work seem to reproduce well
data, we report the theoretical predictions without any n
malization as done for the other reactions. Further exp
mental data around this or at higher energies could h
to understand this discrepancy for which we have no ex
nation.

We have also plotted in Fig. 4~a! the separate contribu
tions for the central and tensor spin-flip isovector comp
nents. By comparing with Fig. 3, it can be seen that
tensor term becomes less important as the energy incre
These reactions could therefore be very useful to reprod
in a heavy-ion reaction the conditions of vanishing angu
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momentum transfer occurring in a beta decay of the Fe
type.

In conclusion, as a general remark the study of the cha
exchange heavy ion reactions at intermediate energies w
the Glauber approximation shows an overall agreement w
the experimental data, both in magnitude and general tre
It is worthwhile to point out that only one, and the sam
structure model has been used for all the nuclear syst
involved, and that the reaction and transition-producing
gredients are those coming from the parameterization of
free nucleon-nucleon scattering data of Love and Franey@8#,
without anyad hocmodification of the relative weights o
the central and tensor components. Such an agreement e
in spite of the fact that for the various reactions and energ
the cross sections arise from the coherent contribution
many different components, both in the nuclear struct
transition densities and in the nucleon-nucleon interact
~Ref. @8#!. This agreement makes one confident for appli
tions of the present treatment to unexplored regions of e
gies or masses.
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@12# C. Bérat et al., Phys. Lett. B218, 299 ~1989!.
@13# H.G. Bohlenet al., Nucl. Phys.A488, 89c ~1988!.
@14# N. Anantamaranet al., Phys. Rev. C44, 398 ~1991!.
@15# T. Ichiharaet al., Phys. Lett. B323, 278 ~1994!.
@16# T. Ichiharaet al., Nucl. Phys.A583, 109c~1995!.


