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Cross sections for the excitation of isovector charge-exchange resonances?fT|
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The Glauber approximation for the treatment of heavy-ion scattering has already been shown to give reliable
predictions for the reaction cross section in the particular case of intermediate energy charge-exchange pro-
cesses. In the present work, we couple a Glauber-type model to microscopic random phase approximation
calculations of the charge-exchange excitations?®Pb. The aim is to solve the long-standing question
whether the very elusive charge-exchange isovector monopole has been really identified in the past experi-
ments, or other multipoles were prevalent in the observed spectra.
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. INTRODUCTION of the 2%%Pb target showed up at 21 MeVjn large disagree-
ment with the result of 11 MeV found in the pion experiment
of Ref.[1]. One has to remember the severe problems of this
pion experimentlow statistics, large background, full width
of the monopole peak comparable to its engrdput also in

While some systematics is available frsoscalar giant
resonances in atomic nuclei, manigovector charge-

exchangeamodes still remain elusive. A number of interme- (*3C, °N) experiment there was the puzzling feature of
diate energyi.e., qt bombarding energ'leEtab larger tlhan. the angular distribution which was inconsistent witi

100 MeV/A) reactlons_ favor the «fxcnatlon of spm-fhp =0. In a second experimefif] at 60 MeV/A, the neutron
modes due to the dominance of tieq part of the effective  gecay of the monopole candidate at 21 MeV was measured,
nucleon-nucleon interaction. For selective excitation of th&yjth the hope that an isotropic angular distribution for the
non-spin-flip modes, either pions or low-energy reactions ogmitted neutrons could support the multipolarity assignment.
special projectile-ejectile combinations are needed. PioneeHowever, the results from this measurement are still ambig-
ing experiments of the first two typésf., respectively, Refs. ous, as we discuss in more detail in Sec. IV.

[1,2]) showed resonancelike structures, but the multipolarity Concerning the comparison with theory, the calculations
assignments were difficult or impossible. This contrasts withof Refs.[3,8] reveal a marked discrepancy of self-consistent
the abundance of theoretical predictions for the chargeRPA calculations with the results of thé3C, *N) experi-
exchange giant resonances obtained, in particular, within thexent. According to Ref.8], the monopole peak is sensitive
framework of self-consistent random phase approximatiorio the effective force employe@ Skyrme parametrization
(RPA), starting from the work of Auerbach and Kle[3]. and it is found either at 13 or 16 MeV, therefore much lower
The lack of knowledge contrasts as well with the importancehan the energy region in which the experimental candidate
of charge-exchange isovector resonances for many purposd@l IVGMR is found. On the other hand, in the same paper it
The isovector giant monopole resonaribéGMR) is related ~ Was pointed out that in that energy region the RPA calcula-
to the isospin impurity of the nuclear ground stité and to t|o_ns predict a sgable amount of octupole strength. A calcu-
the isovector nuclear incompressibil[j]—a nuclear matter lation of the relative values aiL =0 andAL =3 cross sec-
parameter which is essentially unknown. More generally, thdions is therefore highly desirable. This further step of
study of the excitations which involve the isospin degree ofc@iculating the cross sectiofisstead of simply limiting the

freedom, should give the possibility to test the nuclear mod_analysis o the strength distributidrf_inds its justification in
els and eventually improve their predictive power for oy he fact that the former do not obviously scale as the corre-

treme conditiongsuch as nuclei with large isospin values Orsponding strengths. Simple reaction frameworks that can,
9 P ' 7" however, directly exploit the structure information provided

nuc_i_lﬁar matter close to ISospin |n§tabcl?lty he identificati Fy the transition densities are available in the literature, as,
e most recent expenmentg aimed to the identification o}, example, the one offered by the Glauber model. As
the IVGMR and/or other multipole resonances, have €My ,n in Ref[9], the extension of the Glauber model to the

3, 13 i H : H H .. . . .
ployed the {°C, *N) reaction. This reaction is believed o e description of heavy-ion charge-exchange reactions at in-
have good selectivity for the non-spin-flip type of excitation

in the target, because of the dominance of Fermi over———

Gamow-Teller transition in“C. In the first experiment per-  IThe excitation energies quoted in this work, are referred to the
formed in GANIL [6] at 50 MeV/A, the candidate for the ground state of%b, which means that to get the actual excitation
monopole excitation irf°T| (this is theAT,= + 1 excitation  energy in2°TI one has to subtract 4.2 MeV.
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termediate energy, like in the case at hand, can be rathq[m*Bb(b)

successful in terms of comparison with experimental data.

This motivates the present calculation of the cross sections

for electric multipole charge-exchange excitations in the _m<tanatb_nb|1na_nb><tAnAtB_nB|lnA_nB>
Glauber approach, at 60 MeX/ having as ingredients mi-

croscopic transition densities of the RPA self-consistent cal- . .
P XJEJ <]ama]b_mb|‘]pma_mb>

culation. 3
We believe the present work may shed light on the experi- . . .

mental problem of the IVGMR identification. We should X (] aMaj g~ Mg|Jima—mg)[B; By Iy

mention that the efforts to improve our rather poor knowl-

edge of the various charge-exchange modes still continue in > J dap’ (q) 5t £10 ()] b 29

different laboratorie$10]. qdaph(@)Pas(D) Tan(@)Im(ab), 22

The outline of the paper is the following. The formalism
for the extension of the Glauber model to heavy-ion chargewhereky is the nucleon-nucleon relative momentum. The
exchange reactions is briefly recalled in Sec. Il. The RPAabove expression includes the scattering amplitiffle, re-
calculations for the different multipolarities are presented injated to the isovector central part of the effective nucleon-
Sec. lll, where they are discussed, in particular, in connecnucleon potential and the Fourier transforji), of the
tion to the coupling to the continuum and to the two- projectile and target transition densitig(r) and py(r),
particle—two-hole states. The predictions of the model for th?e%pectively. The quantit@ arise from the projection of the

charge-exchange cross sections are presented and disCUS§fierical harmonics on the plane perpendicular to the trajec-
in Sec. IV, with special emphasis on the energy range sele%ry (Y (/2 ©)=i"B, M5, ]. The squared
1 m m,evend-

tively populated by each muItipoIa_rity..The main CondUSion.sbrackets are used to indicate the coupling of the associated
of the paper, as well as the implications for future eXper"anguIar momenta.

mental and theoretical work, are finally given. From the Eqgs(2.1) and (2.2), we can straightforwardly
obtain the differential cross section to each final state,
Il. CHARGE-EXCHANGE CROSS SECTIONS

do
High-energy scattering processes are dominated baﬁ(AaaBb, 0)
nucleon-nucleon collisions and can therefore be well repro-

duced by the Glauber mod¢ll]. In this approximation, 1 K \2
nucleus-nucleus reactions are fully microscopically de- =A—,\(—> (taNatp—Np|1Ng—Np)?
scribed in terms of the nucleon-nucleon scattering ampli- RINPRL Y

tudes and nucleaitransition) densities. The model was de-
veloped in detail for charge-exchange reactions in a recent
paper 9], where the formalism is presented and is applied to
p-shell nuclei. For the sake of completeness, we recall here x>, > |[By BJt]k/lf bdbe ®*x(*)3y,(Ab)
some of the main features and formulas relevant for the Jple LM ’
present work. ,

We assume that at relatively high energies these reactions Xe_'M“J qdgp’rpif n(qb)Im(gb)
are dominated by one step procespgg|. Within this ap-

proximation, the scattering amplitude of one-step chargeénd integrating over the scattering angle, the correspondin
exchange reactionsA@— Bb), is expressed as ' 9 g g angle, P 9

total cross section

X (tanatg—Ng|1ny—ng)?

2
, 2.3

anﬂsb(A)=ik% jbdbﬂﬁﬁ‘fBb(b)JM(Ab) aAaHBb=f b dbjer®*xb),Aa=Bbp) 12 (2.4
x @MB)Fx(b)g-iMey (2.1)

The nucleon-nucleon scattering amplitudes have been
taken from the tabulation given in R¢fL3] and interpolated
where A is the transferred momentunk, is the nucleus- for the energy of interest, i.e., 60 MeX/ The transition
nucleus relative momentunh is the impact parameter, densities corresponding to projectilgectile have been ob-

A (b)+ x(b) represents the phase shifts including the nucleatained as in Ref[9] using the wave functions that are solu-
and Coulomb contributions, anlj;(ADb) is the Bessel func- tion of a shell model calculation in the shell[14]. Due to

tion of orderM. The matrix elemeni./3~B°(b) takes into  the non-spin-flip character of the processes involved, only
account the details of the process and in R&f.a general transitions withJ,=0 are allowed for the c, ™N) reac-
expression for any type of charge-exchange reactions wasn regardless of the states populatec?ATI. The calcula-
given. Since in the present case we will be only consideringion of the other crucial ingredients, i.e., the transition den-
non-spin-flip transitionsAS=0), we cast the expression of sities to each excited state in the target, is discussed in the
mim [EQ. (2) of Ref.[9]] in the form following section.

044306-2



CROSS SECTIONS FOR THE EXCITATION . . . PHYSICAL REVIEW C 67, 044306 (2003

20000
IIl. MICROSCOPIC TRANSITION DENSITIES
FOR TARGET EXCITATION

TABLE |I. Number of particle-holg(ph) states included in the 70000 : : : . .
RPA calculation of the different multipole excitations. _ Complete calculation
B 60000} RPA with 2 MeV averaging ---------- 7
=
J7 Neutronp-protonh Protonp-neutronh - i
£, 50000 B
o+ 64 88 =
1 172 240 & 0000} 1
2" 244 348 =
3 288 420 £ 30000 1
7
o
g
g
o

10000

As mentioned already, the transition densities correspond- 0 s s s s —
. 20 . . . 10 15 20 25 30 35 40
ing to 2°®Pb excitations are derived from charge-exchange Energy [MeV]
RPA using Skyrme effective forces. The method is well
known, and the results for the IVGMR iA°®T| have been FIG. 1. Distribution of charge-exchange octupole strength in

published in Ref[8]. We recall, however, the main features >°T!. A complete calculation including escape and spreadiolj
of this type of calculations and we report some detail of theine) is compared with the averaging of the RPA results with
present one. Lorentzian functions having 2-MeV widtfdashed ling
We choose the Skyrme parametrization $15]. In Ref.
[8], the sensitivity to the choice of the Skyrme parametrization. These transition densities are related to the strength of
tion is discussed in the IVGMR case. We come back to thissach stateS, associated with the multipole operato€s
point in the following section. In our method, we first solve ==irky (f)tD by
the Hartree-FockHF) equations in real space and we obtain K
the mean field. The unoccupied states, including those at
positive energies, are obtained by diagonalizing the mean B Li2
field on a harmonic oscillator basi§n this case#fw Sh= f drr="py(r)
=6.2 MeV), that is, the continuum is discretized. Using
these single-particle states, a basis of proton particle-neutron ;
hole plus neutron particle-proton hole configurations is built,The quantity p '(r) must be multiplied by a factor
and the RPA matrix equations are solved on this b@gsch \/§(2T0+ 3)/(2J+1) in order to be consistent with Egs.
is large enough to ensure that the appropriate sum [Gles (2.2 and(2.3).
are satisfiel Our charge-exchange RPA is self-consistent, in |, Ref. [8] more sophisticated calculations were per-
the sense that the residual interaction betwpem configu-  f4rmed. Using the discrete RPA as a starting point, it is pos-
rations is derived properly from the Skyrme force. Only thegip|e to take into account the coupling with the continuum as
spin-orbit residual two-body force is dropped. The number of || as with configurations of two-particle—two-hole type
configurations used in the solution for the different multipo-using the model first introduced in RéfL6]. Including the
larities (that is,AJ=AL =0, 1, 2, and Bis provided in Table  continyum coupling is equivalent to solve the well known
. It corresponds, of course, to the number of RPA states: alkontinuum RPA. Both couplings have, as a consequence, a
these states have been included in the calculation of the croggift of the RPA peals), and also a redistribution of the
sections, that is, no selection based on their energy a”d/%'irength whose main effect is to provide the escape and
strength has been applied. We present the results associatﬁgeading widths to the RPA peak In the case of the
with the excited states of°®TI. In this case, the states have IVGMR in 2°°T], as discussed in great detail in Sec. Il of
good isospirTo+1 (T, is the ground state isospin 8f°%Pb)  Ref. [8], the discrete RPA peak is shifted downwards by
and it is possible to use them within the framework of ourgpout 2.8 MeV, from 19 MeV to 16.2 MeV. This effect is not
Glauber model whose formulation includes the isospin quancjyded in the present calculation, therefore the peaks cor-
tum number. _ responding to the 0 cross section irf°®TI should be moved
Solving the RPA gives, of course, the enerdigsof the  {owards lower energies. This reinforces the final message of
excited statefn), as well as their wave functions in terms of e present paper, namely, that the octupole cross section
the X" and Y™ amplitudes. The corresponding radial tran- gominates in the region around 21 MeV. In fact, we have
sition densitiegmentioned above after Eq2.2)] are given  checked that the octupole peak is much less shifted by the
by mentioned couplings. To substantiate this point, in Fig. 1 we
show the result of a full calculation of the octupole strength,
Ity — (n) _y(n) performed exactly as in Rd8] including escape and spread-
Pnll) % X = Yo CPIYLIMR(MIRA(), - (3.2 ing, compared with the averaging of the discrete RPA results
with Lorentzian distributions having 2-MeV width. The full
where ph labels the particle-hole components of the basiscalculation gives essentially the same distribution as the dis-
andR(r) is the radial part of the single-particle wave func- crete RPA-averaging.

2

(3.2
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FIG. 2. (a) Comparison of the relative contributions, defined in
terms of percentages of the total, to the dipole streigght shad-
owed barsand to the cross sectigdark shadowed bar the case
of three different T states in?%®TI, whose energies are reported in
the figure.(b) Behavior of the corresponding transition densities at
the nuclear surface.

IV. RESULTS FOR THE CROSS SECTIONS
AND CONCLUSIONS

The calculations described in Sec. Il provide the radial
transition densities to all excited'Q 17, 2", and 3~ states
in 2%%T1. As indicated in Sec. Il these transition densities
provide the basic ingredients for the calculation of the

charge-exchange cross sections. As an application, we dis-
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do/dE (mb/MeV)

FIG. 3. Total cross sections as a function of the energy in the
residual nucleug®Tl for the different multipolarities.

acter and the reaction amplitudes get their contributions
mainly from the surface region. We see, therefore, that the
states corresponding to the largest cross sections are those
which have largest values for their transition densities at the
surface, even if the associated strengths are not necessarily
large.

On the basis of the above conclusion it is worth studying,
as a function of energy, the population of the different states
produced in a charge-exchange process, rather than to limit
oneself to the strength distributions. We have calculated the
angle-integrated cross sections of E214) for all the above

cuss here the results of our model for charge-exchange reac-

tion induced by*C projectiles at 60 Me\& on the 2°%Pb
target.

A first question to be posed, is whether the profile of the <
cross sections as a function of the excitation energy follows

that of the multipole strengths. In Fig(a}, we show some

examples that illustrate this point in the case of dipole states.
We find that in some cases states with similar dipole strength

have rather different total cross sectidns, for example, the
states at excitation energi€s,=25.5 and 27.3 MeY and

conversely, states with very different strength have quite

similar cross section&s states dE,=27.3 and 29.1 MeY,

This fact can be understood by inspecting the radial behavior

of the transition densities at the nuclear surfiieiy. 2(b)].
While the dipole transition matrix elements involve the tran-
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FIG. 4. Cross sections as a function of the excitation energy for

sition densities in the whole radial space, charge-exchang®&onopole and octupole transitions 3Tl integrated in the angular
processes induced by heavy ions have a rather grazing chaenge:(a) 0°-1°, and(b) 1°-2.5°.
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indicated multipoles. In order to take into account the widthsdifferent multipolarities would compare when only forward
of the states, we associate to each discrete RPA state amgles are considered. In R¢¥] two different spectra are
Lorentzian averaging distribution as described in Sec. lllshown: one for the cross section integrated between 0° and
accounting for both escape and spreading mechanisms. THé and another integrated between 1° and 2.5°. Hence, we
widths of the Lorentzian distributions were chosen to be zhave calculated the excitation functions for the monopole
MeV. The results are displayed in Fig. 3. From the figure oneand octupole transitions by integrating the cross sections of
can see that the main contributions correspond to the quadkq. (2.3) in the same angular range. The results are shown in
rupole and octupole transitions in the energy range below 2%ig. 4. One can see that the relative importance of the mono-
MeV. pole with respect to the octupole excitations is larger at small
We finally discuss our predictions in more detail in con-angles, but the octupole overcomes the monopole transition
nection with the experiment of Ref7]. The aim of the ex- in both angular ranges considered in R&f.
periment was to infer the multipolarity of the observed struc- In conclusion, the present paper shows the feasibility and
ture from the angular distribution of the neutron decay. Fronusefulness of fully microscopic calculations which couple
the excitation energy spectra at small angles—which, in prinstructure and reaction models. The Glauber model, which
ciple, favor low multipole transitions, in particular, was already shown to be quite reliable for the study of inter-
AL=0—a large peak around 21 MeV is observed. The aumediate energy charge-exchange reactions, has been applied
thors themselves point out that the statistics for the neutroto the case of 60Me\ (*°C, 13N) scattering orf°%b. This
detection was too low to obtain a clear signature of the mulkind of experiment was peformed with the aim of extracting
tipolarity of this resonance from the neutron decay. Neverthe properties of the IVGMR. We have shown that the octu-
theless, they attributed this peak to the presence of the ipole cross section dominates over the monopole in the en-
ovector giant monopole resonance. From the preserdgrgy range around 21 MeV, where the experimental peak was
analysis, we find that the octupole excitation should be domiidentified, if one considers the angle-integrated total cross
nant in the 21 MeV energy region, as shown in Fig. 3 for thesection. The ratio between the monopole and octupole cross
total cross sections. This is in agreement with the remarlsections grows if they are both integrated over small angular
made in Ref[8] on the simple basis of the strength distribu- ranges; nevertheless, the monopole is not dominating in the
tion: nevertheless, we have seen that cross section distribangular ranges considered in the experiment of Ref.
tions and strength distributions can be different. These remarks may be of some importance when the quest
For small angles the relative importance of monopolefor the IVGMR, as well as for the other still poorly known
transitions increases. Therefore, a valid question is how theharge-exchange multipoles, continues.
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