
PHYSICAL REVIE%' C VOLUME 52, NUMBER 2 AUGUST 1995

Charge-pickup processes in relativistic heavy-ion reactions
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We have measured a complete isotope distribution of projectile-like nuclear-charge pickup prod-
ucts, formed by bombarding a Al target with 790A MeV Xe ions. The shape of the cross-section
distribution indicates a dominant in8uence of evaporation processes during the formation of the 6nal
cesium fragments observed, thus masking to a large extent the primary processes involved in the
charge exchange. We can show, however, that an intranuclear-cascade-plus-evaporation calculation
can reproduce the observed yields, and that the efFect of A-formation during the first stage of the
reaction is visible even in the inclusive cross sections. The same model can explain the strong in-
crease in total charge-pickup cross sections with increasing projectile mass noted previously by other
authors. It is therefore not necessary to invoke coherent processes to explain this increase as has
been suggested previously.

PACS number(s): 25.75.+r, 25.70.Mn, 25.70.Kk

Nuclear charge-exchange reactions at relativistic ener-
gies (E/A + 500 MeV) are of considerable current inter-
est since they allow one to draw some conclusions on the
in-medium behavior of pions and. deltas. For heavy-ion-
induced charge-exchange reactions, the most comprehen-
sive study has been performed at the SATURNE acceler-
ator at Saclay [1],with Ar as the heaviest projectile. In
these experiments, both the (n, p) and the (p, n) charge-
exchange products were identified. with respect to nuclear
charge and mass at the SPES4 spectrometer. Two con-
tributions to the charge-exchange process were clearly
visible in the inclusive momentum spectra of the ejec-
tiles: A narrow peak near zero momentum loss indicated
the contribution from quasielastic isospin-exchange scat-
tering, whereas a broader peak at an excitation energy of
about 300 MeV was attributed to charge-exchange pro-
ceeding via 4 formation in the target.

For projectiles heavier than argon, neither production
cross sections nor momentum spectra have been mea-
sured. for individual charge-exchange products. The only
information available up to now consists of total charge-
pickup cross sections (summed over all isotopes with nu-
clear charge Z„+1)measured for projectiles between ssFe
and as~Au at energies between 0.4A and 1.7A GeV (see
Ref. [2] for a summary of the experimental situation). In
some studies the product nuclear charge was measured
with track detectors [3—5], in others with electronic de-
tectors [2,6,7]. Since the mass of the fragments could
not be measured, only little information on the reaction
mechanism could be inferred from such studies. Never-
theless, Guoxiao et al. [3] found evidence for an increase
of the total charge-pickup cross section that scales with
the square of the projectile mass number, A„, according
to the empirical relation
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with

O~z=+i = 1.7 x 10 p„~A„mb,

where the indices p and t refer to target and projectile,
respectively. They claim that this dependence on A„ is
"the steepest ever reported for a nuclear process. "

The present experiment makes use of the possibilities
of the projectile-&agment separator FRS at GSI [8] to
separate and identify mass-resolved charge-pickup prod-
ucts from heavy ions accelerated to relativistic energies
by the SIS synchrotron. As part of a comprehensive
study of &agment formation in the reaction of a 790A
MeV ~2sXe beam with a Al target [9], we have mea-
sured formation cross sections of several isotopes of 55Cs
formed by charge pickup in 54 Xe. The large incident
energy kinematically focuses the reaction products com-
pletely into the FRS acceptance so that absolute for-
mation cross sections can be determined. In principle,
our setup allows one also to measure the momentum dis-
tributions of the fragments in the dispersive midplane
of the separator and to obtain spectra similar to those
measured at SATURNE. Such data, though with poor
statistics, have been obtained with a thin Be target for
&00& MeV ssKr projectiles [10]. In the present exper-
iment, however, which was directed at measuring small
production cross sections, a thick Al target was used,
leading to poorer momentum resolution. We will show,
however, that also the isotopic cross-section distribution
allows one to draw conclusions with respect to the re-
action mechanism. By comparing this distribution with
the results of an intranuclear cascade (INC) calculation,
Inore insight into the underlying physical processes can
be obtained. In particular, we can study the A& depen-
dence of the charge-pickup process and see whether the
calculation reproduces the quadratic dependence found
in Ref. [3].
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A ~ 9Xe beam with an intensity of about 10 ions per
spill (every 5 s) was delivered from the heavy-ion syn-

chrotron SIS and hit a Al target of 0.8 g/cm mounted
in front of the FRS. Reaction products produced in this
target were identi6ed by measuring their velocities at the
exit of the FRS in a ring-imaging Cherenkov counter
[11,12]. In addition, the magnetic rigidity Bp and the
energy loss LE of the &agments were measured in the
central dispersive image plane of the FRS with an array
of silicon detectors [9]. Calibration runs with the primary

Xe beam at various energies served to calibrate the ve-
locity and LE measurements. The resolution obtained
amounted to b, Z = 0.43 [full width at half maximum
(FWHM)] and AM = 0.7 amu (FWHM). The intensity
of the primary beam was determined with the help of a
secondary-electron transmission detector [13].Formation
cross sections of 55Cs isotopes were determined from the
numbers of identified isotopes by correcting for the loss
of fragments in the target and in other layers of matter
due to secondary reactions, and for the dead time of the
data acquisition system. Figure 1 shows the resulting
cross sections for 12 Cs isotopes with nuclear masses be-
tween A=118 and A=129. Peak cross section range up to
a few millibarns, which is not surprising given the total
charge-pickup cross sections of a few tenths of millibarns
measured for very heavy ions in previous experiments
[2-6].

We will now try to reproduce the measured mass dis-
tribution with a simple model calculation. Since we deal
with relativistic energies and very peripheral processes,
an intranuclear-cascade calculation based on experimen-
tal Bee hadron-hadron cross sections should contain the
essential physics. Multistep proton-transfer reactions
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FIG. 1. Production cross-sections for cesium isotopes pro-
duced by nuclear-charge pickup in Xe at E = 790' MeV.
The full histogram is the result of an intranuclear-cascade
calculation with ISABEL and PACE (ISAPACE; see text). The
dashed histogram was obtained by switching o8' A formation
in the IsABEL calculation.

that occur near the Coulomb barrier or in the Fermi en-
ergy domain can safely be excluded [14]. This is corrob-
orated by the nonobservation of &agments with masses
larger than A~. We have used the intranuclear-cascade
model ISABEI. [15] since it accounts for the diffuseness of
the nuclear surface, an aspect that we think is crucial
for the very peripheral processes that we consider in the
present study. ISABEL is a purely classical model with
the Pauli principle introduced in a schematic way as the
only quantum-mechanical ingredient. Nuclear-charge-
exchange processes proceed in this model either via (n, p)
charge-exchange collisions where a virtual charged pion
is exchanged. This process is implicitly contained in the
parametrization of the differential (n, p) cross sections
used in ISABEL. The other possibility is the excitation
and subsequent decay of a L r sonance by which a pro-
jectile neutron changes its isospin.

It is obvious that the intranuclear cascade normally
produces excited prefragments that decay subsequently,
mainly by neutron emission in our case, to the final frag-
ments observed. To model this second step of the re-
action, the evaporation code PACE has been coupled to
the ISABEL model (ISAPACE, [15—18]). The full histogram
in Fig. 1 shows the Anal fragment distribution after the
evaporation step. The calculated curve reproduces well
the height, position, and width of the experimental iso-
tope distribution, though minor discrepancies can be ob-
served near the maximum and on the neutron-deficient
side of the distribution.

Our model calculations of the charge exchange tell us
that in the INC step of the reaction, e.g. , the prefragment
"2SCS is created via (n, p) charge-exchange scattering in
about 55%%up of all cases, whereas A formation is involved in
about 45 jg of all cases. As indirect evidence for the latter
reaction mechanism we note that the resulting isotope
distribution is altered in particular for the pure charge
exchange 2 Xe~ 9Cs —if we artificially suppress L
forznation in nucleon-nucleon collisions (dashed curve in
Fig. 1).

We will now investigate if our model calculations can
also explain the apparent strong increase of the total
charge-pickup cross section with increasing projectile
mass noted in Ref. [3]. We do this by comparing, in Fig.
2(b), our measured cross section for the system I29CS +

Al at 7902 MeV (o~E +I ——19.3 + 0.8 mb, obtained
by integrating the mass distribution of Fig. 1) and those
measured for other systems between Fe + Al and

Au + Al [2,6,19] at incident energies between 0.624
and 1.57A GeV with results from our ISAPACE calcula-
tions. The numerical values of the data points, the ref-
erences to the original literature, and the incident beam
energies at which these data were taken are listed in Ta-
ble I.

In using data taken at diferent incident energies in our
comparison, we neglect a small energy dependence of the
charge-pickup cross sections which has been shown to be
rather weak between 500A and 1000A MeV both by ex-
periments [2,4,6] and ISAPACE calculations [17]. We also
do not consider very light nuclei like C or 0 since the
small number of bound states in light nuclei hampers a
comparison with heavy nuclei which have a large number
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of bound states and are therefore more appropriate for a
comparison with statistical models.

The good agreement between the experimental data
points in Fig. 2(b) (circles) and the calculated ones from
oui' ISAPACE calculations (squares) demonstrates that the
model contains the essential physics that governs the
increase of the charge-pickup cross sections with pro-
jectile mass. In particular the Hat slope in the range
139 & Ap & 197, where the measured charge-pickup
cross sections increase proportional to A, is well re-
produced. Also the striking difference between the cross
sections for Fe and Ni is reproduced in the ISAPACE
calculation: Since these projectiles are very close in mass,
the empirical scaling law of Eq. (1) would predict also
very similar charge-pickup cross sections, whereas mea-
sured (and calculated) cross sections difFer by about a
factor of 5. The reason for this behavior will be discussed
in more detail below.

When interpreting these observations in terms of our

Proj. E~~b

[A GeV]

"Fe
"Ni 0 65

Kr 0.62
Ag 0.93

~ Xe 0.79

'"I a 1.17
0 0.7

A 0.92

Ref. Cross section [mb]
Experiment ISAspAcE calculation

Fragment Prefragment
[6] 0.98 + 0.40 1.29 + 0.16 20.1 + 1.2
[19] 0.17+ 0.08 0.30 + 0.05 14.7 + 1.1
[2] 9.15+ 1.36 9.66 + 0.29 27.2 + 1.4
[2] 4.88 + 1.31 9.68 + 0.32 30.2 + 1.8
this 19.3 + 0.8 17.5 + 0.2 32.1 + 0.8

work

[6] 27.9+ 2.4 21.7 + 0.5
[6] 33.9 + 2.6 27.5 + 0.9
[6] 40.1 + 3.1 35.9 + 1.4

33.8 + 1.9
41.7 + 3.5
63.0 + 5.9

TABLE I. Measured vs simulated cross sections for
charge-pickup reactions (HZ=+1) in Al targets. The errors
for the simulation are due to statistical uncertainties. As the
fragment statistics was increased by using each prefragment
10 times in the evaporation cascade, the error for the fragment
cross section is smaller than for that of the prefragment. The
experimental value for Ni has been measured with a Be
target [19] and scaled by a factor of 1.19 according to p„i in
Eq. (1) for comparison with the other data points.
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FIG. 2. Total cross sections for charge-pickup of relativistic
projectiles using Al targets at energies between 0.62A and
1.57A GeV, plotted as a function of the projectile mass num-
ber. (a) Prefragments (calculated results from IsABEL, prior
to evaporation). The dotted line has been fitted to the data to
demonstrate the approximately linear dependence on A„. (b)
Fragments (after evaporation). The solid symbol indicates the
experimental data point from this work; the data shown with
open circles have been taken from Refs. [2,6,19]. The open
squares show the corresponding calculated cross sections from
our INC+evaporation calculations with the code ISAPAGE (see
text). The solid line has been fitted to the heavy-mass exper-
imental data, while the dashed line represents the empirical
relation of Guoxiao et aL [3] proportional to A„.

ISAPACE model, we have to distinguish between effects
that are due to the primary (INC) process and those
due to evaporation from the excited prefragments. To
illustrate the former effect, we plot in Fig. 2(a) the (un-
observable) prefragment charge-pickup cross sections as
calculated with ISABEL. The dotted line fitted to these
points shows an approximately linear dependence on Ap.
This slope is steeper than expected from a purely periph-
eral process which we expect to scale with Ap . Such ai/3

scaling has indeed been observed for fragmentationlike re-
actions, where nucleons are removed from the projectile.
But in our case of charge pickup at least one scattered nu-
cleon from a (n, p)-type reaction has to be reabsorbed by
the projectile. The probability for reabsorbtion should
scale approximately with the projectile area; therefore,
oc Ap . Thus a scaling proportional to Ap = Ap Ap

2/3 ~ . X/3 2/3

may be anticipated from simple arguments. In any case
it is much Hatter than the A„dependence of coherent
processes discussed by Guoxiao et al [3]. .

The final-fragment charge-pickup cross sections shown
in the lower panel of Fig. 2 result from the statistical de-
excitation of the charge-pickup pre&agments formed in
the INC step of the reaction. Neutron evaporation mod-
ifies the shape of the ZP+ 1 isotope distribution (see Fig.
1), but does not change the total charge-pickup cross sec-
tion. Proton evaporation, on the other hand, depletes the
pre&agment cross sections. Given the (calculated) linear
scaling of the pre&agment cross sections proportional to
Ap this final step of the reaction obviously accounts for
most of the variation of the charge-pickup cross sections
with Ap. It is obvious that the high Coulomb barriers of
heavy nuclei hinder proton evaporation much more than
in the case of low-Z nuclei. This can be seen if one com-
pares the survival probabilities (the ratios of fragment
to prefragment cross sections, columns 5 and 6 in Table
I) of charge-pickup products from Xe, I a, Ho,
and Au, which are calculated to be 55%, 64%, 66'%%uo,

and 57'%%uo, respectively, with the corresponding number
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for ssFe, which is only 5%. The moderate increase in
the (relative) magnitude of the Coulomb barrier for the
heaviest projectiles studied explains also why the empir-
ical relation of Guoxiao et al. [dashed line in Fig. 2(b)]
overpredicts the measured charge-pickup cross section of
~s7Au (the discrepancy, not clearly visible in the log-log
representation of Fig. 2, amounts to 3.6 standard devia-
tions).

When looking at nuclei with similar mass proton evap-
oration is hindered for more neutron-rich prefragments
compared to more neutron-deficient ones due to the dif-
ference in proton binding energy. This explains the rather
large difference for the two nuclei Fe and Ni. As ex-
pected, the pre&agment cross sections for these projec-
tiles with nearly equal masses are calculated to be very
similar in magnitude [see Fig. 2(a)]. Since the Ni pre-
&agments are more neutron deficient than those &om

Fe, however, more protons are lost during the evapo-
ration stage, so that only about 2% of the charge-pickup
prefragments survive evaporation, compared to about 5%
in the case of Fe.

We conclude that the present measurement of isotopi-
cally resolved charge-pickup cross sections for relativis-
tic Xe projectiles allows a more detailed compari-
son with model calculations than the previously avail-
able total charge-pickup cross sections. The experimen-
tal isotope distributions are well reproduced by simple
intranuclear-cascade-plus-evaporation calculations based
on free hadron-hadron cross sections in the framework
of a purely classical model. Our model also predicts

with good accuracy the projectile-mass dependence of
total charge-pickup cross sections. The strong decrease
observed for light projectiles is attributed to the lower
Coulomb barriers of these nuclei, leading to correspond-
ingly larger proton evaporation probabilities during the
decay of the excited prefragments. The apparent scaling
of the cross sections with A„noted previously is to a large
extent fortuitious and does not reflect a primary process
with such a strong A„dependence. The basic nucleon-
nucleon processes forming these pre&agments are calcu-
lated to depend linearly on the projectile mass and do
not require the assumption of coherent effects in the col-
lisions. As the next step, it would be interesting to mea-
sure the momentum distributions for such charge-pickup
products with very good accuracy and to see whether
they agree with those of the ISABEL calculation. Thus
one could check to which extent the assumption of free
nucleon-nucleon reactions is valid.
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