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Isotopically resolved cross sections and velocity distributions have been measured in charge-pickup reac-
tions of 1A GeV 208Pb with proton, deuterium, and titanium targets. The total and partial charge-pickup cross
sections in the reactions208Pb+1H and 208Pb+2H are measured to be the same within the limits of the error
bars. A weak increase in the total charge-pickup cross section is seen in the reaction of208Pb with the titanium
target. The measured velocity distributions show different contributions—quasielastic scattering and
D-resonance excitation—to the charge-pickup production. Data on total and partial charge-pickup cross sec-
tions from these three reactions are compared with other existing data and also with model calculations based
on the coupling of different intranuclear cascade codes and an evaporation code.
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I. INTRODUCTION

In nuclear charge-pickup reactions at projectile energies
well above the Fermi energy there are two processes mostly
responsible for the increase of the nuclear charge of the pro-
jectile [1]. One is a quasielastic collision between a target
proton and a projectile neutron where the proton takes over
the total kinetic energy of the neutron ending up in the phase
volume of the projectile-like fragment. The other mechanism
is the excitation of a target or a projectile nucleon into the
Ds1232d-resonance state and its subsequent decay. Typical
transfer reactions observed at lower energies[2] where a
proton is transferred through the nuclear overlap zone are
excluded at relativistic energies because of the nonoverlap-
ping Fermi spheres of projectile and target. This is also con-
firmed by the nonobservation of fragments with masses
higher than the mass of the projectile[3].

In previous works special attention was devoted to the
charge-exchange reactions, where the nuclear charge of the
projectile increases or decreases by one unit but where no
mass loss occurs. As at relativistic energies charge-exchange
reactions involve the formation ofD particles and pions, they
can be used as a tool for studying the in-medium behavior of
these particles[4]. These reactions can also give some in-
sight into the neutron density distribution in the nucleus[5].

The most comprehensive study of charge-exchange reac-
tions involving relativistic heavy ions(up to 40Ar) has been

performed at the accelerator SATURNE at Saclay as a part of
a research program dedicated to the investigation of the
nuclear response to spin-isospin excitations; for an overview
see Ref.[1]. An interesting finding from the measured inclu-
sive momentum spectra of the reaction products was a shift
of the position and of the strength of theD resonance peak in
heavier targets as compared to the proton target[1]. Half of
this shift is explained by the Fermi motion of theD particles
and the nucleons in the nuclear mean field[6,7], while ef-
fects such as the strongly attractive interaction between
D-particle nucleon-hole states in the spin-longitudinal chan-
nel [4] and the interplay betweenD excitation in the target
and in the projectile[8] could contribute to another half.

For projectiles heavier than40Ar, most of the published
data concern only total charge-pickup cross sections; see
[9–11] and references therein. Guoxiaoet al. tried to estab-
lish the systematic dependence of the total charge-pickup
cross section on projectile and target size[12]. Using the
data measured for a wide range of projectile masses, from
12C to 197Au, they found evidence for a square dependence of
the total charge-pickup cross section on the projectile mass.
To explain this steep dependence, they suggested the pres-
ence of coherent processes in the charge-pickup reactions.
Later, using complete measured isotopic distributions of
charge-pickup products, Sümmereret al. [13,14] showed that
the scaling of the total charge-pickup cross section with the
square of the projectile mass is mostly due to the evaporation
of charged particles from the prefragments. Therefore, they
concluded that the total charge-pickup cross sections are not
a sensitive tool for studying the basic nucleon-nucleon pro-
cesses involved in charge-pickup reactions.

In the present work, we report on the isotopically resolved
charge-pickup cross sections for the production of83Bi in the
interactions of relativistic, 1A GeV, 82

208Pb projectiles with
proton, deuterium, and titanium targets. The measurements
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were performed at GSI-Darmstadt using the full advantage of
relativistic collisions in inverse kinematics. These data rep-
resent a part of a comprehensive study of fragment formation
in a neutron-generating target for accelerator-driven systems
[15–17].

The present paper is organized in the following way. In
Sec. II we give a short overview on the experiment and the
data analysis. Sec. III is dedicated to the experimental results
concerning total and partial charge-pickup cross sections for
bismuth production as well as the velocity distribution of
each bismuth isotope. In Sec. IV we compare the data from
this work with other published data on total and partial
charge-pickup cross sections. Comparisons of the measured
data with the results of calculations performed with two in-
tranuclear cascade models coupled to an evaporation/fission
code are presented in Sec. V. Conclusions are presented in
Sec. VI.

II. EXPERIMENT AND DATA ANALYSIS

In order to obtain high-precision experimental data on
mass, atomic number, and momentum distributions of reac-
tion residues we made use of a high-resolution magnetic
spectrometer. The magnetic rigidity of each residue is mea-
sured with high precision just by determining the deflection
in a magnetic dipole field. This gives very precise informa-
tion on the residue’s longitudinal momentum and hence on
its velocity, once the residue is identified in mass and atomic
number. The experimental method and the data-analysis pro-
cedure concerning these measurements have been described
in detail in Ref. [16]. Here only a short overview will be
given.

A. Experiment

The experiments were performed at GSI-Darmstadt, Ger-
many. The primary beam of208Pb at an energy of 1A GeV
was delivered by the heavy-ion synchrotron SIS. The frag-
ment separator FRS[18] and the associated detector equip-
ment (Fig. 1) were used in order to separate and to identify
the reaction products. The FRS is a two-stage magnetic spec-
trometer with a dispersive intermediate image plane(S2) and
an achromatic final image plane(S4). The momentum accep-
tance is 3%, and the angular acceptance is about 15 mrad
around the beam axis. Two position-sensitive plastic scintil-
lators [19], with a thickness of 5 mm and dimensions of
218380 mm2 and 200380 mm2, were placed at S2 and S4,
respectively. These detectors provided the information on

magnetic rigiditysBrd and the time of flight(TOF) of each
reaction product.

In order to achieve the necessary nuclear-charge resolu-
tion, the reduction of magnetic rigidity due to the energy loss
in a profiled aluminum degrader [20] (thickness
5236 mg/cm2, installed at S2) was used in combination with
the multisample ionization chamber MUSIC[21].

The beam-current monitor SEETRAM[22,23] was con-
tinuously in use in order to measure and to check the
primary-beam intensity.

The proton and the deuteron targets were realized as liq-
uid targets enclosed between thin titanium foils of a total
thickness of 36.3 mg/cm2 [24]. The thicknesses of the pro-
ton and deuteron targets were measured to be
87.3±2.2 mg/cm2 [25] and 206±6 mg/cm2 [17], respec-
tively. To maximize the number of bare ions passing through
the FRS, niobium stripper foils of thicknesses 60 and
106 mg/cm2 were set behind the target and behind the de-
grader at S2, respectively. In order to subtract the contribu-
tion from different layers of matter(the beam window, the
beam monitor, the target windows, and the stripper foil) to
the measured production rate, the measurements were re-
peated replacing the proton and deuteron targets by an empty
target container.

B. Data analysis

The data analysis was based on the reconstruction of the
full velocity distribution of each isotope. For an unambigu-
ous identification of bismuth isotopes, only the completely
stripped ions passing all along the FRS were considered in
the data analysis by applying the method of a twofold
energy-loss measurement[16].

Selecting only events satisfying the above condition, the
nuclear-charge and mass calibrations were performed in the
following way.

For each magnetic-field setting, the events corresponding
to nuclear charge equal to 83 were selected from the two-
dimensional spectra of the position at the final focal plane
(S4) versus the position at the intermediate focal plane(S2),
Fig. 2.

After selecting the charge, the mass was determined from
the two-dimensional spectra of the time of flight in the sec-
ond half of the FRS versus the position at S2. Because of the
limited momentum acceptance of the FRS, for a given
magnetic-field setting only few bismuth isotopes are trans-
mitted (see Fig. 2). In order to overcome this, the data ob-
tained with different magnetic-field settings by scanning over
the momentum distribution were combined.

C. Determination of cross sections and associated uncertainties

After the identification ofA and Z, the longitudinal mo-
mentump of each fragment was recalculated from the fol-
lowing equation:

p =
e

c
ZBr. s1d

Here,Br is the value of the fragment magnetic rigidity in the
first half of the FRS,c the velocity of light, and −e the

FIG. 1. Schematic drawing of the fragment separator FRS with
the associated detector equipment. For more details see text.
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charge of the electron. In this way, the resolution with which
the momentum is obtained is given only by the resolution in
Br (after identification,Z is an integer number), DBr /Br
<5310−4, and is improved by one order of magnitude as
compared to the resolution obtained from the TOF measure-
ment. From the momentum, the velocityy of each fragment
was obtained as

bg =
p

MsA,Zdc
, y = bc, s2d

where g is the relativistic Lorentz factor andMsA,Zd the
mass of the nucleussA,Zd. This velocity was then trans-
formed into the reference frame of the primary beam in the
middle of the target by Lorentz transformation, taking into
account the appropriate energy losses of both the projectile
and the fragment. Thus, for each isotope the velocity distri-
bution was obtained after correcting for the dead time of the
data-acquisition system, for losses due to secondary reac-
tions in the degrader and in the scintillator at S2, for losses
coming from the rejections of the incompletely stripped ions
from the data analysis, and also normalizing to the number of
counts in the beam-current monitor; these corrections are de-
scribed in detail in Ref.[16]. The production cross section of
a specific isotope was obtained from its production rate given
by the surface below the peak in the corresponding velocity

distribution corrected for the contribution from the target
container, and normalized to the number of target atoms per
area. The production rate in the target container was about
4% of the production rate in the full target. Finally, one
needs to correct the measured data for the limited momentum
and angular acceptance of the FRS. In the present work, the
limited momentum acceptance of the fragment separator is
not crucial, since, as already mentioned, the momentum dis-
tributions of all fragments were fully measured by superpos-
ing the measurements with different settings of the magnetic
fields. Moreover, the angular range of produced bismuth iso-
topes was fully covered by the angular acceptance of the
fragment separator[26], resulting in the angular acceptance
of 100%. All the applied corrections are explained in more
detail in Ref.[16].

The production cross sections for bismuth isotopes were
also extracted from the measurements performed with the
empty target container. The empty target container consists
mostly of four titanium foils. Additionally, thin Mylar foils
coated with a very thin aluminum layer represent the thermal
isolation of the cryogenic target. In deducing the cross sec-
tions from the measurements with the empty target container
one has to take into account all layers of matter present in the
target area. In Table I, these layers are listed together with
the corresponding thicknesses and numbers of atoms per area
(for Mylar, this number corresponds to the total number of
atoms and not to the number of molecules). As titanium con-
tributes mostly to the number of target nuclei, ranging from
hydrogen to niobium, of the materials present in the target
area(see the fourth column of Table I), from now on we will
refer to this target as “Ti,” although one should keep in mind
its complex composition.

The systematic uncertainty of the production cross sec-
tions of bismuth isotopes, due to the uncertainties of all men-
tioned corrections, was estimated to be 9%.

III. RESULTS

A. Total charge-pickup cross sections

The measured total charge-pickup cross sections for the
production of83Bi in the reactions of 1A GeV 208Pb in the
proton, deuteron, and “Ti” targets are given in Table II.
These cross sections show a weak dependence on the size of
the target nucleus, increasing by less than a factor of 2 when
going from the proton to the “Ti” target. Because of the

FIG. 2. (Color online) Charge and mass identification of bis-
muth products measured in the reaction208Pb+1H. Upper part:
Two-dimensional spectrum of the position at S4 versus the position
at S2. Bands corresponding to different charges are marked accord-
ing to Z. Lower part: Two-dimensional spectrum of the time of
flight in the second half of the FRS versus the position at S2 for the
events corresponding toZ=83; the different windows correspond to
different bismuth isotopes(A=202, 203, 204, 205, 206). Both fig-
ures show data measured for only one setting of the magnetic fields.
Therefore, due to the limited momentum acceptance of the FRS, the
isotopes202Bi and 206Bi are only partly transmitted.

TABLE I. List of the layers of matter present in the target area
during the measurement with the empty target container.

Layer Material
Thickness
smg/cm2d

No. atoms
s1020/cm2d

Ti beam window Ti 4.5 0.57

SEETRAM Al 8.9 1.99

Ti target windows Ti 36.3 4.57

Nb stripper Nb 60.0 3.89

Mylar C5H4O2 8.3 0.52

Aluminum Al 0.1 0.02
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strong absorption in nuclei, one expects these reactions to be
very peripheral and, therefore, their cross sections not much
influenced by the target size. For similar systems, the same
behavior has been seen in some other experiments[9–11].

In Fig. 3, the total charge-pickup cross sections are shown
as a function of the target mass for the following projectiles:
1A GeV 208Pb from the present work, 0.915A GeV 197Au
[11], 1.2A GeV 197Au [9], and 1A GeV 208Pb [27].

Only the data measured with lead and gold projectiles are
included because, on the chart of the nuclides, these projec-
tiles are both quite far away from the evaporation corridor
[28]. As a consequence, the deexcitation process of charge-
pickup prefragments formed in these reactions is mostly gov-
erned by neutron evaporation. This is not true for lighter
projectiles situated close to the evaporation corridor, where
the competition between neutron and proton evaporation
reaches its asymptotic value quickly, and the final, observed
total charge-pickup cross sections can differ significantly
from the primary charge-pickup cross sections. On the other
hand, in the case of projectiles heavier than lead, fission
tends to deplete considerably the primary charge-pickup pro-
duction.

Following ideas from Refs.[10,13] we have parametrized
the total charge-pickup cross sections shown in Fig. 3. As the
charge-pickup reactions are expected to be peripheral reac-

tions, the cross section should be proportional toAp
1/3+At

1/3,
with Ap andAt being the values of projectile and target mass,
respectively. On the other hand, in a charge-pickup reaction
at least one scattered nucleon from a(p, n) or (n, p) elemen-
tary reaction must be reabsorbed by the projectile. As the
probability for reabsorption should be proportional to the
projectile surface, one expects that the total charge-pickup
cross section should scale approximately assAp

1/3+At
1/3dAp

2/3.
Following these arguments, the total charge-pickup cross

sections for lead and gold projectiles as a function of the
target mass were parametrized ass=s0.12 mbd3 sAp

1/3

+At
1/3dAp

2/3. The factor 0.12 is roughly determined in order to
scale the calculated cross sections to the measured ones. Re-
sults of this parametrization are shown in Fig. 3 with full and
dashed lines for gold and lead projectiles, respectively. The
agreement of this simple parametrization with the experi-
mental data is very good.

B. Isotopic production cross sections

The isotopic distributions of bismuth isotopes measured
in the present work are shown in Fig. 4. In the case of the
“Ti” target, as the measured statistics was much lower than
in the case of the1H or the2H target, it was not possible to
extract cross sections for those bismuth isotopes that were
only partly transmitted in two consecutive magnetic-field set-
tings.

Going from the proton and the deuteron target to the “Ti”
target, the increase in the total charge-pickup cross section is
mostly taken by the more neutron-rich isotopes(above
201Bi). The most neutron-deficient bismuth isotopes are pro-
duced with quite similar cross sections, regardless of the tar-
get.

The partial production cross sections for bismuth isotopes
from the reactions of208Pb with protons, deuterons, and the
“Ti” target are given in Table III.

C. Velocity distributions

The velocity distributions of charge-exchange products
display the different regions of nuclear excitation[1]: a peak

FIG. 3. Total projectile charge-pickup cross section as a function
of the target mass: open triangles,197Au at 0.915A GeV [11]; full
squares,208Pb at 1A GeV from the present work(note: for the re-
action 208Pb+ “Ti” the data point is shown for the weighted mean
mass of all materials composing this target); open dots,197Au at
1.2A GeV [9]; and full triangles,208Pb at 1A GeV [27]. The full
(Au projectile) and dashed(Pb projectile) lines are obtained by
using the following relation:s=0.12sAp

1/3+At
1/3dAp

2/3, whereAp and
At are the values of projectile and target mass, respectively.

TABLE II. Measured and calculated total charge-pickup cross
sections for bismuth production in the reactions of208Pb s1A GeVd
with different targets. The calculations are described in Sec. V.

208Pb+1H
ssmbd

208Pb+2H
ssmbd

208Pb+ “Ti”
ssmbd

Experiment 30±6 26±6 45±9

INCL4+ABLA 36 31 —

ISABEL+ABLA 34 33 51

FIG. 4. Production cross sections of bismuth isotopes from the
1A GeV reactions208Pb+1H, full squares;208Pb+2H, open dots;
and208Pb+ “Ti”, open triangles. Error bars correspond to total un-
certainties, statistical plus systematic.
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at the velocity close to that of the beam corresponding to a
quasielastic interaction and a broader peak at lower velocities
caused by the excitation of a nucleon in the
Ds1232d-resonance state. As a magnetic spectrometer, the
FRS allows one to measure not only the production cross
sections but also the kinematical properties of the reaction
residues with high resolution.

In order to improve the experimental velocity resolution,
several corrections to the measured distributions had to be
applied.

Target thickness and energy-loss straggling in the target.
If the target were infinitely thin, the fragment velocity distri-
bution (mean value and width) would be determined only by
the reaction mechanism. Since a target has a finite thickness,
the mean value and the width are modified by the energy loss
of the beam(from the entrance to the place where the frag-
ment is formed), by the energy loss of the fragment(from the
place where the fragment is formed to the exit), and by the
energy-loss straggling. The contribution of these effects to
the width1 of the velocity distributions can be represented as
the convolution of a Gaussian function given by the energy-
loss straggling and a square function given by the target
thickness[29]. For each isotope, the widths of these two
contributions were calculated with the codeAMADEUS [20],
and transformed into the reference frame of the projectile.

Momentum spread of the beam, size of the beam spot at
the target position, and position resolution of the scintillator.
The contribution of the first effect is reflected in the finite
width of the momentum distribution of the primary beam,

while the second effect results in the finite width of the po-
sition distribution at the intermediate image plane(S2). The
position resolution of the scintillator contributes additionally
to these widths. The width of the apparent momentum distri-
bution containing the contributions of the above-mentioned
effects was deduced from the calibration measurement per-
formed with the primary beam without the target, and its
corresponding velocity value in the projectile frame was
found to have full width at half maximum
0.0143±0.0004 cm/ns. A Gaussian of that width was convo-
luted with the response function coming from the target
thickness and the energy-loss straggling. The obtained re-
sponse function was used to deconvolute, for each isotope,
the measured velocity distribution represented in the refer-
ence frame of the projectile.

As an example, Fig. 5 shows the velocity of207Bi pro-
duced in the interactions of208Pb with the proton target be-
fore (dashed histogram) and after(full histogram) the above-
mentioned corrections. The contributions from the two
different mechanisms, quasielastic scattering, and
Ds1232d-resonance formation, to the production are clearly
visible in the corrected spectrum.

The deconvoluted velocity distributions are shown in Fig.
6 for several bismuth isotopes. For the most neutron-
deficient isotopes, the velocity distributions are wide, and the
above-mentioned corrections do not have any influence. In
the case of the “Ti” target, the measured statistics was not
high enough for the corrections to be applied. Therefore, in
Fig. 6 we do not show the velocity distributions of208Bi and
207Bi measured in the “Ti” target. In the same figure, on the
upper axis is shown the energy transfer in the laboratory
frame, which was calculated from the measured velocities of
the beam and the residue assuming that no mass loss has
occurred. For208Bi, events with negative energy transfer re-
flect the finite resolution of the experiment. In the casesA
,208 the two-body kinematics applied for calculating the
energy transfer is not strictly valid, which additionally con-
tributes to the events with apparent negative energy transfer.

The general behavior of the velocity distributions, shown
in Fig. 6, is widening of the width and lowering of the mean

1The mean value was already corrected for the energy losses of
the projectile and the fragment, Sec. II C.

TABLE III. Measured partial charge-pickup cross sections from
the reactions208Pb+1H, 208Pb+2H, and 208Pb+ “Ti” target at
1A GeV. Only statistical uncertainties are given. The systematic
uncertainty amounts to 9%.

Mass number

208Pb+1H
ssmbd

208Pb+2H
ssmbd

208Pb+ “Ti”
ssmbd

193 0.10±0.02 0.05±0.02

194 0.22±0.05 0.16±0.04

195 0.49±0.05 0.32±0.04 0.60±0.31

196 0.82±0.06 0.58±0.05 0.97±0.39

197 1.15±0.11 0.72±0.09

198 1.64±0.08 1.27±0.07 1.86±0.52

199 2.02±0.10 1.58±0.08 2.53±0.62

200 2.50±0.15 1.90±0.14

201 2.60±0.11 2.63±0.10 4.32±0.80

202 2.94±0.12 2.81±0.11 5.01±0.88

203 3.38±0.18 2.90±0.18

204 3.21±0.12 3.15±0.12 5.08±0.88

205 3.11±0.12 2.99±0.12 4.81±0.86

206 2.70±0.15 2.27±0.16

207 1.38±0.08 1.36±0.07 2.53±0.61

208 0.52±0.05 0.59±0.05 1.10±0.40

FIG. 5. Velocity of 207Bi produced in the reaction208Pb+1H
measured in the present work. The dashed histogram shows the raw
velocity spectrum, while the full histogram shows the velocity after
applying the deconvolution mentioned in the text.
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value with decreasing mass of the residue. These effects are
expected, as the lighter bismuth isotopes are likely to come
from events involving higher excitation energy.

Looking in more detail, one can see the clear appearance
of two components for208Bi, corresponding to quasielastic
scattering andD-resonance excitation. Going from the proton
to the deuteron target, the quasielastic contribution leading to
the production of208Bi decreases by a factor 1.4, which is
obtained by a fit with two Gaussians. The quasielastic com-
ponent of a charge-pickup reaction can occur only on the
target proton and not on the target neutron. Consequently, the
quasielastic component is expected to be about two times
smaller in the deuteron case. Distortion effects of the deu-
teron target could influence this ratio.

On the other hand, the contribution of theD-resonance
excitation to the formation of208Bi is larger for the deuteron
target than for the proton target. In the case of the proton
target a process leading to the production of208Bi is
ps208Pb,208BidD0, while in the case of the deuteron target,
depending on the orientation of the deuteron with respect to
the projectile, one can excite theD resonance either on the
target proton or on the target neutron via thens208Pb,208BidD
reaction. Considering that the isospin Clebsch-Gordan coef-

ficient for neutrons is three times larger than for protons[8],
one would expect theD-resonance component to be about
two times stronger in the case of the deuteron target as com-
pared to the proton target. A distortion of the deuteron could
also influence this ratio. From the fits to the measured veloc-
ity distributions of208Bi, we obtain that theD-resonance con-
tribution for the deuteron target is by a factor of 1.7 larger as
compared to the proton target. From the same fit, we have
obtained that the mean energy transfer corresponding to the
D-resonance contribution is equal to 293±12 MeV and
274±12 MeV for proton and deuteron targets, respectively,
which is in agreement with other data[4].

A third peak at the velocity of –0.047 cm/ns(correspond-
ing to an energy transfer of<539 MeV) is also visible in the
velocity distribution of208Bi for both the proton and the deu-
teron targets. Due to the low statistics inside this peak we do
not discuss it further.

For lighter bismuth isotopes, the quasielastic component
gradually disappears, and for the lightest isotopes only the
contribution from theD-resonance excitation is present. An
interesting finding is that for the isotopes204–207Bi produced
on the proton target, the quasielastic component is stronger
as compared to the deuteron or the “titanium” target. For the
lightest bismuth isotopessA,204d the overall shape and

FIG. 6. Longitudinal velocities(lower scale) of several bismuth isotopes produced in the interaction of 1A GeV lead with the proton(full
line), deuteron(dashed line), and “Ti” targets(dotted line). The velocity distributions are normalized to the corresponding production cross
sections. The upper scale represents the energy transfer in the laboratory frame.
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mean value of the velocity distributions are very similar for
all three targets.

We determined the mean values of the velocity distribu-
tions, calculated in the rest frame of the projectile, for all
bismuth isotopes and determined the variation of this mean
value with the mass loss. This dependence is shown in Fig. 7.
In the same figure, these mean values are compared with the
empirical systematics of Morrissey[30]. The data and the
systematics show the same general tendency, namely, a de-
crease in the mean velocity with increasing mass loss, but the
data show a larger reduction as compared to the systematics.
The Morrissey systematics[30] was obtained from the analy-
sis of fragmentation data, where the events with larger mass
losses correspond to less peripheral collisions. In these cases,
the target and the projectile nucleus penetrate each other
more, and, therefore, the friction is increased. This then re-
sults in a larger loss of the projectile kinetic energy, and
consequently in a larger reduction in the velocity of the pro-
jectile residue. On the other hand, in the charge-pickup pro-
cess a larger part of the projectile kinetic energy can be spent
on the formation of aD resonance. Therefore, in this case,
smaller mass losses can be connected with larger reduction
in velocity than given by the Morrissey systematics.

The rather small velocity reduction in the proton-induced
reaction for mass losses up to seven units reflects the particu-
larly strong contribution of quasielastic scattering.

IV. COMPARISON WITH OTHER DATA

Most published data from charge-pickup reactions at rela-
tivistic energies concern total cross sections(for example,
[9–12] and references therein). The partial cross sections for
a few isotopes were measured using the method ofg spec-
troscopy[31–34]. To our knowledge, it is only from the mea-
surements here at GSI(Refs. [13,14,25,27,35] and the
present work) that full isotopic distributions of charge-
pickup products are available.

Figure 8 shows the total charge-pickup cross section for
the reaction208Pb+1H from the present work compared with
the data from197Au+1H at 0.8A GeV [25], 197Au+1H at en-

ergies below 1A GeV [11], and the same reaction at projec-
tile energies above 1A GeV [9]. In order to see more clearly
the effect of the projectile energy, only reactions involving
similar projectiles and the same target are compared. For
energies below,2A GeV, the total charge-pickup cross sec-
tion decreases rapidly with increasing projectile energy. On
the other hand, for projectile energies between 2 and
10A GeV the total charge-pickup cross section seems to be
independent of the energy involved in the reaction.

The partial charge-pickup cross sections are shown in Fig.
9 as a function of the difference between the mass number of
the resulting fragment and the mass number of the projectile.
We have compared the data from the reaction208Pb+1H
measured in the present work with data from the following

FIG. 7. Mean values of measured longitudinal velocities of bis-
muth isotopes produced in the reactions208Pb+1H (full squares),
208Pb+2H (open dots), and208Pb+ “Ti” (open triangles) at 1A GeV,
and the empirical systematics of Morrissey[30], full line. Velocities
are shown in the rest frame of the208Pb projectile.

FIG. 8. Total charge-pickup cross section as a function of the
projectile energy per nucleon: open triangles,197Au+1H [11]; full
dot, 197Au+1H [25]; full square,208Pb+1H from the present work;
and open dots,197Au+1H [9]. The data from Refs.[9,11] were
extracted from measurements performed with CH2 and C targets.

FIG. 9. Comparison between the partial charge-pickup cross
sections from the present work and available data. Data are shown
as a function of the difference between the mass numbers of the
resulting fragment and of the projectile for the following reactions:
208Pb+1H at 1A GeV from the present work(full squares), 208Pb
+Cu at 1A GeV [27] (open triangles), 197Au+1H at 0.8A GeV [25]
(full dots), 129Xe+27Al at 0.79A GeV [13] (open diamonds), and
86Kr+ 9Be at 0.5A GeV [14] (stars). All these measurements were
performed at GSI. As the data on208Pb+2H and208Pb+ “Ti” from
the present work are already shown in Fig. 4, they are not repeated
here.
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reactions: 208Pb+Cu at 1A GeV [27], 197Au+1H at
0.8A GeV [25], 129Xe+27Al at 0.79A GeV [13], and 86Kr
+9Be at 0.5A GeV [14]. As the data on208Pb+2H and
208Pb+“Ti” from the present work are already shown in Fig.
4, they are not included in Fig. 9.

From previous works, where the influence of the size of
the projectile nucleus on the total charge-pickup cross sec-
tion was studied, it became clear that the total cross section
is decreasing with decreasing projectile mass[10,12,34].
First, it is expected that the primary production of charge-
pickup prefragments is decreasing[13], and second, the
lower Coulomb barriers in lighter nuclei and shorter distance
from the evaporation corridor[28] lead to larger proton-
evaporation probabilities during the decay of excited prefrag-
ments, thus resulting in lower cross sections for the survival
of Zp+1 prefragments. From Fig. 9 one can see that the
proton evaporation depletes the neutron-deficient side of the
isotopic distribution for the lighter elements while the most
neutron-rich side is not influenced. This is the obvious result
of the fact that the proton evaporation is becoming more
competitive with increasing number of evaporated neutrons,
especially in the case of lighter elements. In the case of
heavy nuclei, the neutron-deficient side is depleted by both
proton evaporation and fission.

Slightly higher isotopic cross sections for bismuth pro-
duction in the208Pb+Cu reaction[27] in Fig. 9 compared to
the 208Pb+1H reaction from the present work are the conse-
quence of heavier target mass as already discussed in Sec.
III A. Again it is seen that only few isotopes are influenced
by the increase in target mass.

Comparing the data from the reaction197Au+1H at
0.8A GeV [25] with the data from the208Pb+1H reaction at
1A GeV one can see that for the isotopes having 3 to 7
nucleons less than the corresponding projectile,190–194Hg
from 197Au+1H [25] and201–205Bi from 208Pb+1H, the cross
sections for mercury production are higher than the ones for
bismuth production. All other isotopes in these two reactions
are produced with almost the same cross sections. On the
other hand, Fig. 8 shows that the total cross sections from
these two reactions are following the behavior of other data
as a function of projectile energy. Therefore, we attribute this

difference to the different beam energies used in these two
reactions. Similar behavior can be seen in the data reported
by Gloris et al. [32]. Using the method ofg spectroscopy,
they have measured the partial cross sections for the produc-
tion of 204–207Bi in the reactionp+natPb at several proton-
beam energies. These data are shown in Fig. 10. From this
figure, no change in the charge-pickup cross sections for
these heaviest products at the two highest proton-beam ener-
gies is evident. For the lowest energy in Fig. 10, although the
error bars are rather large, there is an indication for the in-
crease of the production cross sections for204Bi and 205Bi.
These isotopes correspond to those in Fig. 9 for which the
difference in the partial charge-pickup production cross sec-
tions in the reactions208Pb+1H and 197Au+1H starts to be
visible.

In Table IV, a part of the isotopic distribution from the
reaction208Pb+1H measured in the present work is compared
with g-spectroscopy data from thep+208Pb reaction at a
proton-beam energy of 1 GeV[33]. Data from Ref.[32] are
not included in Table IV, as they were measured with a natu-
ral lead target, and thus different lead isotopes contribute to
the production of a given bismuth isotope. The data from
Ref. [33] are higher than those measured in the present work
by the factor of,2. The origin of this difference is not clear
to us.

FIG. 10. Partial charge-pickup cross sections for204–207Bi from
the reactionp+natPb at different proton-beam energies. The data are
taken from Ref.[32].

FIG. 11. Partial cross sections for bismuth production. Compari-
son between experimental data: full squares,208Pb+1H; open dots,
208Pb+2H; and open triangles,208Pb+ “Ti”; and different model
calculations: full line, INCL4 [37] +ABLA [38], and dashed line,
ISABEL [36] +ABLA . Error bars represent total(systematic plus sta-
tistical) uncertainties.
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V. COMPARISON WITH MODEL CALCULATIONS

At relativistic energies, a charge-exchange reaction is con-
veniently described as a two-stage process[13]. In the first,
faster, stage interactions between target and projectile nucle-
ons create excited prefragments. This stage can be described
by an intranuclear cascade model, where one follows a se-
quence of independent two-body nucleon-nucleon collisions.
In the second, slower, stage the excited prefragments decay,
and the competition between neutron evaporation charged-
particle evaporation, and fission determines the number of
final, observed, fragments.

To compare the data from the present work with calcula-
tions, we have used two different intranuclear cascade codes:
ISABEL [36] and the latest version of the Liège codeINCL4

[37], both coupled to the same evaporation-fission code
ABLA [38] developed at GSI. In the following, we will com-
pare the calculated production cross sections and velocity
distributions with the experimental results.

A. Production cross sections

In Table II, the total calculated charge-pickup cross sec-
tions are compared with the measured cross sections. For the
reaction 208Pb+“Ti” the calculations were performed only
with ISABEL, because in the present version ofINCL4 the
heaviest target that can be used in calculations is4He. The
calculations give slightly higher total charge-pickup cross
sections, but the values are still in the range given by the
error bars of the measured cross sections.

In order to compare the model predictions with the ex-
perimental results in more detail, Fig. 11 shows the calcu-
lated and the measured partial charge-pickup cross sections
for bismuth production in the three reactions considered in
the present work.

In the cases of208Pb+1H and 208Pb+2H, the slightly
higher values of the calculated total charge-pickup cross sec-
tions are reflected in wider isotopic distributions compared to
the experimental ones. Both calculations overpredict the
neutron-rich side withISABEL giving better agreement with

the experimental data thanINCL4. The neutron-rich bismuth
isotopes originate from prefragments having low excitation
energy, and the problem of reproducing the low-excitation
energy events was already noticed by Boudardet al. [37]. As
the only quantum restriction considered is Pauli blocking,
other quantum effects not considered in the model could be
important in the cases where the low-excited prefragments
are created through a few elementary nucleon-nucleon colli-
sions[37]. On the other hand,ISABEL overpredicts the cross
sections for the production of the most neutron-deficient bis-
muth isotopes, whileINCL4 gives a better description of this
part of the distribution. A possible origin of the difference in
the description of the neutron-deficient side with these two
models could be connected with the induced angular mo-
menta. The root mean square of the angular momentum
given byINCL4 is almost two times higher than the one given
by ISABEL. The prefragments with higher angular momenta
have higher probability for fission, and, as a consequence,
the neutron-deficient side of the isotopic distribution is less
populated.

For the 208Pb+“Ti” reaction, the calculation was per-
formed assuming a pure titanium target, although the real
target consists of several different materials as shown in
Table I. This simplification is justified by the fact that tita-
nium represents an average of the present target layers and
that also, as seen in Sec. III, the charge-pickup cross sections
vary slowly with the mass of the target nucleus. The total
charge-pickup cross sections as well as the shape of the iso-
topic distributions are reproduced with theISABEL calcula-
tions in a very satisfactory way; see Table II and Fig. 11.

At the end of this section, we would like to make a few
comments on the Pauli principle, a quantum prescription
added to the semiclassical description of the projectile-
nucleus interaction inINCL4. An obvious failure ofINCL4 is
the large overprediction of the production cross section of
208Bi, which is basically produced in one nucleon-nucleon
collision. Since free nucleon-nucleon cross sections are real-
istically described in the intranuclear cascade approach, these
data carry valuable information on in-medium effects.

For each nucleon-nucleon interaction inINCL4, it is

TABLE V. Calculated production cross sections for208Bi and207Bi in the reactions of208Pb+1H,2H, with
and without taking into account the strict Fermi blocking on the first collision.

208Pb+1H 208Pb+2H
208Bi 207Bi 208Bi 207Bi

Strict Fermi blocking 1.35 mb 3.17 mb 1.23 mb 3.20 mb

Statistic Fermi blocking 2.38 mb 3.43 mb 2.12 mb 3.54 mb

TABLE IV. Partial bismuth production cross section measured in the present work(given are total
uncertainties) and compared withg-spectroscopy data fromp+208Pb [33] at a proton-beam energy of 1 GeV.

sfmbg
203Bi 204Bi 205Bi 206Bi

Present work 3.38±0.48 3.21±0.41 3.11±0.40 2.70±0.35

p+208Pb [33] 4.84±0.39 5.29±0.80 6.20±0.40 4.60±0.29
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checked statistically that after a collision the nucleons will
find a reasonable quantum place in the phase space of the
nucleus. Since all nucleons are stochastically positioned in-
side the nucleus, we do not have a compact medium when a
collision occurs, even in the ground state. On the first colli-
sion, the target nucleon gains some energy but sometimes
can find a free quantum cell below the Fermi level. This is
questionable for a nucleus in the ground state but is not
impossible if we have in mind a smooth occupation around
the Fermi level allowed by the configuration mixing and the
finite nucleus temperature. After several nucleon-nucleon
collisions, warming up the nucleus and ejecting nucleons,
this mechanism takes into account the more and more dilute
nuclear matter. Another possibility is to reject at least the first
collision when a final nucleon is produced below the Fermi
energy (strict Fermi blocking on the first collision). This
implementation has been discussed and tested below
0.2 GeV[39] and gives reasonable improvements of the neu-
tron and proton spectra, especially for their high-energy part
in direct kinematics. In the present case, inclusion of the
strict Fermi blocking affects mainly the208Bi production,
which is reduced by a factor,2 as compared to the standard
calculations with statistic Fermi blocking; see Table V.

The cross section for the production of207Bi is lowered by
,10%, and the total charge-pickup cross section reduced by
,6.5%. The cross sections for the production of other nu-
clides are not influenced by this effect. This substantial im-
provement driven by the present data will be inserted in the
cascade code after some further tests.

B. Velocity distributions

The velocity distributions of bismuth isotopes produced in
208Pb+1H,2H were calculated using theINCL4 code coupled
with ABLA . The results of the calculations, for the same bis-
muth isotopes considered in Fig. 6, are shown in Fig. 12. The
calculated velocity distributions are normalized to the corre-
sponding calculated cross sections.

The general behavior of the calculated velocity distribu-
tions is the same as for the experimental distributions shown
in Fig. 6.

The calculated velocity distributions are in a satisfactory
agreement with the measured distributions. Also in the cal-
culated distributions of207–204Bi isotopes there is a hint of a
stronger contribution of the quasielastic component in the
proton target as compared to the deuteron target. In the case

FIG. 12. Calculated velocity distributions of several bismuth isotopes produced in the interaction of 1A GeV lead with the proton(full
line) and the deuteron(dashed line). The velocity distributions are normalized to the corresponding calculated production cross sections. The
calculations were performed withINCL4 +ABLA . The upper x axis shows the energy transfer in the laboratory frame.
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of 208Bi, the calculated velocity distributions show the same
qualitative behavior as in the case of the measured
distributions—on going from the proton to the deuteron tar-
get the quasielastic component is decreasing and the contri-
bution from theD excitation is increasing. On the other hand,
there are quantitative differences between the calculated and
the measured velocity distributions for this isotope. A 2.0
(2.2) times weaker quasielastic component and a 1.5(1.3)
times stronger contribution from theD excitation in the deu-
teron target as compared to the proton target are obtained
from calculations with statistic(strict) Fermi blocking, while
from the measured distributions these numbers are 1.4 and
1.7, respectively. This discrepancy could give valuable infor-
mation on some possible shortcomings in the theoretical de-
scription of the pure charge-exchange channel in the code.

VI. CONCLUSION

Isotopically resolved charge-pickup cross sections and ve-
locity distributions have been measured in the reactions of
1A GeV 208Pb with proton, deuteron, and titanium targets.

The total and partial charge-pickup cross sections in the
reactions208Pb+1H and 208Pb+2H are measured to be the
same in the limits of the error bars. A weak increase in the
total charge-pickup cross section is seen in the reaction of
208Pb with the titanium target.

The precise measurements of the velocity distributions of
fully identified residues has been shown to be a powerful
tool for disentangling different reaction mechanisms. The
contributions from quasielastic scattering andD-resonance
excitation to the production of the heaviest bismuth isotopes
are clearly seen in the velocity distributions measured in the
present work(Fig. 6). With decreasing mass of the residues,

the quasielastic component is disappearing, and for the light-
est bismuth isotopes only the contribution from theD reso-
nance is present. Dying out of the quasielastic component is
seen to be faster for the deuteron and “Ti” targets as com-
pared to the proton target.

The total and partial charge-pickup cross sections from
these three reactions are compared with other existing data.
The data from the present work follow nicely the general
behavior with projectile energy and target size.

Being sensitive to the nucleonic aspects of relativistic
heavy-ion collisions, data on charge-pickup reactions are an
important test for any microscopic model on nucleon-
nucleon interactions. In order to gain some understanding of
this process, we have compared the data from the present
work with the predictions of two intranuclear cascade mod-
els, INCL4 and ISABEL, coupled to the same evaporation-
fission model,ABLA . Both models reproduce quite satisfac-
torily the measured total charge-pickup cross sections, while
the widths of calculated isotopic distributions are larger than
the experimental ones for all three targets. The velocity dis-
tributions of the final residues were also calculated and gen-
erally were found to be in rather good agreement with the
measured distributions. In the case ofINCL4, it was shown
that the experimental data can help to improve the treatment
of the Pauli blocking in the code.
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