PHYSICAL REVIEW C 70, 064608(2004)

Isotopic and velocity distributions of g,Bi produced in charge-pickup reactions ofag Pb
at 1A GeV

A. Keli¢,* K.-H. Schmidt! T. Enqvist,l'* A. Boudard? P. Armbruster, J. Benlliure? M. Bernas? S. Czajkowskﬁ
R. Legrain®' S. Leray? B. Mustaphd’* M. Pravikoff? F. Rejmund"® C. Stépharf,J. Taiel? L. Tassan-Got,C. Volant?
and W. Wlazi$
1GsI, Planckstrale 1, D-64291 Darmstadt, Germany
’DAPNIA/SPhN CEA/Saclay, F-91191 Gif-sur-Yvette, France
3University of Santiago de Compostela, E-15706 Santiago de Compostela, Spain
4PN Orsay, IN2P3, F-91406 Orsay, France
®CENBG, IN2P3, F-33175 Gradignan, France
(Received 27 July 2004; published 16 December 2004

Isotopically resolved cross sections and velocity distributions have been measured in charge-pickup reac-
tions of 1A GeV 2%%b with proton, deuterium, and titanium targets. The total and partial charge-pickup cross
sections in the reactiorf$®Pb+'H and>°®Pb+°H 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 reaé¥f&bafith the titanium
target. The measured velocity distributions show different contributions—quasielastic scattering and
A-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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[. INTRODUCTION performed at the accelerator SATURNE at Saclay as a part of
& research program dedicated to the investigation of the

In nuclear charge-pickup reactions at projectile energie L . S .
clear response to spin-isospin excitations; for an overview

well above the Fermi energy there are two processes most f ; ina finding f h dincl
responsible for the increase of the nuclear charge of the pro€ Refl1]. An interesting finding from the measured inclu-

jectile [1]. One is a quasielastic collision between a targe!Ve Momentum spectra of the reaction products was a shift
proton and a projectile neutron where the proton takes ove?f the position and of the strength of theresonance peak in
the total kinetic energy of the neutron ending up in the phas@€avier targets as compared to the proton tefgjetHalf of
volume of the projectile-like fragment. The other mechanismthis shift is explained by the Fermi motion of theparticles

is the excitation of a target or a projectile nucleon into theand the nucleons in the nuclear mean figdd7], while ef-
A(1232-resonance state and its subsequent decay. Typicé#cts such as the strongly attractive interaction between
transfer reactions observed at lower enerdi&swhere a A-particle nucleon-hole states in the spin-longitudinal chan-
proton is transferred through the nuclear overlap zone argel [4] and the interplay betweeA excitation in the target
excluded at relativistic energies because of the nonoverla@nd in the projectilg8] could contribute to another half.

ping Fermi spheres of projectile and target. This is also con- For projectiles heavier thaffAr, most of the published
firmed by the nonobservation of fragments with masseslata concern only total charge-pickup cross sections; see
higher than the mass of the projectj&. [9-17 and references therein. Guoxiabal. tried to estab-

In previous works special attention was devoted to thdish the systematic dependence of the total charge-pickup
charge-exchange reactions, where the nuclear charge of thgoss section on projectile and target s[4€]. Using the
projectile increases or decreases by one unit but where ngata measured for a wide range of projectile masses, from
mass loss occurs. As at relativistic energies charge-exchandec to 1%’Au, they found evidence for a square dependence of
reactions involve the formation df particles and pions, they the total charge-pickup cross section on the projectile mass.
can be used as a tool for studying the in-medium behavior Ofo explain this steep dependence, they suggested the pres-
these particleg4]. These reactions can also give some in-ence of coherent processes in the charge-pickup reactions.
sight into the neutron density distribution in the nucl¢dls  |ater, using complete measured isotopic distributions of

The most comprehensive study of charge-exchange reagharge-pickup products, Stimmeegral.[13,14 showed that
tions involving relativistic heavy iongup to “°Ar) has been  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
*Present address: University of Jyvaskyld, FIN-40351 Jyvaskylagoncluded that the total charge-pickup cross sections are not

Finland. a sensitive tool for studying the basic nucleon-nucleon pro-
"Deceased. cesses involved in charge-pickup reactions.
*Present address: Argonne National Laboratory, 9700 South Cass In the present work, we report on the isotopically resolved
Avenue, Building 203, Argonne, IL 60439, USA. charge-pickup cross sections for the productiog,Bf in the
SPresent address: GANIL, Boulevard Henry Becquerel, B. Pinteractions of relativistic, A GeV, 35Pb projectiles with
5027, 14076 Caen, CEDEX 5, France. proton, deuterium, and titanium targets. The measurements
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ScintiTl[l;tOrs MUSIC magnetic rigidity(Bp) and the time of fligh{ TOF) of each
Bearm monitor Ba), =36 m 4 reaction product.
\ /\ / In order to achieve the necessary nuclear-charge resolu-
—H—%M——E— tion, the reduction of magnetic rigidity due to the energy loss
\ / in a profiled aluminum degrader[20] (thickness
| \ 5236 mg/cm, installed at Spwas used in combination with
Target S B s the multisample ionization chamber MUS[21].
Degrader The beam-current monitor SEETRAR22,23 was con-

FIG. 1. Schematic drawing of the fragment separator FRS wititinuously in use in order to measure and to check the
the associated detector equipment. For more details see text. primary-beam intensity.
The proton and the deuteron targets were realized as lig-

were performed at GSI-Darmstadt using the full advantage 0|ﬁ|d targets enclosed between thin titanium foils of a total
relativistic collisions in inverse kinematics. These data repthickness of 36.3 mg/cfr[24]. The thicknesses of the pro-
resent a part of a comprehensive study of fragment formatiofPn and deuteron targets were measured to be
in a neutron-generating target for accelerator-driven systen®7.3+2.2 mg/crh [25] and 206+6 mg/cr [17], respec-
[15-17. tively. To maximize the number of bare ions passing through
The present paper is Organized in the f0||owing way. |nthe FRS, niobium stripper foils of thicknesses 60 and
Sec. Il we give a short overview on the experiment and thd.06 mg/cn were set behind the target and behind the de-
data analysis. Sec. Il is dedicated to the experimental resul@rader at S2, respectively. In order to subtract the contribu-
concerning total and partial charge-pickup cross sections fdfon from different layers of mattefthe beam window, the
bismuth production as well as the velocity distribution of beam monitor, the target windows, and the stripper ftil
each bismuth isotope. In Sec. IV we compare the data fronthe measured production rate, the measurements were re-
this work with other published data on total and partialPeated replacing the proton and deuteron targets by an empty
charge-pickup cross sections. Comparisons of the measuréget container.
data with the results of calculations performed with two in-
tranuclear cascade models coupled to an evaporation/fission B. Data analysis

code are presented in Sec. V. Conclusions are presented in The data analysis was based on the reconstruction of the
Sec. VL. full velocity distribution of each isotope. For an unambigu-
ous identification of bismuth isotopes, only the completely
Il. EXPERIMENT AND DATA ANALYSIS stripped ions passing all along the FRS were considered in
the data analysis by applying the method of a twofold
In order to obtain high-precision experimental data onenergy-loss measuremefiis].
mass, atomic number, and momentum distributions of reac- Selecting only events satisfying the above condition, the
tion residues we made use of a high-resolution magnetiquclear-charge and mass calibrations were performed in the
spectrometer. The magnetic rigidity of each residue is meafollowing way.
sured with high precision just by determining the deflection For each magnetic-field setting, the events corresponding
in a magnetic dipole field. This gives very precise informa-to nuclear charge equal to 83 were selected from the two-
tion on the residue’s longitudinal momentum and hence orlimensional spectra of the position at the final focal plane
its velocity, once the residue is identified in mass and atomi¢S4) versus the position at the intermediate focal plé®3,
number. The experimental method and the data-analysis pre-ig. 2.
cedure concerning these measurements have been describedafter selecting the charge, the mass was determined from
in detail in Ref.[16]. Here only a short overview will be the two-dimensional spectra of the time of flight in the sec-
given. 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-
The experiments were performed at GSI-Darmstadt, Gerined with different magnetic-field settings by scanning over
many. The primary beam df*Pb at an energy of AGeV  the momentum distribution were combined.
was delivered by the heavy-ion synchrotron SIS. The frag-
ment(lszeparsaltor FRﬁs]d and tge associated detedctorgqui%—/c, Determination of cross sections and associated uncertainties
ment(Fig. 1) were used Iin order to separate and to identi . L o
the reac(tgion products. The FRS is atwg-stage magnetic spec- After the identification ofA and Z, the longitudinal mo-
trometer with a dispersive intermediate image plé®® and me'_“t“mp of _eac.:h fragment was recalculated from the fol-
an achromatic final image plari®4). The momentum accep- lowing equation:
tance is 3%, and the angular acceptance is about 15 mrad e
around the beam axis. Two position-sensitive plastic scintil- p= EZBP' (1)
lators [19], with a thickness of 5 mm and dimensions of
218x 80 mn¥ and 200< 80 mnt, were placed at S2 and S4, Here,Bp is the value of the fragment magnetic rigidity in the
respectively. These detectors provided the information offirst half of the FRS,c the velocity of light, and e the

A. Experiment
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TABLE I. List of the layers of matter present in the target area

100 h during the measurement with the empty target container.
e
5 &0 7 - 500 Thickness  No. atoms
z) . ;000 Layer Material ~ (mg/cn?) (10%% cnmd)
= i
5 ) 1200 Ti beam window Ti 4.5 0.57
‘§ -50 4-5 SEETRAM Al 8.9 1.99
- Ti target windows Ti 36.3 4.57
-100 . . : . L Nb stripper Nb 60.0 3.89
sl TS RE I Mylar CsH40, 8.3 0.52
=83 Aluminum Al 0.1 0.02
- 1510 ¢ 15
f ‘10 distribution corrected for the contribution from the target
S c\§° 5 container, and normalized to the number of target atoms per
150.5 - . f12 area. The production rate in the target container was about
FA= 25 S ool (\9(” ] 4% of the production rate in the full target. Finally, one
-l ; | needs to correct the measured data for the limited momentum
P S T S T TR and angular acceptance of the FRS. In the present work, the
-100  -50 0 50 100

Position at 52 [mm]

FIG. 2. (Color onling Charge and mass identification of bis-
muth products measured in the reactifiPb+'H. Upper part:

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

Two-dimensional spectrum of the position at S4 versus the positiofiie|ds. Moreover, the angular range of produced bismuth iso-
at S2. Bands corresponding to different charges are marked accorghpes was fully covered by the angular acceptance of the

flight in the second half of the FRS versus the position at S2 for theys 10096, All the applied corrections are explained in more
events corresponding #=_83; the different windows correspond to detail in Ref.[16].

different bismuth isotopecA=202, 203, 204, 205, 206Both fig-
ures show data measured for only one setting of the magnetic field%[I
Therefore, due to the limited momentum acceptance of the FRS, thg
isotopes?®?Bi and 2°%Bi are only partly transmitted.

The production cross sections for bismuth isotopes were
so extracted from the measurements performed with the
mpty target container. The empty target container consists
mostly of four titanium foils. Additionally, thin Mylar foils
] ] i _ coated with a very thin aluminum layer represent the thermal
charge of the electron. In this way, the resolution with whichjsgation of the cryogenic target. In deducing the cross sec-
the momentum is obtained is given only by the resolution injons from the measurements with the empty target container
Bp (after identification,Z is an integer numbgr ABp/Bp  one has to take into account all layers of matter present in the
~5x10* and is improved by one order of magnitude asiarget area. In Table I, these layers are listed together with
compared to the resolution obtained from the TOF measurane corresponding thicknesses and numbers of atoms per area
ment. From the momentum, the velocityof each fragment  (for Mylar, this number corresponds to the total number of

was obtained as

__bp
M(A,Z)c’

where vy is the relativistic Lorentz factor ant(A,Z) the

By v=fc, (2

atoms and not to the number of molecyléss 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, from now on we will
refer to this target as “Ti,” although one should keep in mind

mass of the nucleugA,Z). This velocity was then trans- its complex composition.

formed into the reference frame of the primary beam in the The systematic uncertainty of the production cross sec-
middle of the target by Lorentz transformation, taking into tions of bismuth isotopes, due to the uncertainties of all men-
account the appropriate energy losses of both the projectiléoned corrections, was estimated to be 9%.

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 The measured total charge-pickup cross sections for the
from the data analysis, and also normalizing to the number aproduction ofg,Bi in the reactions of A GeV ?°*Pb in the
counts in the beam-current monitor; these corrections are dgroton, deuteron, and “Ti” targets are given in Table II.
scribed in detail in Ref{16]. The production cross section of These cross sections show a weak dependence on the size of
a specific isotope was obtained from its production rate giveithe target nucleus, increasing by less than a factor of 2 when
by the surface below the peak in the corresponding velocitgoing from the proton to the “Ti" target. Because of the

Ill. RESULTS

A. Total charge-pickup cross sections
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TABLE Il. Measured and calculated total charge-pickup cross 10 T T

= T =
sections for bismuth production in the reaction€%Pb (1A GeV) F B 3 x ﬁ E 3
with different targets. The calculations are described in Sec. V. Fo® é 5 §al 5 } 7
el I é [ ] i
Wipplyy  0%ppg2y  Depp Ty E 1E é 5 i E
a(mb) a(mb) a(mb) s F é 3
O = -
Experiment 306 26+6 45+9 & % 1
INCL4+ABLA 36 31 — g o % m 208pp + E
ISABEL+ABLA 34 33 51 : o 208pp + 24 3
i A 2P + i ]
strong absorption in nuclei, one expects these reactions to be  0.01 ' : :
very peripheral and, therefore, their cross sections not much 190 195 200 205 210
influenced by the target size. For similar systems, the same Mass number
behavior has been seen in some other experin{&rtkl]. FIG. 4. Production cross sections of bismuth isotopes from the

In Fig. 3, the total charge-pickup cross sections are showf GeV reactions™Pb+'H, full squares;**Pb+*H, open dots;
as a function of the target mass for the following projectiles:2" *Pb+T", open triangles. Error bars correspond to total un-
1A GeV 208Pb from the present Work, 0.9A5GeV 197Au certainties, statistical p|US systematlc.

[11], 1.2A GeV ¥/Au [9], and 1A GeV &b [27].

Only the data measured with lead and gold projectiles aréions, the cross section should be proportionah}6+A{”,
included because, on the chart of the nuclides, these projetith Ay andA, being the values of projectile and target mass,
tiles are both quite far away from the evaporation corridorreéspectively. On the other hand, in a charge-pickup reaction
[28]. As a consequence, the deexcitation process of charg@t least one scattered nucleon frorfpan) or (n, p) elemen-
pickup prefragments formed in these reactions is mostly govtary reaction must be reabsorbed by the projectile. As the
erned by neutron evaporation. This is not true for lighterprobability for reabsorption should be proportional to the
projectiles situated close to the evaporation corridor, wher@rojectile surface, one expects that the total charge-pickup
the competition between neutron and proton evaporatioffoss section should scale approximatelyas>+A!%) A2,
reaches its asymptotic value quickly, and the final, observed Following these arguments, the total charge-pickup cross
total charge-pickup cross sections can differ significantlysections for lead and gold projectiles as a function of the
from the primary charge-pickup cross sections. On the othetarget mass were parametrized as=(0.12 mb X (All)’3
hand, in the case of projectiles heavier than lead, fissiorA”®)AZ”. The factor 0.12 is roughly determined in order to
tends to deplete considerably the primary charge-pickup proscale the calculated cross sections to the measured ones. Re-
duction. sults of this parametrization are shown in Fig. 3 with full and

Following ideas from Refqd.10,13 we have parametrized dashed lines for gold and lead projectiles, respectively. The
the total charge-pickup cross sections shown in Fig. 3. As thagreement of this simple parametrization with the experi-
charge-pickup reactions are expected to be peripheral reamental data is very good.

o ¥ Ay I9] ] B. Isotopic production cross sections

D ] The isotopic distributions of bismuth isotopes measured
| v 2%Pb[27) in the present work are shown in Fig. 4. In the case of the
m 208pp [this work] “Ti” target, as the measured statistics was much lower than
in the case of théH or the?H 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”
20 . target, the increase in the total charge-pickup cross section is
L Co ol C el . mostly taken by the more neutron-rich isotopé&sbove
1 10 100 2018j). The most neutron-deficient bismuth isotopes are pro-
Target mass number duced with quite similar cross sections, regardless of the tar-
FIG. 3. Total projectile charge-pickup cross section as a functioryet.
of the target mass: open triangléS/Au at 0.91% GeV [11]; full The partial production cross sections for bismuth isotopes

Squarez%?OSPb at 1A GeV from the present worknote: for the re-  from the reactions of°®Pb with protons, deuterons, and the
action2%%Pb+“Ti" the data point is shown for the weighted mean «j» target are given in Table III.

mass of all materials composing this tajgeipen dots°’Au at
1.2A GeV [9]; and full triangles,?°%b at 1A GeV [27]. The full
(Au projectile and dashedPb projectilg lines are obtained by
using the following relationer=0.12A5%+Al)A23, whereA, and The velocity distributions of charge-exchange products
A, are the values of projectile and target mass, respectively. display the different regions of nuclear excitatid: a peak

100 [-

50

Cross section [mb]

C. Velocity distributions
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TABLE lll. Measured partial charge-pickup cross sections from o[~ © °~ 7~ 7 7 7 7 77 T T
the reactions?*®Pb+H, 2%%Pb+?H, and 2°%Pb+“Ti" target at
1A GeV. Only statistical uncertainties are given. The systematic 350 | .
uncertainty amounts to 9%. 500 i )
208ph +1H 208pp +2H 208pp + «Tj” 250 L 4
Mass number o(mb) o(mb) a(mb) £ 3
3 200 .
193 0.10+0.02 0.05+0.02 <
194 0.22£0.05  0.16+0.04 BT ]
195 0.49+£0.05 0.32+£0.04 0.60+£0.31 100 -
196 0.82+0.06 0.58+0.05 0.97+0.39 50 i
197 1.15+0.11 0.72+£0.09 F g
198 1.64+0.08 1.27+0.07 1.86+0.52 0 =5 08 006 —00¢ 00z 000 o002 oo0i oo
199 2.02+0.10 1.58+0.08 2.53+0.62 Velocity in the projectile frame [em/nsl
200 2.50+0.15 1.90+0.14 FIG. 5. Velocity of 2°Bi produced in the reactioR®Pb+H
201 2.60+0.11 2.63+0.10 4.32+0.80 Mmeasured in the present work. The dashed histogram shows the raw
202 2.94+0.12 2814011 5.01+0.88 velocity spectrum, while the full histogram shows the velocity after
203 3.38+0.18 2.90+0.18 applying the deconvolution mentioned in the text.
204 3.21+0.12 3.15+0.12 5.08+0.88  while the second effect results in the finite width of the po-
205 3.11+0.12 2.99+0.12 4.81+0.86 sition distribution at the intermediate image plai$®). The
206 27040.15 297+0.16 position resolution of the scintillator contributes additionally
207 1384008 1364007 9534061 to these widths. The width of the apparent momentum distri-

bution containing the contributions of the above-mentioned
208 0.52£0.05  0.59+0.05 1.10£0.40  effects was deduced from the calibration measurement per-
formed with the primary beam without the target, and its

. . orresponding velocity value in the projectile frame was
at the velocity close to that of the beam corresponding to bund . to have  full  width at  half maximum

quasielastic interaction a_nd_a broader peak at lower yelocitie@_o143J_ro_0004 cm/ns. A Gaussian of that width was convo-
caused by the excitation of a nucleon in  the oy with the response function coming from the target

A(1232-resonance state. As a magnetic spectrometer, thgixness and the energy-loss straggling. The obtained re-
FRS allows one to measure not only the production crosgponse function was used to deconvolute, for each isotope,
sections but also the kinematical properties of the reactioghe measured velocity distribution represented in the refer-
residues with high resolution. ence frame of the projectile.

In order to improve the experimental velocity resolution,  As an example, Fig. 5 shows the velocity OfBi pro-
several corrections to the measured distributions had to bguced in the interactions 6P®Pb with the proton target be-
applied. fore (dashed histograyrand after(full histogram the above-

Target thickness and energy-loss straggling in the targetmentioned corrections. The contributions from the two
If the target were infinitely thin, the fragment Velocity distri- different mechanisms, quasie|astic Scattering' and
bution(mean value and widhwould be determined only by A (1232-resonance formation, to the production are clearly
the reaction mechanism. Since a target has a finite thicknesgisiple in the corrected spectrum.
the mean value and the width are modified by the energy loss The deconvoluted velocity distributions are shown in Fig.
of the beam(from the entrance to the place where the frag-g for several bismuth isotopes. For the most neutron-
ment is formedi by the energy loss of the fragmeifitom the  geficient isotopes, the velocity distributions are wide, and the
place where the fragment is formed to the gxétnd by the  apove-mentioned corrections do not have any influence. In
energy-loss straggling. The contribution of these effects tqne case of the “Ti” target, the measured statistics was not
the Wldthl Of the VeIOCity diStributionS can be represented aq'“gh enough for the corrections to be app“ed Therefore’ in
the convolution of a Gaussian function given by the energyrig. 6 we do not show the velocity distributions3f8i and
loss straggling and a square function given by the targeto’gj measured in the “Ti" target. In the same figure, on the
thickness[29]. For each isotope, the widths of these two ypper axis is shown the energy transfer in the laboratory
contributions were calculated with the cod@ADEUS [20],  frame, which was calculated from the measured velocities of
and transformed into the reference frame of the projectile. {ne peam and the residue assuming that no mass loss has

Momentum spread of the beam, size of the beam spot gkcurred. FoR%®Bi, events with negative energy transfer re-
the target position, and position resolution of the scintillator fject the finite resolution of the experiment. In the cages
The contribution of the first effect is reflected in the finite —ong the two-body kinematics applied for calculating the
width of the momentum distribution of the primary beam, gnergy transfer is not strictly valid, which additionally con-

tributes to the events with apparent negative energy transfer.
The mean value was already corrected for the energy losses of The general behavior of the velocity distributions, shown
the projectile and the fragment, Sec. Il C. in Fig. 6, is widening of the width and lowering of the mean
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Energy transfer in the lab frame [MeV]
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FIG. 6. Longitudinal velocitieglower scalg of several bismuth isotopes produced in the interactionfoGeV lead with the protoxifull
line), deuteron(dashed ling and “Ti” targets(dotted ling. The velocity distributions are normalized to the corresponding production cross
sections. The upper scale represents the energy transfer in the laboratory frame.

value with decreasing mass of the residue. These effects afieient for neutrons is three times larger than for protfis
expected, as the lighter bismuth isotopes are likely to comene would expect thé\-resonance component to be about
from events involving higher excitation energy. two times stronger in the case of the deuteron target as com-
Looking in more detail, one can see the clear appearandeared to the proton target. A distortion of the deuteron could
of two components fof%Bi, corresponding to quasielastic @lso influence this ratio. From the fits to the measured veloc-
scattering and\-resonance excitation. Going from the proton ity distributions of”**Bi, we obtain that the\-resonance con-
to the deuteron target, the quasielastic contribution leading tibution for the deuteron target is by a factor of 1.7 larger as
the production oP%Bi decreases by a factor 1.4, which is compared to the proton target. From the same fit, we have

obtained by a fit with two Gaussians. The quasielastic com@Pt@ined that the mean energy transfer corresponding to the

ponent of a charge-pickup reaction can occur only on th’i—resonance contribution is equal to 293+12 MeV and

target proton and not on the target neutron. Consequently, t Ld.'ihl.z MeV for proton .ar?d ﬂeuteron targets, respectively,
uasielastic component is expected to be about two ime&nich IS I agreement with other dagdy.
9 A third peak at the velocity of —0.047 cm/(sorrespond-

fmaIIe:[r n E[he dEuFefrlon cas;ahl Dlsttgrtlon effects of the deu|'ng to an energy transfer 6¢539 MeV) is also visible in the
eron target could influence this ratio. velocity distribution of°Bi for both the proton and the deu-

On the other hand, the contribution of teresonance gron targets. Due to the low statistics inside this peak we do
excitation to the formation of*Bi is larger for the deuteron not discuss it further.

target than for the proton target. In the case of the proton for Jighter bismuth isotopes, the quasielastic component
target a process leading to the production fBi is  gradually disappears, and for the lightest isotopes only the
p(*%Pb 2°Bi)A°, while in the case of the deuteron target, contribution from theA-resonance excitation is present. An
depending on the orientation of the deuteron with respect tinteresting finding is that for the isotop8%-2°Bi produced

the projectile, one can excite the resonance either on the on the proton target, the quasielastic component is stronger
target proton or on the target neutron via tit€*®Pb **Bi)A  as compared to the deuteron or the “titanium” target. For the
reaction. Considering that the isospin Clebsch-Gordan coetightest bismuth isotope$A<204) the overall shape and
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FIG. 7. Mean values of measured longitudinal velocities of bis- i ) )
muth isotopes produced in the reactidi®b+H (full squares, FIG. 8. Total charge-pickup cross section as a function of the

2051421 (open dots and?Ph+ “Ti" (open trianglepat 1A Gev,  Projectile energy per nucleon: open triangl¥Au+H [11]; full
and the empirical systematics of Morrisg@g], full line. Velocities ~ d0t ~ Au+"H [25]; full square, *Pb+'H from the present work;

are shown in the rest frame of tA&Pb projectile. and open dots;*/Au+'H [9]. The data from Refs[9,11] were
extracted from measurements performed with,@iHd C targets.

mean value of the velocity distributions are very similar for grgies below A GeV [11], and the same reaction at projec-
all three targets. __tile energies aboveA GeV [9]. In order to see more clearly
We determined the mean values of the velocity distributhe effect of the projectile energy, only reactions involving
tions, calculated in the rest frame of the projectile, for allgimilar projectiles and the same target are compared. For
bismuth isotopes and determined the variation of this meagnergies below-2A GeV, the total charge-pickup cross sec-
value with the mass loss. This dependence is shown in Fig. fion decreases rapidly with increasing projectile energy. On
In the same figure, these mean values are compared with thge other hand, for projectile energies between 2 and
empirical systematics of MorrissefB0]. The data and the 10A GeV the total charge-pickup cross section seems to be
systematics show the same general tendency, namely, a dgrependent of the energy involved in the reaction.
crease in the mean velocity with increasing mass loss, but the The partial charge-pickup cross sections are shown in Fig.
data show a larger reduction as compared to the systematiagas a function of the difference between the mass number of
The Morrissey systemati¢80] was obtained from the analy- the resulting fragment and the mass number of the projectile.
sis of fragmentation data, where the events with larger masge have compared the data from the reactf8iPb+H

losses correspond to less peripheral collisions. In these casggeasured in the present work with data from the following
the target and the projectile nucleus penetrate each other

more, and, therefore, the friction is increased. This then re- VpE—T———T——T1

= T T T T T T T3
sults in a larger loss of the projectile kinetic energy, and § 3
consequently in a larger reduction in the velocity of the pro- - gt g i i ; 1
jectile residue. On the other hand, in the charge-pickup pro- _ | [ 1 T ° * ¥ i
cess a larger part of the projectile kinetic energy can be spent £ 1f ] i o ¥ i
on the formation of &\ resonance. Therefore, in this case, § F [] ]
smaller mass losses can be connected with larger reduction ¢ [ o ¥ 7
in velocity than given by the Morrissey systematics. o | i ° 1
The rather small velocity reduction in the proton-induced ~ & O-'¢f 5 rBetl o
reaction for mass losses up to seven units reflects the particu- F %o 197AZ +H, 251 1
larly strong contribution of quasielastic scattering. i ¥V 28pp+cy,l27] ]
i W 208pp + 'H, this work |

00] 1 1 L 1 1 ? 1 1 1 1 L | L | L 1

IV. COMPARISON WITH OTHER DATA L A'8 A % -4 -2 0

frag™ ~proj

Most published data from charge-pickup reactions at rela-

s . ) FIG. 9. Comparison between the partial charge-pickup cross
tivistic energies concern total cross sectiqfr example, b P ge-picktip

9-1 d ref thereinTh il fi f sections from the present work and available data. Data are shown
[9-12 and references therginThe partial cross sections for as a function of the difference between the mass numbers of the

a few isotopes were measured using the methogt 8pec-  e5iting fragment and of the projectile for the following reactions:
troscopy[31-34. To our knowledge, it is only from the mea- 208 4114 ot 1A GeV from the present workfull squares, 2°%Pb
surements here at GS(Refs. [13,14,25,27,3p and the Lcyat 1a GeV [27] (open triangles “7Au+1H at 0.8A GeV [25]
present work that full isotopic distributions of charge- (full dots), 12%e+%’Al at 0.79A GeV [13] (open diamonds and
pickup products are available. 8Kr+°Be at 0.7\ GeV [14] (star3. All these measurements were
Figure 8 shows the total charge-pickup cross section foperformed at GSI. As the data 6ffPb+°H and?°Pb+ “Ti” from
the reactiorf°®b+H from the present work compared with the present work are already shown in Fig. 4, they are not repeated
the data from'®’/Au+*H at 0.8A GeV [25], *’Au+'H at en-  here.
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reactions: 2%Pb+Cu at A GeV [27], ¥Au+lH at
0.8A GeV [25], 1%°%Xe+?"Al at 0.79A GeV [13], and %r
+°Be at 0.7\ GeV [14]. As the data on’*Pb+’H and
208pp+«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 01E_ " | . .
is decreasing with decreasing projectile md$6€,12,34. 190 195 200 205
First, it is expected that the primary production of charge- Mass number
pickup prefragments is decreasii@3], and second, the  F|G. 11. Partial cross sections for bismuth production. Compari-
lower Coulomb barriers in lighter nuclei and shorter distanceson between experimental data: full squaf8%b+H; open dots,
from the evaporation corridof28] lead to larger proton- 2%%pp+2H; and open triangles’*®Pb+“Ti"; and different model
evaporation probabilities during the decay of excited prefragealculations: full line,incL4 [37] +aBLa [38], and dashed line,
ments, thus resulting in lower cross sections for the survivalsaseL [36] +ABLA. Error bars represent totédystematic plus sta-
of Z,+1 prefragments. From Fig. 9 one can see that theistical) uncertainties.

proton evaporation depletes the neutron-deficient side of thg_ff he diff b . din th
isotopic distribution for the lighter elements while the most@/erence to the difierent beam energies used in these two

neutron-rich side is not influenced. This is the obvious resule\LeaCt'ons' Similar behavior can be seen in the data reported

T ||||||||
1
I—————
—_ 1
—p 1
L
]
[
)
=
i
g
1 IIIIIIII

——— ISABEL+ABLA

™ ul
o

of the fact that the proton evaporation is becoming mor y Gloris et al. [32). Using the method ofy spectroscopy,

g o . hey have measured the partial cross sections for the produc-
competitive with increasing number of evaporated neutronsg

especially in the case of lighter elements. In the case o
heavy nuclei, the neutron-deficient side is depleted by bouﬁgure, no change in the charge-pickup cross sections for

proton evaporation and fission. _ _ these heaviest products at the two highest proton-beam ener-
Slightly higher isotopic cross sections for bismuth pro-gies js evident. For the lowest energy in Fig. 10, although the
duction in the’®Pb+Cu reactiori27] in Fig. 9 compared to  error bars are rather large, there is an indication for the in-
the *Pb+'H reaction from the present work are the conse-crease of the production cross sections ¥Bi and 2°%Bi.
quence of heavier target mass as already discussed in Setese isotopes correspond to those in Fig. 9 for which the
Il A. Again it is seen that only few isotopes are influenced difference in the partial charge-pickup production cross sec-

on of 2%4-208j in the reactionp+"¥Pb at several proton-

eam energies. These data are shown in Fig. 10. From this

by the increase in target mass. tions in the reactioné®®Pb+H and *’Au+'H starts to be
Comparing the data from the reactioli’Au+'H at  visible.
0.8A GeV [25] with the data from thé®®Pb+H reaction at In Table 1V, a part of the isotopic distribution from the

1A GeV one can see that for the isotopes having 3 to #eaction’®Pb+'H measured in the present work is compared
nucleons less than the corresponding projectif8;2®Hg  with y-spectroscopy data from the+2°%Pb reaction at a
from °’Au+1H [25] and?°1729Bi from 2%Pb+'H, the cross  proton-beam energy of 1 Gef@3]. Data from Ref[32] are
sections for mercury production are higher than the ones fonot included in Table IV, as they were measured with a natu-
bismuth production. All other isotopes in these two reactionsal lead target, and thus different lead isotopes contribute to
are produced with almost the same cross sections. On ththe production of a given bismuth isotope. The data from
other hand, Fig. 8 shows that the total cross sections frorRef.[33] are higher than those measured in the present work
these two reactions are following the behavior of other datdy the factor of~2. The origin of this difference is not clear
as a function of projectile energy. Therefore, we attribute thigo us.
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TABLE IV. Partial bismuth production cross section measured in the present @orkn are total
uncertaintiesand compared with-spectroscopy data fropr+2°%Pb[33] at a proton-beam energy of 1 GeV.

o[mb]
ZOSBi 204Bi ZOSBi ZOGBi
Present work 3.38+0.48 3.21+0.41 3.11+0.40 2.70+0.35
p+2%ph [33] 4.84+0.39 5.29+0.80 6.20+0.40 4.60+0.29
V. COMPARISON WITH MODEL CALCULATIONS the experimental data thancL4. The neutron-rich bismuth

At relativist : h h tion | isotopes originate from prefragments having low excitation
\relativistic energies, a charge-exchange reaction Is COMznergy, and the problem of reproducing the low-excitation
veniently described as a two-stage procdsy. In the first,

s ; o energy events was already noticed by Boudgtrdl. [37]. As
faster, stage interactions between target and projectile nuclgre only quantum restriction considered is Pauli blocking,

ons create excited prefragments. This stage can be describggher guantum effects not considered in the model could be
by an intranuclear cascade model, where one follows a semportant in the cases where the low-excited prefragments
quence of independent two-body nucleon-nucleon collisionsare created through a few elementary nucleon-nucleon colli-
In the second, slower, stage the excited prefragments decayjons[37]. On the other handsABEL overpredicts the cross
and the competition between neutron evaporation chargegections for the production of the most neutron-deficient bis-
particle evaporation, and fission determines the number ghuth isotopes, whilencLa gives a better description of this
final, observed, fragments. part of the distribution. A possible origin of the difference in

To compare the data from the present work with calculathe description of the neutron-deficient side with these two
tions, we have used two different intranuclear cascade codefiiodels could be connected with the induced angular mo-
ISABEL [36] and the latest version of the Liege comel4  menta. The root mean square of the angular momentum
[37], both coupled to the same evaporation-fission codgjiven byincLa is almost two times higher than the one given
ABLA [38] developed at GSI. In the following, we will com- by |saBeL. The prefragments with higher angular momenta
pare the calculated production cross sections and velocitiave higher probability for fission, and, as a consequence,
distributions with the experimental results. the neutron-deficient side of the isotopic distribution is less
populated.

For the 2°%Pb+“Ti" reaction, the calculation was per-
formed assuming a pure titanium target, although the real

In Table Il, the total calculated charge-pickup cross sectarget consists of several different materials as shown in
tions are compared with the measured cross sections. For ti@able 1. This simplification is justified by the fact that tita-
reaction 2°%b+“Ti" the calculations were performed only nium represents an average of the present target layers and
with ISABEL, because in the present version IntL4 the  that also, as seen in Sec. Ill, the charge-pickup cross sections
heaviest target that can be used in calculation$dis. The  vary slowly with the mass of the target nucleus. The total
calculations give slightly higher total charge-pickup crosscharge-pickup cross sections as well as the shape of the iso-
sections, but the values are still in the range given by theopic distributions are reproduced with th@BeL calcula-
error bars of the measured cross sections. tions in a very satisfactory way; see Table Il and Fig. 11.

In order to compare the model predictions with the ex- At the end of this section, we would like to make a few
perimental results in more detail, Fig. 11 shows the calcueomments on the Pauli principle, a quantum prescription
lated and the measured partial charge-pickup cross sectiomslded to the semiclassical description of the projectile-
for bismuth production in the three reactions considered imucleus interaction imncL4. An obvious failure ofincL4 is
the present work. the large overprediction of the production cross section of

In the cases of®®Pb+H and 2°Pb+°H, the slightly  2°%Bj, which is basically produced in one nucleon-nucleon
higher values of the calculated total charge-pickup cross secaollision. Since free nucleon-nucleon cross sections are real-
tions are reflected in wider isotopic distributions compared tdstically described in the intranuclear cascade approach, these
the experimental ones. Both calculations overpredict thelata carry valuable information on in-medium effects.
neutron-rich side withSABEL giving better agreement with For each nucleon-nucleon interaction incL4, it is

A. Production cross sections

TABLE V. Calculated production cross sections f81Bi and?°/Bi in the reactions of%Pb+'H,2H, with
and without taking into account the strict Fermi blocking on the first collision.

2081y 4114 208pp 42

208g; 207g; 208g; 207g;
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

064608-9



A. KELIC et al.

Energy transfer in the lab frame [MeVI]

PHYSICAL REVIEW C 70, 064608(2004)

1000 500 0 1000 500 0 1000 500 0
0.6 ——————————— 0.6 — —————— 1 0.40 ————————————
i ] I 035 .
05 L 208 . 05| 205p; .
1 0.30 i
0.4 g 0.4 1
0.25 i
03} § 03} 0.20 i
1 0.15 i
3 02 g 02+ |
< 1 0.10 i
€ o1} § o1t 1
3 0.05 oA
. | - ] il ]
% D 1 rI'l-rl'l-_Fl-l 1 1 1 1 I 1 1 1 0 d 1 1 1 1 1 1 I 1 II1J|I 000 I 1 I 1 1 1 1 1 1 1 1 1
> -0.10-0.08-0.06-0.04-0.02 0.00 0.02 -0.10-0.08-0.06-0.04-0.02 0.00 0.02 -0.10-0.08-0.06-0.04-0.02 0.00 0.02
©
N
g 2000 1500 1000 500 O -500 2000 1500 1000 500 -500 2000 1500 1000 500 O -500
£ 030 ——m 0.30 ——— 1 0.06 F—r—— 11—
=z
0251  2mp; 4 o2k oo 0.05
0.20 - 4 o020t 0.04
0.15 |- § 015 | 0.03
0.10 b § 0.10 | 0.02
0.05 | 4 o005} 0.01
000 |—||J'|J._|_!|:|l 1 1 1 1 1 'f_ 000 Ll 000
-020 -0.15 -0.0 -0.05 0.00 005 -0.20 -0.55 -0.10 -0.05 0.00 0.05  -0.20 -0.15 -0.10 -0.05 0.00 0.05

Velocity in the projectile frame [cm/ns]

FIG. 12. Calculated velocity distributions of several bismuth isotopes produced in the interactidrGaf\llead with the protortfull
line) and the deutero(dashed ling The velocity distributions are normalized to the corresponding calculated production cross sections. The
calculations were performed witRcL4 +ABLA. The upper x axis shows the energy transfer in the laboratory frame.

checked statistically that after a collision the nucleons will The cross section for the production®fBi is lowered by

find a reasonable quantum place in the phase space of thel0%, and the total charge-pickup cross section reduced by
nucleus. Since all nucleons are stochastically positioned in—-6.5%. The cross sections for the production of other nu-
side the nucleus, we do not have a compact medium whendides are not influenced by this effect. This substantial im-
collision occurs, even in the ground state. On the first colli-provement driven by the present data will be inserted in the
sion, the target nucleon gains some energy but sometimesscade code after some further tests.

can find a free quantum cell below the Fermi level. This is
guestionable 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  The velocity distributions of bismuth isotopes produced in
finite nucleus temperature. After several nucleon-nucleori®®Pb+'H,?H were calculated using theicL4 code coupled
collisions, warming up the nucleus and ejecting nucleonsyith ABLA. The results of the calculations, for the same bis-
this mechanism takes into account the more and more diluteuth isotopes considered in Fig. 6, are shown in Fig. 12. The
nuclear matter. Another possibility is to reject at least the firstalculated velocity distributions are normalized to the corre-
collision when a final nucleon is produced below the Fermisponding calculated cross sections.

energy (strict Fermi blocking on the first collision This The general behavior of the calculated velocity distribu-
implementation has been discussed and tested belotions is the same as for the experimental distributions shown
0.2 GeV[39] and gives reasonable improvements of the neuin Fig. 6.

tron and proton spectra, especially for their high-energy part The calculated velocity distributions are in a satisfactory
in direct kinematics. In the present case, inclusion of theagreement with the measured distributions. Also in the cal-
strict Fermi blocking affects mainly th&®Bi production,  culated distributions of?’2°Bi isotopes there is a hint of a
which is reduced by a facter2 as compared to the standard stronger contribution of the quasielastic component in the
calculations with statistic Fermi blocking; see Table V. proton target as compared to the deuteron target. In the case

B. Velocity distributions
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of 2%%Bi, the calculated velocity distributions show the samethe quasielastic component is disappearing, and for the light-
gualitative behavior as in the case of the measuredst bismuth isotopes only the contribution from theeso-
distributions—on going from the proton to the deuteron tar-nance is present. Dying out of the quasielastic component is
get the quasielastic component is decreasing and the contg§een to be faster for the deuteron and “Ti" targets as com-
bution from theA excitation is increasing. On the other hand, Pared to the proton target. _ _

there are quantitative differences between the calculated and The total and partial charge-pickup cross sections from
the measured velocity distributions for this isotope. A 2.othese three reactions are compared with other existing data.
(2.2) times weaker quasielastic component and a(1.5) The data from the present work follow nicely the general

times stronger contribution from thk excitation in the deu- P€havior with projectile energy and target size. -
¢ Being sensitive to the nucleonic aspects of relativistic

teron target as compared to the proton target are obtaineh w-ion collisions. data on charae-pickun reactions are an
from calculations with statisti¢strict) Fermi blocking, while ~ caVy-lon COTsIons, data on chargé-pickup reactions are a
portant test for any microscopic model on nucleon-

e i
from the measured distributions these numbers are 1.4 anr%]L]cleon interactions. In order to gain some understanding of

1.7,_respectlvely. Thls_dlscrepancy could give valuable_ |nf0r-this process, we have compared the data from the present

. . &vork with the predictions of two intranuclear cascade mod-
scription of the pure charge-exchange channel in the code.e|s, INCL4 and ISABEL, coupled to the same evaporation-
fission model ABLA. Both models reproduce quite satisfac-
VI. CONCLUSION torily the measured total charge-pickup cross sections, while
the widths of calculated isotopic distributions are larger than
Isotopically resolved charge-pickup cross sections and vethe experimental ones for all three targets. The velocity dis-
locity distributions have been measured in the reactions ofributions of the final residues were also calculated and gen-
1A GeV 2%b with proton, deuteron, and titanium targets. erally were found to be in rather good agreement with the
The total and partial charge-pickup cross sections in theneasured distributions. In the caseietL4, it was shown
reactions’*®Pb+'H and 2°%b+’H are measured to be the that the experimental data can help to improve the treatment
same in the limits of the error bars. A weak increase in theof the Pauli blocking in the code.
total charge-pickup cross section is seen in the reaction of
208h with the titanium target. ACKNOWLEDGMENTS
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