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Fragmentation of unstable neutron-rich oxygen beams

A. Leistenschneider,T. Aumann? K. Boretzky? L. F. Canto? B. V. Carlson? D. Cortina? U. Datta Pramanik,
Th. W. Elze! H. Emling? H. Geissef A. Grinschloss, K. Helariutta? M. Hellstrom? M. S. Husseirf, S. llievskil?
K. L. Jones® J. V. Kratz? R. Kulessd, Le Hong Khiem® E. Lubkiewicz! G. Minzenberd, R. Palit' P. Reitef
C. ScheidenbergérK.-H. Schmidt? H. Simon? K. Simmerer E. Wajda/ and W. Walis’

Unstitut fir Kernphysik, Johann Wolfgang Goethe-Universia-60486 Frankfurt, Germany

2Gesellschaft fuSchwerionenforschung (GSI), D-64291 Darmstadt, Germany

3Institut fir Kernchemie, Johannes Gutenberg-Univertsifa-55099 Mainz, Germany

“Instituto de Fisica, Universidade Federal do Rio de Janeiro, 21945-970 Rio de Janeiro, Brazil
5Departemento de Fisica, Instituto Tecnologico de Aeronautica - CTA, 12228-900 Sao Jose dos Campos, Brazil
8Instituto de Fisica, Universidade de Sao Paulo, 05389-970 Sao Paulo, Brazil
“Instytut Fizyki, Uniwersytet Jagellski, PL-30-059 Krakw, Poland
8Sektion Physik, Ludwig-Maximilians-Universit®-85748 Garching, Germany
SInstitut fir Kernphysik, Technische UniversitdD-64289 Darmstadt, Germany
(Received 28 January 2002; published 23 May 2002

Fragmentation of secondary beams of neutron-rich, unstfi2?0 isotopes at beam energies near 600
MeV/nucleon was studied by measuring the production cross sections for carbon, nitrogen, and oxygen frag-
ments. Data for stablé”'%0 beams were obtained as well. The measurements serve to illuminate the isospin
dependence of the fragmentation process. The experimental results are compared to those from empirical
parametrization and those from abrasion-ablation models.
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[. INTRODUCTION comparison to one-step fragmentation were deduced. These
findings, however, are in contrast to results obtained on the

Fragmentation of energetic heavy-ion beams is widelybasis of an abrasion-ablation mod&#].
used to produce secondary beams of exotic nuclei far from Here, we report on a rather comprehensive fragmentation
stability [1]. In order to assess the feasibility of experimentsstudy of the unstable neutron-rich nucl€i*>?0, together
utilizing secondary beams, a precise knowledge of the relwith that of the stable'-*%0 isotopes. The results can serve
evant production cross sections is essential. Usually, produd illustrate the effect of isospin on the fragmentation process
tion cross sections are deduced from empirical parametrizeand thus help to clarify the above discrepancies between
tions of measured cross section2]. Alternatively, Various predictions.
fragmentation models with a microscopic background have
been applied, such as “abrasion-ablation” mods-5] or Il. EXPERIMENTAL METHOD
“intranuclear-cascade” simulatior$].

The validity of both, the empirical parametrization and  Secondary beams df 2’0 ions were produced in a frag-
the physical models, has been verified mainly for medium- tgnentation reaction of a primar{’Ar beam delivered by the
heavy-mass fragmentsee, e.g., Ref§2,7—10). In particu-  synchrotron SIS at GSI, Darmstadt. TARAr beam energy
lar, it could be shown that in the few cases where fragmenamounted to 720 MeV/nucleon and the intensity to about
tation cross sections of projectiles with different neutron-to-10" ions per second. A beryllium production target of
proton ratios were studied, the observed shift of the centroidé g/cnf thickness was used. The secondary oxygen beams
of the isotope distributions was rather well reproduced by thavere separated in the fragment separator FES operated
empirical parametrization of cross sectidEAX) (see Fig.  at three different magnetic field settings optimized ¥6#%0,

11 in Ref.[2]). The data are much too scarce, however, to'*20, and?*?%. Due to the low production cross section in
investigate in detail how the shapes of the distributions, irthe case 0f??0, the counting statistics were poor and no
addition to their centroids, vary with the neutron or protonresults will be reported. Although’*% are stable isotopes,
excess of the projectiles. they were produced as secondary beams for economical rea-

Recently, two-step fragmentation processes were dissons. Except for the setting optimized fé+2%0, a shaped
cussed in the context of an efficient production of verydegrader in the FRS midplane was used in order to suppress
neutron-rich isotopes. This process involves an unstablabundant contaminants from elements other than oxygen.
neutron-rich fragment as an intermediate product that undeithe kinetic energies of the secondary beams vary slightly
goes fragmentation again, yielding the final nucleus of interaround 600 MeV/nucleon and are quoted in Table I.
est. Such two-step mechanisms were considered, in particu- The secondary beams were transported to the experimen-
lar, in proposals for the next-generation exotic nuclear beartal area where they were directed onto targets "8€
facilities[11—13. On the basis of the EPAX parametrization, (0.573 g/cm) and "Pb (1.820 g/crf); measurements
considerable gain factors for the production of specific verywithout targets were also performed. The fragmentation mea-
neutron-rich isotopes in two-step fragmentation processes isurement was performed in conjunction with experiments
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TABLE I. Fragment production cross sections obtained from this experiment with the carbon target. Cross
sections are quoted in millibarns.

170 180 190 200 210

Fragment/ (629 MeV/ (573 MeV/ (635 MeV/ (585 MeV/ (557 MeV/
beam nucleon nucleon nucleon nucleon nucleon

%0 55.06.6) 41.43.0) 23.1(2.5 13.52.2)

o 53.53.6) 17.22.6) 17.22.9

80 66.1(5.5) 46.74.9 23.213.2

% 72.07.4 35.47.0)

200 90.213.9

3N 6.0(2.0) 1.7(0.4)

N 25.64.4) 18.711.8 10.41.4) 5.4(0.9

15N 56.1(9.4) 57.33.9 43.33.7) 36.42.9 14.23.1)

16N 21.43.9 27.03.7) 23.12.3 19.62.0) 19.43.6)

1N 29.62.2) 27.63.3 33.62.9 18.93.3

R\ 14.32.3 13.92.2 36.28.5

19N 27.23.1) 38.1(13.1)

e 4.92.0)

2c 32.14.5 17.41.6) 14.01.7) 8.8(1.0)

3¢ 28.04.4) 27.52.2 20.72.1) 15.91.6)

c 7.22.5 20.31.6) 20.42.1) 17.41.4)

15¢ 5.40.8 6.7(1.0

16c 5.91.2

aiming at other subjec{dl 6]; the detector setup will be dis- con detector with a resistive electrode also delivered two-
cussed only as far as it is relevant for the present purpose.dimensional position information and, in addition, a signal
The aim of this measurement was to determine cross se@roportional to the energy loss of the projectile in the detec-
tions for projectile fragmentation, the cross sections beindor. From the latter signal, in combination with the velocity
differentiated with regard to the nuclear charge and mass aheasurement, the nuclear chaigg of the projectile could
the produced fragments but integrated with regard to anype derived. From the known magnetic rigidity and the charge
other observable quantity. The applied method simply reliesnd velocity measurement, the mass of the projectile was
on counting the number of projectiles impinging on the tar-obtained. Typical resolution®ne standard deviatigprof 1
get and counting the number of fragments produced. For thahm for position, 170 ps for time of flight, Oe2for nuclear
purpose, the incident projectiles needed to be identifie¢harge, and 0.1 amu for the mass of the projectile were
uniquely on an event-by-event basis, likewise the fragmentsachieved.
Due to the high beam energy, the fragments are kinemati- Identification and trajectory of the fragment®own-
cally focused into a rather narrow forward cone around thestream from the target, the detection system for the frag-
beam direction. ments consisted of two silicon detectgone of them being
Identification and trajectories of the projectilddpstream  position sensitive a dipole magnet with a large gap of
from the target, the detector system consisted of three thio.5 mx 1.2 m, three scintillating fiber detectors, and a time-
organic scintillation detectors, a silicon detector, and a fourof-flight wall (TFW) consisting of an array of 20 organic
jaw slit built from a 5-mm-thick organic scintillation mate- scintillation detectors, each one of 20000010 mn?
rial. The slit, the silicon detector, and one of the scintillationsize and placed about 11 m downstream from the target. The
detectors were placed close to the target, the other two scinrajectories of the fragments were traced by means of the
tillation detectors about 10 m and 90 m upstream from theposition sensitive silicon detector and the scintillating fiber
target. The slit detector served to restrict the size of the beamietectors. The velocities of the fragments were measured us-
spot on the target and thus to suppress the beam halo. Two ivfg TFW. Each of the TFW modules was equipped with two
the scintillation detectors as well as the silicon detector wer@hototubes, the mean time signal of which determined the
position sensitive. The scintillators were of quadratic shapeime of flight of each fragment. From the time-of-flight in-
covering an area of 5050 mnt. The scintillation light was ~ formation, the fragment velocity can be derived if correc-
collected from the four edges by means of light guides andions for energy losses along the flight path are applied. The
detected by four phototubes. From the relative pulse heightuclear charge of the fragment could be derived from the
of the four signals, the two-dimensional position informationenergy loss in the two silicon detectors, and also from that in
could be derived, the mean time signals of these detectofBFW. The trajectories of the fragments measured in front of
served to measure the velocities of the projectiles. The siliand behind the magnet determined their magnetic rigidities.
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effects. Since both projectiles and fragments traverse the
same detectors, the detection efficiencies essentially cancel
FIG. 1. Identification of fragments produced in reactions of anin the above expression. The main correction factor arises
200 peam impinging on a carbon target. from the finite acceptance of the detector system for some of
the fragments. For each fragment species, the yield distribu-
This information in combination with the deduced chargetion projected onto the spatial coordinate perpendicular to
and velocity allowed the determination of the mass of thePoth, the beam axis and the axis of the field of the dipole
fragment_ A mass resolution of 0.1-0.15 amu could bénagnet, was constructed. This distribution was fU”y ac-
achieved. Figure 1 shows the fragment masg @nd charge c_eptgd by the detector system for fragments with a m_agnetic
(Z;) distribution as obtained for th&%0 beam. In order to 'igidity near that of the beam. Fragments witliZ ratios
suppress noninteracting projectiles, the fragment distributiofliffering considerably from that of the projectile, however,
shown in this figure was accumulated requiring at least ongradually escaped from the detector acceptance. Fragment
neutron to be emitted from the fragment and observed in &0SS sections were determined only if more than one-half of
neutron detector in the forward direction. This constraintthe yield distribution was covered and, thus, a safe extrapo-
however, was not applied in the analysis of the fragmen{atlon was ensured. If such a correction for incomplete ac-
cross sections and is thus not discussed further. ceptance was required, the systematic error of the correction
The detector system was kept under vacuum up to the exfactor was estimated and added to the statistical one.
from the magnet about 3.5 m downstream from the target.
Projectiles or fragments undergo nuclear interactions in the
detector material or while traveling through air. To a large
extent, such interactions could be discriminated by requiring
that the nuclear charge measured in the two silicon detecto

fragment charge Z,;

Ill. EXPERIMENTAL RESULTS

Fragment production cross sections could be determined

. HIGTI® L O3y 17-210 projectiles and carbon, nitrogen, and oxygen frag-
and in the TFW is identical for all three detectors within the'rments, which include both stable and neutron-rich isotopes.

rgsolutlons. The residual bgckground from interactions OUty o results obtained for the carbon target are quoted in

side the target was determined by means of a measuremepéble |

W'tEOUththe _tgrgizt anq V\ﬁs zulla_tractgd. i for the dat It is known that the target dependence of fragmention
-ach Incident projectiie delivered a trigger tor the dalae .o sactions can be factorized. The factorization can be

aquisition. Depending on beam intensity, the trigger rate ha

o b led d in order t th th bilitv of th lustrated on the basis of the present results. Figure 2 com-
0 be scaled down In order to cope wi € capability 0 epares fragment cross sections obtained from the carbon target
data aquisition system. The production cross seciipfor a

o . with those from the lead target for the case of tH® beam.

specific fragment was obtained from Except for the one- and two-neutron removal channnels, the

ratios of the fragment cross sections range between values of
(1) 1.8 and 2.9 with a mean value of 2:0.1. For the lead

target, the few-neutron removal cross sections are influenced

by the electromagnetic excitation process, which has been
N; denotes the number of target atoms perz,cmp and R¢ discussed in detail previousy16]. The ratio of 2.1 for the
are the rates of the identified projectiles and fragments, resther isotopes is indicative of a more pheripheral nature of
spectively. Certain correctiortg, andc; had to be applied to  the nuclear fragmentation process. A scaling with the sum of
R, andR;, respectively, in order to account for instrumental projectile and target radii would yield a ratio of 1.7, a scaling

~ Ricy
RpCpN;

O
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i il 276 EPAX parametrizationThe EPAX parametrization fol-
100 4 1 - lows similar earlier approaches by Rudstam or Silberberg,
A and co-workergsee references ifR2]). It assumes that for
each fragment mas&;, the nuclear chargeg; are distrib-
./\\_ uted according to a skewed Gaussian curve around the cen-
1 ———— tral value; the location of the center and the width follow
1007 T T ] smooth analytical functions o&. The total yields at each
S *o massA; are assumed to decay exponentially with increasing
. F N 00 mass difference from the projectile. Correction factors model
4 LB P the more narrow isotope distributions close to the projectile
‘ and the influence of the neutron-to-proton ratio of the pro-
jectile on the fragment distributiofthe “memory effect’).
o EPAX has been shown to reproduce measured fragmentation
o DN cross sections from heavy ions with masses ab8%r
= within a factor of about 22]. For lighter projectiles, which
are the subject of the present paper, the agreement with data
can be expected to deteriorate somewhat, since odd-even ef-
fects in the isotope distributior(svhich are not contained in
the present EPAX versigrcan be shown to become increas-
ingly important.
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100 | + -+ R Abrasion-ablation modelsAbrasion-ablation models de-
i ° ewrtun ) scribe fragmentation reactions as a two-stage process. In the
i o :{2 abrasion stage of the reaction, the nucleons in the overlap
+/ vl w12 region pf two energetic heavy ions are scraped(a)lﬁrac_ieai
ol 1 . TR S RN R as the ions pass each other. In the subsequent ablation stage,
16 18 20 14 16 18 12 14 16

the excited projectile and target fragments decay by statisti-
cal particle emission. One of the first models of this kind was
FIG. 3. Cross sections of projectile fragments with nucleardeveloped by Bowman, Swiatecki, and Ts§B8§ They used
chargesZ; and masseé produced from*’~2'0 beams in a carbon the geometrical overlap of two colliding spheres to deter-
target. In case of thé®0 beam, experimental results obtained in mine the mass of the primary fragment and estimated its
[17] for 'O beams of 1700 MeV/nucleon on a Be target are in-excitation energy as the difference in the surface energy of
cluded. The experimental cross sectigsgmbols are compared to  the abraded fragment and that of a sphere of equal volume.
those calculated using various models: two abrasion-ablasion mog|though the model roughly described the overall character-
els(dashed line fronfi5], dotted line fron{4]). The solid line shows  istics of the data, it systematically placed the fragment mass
the results of the empirical EPAX parametrizati@). distribution at larger values of the mass than those observed
experimentally.
with the target radius alone a ratio of 2.6. The latter value is Later work used the Glauber approximatifit] to im-
the one used in EPAX. prove the description of primary fragment formation but con-
For the stable beant®O, fragmentation cross sections cluded that the principal defect of the model was its low
have been measured at 1700 MeV/nucleon beam energy f&stimate of the primary excitation energy, which inhibited
beryllium and aluminum targets, see REE7]. We include ~ Particle emission in the subsequent ablation sfagé
the experimental results for the beryllium target of R&f7] More recently, two attempts have been made to improve
in Fig. 3 for comparison. The results of R¢17] agree with  the estimate of primary energy deposition by using a consis-
the present ones within maximum deviations of about 40 %{ent independent-particle picture of the abrasion process
A certain trend towards larger cross sections for oxygen fragt4.5]- The basic premises of these works ai¢ that the
ments and lower cross sections for carbon fragments otfollisions between projectile and target nucleons result in a
served in Ref[17] with a beryllium target, in comparison to Primary fragment in which nucleons have been knocked out
the present results with a carbon target can be observe@f Some subset of the initially occupied independent-particle

while both measurements deliver almost identical cross se@'bitals and(2) that the excitation energy of this configura-
tions for nitrogen fragments. tion can be estimated as the energy of the corresponding

particle-hole configuration of this primary fragment.

In Ref. [4], the geometrical formulation of the abrasion
IV. MODEL CALCULATIONS model, which distinguishes bgtween a partiqipant and two

spectator zone$3], was combined with the independent-
In the following, we compare the measured cross sectionparticle picture to predict the mass and nuclear-charge distri-
with those obtained from the empirical EPAX parametriza-bution [20], the excitation energy, and the angular momen-

tion and with those obtained from abrasion-ablation modelstum [21] of the spectators. An additional contribution to the
see Fig. 3. First, we present a brief description of the physicexcitation energy from interactions of the spectators with
underlying the various approaches. nucleons from the participant zone was deduced from experi-

fragment mass number A,
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mental datd22]. The ablation stage was calculated within anquantitative description indicates that the parametrization of
evaporation model, where the emission of neutrons, protonshe “memory effect” is valid also for unstable projectiles as
and « particles is considered. Binding energies from theneutron rich as”’O (A/Z=2.625). This confirms the previ-
finite-range liquid drop model including microscopic correc- ous observation by $umerer and Blank2] that the frag-
tions[23] are used in combination with level densities basedment distributions for somewhat less neutron-rich secondary
on the Fermi-gas model with pairing correlations, shell ef-beams, such as*®Mg (A/Z=2.333) and “°Ar (A/Z
fects, and collective contributions includge#—26. =2.389), are well reproduced over more than one order of

The model of Ref[5] attempts to provide a completely Magnitude in cross section. o
microscopic independent-particle model of the abrasion pro- An obvious deficiency of the EPAX parametrization, how-
cess. A survival probability is calculated for each single-€Ver. is the fact that the odd-even effects, observed in our
particle orbital at each value of the impact parameter, as aflata particularily for the nitrogen fragments, cannot be repro-
overlap between the projectile orbital and its interaction withduced. This is expected since the EPAX parametrization does
the target. These are combined to obtain the probability foPOt contain any physical description and no attempt has been
the formation of a fragment in which a particular subset offade to parametrize the odd-even effects. The experimental
the orbitals remains occupied. The excitation energy of thélata SPSOW that isotopes with even neutron numbers, espe-
fragment is taken to be the particle-hole energy of the con¢ially N with a closedN=8 shell, are more abundantly
figuration relative to the ground state of the fragment. WherProduced than their neighbors with odd neutron numbers. It
the many combinations of orbitals that can lead to a fragmerif likely that the large difference in neutron separation energy
with the same mass number and charge are summed and thig@fween unpaired and paired neutrons is responsible for the
integrated over impact parameter, one obtains the differentigven-odd staggering in the production cross sections. This is
cross section for the formation of that fragment as a functiorillustrated by quoting the one-neutron separation energies of
of the excitation energy. In the ablation stage of the model, ithe *>***"*N isotopes, which amount to 10.8, 2.5, 5.9, and
is assumed that the fragments decay(iltiple) statistical ~ 2-8 MeV, respectively. The unpaired neutron'fiN or **N is
particle emission from an equilibrated primary fragment.thus easily removed at the end of the evaporation chain, ex-
Any preequilibrium effects that might be associated with thePlaining their lower production cross sections in comparison
original particle-hole description are neglected. The ablatiod® "N or *'N, respectively.

calculations are performed using the Weisskopf-Ewing EVven-odd effects in the production cross sections are pre-
evaporation formalism in which angular momentum conserdicted by both formulations of the abrasion-ablation model

vation is neglected27]. as seen from Fig. 3. Apparently, both calculations, however,
In the actual calculations using this model as presente@verestimate the effects. Nevertheless, the results, in general,

below, harmonic oscillator wave functions with a character-2gree with the experimental data within roughly a factor of 2.

istic energy ofi w=40/AY® MeV are used for the projectile When comparing the_general behavior of the data with the
states. The single-particle energy levels are obtained from @ifferent model calcuations, all models reproduce the ten-
spherical Nilsson scheme with the same characteristic energlency of the measured cross sections as a function of the
but including spin-orbit splitting and ani shift. The optical ~ neutron number of the reaction products reasonably well. In
potential used to calculate the survival probabilities is estiiN€® range that is accessible to this experiment, systematic

mated within the impulse approximation. Differences pe-discrepancies between the empirical parametrization and the
; Et_asults of the abration-ablation models that are reported in

Ref. [8] for heavier extremely neutron-rich fragmentation

count, although the same geometry is used for the two. Th
products are not observed.

emission ofy radiation, neutrons, protons, aadparticles is
taken into account in the statistical decay of the ablation
stage. The giant dipole resonance is assumed to dominate the
v emission. Cross sections for particle emission are obtained

from global fits to reaction cross sections. The calculations p systematic study of projectile fragmentation was per-
use low-energy constant-temperature level densities matchggrmed for unstable, neutron-rich beams of oxygen isotopes
to higher-energy Fermi-gas ones with level density paramyp to 210. The experimental data could be reproduced by an
eters ofa~A/7 MeV*, pairing shifts of 12{/A MeV, and  empirical parametrization based on fragmentation data from
experimental ground-state masses. stable nuclei. The trend towards more neutron-rich fragments
with increasing neutron excess of the unstable beam seems to
be well reproduced. Nuclear structure effects, however, seem
V. DISCUSSION to influence the cross sections leading to odd-even effects

. - that can be accounted for qualitatively in descriptions using
As can be seen from the full lines in Fig. 3, the EPAX ,p 2cion-ablation models.

parametrization seems to reproduce the general trend of the

data rather well. While, as known, few-nucleon removal

channels are less accurately p_redlcted, the comparison for ACKNOWLEDGMENTS
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