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Abstract: An extended experimental and theoretical campaipticdted to the studies of spallation reactiongirerse
kinematics has been performed at GSI, Darmstads. fEsearch program on spallation reactions ischasean innovative
experimental approach, which exploits the uniqutaitations of GSI: the accelerator complex prositieavy-ion beams at
relativistic energies, while a high-resolution matio spectrometer is used to identify the reacfimducts in-flight in mass
and atomic number and to determine their kinemigpicaperties. In this paper, we report the resoiftsined in this program
on the spallation of®e on protons at 508 MeV.

INTRODUCTION

The complete understanding and modelling otgm-induced spallation reactions is a major goal
both for fundamental research and technical apphieca. The spallation reactions have attractedaste
to develop intense neutrons sources needed fotesat®-driven systems (ADS) for incineration of
nuclear waste [Bowm92, Rubb93, Rubb95], materigispds and biology [Ess00] and also to produce
high intensity radioactive beams [RidiO0, EuriO4j. addition, spallation reactions are a subject of
interest in astrophysics to understand the orifjicosmic rays and their reactions with the hydroged
helium nuclei in the interstellar medium [Arno6199833]. All these perspectives have triggered g-lon
range research dedicated program at GSI, devotedaith a full comprehension of the proton and
deuteron-induced spallation reactions by measurenoérevaporation residues and fission fragments.

The experimental investigations on spallateactions are usually performed in direct kinensalig
bombarding various target materials with protondeuterons of the energy of interest and by anadysi
the produced species after irradiation, e.g. byr ttaglioactive decay or by mass spectrometry. These
direct methods can only give a limited insight irttee reaction mechanism, because short-lived
products, which form the dominant production in tnmsses, cannot be observed due to the time delay
between the irradiation and the measurement. Irdbam on the reaction kinematics is also not easily
accessible. These experiments could measure eagifainctions restricted to a few residues and very
often give access to cumulative cross-sectionsrfdloMich97]. An alternative experimental approach,
based on the inverse-kinematics, was developed&atdsovercome most of the limitations of the direc
method. The short times of flight (below 300 ns}h# heavy ions at relativistic energies coupleth&o
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use of the FRS spectrometer at GSI allow the detecf the primary products befofedecay and
give also access to their kinematical propertiemrddver, the reconstruction of the full velocity
distribution allows for disentangling reaction puats formed in fragmentation and fission reactidns
to their different kinematic properties. It candsen from the distribution that the reaction prasigan
be attributed to different reaction mechanisms,fragmentation and fission. For nuclides produlogd
fission, only those emitted either in forward orbackward direction with respect to the primaryrbea
can be observed in a given setting of the FRS lsectne angular acceptance is too small for sideward
emitted fragments [Benl02].

Large sets of new experimental data with urgulented quality have been accumulated with
experiments in inverse kinematics at GSI duringHildDAS project [Hind]. About thousand nuclides
per system were detected, identified unambiguoasty analysed with a systematical incertitude in the
order of 10% to 15% in most cases. The productimsscsections of spallation reactions have been
investigated for the following systemS’Au+p at 800A MeV [Benl01, Rejm01]°®®Pb+p at 0.5 and A
GeV, [Fern05, Audo06, Wlaz00, Enqv0i{Pb+d at 1A GeV [Enqv02],7®%U+p at 1A GeV [Bern03,
Taie03, Armb04, RiccO6F*U+d at 1A GeV [Casa06, Pere06TFe+p in the range of 0.3-1%& GeV
[Villa03, Napo04]. While the nuclear reactions ogtw in a conventional fission reactor are limited
the energy range of fission neutrons below a fewMbe nuclear reactions occurring in an accelerato
driven system, consisting of a sub-critical reaetiod a neutron source driven by 1 GeV protons nelixte
to energies up to the primary proton energy. Initaxddto the detailed understanding of the neutsni
and the complex transport phenomena of light dagjd¢he production of heavy residues by protomt an
neutron-induced fragmentation and fission reactimeeds to be known for the design of such a system.
This has decisive consequences for the shieldingth@ activation of the installation, the radiation
damages of construction materials and the cherproglerties of the spallation target. In contrasihi®
situation in conventional fission reactors, whellerelevant nuclear data could be measured, thgelar
range of energy and the variety of target matenmalslved in an accelerator-driven system demands f
a different strategy. Only a limited number of stdel key reactions can be studied in full detad an
serve to benchmark, improve and develop nucleaticgacodes, which are then used to calculate the
reactions occurring in the accelerator-driven systetheir full variety.

The study of the spallation 5¥Xe on protons is a step ahead in the extensioxmérenental data
obtained at GSI and it will provide decisive infation on the energy dependence of the spallation
process. The understanding of the energy dependdribe spallation process is very important due to
the energy loss of the proton beam in the spafiatieutron source and due to the importance of
secondary reactions initiated by particles emiitedhe primary reactions. Furthermore, project® lik
MYRRHA [Myrr01] and MEGAPIE [Mega04] will use prote beams respectively of 360 MeV and 590
MeV to demonstrate the different components of AB&:. the light projectiles, the spallation8Fe on
protons at different energies between 8.GeV and 1.5A GeV was performed at GSI and in the case of
heavy projectiles, the production cross sectionsevebdtained for the reactioA&Pb+p at 5008 MeV
and 1A GeV [Villa03, Audo06, Timo01]. To complete thisudyy on the energy dependence of the
spallation process and to fill the gap for the petijes between®Fe and*®Pb, the spallation reactions of
1%xe on protons at 500 and 10@0MeV were performed at GSI [Giot06, Napo06]. It is @eal
experimental case because this system allows tatgbe beam energy of 500 MeV, without any
ambiguities due to multiple ionic charge stateshim nuclide identification of the evaporation protu
The new data will help to develop improved modeithwetter predictive power for spallation reacton
involving nuclei spanning a wide mass range. Is gaper, we will described the experimental tealmiq
and the preliminary results obtained for the spialieof ***Xe on protons at 508 MeV.

EXPERIMENTAL TECHNIQUE

The experimental method and the analysis proeethave been developed and applied in the
previous spallation experiments quoted above. Tddicdted experimental set up is shown in Fig. 1.
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The heavy-ion synchrotron SIS at GSI, Darmstadiyeies a'*®Xe primary beam at 508 MeV. The
primary-beam intensity, up to 4 1(articles/spill was continuously monitored by aafmemonitor
SEETRAM based on secondary-electrons emissionQ2lirdhe proton target was composed of 87.3
mg/cnt liquid hydrogen enclosed between thin titaniuntsfoif a total thickness of 36 mg/éiChes97,
RejmO01]. In order to subtract the contribution loé target windows and also other layers in the beam
line to the measured reaction rate, measuremens rgpeated with the empty target container. The
deadtime of the acquisition, typically in the ora¢25 % was continuously monitored. Heavy residues
produced in the target were all strongly forwarduged due to the inverse kinematics and the high
velocity of the incoming beam. They were identifiggsing the Fragment Separator (FRS) [Geis92] and
the associated detector equipment.
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Fig. 1. Schematic view of the experimental setup.

The FRS is a two-stage magnetic spectromathrandispersive intermediate image plang €hd an
achromatic final image plane Swith a momentum acceptance2ol.5% and an angular acceptance of
about 15 mrad around the beam axis. Two positiosigee plastic scintillators placed at 8nd S,
respectively, provided the magnetic-rigidit$3d) and time-of-flight measurements, which allowed
determining the mass-over-charge ratio A/Z of tadiples.
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Fig. 2. Identification pattern of the measured data for'ffiée + p at 5004 MeV. The z axis, i.e the number of counts, is
given on a logarithmic scale and is not normalifsrdeach magnetic setting to the beam dose. Thecpléects the counts
from the hydrogen target, including the contribatfoom the titanium windows of the container ansbabther layers in the
beam line.
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The nuclear charge of the elements, was deduced the energy loss in two ionisation chambers
(MUSIC) with a resolutiondZ [0 0.4 [Pfit94]. The energy loss signal was corredtdthe velocity
dependence of the ion and the recombination losBes.charge calibration was obtained from the
projectile charge. Combining the charge informatith the mass-over-charge ratio, a complete igotop
identification was performed as shown on Fig. 2 amdass resolutio®/4A of 400 was achieved. For an
unambiguous isotopic identification of the reactmoducts, the analysis was restricted to ionsckwhi
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passed both stages of the fragment separatorduipped. In order to avoid losses due to the &dhit
momentum acceptance of the FRS, the full velodgyridution was reconstructed for each evaporation
residues by overlapping the part of the velocitgtribution obtained with different values of the
magnetic rigidityBp by steps of 2 %. The velocityof the identified fragment was determined from the
magnetic rigidityBp at S2 according to the equation

ez
Brc = BPV (1)

whereM is the mass of the nucley8= vic and y =1/,/1- 87 . The velocity was transformed into the

reference frame of the beam in the middle of tihgetaby Lorentz transformation, taking into accotia
appropriate energy loss in the corresponding plathe target. The relative uncertainty in the véloc
was about 5-1f The integral of the velocity distributions norisal to the beam intensity gives access
to the yield of nuclei producedhe production cross sections were obtained froenntleasured yields
knowing the target thickness and the angular aeoept of the FRS [Benl02]. For all the reasidues we
measured, with a mass number above 70, the angailemission was estimated to be between 70% for
the lightest nuclei and 100% for the heaviest riuglth an accuracy within 5%. The losses in coumtin
rate due to the fraction of incompletely strippeds, to the secondary reactions in the layers dfeman

the beam line and to the deadtime of the acqumsiivere corrected for. The beam attenuation in the
target was also taken into account. The produatioss sections obtained in the reactidixe + 'H at
500 MeV per nucleon will be discussed in the nextisn.

RESULTS

M easured production cross sections

The measured cross sections of the isotopdteatlements betweeh= 33 andZ = 54 produced in
the *®e +'H spallation reaction at 509 MeV are presented on the Fig. 3 (left) as a cfysiat on the
chart of nuclides. The evaporation residues bele®3Zcould not be measured due a lack of beam time.
The single and double charge-pickup channels wbserged (isotopes of elemeris= 55, 56). The
charge pickup reactions proceed either throughasiclastic collision between a proton and a neutro
of the target and projectiles nuclei, respectiveifnere the proton replaces the neutron inside the
projectile-like fragment, or through the excitatioha projectile (or target) nucleon into th€1232)
resonance state and its subsequent decay [Ga&®&@1¢omparison, Fig. 3 (right) shows the production
cross sections of the nuclei measured in the sjmailaeaction**®Xe +H performed at higher energy (1
A GeV) with the same experimental setup [Napo06].

S 82 T Boxe + H (1 A GeV)
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Fig. 3. Residual nuclide cross sections measured in tH&spa reaction of**Xe on protons at 508 MeV (left) and at 1A
GeV (right) shown on a chart of the nuclides. Nuwlgh atomic number below 33 were not covered iy ¢xperiment at
500A MeV.
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The production cross sections of the evaporatisidues close to the projectile are higher in the
spallation reaction at 508 MeV than at 1A GeV, as expected. When the beam energy is inadesa
500 A MeV to 1A GeV, the total reaction cross sectiog increases by less than 10% according to
Karol using a Glauber's approach [Karo75]. Thel tagaction cross section calculated with the Karol'
formula at 1A GeV (Or= 1353 mb) is in good agreement with the measuatabvogr = 1393+ 12 mb).
In the case of the reaction alA\lGeV, a mean excitation energy of 140 MeV is introed instead of a
mean excitation energy of 90 MeV for the reactiorb@0 A MeV [Duar06]. The higher excitation
energy compared to the reaction at 20MeV has the net effect that more nuclei are predueith a
lower cross section for those close to the prdgeciThis study of the energy dependence of the
sg)allation reaction will be completed by othersen'gents already under analysis, i.e the spallation
1%%e on protons at 208 MeV and the spallation e on deuterons at 5¢0MeV.

Comparison with mode calculations

Spallation reactions are understood in terfma two steps steps process, as proposed by Serber
[Serb47]. The first stage is usually modelled bgiwidual nucleon-nucleon collisions with intra-
nuclear-cascade codes, which ends with the rapiddion of a thermalised excited nuclear system.
Then, the excited pre-fragment de-excites by emgitjamma-rays, nucleons, clusters and/or fissidn an
this second stage is described by a statisticalemofinuclear reactions. Here, we will compare our
experimental results with two different intranucleascade models, namely ISABEL of Yariv and
Fraenkel [Yari81] and the Liége code of Cugnon (I¥L[Cugn97, Boud02], followed by the same
evaporation model ABLA developed at GSI [Gaim91ngRB8]. In Fig. 4., we show a comparison
between the experimental isotopic cross section€4583, 54 for the reactioli®Xe +'H at 500A MeV
and the results from the codes INCL4+ABLA (blueelrand ISABEL+ABLA (green line). It can be
seen in these calculations that the isotopic csestions of the nuclei close to the projectile laeter
reproduces with a INCL4+ABLA combination. Of courseore detailed calculations will be undertaken
in a near future on the charge and mass distribsitad the evaporation residues. For example, we wil
study the influence of the de-excitation stage bgywmg the evaporation model, taking either ABLA,
GEMINI [Char98] or the GEM code [Furi00], an updateersion of code developed by Dresner et al.

— T T T T T L — T T T T T T ] 50 T T
7 =53 ) N\/ _ .
¢
2 ' [ 1 20
0k 4 nk 1
i fa)
= £
£ E 5
o 5 ©
— INCL4 + ABLA 1 , . — [NCL4 + ABLA
2 4
1 i
1+ f 7
L 1 1 1 1 1 1 L L L U-S 1 Il Il Il 1 Il Il Il Il Il
B4 66 68 70 72 T4 76 78 80 82 v fid fi6 Ha 70 7% 74 70 78 30
Neutron number Neutron nurmber

Fig. 4. Isotopic cross sections for Z=53, 54 measuredhia teaction of***xe+'H at 500 A MeV compared with
INCL4+ABLA and the ISABEL+ABLA codes.

Another interesting feature is the even-oddygéring observed in the production cross secfions
Z=53, 54. A similar effect was already observedthar heaviest residues in other spallation experisne
in GSI [Napo06, Henz06]. It is known that the pagrinteraction vanishes for excitation energiesvabo
10 MeV. This even odd effect was reproduced byABeA code, as shown in Fig. 4., by following the
idea developed by Ricciardi et al. for the lighsideies in the case of the spallatiorf 8t + 'H at 1A
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GeV that the structural effects are restored inette products when the nucleus cool down and goes
from the liquid to the superfluid phase [RicciOBurther investigations will be undertaken to sttiay
competition between the influence of the angulammaotum and of the de-excitation by gamma
emission on the restoration of the even-odd effeloise to the projectile.

CONCLUSIONS

An experimental and theoretical campaign dedicao the study of the spallation reaction was
undertaken at GSI. The measured production crossoss are of highest interest for the design of
accelerator-driven systems and the systems inastigorovide stringent constraints to nuclear-react
codes. The comparison of the production of residualei in the spallation reaction bfXe induced by
protons at different energies show the influenca tdrger excitation energy, especially the deaeds
Oproduction Of the nuclei close to the projectile. Additioryalleven-odd effects were observed in the
isotopic distribution of the production cross sews of the heavy residues and these productiors cros
sections were up to now better reproduced withrabioation of the INCL4 intra-nuclear cascade and
the statistical code ABLA.
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