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Abstract. The production of residual nuclei in p + Fe collisions hasrbeeasured at GSI on the FRS facility by means
of the reverse kinematic techniques at 300, 500, 750, 10601800 MeV/A. The cross-sections larger than 0.01 mb of
all isotopes with Z larger than 8 have been obtained. Vetadi$tributions were also measured. Comparisons to models
describing spallation reactions and some empirical foamuwiften used in astrophysics are presented. These dataestéyd
used to calculate impurety production and DPAs in a thin wnds foreseen in spallation sources or accelerator-driven
systems.

INTRODUCTION the interstellar medium. Compared to previous data [2,
3], this experiment provide full isotopic distributions
The isotopic production of residual nuclei in p + Fe extending to much lower elements on a large range of
collisions has been measured at GSI on the FRS facilitegnergies. In spallation neutron sources and accelerator-
by means of the reverse kinematic techniques at 30Qjriven sub-critical reactors, the proton beam accelerated
500, 750, 1000 and 1500 MeV/A [1]. Cross-sections forunder vacuum have to cross a window before entering
all isotopes produced above 0.01 mb with Z larger than 8&he spallation target and the subcritical reactor. In mbst o
have been obtained. The experiment gives also access the designs, this thin window is dominantly made of iron.
the momentum spectra of each isotope so that, after th€he data described here can be directly used to calculate
proper transformation, the recoil energy of residues in thehe amount of impurities accumulated and the damage
usual kinematics (proton on iron) can be deduced. Thesdue to the recoil of residual nuclei in such a window.
data are interesting in several domains. For astrophysicgast, but not least, these iron data are important as a test
they are needed for a detailed knowledge of the spallationf spallation models and complement a wide program on
process around energies found in cosmic radiations, anidotopic distribution measurements mostly devoted, up to
for elements of importance in the nucleosynthesis and imow, to heavy nuclei (U, Pb and Au) [4]. The study of the
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beam energy dependence is also made possible for the Comparison with models
first time in this type of experiments.
Spallation reactions are generally described by a two-
step mechanism: a first stage of individual nucleon-
PRODUCTION CROSS-SECTIONS nucleon collisions, usually treated by an intranuclear cas
cade model (INC), then, the decay of the excited remnant
The experiment used the reverse-kinematics method, i.@ucleus by evaporation-fission. A pre-equilibrium stage
a beam of58Fe onto a liquid hydrogen target. All the is sometimes inserted in-between. Recently, an impor-
fragments produced in the target were therefore stronglyant effort has been devoted, within the European project
forward focused and identified in flight by the fragment HINDAS [6], to the improvement, test and validation on
separator FRS. The nuclear charge was determined usirfglarge set of experimental data of these models. The
a multiple sampling ionization chamber. The mass wagNCL4 model [7] coupled to the ABLA [8] de-excitation
obtained from the measurements of the magnetic rigidthodel has been found to satisfactorily reproduce a large
ity, velocity and charge of the fragments. The magnetichumber of various observables in different experiments.
rigidity of the fragments is determined from the positions ©F Fetp
at the intermediate and final focal planes measured with i
plastic scintillators and the knowledge of the ion-optical
conditions of the spectrometer. The velocity was experi-
mentally measured by time of flight between the two fo-
cal planes (about 36 m of ToF base). Because of the FRS
momentum acceptance: (1.5 %), several measurements
with various magnetic fields were done to cover all the
momentum range of the fragments. I N adi i

The primary-beam intensity was measured from the ° ° 0 s » * %
current induced by secondary electrons in titanium foils.
Since the liquid hydrogen target was enclosed between
thin titanium foils, measurements were repeated using an
identical empty target to allow subtraction of contribu-
tions due to the titanium windows.

To obtain the final isotopic production cross-sections,
several correction factors were applied which take into
account the detection efficiency of the different detctors,
the secondary reactions in the different layers of matter in
the beam line, the contribution to the reaction rate from
multiple reactions inside the hydrogen target, and the
FRS transmission correction. The latter is due to the lim-
ited geometrical acceptance and ion-optical conditions oFIGURE 1. Charge distributions at 5 energies (top), includ-

the FRS which result in a selection in the angular distri-ing the low charges from [9] at 1 GeV. Selected isotopic gistr
bution of the fragments butions (bottom). The curves are the predictions of the INCL

inally. i . . btained f | model from [7] with either the de-excitation code ABLA [8]
Finally, isotopic cross-sections were obtained for el-ashed red line) or GEMINI from [10] (solid blue line).

ements down to Z=10 at 300 and 500 MeV/A and Z=8

at 750, 1000, 1500 MeV/A with uncertainties around However, charge and mass distributions measured in
10% for most of the fragments [1]. For the lightest P+Fe reactions are one of the failures of the model as can
ones, the uncertainty could reach 20% due to the largePe seen in fig. 1. In particular, the decrease of the cross-
applied transmission correction. A comparison wjth ~ Sections with decreasing charges was found too steep
spectrometry data [5] and with the few previous reversecOmpared to the experimental data. Meanwhile, the in-
kinematics data obtained (for a range of charges smallefieépendent analysis of the very light fragments produced
than ours) by Webber et al. [3] was performed in [1] andin our experiment at 1 GeV [9], showed that intermedi-
showed a reasonable agreement. The charge distributicif€ mass fragments (IMF) (8 Z < 8) were produced

for the five energies and a selected set of isotopic distriin & rather large quantity. In fig. 1, we also show a com-
butions at 1000 MeV/A are presented in fig. 1 parison of the experimental data with the same INCL4

intranuclear cascade model but followed by the GEMINI
de-excitation code from Charity et al. [10]. In the latter
model, IMF production is treated as a very asymmetri-
cal fission mode competing with classical evaporation. It
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can be seen that the calculation reproduces quite well the Fe+ p, Webber formula

)

whole charge distributions, including the small even-odd £10

effects observed in the data and the IMF production, ex- = P

cept maybe at 300 MeV. Also the isotopic distributions, % """

shown for a selected set of elements at 1 GeV, are rather gl0

well predicted. A similar agreement of GEMINI follow- @

ing another INC model has been recently reported by S1 L + 1500(*2)

Mashnik [11]. It has to be noticed however, that the same " ow05)
GEMINI model is not able to reproduce data on heavy ) L ggigﬁg
nuclei. A way to improve the prediction on light nuclei 10 lc‘)“‘ls‘“‘zc‘)"25“éd":‘35‘,“4(‘]“;‘5‘“‘56“‘55‘“60
without loosing the agreement on heavy ones could be to

g - X vy N Fe+ p, Silberberg and Tsao formula
take into account this asymmetrical fission mode of light

2
nuclei into de-excitation models like ABLA. Elo 3
E v
810 E
Comparison to empirical formula Q
- . . . 8 1 L + 1500(+2)

In astrophysics, spallation residue production cross- « 1000
sections are often derived from empirical formula in o " 238}28'22;)
which parameters are fitted on experimental data. In fig. 2 10t | g Lol L3000
we present the comparison of our mass distributions with 1671536555055 46455685 20

two of these formulae, from Webber et al. [12] and Sil-

berberg et al. [13]. It can be observed that the Webber forFIGURE 2. Mass distribution at 5 energies compared to
mula correctly predicts the highest mass cross- sectloné/e'ober formula [12] (top) and to Silberberg and Tsao formula
while the disagreement increases as the mass decreas 53,.] (bottomy.

This is probably due to the fact that the parameters were

fitted on the available data at that time which were con- 5 9 I 6+ n 1000 MeV /A
taining only cross-sections for high masses. This illus- \;0-1 ; Kiresisg, cecen.
trates the danger of using parametric formula outside 892 [ RV * sés,
the range on which they were ajusted. On the contrary, 503 2 Mg
the more recent Silberberg and Tsao formula is found to >0.4 b _ ‘ It o
agree reasonably well with our data all along the mass 05 ¢ - ”ﬁ“ o A
range. This indicates that the mass and the energy de- -0.6 3 TEETTEEA a
pendences in the formula are well controlled. '8'; 3 B
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In addition to the isotopic production cross-sections,FIGURE 3. Mean value of the longitudinal velocity as a
a precise value of the longitudinal velocity can be de-function of the mass difference from the projectile at 1 GeV,
duced from the magnetic rigidity in the first part of the experimental and calculated with INCL4/ABLA.
spectrometer and the mass and charge of the fragments.
This allows to obtain velocity distributions for each iso-
tope. Assuming that the reaction takes place in the centdp observed: the experimental data do not increase lin-
of the target, the velocity of the fragment is correctedearly with the mass difference as it is predicted by the
for the energy loss in the target and transformed into théheory. Instead, they seem to saturate as the mass dif-
reference frame of the projectile. Recoil energies can béerence increases. This behavior is the same for the oth-
deduced from a combination of the mean value and th&rs energies analyzed in this experiment. This could be
width of the measured velocity dstributions. Fig. 3 showsrelated to the fact that low masses could be predomi-
the mean value of the longitudinal velocity distribution, nantly produced in asymmetrical fission, as discussed in
averaged on isotopes with the same mass, as a functidhe preceding section, and therefore have velocity spec-
of the mass difference from the projectile. The experi-trum different from the one predicted by a pure evapora-
mental values are compared to the ones predicted by tHén model.
INCL4/ABLA combination. A rather large discrepancy
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APPLICATION TO AN ADSWINDOW which can be a concern for embrittlement problems in
the window material, are found.
The window of an ADS can be considered as a thin target
and in most of the projects is foreseen to be made of ma-
terials containing about 90 % of iron. Therefore, our iso-
topic cross-sections can be used directly to calculate the
chemical impurity produced after a given operation time. DPAs due to the recoiling residues have been calcu-
Modifications of the chemical composition of the win- |gted using a method based on the equation of Robinson
dow material possibly result into problems of corrosion[14]. Fig.5 shows the results obtained from the experi-
or alloy cohesion and modification of mechanical proper-mental cross-sections and recoil energies as a function
ties. Damages arise also because of atom displacemergsthe incident energy. Also displayed are the DPAs es-
(DPA) due to residue recoiling. The measured residugimated from the cross-sections and velocities predicted
longitudinal velocity distributions make it possible te es by the Bertini/Dresner [15, 16] and INCL4/ABLA. It can
timate the associated DPAs. be seen that both models give similar results in reason-
able agreement with the experimental data, although the
energy dependence is slightly different.
Impurities 50

Damages due to recoiling residues

50 Robinson method

A window of 2 mm thickness made of iron has been
assumed to protect a cylindrical Pb-Bi spallation tar- 4
get surrounded by a heavy water moderator. The exper- 5 65@
imental isotopic cross-section data have used to predict ER
the concentration of the different elements induced by °
the proton beam, after one year of irradiation with a 32

. . . @ —@®@Experiment
uA/cm? proton beam at the five energies. The radioac- 10 B WBeriniDresner
tive decay of the different isotopes during the irradiation .
time was taken into account. The window is also hit by © 250 50 750 1000 1250 1500

Incident energy (MeV)

back-scattered particles coming from the spallation tar-

get and the surrounding materials. The LAHET3 codef! GURE 5. D_iSplaC?'He"tS ?ter atom (DPA) fV'?rS‘éS. ir.‘Cid%m
. . . s energy Iin an iron window after one year of irradiation by

was used to simulate concentration of impurities due Q) 3, LA/Ccm? proton beam. DPAs aré calculated from the

these particles. experimental cross-sections and recoil velocities andozoed

to results from Bertini/Dresner and INCL4/ABLA models.
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