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Abstract

The production of heavy nuclides from the spallation—evaporation reactidtéof induced
by 1 GeV protons was studied in inverse kinematics. The evaporation residues from tungsten to
uranium were identified in-flight in mass and atomic number. Their production cross-sections and
their momentum distributions were determined. The data are compared with empirical systematics.
A comparison with previous results from the spallation?88Pb and97Au reveals the strong
influence of fission in the spallation 8%8U.
0 2003 Published by Elsevier B.V.

PACS 25.40.-h; 25.40.Sc; 29.30.Aj

* Corresponding author.
E-mail address: k.h.schmidt@gsi.de (K.-H. Schmidt).
1 present address: CEA/Saclay DM2S/SERMA/LENR, 91191 Gif/Yvette cedex, France.
2 present address: CUPP-project, P.O. Box 22, 86801 Pyhasalmi, Finland.
3 Deceased.

0375-9474/03/$ — see front mattér 2003 Published by Elsevier B.V.
doi:10.1016/S0375-9474(03)01517-3



414 J. Taieb et al. / Nuclear Physics A 724 (2003) 413430

Keywords: NUCLEAR REACTIONSTIH(1238U, X), E = 1 GeV/nucleon; measured spallation products
isotopic productiors, momentum distributions. High resolution magnetic spectrometer. Comparison with
empirical systematics

1. Introduction

Since some years, spallation reactions have gained a renewed interest for several
reasons. On the one hand, they are planned to be used in the so-called accelerator-driven
system (ADS) as an intense neutron source. On the other hand, spallation reactions lead to
the production of unstable nuclei. This reaction is actually exploited in ISOL-type facilities.

Therefore, a campaign of measurements of spallation-residues started at GSl, taking
advantage of the use of the inverse kinematics. The results obtained in the spallation of
gold and lead have already been published extensively [1-4]. In both cases, the projectile
energy was close or equal to 1 GeV per nucleon in order to mimic the spallation of a
heavy nucleus by 1 GeV protons and 2 GeV deuterons, respectively. These measurements
are supposed to give high constraints for the codes aimed for designing accelerator-driven
systems and new facilities for the production of radioactive nuclei beams. They also give
some clear hints for a better understanding of the spallation reaction.

This paper focuses on the production of evaporation residues in the spallafiéiof
The production of those residues is conditioned by the fission of isotopes during the
evaporation phase. Therefore, the fission probability estimated by the de-excitation codes
can be tested by the measurement of evaporation residues. This problem is connected
to some open questions on the evolution of the level density or the barrier height with
increasing excitation energy. We are also able to study the dissipation in the fission process.

The measurements of evaporation residues have started since accelerators deliver
relativistic protons in the early 1950s. For 40 years, evaporation-residue production was
measured using chemical and/or spectroscopic methods. In 1990, at GSI the powerful
heavy-ion accelerator SIS was coupled to a high-resolution recoil spectrometer, the FRS
[6]. The installation of a cryogenic hydrogen target [7] permitted to start the campaign of
measurements of spallation-residue cross-sections in inverse kinematics. We could detect,
unambiguously identify and analyze several hundreds of primary nuclides with an accuracy
in the order of 10 to 15% in most cases. This strongly contrasts with the scarce and
usually cumulative cross-sections obtained with other techniques. The high efficiency of
the spectrometer combined with the very short time-of-flight (about 150 ns eigen-time)
ensures the quality of our results.

In this paper, we report on the first identification of 364 evaporation residues, forming
isotopic chains from tungsterZ (= 74) to uranium ¢ = 92). In the second section, we
present some characteristics of the experimental set up and the analysis techniques. In
the third part, we report on the obtained cross-sections and kinematical properties of
the studied nuclei. We discuss the results and compare them with previously established
empirical systematics.
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2. Theexperiment

The experimental set up was already described in other publications of experiments
using gold and lead projectiles [1-5]. In the present chapter, we give an overview of the
main aspects of the experiment and stress the improvements, which were necessary for this
specific measurement.

The 1 AGeV 238y beam, produced by the synchrotron SIS of GSI, interacted
with a liquid hydrogen target. The thickness of the kfuid target was determined
experimentally previously [8] to be 87.3 mgm? (+£3.0 mg/cm?). The number of
incoming projectiles is recorded by a beam monitor, a secondary electron chamber [9].
The products of the reaction are separated and analyzed by the recoil spectrometer FRS.
The experimental apparatus is shown Fig. 1. The two-stage fragment separator allows a
full identification in nuclear chargg and mass numbet of each fragment. Moreover, the
recoil momentum is also provided. The reaction products suffer a first magnetic selection;
then they are slowed down in a thick passive energy degrader situated at the intermediate
focal plane. A second magnetic selection is finally applied. The time-of-flight is measured
between both image planes thanks to two plastic scintillation detectors. The scintillators
also give a measure of the horizontal positions at the intermediate dispersive plane and
at the exit. Moreover, two multiply sampling ionization chambers (MUSIC), placed at the
exit of the spectrometer, measure the energy loss. Multi-wire proportional counters provide
additional tracking information. Therefore, for each ion passing the FRS we obtain two
magnetic rigidities, a time-of-flight and an energy-loss measurement.

2.1. Theenergy lossin the degrader

The nuclear-charge determination is certainly the most challenging problem that we
had to face. It was a special aim of the experiment to improve the nuclear-charge
resolution, previously obtained [10,11]. This is especially true for the heaviest elements
(the actinides) for which the separation is the most difficult. This high-resolution nuclear-
charge determination could be obtained through a multi-fold measurement. First of all, we
remind that a thick energy degrader is placed at the intermediate image plane (see Fig. 1).
This passive component of the set up indirectly helps determining the nuclear charge.
Actually, the magnetic rigidities are measured before and after the ions pass through the

Scintillators MUSIC

ToF AE
Beam mon/tor (BQ), —36 m
238U /
1A GeV \ / MWPC Fragme”t
Targez‘ (Bo),

(liquid Hy) Degrader

Fig. 1. Scheme of the fragment separator (FRS) with its most important components. The primary BB of
enters from the left.
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degrader. The difference of those two quantities is linked with the momentum (and energy)
loss within the thick degrader, following the relation:

(Bp)1— (Bp)a="2 - 2, (1)
q1  q2
where Bp)1 and (Bp)2 are the magnetic rigiditieg;; and p» are the momenta, angh
and g» are the ionic charge states of the ion before and after the degrader, respectively.
Assuming for the moment that the ions are fully stripped and do not change their mass
number by nuclear reactions in the degrader:

qg1=q2=272 e, M= M>=A-myg, (2)

the Bp difference (Eq. (1)) provides an estimate of the energy loss within the degrader. (
is the nuclear mass unit.) Nuclei for which the condition (2) is not fulfilled will be rejected
in the analysis process as shown in the following section.

2.2. The nuclear-charge resolution

The best charge resolution is obtained by correlating, on the one hand, both signals
coming from the ionization chambers, and, on the other hand, Rbdlifference
measurement presented in the previous section. The signals provided by the ionization
chambers are combined in order to get a single optimized quantity by rejecting those
events with strongly differenfA E signals in the two chambers. A bi-dimensional plot
illustrating the correlation between the so-called “energy loss in the degrader” and the
optimized energy loss in the MUSIC chambers is shown in Fig. 2.

Fig. 2 is obtained for a specific setting, this means for specific values of the various
magnetic fields. The number of different isotopes passing through the FRS depends on the
Bp acceptance of the spectrometer and on the thickness of the energy degrader. Therefore,
a number of about 70 settings was necessary to provide the full set of data presented in this
paper.

Three different regions can be observed on Fig. 2. They correspond to three different
charge-state combinations. The central zone includes the fully stripped ions and the H-like
ones. The ions in this region are bare or H-like all along their trajectory. They do not change
their charge state between the first and the second half of the FRS.

Actually, most of the ions are bare after the collision at 1 GeV per nucleon. However, the
probability that a heavy projectile carries one electron is not negligible; it amounts to about
10%. When arriving at S2, the ions pass through a number of different layers of matter,
namely the scintillation detector and the degrader plate. Traversing those materials, the
ions successively gain and lose electrons, mostly alternating between their bare and H-like
state. They generally leave the intermediate image plane bare. Finally the probability that
the ion is hydrogen-like all along its trajectory is rather low compared to the most probable
situation that it is bare over the whole flight-path. The contamination of the central zone
on Fig. 2 due to the ions carrying one electrobath sections of the FRS is estimated to
be in the order of 1 to 2%, depending on the atomic number of the ion [12]. The higher it
is, the higher is the contamination. This contamination is neglected in the analysis.

The two other zones (labelldd, 0] and[0, 1]) are to be associated to the ions carrying
one electron in the first (regidr, 0]) or second (regiof0, 1]) section of the FRS, being
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bare in the other part of the spectrometer. Only the central region in Fig. 2 is being analyzed
for getting the cross-sections. Neglecting the contamination due to ions, which carry one
electron in both sections, we assume, gating on the central region, that all ions are fully
stripped. Therefore, the condition (2) is valid.

Each spot within the selected region corresponds to a common value of the energy
loss in the degrader and in the MUSIC chambers. This correlation is the best way
for disentangling the various elements traversing the spectrometer. Thus, each spot
corresponds to a specific element. The separation is seen to be rather good. Projecting
the central window onto an inclined axis, we obtain a curve whose peak-to-valley ratio
varies between 10 and 20. It is the first time that such a high nuclear-charge resolution
could be obtained in an in-flight-separation experiment, exploring elements up to uranium.

After selection of a specific spot and thus a specific nuclear charge in the central region
of Fig. 2, the mass spectrum is obtained thanks toRheand velocity measurements in
the second section of the FRS according to the following expression.

_ Z-e-(Bp)2 (3)
mo-c-fay2’

where, 82 and y» are the reduced velocity and the Lorentz parameter, respectively, in
the second part of the spectrometer. They are deduced from the time-of-flight (TOF)
measurementZ is the nuclear charge, and mg and ¢ are the charge of the electron,

the mass unit, and the velocity of light, respectively. The following two-dimensional plot
(Fig. 3) of the mass versus the position at the intermediate image plane of nuclei around
192py jllustrates the high mass resolution. This precise mass measurement is achieved due
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Fig. 2. Separation of nuclear charges arouhe 90 and elimination of different ionic charge states. The ions,
which do not change their charge state all along the separator, are inside the full contour line. The ions, which
capture one electron in the degrader section, are inside the dotted contour line, while the ions, which loose one
electron in the degrader section, are inside the dashed contour line. The most intense peak corresponds mostly to
fully stripped thorium ions.
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to the high TOF resolution (130 ps) and a long flight path (36 m). The resulting mass
resolution is

A
~ =440 (FWHM). 4)

Fig. 3 shows that many isotopes are cut at the intermediate image plane due to the limited
Bp acceptance of the spectrometer. Therefore, 70 settings of the fields are necessary for
covering the whole range in magnetic rigidity. The broadening of the horizontal distribution
at S2 reflects the extension of the velocity distribution mainly due to the nuclear reaction.

The production rate could be obtained for 365 nuclei ranging from uranium to tungsten.
For getting cross-sections, losses due to non-fully stripped ions and nuclear reactions at
S2 are accounted for. The losses are estimated theoretically, and these evaluations are
confirmed with online measurements. The contribution to the production rate from the
windows of the target was measured during the beam time using an empty target. This part
is measured to lie between 5 and 15% of the total production rate. This contribution was
corrected for. More details about the applied correction procedure are given in [4].

The purpose of this work was to cover all notably produced evaporation residues.
Actually, the region around = 60 to Z = 70 is only slightly populated, being situated
in the low-mass tail of the spallation—evaporation and in the high-mass tail of the
spallation-fission areas. In this region, we could not disentangle the fission fragments
from the evaporation residues. Therefore, we chose not to give data for this part and
restrict ourselves to the nuclei identified as pure evaporation residues/@). Also the
contributions from secondary reactions in the hydrogen target become more important for
the lighter elements, as discussed below.

In addition to the production cross-sections, we also measured, for each of these nuclei,
the recoil velocity distribution characterized by its mean value and its standard deviation.
Those data are presented in Section 3.4.

MW =gwN —
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Horizontal position at S2
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Fig. 3. Two-dimensional cluster plot of the horizontal position at the central image plane (S2) versygxhe
value, normalized to the one of the centred nucleus. The data are recorded in one specific setting of the fragment
separator. The contour line indicates the centred nuclééep. The colour code gives the counts per channel.
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3. Resultsand discussion
3.1. Measured cross-sections

Fig. 4 shows the measured isotopic cross-sections for all elements ranging from uranium
(Z = 92) to tungsten £ = 74). They vary from about 100 mb to below 10 pb. The
numerical values are listed in Table 1. The data represent the cross-sections obtained in
a target of 87.3 mgem? hydrogen. The attenuation of the beam, which amounts to about
10% along the whole target, is considered. While the contribution of the target-container
windows is subtracted, the production rates are only partly corrected for secondary
reactions inside the production target. It is assumed that secondary reactions, which are
estimated on the basis of the total reaction probability after the first reaction, depopulate
the nuclides in the considered range, whereas the population due to secondary reactions
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Fig. 4. Isotopic production cross-sections for 365 nuclides from the spallation—evaporation reaéfitd b
1 GeV protons. The non-systematic uncertainties are smaller than the point size. The measurement was performed
in inverse kinematics.
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Table 1

Numerical values of the isotopic production cross-sections for 364 nuclides from the spallation—evaporation
reaction o238U by 1 GeV protons. The measurement was performed in inverse kinematics. The numbers give the
nuclear charg, the mass numbet, the measured cross-section and the systematic (unc. 1) and the total (unc. 2)
relative uncertainty in percent. The values given in brackets are apparent production cross-sections, influenced by
the radioactive decay inside the spectrometer. In these cases, no uncertainty is given

Z A o/mb unc.lunc.2 Z A o/mb wunc.lunc.2 Z A o/mb unc.1l unc.2

74 165 0019 12 15 76 178 049 11 14 78 187 031 9 12
74 166 0035 12 15 76 179 044 11 14 78 188 020 9 12
74 167 0082 12 15 76 180 034 11 14 78 189 012 9 12
74 168 014 12 15 76 181 026 11 14 78 190 0075 8 12
8
8

74 169 022 12 15 76 182 018 10 14 78 191 0035 12
74 170 030 12 15 76 183 012 10 14 78 192 0018 12
74 171 035 12 15 76 184 0064 10 14 79 177 00038 10 11
74 172 034 12 15 76 185 0036 10 14 79 178 0018 10 11
74 173 034 12 15 76 186 0018 9 14 79 179 0053 10 11
74 174 030 12 15 76 187 00097 9 14 79 180 014 10 11
74 175 021 12 15 76 188 00044 9 14 79 181 031 10 11
74 176 018 11 15 76 189 00014 9 14 79 182 052 10 11
74 177 011 11 15 77 172 00090 12 13 79 183 076 10 11
74 178 0076 11 15 77 173 0019 12 13 79 184 094 10 11

74 179 0046 11 15 77 174 0057 12 13 79 185 109 10 11
74 180 0025 11 15 77 175 015 12 13 79 186 101 10 11
74 181 0012 11 15 77 176 027 11 13 79 187 093 9 11
75 166 00012 12 15 77 177 043 11 13 79 188 070 9 11
75 167 00076 12 15 77 178 054 11 13 79 189 050 9 11
75 168 0025 12 15 77 179 062 11 13 79 190 034 8 11
75 169 0061 12 15 77 180 066 11 13 79 191 022 8 11
75 170 012 12 15 77 181 059 11 13 79 192 013 8 11
75 171 021 12 15 77 182 049 10 13 79 193 0072 8 11
75 172 030 12 15 77 183 041 10 13 79 194 0031 8 11
75 173 036 12 15 77 184 028 10 13 80 180 00052 9 10
75 174 040 12 15 77 185 018 10 13 80 181 0020 9 10
75 175 042 12 15 77 186 012 9 13 80 182 0075 9 10
75 176 039 11 15 77 187 0068 9 13 80 183 017 9 10
75 177 032 11 15 77 188 0031 9 13 80 184 040 9 10
75 178 025 11 15 77 189 0016 9 13 80 185 067 9 10
75 179 018 11 15 77 190 00085 8 13 80 186 092 9 10
75 180 012 11 15 77 191 00033 8 13 80 187 121 8 10
75 181 0068 11 15 77 192 00011 8 13 80 188 133 8 10
75 182 0038 10 15 78 175 0010 12 12 80 189 120 8 10
75 183 0022 10 15 78 176 0038 11 12 80 190 104 8 10
75 184 0011 10 15 78 177 0097 11 12 80 191 081 8 10
75 185 00058 10 15 78 178 023 11 12 80 192 057 8 10
76 170 0016 12 14 78 179 042 11 12 80 193 038 7 10
76 171 0041 12 14 78 180 055 11 12 80 194 026 7 10
76 172 0094 12 14 78 181 071 11 12 80 195 014 7 10
76 173 018 12 14 78 182 089 10 12 80 196 0077 7 10
76 174 031 12 14 78 183 081 10 12 80 197 0043 7 10
76 175 041 12 14 78 184 076 10 12 81 183 00035 9 10
76 176 049 11 14 78 185 060 10 12 81 184 0020 9 10
76 177 054 11 14 78 186 044 9 12 81 185 0081 9 10

(continued)
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Z A o/mb unc.lunc.2 Z A o/mb wunc.lunc.2 Z A o/mb unc.1l unc.2
81 186 022 9 10 83 203 043 7 11 86 203 037 8 13
81 187 049 8 10 83 204 025 7 11 86 204 088 8 13
81 188 087 8 10 83 205 014 7 11 86 205 140 8 13
81 189 115 8 10 83 206 0077 7 11 86 206 181 8 13
81 190 141 8 10 83 207 0045 7 11 86 207 219 8 13
81 191 159 8 10 83 208 0024 7 11 86 208 221 8 13
81 192 149 8 10 83 209 0012 7 11 86 209 203 8 13
81 193 131 7 10 83 210 00053 7 11 86 210 166 8 13
81 194 104 7 10 84 194 0016 7 12 86 211 141 8 13
81 195 076 7 10 84 195 0068 7 12 86 212 [1.23]

81 196 047 7 10 84 196 023 7 12 86 213 083 8 13
81 197 030 7 10 84 197 071 7 12 86 214 [0.35]

81 198 017 7 10 84 198 123 7 12 86 215 [0.25]

81 199 0094 7 10 84 199 166 7 12 86 216 019 8 13
81 200 0044 7 10 84 200 202 7 12 86 217 011 8 13
81 201 0023 7 10 84 201 198 7 12 86 218 0068 8 13
81 202 0012 7 10 84 202 195 7 12 86 219 0043 8 13
82 187 00099 7 10 84 203 155 7 12 86 220 0020 8 13
82 188 0051 7 10 84 204 119 7 12 86 221 00085 8 13
82 189 018 7 10 84 205 082 7 12 87 204 00072 8 14
82 190 044 7 10 84 206 054 7 12 87 205 0061 8 14
82 191 079 7 10 84 207 034 7 12 87 206 023 8 14
82 192 123 7 10 84 208 027 7 12 87 207 064 8 14
82 193 168 7 10 84 209 013 7 12 87 208 113 8 14
82 194 176 7 10 84 210 [0.088| 87 209 175 8 14
82 195 172 7 10 84 211 0034 7 12 87 210 205 8 14
82 196 147 7 10 84 212 [0.014 87 211 241 8 14
82 197 116 7 10 84 213 [0.0084 87 212 222 8 14
82 198 083 7 10 85 197 00052 8 13 87 213 [2.20]

82 199 056 7 10 85 198 0037 8 13 87 214 182 8 14
82 200 033 7 10 85 199 017 8 13 87 215 [0.62]

82 201 019 7 10 85 200 055 8 13 87 216 [0.99]

82 202 0098 7 10 85 201 108 8 13 87 217 077 8 14
82 203 0060 7 10 85 202 168 8 13 87 218 059 8 14
82 204 0030 7 10 85 203 201 8 13 87 219 044 8 14
82 205 0013 7 10 85 204 215 8 13 87 220 029 8 14
82 206 00061 7 10 85 205 206 8 13 87 221 019 8 14
83 190 00045 7 11 85 206 179 8 13 87 222 011 8 14
83 191 0027 7 11 85 207 139 8 13 87 223 0085 8 14
83 192 013 7 11 85 208 103 8 13 88 208 0020 8 14
83 193 035 7 11 85 209 078 8 13 88 209 013 8 14
83 194 078 7 11 85 210 053 8 13 88 210 035 8 14
83 195 125 7 11 85 211 [0.49] 88 211 075 8 14
83 196 170 7 11 85 212 019 8 13 88 212 131 8 14
83 197 192 7 11 85 213 [0.071] 88 213 177 8 14
83 198 182 7 11 85 214 [0.044) 88 214 213 8 14
83 199 169 7 11 85 215 0032 8 13 88 215 234 8 14
83 200 135 7 11 85 216 0022 8 13 88 216 [1.36]

83 201 095 7 11 86 201 0014 8 13 88 217 [2.05]

83 202 069 7 11 86 202 0089 8 13 88 218 198 8 14

(continued)
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Table 1 Continued)

Z A o/mb unc.lunc.2 Z A o/mb wunc.lunc.2 Z A o/mb unc.1l unc.2

88 219 166 8 14 89 229 074 8 15 91 223 0030 8 15
88 220 155 8 14 89 231 042 8 15 91 224 0063 8 15
88 221 121 8 14 89 232 018 8 15 91 225 010 8 15
88 222 096 8 14 89 233 0085 8 15 91 226 024 8 15
88 223 066 8 14 89 234 0034 8 15 91 227 048 8 15
88 224 048 8 14 89 235 0013 8 16 91 228 088 8 15
88 225 031 8 14 90 214 00020 8 15 91 229 147 8 15
88 226 023 8 14 90 215 00059 8 15 91 230 288 8 15
88 231 0011 8 14 90 216 0020 8 15 91 231 412 8 15
88 232 00044 8 14 90 217 0046 8 15 91 232 613 8 15
89 212 0050 8 15 90 218 [0.054] 91 233 881 8 15
89 213 015 8 15 90 219 [0.16] 91 234 100 8 15
89 214 035 8 15 90 220 033 8 15 91 236 19 8 15
89 215 068 8 15 90 221 050 8 15 91 237 275 8 15
89 216 094 8 15 90 222 074 8 15 92 227 00034 8 15
89 217 [0.54] 90 223 112 8 15 92 228 0010 8 15
89 218 [1.53] 90 224 159 8 15 92 229 0032 8 15
89 219 215 8 15 90 225 199 8 15 92 230 013 8 15
89 220 225 8 15 90 226 237 8 15 92 231 037 8 15
89 221 243 8 15 90 227 256 8 15 92 232 101 8 15
89 222 249 8 15 90 228 274 8 15 92 233 240 8 15
89 223 254 8 15 90 229 297 8 15 92 234 595 8 15
89 224 206 8 15 90 230 290 8 15 92 235 110 8 15
89 225 177 8 15 90 231 278 8 15 92 236 281 8 15
89 226 153 8 15 90 232 248 8 15 92 237 687 8 15
89 227 131 8 15 90 234 192 8 15

89 228 097 8 15 90 236 056 8 15

is assumed to appear in lighter nuclei with< 74 and could be neglected. We applied
a correction of 5%. To perform a more realistic correction would require a realistic
calculation of all nuclide formation cross-sections starting from each of the reaction
products. Such a code is not available in the moment. However, due to our experience on
this procedure applied to tHf8%Pb+ 1H system [4], this correction is expected to remain
well inside the uncertainties given in this work, being most important for the lightest nuclei.
The fluctuations within the isotopic distributions are rather low. However, a few dips
can be observed for elements from thorium to astatine (see Fig. 4). Actually, the very short
time-of-flight of the ions, 150 ns eigen-time, authorizes the measurement of the production
cross-sections for most of the isotopes, namely when the radioactive-decay period is much
longer than the time-of-flight of the ions. Only a few isotopes characterized by a number
of 128 neutrons decay hy emission towards the 126-neutron shell and cause a dip in the
apparent cross-sections. The decay period of those isotopes is of the order of the time-
of-flight through the FRS. Therefore, part of the production is lost before being analyzed
and identified. Moreover, when the decay occurs at the very beginning of the flight path,
the ion is identified as the daughter nucleus. This effect causes the slight hump that can
be observed fof}!At. The apparent over production of this isotope is due to the very fast
decay of21%Fr, which has a half-life off;, = 90 ns to be compared to the T&F150 ns
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eigen-time. It is not simple to correct for this effect, since many of these nuclei might
be produced in isomeric states. Moreover, the isomeric ratios and some of the associated
decay periods are not known. A couple of isotones with a number of 129 neutrons are also
concerned. Mainly?14At suffers from the very fast decay. The very fast decay of these
nuclei, which prevents us from giving true cross-sections in these few cases, demonstrates
the high quality of our data. This ensures that the uncertainty is as low as claimed, since
effects of 10 to 20% can be observed. Moreover, we guarantee that the mass and charge
identification is correct.

We observed, for the first time, the isotof&Ac that corresponds to the 3-proton
removal channel. 150 events were unambiguously recorded. This points out again [13] that
the so-called cold fragmentation is a favourable path for producing heavy exotic neutron-
rich nuclei.

Thanks to the measurement of the full isotopic chains, we are able to produce sensible
isobaric cross-sections, this means, cross-sections summed up over the full isobaric chains.
The associated plot is reproduced in Fig. 5, which includes two other distributions. Thus,
we show, on the same graph, the isobaric cross-sections obtained by the same collaboration,
following a similar procedure, with®’Au projectiles at 800 MeV per nucleon [1,8] and
208pp projectiles at 1 GeV per nucleon [3,4]. The isobaric cross-section is shown in Fig. 5
as a function of the mass loss. Summing up the measured nuclide cross-sections, we
obtain a total spallation—evaporation cross-section of 420 mb. The extrapolation of the
mass distribution to lighter masses not covered in the experiment, results in an estimated
total spallation—evaporation cross-section of 460 mb.

As far as nuclei with low fissility as gold and lead are concerned, the trends are very
much similar. The largest differences can be observed for the lowest masses. The lighter
evaporation residues are less produced in the gold experiment. The explanation appears
clearly when considering the difference in projectile energy. Within the frame of a two-
stage model of the spallation reaction [14], the first phase of the interaction leads to the
production of an excited nucleus. The excitation spectrum depends on the energy of the
projectile. The faster projectile leads to higher excitation energy, as far as the so-called
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Fig. 5. Isobaric cross-sections as a function of mass loss for three reactions. The full symbols mark the system
238y + 1H at 1 A GeV studied in this work, the open symbols represent the sy&€Rb+ 1H at 14 GeV [4],

and the crosses result from the reactt®fAu + 1H at 8004 MeV [1]. The non-systematic uncertainties are
smaller than the point size.
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limiting fragmentation regime is not reached. This leads to longer evaporation chains and
higher production of the lighter evaporation residues. The height of both distributions from
the spallation of gold and lead is similar for the heaviest residues. The shape and the height
of the isobaric distributions resulting from the spallation of uranium are very different.

In the isobaric cross-sections of the uranium system, we notice a slight dip for mass
losses close to 22. This depression is due to the very fast alpha de¥ay 608 isotones
towards the 126-neutron shell described above. Moreover, for mass losses smaller than
60 units, the cross-sections are notably lower in the uranium case than obtained for the
two other experiments. The effect is stronger for the heaviest fragments. The explanation
lies in the strong depletion effect by the fission process for actinide nuclei. During the
evaporation phase, the fission probability is much higher for actinides 88) than for
lighter elements, which are involved in the spallation of gold or lead, respectively. Thus, in
the case of uranium, the production of evaporation residues is strongly influenced by the
fission mechanism. This observation goes in line with previous results in the fragmentation
of 238U and?%8ph in a copper target [15]. This observation is convincingly demonstrated
comparing the isotopic cross-section for production of projectile isotopes in the uranium,
lead and gold experiments. The cross-sections are plotted in Fig. 6 as a function of the
neutron loss for both experiments. The distributions appear very different. The cross-
sections are similar for the one-neutron removal channel, but they rapidly diverge when
increasing the number of lost neutrons. A longer de-excitation chain produces the more
neutron-deficient isotopes. Two effects contribute to the fast decrease of the production
cross-section with increasing neutron loss. First-of-all, the longer is the de-excitation
chain the higher is the cumulated fission probability. Obviously, longer evaporation chains
produce the lighter uranium isotopes. Moreover, the fission barriers decrease for the more
neutron-deficient nuclei, favouring again the fission process relative to the evaporation of
particles. Thus, as the neutron-rich part of the isotopic distribution is not so much affected
by the fission mechanism, the neutron-deficient region is strongly depopulated. Close to
the projectile, the length of the isotopic chains is notably shorter in the uranium case than
in the gold one. It is an interesting observation that in the same experiment we produce
low and highly excited very fissile pre-fragments. Therefore, the data provide relevant

Cross section / mb

-22-20 18 -16 -1 12 <10 -8 -6 -4 -2 O
Neutron loss

Fig. 6. Isotopic cross-section for production of projectile isotopes in the uranium (full symbols), lead (open
symbols) [1], and gold (crosses) [4] experiments. The cross-sections are plotted as a function of the neutron loss.
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information on the competition between fission and evaporation in a wide range of fissility
and excitation.

Another qualitative observation deduced from Fig. 5 is that the isobaric distributions
associated to the lead and uranium experiments join for mass loss close to 60. The
depletion effect observed on the cross-section for the heaviest nuclei seems to vanish for
the lightest evaporation residues. Coming back to the two-stage model, this observation
seems surprising. Actually, the first step of the reaction leads to the production of an
excited so-called pre-fragment. The mass and nuclear charge of this nucleus is close to
the one of the projectile, only 5 to 10 nucleons could be removed [16]. Therefore, the
light evaporation residues, for instance, with a mass loss equal to 60 compared to the
projectile, are produced in very long evaporation chains starting in the actinide region.
The light evaporation residues are not depopulated in the uranium case compared to the
lead, which indicates that the fission probability along the extensive de-excitation path is
rather low, in spite of the fact that this path crosses the actinide and pre-actinide regions,
where the fission barriers are low. The explanation lies in the inhibition of the fission
process for highly excited nuclei. Indeed, nuclear fission is a dynamical process, which
needs time to develop. In a macroscopic picture of the nucleus, Grangé and Weidenmiiller
[17], following the pioneering work of Kramers [18], treated fission as a diffusive
process over the potential barrier, which is governed by nuclear viscosity. Experimental
information on the magnitude of nuclear viscosity is still controversial. Therefore, the
residue cross-sections, determined in this work, provide valuable information on this
fundamental nuclear property. A dedicated quantitative analysis will be presented in a
separate publication.

3.2. Comparison with other data

We could find very few results, which can be compared to ours. Actually, three
different experiments matched to the present one. Lindner and Osborne [19] studied the
evaporation-residue production after the spallatiorf8t) by 340 MeV protons, Pate
and Poskanzer [20] studied the same reaction at 680 MeV. The projectile energy is
sensibly lower but we expect little variations due to the projectile energy modification
for the heaviest fragments. They irradiated the uranium target and applied chemical
techniques followed by a spectroscopic analysis. Titarenko and collaborators [21,22]
also measured several evaporation residues produced by the same reaction at 800 MeV.
They used pure spectroscopic methods. This experimental technique is best suited for
determining cumulative yields of radioactive decay chains. It also allows the measurement
of independent yields of shielded nuclei. These are nuclei not produced by the decay of
any potential mother isotopes.

Fig. 7 compares the previously measured cross-sections obtained by Lindner and
Osborne [19], by Pate and Poskanzer [20], and by Titarenko and collaborators [21,22]
to the present data.

We observe a systematic disagreement between our data and the ones from Titarenko
and collaborators. They systematically overestimate the cross-sections in comparison to
ours. On the other hand, many of the data obtained by Lindner and Osborne nicely fit
to our results, others, especially the lower cross-sections, deviate by up to a factor of 3
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Fig. 7. Comparison of the cross-sections determined in this work (full points with error bars) with previous
results obtained by gamma-spectroscopic method$3fof33:232,230,228,285, 228,226,225,.22A¢ (left part) and
237,232,230,229,23§ 234,231,228,227,226,28%, 225,224,22R4 (right part) from Ref. [19] (open triangles), [20]

(open diamonds), and [21,22] (open squares). The data points of the same element are connected by dotted lines.

in both directions. Also many data of Pate and Poskanzer agree with our values, while
others, in particular those for thorium and uranium isotopes, are considerably higher. Most
of the deviations between the different measurements are not systematic. Only the data
of Titarenko et al. are systematically higher than ours. We have no explanation for this
systematic deviation. Nevertheless, the direct comparison of our data and the older is not
fully conclusive since the experiments have been performed at different energies. The effect
of the projectile energy on the production cross-sections of evaporation residues cannot be
neglected and could eventually explain part of the disagreement.

However, we notice that we applied the same procedure than that which was followed
for studying the spallation of gold and lead at a similar energy. For those experiments, the
normalization was ensured since the sum of the measured evaporation residues and fission
fragment production yielded the total inelastic cross-section, which has been determined
with high precision in previous experiments [23]. The investigation of fission residues
in our experiment gave a cross-section of 1.53 b [24]. A dedicated measurement of the
total fission cross-section resulted in§2+ 0.10) b [25]. Together with the estimated
total spallation—evaporation-residue cross-section of 0.46 b found in this experiment, we
obtain a total reaction cross-section of 1.99 b and 1.98 b, respectively. This is in excellent
agreement with the calculated total reaction cross-section using the Glauber approach
described in Karol et al. [26] using updated nuclear-density distributions [27], which results
in 1.96 b.

3.3. Comparison with systematics

The actual knowledge on the nuclide production in the spallation—evaporation reactions
has been compiled by Silberberg et al. in an empirical systematics [28]. The parameteriza-
tion has recently been updated [29]. The prediction of this systematics is compared with
our data in Fig. 8. Except for the uranium isotopes, the predictive power of this parameter-
ization seems to be rather poor. This is certainly due to the small amount of experimental
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Fig. 8. Comparison of part of the cross-sections determined in this work (full points) with the systematics
(histogram) [28,29]. We present the isotopic distribution for even elements.

data available until now. Our data will surely help designing improved analytical expres-
sions aimed at predicting spallation cross-sections.

3.4. Velocity distribution

The experimental set up allows for a measurement of the distributions of the
recoil velocities of the produced nuclei. The longitudinal-velocity distributions are well
represented by Gaussian distributions. We could determine the mean value and the standard
deviation of the recoil-velocity distribution for each ion. We accounted for the slowing
down in the layers mounted in the target area, assuming that the nuclear reaction occurred
in the middle of the target on the average.

We plotted in Fig. 9 the mean velocity normalized following the prescriptions of
Morrissey [30]. Thus, we introducpl’l, which is the longitudinal recoil momentum,
normalized in the following way:

By
y+1 ®)

Here, v, is the velocity of the fragment in the frame of the projectile, aifig, 5 andy

are the rest mass and the relativistic parameters of the projectile in the laboratory frame,
respectively. This normalization allows an inter-comparison of various measurements
realized at different projectile energies. The location straggling, that means the dependence
of the observed velocity on the position of the reaction inside the target, is unfolded for
estimating the standard deviation of the velocity distribution. However, this contribution is
negligible.

p=v-Mp-
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Fig. 9. Mean recoil momentum induced in the spallatioR3U by 1 GeV protons as a function of mass loss. The

data (symbols) are compared with the systematics of Morrissey (line) [30]. Statistical uncertainties correspond
to the scattering of the data. Since the measurement has been performed in inverse kinematics, the measured
momenta are transformed into the frame of the beam.
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Fig. 10. Standard deviation of the longitudinal-momentum distribution of the spallation—evaporation residues
produced in the bombardment®t8U with 1 GeV protons. The data (symbols) are compared with the Goldhaber
model [31] (dashed line) and with the Morrissey systematics [30] (full line). Since the measurement has been
performed in inverse kinematics, the measured momenta are transformed into the frame of the projectiles.

Fig. 9 also includes the empirical systematics established by Morrissey [30], which
predicts a linear dependence between the reduced recoil momepﬁl)rar(d the mass
loss A A relative to the mass of the projectile. We observe that the systematics describes
the measured data reasonably well, although the data points lie above the systematics over
the whole mass range.

The width of the longitudinal recoil momentum acquired in the spallation—evaporation
reaction is shown in Fig. 10. Again, the data are compared with the systematics of
Morrissey, and also with the predictions of the Goldhaber model [31]. While the
systematics better represents the data for mass losses below 20, the experimental
values increase more strongly for large mass losses and reach the prediction of the
Goldhaber model foA A ~ 55. Also in the width of the momentum distribution, isotopic
variations are observed which are probably related to the variation of the evaporation
contribution to the mass loss [32].
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4. Conclusion

The production cross-sections and the longitudinal-momentum distributions of the
heavy spallation—evaporation residues from the interactiordoGEV 238U with hydrogen
have been studied, covering elements from tungsten to uranium. The reaction products
were fully identified in atomic numbeZ and mass numbeA using the magnetic
spectrometer FRS.

While the momentum distributions rather well agree with systematics established on
the basis of previously measured data, the cross-sections deviate strongly from systematic
expectations, especially for neutron-deficient isotopes. These short-lived nuclides could
not be measured with alternative techniques previously available.

The data, production cross-sections and kinetic energies, are of highest interest for the
design of accelerator-driven systems for the incineration of radioactive waste and as an
alternative device for energy production. Using the measured production cross-sections,
combined with the known decay properties, the short- and long-term radioactivities in
irradiated fissile material can be predicted.

Another field of interest is the production of secondary beams by spallation reactions,
a reaction mechanism exploited since many years at ISOLDE and also envisaged for
next-generation secondary-beam facilities. The present data give the first comprehensive
overview on the reaction cross-sections, and thus provide quantitative information on the
secondary-beam intensities potentially available in such facilities, if efficient extraction
and ionization procedures are developed.

The system investigated provides stringent constraints on nuclear-reaction codes, in
particular on the modelling of the fission competition. The new data will help to develop
improved models with better predictive power for spallation reactions, involving highly
fissile nuclei.
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