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Abstract

The production of heavy nuclides from the spallation–evaporation reaction of238U induced
by 1 GeV protons was studied in inverse kinematics. The evaporation residues from tung
uranium were identified in-flight in mass and atomic number. Their production cross-section
their momentum distributions were determined. The data are compared with empirical syste
A comparison with previous results from the spallation of208Pb and197Au reveals the strong
influence of fission in the spallation of238U.
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1. Introduction

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

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

This paper focuses on the production of evaporation residues in the spallation of238U.
The production of those residues is conditioned by the fission of isotopes durin
evaporation phase. Therefore, the fission probability estimated by the de-excitation
can be tested by the measurement of evaporation residues. This problem is con
to some open questions on the evolution of the level density or the barrier heigh
increasing excitation energy. We are also able to study the dissipation in the fission p

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

In this paper, we report on the first identification of 364 evaporation residues, for
isotopic chains from tungsten (Z = 74) to uranium (Z = 92). In the second section, w
present some characteristics of the experimental set up and the analysis techniq
the third part, we report on the obtained cross-sections and kinematical proper

the studied nuclei. We discuss the results and compare them with previously established
empirical systematics.
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2. The experiment

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

The 1 A GeV 238U beam, produced by the synchrotron SIS of GSI, intera
with a liquid hydrogen target. The thickness of the H2 liquid target was determine
experimentally previously [8] to be 87.3 mg/cm2 (±3.0 mg/cm2). The number of
incoming projectiles is recorded by a beam monitor, a secondary electron chamb
The products of the reaction are separated and analyzed by the recoil spectromet
The experimental apparatus is shown Fig. 1. The two-stage fragment separator a
full identification in nuclear chargeZ and mass numberA of each fragment. Moreover, th
recoil momentum is also provided. The reaction products suffer a first magnetic sele
then they are slowed down in a thick passive energy degrader situated at the interm
focal plane. A second magnetic selection is finally applied. The time-of-flight is mea
between both image planes thanks to two plastic scintillation detectors. The scinti
also give a measure of the horizontal positions at the intermediate dispersive pla
at the exit. Moreover, two multiply sampling ionization chambers (MUSIC), placed a
exit of the spectrometer, measure the energy loss. Multi-wire proportional counters p
additional tracking information. Therefore, for each ion passing the FRS we obtai
magnetic rigidities, a time-of-flight and an energy-loss measurement.

2.1. The energy loss in the degrader

The nuclear-charge determination is certainly the most challenging problem th
had to face. It was a special aim of the experiment to improve the nuclear-c
resolution, previously obtained [10,11]. This is especially true for the heaviest ele
(the actinides) for which the separation is the most difficult. This high-resolution nuc
charge determination could be obtained through a multi-fold measurement. First of a
remind that a thick energy degrader is placed at the intermediate image plane (see
This passive component of the set up indirectly helps determining the nuclear c
Actually, the magnetic rigidities are measured before and after the ions pass throu
Fig. 1. Scheme of the fragment separator (FRS) with its most important components. The primary beam of238U
enters from the left.
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degrader. The difference of those two quantities is linked with the momentum (and e
loss within the thick degrader, following the relation:

(Bρ)1 − (Bρ)2 = p1

q1
− p2

q2
, (1)

where (Bρ)1 and (Bρ)2 are the magnetic rigidities,p1 andp2 are the momenta, andq1
andq2 are the ionic charge states of the ion before and after the degrader, respe
Assuming for the moment that the ions are fully stripped and do not change their
number by nuclear reactions in the degrader:

q1 = q2 = Z · e, M1 = M2 = A · m0, (2)

theBρ difference (Eq. (1)) provides an estimate of the energy loss within the degradem0
is the nuclear mass unit.) Nuclei for which the condition (2) is not fulfilled will be reje
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 s
coming from the ionization chambers, and, on the other hand, theBρ-difference
measurement presented in the previous section. The signals provided by the ion
chambers are combined in order to get a single optimized quantity by rejecting
events with strongly different�E signals in the two chambers. A bi-dimensional p
illustrating the correlation between the so-called “energy loss in the degrader” an
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 va
magnetic fields. The number of different isotopes passing through the FRS depends
Bρ acceptance of the spectrometer and on the thickness of the energy degrader. Th
a number of about 70 settings was necessary to provide the full set of data presente
paper.

Three different regions can be observed on Fig. 2. They correspond to three di
charge-state combinations. The central zone includes the fully stripped ions and the
ones. The ions in this region are bare or H-like all along their trajectory. They do not c
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. Howeve
probability that a heavy projectile carries one electron is not negligible; it amounts to
10%. When arriving at S2, the ions pass through a number of different layers of m
namely the scintillation detector and the degrader plate. Traversing those materia
ions successively gain and lose electrons, mostly alternating between their bare and
state. They generally leave the intermediate image plane bare. Finally the probabil
the ion is hydrogen-like all along its trajectory is rather low compared to the most pro
situation that it is bare over the whole flight-path. The contamination of the central
on Fig. 2 due to the ions carrying one electron inboth sections of the FRS is estimated
be in the order of 1 to 2%, depending on the atomic number of the ion [12]. The hig
is, the higher is the contamination. This contamination is neglected in the analysis.
The two other zones (labelled[1,0] and[0,1]) are to be associated to the ions carrying
one electron in the first (region[1,0]) or second (region[0,1]) 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 an
for getting the cross-sections. Neglecting the contamination due to ions, which car
electron in both sections, we assume, gating on the central region, that all ions ar
stripped. Therefore, the condition (2) is valid.

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

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

A = Z · e · (Bρ)2

m0 · c · β2γ2
, (3)

where,β2 and γ2 are the reduced velocity and the Lorentz parameter, respective
the second part of the spectrometer. They are deduced from the time-of-flight
measurement.Z is the nuclear charge, ande, m0 and c are the charge of the electro
the mass unit, and the velocity of light, respectively. The following two-dimensional
(Fig. 3) of the mass versus the position at the intermediate image plane of nuclei a
192Pb illustrates the high mass resolution. This precise mass measurement is achie

Fig. 2. Separation of nuclear charges aroundZ = 90 and elimination of different ionic charge states. The io
which do not change their charge state all along the separator, are inside the full contour line. The ions
capture one electron in the degrader section, are inside the dotted contour line, while the ions, which lo

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
resolution is

A

�A
= 440 (FWHM). (4)

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

The production rate could be obtained for 365 nuclei ranging from uranium to tung
For getting cross-sections, losses due to non-fully stripped ions and nuclear react
S2 are accounted for. The losses are estimated theoretically, and these evaluat
confirmed with online measurements. The contribution to the production rate from
windows of the target was measured during the beam time using an empty target. Th
is measured to lie between 5 and 15% of the total production rate. This contributio
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 res
Actually, the region aroundZ = 60 to Z = 70 is only slightly populated, being situate
in the low-mass tail of the spallation–evaporation and in the high-mass tail o
spallation-fission areas. In this region, we could not disentangle the fission frag
from the evaporation residues. Therefore, we chose not to give data for this pa
restrict ourselves to the nuclei identified as pure evaporation residues (Z > 73). Also the
contributions from secondary reactions in the hydrogen target become more import
the lighter elements, as discussed below.

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

Fig. 3. Two-dimensional cluster plot of the horizontal position at the central image plane (S2) versus thA/Q
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 nucleus,192Pb. The colour code gives the counts per channel.
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3. Results and discussion

3.1. Measured cross-sections

Fig. 4 shows the measured isotopic cross-sections for all elements ranging from u
(Z = 92) to tungsten (Z = 74). They vary from about 100 mb to below 10 µb. T
numerical values are listed in Table 1. The data represent the cross-sections obta
a target of 87.3 mg/cm2 hydrogen. The attenuation of the beam, which amounts to a
10% along the whole target, is considered. While the contribution of the target-con
windows is subtracted, the production rates are only partly corrected for seco
reactions inside the production target. It is assumed that secondary reactions, wh
estimated on the basis of the total reaction probability after the first reaction, depo
the nuclides in the considered range, whereas the population due to secondary re

Fig. 4. Isotopic production cross-sections for 365 nuclides from the spallation–evaporation reaction of238U by

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–evap
reaction of238U by 1 GeV protons. The measurement was performed in inverse kinematics. The numbers
nuclear chargeZ, the mass numberA, the measured cross-section and the systematic (unc. 1) and the total (
relative uncertainty in percent. The values given in brackets are apparent production cross-sections, influ
the radioactive decay inside the spectrometer. In these cases, no uncertainty is given

Z A σ/mb unc. 1 unc. 2

74 165 0.019 12 15
74 166 0.035 12 15
74 167 0.082 12 15
74 168 0.14 12 15
74 169 0.22 12 15
74 170 0.30 12 15
74 171 0.35 12 15
74 172 0.34 12 15
74 173 0.34 12 15
74 174 0.30 12 15
74 175 0.21 12 15
74 176 0.18 11 15
74 177 0.11 11 15
74 178 0.076 11 15
74 179 0.046 11 15
74 180 0.025 11 15
74 181 0.012 11 15
75 166 0.0012 12 15
75 167 0.0076 12 15
75 168 0.025 12 15
75 169 0.061 12 15
75 170 0.12 12 15
75 171 0.21 12 15
75 172 0.30 12 15
75 173 0.36 12 15
75 174 0.40 12 15
75 175 0.42 12 15
75 176 0.39 11 15
75 177 0.32 11 15
75 178 0.25 11 15
75 179 0.18 11 15
75 180 0.12 11 15
75 181 0.068 11 15
75 182 0.038 10 15
75 183 0.022 10 15
75 184 0.011 10 15
75 185 0.0058 10 15
76 170 0.016 12 14
76 171 0.041 12 14
76 172 0.094 12 14
76 173 0.18 12 14
76 174 0.31 12 14
76 175 0.41 12 14
76 176 0.49 11 14

Z A σ/mb unc. 1 unc. 2

76 178 0.49 11 14
76 179 0.44 11 14
76 180 0.34 11 14
76 181 0.26 11 14
76 182 0.18 10 14
76 183 0.12 10 14
76 184 0.064 10 14
76 185 0.036 10 14
76 186 0.018 9 14
76 187 0.0097 9 14
76 188 0.0044 9 14
76 189 0.0014 9 14
77 172 0.0090 12 13
77 173 0.019 12 13
77 174 0.057 12 13
77 175 0.15 12 13
77 176 0.27 11 13
77 177 0.43 11 13
77 178 0.54 11 13
77 179 0.62 11 13
77 180 0.66 11 13
77 181 0.59 11 13
77 182 0.49 10 13
77 183 0.41 10 13
77 184 0.28 10 13
77 185 0.18 10 13
77 186 0.12 9 13
77 187 0.068 9 13
77 188 0.031 9 13
77 189 0.016 9 13
77 190 0.0085 8 13
77 191 0.0033 8 13
77 192 0.0011 8 13
78 175 0.010 12 12
78 176 0.038 11 12
78 177 0.097 11 12
78 178 0.23 11 12
78 179 0.42 11 12
78 180 0.55 11 12
78 181 0.71 11 12
78 182 0.89 10 12
78 183 0.81 10 12
78 184 0.76 10 12
78 185 0.60 10 12

Z A σ/mb unc. 1 unc. 2

78 187 0.31 9 12
78 188 0.20 9 12
78 189 0.12 9 12
78 190 0.075 8 12
78 191 0.035 8 12
78 192 0.018 8 12
79 177 0.0038 10 11
79 178 0.018 10 11
79 179 0.053 10 11
79 180 0.14 10 11
79 181 0.31 10 11
79 182 0.52 10 11
79 183 0.76 10 11
79 184 0.94 10 11
79 185 1.09 10 11
79 186 1.01 10 11
79 187 0.93 9 11
79 188 0.70 9 11
79 189 0.50 9 11
79 190 0.34 8 11
79 191 0.22 8 11
79 192 0.13 8 11
79 193 0.072 8 11
79 194 0.031 8 11
80 180 0.0052 9 10
80 181 0.020 9 10
80 182 0.075 9 10
80 183 0.17 9 10
80 184 0.40 9 10
80 185 0.67 9 10
80 186 0.92 9 10
80 187 1.21 8 10
80 188 1.33 8 10
80 189 1.20 8 10
80 190 1.04 8 10
80 191 0.81 8 10
80 192 0.57 8 10
80 193 0.38 7 10
80 194 0.26 7 10
80 195 0.14 7 10
80 196 0.077 7 10
80 197 0.043 7 10
81 183 0.0035 9 10
81 184 0.020 9 10
76 177 0.54 11 14 78 186 0.44 9 12 81 185 0.081 9 10

(continued)
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Table 1 (Continued)

Z A σ/mb unc. 1 unc. 2

81 186 0.22 9 10
81 187 0.49 8 10
81 188 0.87 8 10
81 189 1.15 8 10
81 190 1.41 8 10
81 191 1.59 8 10
81 192 1.49 8 10
81 193 1.31 7 10
81 194 1.04 7 10
81 195 0.76 7 10
81 196 0.47 7 10
81 197 0.30 7 10
81 198 0.17 7 10
81 199 0.094 7 10
81 200 0.044 7 10
81 201 0.023 7 10
81 202 0.012 7 10
82 187 0.0099 7 10
82 188 0.051 7 10
82 189 0.18 7 10
82 190 0.44 7 10
82 191 0.79 7 10
82 192 1.23 7 10
82 193 1.68 7 10
82 194 1.76 7 10
82 195 1.72 7 10
82 196 1.47 7 10
82 197 1.16 7 10
82 198 0.83 7 10
82 199 0.56 7 10
82 200 0.33 7 10
82 201 0.19 7 10
82 202 0.098 7 10
82 203 0.060 7 10
82 204 0.030 7 10
82 205 0.013 7 10
82 206 0.0061 7 10
83 190 0.0045 7 11
83 191 0.027 7 11
83 192 0.13 7 11
83 193 0.35 7 11
83 194 0.78 7 11
83 195 1.25 7 11
83 196 1.70 7 11
83 197 1.92 7 11
83 198 1.82 7 11
83 199 1.69 7 11
83 200 1.35 7 11
83 201 0.95 7 11

Z A σ/mb unc. 1 unc. 2

83 203 0.43 7 11
83 204 0.25 7 11
83 205 0.14 7 11
83 206 0.077 7 11
83 207 0.045 7 11
83 208 0.024 7 11
83 209 0.012 7 11
83 210 0.0053 7 11
84 194 0.016 7 12
84 195 0.068 7 12
84 196 0.23 7 12
84 197 0.71 7 12
84 198 1.23 7 12
84 199 1.66 7 12
84 200 2.02 7 12
84 201 1.98 7 12
84 202 1.95 7 12
84 203 1.55 7 12
84 204 1.19 7 12
84 205 0.82 7 12
84 206 0.54 7 12
84 207 0.34 7 12
84 208 0.27 7 12
84 209 0.13 7 12
84 210 [0.088]
84 211 0.034 7 12
84 212 [0.014]
84 213 [0.0084]
85 197 0.0052 8 13
85 198 0.037 8 13
85 199 0.17 8 13
85 200 0.55 8 13
85 201 1.08 8 13
85 202 1.68 8 13
85 203 2.01 8 13
85 204 2.15 8 13
85 205 2.06 8 13
85 206 1.79 8 13
85 207 1.39 8 13
85 208 1.03 8 13
85 209 0.78 8 13
85 210 0.53 8 13
85 211 [0.49]
85 212 0.19 8 13
85 213 [0.071]
85 214 [0.044]
85 215 0.032 8 13
85 216 0.022 8 13
86 201 0.014 8 13

Z A σ/mb unc. 1 unc. 2

86 203 0.37 8 13
86 204 0.88 8 13
86 205 1.40 8 13
86 206 1.81 8 13
86 207 2.19 8 13
86 208 2.21 8 13
86 209 2.03 8 13
86 210 1.66 8 13
86 211 1.41 8 13
86 212 [1.23]
86 213 0.83 8 13
86 214 [0.35]
86 215 [0.25]
86 216 0.19 8 13
86 217 0.11 8 13
86 218 0.068 8 13
86 219 0.043 8 13
86 220 0.020 8 13
86 221 0.0085 8 13
87 204 0.0072 8 14
87 205 0.061 8 14
87 206 0.23 8 14
87 207 0.64 8 14
87 208 1.13 8 14
87 209 1.75 8 14
87 210 2.05 8 14
87 211 2.41 8 14
87 212 2.22 8 14
87 213 [2.20]
87 214 1.82 8 14
87 215 [0.62]
87 216 [0.99]
87 217 0.77 8 14
87 218 0.59 8 14
87 219 0.44 8 14
87 220 0.29 8 14
87 221 0.19 8 14
87 222 0.11 8 14
87 223 0.085 8 14
88 208 0.020 8 14
88 209 0.13 8 14
88 210 0.35 8 14
88 211 0.75 8 14
88 212 1.31 8 14
88 213 1.77 8 14
88 214 2.13 8 14
88 215 2.34 8 14
88 216 [1.36]
88 217 [2.05]
83 202 0.69 7 11 86 202 0.089 8 13 88 218 1.98 8 14

(continued)
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Table 1 (Continued)

Z A σ/mb unc. 1 unc. 2

88 219 1.66 8 14
88 220 1.55 8 14
88 221 1.21 8 14
88 222 0.96 8 14
88 223 0.66 8 14
88 224 0.48 8 14
88 225 0.31 8 14
88 226 0.23 8 14
88 231 0.011 8 14
88 232 0.0044 8 14
89 212 0.050 8 15
89 213 0.15 8 15
89 214 0.35 8 15
89 215 0.68 8 15
89 216 0.94 8 15
89 217 [0.54]
89 218 [1.53]
89 219 2.15 8 15
89 220 2.25 8 15
89 221 2.43 8 15
89 222 2.49 8 15
89 223 2.54 8 15
89 224 2.06 8 15
89 225 1.77 8 15
89 226 1.53 8 15
89 227 1.31 8 15
89 228 0.97 8 15

Z A σ/mb unc. 1 unc. 2

89 229 0.74 8 15
89 231 0.42 8 15
89 232 0.18 8 15
89 233 0.085 8 15
89 234 0.034 8 15
89 235 0.013 8 16
90 214 0.0020 8 15
90 215 0.0059 8 15
90 216 0.020 8 15
90 217 0.046 8 15
90 218 [0.054]
90 219 [0.16]
90 220 0.33 8 15
90 221 0.50 8 15
90 222 0.74 8 15
90 223 1.12 8 15
90 224 1.59 8 15
90 225 1.99 8 15
90 226 2.37 8 15
90 227 2.56 8 15
90 228 2.74 8 15
90 229 2.97 8 15
90 230 2.90 8 15
90 231 2.78 8 15
90 232 2.48 8 15
90 234 1.92 8 15
90 236 0.56 8 15

Z A σ/mb unc. 1 unc. 2

91 223 0.030 8 15
91 224 0.063 8 15
91 225 0.10 8 15
91 226 0.24 8 15
91 227 0.48 8 15
91 228 0.88 8 15
91 229 1.47 8 15
91 230 2.88 8 15
91 231 4.12 8 15
91 232 6.13 8 15
91 233 8.81 8 15
91 234 10.0 8 15
91 236 19.9 8 15
91 237 27.5 8 15
92 227 0.0034 8 15
92 228 0.010 8 15
92 229 0.032 8 15
92 230 0.13 8 15
92 231 0.37 8 15
92 232 1.01 8 15
92 233 2.40 8 15
92 234 5.95 8 15
92 235 11.0 8 15
92 236 28.1 8 15
92 237 68.7 8 15

is assumed to appear in lighter nuclei withZ < 74 and could be neglected. We appli
a correction of 5%. To perform a more realistic correction would require a rea
calculation of all nuclide formation cross-sections starting from each of the rea
products. Such a code is not available in the moment. However, due to our experie
this procedure applied to the208Pb+ 1H system [4], this correction is expected to rem
well inside the uncertainties given in this work, being most important for the lightest nu

The fluctuations within the isotopic distributions are rather low. However, a few
can be observed for elements from thorium to astatine (see Fig. 4). Actually, the very
time-of-flight of the ions, 150 ns eigen-time, authorizes the measurement of the prod
cross-sections for most of the isotopes, namely when the radioactive-decay period i
longer than the time-of-flight of the ions. Only a few isotopes characterized by a nu
of 128 neutrons decay byα emission towards the 126-neutron shell and cause a dip i
apparent cross-sections. The decay period of those isotopes is of the order of th
of-flight through the FRS. Therefore, part of the production is lost before being ana
and identified. Moreover, when the decay occurs at the very beginning of the flight
the ion is identified as the daughter nucleus. This effect causes the slight hump th

be observed for211At. The apparent over production of this isotope is due to the very fast
decay of215Fr, which has a half-life ofTα = 90 ns to be compared to the TOF= 150 ns
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eigen-time. It is not simple to correct for this effect, since many of these nuclei m
be produced in isomeric states. Moreover, the isomeric ratios and some of the ass
decay periods are not known. A couple of isotones with a number of 129 neutrons a
concerned. Mainly214At suffers from the very fast decay. The very fast decay of th
nuclei, which prevents us from giving true cross-sections in these few cases, demon
the high quality of our data. This ensures that the uncertainty is as low as claimed
effects of 10 to 20% can be observed. Moreover, we guarantee that the mass and
identification is correct.

We observed, for the first time, the isotope235Ac that corresponds to the 3-proto
removal channel. 150 events were unambiguously recorded. This points out again [1
the so-called cold fragmentation is a favourable path for producing heavy exotic ne
rich nuclei.

Thanks to the measurement of the full isotopic chains, we are able to produce se
isobaric cross-sections, this means, cross-sections summed up over the full isobaric
The associated plot is reproduced in Fig. 5, which includes two other distributions.
we show, on the same graph, the isobaric cross-sections obtained by the same collab
following a similar procedure, with197Au projectiles at 800 MeV per nucleon [1,8] an
208Pb projectiles at 1 GeV per nucleon [3,4]. The isobaric cross-section is shown in
as a function of the mass loss. Summing up the measured nuclide cross-sectio
obtain a total spallation–evaporation cross-section of 420 mb. The extrapolation
mass distribution to lighter masses not covered in the experiment, results in an est
total spallation–evaporation cross-section of 460 mb.

As far as nuclei with low fissility as gold and lead are concerned, the trends are
much similar. The largest differences can be observed for the lowest masses. The
evaporation residues are less produced in the gold experiment. The explanation a
clearly when considering the difference in projectile energy. Within the frame of a
stage model of the spallation reaction [14], the first phase of the interaction leads
production of an excited nucleus. The excitation spectrum depends on the energy
projectile. The faster projectile leads to higher excitation energy, as far as the so

Fig. 5. Isobaric cross-sections as a function of mass loss for three reactions. The full symbols mark the
238U + 1H at 1A GeV studied in this work, the open symbols represent the system208Pb+ 1H at 1A GeV [4],

and the crosses result from the reaction197Au + 1H at 800A 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 chain
higher production of the lighter evaporation residues. The height of both distributions
the spallation of gold and lead is similar for the heaviest residues. The shape and the
of the isobaric distributions resulting from the spallation of uranium are very differen

In the isobaric cross-sections of the uranium system, we notice a slight dip for
losses close to 22. This depression is due to the very fast alpha decay ofN = 128 isotones
towards the 126-neutron shell described above. Moreover, for mass losses small
60 units, the cross-sections are notably lower in the uranium case than obtained
two other experiments. The effect is stronger for the heaviest fragments. The expla
lies in the strong depletion effect by the fission process for actinide nuclei. Durin
evaporation phase, the fission probability is much higher for actinides (Z > 88) than for
lighter elements, which are involved in the spallation of gold or lead, respectively. Th
the case of uranium, the production of evaporation residues is strongly influenced
fission mechanism. This observation goes in line with previous results in the fragmen
of 238U and208Pb in a copper target [15]. This observation is convincingly demonstr
comparing the isotopic cross-section for production of projectile isotopes in the ura
lead and gold experiments. The cross-sections are plotted in Fig. 6 as a function
neutron loss for both experiments. The distributions appear very different. The
sections are similar for the one-neutron removal channel, but they rapidly diverge
increasing the number of lost neutrons. A longer de-excitation chain produces the
neutron-deficient isotopes. Two effects contribute to the fast decrease of the prod
cross-section with increasing neutron loss. First-of-all, the longer is the de-exci
chain the higher is the cumulated fission probability. Obviously, longer evaporation c
produce the lighter uranium isotopes. Moreover, the fission barriers decrease for th
neutron-deficient nuclei, favouring again the fission process relative to the evapora
particles. Thus, as the neutron-rich part of the isotopic distribution is not so much af
by the fission mechanism, the neutron-deficient region is strongly depopulated. C
the projectile, the length of the isotopic chains is notably shorter in the uranium cas
in the gold one. It is an interesting observation that in the same experiment we pr
low and highly excited very fissile pre-fragments. Therefore, the data provide rel
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 fi
and excitation.

Another qualitative observation deduced from Fig. 5 is that the isobaric distribu
associated to the lead and uranium experiments join for mass loss close to 6
depletion effect observed on the cross-section for the heaviest nuclei seems to van
the lightest evaporation residues. Coming back to the two-stage model, this obse
seems surprising. Actually, the first step of the reaction leads to the production
excited so-called pre-fragment. The mass and nuclear charge of this nucleus is c
the one of the projectile, only 5 to 10 nucleons could be removed [16]. Therefor
light evaporation residues, for instance, with a mass loss equal to 60 compared
projectile, are produced in very long evaporation chains starting in the actinide re
The light evaporation residues are not depopulated in the uranium case compared
lead, which indicates that the fission probability along the extensive de-excitation p
rather low, in spite of the fact that this path crosses the actinide and pre-actinide re
where the fission barriers are low. The explanation lies in the inhibition of the fis
process for highly excited nuclei. Indeed, nuclear fission is a dynamical process,
needs time to develop. In a macroscopic picture of the nucleus, Grangé and Weiden
[17], following the pioneering work of Kramers [18], treated fission as a diffu
process over the potential barrier, which is governed by nuclear viscosity. Experim
information on the magnitude of nuclear viscosity is still controversial. Therefore
residue cross-sections, determined in this work, provide valuable information o
fundamental nuclear property. A dedicated quantitative analysis will be presente
separate publication.

3.2. Comparison with other data

We could find very few results, which can be compared to ours. Actually, t
different experiments matched to the present one. Lindner and Osborne [19] stud
evaporation-residue production after the spallation of238U by 340 MeV protons, Pat
and Poskanzer [20] studied the same reaction at 680 MeV. The projectile ene
sensibly lower but we expect little variations due to the projectile energy modific
for the heaviest fragments. They irradiated the uranium target and applied che
techniques followed by a spectroscopic analysis. Titarenko and collaborators [
also measured several evaporation residues produced by the same reaction at 80
They used pure spectroscopic methods. This experimental technique is best su
determining cumulative yields of radioactive decay chains. It also allows the measur
of independent yields of shielded nuclei. These are nuclei not produced by the de
any potential mother isotopes.

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

We observe a systematic disagreement between our data and the ones from Ti
and collaborators. They systematically overestimate the cross-sections in compar

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 pre
results obtained by gamma-spectroscopic methods for237,233,232,230,228,227Pa,228,226,225,224Ac (left part) and
237,232,230,229,228U, 234,231,228,227,226,225Th, 225,224,223Ra (right part) from Ref. [19] (open triangles), [2
(open diamonds), and [21,22] (open squares). The data points of the same element are connected by do

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

However, we notice that we applied the same procedure than that which was fo
for studying the spallation of gold and lead at a similar energy. For those experimen
normalization was ensured since the sum of the measured evaporation residues an
fragment production yielded the total inelastic cross-section, which has been dete
with high precision in previous experiments [23]. The investigation of fission resi
in our experiment gave a cross-section of 1.53 b [24]. A dedicated measurement
total fission cross-section resulted in (1.52± 0.10) b [25]. Together with the estimate
total spallation–evaporation-residue cross-section of 0.46 b found in this experime
obtain a total reaction cross-section of 1.99 b and 1.98 b, respectively. This is in ex
agreement with the calculated total reaction cross-section using the Glauber ap
described in Karol et al. [26] using updated nuclear-density distributions [27], which re
in 1.96 b.

3.3. Comparison with systematics

The actual knowledge on the nuclide production in the spallation–evaporation rea
has been compiled by Silberberg et al. in an empirical systematics [28]. The parame
tion has recently been updated [29]. The prediction of this systematics is compare

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 syste
(histogram) [28,29]. We present the isotopic distribution for even elements.

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

3.4. Velocity distribution

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

We plotted in Fig. 9 the mean velocity normalized following the prescription
Morrissey [30]. Thus, we introducep′||, which is the longitudinal recoil momentum
normalized in the following way:

p′|| = v|| · Mp · βγ

γ + 1
. (5)

Here,v|| is the velocity of the fragment in the frame of the projectile, andMp , β andγ

are the rest mass and the relativistic parameters of the projectile in the laboratory
respectively. This normalization allows an inter-comparison of various measure
realized at different projectile energies. The location straggling, that means the depe
of the observed velocity on the position of the reaction inside the target, is unfolde

estimating the standard deviation of the velocity distribution. However, this contribution is
negligible.
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Fig. 9. Mean recoil momentum induced in the spallation of238U by 1 GeV protons as a function of mass loss. T
data (symbols) are compared with the systematics of Morrissey (line) [30]. Statistical uncertainties corr
to the scattering of the data. Since the measurement has been performed in inverse kinematics, the
momenta are transformed into the frame of the beam.

Fig. 10. Standard deviation of the longitudinal-momentum distribution of the spallation–evaporation re
produced in the bombardment of238U with 1 GeV protons. The data (symbols) are compared with the Goldh
model [31] (dashed line) and with the Morrissey systematics [30] (full line). Since the measurement ha
performed in inverse kinematics, the measured momenta are transformed into the frame of the projectile

Fig. 9 also includes the empirical systematics established by Morrissey [30], w
predicts a linear dependence between the reduced recoil momentum (p′||) and the mass
loss�A relative to the mass of the projectile. We observe that the systematics des
the measured data reasonably well, although the data points lie above the systemat
the whole mass range.

The width of the longitudinal recoil momentum acquired in the spallation–evapor
reaction is shown in Fig. 10. Again, the data are compared with the systemat
Morrissey, and also with the predictions of the Goldhaber model [31]. While
systematics better represents the data for mass losses below�A = 20, the experimenta
values increase more strongly for large mass losses and reach the prediction
Goldhaber model for�A ≈ 55. Also in the width of the momentum distribution, isotop

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 o
heavy spallation–evaporation residues from the interaction of 1A GeV238U with hydrogen
have been studied, covering elements from tungsten to uranium. The reaction pr
were fully identified in atomic numberZ and mass numberA using the magnetic
spectrometer FRS.

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

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

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

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