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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 as an
intense neutron source. On the other hand, spallation reactions lead to the production of un-
stable nuclei. This reaction is actually exploited in ISOL-type facilities.

Therefore, a campaign of measurements of spallation residues started at GSI, taking advan-
tage of the use of the inverse kinematics. The results obtained in the spallation of gold and
lead have already been published extensively [EH%*DS In both cases, the projectile en-
ergy was close or equal to 1 GeV per nucleon in order to mimic the spallation of a heavy nu-
cleus 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 (ADS)
and new facilities for the production of Radioactive Nuclear Beams. They also give some
clear hints for a better understanding of the spallation reaction.

This paper focuses on the production of residues in the spallation of »**U. Due to the high
fissility of the reaction products, great part of them fission, leading to a production of a large
number of nuclides in the mid-mass region. But also the production of heavy residues is con-
ditioned by the fission of isotopes during the evaporation phase. Therefore, surprisingly, the
measurement of evaporation residues is of the highest interest for testing the fission probabil-
ity estimated by the de-excitation codes. This problem is connected to some fundamental
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. All those are still open
questions.

The measurements of evaporation and fission residues have started since the proton accelera-
tors became available in the 50’s. For 40 years, production of residues was measured using
chemical and/or spectroscopic methods. In the 90’s, the GSI gave birth to a new generation of
machines, coupling an intense and powerful heavy-ion accelerator and a precise recoil spec-
trometer (the FRS]6]). The installation of a cryogenic hydrogen target [7]] permitted to start
the campaign of measurement of spallation-residue cross sections. We could detect, identify
unambiguously and analyse several hundreds of isotopes before radioactive disintegration

* Lead contractor of HINDAS WP6: K.-H. Schmdit, GSI
" This report is available in the WEB: (http://www-wnt.gsi.de/kschmidt/publica.htm, Internal Reports)




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 effi-
ciency of the spectrometer coupled to the very short time-of-flight (about 300ns) contributes
strongly to the quality of our results.

In this paper, we report on the first systematic study of nuclide production in isotopic chains
from nitrogen (Z=7) to uranium (Z=92) , ﬁ In the second section, we present
some characteristics of the experimental set up and the analysis techniques. In the third and in
the forth part, we report on the obtained cross sections and kinematical properties of the stud-
ied nuclei, respectively. In the last section, we discuss the results and compare them to data
obtained previously with conventional techniques.

2. The experiment

The experimental set up has already been described extensively in other publications using
gold and lead projectiles [1] 2] 3,]4,]9]] 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 A GeV **U beam, produced by the synchrotron SIS of GSI interacted with a liquid
target of "H and *H, respectively. The products of the reaction are separated and analysed by
the recoil spectrometer FRS. The experimental apparatus is shown E&The two-stage
fragment separator allows a full identification in nuclear charge, Z, and mass number, 4, of
the fragment. Moreover, the recoil momentum is also provided. The reaction products suffer a
first magnetic selection; then, they are slowed down in a layer of matter situated at the inter-
mediate focal plane. In the case of the heaviest residues, this is a thick passive energy de-
grader; for the lighter residues it is a scintillation detector, only. A second magnetic selection
is finally applied. The time-of-flight is measured between both image planes thanks to two
plastic scintillation detectors. Moreover, two multiply sampling ionisation chambers (MUSIC)
give a couple of energy-loss signals. They are placed at the very end of the spectrometer.
Therefore, for each ion passing through we obtain two magnetic rigidities, a time-of-flight and
a couple of energy-loss measurements.
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Figure 1 : Schematic drawing of the fragment separator (FRS) with its most important components. The
primary beam of **U enters from the left.



2.1. The energy loss in the degrader

The nuclear-charge determination of the heaviest residues 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 . This is especially true for the heaviest ele-
ments (the actinides) for which the separafion 1s the most difficult. This high-resolution nu-
clear-charge determination could be obtained through a multi-fold measurement, as shown in
First of all, we remind that a thick energy degrader is placed at the intermediate im-
age plane (see 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 degrader. The difference of those two quantities is linked with the momen-
tum (and energy) loss within the degrader plate, following the relation:
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Figure 2 : Separation of nuclear charges around Z = 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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where (Bp), and (Bp), are the magnetic rigidities, p; and p, are the momenta, and ¢; and ¢
are the ionic charge states of the ion before and after the degrader, respectively. Assuming, for
the moment that the ions are fully stripped:

G =q=Z ()

the Bp difference provides an estimate of the energy loss within the degrader. 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 correlating, on one hand, both signals coming from the
ionisation chambers, and, on the other hand, the Bp-difference measurement presented in the
previous section. The signals provided by the ionisation chambers are combined in order to
get a single optimised quantity. A bi-dimensional plot illustrating the correlation between the
so-called “energy loss in the degrader” and the optimised energy loss in the MUSIC chambers
is shown in F

s obtained for a specific setting. This means a specific set-up of the various mag-
netic 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 several hundred settings was necessary for providing the whole set of data pre-
sented in this paper.

For the heaviest nuclei, the appearance of different ionic charge states represents a particular
difficulty. Three different regions can be observed o. They correspond to three dif-
ferent charge-state combinations. The central zone includes the fully stripped ions and the H-
like ones. What is important is that the ions, in this region are bare or H-like all along their
trajectory. That is, they do not change their charge state between the first and the second half
of the FRS.

Actually, the ions are fully bare after the collision most of the time at 1 GeV per nucleon.
However, the probability that a heavy ion like the projectile carries one electron is not negli-
gible (around 10%). When arriving at S2, the ions pass through a number of different layers
of matter, namely, the scintillation detector and, in part of the settings, the degrader plate.
Traversing those materials, the ions successively gain and lose electrons alternating between
bare and H-like status. In most cases, they leave the intermediate image plane bare (due to the
high kinetic energy). Finally the probability that the ion is hydrogen-like all along its trajec-
tory is rather low, even for the heaviest fragments, compared to the most probable situation
(bare over the whole flight-path). The contamination of the central zone ondue to the
ions carrying one electron in both sections is estimated to be at most in the order of 1 to 2%
depending on the nuclear charge of the ion (the higher is the charge the higher is the contami-
nation). 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 1 elec-
tron in the first (region [1,0]) or second (region [0,1]) section of the FRS, being bare in the
other part of the spectrometer. Only the central region in Figure 2 |s being analysed for getting
the cross sections. Neglecting the contamination due to ions which carry one electron in both
sections, we ensure that all ions are fully stripped gating on the central region. Therefore, the
following condition is valid:

G1=q2=2Z (3)

Every 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 nuclear charges traversing the spectrometer. Thus, each spot corresponds to a specific
nuclear charge. The charge separation is seen to be rather good. Projecting the central window
on an inclined axis, we obtain a curve whose peak-to-valley ratio varies between 10 and 20



(the latter value for the heaviest elements). 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 window,
the mass spectrum is obtained thanks to the Bp and velocity measurements in the second sec-
tion of the FRS according to the following expression:

A= Z-e(Bp), 4)

my-c- .7,
where /3 and p are the reduced velocity and Lorentz parameter in the second half of the spec-
trometer. They are deduced from the ToF measurement. Z is the nuclear charge and e, my and
c are the charge of the electron, the mass unit, and the velocity of light, respectively. The fol-
lowing two-dimensional plot (F{gure 3)] of the mass versus the position at the intermediate
image plane illustrates the high mass resolution. This precise mass measurement is achieved
from a high-quality ToF resolution (130 ps) and a long flight path. The consecutive mass
resolution is

A/A4=300 (FWHM) (5)

Mhows that many isotopes are cut at the intermediate image plane due to the limited
Bp acceptance of the spectrometer. Therefore, a number of 70 settings was necessary for cov-
ering the whole range in magnetic rigidity of the heavy spallation-evaporation residues. The
broadening of the horizontal distribution at S2 reflects the extension of the velocity distribu-
tion mainly due to the nuclear reaction.
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Figure 3 : Two-dimensional cluster plot of the horizontal position at the central image plane (S2) versus
the A/Q value, normalized to the one of the centred nucleus. The data are recorded in the reaction of 1 4
GeV *U in the hydrogen target in one specific setting of the fragment separator. The contour line indi-
cates the centred nucleus, "”’Pb. The colour code gives the counts per channel.

The lighter nuclei, which are produced in spallation-fission rections, are characterised by very
broad velocity distributions. Therefore, a large number of setting had to be combined in order
to reconstruct their complete velocity distributions. This is illustrated by the two-dimensional



representation for the iron isotopes shown in In contrast to the heavier nuclei, the
data of the different settings for Z < 30 did not overlap due to lack of beam time. Neverthe-
less, the data give a rather complete impression on the characteristics of the velocity distribu-
tions of the reaction products. The most important production at about +1.4 cm/ns and —1.8
cm/ns result from fission in the hydrogen target. Production at velocities close to the beam
result from reactions in the titanium windows of the target container.

The production rates could be obtained for about 350 spallation-evaporation residues ranging
from uranium to tungsten, giving a total number of 1206 individual values, including the fis-
sion residues, in the proton-induced reaction. In the deuteron-induced reaction a total number
of 1303 individual production rates were determined. 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. During the ex-
periment, the number of incoming projectiles is recorded by a beam monitor, a secondary
electron chamber []'S_ﬂ The thickness of the H, liquid target has been determined experimen-
tally previously [ The contribution, to the production rate, due to the windows of the tar-
get 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 ref. [
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Figure 4 : Two-dimensional cluster plot of the velocity distributions of iron isotopes produced by 1 4 GeV
23 in the hydrogen target. The velocity is given in the frame of the beam. The colour code gives the num-
ber of counts per channel. The data recorded in one setting of the fragment separator are marked by the
dashed contour line. Although the data of the different settings do not overlap, the data give a complete
impression on the velocity patterns of the different isotopes. One setting of the regular pattern is missing,
because it was too close to the magnetic rigidity of the primary beam.

Actually, the region around Z = 60 to Z = 70 is only slightly populated, being situated in the
low-mass tails of the spallation-evaporation and in the high-mass tails of the spallation-fission
regions. In this region, we could not disentangle the fission fragment from the evaporation
residues, and we noticed that both were present in this charge region. Therefore, we chose not
to produce this part of the data and restrict ourselves to the nuclei identified as pure evapora-
tion residues or fission residues, respectively. The gap between spallation-evaporation and



spallation-fission residues is different for the two systems since spallation-evaporation resi-
dues extend to lower masses for the deuteron-induced reaction.

Finally, we are able to give a total of 2509 individual production cross sections for the two
systems studied. For each of these nuclei, we also measured the recoil velocity distribution.

3. Results
3.1 Measured cross sections

shows the measured isotopic cross sections for all elements ranging from fluorine
(Z=9) to uranium (Z=92). They vary from about 10 ub to 100 mb. The fluctuations within the
isotopic distributions are rather low, illustrating the high quality of the data. However a few
dips can be observed for elements from thorium to astatine in the Z**U+'H system (see
E. Actually, the very short time of flight of the ions (150 ns eigen-time) authorises the meas-
urement of the production cross sections for most of the isotopes, namely when the radioac-
tive-decay period is much longer than the time-of-flight of the ions. Several isotopes charac-
terized by a number of 128 neutrons (position of the dips) decay by o emission toward the
126-neutron shell. 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 analysed and identi-
fied. Moreover, when the decay occurs at the very beginning of the flight path, the ion is
’seen” as the daughter nucleus. This effect causes the slight “hump” that can be observed for
2T As. The apparent over-production of this isotope is due to the very fast decay of the *'*Fr
(7590 ns to be compared to the ToF=150 ns eigentime). It is not simple to correct for this
effect since isomers are populated in this mass region. Moreover, the branching ratio and as-
sociated decay period are up to now unknown. A couple of isotones with a number of 129
neutrons are also concerned. Mainly *'*At suffers from the very fast decay. The very fast de-
cay of a few nuclei preventing from giving true cross sections 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.
For the system **U + ?H, a correction for losses due to in-flight decay has been applied.

We observed, for the first time, the isotope *>Ac, which corresponds to the 3-proton removal
channel. 150 events were unambiguously recorded. This points out again [[I'7] that the so-
called cold fragmentation is a favourable path for producing heavy exotic neutron-rich nuclei.

These nuclide cross sections are represented on a chart of the nuclides for the two systems
investigated on Md @&l

The data represent the cross sections obtained in a target of 87.3 mg/cm’ hydrogen and
208 mg/cm”® deuterium, respectively. While the contribution of the target-container windows
is subtracted, they are not corrected for secondary reactions inside the production target. To
perform this correction will be a major task, because it requires a very accurate reproduction
of all nuclide reaction cross sections starting from each of the reaction products with a fast
nuclear-reaction code. The strong fission competition complicates this task considerably,
compared to the corresponding procedure applied to the ***Pb + '*H systems [. This code
is actually being developed. The data on the spallation of gold and lead measured previously
give the necessary constraints for the development of this code. This correction is expected to
influence the lower mass range of the spallation-evaporation residues and the most neutron-



deficient isotopes of the spallation-fission residues. It is expected to be similar to the correc-
tion applied to the lead systems, see refs. [4] 5]
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Thanks to the measurement of the full isotopic chains, we are able to produce sensible iso-
baric cross sections, this means, cross sections summed up over the full isobaric chains. The
associated plot is reproduced in hich includes two other distributions. Thus, we
show, on the same graph, the isobaric cross sections obtained by the same collaboration, fol-
lowing a similar procedure, with gold projectiles (**’Au) at 800 MeV per nucleon [1]jand lead
(*®Pb) at 1 GeV per nucleon [4] The isobaric cross section is figured as a function of the
mass loss.
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Figure 8 : Isobaric cross sections as a function of mass loss for three reactions. The full symbols mark the
system 2*U + '"H and the diamonds mark the system **U + ’H at 1 4 GeV, studied in this work, the crosses
result from the reaction "’Au + 'H at 800 4 MeV [1]] the open circles represent the system **Pb + 'H at 1
A GeV [@l and the triangles represent the system 2%ph +’H at 1 4 GeV [S]l

As far as low-fissility nuclei are concerned (gold and lead), the trends are very much similar.
The main difference 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 term of projectile energy. Within the frame of a two-stage model, 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 fastest projectile leads to the highest excitation
energy (as far as the so-called limiting-fragmentation regime is not reached) inducing the
longest evaporation chain and producing the lightest evaporation residues. The height of both
distributions (spallation of gold and lead) is similar for the heaviest residues.

Concerning the spallation of uranium, the shape and the height of the isobaric distributions are
pretty much different. As far as U+'H data is concerned, we notice a slight dip for mass losses
close to 22. This depression is due to the very fast alpha decay of N = 128 isotones toward the
126-neutron shell earlier described in the paper. The affected data may be evaluated using the
isotopic chains which are accurately measured. That evaluation was done for U+ ’H data, and
we can see that the dip is not longer present. Moreover, below a loss of 60 mass units, the
cross sections are notably lower in the uranium case than obtained for the two other experi-
ments. The effect is stronger for the heaviest fragments. The explanation lies in the strong
depletion effect of the fission process for actinide nuclei. During the evaporation phase, the
fission probability is much higher for actinides than for rare-earth nuclei, which are involved
in the spallation of gold or lead. Thus, in the case of uranium, the production of evaporation
residues is paradoxically very much influenced by the fission mechanism. This observation is
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confirmed by comparing the isotopic cross section for production of isotopes of the projectile
element in the uranium, lead, and gold experiments. The cross sections are plotted in[Figure 9]
as a function of the neutron loss for all three experiments. The distributions appear very dif-
ferent. As the cross sections are similar for the one-neutron removal channel, 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 produc-
tion 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 much affected by the
fission mechanism, the neutron-deficient region is strongly depopulated. Close to the projec-
tile, the length of the isotopic chains is notably shorter in the uranium case than in the other
ones. An interesting observation is that in the same experiment we produce low and highly
excited very fissile pre-fragments. Therefore, these data contain relevant information about
the competition between fission and evaporation in a wide range of fissility and excitation.
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Figure 9 : Isotopic cross section for production of projectile isotopes in the uranium, lead, and gold ex-
periments. Symbols are the same as in figure 8. The cross sections are plotted as a function of the neutron
number relative to the projectile.

In Figure 9 we also compare the uranium productions from proton- and deuteron-induced re-
actions on °*U: they are about the same. This is the case for most of the isotopes of elements
close to the projectile. That can be understood considering that those isotopes come from the
most peripheral, thus less energetic, collisions. Due to the wide spatial distribution of the deu-
teron, many collisions would imply the impact of a single nucleon: proton and deuteron reac-
tions would produce the same result. Additionally, no differences between proton and neutron
collisions were found.

Coming back to the isobaric cross sections shown in the first qualitative observation
is that the distributions associated to the lead and uranium experiments join for mass losses
close to 60. The depletion effect observed on the cross section for the heaviest nuclei seems to
vanish for the lightest evaporation residues. In 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. According to calculations with intra-nuclear cascade codes, the mass and
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nuclear charge of this nucleus is close to the one of the projectile (only 5 to 10 nucleons could
be removed). Therefore, the light evaporation residues (for instance with a mass loss equal to
60 compared to the projectile) are consecutive to a very long evaporation chain starting in the
actinide region. The fact that the light evaporation residues are not depopulated in the uranium
case compared to the lead one indicates that the fission probability along the extensive de-
excitation path is rather low. Regarding Fij his rather astonishes considering that this
path crosses the actinide and pre-actinide regions, where the fission barriers are low. The ex-
planation lies in the inhibition of the fission process for very highly excited nuclei. Indeed, the
nuclear fission is a dynamical process, which needs time. In a macroscopic picture of the nu-
cleus, Grangé and Weidenmﬁller], following the pioneering work of Kramers , treated
the fission as a diffusive process over a potential barrier. Considering this approach, the fis-
sion process needs the coupling between intrinsic and collective excitation in order to pro-
ceed. This coupling is the viscosity. They treated the problem solving the Fokker-Planck
equation numerically. At this time, the lack of experimental data did not allow to fix a value
for the coupling parameter, the dissipation coefficient that is related to the viscosity of nuclear
matter. Recent efforts have been performed for determining this constant. The present data
will contribute to this aim.

Thus, we noticed that the fission seems to be inhibited for highly excited nuclei (more than a
couple of hundreds MeV of excitation energy). In such a case, the typical de-excitation times
are rather short, always much shorter than the time needed for equilibrating the fission-degree
of freedom. Consequently, the fission channel is not open for highly excited actinides. When
the nucleus cools down, emitting nucleons and light charged particles, the typical emission
time increases, allowing the fission process to occur. However, the fission barriers become
also higher in the pre-actinide region reducing the fission widths.

The isotopic distributions of the cross sections in the fission region for the system 2*U + 'H
shown on re characterized by a wide Gaussian shape, modified by a shoulder on the
n-rich side for elements Z = 50 to 58. This component reflects the high fission probability at
low excitation energies of ***U and its neighbours, giving the most neutron-rich isotopes.
Governed by the asymmetric fission mode, this contribution disappears for symmetric break-
up of uranium, around Z = 46, where an almost perfect Gaussian shape is observed in the case
of rhodium, palladium and silver. This contribution is seen in the Z distribution (F as
well, with enhanced values compared to a Gaussian shape for Z between 50 to 58. The mean
value of the fission-fragment nuclear-charge distribution is 44.1 and its variance is 6.6 charge
units. Other characteristic features of the spallation-fission distributions are the mean N-over-
Z ratio and the width of the isotopic distributions, also shown in F{gure T0.]
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Figure 10 : Measured fission-fragment element distribution (upper part), mean neutron-to-proton ratio
(central part) and width of the isotopic distributions (lower part).

Measured fission cross sections extend far down to values as low as 0.01 mb on the neutron-
rich side, since there is no contribution from secondary reactions in this region. At the other
end, in the region of n-deficient fragments a contribution of secondary products prevents to
reach such a sensitivity.

At the present stage of the data analysis, the spallation-evaporation cross section for >**U + 'H
at 1 4 GeV amounts to about 460 mb, while the fission cross section is found to be about
1.3 b, which agrees with the most recent data evaluatioanP]. The spallation-evaporation
cross section for 22%U + *H at 1 4 GeV amounts to about 825 mb, 705 mb measured for Z > 65
and 120 mb estimated below this limit, while the fissio ectiqn i d to be about
1.2 b between Z = 23 and Z = 60. As can be seen in Fmd he spallation-
evaporation residues produced in the deuteron-induced reaction reach to lower masses, which
are less fissile than the heavier ones produced in the proton-induced reaction. Therefore, the
fission cross section slightly decreases in the deuteron-induced reaction compared to the pro-
ton-induced reaction, while the expected increase of the total reaction cross section is found in
the spallation-evaporation residues. Summing up the different components, the measured total

reaction cross sections are somewhat lower than calculated with Glauber-type calculations
[A1T]which yield 1.96 b for **U + 'H and 2.51 b for **U + H.
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3.2 Velocity distribution

The experimental set up allows determining the recoil-velocity properties of the produced
nuclei. In this section, we present the results for the system ***U + 'H. The values for the sys-
tem ***U + *H turned out to be rather similar.

For the spallation-evaporation residues, the 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 ions. We accounted for the slowing down in the target
area, assuming that the nuclear reaction occurred in the middle of the target on the average.

We plotted in Fijgure 11 fhe mean velocity normalised following the prescriptions of Morris-
sey [@ Thus, we introduce p’j, which is the longitudinal recoil momentum, normalized in
the following way:

p= v My* (By (1)) (6)

Here, VH* is the velocity of the fragment in the frame of the projectile, and Mp*, [ and yare the
mass and the relativistic parameters of the projectile in the laboratory frame, respectively.

This normalisation allows an inter-comparison of various measurements realised at different
projectile energies. The location straggling is also unfolded for estimating the standard devia-
tion of the velocity distribution. Note, however, that this contribution is negligible in the pre-
sent experiment. Filso includes the empirical systematics stated by Morrissey [2@,
which predicts a linear dependence between the reduced recoil momentum (p ) and the mass
loss (relative to the mass of the projectile). We observe that the systematics describes rea-
sonably well the measured data. However, there are two remarkable differences. Firstly, the
measured data are systematically lower over the whole mass range. Secondly, there is a de-
pendency on the neutron excess in the isotopic chains close to the projectile, which cannot be
seen since these values are averaged over the whole chain: The momentum width
decreases with increasing neutron excess. This variation is traced back to the variation of the
cm tion of evaporation to the mass loss as observed previously in slightly lighter systems
[

The width of the longitudinal recoil momentum acquired in the spallation-evaporation reac-
tion is shown in Again, the data are compared with the systematics of Morrissey,
and also with the predictions of the Goldhaber model [ While the systematics better repre-
sents the data for mass losses below AA = 20, the experimental values increase more strongly
for large mass losses and reach the prediction of the Goldhaber model for AA = 55. Also in
the width of the momentum distribution, isotopic variations are observed which are related to
the variation of the evaporation contribution to the mass loss [
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Figure 11 : Mean recoil momentum induced in the spallation of ***U by 1 GeV protons as a function of
mass loss. The data (symbols) are compared with the systematics of Morrissey [ Since the measure-
ment has been performed in inverse kinematics, the measured momenta are transformed into the frame of
the beam.
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Figure 12 : Standard deviation of the longitudinal momentum distribution of the spallation-evaporation
residues produced in the bombardment of 2**U with 1 GeV protons. The data (symbols) are compared
with the Goldhaber model [E (dashed line) and with the Morrissey systematics | full line). Since the
measurement has been performed in inverse kinematics, the measured momenta are transformed into the
frame of the beam.

The velocities of the lighter and the heavier fission fragments are reported in Higure T3]and
respectively. F'gﬁ_d_—spparately gives the velocities of the fission fragments
emitted in forward and backward direction and in addition the mean velocity of the fissioning
system. Obviously, the fissioning system has acquired a slightly negative momentum in the
preceding intra-nuclear cascade stage. The velocities acquired in the fission process corre-

spond to half the difference of the values given for the fragments emitted in forward and
backward directions. These fission velocities are shown in or the heavier group of
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the fission fragments. All fission velocities are consistent with the binary decay of a heavy
nuclear system between lead and uranium. The strong variation of the fission velocity with the
atomic number of the fission fragment is mostly given by momentum conservation.
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Figure 13 : Upper and lower symbols : Mean velocities of light fission products emitted in forward and
backward direction, formed after the spallation of ***U by 1 GeV protons. Central symbols: Mean velocity
of the fission products. Since the measurement has been performed in inverse kinematics, the velocities
are transformed into the frame of the beam.
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Figure 14 : Velocity of the fission fragments produced in the spallation-fission reaction of **U induced by
1 GeV protons as a function of the atomic number of the fission fragments. Since the measurement has
been performed in inverse kinematics, the velocities are transformed into the frame of the beam.

3.3. Comparison to other data

We could find very few results which can be compared to ours. Actually, three different ex-
periments matched to the present one for proton-induced spallation-evaporation reactions.
Lindner and Osborne [studied the evaporation-residue production after the spallation of
281 by 340 MeV protons, Pate and Poskanzer 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 experimentally irradiated the uranium
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target and applied chemical techniques followed by a spectroscopic analysis. Titarenko and
collaborators [ ..lso measured several evaporation residues produced by the same reac-
tion at 800 MeV. They used pure spectroscopic methods. In such cases, the experimental
technique authorises measuring independent yields of protected nuclei, this means, nuclei,
which are not produced by the decay of any potential mother isotopes.

MOmpares the various cross sections obtained by Lindner and Osborne [El by Pate
h

and Poskanzer [.nd by Titarenko and collaborators [27 @ to the present data.
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Figure 15 : Comparison of the spallation-evaporation cross sections determined in this work with previous
results obtained by gamma spectroscopic methods for 7232230229228y B4BLIBNRT615 Ty, - BS2ABR,
(upper part) and BIEIMDON822Tp, BI6NSIMA ¢ (lower part) from refs. [Zﬂ(trlangles), [ﬂ (diamonds),

and [Z'EFE(squares)

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 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. It seems that the older measurements suffer from
some normalisation problems for specific elements, while a large number of data is in very
good agreement with our results. Only the data of Titarenko et al. are all somewhat higher that
ours.

We have no explanation for the systematic discrepancy between our data and the ones of Ti-
tarenko and collaborators. However, we remark 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 normalisation was ensured since the sum of the measured evaporation resi-
dues and fission fragment production yielded the total inelastic cross section which has been
determined with high precision in previous experiments.
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For spallation-fission residues, the comparison with previous data is possible only in case of
alkaline fragments, which were investigated with on-line mass-separation techniques].
These data on complete isotopic distributions for two elements, rubidium and caesium are
compared with the new results of this work in Figure T6.In perfect agreement in case of ru-
bidium isotopes, our results show a discrepancy for the Cs isotopic distribution. We obtain
lower values for intermediate and low masses. This difference cannot be explained by secon-
dary reactions which are expected to depopulate mostly neutron-rich species.
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Figure 16 : Comparison of the spallatjon-fission cross sections of rubidium and caesium isotopes obtained
in this work with previous results [29].

Several nuclides have also been investigated extensively at ISOLDE, CERN. It was not the
aim of these experiments to measure the production cross sections, but in a few cases the
yields have systematically been determined for long isotopic chains . Since no informa-
tion on the reaction kinematics was available for the spallation reaction in a thick target, the
reaction process was not known. At that time, the production of light residues below elements
populated in low-energy fission (Z < 25) was attributed to a kind of “fragmentation”. We now
know by the measured velocities (see Fixgu_)_m_ﬁ,_ that these nuclei are produced by fission.

In e compare the production cross sections of potassium isotopes with the yields
obtained at ISOLDE. Although this comparison cannot be made on an absolute scale, the two
curves seem to join nicely. The slight shift in the maximum might be caused by the different
beam energies of the two measurements and by secondary production in the ISOLDE target.
For the higher beam energy used in our experiment, the excitation energy and hence the neu-
tron evaporation is increased, leading to enhanced production of neutron-deficient isotopes.
The systematics of the cross sections ( nd the velocity distributions (Fof
our experiment reveals that light nuclei down to oxygen are produced in the spallation of -~ U
by 1 GeV protons as a tail of the fission distribution. The lightest products, however, appear
in a transition region between fission and evaporation, which are anyhow to be considered as
a common process of binary decay with gradually varying properties.

4. Conclusion
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A total number of 2509 individual nuclide production cross sections and velocity distributions
in the reactions of 1 4 GeV ***U with hydrogen and deuterium have been studied, covering
most elements between nitrogen and uranium. The reaction products were fully identified in
atomic number Z and mass number 4 using the magnetic spectrometer FRS. Moreover, the
velocity distribution of each individual nucleus was measured.

The data, production cross sections and kinetic energies, are of highest interest for the design
of accelerator-driven systems. Using the measured production cross sections, combined with
the known decay properties, the short- and long-term radioactivities in irradiated fissile mate-
rial can be calculated. The systems investigated provide stringent constraints to nuclear-
reaction codes, in particular to the modelling of the fission competition and the nuclide pro-
duction in fission. The new data will help to develop improved models with better predictive
power for spallation reactions involving highly fissile nuclei.
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Figure 17 : Comparison of the spallation-fission cross sections of potassium isotopes determined in thj
work (left scale) with yields obtained at ISOLDE in the spallation of uranium with 600 MeV protons [3
(right scale).

The data are also highly relevant for the design of next-generation radioactive-beam facilities,
since they give a first systematic overview on the characteristics of the production of radioac-
tive nuclear beams in spallation reactions. These data are of particular interest for the planning
of ISOL-type facilities, where the production of rare isotopes is based on spallation reactions.

Mass distributions of spallation-evaporation residue of the present work were compared with
results of similar experiments on '*’Au (0.8 4 GeV) and ***Pb (1 4 GeV) on hydrogen. The
comparison reveals the strong influence of the fission competition in the uranium system.

The comparison of our results with the scares existing data demonstrates the important pro-
gress brought about by the inverse-kinematic technique which allows to measure and uniquely
identify essentially all residues prior to their radioactive decay down to half-lives in the range
of microseconds.
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