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Abstract

Fission fragments from A GeV 238y projectiles irradiating a hydrogen target were investigated
by using the fragment separator FRS for magnetic selection of reaction products including ray-
tracing andA E—ToF techniques. The momentum spectra of 733 identified fragments were analysed
to provide isotopic production cross sections, fission-fragment velocities and recoil momenta of the
fissioning parent nuclei. Besides their general relevance, these quantities are also demanded for
applications. Calculations and simulations with codes commonly used and recently developed or
improved are compared to the data.
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separation by high resolution magnetic spectrometer; Identificatighand A by ToF and energy-loss
measurements; Relevance for accelerator-driven subcritical reactors and for production of radioactive beams

1. Introduction

Fission of heavy nuclei excited at high collision energies has been investigated for the
last decades. Produced by fragmentation or proton collision, the excited nuclei release
their energy by emitting neutrons and charged particles, and eventually by fission. At low
excitation energy, close to the fission barrier the probability of fission for nuclei around U
stays constant or decreases at increasing excitation energy (first chance fission). Increasing
further the excitation energy, two opposite tendencies are observed. High excitation energy
and emission of charged particles reduce the probability of fission. On the other hand,
neutron emission produces more and more fissile nuclei, enhancing fission. For the highest
excitation energies, lighter elements which are less fissile, are created and finally fission
vanishes. The competition between the various decay channels provides keys to understand
the structure of hot nuclei, level densities, dissipation and disappearance of shell effects
with excitation energy.

One of the first experimental approaches to the question of competition of the different
decay-channels was opened with radiochemical and off-line mass separator techniques.
Friedlander et al. [1] studied isotopic production of the alkaline elements rubidium and
cesium in p+ U and p+ W reactions at various energies. This pioneering work already
characterises the evolution of the symmetric breaking of the excited fragmentation residues
as afunction of the incident energy. A decade later, similar measurements on alkalines were
undertaken using on-line mass separators [2,3] which we will use as a basis for comparison
in the following. Meanwhile many results evaluated in Ref. [4] were obtained to complete
these first studies.

The energy dependence of the reactions already studied in Ref. [1] must be known and
controlled for all applications. Until now this aspect has been explored by radiochemistry
andy-spectroscopy. The systemsHPb [5] and p+ Bi [6] were extensively investigated
by using off-liney -spectrometry in a wide range of energies.

Why do we start new studies on this question? The new experimental equipment
operating at GSI offers an efficient way to separate isotopes in inverse kinematics at
relativistic energies. A X GeV U-beam is delivered at the heavy-ion synchrotron (SIS),
and in-flight separation techniques become applicable to all the energetic U residues.
The inverse kinematics at relativistic energies provides fully ionised forward-focussed
fragments which are separated by using the FRagment Separator (FRS) and identified
by energy lossA E) and time-of-flight (ToF) measurements. Each of the isotopic cross-
sections can be determined, and the kinematics of every residue can also be reconstructed.
Based only on physical properties of the ions, the method does not depend on chemistry.
As beta-decay half-lives are much longer than the 0.3 us separation time, primary residues
are observed.

One of the important findings of the combination of the relativistic U beam at SIS
with the FRS separation techniques was the identification and yield measurement of 117
new neutron-rich nuclei down to the sub-nanobarn level, among which the doubly-magic
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nucleus’®Ni [7,8]. The efficiency, selectivity and high sensitivity of the method was
clearly demonstrated. It triggered new efforts to produce beams of exotic nuclei by in-
flight techniques.

Apart from the scientific interest of proton induced spallation reactions, applications
were soon looked upon. For the purpose of Accelerator Driven Systems (ADS), for energy
production and transmutation of nuclear waste [9], a great number of data sets were
missing. Spallation targets for neutron-sources require extensive data in the same domain.
Patents were approved in Germany and France [10]. Thus a campaign of systematic
measurements was undertaken to obtain isotopic production cross-sections for a number
of systems with an accuracy of about 10% and an improved understanding of reaction
mechanisms in order to interpolate to other systems and energies balGe¥.

For this purpose, at 800MeV Au + p [11-13], Pb+ p at 14 GeV [14,15] and at
0.5A GeV, Pb+d at 14 GeV [16] and spallation from A GeV U+ p [17] and 1A GeV
U + d [18] were already studied and published. The missing part is still under analysis.
Spallation of Fe on p and d was measured between 0.3 &1l GeV. Very recently, the
systems Xet p and Xe+ d were measured between 0.2 and GeV to conclude this
experimental program.

In this article we report on th@J 4 p)-fission products measured at IGeV. The system
plays the role of a prototype for high-energy nucleon-induced fission of an actinide. At high
energies, data on fission 81U induced by protons can be used as a benchmark for other
actinide nuclei present in incineration situations.

The results on fission-residues in spallation of GeV 338U on protons together with
our results on evaporation-residues [17] bring a comprehensive overview on this system.
Earlier results on U-projectile fission were obtained on Pb [19—-22] and on Be [23] targets.
Altogether they should lead to a coherent reconstruction of the intermediate systems after
the primary cascade and nucleon evaporation preceding fission. The reproduction of the
data with standard codes, the intra-nuclear cascade-evaporation model LAHET [24] is
far from being satisfactory. Improvements of codes have been published [25-28], and are
applied here.

Finally, the new data on isotopic yield measurement$18y and2°8Pb together with
present and coming data on their energy dependence should provide a reference in order to
control nuclide production in the forthcoming applications of proton-induced spallation.

2. Experiment
2.1. Experimental set-up

Uranium ions delivered by the Penning source are accelerated in the UNILAC and post-
accelerated in the SIS of GSI-Darmstadt. The beam energy 6#&é%t ions on target is
1A GeV and their velocity8p = 0.876. The average time structure is a pulse of 7 s every
13 s. The beam intensity delivered is®16 10° ions/pulse. It is controlled and monitored
prior to the target by means of a secondary electron chamber, called SEETRAM [29].

A plastic target could not be chosen, since the production yields from C prevail upon
the H yields in the mass region intermediate between fragmentation and fission. The
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Fig. 1. Schematic view of the fragment separator with the detector equipment.

uncertainties in the sharing between C and H in a plastic-target would not be consistent
with our accuracy requirements.

The liquid hydrogen target used in the present experiment consist %10.03) cm
thick circular cell closed by two thin parallel titanium windows. The cell is located at
the bottom of an helium cryostat. Surrounding the cell, thin aluminised mylar reflectors
and external titanium windows ensure thermal and vacuum insulation [30]. The hydrogen
thickness of (82 + 2.2) mg/cm? [11] is chosen to obtain a 10% reaction probability. The
target location straggling contributes to the momentum spread of the fission fragments
by less than 10%. The Ti target walls have a total thickness of (36.3¢mrg Their
contribution to the counting rates remains below 10%. It has been measured systematically
using a “dummy” target of the same composition as the empty target cell.

2.2. Separation and identification ih and Z

At energies close to A GeV, fission fragments are observed ufZte- 72 and they are
nearly totally stripped. In the worst caseat= 72, less than 15% of the ions still carry
electrons [31]. They are momentum analysed with the fragment separator FRS, a double-
stage achromatic spectrometer with an intermediate dispersive image plane S2 and a final
image plane S4 [32]. A schematic view of the FRS and detectors is shown in Fig. 1.

In S4 the separated fragments are identified iby their energy losses measured in a
four-stage ionization chamber, MUSIC [33]. The mass nunabefthe analysed fragments
is determined from a measurement of velocity and magnetic rigidity between S2 and S4.
The measurement is performed by two position sensitive plastic scintillators [34]. The
times and positions in S2 and S4 have to be known accurately in order to correlate the
time of flight with the precise length of the flight-path. Fission fragments fill the full phase
space defined by the acceptance of the FRS. The presence of the 5 mm thick scintillator
in S2 slightly alters the achromaticity of the FRS. Nevertheless, 36 elements/feora8
to 64 are simultaneously transmitted to S4. Signals from the S4 scintillator trigger the
data-acquisition system. Mass and charge numbers are calibrated by comparison to the
parameters of the primary uranium beam and by using the known structure of fission yields
in the asymmetric fission domain.
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2.3. Constitution of the momentum spectra

The momentum acceptance of the FRS is 3%. Applying the basic relation

e
with Z and A numbers determined, a 3% fraction of hg spectrum is obtained for each
measurement. The total spectrum of transmitted fission fragments covers a range of 7%
to 20% of the reduced momentum of the projecifigyo. The measurements consist of a
2% step-by-step scanning of the FRS magnetic fields tuned on cadt@iuai8). After
normalisation to the incoming dose given by the SEETRAM, and dead-time corrections,
completegy distributions are reconstructed by assembling about 10 files of overlapping
Bp settings to produce 8y spectrum for each of the isotopes:

dn(By)  ni(By) @)
dBy) Ni(1-T)’
wheren; (By) is theith bin of the8y spectrum/[T; is the dead time fraction and;Xhe
number of incident ions for this measurement. All in ak 4.0° events were accumulated.

Fragments are spread over 20 cm in the image plane at S2 covered by the first position-
sensitive scintillator. For an identified isotope the distribution in S2 depends only upon
By, and the accuracy on S2 position governs the accuracy of the magnetic rigidity. In
the present case, a precision in position of 2.5 mm (FWHM) leads to a resolving power
of By /ABy = 2600, given the dispersion in momentum of the first stage of the FRS by
percent,D = 6.5 cm/%. In this experiment the response of the scintillator was slightly
non-linear, and a routine was systematically used in the analysis software to correct for
this [11].

The FRS magnetic fields tuned ah= 48 guide this element to the center of S4 and
display on both sides the neighbouring elements, gradually apart from the center of S4. The
36 elements are transmitted together to the final focus S4, and momentum distributions of
the produced isotopes are simultaneously measured in one serigs sdtthgs of the
FRS. TheBy spectra can be converted to the projectile frame and are presentedrns cm
as velocity spectra in the system of the projectile. This coordinate system is appropriate
for comparison with previous results concerning fission from target nuclei. Moreover,
at high excitation energy, fission fragments are emitted isotropically in the fissioning
system [19,35]. This allows for analytical formulations to be used in the analysis of the
By distributions.

Bp

2.4. Description of the velocity spectra

The reconstructed velocity spectra are the corner stones of our analysis. An example of
the velocity spectrum is shown in Fig. 2(b). Two narrow asymmetric peaks are observed
roughly equidistant from velocity zero, i.e., the projectile velocity. Velocities are defined
in reference to the beam direction i.e., forwardly and backwardly emitted fragments have
positive and negative velocities, respectively. The velocities of the fission fragments arise
from their Coulomb repulsion at scission. Velocity vectors of a specific isotope populate
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Fig. 2. (a) Schematic view of the experimental parameters shaping the measured velocity spectrum in the frame
of the fissioning systemV is the fission-fragment velocity; is the angular acceptance of the FRS, apdts
variance.¢B-F are the corresponding emission angles of fission fragments in the fissioning system in forward
and backward directions, respectively. (b) Velocity spectrurt?8Te in the frame of the fissioning system. The
velocity V = O refers to the projectile fram&appis the apparent fission velocity defined in the text.

a thin spherical shell in the fissioning system, which may be slightly shifted compared to
the projectile system by the primary reaction recoil. The sphere is pictured in Fig. 2(a)
by a circle, the cut of the sphere by a plane which contains the beam. Only forward
and backward cups of the sphere, defined by the angular acceptance of the BRS
transmitted, and the longitudinal projections of their velocity distributions are shaping the
two peaks (Fig. 2(b)).

For selected elements the velocity spectra of all isotopes are presented on scatter-plots
in Fig. 3. Rates are given in terms of velocities and of neutron numivbdrhey all show
strongly populated areas along two parallel lines associated to backward and forward
emitted fission fragments. The lines, almost symmetric in respect to the @xs(,

i.e., projectile frame), show a fission fragment velocity decreasing with increasing atomic
numberZ of the fragment, a trend due to momentum conservation in fission. The parallel
lines contrast with U+ Pb scatter-plots [22] where (1) neutron-rich nuclei are strongly

enhanced for zirconium and tellurium due to electromagnetic fission and (2) fragmentation
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Fig. 3. Cluster plots of number of events measured on target in terms of velocity versus neutron number. The
fission velocity coordinate is given in the center of mass of the projectile. The intensity scale is logarithmic with
a factor of 2 between adjacent colours.

residues sit in between the forward and backward regions for neutron-deficient isotopes. In
spite of the absence of evaporation residues, at decreasing masses of the lighter elements,
events with small velocities are found. Besides the small contribution of fragmentation
residues produced in target windows, this is a first indication for the contribution of
secondary reactions which will be discussed in the following section.

Data taken on the “dummy” target show the same pattern as in Fig. 3 with a
contribution of fragmentation. Yields are defined by the integrated velocity spectra.
Isotopic distributions of yields in the “dummy” and in the target are compared in Fig. 4.
As intended, the yields in the “dummy” are only a few percent of the yields in the target,
except in the neutron-deficient region where they reach larger values, but less than 20%.
Asymmetric fission, leading to neutron rich isotopes, is also clearly enhanced for titanium
relatively to hydrogen. The hydrogen contribution is obtained by subtracting the yields on
the “dummy” from the target yields. Uncertainties are estimated from the fluctuations of
the intensity ratio of the two peaks, as will be discussed later. The error bars on yields
measured for the “dummy” are negligible when reported to yields on hydrogen.

Evaluating velocities, thggy distributions on target and “dummy” are found to be
very similar for a given isotope, and the yield of the “dummy” is on a few percent level.
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Fig. 4. Comparison of transmitted yields [arb. units] of isotopes on hydrogen (squares) and “dummy” (circles)
targets as a function of their neutron number for selected elements.

Therefore, the contribution of the titanium windows could be ignored in the evaluation of
fission-fragment velocities in Y- p.

2.5. Fission velocity and transmission

The geometrical aperture of the spectrometer seen from the target defines a solid angle
2 simply related to the angular acceptamcassuming axial symmetry. is the limiting
value for the emission angkg of transmitted fission fragments in the laboratory system.
¢ corresponds to angles and¢®B in the fissioning system with F and B set for forward
and backward, respectively, see Fig. 2(a). The angular transmiggias defined as the
ratio of the yield measured for a given fission fragment to the total production yield for this
fragment.

The determination of; is a key to obtain the cross-sections. It depends upon fission
fragment velocities and it must be evaluated for each fragnfentis a function of the
three variable&, Bo representing the beam agd the fission process withy = B¢, the
fission velocity, i.e., the radius of the sphere shown in Fig. 2(a). As shown in Appendix
A, for a bundle of particles with an angular divergengestarting from a point-like
source and entering the FRS on its principal trajectory, the transmiggjocan be
calculated rigourously, without any approximation, when setting the variances to zero. In
the fissioning systent, is obtained by integrating the surface elements of the spherical
velocity shell within the two solid angles, and we obtain [22]:
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In Fig. 2(b) the velocity distribution of transmittéd®Te is given as an example. Three
guantities are evaluated from these distributions:

To=Tg+TH=1-

(1) The spectruma(8y)/d(8y) integrated over the whole range 8§, evaluated for
each of the isotopes gives the measured yields.

(2) A shift of the mean velocity of forward and backward emitted fission fragments,
compared to the projectile velocity = 0) gives the velocity of the fissioning parent
nucleus, the recoil velocity.

(3) The centroid of each of the two peaks defines a mean fission-fragment velocity,
the apparent velocitwg,’)% = Vapp/c different for forward and backward emitted
fragments. We define the mean value of the two apparent velocities,

1B5d + 182,
ﬂapp:w' (4)

The two peaks are shaped by the variances of the three varialigsandg ¢, as will be

shown later by a Monte-Carlo simulation. With all variances set to zero—Fig. 5(a)—the
peaks become rectangles, as the phase-space density of a spherical homogeneously filled
shell per interval g, with g the longitudinal velocity, is constant. The projection of the
spherical shell on the beam axis is a rectangle. In this case the apparent velocity of forward
and backward emitted fission fragments (see Fig. 2) is given by

Bs — BycosphB _, 1+cosp™®

FB_ 5.
,Bapp =Br— 2 Br 2 )
and the mean value follows:
Br cospF + cosp®
Papp= ?f(u ———). (5)

With Eqg. (3) defining the transmission, we obtain the fission velocity dependirfgpn
andTg,

_ 2/3app
br=o"r, (6)

from which the limiting cases are deducgg = Bapp for T = 0, and By = 2Bapp for
To =1.

In Appendix A we show that witlps = (¢ + ¢B)/2 the fission fragment velocitg
and the transmissiofi, are given in very good approximation by

Bt = Bapp[ 1+ (tangs /2)?] @)
and
2

To=—
= 1 ¥ [cotgs/2)2

(8)

with
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Biim
2Bapp
Biim is defined byx and the velocity of the fissioning parent nuclgiapproximated by

Bo:
Bim = ay/¥? — 1~ afoyo. (10)

Egs. (7) and (8) demonstrate the central importance of the Sg#p2Sapp
Summarising the procedure:

tan(ps/2) = 9)

o From the gy distribution, the mean apparent velocifpp = (BEop + Bap)/2 is
evaluated for each isotope.

e T andB; are simple functions of the mean opening angie= (¢" + ¢B)/2.

e Biim is related to the acceptance angleof the spectrometer and to the projectile
velocity Bo.

2.6. Simulation of the angular cut of the FRS

In order to include the variances on the FRS angular acceptance and the kinematics of
fissioning nuclei, we have simulated the physical cut in phase space due to the angular
acceptance of the FRS. The purpose is to relgt@and the transmission to the measured
Vapp

The Monte-Carlo calculation is based on the following assumptions:

(1) In the system of the fissioning parent nucleus, approximated by the system of the
projectile nucleus, fission fragments are isotropically emitted with a given veldgity

(2) The spherical shell of velocity vectors is converted to the laboratory system moving
relativistically with a velocitys. Fragments emitted within the FRS acceptance angle
« are transmitted. At this stage we obtain a transmission value and the momentum
spectrum in the laboratory system.

(3) This spectrum is reconverted into the projectile system.

(4) Variances of velocities and of the acceptance angle are further parameters which are
included.

The simulation enlightens the effects of the experimental constraints on the measurement.
On Fig. 5(a) the forward and backward rectangles correspond to the share of transmitted
fission-fragments witls, = 0. A filled rectangle would be obtained f@r smaller than

aBfy and T, would then reach 100%. The second curve in the same frame results from
the introduction of a variance of the acceptance amgle= 2.5 mr derived from the
known geometry of the FRS [36,37]. It shows that the filling of the spectra at intermediate
velocities comes mainly from the large variance of the FRS acceptance angle.

Fig. 2(b) versus Fig. 2(a) shows that the external slopes depend only on the fluctuations
of the reduced momenta of the fission fragments and/or of the fissioning nuclei. Several
sources contribute to these fluctuations. Besides the negligible target location straggling,
mainly recoil momenta of the fissioning nuclei and fission fragment velocities lead to a
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the fissioning nucleus. Fission-velocities are different in (a) and (b) in order to better illustrate the contributions
of both variances.
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Fig. 6. Examples of simulation withy = 2.5 mr,og, =7 x 10-3 compared with the measured spectralf%ﬁTe
and147sm.

broadening of the peaks as illustrated on Fig. 5(b). The relative contributions of these
sources are quantified in the discussion, see Section 4.8.
With o, = 7 x 1072 the external slopes are almost vertical and the valu¥ o0&
1.2 cm/ns introduced in the simulation can be extracted from the distance between the
external sides at half maximum. On the contraryy4f, becomes larger than the width
of the rectangles of Fig. 5(a), this half-maximum rule is no longer valid, as seen for
op, = 14 x 1073, A value ofog, = 7 x 1073 is selected as an “empirical broadening”
to optimize the simulation. The result is illustrated in both examples of Fig. 6(a) and 6(b).
The relation betweeWappand V; either from Eqg. (6) or from the simulation are very
close as shown in Fig. 7(a) and the trendsfat= 0 or 1 are correct in both cases.
Simulated and calculated values Bf are the same for fission velocities larger than
0.8 cnyns (Fig. 7(b)). For smaller velocities the calculations, which do not include the
large variance of the acceptance angle, cannot describe the transmission. Approaching
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Fig. 7. Fission fragment velocity as a function of apparent velocity (a) and transmission (b) as a function of
fission fragment velocity given by the simulation (full points) and calculations (empty points) using Egs. (7) and
(8). Lines are fits to the full points.

T, = 1 the simulation accounting for the variances provides better results. It is seen on
the velocity spectra of isotopes of neodymium to gadolinium where a few isotopes (the
heaviest isotopes with the largest fission velocities) still show a residual valley between
forward and backward peaks. In the following transmissions and fission fragment velocities
are obtained using the values W, determined for each isotope and the fitted curves of
Fig. 7.

3. Experimental results
3.1. Fission fragment velocities

The velocity spectrum of each isotope has been analysed to extract a value of the
apparent velocity. The apparent velocities have been converted into fission fragment
velocities. For a given element, the fission fragment velocity decreases smoothly from a
maximum value for the heaviest isotopes down to values smaller by 10% for the lighter
isotopes, Fig. 8. Further down to the most neutron-deficient isotopes, the velocities fall
abruptly. In case of U+ p, this fall cannot be related to the occurrence of evaporation
residues since this process does not populate the neutron-deficient region of fission
fragments. The small contribution from fragmentation yields in the Ti-windows (Fig. 4)
cannot explain the observed fall in velocity of 20%. This fall is due to secondary reactions
in which heavier primary fission fragments loose nucleons in a secondary fragmentation
reaction in the target. Atomic numbers and masses are reduced, whereas the velocity
spectra are only blurred. These contributions—due to laigerith smaller fission-
fragment velocities—are superimposed with the spectrum of the primary isotope. This
contamination reduces the apparent velocity of the isotope. It becomes significant in
the neutron-deficient region where productions by direct fission is low and secondary-
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Fig. 8. Fission velocities for selected elements. Cross symbols correspond to regions where secondary-reaction
products are mixed with direct fission fragments.

reaction products are abundant. However, the small velocities of the lightest isotopes
of neodymium cannot be explained by this argument, as secondary reactions of fission
fragments contribute little. Here secondary reactions of spallation products could pollute
the yields of neutron-deficient fission fragments.

The velocity of an element is taken as the mean value of the velocities for the four
isotopes most abundantly populated, in order to select the dominant symmetric fission
regime. This velocity is plotted as a function of Z in Fig. 9(a). The uncertainties, estimated
from the fluctuations of the isotopic velocities, are less than 4%. Three lines are indicated
showing the velocity dependence expected for three values of the nuclear charge of the
fissioning parent nucleugo = 92, 86 and 80 [38,39]. The scission configuration of the
fissioning nuclei is approximated by the outline of two deformed nuglei > = 0.65)
at a given distance. Using momentum conservation, the fragment velocities are calculated
for the total kinetic energies released from the scission configuration.

None of the three lines coincides exactly with the data. Fissioning nuclei ¥gth
between 84 and 90 can contribute to the production of fission fragments. The general trend
towards smaller fission fragment velocities going from neutron-rich isotopes to neutron-
deficient isotopes is observed for all elements (Fig. 8) corroborating that liZawy90)
and light (Z = 84) parent nuclei do contribute. The first ones contribute to the more
neutron-rich and the last to less neutron-rich isotopes.

The slope of the external edges of the velocity distributions introduced empirically in
the simulation (Fig. 5(b)) as a varianeg, are now evaluated systematically as a function
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Fig. 9. Fission fragment velocities as a functionzof(a) The lines are obtained using the calculation of velocity

for fissioning parent nuclei o£g = 80 (full line), Zg = 86 (dashed line) an&y = 92 (dotted line) with the
parametrisation of [38,39] and a deformation = 0.65 for both fragments. (b) Measured variances of the
fission velocities in ciins. (c) Measured displacement of the mean velocity of forward and backward emitted
fragments. The lines indicate the effective broadening (b) and the recoil velocity (c) as measured for the mean
parent-fissioning nucleus [17]-see Section 4.8.

of Z and plotted in Fig. 9(b). Unfolding the measured valuesgf and the underlying
rectangle of the transmitted momenta, Fig. 5(a), the effective broadenjnig obtained,

and given by the line in Fig. 9(b). Both variances are relatedy= %O—ﬂyc. Within the

limit of our accuracy this width does not depend on the atomic number. Its mean value is
oy, = 0.125 cnyns, which corresponds g, ~ 8.6 x 10-2 in good agreement with the
value of 7x 10~3 empirically deduced in Section 2.6, from the simulations of the measured
spectra (Fig. 5(b)).

The recaoil of the fissioning nucleus is determined from the mean value of the forward
and backward fission velocities. The values plotted in Fig. 9(c) are averaged over the four
most abundant isotopes of an element. This recoil is small and it decreases@06fhat
Z =621t0-0.13 cmyns for Z = 30. We obtain a mean value of0.08 crnyns.
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Table 1

Correction factors applied to the measured yields to account for losses due to (1) the shift in S4 position compared
to the central position, (2) the secondary reactions in the SC2-scintillator at S2, and (3) the atomic charge exchange
in target and S2-scintillator far > 52

Z S4-shift  Sec. react. Z S4-shift Sec. react. Z S4-shift Sec.react. Atomic charge
in SC2 in SC2 in SC2 exchange

28 114 1108 40 101 113 52 102 1149 101

29 112 111 41 1005 1131 53 103 1151 101

30 1105 1112 42 1 1.133 54 1035 1152 101

31 109 1114 43 1 1.135 55 1045 1154 1015

32 108 1116 44 1 1.136 56 1055 1156 102

33 1065 1118 45 1 1.138 57 1065 1157 1028

34 1055 1118 46 1 1.140 58 108 1158 1034

35 1045 1122 47 1 1141 59 109 1162 104

36 1035 1123 48 1 1.143 60 1105 1164 105

37 1083 1125 49 1005 1144 61 112 1164 106

38 102 1126 50 101 1146 62 114 1166 107

39 1015 1128 51 1015 1148 63 116 1167 108

3.2. From yields to cross sections

Isotopic cross sections ¢f) + p)-fission are obtained by dividing the production yields
on hydrogen by the proper transmission, as presented in Sections 2.5 and 2.6. Our final
values are compared to those used in the analysis of the parallel experimendt &1
1A GeV evaluated by J. Pereira applying a different method [36]. A good agreement is
found between both sets of transmission-values evaluated in terms of the fission-fragment
velocities [40].

The correction for secondary reactions occurring in the target has to be applied. All
fission fragments, neutron-rich more than proton-rich undergo secondary spallation and
the yield is depleted. For neutron-deficient isotopes, the fission yields are increased by
secondary evaporation residues. The correction for secondary reactions enhances the share
of neutron rich isotopes and reduces neutron-deficient ones. This is the reason for the
“hook” shape of this correction already presented in a previous article [15] and calculated
more precisely in a forthcoming paper [41]. When they exceed 50%, cross sections for
corresponding isotopes are no longer considered. Our experimental method to determine
cross sections of primary residues reaches its limit.

Moreover, small secondary effects need to be corrected: for fragments not centered
in S4, i.e., apart from the optical axis, the FRS acceptance angle and consequently the
transmission are slightly reduced. The FRS angular acceptance falls from 14.8 mr on the
optical axis down to 13.3 mr at 8 cm apart from the axis in S4 [36]. A smooth parabolic
function was used to account for this relative loss in transmission. The correction given in
Table 1, reaches 14% for elements like nickel and samarium.

Fragments reacting in the scintillator SC2 at S2 escape the magnetic filter of the second
half of the FRS. The related loss increases linearly from 11% for nickel up to 17% for
gadolinium. It is calculated using the total reaction cross section formulation of Karol [42].
The results are given in Table 1 for the range of elements investigated.
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A loss by ionic charge exchange occurs, either in the target or in the plastic
scintillator S2. Eventhough the probability is small for fission fragments at relativistic
energies, this factor, negligible up to tellurium, reaches 9% for gadolinium. Values,
calculated using the code GLOBAL [31] are to be considered for heavy elements as shown
in Table 1.

3.3. Discussion of uncertainties

3.3.1. Systematic uncertainties

e The uncertainty on the SEETRAM calibration is evaluated to 7% [29].

e The uncertainty on the transmission is evaluated to 5%. It is mainly due to the 4%
uncertainty on the fission-fragment velocity.

e The uncertainty on the target thickness was established in a dedicated experiment to
2.5% [11] for a beam hitting the target in its center. However, an uncertainty of 6 mm
in the vertical position of the cryostat supporting the ¢€ll leads to an increased
uncertainty of 4% on the target thickness [17].

e The loss factors given in Table 1 are determined with an overall uncertainty of 3%.

All contributions quadratically added up lead to a total systematic uncertainty of 10%. This
systematic uncertainty is not included in the error bars of the cross sections presented in
tables of Appendix B and in Figs. 10-12.

3.3.2. Statistical uncertainties

e The single-event uncertainty on the angular transmission is large and mainly
determined by the large variance @f o, is evaluated to 17% [36]. In comparison
the uncertainty orBapp is negligible. Taking 50 observed events corresponding to
the smallest cross section (20 pb) as the worst case, the statistical uncertainty for
the transmission reaches 4%. Statistical uncertainties are smaller than the systematic
uncertainty.

e Uncertainties for the yields have been determined from the ratio of the rates integrated
for forward and backward emitted fragments. The difference between the measured
ratio and the kinematically expected ratio, is taken as twice the relative uncertainty of
the yields. The absolute uncertainties are given in Fig. 4, Figs. 10-12 and in Appendix
B. For the most abundant isotopes the relative uncertainty is approximately 2%, that is
much less than the systematic uncertainty. For the less abundant isotopes, the statistical
uncertainties are dominant and overcome the total systematic uncertainty.

Isotopic cross sections are given in Appendix B and their distributions for each of
the elements appear in Figs. 10-12. They show a rather regular bell shape with some
enhancement in the region of neutron-rich isotopes for elements known as asymmetric
fission products. At the maximum of the elemental distributions, cross sections vary from
0.5 mb to 20 mb. Values down to 20 pub are measured, mostly in the neutron-rich region
not polluted by secondary reactions. On the neutron-deficient side, high rates of secondary
reactions limit cross-section measurements to values larger than a few mb.
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3.4. Comparison with previous isotopic distributions

Measurements of primary isotopic cross sections had been performed for alkalines only.
Using fast on-line separator techniques combined with the chemical selectivity of surface
ionisation ion-sources [2,3] relative cross sections were obtained covering a wide range
of isotopes. The normalisation of the yields to cross sections was based on the results
of Friedlander [1]. Production yields on U-fission were measured at a proton energy of
24 GeV for isotopes of the complementary elements rubidium and cesium [43]. The
distributions are compared to our results in Fig. 13. At 24 GeV, besides fission, evaporation
residues populate all elements down to the region covered by fission. Moreover, the
excitation energy range covers a wider domain, and evaporation of charged particles and
neutrons leads to more neutron-deficient isotopes. The elemental cross sections for both
rubidium and cesium are about 75% of the values presently measured at 1 GeV, in the same
ratio as total fission cross sections [4]. In the region of the 8 most neutron-rich fragments,
isotopic cross sections are the same as the ones presently measured. The probability to
excite the U nucleus with a small excitation energy to produce neutron-rich fragments is
independent of the proton energy, as indeed mentioned already in [1].

Later the production of the isotopes of cesium and rubidium was investigated for the
systen?38U +p at 1 GeV by using also on-line mass separator techniques [3]. For rubidium
our data are very consistent, but cross sections are found larger by a factor 1.8 for the six
cesium-isotopes wittV > 85, as seen in Fig. 13. In the present experiment, isotopic yields
are measured simultaneously for the 36 elements populated in fission, insuring a coherent
mass calibration for cesium as for all other elements including rubidium. Moreover, the
extraction of the asymmetric fission component of all elements achieved in Section 4.3
confirms the present mass calibration. Finally the agreement of our isotopic distributions
with those of the light elements analysed in the work of [44], also validates our results
for the cesium isotopic distribution. In the on-line mass-separator measurement [3] the
separation efficiency might have been overestimated for these isotopes.
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4. Featuresof fission
4.1. Elemental cross sections

The elemental cross sections, integrated over isotopes for each element are plotted
in Fig. 14(a). The distribution shows a Gaussian shape with a shoulder agbun8g2
revealing the contribution of asymmetric fission. The mean valug 6§ Z = 45. It
suggests thayoTh is the mean element undergoing fission. The variance ofzhe
distribution is 7 charge units.

In Fig. 14(b) the ratio of the mean number of neutrdfsZ for each element is given.

The largest mean number of neutrons per element and coherently the largest variances are
found aroundZ = 55. A mean number of neutroné = 63 is deduced.

The local variance;ﬁ, plotted on Fig. 14(c), increases from 2.5 to almost 5. The
presence of the asymmetric fission component is revealed by the maxima at the two peaks
of asymmetric fission.

4.2. Total cross sections

The fission cross section summed over all isotopes is found to .48& £10.15) b.
However, a few elements are not involved in the analysis, in the region d@bevé4
and below 28. AboveZ = 64 the cross section contributing is evaluated to 7 mb [18].
Below Z = 28, the analysis of Ricciardi [44] gives a contribution of 72 mb. Thus the total
fission cross section amounts ta§3+ 0.15) b. This value compares well with previous
results of direct measurements of fission cross sectiod8410.07) b and (148+0.06) b
[35,45], respectively. A value of (324 0.12) b was obtained in a recent measurement at
GSI [46]. It is worth noticing that the present technique offers a high degree of selectivity
and sensitivity to measure isotopic yields but a lower precision for total cross section
measurements than simpler dedicated experiments. If the cross section for evaporation
residues of 0.46 b, obtained by summing isotopic values found by Taieb in his analysis
of the238U(1 A GeV)+ p reaction [17] is added, a reaction cross section (4% 0.17)
b is obtained. It agrees with the value of 1.96 b obtained by using the Glauber approach
as described by Karol [42] with updated nuclear-density distributions [47], and with the
1.94 b from INCL-calculation [28].

4.3. Symmetric and asymmetric fission

The isotopic distributions of elements abd¥e= 50 can be decomposed into fragments
arising from two components: high-excitation symmetric fission and low-excitation
asymmetric fission. A decompoasition into two Gaussian distributions has been performed,
as illustrated in Fig. 15. For the neutron-rich component of heavy fission fragments the
mean mass numbet, and the dispersionﬁ are found to agree with the values known
in asymmetric fission, see for example Donzaud et al. [20]. For the light fission fragment
group, the share of asymmetric fission does not exhibit so clearly and the known values of
Ap andaﬁ [20] are used as further inputs.
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Fig. 14. Integrated distributions of fission fragments frg#f( + p) at 14 GeV (full points), symmetric fission
(empty points) and asymmetric fission (crosses). (a) and4d)istribution, (b) and (e): mean neutron number
divided by Z as a function ofZ, and (c) and (f): variance in neutron numtmﬁ for a givenZ. The short line

in frame (e) corresponds t8 = —0.04 [48]. The thick line in frame (b) and (e) shows the position of the stable
isotopes.

In spite of the small yields of the asymmetric component, cross sections for the groups
of light and heavy fragments are obtain@dintegrated cross sections are found the same
for the two groups, as to be expected, and equal to 108) mb. For symmetric fission
a cross section of (42+ 0.15) b follows. The distribution of elemental cross sections
becomes a symmetric curve slightly shifted (empty points in Fig. 14(d)) compared to the
total distribution on Fig. 14(a). The parametéfgZ and variancesﬁ related to the two
modes are clearly different. Their values are compatible with two mean primary fissioning
nuclei: for the asymmetric mod®4U and for the symmetric mod®1Th, with 6 post-
scission neutrons added.

The N/Z values of the fragments are not constant, but a slow and regular increment
of N/Z with the Z of the fragment is observed for the high energetic symmetric fission
process, see Fig 14(e). An electric polarisatboth® = —8A7° = A, — Z,40/Z0 > 0
for the fission fragment paird,, A1 is indicated. Beyond the regime of nuclear structure
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Fig. 15. Examples of the shares of symmetric (full lines) and asymmetric (dotted lines) fission processes. The
sum, resulting from the least square fit is indicated.

dominating asymmetric fissiorE¢ > 40 MeV) a constant charge polarisability 8f=
—0.04 is expected [48]P can be related to the slope of the' Z-dependence in the range
of symmetric fissionZp/2 = 45):

—5A5%(Z) 20 Zod(N/2)

- A, —054¢9 2 Ay dZ

The thin line in Fig. 14(e) shows a slope calculated with- —0.04.

On Fig. 14(f) the varianceﬁ in the region of symmetric fission increases with #he
value of the elements. On the contrary for asymmetric fission, as known for a long time
[49], a narrow distribution of isotopes? is populated with a large neutron excegsZ.
BeyondZ = 55 the values ofV/Z and ofoﬁ decrease again and the valley of stability
is crossed aZ = 58. For elements still heavier, fission fragments populate the neutron-
deficient side of the valley.

4.4. Mass distribution

The mass distribution is obtained by summing isotopic cross sections for a value of
A fixed, Fig. 16. Since isobaric yields do not depend ugbdecay half-lives, mass
distribution are accessible also by radiochemical methods and spectroscopic methods [5,6,
50]. The distribution shows a wide Gaussian-like shape slightly asymmetric: the slope is
steeper on the side of light masses.

The mean mass i = 1080+ 0.3 and the variance of the distributien = 17.5+0.5.
Enhancements on both sides result from the asymmetric fission component. Since elements
below Z = 28 are neglected, which contribute by about 5% to the total cross section [44],
the value ofA given is slightly larger than the average over all fission fragments produced.
We assume that fission proceeds from a mean parent nucleus oAima220 withv = 6,
the averaged number of emitted neutrons from the symmetric and asymmetric modes. On
Table 2 cross sections, mean valuesicddnd Z and variances are compared to the results
of symmetric fission in Ut Pb at 0754 GeV [21]. In spite of a large difference of the
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Fig. 16. Mass-distribution of fission fragments f?U(1 A GeV) + p.

Table 2

Parameters characterising symmetric fissiorf¥U(1 A GeV) + p in comparison to the symmetric share of
the fission process 38U + Pb at 0754 GeV [21]. The small asymmetric contribution in the first system is
neglected in evaluating mean values and the variances

Reaction Osym Ep V4 N oz o o4

(barn) (MeV) (a.ch.u.) (a.m.u.) (a.ch.u.) (a.m.u.) (a.ch.u.)
U+p 1424+0.2 76+ 3 449+0.1 6250+ 0.15 70+0.2 175+ 0.5 12+01
U+Pb 14+0.2 79+ 2 429+06 581+0.3 6.9+0.7 172+17 13+03

target nuclei and a small difference in projectile energies, yields and distributions of the

fission fragments are identical within the uncertainties. The heavier most probable fission
fragment'9’Rh for 1A GeV 238U on protons compared t§1Tc for 0.754 GeV 238U on

208ph points to a smaller excitation energy deposited by the intranuclear cascade for the
reaction with protons.

4.5. Kinetic energies

The average kinetic energy of fission fragments as a function of their atomic number
is given by Exin (Z2) = %moA(Z)VZ., whereA(Z) is the average mass number obtained
from the measured isotopic distribution, avig is the corresponding fragment velocity as
shown in Fig. 9(a). The mean kinetic energies are given in Table 3 and shown in Fig. 17.
They decrease smoothly for higher atomic numbers and show a broad maximum around
Z = 32. The mean value of the kinetic energy, calculated by usingZtaéstribution of
Fig. 14(a) gives (76: 3) MeV, corresponding to a mean total kinetic energy release of
(1524 6) MeV.

4.6. Comparison with simulation codes

The set of isotopic distributions of fission fragments provides a real challenge for
simulation codes. A fast and simple formulation developed by Silberberg and Tsao [51]
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Table 3

The mean kinetic energy values of single fission fragments as a function of the atomic riimber

Z Ein [MeV] Z Ekin [MeV] z Ein [MeV]
28 922+ 6.8 41 818+ 15 54 641+ 3.0
29 890+ 6.6 42 808+ 15 55 611+23
30 849455 43 797+ 16 56 605+2.3
31 864+5.0 44 779+ 15 57 552+22
32 863+3.9 45 759+15 58 527+35
33 873+39 46 756+ 1.6 59 513+33
34 862+3.3 47 745+ 16 60 491+31
35 857+3.0 48 736+ 1.6 61 469+ 4.8
36 853+22 49 721+16 62 451+30
37 853+22 50 699+ 1.6 63 415+5.
38 833+15 51 694+ 1.6 64 397 +5.
39 844+ 15 52 670+ 1.6

40 818+ 15 53 642+1.6

is shown in Figs. 18 and 19. The model reproduces the orders of magnitude of the isotopic
distributions, but the asymmetric fission component is overestimated in magnitude and
symmetric components are too narrow. Isotopes of elements at and BEele85 are
poorly reproduced. A jump & = 35 in the code produces the unrealistic gap in the mass
distribution atA = 90.

The second code widely used is the LAHET-code (Los Alamos [24] or Oak Ridge
version [52]). The agreement with this code is not satisfying. In Fig. 18 and 19 the Oak
Ridge version has been used for comparison. For neutron-deficient isotopes, cross sections
are overestimated, and symmetric fission is underestimated. An odd—even staggering is
produced not seen in the experimental data.

Parallel to our experimental program different approaches to new simulation codes
are published or are under way. The first reaction step in spallation, the intranuclear
cascade induced by the primary proton collision, is simulated by the new version of the
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Fig. 18. Comparison of measured isotopic distributions (full points) to calculations with the formula of Silberberg
et al. [61] (crosses), by LAHET [52] (triangles), and by our improved codes [25-28] (diamonds) for a selection
of elements.

code INCL [28]. At this stage, a distribution of prefragment nuclei are predicted with an
associated excitation energy and intrinsic spin. This is then the physical input to a system of
codes simulating the second step of spallation, the de-excitation phase. New results on the
physics of particle evaporation were introduced in the statistical de-excitation code ABLA
[25,26] and on fission in the fission code PROFI [27].

The fission code PROFI is a semi-empirical Monte-Carlo code which calculates the
nuclide distribution of fission fragments. It is theoretically based on the application of the
statistical model of nuclear reactions to the concept of fission channels. In this model, the
population of the fission channels is assumed to be basically determined by the number of
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Fig. 19. Mass distribution of fission fragments as a function of mass number compared to simulations; Silberberg
[51] (crosses), LAHET [52] (triangle) and to our improved codes [25-28] (diamonds). Experimental data are
shown as full symbols with error-bars.

available transition states above the potential energy surface near the fission barrier. Several
properties, however, are finally determined at the scission time. A full description of the
model is given in [27].

The barrier as a function of mass asymmetry is defined by three components. The first
is the symmetric component defined by the liquid-drop potential by means of a parabolic
function with a curvature obtained from experimental data [53]. This parabola is assumed
to be modulated by two neutron shells, located at mass asymmetries corresponding to
neutron number®/ = 82 (spherical neutron shell) ard = 90 (deformed neutron shell).

We assume that the mass-asymmetry degree of freedom at the fission barrier is on the
average uniquely related to the neutron number of the fragments. The shells are represented
by Gaussian functions. These shells are associated with the fission channels Standard |
and Standard Il, respectively [54], while the liquid-drop potential is associated with the
symmetric fission channel. The population of the fission channels is proportional to the
level density around the corresponding dips in the potential at saddle at the available
excitation energy. Shells are washed out with excitation energy [55]. The heights and the
widths of the Gaussian curves representing the shell effects and additional fluctuations in
mass asymmetry acquired from saddle to scission, are derived from experimental data [27].
The mean values of the neutron-to-proton ratio for the channels Standard | and Standard Il
are deduced from measured nuclide distributions after electromagnetic induced fission of
238 [20]. The charge polarisation for the symmetric fission channel and the fluctuations
in the neutron-to-proton ratio for all channels are also considered by describing the
potential in this degree of freedom again by a parabolic function [48]. Assuming that the
equilibration in this variable is fast compared to the saddle-to-scission time, this potential
was calculated in the scission configuration. Since the shell effects of the nascent fragments
at scission, which are strongly deformed on the average, are not known experimentally,
only macroscopic properties are included in the calculation of the charge polarisation of
the symmetric fission channel.
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Consequently, the two fission pre-fragments are obtained. Their excitation energies
are calculated from the excitation and deformation energy of the fissioning system at
the scission point. The fission probability and the consecutive de-excitation of the fission
fragments via particle evaporation are conducted by the routines of the ABLA code [25,
26]. Coupling to the cascade code INCL [28] gives a reasonable reproduction of our data,
as demonstrated in Fig. 18 and 19 (diamonds). Except for an excess of asymmetric fission
the simulation meets the experiment. Either INCL provides a too small excitation energy
for the most peripheral collisions, or the excitation energy in the statistical de-excitation
chain is underestimated or, finally the parameter set in PROFI has to be reajusted in order
to reduce the share of asymmetric fission.

4.7. Production of very neutron-rich isotopes

The experimental method of AGeV U-projectile fission opened an efficient way to
produce secondary beams of very neutron-rich isotopes. The falls of the isotopic cross
sections with increasing neutron excess were found the samefdPlas for U+ Be [8,

20]. In order to provide experimental values for that purpose, the production cross sections
of very neutron-rich fragments byAGeV U+ p (or p+ U) collision are evaluated by
renormalising the values obtained from a previous dedicated measuremeni-f8elat

0.75A GeV [8].

A factor of 09 + 0.4 is taken from the ratio of cross sections for asymmetric fission
components of the two reactions, i.e., 1:85.8 mb for U+ p and 118+ 40 mb for
U + Be [8]. Moreover, the elemental values for+Jp are normalised to those of the
corresponding elements for Y Be. The isotopic cross sections coincide in the gap of
the 5 overlapping masses, covered ir-|gd and U+ Be. Thus the cross sections to produce
very neutron rich isotopes with-p U are extrapolated reliably down to a level of 1 nb for
27T<7Z <41.

Fig. 20 illustrates four examples of isotopic distributions. Such exotic beams in spite
of their low intensities will be of importance to test predictions for the vanishing of shell-
effects atv = 82 and 50, and the possible appearance of neutron halos in the region of tin
and nickel isotopes with large neutron excess.

4.8. Parent fissioning nuclei

The reconstitution of the chardgéy and massAg of the parent fissioning nuclei is of
importance to constrain critical parameters of the intranuclear cascade phase: the transfer
of excitation energy and of momentum to the pre-fragments, the value of the density
of intermediate states and of the viscosity of highly excited heavy nuclei. The present
experimental findings should converge with all other result$®8f at 14 GeV+ p [17,

44,46] on an unified description of a first stage of nucleon-nucleus collision described by
a cascade followed by an evaporation stage among which fission occurs.
What is learnt about the fissioning parent nuclei in the present work is listed below:

e Isotopic distributions lead to a mean fission parent nuciéEh.

e For a given element the increase of the mean velocities with the mass of the isotopes
(Fig. 8) indicates that parent elements in the rang€®& 90 do contribute to the
fission.
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Fig. 20. Comparison of isotopic cross-sections from asymmetric fissioﬁ3§m(1A GeV) + p (points) to
238((0.75A GeV) + Be [8] (triangles). These last data are renormalised for each element terthbgbemental
cross sections.

o \elocities of fragments Fig. 9(a) show that the region of<&& < 64 arises from
parent elements dfg ~ 90, while the region of 3& Z < 37 indicates lower fissioning
elements aZg ~ 84.

e The variance of the fission fragment velociti@sf is extracted from the external
slopes of the observed velocity distributions and presented in Fig. 9(b). The value of
0.125 cnyns, the same for all fission-fragment elements, is correlated to the variance of
the recoil momenta generated in the nuclear cascade for the ensemble of the fissioning
parent nuclei. AtAA = 18, the analysis of spallation presented by Taieb [17] gives
o, = 350 MeV/c¢ as the variance of the recoil momenta of the central parent nucleus,
220Th, This variance is transferred to the fission fragments and leads to a contribution
of 0.09 cnyns in the fissioning system. The ensemble of parent elements and isotopes
contributes also by the fluctuations of their TKE-values. A pair of fission-fragments
issued from a fixed parent nucleus shows a variance of its velocities. Taking from
thermal-neutron induced fission &#°U the measured value efrkg = 6.0 MeV as
a lower estimate, a contribution of 0.02 ¢ns to the variance of fission fragment
velocities is calculated. A much larger contribution is generated by the difference
in TKE-values of the many nuclei present. The variance in Zedistribution of
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the fissioning parent nuclei afz,/Zo of 4.6% is taken from the measurement of
Jurado [46]. Including the dispersion due to a spread over several isotopes in each
element, and converting TKE-values into fragment-velocities, the contribution of the
fissioning ensemble is evaluated to 0.09/as The location straggling in the thin
Hj-target induces a negligible contribution of 0.01 s to this variance. Adding
quadratically all contributions, a total variance of 0.13 /o is obtained which
coincides with the value extracted from the observed velocity distributions (Fig. 9(b)).

e The mean recoil velocities of the parent fissioning nuclei arise from the first phase
of the reaction and contribute to the momentum losses measured [17]. The transferred
momentum of-150 MeV/c measured for the evaporation residues dt= 18 should
be close to the momentum of the mean fissioning pa&r&h. This recoil momentum
is equivalent to a recoil velocity 6£0.04 cnyns, indicated by a line in Fig. 9(c). The
recoil velocities presented in Fig. 9(c), in the range-aD.04-0.13) cnjins are on
the average larger by a factor of 2 and show a trend towards larger values for lighter
elements.

4.9. Comparison of system-tJp and Pb+ p

Fig. 21 and Table 4 demonstrate the basic difference between the collision systems
Pb+ p and U+ p. Both reactions have nearly the same reaction cross section, 1.84 b for
Pb+ p and 1.99 b for U+ p. Fragmentation is the main reaction channel forAty with
o = (1.68+ 0.2) b, whereas fission dominates thetp reaction with a cross section
o =(153+0.15 b.

Averaging over all cross sections from evaporation and fission residues, altogether a
mean neutron number of 1271 is found for reaction products 8f8U + p at 14 GeV,

i.e., 19+ 1 neutrons are liberated in the reaction. This number does not include neutrons

100

oI

G (mb)

10 30 50 70 90 110 130 150 170 190
Mass Loss AA

Fig. 21. Comparison of cross-sections for evaporation and fission residues as a function of the madsftoss
the two collision systems Pb p (triangles) and U- p (full points) at 1A GeV.
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Table 4

Comparison of reaction cross sections ef GeV 238U + p to 14 GeV 298ph+ p [15]

Reaction Otot Ofis 9EVR
(barn) (barn) (barn)

U+p 199+ 0.17 153+0.13 0464+0.08

Pb+p 184+0.23 016+ 0.07 168+ 0.22

bound in the lightest elementgZ (< 7), and should be an upper limit for the number of
neutrons produced in thin targets. It compares with the neutron multiplicity of 20 measured
with 1.2 GeV proton on depleted uranium [56] when extrapolated to thin targets.

5. Conclusions

We have measured isotopic production cross sections for about 733 fission fragments
produced in 14 GeV 238 + p collisions with a mean accuracy of 10%, down to values
of 20 pb for neutron-rich and 0.1 mb for neutron-deficient isotopes. The population of
isotopes resulting from fission is pictured in Fig. 22 on the chart of nuclei. The isobaric
slope of the production cross section towards the neutron rich side of the chart of isotopes
is found to be the same for hydrogen as for heavier targets investigated earlier.

The fission cross section, including the production of very light elements, amounts to
(1.5340.15) b which compares well with previous results [35,45] as with the recent result
of Jurado [46]. The total cross section of fission plus evaporation residues amounts to
(1.99+ 0.17) b, close to the calculated geometrical cross section of 1.96 b [42,47] and to
the INCL calculation 1.94 b [28].

Our results show a good quantitative agreement with previous isotopic distributions of
cross sections measured for rubidium and cesium with on-line mass-separator techniques
except for a discrepancy in cross sections for the 6 most neutron-rich isotopes of
cesium [3]. The coherence of the present experimental method validates our mass-
calibration relatively to all other isotopes. Parameters characterising fission and its
variances are extracted. The elemental distribution and the kinetic energies of the reaction
products are of importance concerning chemical corrosion and the composition of nuclear
waste produced by spallation of actinides.

The analysis of the momentum and velocity spectra of fission-fragments as function
of A and Z gives an indication on the nature and the domain of excitation energies of
the fragments arising from the first step of the-fip)-interaction and undergoing fission.
Comparison with previous measurements shows that the symmetric fission cross section
(1.424 0.20) b is almost the same for ¥ p as for U+ Pb, (14 + 0.2) b. In this last
case the first phase of violent abrasion leads to a wider range of more excited and lighter
fragments. The fission probabilities of these fragments are smaller than for actinides close
to the U-projectiles which are mainly produced in 4Up)-collisions. Finally the cross
section to observe symmetric fission remains the same for both systems.

There is certainly not a perfect overlap between the distribution of fragments identified
as evaporation-residues and the fissioning parent nuclei. The parent nuclei close to U
have high fissilities. For elements of decreasthgumbers, fissile isotopes become more
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Fig. 22. Two-dimensional plot of the isotopic cross sections for fission-fragments obtainedGe\ 238U + p
shown on the chart of isotopes with squares indicating stable isotopes. Colours correspond to increasing cross
sections according to the logarithmic scale indicated.

and more neutron-deficient. Compared to the evaporation-residues the fissioning-parent
nuclei are shifted towards the neutron-deficient side. They are born from prefragments of

higher excitation energies and their recoil momenta may be higher than for those ending

as evaporation residues.

Measured isotopic and mass distributions are compared to results obtained with
simulation codes commonly used. Large discrepancies are shown, and the need for
improved reaction models is underlined. Models developed recently in the collaboration
are discussed [25-28] and the improvements achieved are demonstrated.
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Appendix A
A.1. Demonstration of Egs. (7) and (8)

The transformation from the c.m.-system to the lab-system is given by:
By sing
Po £ By COSp

with + signs for forward and backward angle’s ande®B, respectively. To transform back
to the c.m.-system for the limiting cagg, = «, we solve Eq. (A.1) for this case:

y tang = (A1)
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sing
tane = ———— A2
VY = T cose (A-2)
with K = Bo/By. It is convenient to solve Eq. (A.2) as a quadratic equation ifgad),

which has 2 solutions corresponding#b andg® given for¢jim = « in the lab-system.

K=+1 8
tar((pF’B/Z) = \/ﬁ tané (A3)

with an auxiliary variable

sind =y+v K2 — ltan. (A.4)

Eq. (A.3) shows that the angled and¢® depend via Eq. (A.4) on all 3 variables Ao
andgy. The transmission of each of the cones may be evaluated with the total transmission
obtained by summin(ﬂg andTS. This method we applied in our evaluations until now [13,
15,16]. However, introducing the two solutions of Eq. (A.3) into Eq. (3) we obtain another
very compact expression fak;:

Cc0Sss

To=1-— — >
@ 1+ (y tana)2

(A.5)

Eqg. (A.5) depends via the auxiliary variabieon the fission velocity To illuminate the
varlable(S we introduceps = (¢F + ¢B)/2 andp, = (oF — ¢B)/2, orp™ =5 + ¢, and

0B =95 —¢a. Eq. (A.3) transforms to the new variables using the trigonometrical sum
relations for tapy and tanp:

K
tan(pg = \/ﬁ tanﬁ,
tanp, = y tana. (A.6)

Angle ¢4 depends only on two variableg,and«, which represent the relativistic beam
and the FRS spectrometer. The fission velogityenters into the angles . Betweeny™B
andgsx 4 another trigonometrical relation holds:

cosp’ + cosp® = 2 cospx cosp .
This relation introduced in Eq. (3) gives for the transmission:

To =1—COSpy COSpA. (A.7)
Comparing Egs. (A.5) and (A.8) a relation between o ands follows:

CoSpy
coss = =co V1 tanw)2.
oS Spx 4/ 1+ (y tana)

Those three expressions (3), (A.5) and (A.8) are exact, identical representations in different
angular coordinates. All expressions derived for the transmission until now depghd on
The conversion of ; into the measured quantifisp, makes use of Egs. (6) and (A.4):

,/ - % JBE— By tana
sind = ——ytana = 0 Y (2-Tg). (A.8)
2Bapp
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Also Egs. (6) and (A.8) are exact without any approximations.

For our experiment withy = 2.07 ande = @ = 14.8 mrad,¢y is larger thars by only
0.1 mrad. It is a good approximation to replage, the mean value af™ and¢®, by the
auxiliary variables. A next approximation for the transmission follows:

To =1—cospy, (A.9)

which deviates from the exact value by less than 0.2% in the worst cage-0P8.
Neglecting terms im? and K —2 useful approximations derived from Egs. (A.6) and (A.7)
are:

px =38 and gp=vya,
¢oF=¢s+ye and ¢® =gy —yo
From Eg. (A.10) and (6) we derive Egs. (7) and (8).
With Biim = ay/y2 — 1 follows:
ayy?-1 _ Biim
2Bapp  2Papp

Finally, with Eq. (A.10)8 s andT; can be presented as a functiorfgfp, see Egs. (7) and
(8) given in Section 2.5:

tangs /2= (A.10)

2
To=——+——,
T 14 [2Bapp/ Aim 2
Bf = Bapd 1+ (Biim /2Bapp?]- Q.E.D.
Appendix B
Table B.1

Fission fragment isotopic cross sections measured in the present work. Statistical uncertainties are given on the
last significant numbers, excluding the 10% systematical uncertainties

Z A o [mb] Z A o [mb] Z A o[mb] z A o [mb]
28 61 055100 29 63 04912 30 64 01303 31 67 036(10)
62  100(14) 64 08916 65  046(7) 68  090(18)
63 13517 65  124(19) 66  094(13) 69  160(20)
64  167(20) 66  170(17) 67  152(21) 70  287(14
65  175(15) 67 20115 68  241(20) 71 35821
66  167(11) 68  208(13) 69  286(17) 72 36822
67  120(13) 69  164(13) 70 300(9) 73 360(54)
68  069(5) 70 120(8) 71 254(20) 74 299(18)
69  042(8) 71 067(12 72 19523 75 216(37)
70 0254) 72 0394 73 127(10) 76 122(17)
71 016(3) 73 0232 74 0887 77 082(7)
74 0115 75 054(3) 78 05509
76 026(3) 79 03002
77 01202 80  014(3)
78 004721 81 003314

(continued on next paye
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Table B.1 Continued

Z A ombl  z A o [mb] Z A o[mb]  z A o [mb]
32 69 0326 33 71 0298 34 73 0285 35 75 0197
70 08113 72 070(14) 74 Q70(14) 76 052(10)
71 17126 73 163(26) 75 130(21) 77 10820
72 324023 74 284028 76 242(39) 78  237(39
73 428(21) 75  501(30) 77 442026 79 422(34)
74 470028 76  593(36) 78 66827 80  679(20)
75  483(18) 77 610(30) 79 725(43) 81 82333
76 428(30) 78 53332 80  737(29 82  849(51)
77 28545 79 450027 81  664(46) 83 80277
78 197(22) 80  334(30) 82  567(80) 84 72372
79 145010 81 26213 83 39324 85  613(86)
80  115(16) 82 18817 84  341(14 86  466(56)
81  Q74(6) 83  136(13 85 26118 87  380(15
82 0382 84 07411 86  188(11) 88 29223
83  017(1) 85  036(4) 87 0939 89  195(19)
84 006515 86  016(2) 88  034(6) 90  075(10)
85  00198) 87  003(20) 89 008525 91  025(@6)
92  006(2)

36 77 0093 37 79 0113 38 83 06318 39 85 05114
78 Q377 80  031(6) 84 15827 86  136(27)
79 08413 81  080(13 85  350(52 87  321(45
80 2003 82  180(29 86  7.02(49 88  651(52
81  443(40) 83  405(40) 87 111(6) 89 103(5)
82  740(44) 84  693(41) 88 118(6) 90 121(6)
83  931(56) 85 105(5) 89 120(6) 91  124(7)
84 102(7) 86 112(6) 90 119(7) 92 125(9)
85 105(9) 87 114(6) 91 122(12) 93 124(9)
86  936(94) 88  110(10) 92 102(12) 94 114(7)
87  804(96) 89  92(14) 93 905(61) 95  105(5)
88  692(69) 90  82(11) 94  824(50) 96  875(44)
89  603(36 91  74(B) 95  G&1(5 97  736(37)
90  514(31) 92 612(61) 96  436(26) 98  562(67)
91  326(16) 93 46(2) 97 21432 99 38127
92 174026 94 242 98  088(18) 100  165(26)
93  066(11) 95  117(18 99 024(4) 101 Q68(17)
94  023(6) 9% 0397 100  Q06(14) 102 Q19(6)
95  007(2) 97  0133) 103 QO04(2)

98  0031(16)

40 86 012725 41 89  030(7) 42 92 Q7219 43 94 06812
87 037768 90  105(21) 93  181(27) 95  136(31)
88 11517 91 23838 94 35843 96  269(30)
89  286(46) 92 455(55) 95  624(37) 97 50235
90 57345 93 756(38 96  968(48) 98  811(40)
91  930(74) 94  105(4) 97 128(8) 99 115(7)
92 120(5 95 126(5) 98  140(7) 100 133(7)
93  133(7) 96 137(5 99 151(8) 101 152(8)
94 137(7) 97 145(6) 100 162(10) 102 159(10)
95 135(7) 98 144(9) 101 157(11) 103 162(11)

(continued on next paye
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Table B.1 Continued

Z A omb]  z A o [mb] Z A o[mb]  Zz A o [mb]
96 134(8) 99 133(8) 102 149(12) 104 158(9)
97 12013 100 119(8) 103 130(8) 105  144(11)
98  108(11) 101 109(5) 104  991(49) 106  116(9)
99  880(44) 102 802(56) 105 61843 107 844(51)
100  730(73) 103 540(54) 106 396(20) 108  488(34)
101 450(58) 104  292(50) 107 17819 109 290(20)
102 257(36) 105  156(44) 108  Q91(27) 110  131(26)
103 104(18) 106 Q55(16) 109  Q28(7) 111 Q60(18)
104  Q38(11) 107 Q19(10) 110  Q08(4) 112 Q17(8)
105  Q10(3)

44 95 01312 45 99 Q709 46 100 019(2) 47 103 0404
96  047(4) 100  152(8) 101 Q543) 104  Q86(5)
97  104(7) 101 300(15) 102 121(6) 105  181(9)
98  210(17) 102 52837 103 24812 106 319(16)
99  391(23) 103 862(60) 104  436(17) 107 573(23)
100  G84(34) 104 115(6) 105 73329 108  840(34)
101 877(60) 105  142(6) 106 107(7) 109  114(8)
102 131(8) 106 154(4) 107 130(6) 110 126(5)
103 147(7) 107  166(10) 108  145(6) 111 140(7)
104  160(8) 108  163(10) 109 152(9) 112 145(10)
105 167(10) 109  157(9) 110 162(13) 113 160(17)
106  166(13) 110  136(14) 111 158(16) 114 145(13)
107  154(11) 111 117(6) 112 148(12) 115 135(8)
108 131(7) 112 811(4) 113 126(9) 116  105(14)
109  917(46) 113 511(25 114  958(39) 117 77331
110  662(40) 114 260(10) 115 62525 118 47419
111 395(31) 115 140(5) 116  357(14) 119  264(18)
112 194(21) 116 Q54(7) 117 19127 120  1388)
113 Q77(8) 117 Q20(10) 118 Q9311 121 Q65(3)
114  Q34(5) 119 03710 122 Q22(3)
115 Q112 120 Q122 123 Q07(1)

48 106 05413 49 107  014(3) 50 110 0232 51 112  016(6)
107 130026 108  Q34(5) 111 Q56(6) 113 Q36(9)
108 247(30) 109  Q77(8) 112 126(13) 114  082(12)
109 44144 110 171(22) 113 239(24) 115  166(25)
110  700(35) 111 315(41) 114 409(20) 116 297(23)
111 975(58) 112 526(47) 115 63825 117  466(28)
112 116(8) 113 778(70) 116  86(13) 118  66(5)
113 125(5) 114 100(8) 117 997(40) 119 839
114 137(7) 115  113(7) 118 104(4) 120 91(5)
115 142(6) 116 120(10) 119  110(4) 121 959(57)
116 140(6) 117 130(8) 120  115(5) 122 102(5)
117  128(6) 118  130(13) 121 116(5) 123  106(8)
118 111(4) 119 127(9) 122 105(4) 124 102(5)
119  821(33) 120 110(7) 123 928(37) 125  93(5)
120 56423 121 922(37) 124 &77(27) 126 763(45)
121 320020 122 616(24) 125  482(20) 127  567(28)

(continued on next page
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Table B.1 Continued

Z A ombl  z A o [mb] Z A o[mb]  z A o [mb]
122 180(13) 123 398(16) 126 290(11) 128  388(31)
123 Q96(10) 124 227(9) 127  200(8) 129  287(14)
124 Q42(5) 125  138(8) 128  156(6) 130  243(12)
125  Q18(4) 126 Q75(6) 129 129(5) 131 246(29)
126 Q06934) 127  Q41(6) 130  104(7) 132 185027

128  Q193) 131  Q66(7) 133 127(23)
129  Q08(2) 132 035(7) 134 Q42(25)
130 Q021 133 Q05(3) 135  Q12(5)

52 114  012(3) 53 116  006(1) 54 118 00329) 55 122  012(3)
115 Q27(3) 117 Q17(3) 119 011818 123 Q27(4)
116 Q54(4) 118 Q45(7) 120 Q2502 124 Q69(8)
117 116(8) 119  0828) 121 Q51(5) 125  127(13)
118 211(17) 120 149(10) 122 104(7) 126 205(8)
119 348(31) 121 250(15 123 182(9) 127  303(15)
120 515 122 39(4) 124 291(17) 128  398(32)
121 661(53) 123 54(5) 125 41725 129 460(32)
122 77(6) 124 &3(7) 126 499(40) 130  486(24)
123 802(48) 125  68(4) 127 56845 131 494(15)
124 840(42) 126 730(44) 128  588(41) 132 505(25)
125  880(35) 127 760(30) 129 61437 133 524(26)
126 861(34) 128  781(39) 130  627(39) 134 519015
127  818(33) 129 754(30) 131 63945 135 47424
128 740(30) 130  690(35) 132 601(18) 136 44322
129 57935 131  606(36) 133 54333 137 38927
130 48429 132 491(24) 134  505(30) 138 333(20)
131  383(23) 133 438(31) 135  466(23) 139 355(21)
132 370022 134 409(20) 136 44827 140  334(20)
133 39439 135  432(21) 137  405(16) 141 340013
134 36422 136 308(28) 138 396(20) 142 205(8)
135  170(17) 137 229021 139 315331 143 104(3)
136 Q90(11) 138 121(12) 140  211(25 144  Q40(4)
137 Q30(8) 139 053(13) 141 Q779 145 Q122
138 Q07430 140  Q16(3) 142 Q32(4)

141  Q03§8) 143 Q06(2)

56 125  016(3) 57 127  0103) 58 130  OL7(6) 59 131 005313
126 Q42(5) 128  Q22(6) 131  033(6) 132 010421
127  Q82(8) 129  0558) 132 Q61(5) 133 021439)
128  137(9) 130  Q99(10) 133 Q96(9) 134  036236)
129 22317 131 156(14) 134  152(9) 135  Q69(10)
130  291(34) 132 216(17) 135  196(20) 136 109(11)
131 350(50) 133 27322 136 22020 137 141(10)
132 36837 134 312(19) 137 234(16) 138 166(12)
133 386(34) 135  324(23 138 234(14) 139 177(11)
134 395(24) 136 322(22) 139 22811 140  173(14
135 41121 137 321(16) 140 22711 141  1698)
136 403(20) 138 317(16) 141 20812 142 159(8)
137  385(20) 139 297(24) 142 182(9) 143 150(9)
138 365(29) 140 24915 143 160(10) 144 143(7)

(continued on next paye
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Table B.1 Continued
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Z A o [mb] Z A o [mb] Z A o[mb] z A o [mb]
139 32422 141 224(16) 144  152(9) 145  126(9)
140 310018 142 223(16) 145  14510) 146 113(12)
141 328(23) 143 220(18) 146 14509) 147  Q94(10)
142 357(28) 144  227(20) 147  133(9) 148  Q84(7)
143 319(16) 145  231(18) 148 11910 149  Q88(7)
144 270(19) 146 188(15) 149  Q75(4) 150  Q73(7)
145 13317 147  125(19) 150  Q44(4) 151  Q54(3)
146 Q65(10) 148 Q53(11) 151  Q11(4) 152 Q27(2)
147  Q16(3) 149 Q205 152 Q021 153  Q066(19)

150  Q03(1) 154  Q0126)

60 135  012(1) 61 137 0086(26) 62 142  033(6) 63 144  026(4)

136 Q26(2) 138 Q20(3) 143 Q478 145  Q40(5)
137 Q48(3) 139 032(6) 144  065(10) 146 Q514(26)
138 Q71(9) 140  Q50(4) 145  Q70(7) 147 053521
139 Q99(6) 141 Q73(7) 146 Q75(7) 148  0560(34)
140  115(6) 142 086(9) 147  Q700(29) 149  0567(34)
141 134(7) 143 101(12) 148  064545) 150 055833
142 137(5) 144  102(15 149 Q57240 151 Q52742
143 128(9) 145  Q88(5) 150  Q51(8) 152 Q491(24)
144 112(7) 146 Q84(4) 151 043622 153 038723
145  102(4) 147  Q75(5) 152  035(3) 154  Q31516)
146 Q92(5) 148  Q70(3) 153 Q26711 155 022115
147  Q77(4) 149  Q58@8) 154  0203(16) 156 Q15411
148  Q63(4) 150  Q51(12) 155 Q1502 157 Q10811
149  Q56(2) 151  Q45(7) 156 Q1002 158  Q064(23)
150  Q58(3) 152  Q338) 157  Q054(15) 159 Q04415
151  Q48(3) 153  026(3) 158 Q0297 160 Q01911
152 Q392 154  Q186(22)
153  Q22(3) 155 Q11712
154  Q11(3) 156  Q062(10)
155  Q023(6)

64 147  026(4)

148 Q34(4)
149 042934
150  Q454(45)
151  Q47(12)
152  Q476(24)
153  Q45(5)
154  Q34(5)
155  Q29(3)
156 Q24(3)
157 Q17(2)
158  Q12(2)
159 Q07714
160  Q0527)
161  Q028(5)
162 Q0127)
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