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Abstract

Total fission cross sections of 238U projectiles were measured at bombarding

energies of 0.6 and 1 GeV per nucleon for seven different targets (Be, C, Al,
Cu, In, Au and U). It is found that all data points fall onto one curve, inde-
pendent of bombarding energy, once the electromagnetic contribution to the
total fission cross sections is subtracted. The abrasion-ablation model predicts
a significantly weaker target dependence than observed, and underestimates
the nuclear fission cross sections for the heavier targets.
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The investigation of fission of uranium at relativistic energies has become an interesting
subject with the availability of heavy beams in the region of 1 GeV per nucleon at the
heavy ion synchrotron SIS at GSI [1-6], which permits a continuation of earlier studies
performed at the Bevalac [7,8]. Several experiments have, in particular, shown that fission
of 28U at relativistic energies is the result of both nuclear and electromagnetic interaction,
whereby the latter is dominated by the excitation of the giant dipole resonance in uranium.
Due to the large cross sections, electromagnetic fission is a suitable tool to study fission at
low excitation energies, including experiments with secondary beams of radioactive fissile
nuclei [9,10]. Furthermore, the investigation of electromagnetic fission fragments’ charge
distributions has been shown to be sensitive to the excitation of the double giant dipole
resonance in 28U [3,4].

Recently, relativistic fission of uranium has been investigated to study viscosity effects
[11]; these are directly correlated with possible transient time effects in the nuclear fission
process which have been discussed for several years [12,13]. In Ref. [11], several experi-
mental total fission cross sections over a broad range of relativistic bombarding energies
are compared to the presently widely used abrasion - ablation model [11,14]. Uncertain-
ties of the magnitude of the electromagnetic contribution to the total fission cross sections,
due to the lack of precise measurements at that time, entered into this comparison. The
ambiguity connected with the choice of the impact parameter cutoff, below which nuclear
processes are dominant, had limited the accuracy of previous measurements and calculations
of electromagnetic fission cross sections, see e.g. Ref. [15].

More recently, we have reported on a study of electromagnetic fission of uranium after
collisions with seven different targets; good agreement between the experimental data and
extended Weizsacker - Williams calculations, based on the parametrization proposed by
Benesh, Cook and Vary [16], has been found [3]. A similar conclusion was reached by
Hesse et al. [5]. These results show that the electromagnetic fission process is well enough
understood that the nuclear fission process can be determined by subtraction. We use this
method and, in the present paper, we present the target dependence of the total and the
nuclear fission cross sections of uranium projectiles. The latter are compared to results
obtained in other experiments and to predictions of the abrasion - ablation model [11].

The ALADIN forward spectrometer [17] at the heavy-ion synchrotron SIS at GSI was
used to investigate fission of projectile-like nuclei. Seven different targets (Be, C, Al, Cu,
In, Au, and U) with thicknesses between 185 and 800 mg/cm? were bombarded with 2*U-
projectiles at incident energies of 0.6 and 1 GeV/nucleon. The fission fragments of these
relativistic projectiles were emitted into a cone of polar angles less than 3°, with respect
to the beam axis. The geometrical acceptance of the ALADIN spectrometer (£9.2° in
horizontal and +4.3° in vertical direction) was sufficient to detect both fission fragments
simultaneously. Their atomic numbers Z and their trajectories were measured with the
lonization chamber MUSIC positioned behind the dipole magnet ALADIN. A description of
the experimental setup can be found in Refs. [3,6].

In Fig. 1, we show the correlation of the two largest atomic numbers as measured for the
reaction U + U at a bombarding energy of 1 GeV per nucleon; Z; and Z, were randomly
chosen to be the largest fragment in order to symmetrize the graphical representation. A
relatively smooth transition from fission to multifragmentation is observed. We have selected
the fission fragments according to the condition [(Z; > 20) A (Z2 > 20) A (Z, + Z, > 60)];

2



{
E
—

/
03]
o
T
!

T

70

60

LA LA B S S S o e
.
o g tea gt

50

|

T

T

I S

40

30

LS B B

o g

20

I

JI PR

10

o

oL b e by v b g g b
10 20 30 40 50 60 70 80
Z

FIG. 1. Correlation of the two largest atomic numbers Z; and Z, as measured for the reaction
U + U at 1 GeV per nucleon and a threshold Z; > 8 for the two fragments. The solid line represents
the adopted definition of fission.

this polygon follows the valley of the distribution. The exact choice of the polygon is not
crucial for the present study because of the low intensity in the valley region [18]. The
detection efficiency of 87% at 0.6 GeV and 81% at 1 GeV per nucleon, due to the finite
double-hit resolution of the MUSIC detector, was taken into account [3].

In Fig. 2, we show the extracted total fission cross sections as a function of the atomic
number of the target at 0.6 and 1 GeV per nucleon. The observed strong increase with
Ztarger 1s due to the electromagnetic contribution [3]. For comparison, we include data from
measurements of Hesse et al. at 0.75 GeV /nucleon [5], and Polikanov et al. at 1 GeV /nucleon
[1]. As already pointed out by the authors of Ref. [5], the measurement of Greiner et al. at
0.9 GeV /nucleon [8] seems systematically low in comparison to those of the other groups;
therefore, we neglect these results in the further discussion.

In order to make a quantitative comparison of the fission cross sections measured at
several bombarding energies, we subtract the contribution of electromagnetic fission:

U}w.clear =05 — O_;md. (1)
This ansatz is a good approximation since the interference term between the nuclear and
the Coulomb transition amplitudes is shown to be very small: Benesh et al. have concluded
that only 0.3 to 0.6% of the electromagnetic cross section would correspond to this inter-
ference term [16]. The electromagnetic fission cross sections are obtained from extended
Weizsacker-Williams (WW) calculations which take into account the excitation of the single
and the double giant dipole resonance and of the giant quadrupole resonance in *3*U [3,19)].
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FIG. 2. Total fission cross sections of 238U at energies between 0.6 and 1 GeV per nucleon.
For comparison, experimental values of Refs. [1,5] have been included. In order to make the figure
more legible, some data points have been slightly shifted horizontally.

Generally, these calculations approximate the electromagnetic field by an equivalent virtual
photon flux. The absorption of a virtual photon will excite the nucleus which can then
deexcite according to the branching ratios of the various channels. In our recent study of
the electromagnetic fission process, the good agreement between the experimental and the
theoretical results has been demonstrated [3]. Besides the cross sections, this also holds for
quantities like the asymmetry of the fission fragments’ charge distributions and the charge
odd-even effect, which are very sensitive to the deposited excitation energy. It should there-
fore be justified to make use of the calculated values for electromagnetic fission in order to
determine the nuclear fission cross sections, also for the data from the other experiments.

In Tab. I, we give the values of the measured total fission cross sections, the theoretical
results for electromagnetic fission, and finally the nuclear fission cross sections of our mea-
surement and those obtained in other experiments [1,5]. The nuclear fission cross sections
are compared in Fig. 3. Within the uncertainties, almost all values fall onto one curve, in
agreement with the expectation that the energy dependence should be small in the interval
between 0.6 and 1 GeV/nucleon [1]. The dashed line shows the results of a calculation
assuming a proportionality of the nuclear fission cross section to the total nuclear reaction
cross section, a'f"‘de‘” =k Oreqe. Here, the target dependence of 0,4 has been taken from a
parametrization by Benesh, Cook and Vary [16]; the fitted proportionality constant results
in k = 0.27 = 0.04 and allows a surprisingly good description of the data.

We have, furthermore, performed theoretical calculations with the widely used abrasion
- ablation model [2,11,14] in the version described in Ref. [11]. This model makes use of



TABLE I. Total and nuclear fission cross sections for several reactions. The electromagnetic
contribution has been calculated according to the Weizsacker-Williams method. The superscripts
! and ? in the first column indicate data from Refs. [5] and [1], respectively. The last column gives
the nuclear fission cross sections as predicted by the abrasion-ablation code [11,14].

Target E/A of a}md a?“CT o;}f;ff

(GeV) (barn) (barn) (barn) (barn)
Be 0.6 1.25 + 0.07 0.006 1.24 £ 0.07 1.13
Be 1.0 1.08 + 0.07 0.007 1.07 £ 0.07 1.13
Be! 0.75 1.03 £ 0.10 0.007 1.02 4+ 0.10 1.13
C 0.6 1.25 + 0.09 0.014 1.24 +£ 0.09 1.18
C 1.0 1.13 + 0.08 0.015 1.11 + 0.08 1.18
Al 0.6 1.35 £ 0.08 0.055 1.32 + 0.08 1.22
Al 1.0 1.31 £ 0.08 0.064 1.25 + 0.08 1.22
Al 0.75 1.34 £ 0.09 0.059 1.28 + 0.09 1.22
Cu 0.6 1.77 £ 0.10 0.228 1.54 &+ 0.10 1.35
Cu 1.0 1.86 + 0.11 0.273 1.59 £ 0.11 1.35
Cu! 0.75 1.95 + 0.13 0.246 1.70 + 0.13 1.35
In 0.6 221 +£0.14 0.560 1.65 £ 0.14 1.46
In 1.0 233 £ 0.14 0.690 1.64 £ 0.14 1.46
Au 0.6 3.40 £ 0.21 1.240 2.16 £ 0.21 1.52
Au 1.0 3.72 £ 0.22 1.577 2.14 + 0.22 1.52
Pb! 0.75 3.54 £ 0.21 1.458 2.08 +£ 0.21 1.55
Pb? 1.0 3.75 £ 0.38 1.676 2.07 £ 0.38 1.55
U 0.6 3.58 £ 0.21 1.581 2.00 £ 0.21 1.58
U 1.0 4.22 £ 0.44 2.036 2.19 £ 0.44 1.58

the participant - spectator picture [20]: during the abrasion phase the system divides into
the overlap and the non-overlap zone. The nucleons of the overlap zone form a hot fireball
while the nucleons of the non-overlap zone continue to move almost undisturbed with the
initial velocities of the projectile and target, respectively. In this geometrical picture, the
number of nucleons removed from a nucleus only depends on the impact parameter which
determines the overlap volume. Thus, the mass numbers of the product nuclei and their
cross sections are correlated functions of the impact parameter. The average excitation
energy of a prefragment is given by 27 MeV per abraded nucleon which was determined
empirically [22,14]. The following second stage, the so-called ablation or evaporation process,
is described by means of statistical model calculations. The fission channel is, in particular,
included in the deexcitation cascade [11]. For a consistent description of the nuclear fissilities
at high excitation energies, a correct choice of the asymptotic values of the level-density
parameters 1s very important. As proposed by Ignatyuk et al., we have used the following
set of input parameters: ay = 0.073, as = 0.095, and ax = 0.0 {11]. These coeflicients
correspond to the volume, surface and curvature components of the single-particle level
densities; they are based on the single-particle schemes of the Woods - Saxon potential [21].
As pointed out in Ref. [11], a different choice of these parameters will change the fission
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FIG. 3. Nuclear fission cross sections of 23U at energies between 0.6 and 1 GeV per nucleon;
the values have been obtained by subtraction of the electromagnetic contribution. In order to
make the figure more legible, some of the data points have been slightly shifted horizontally. The
dashed line shows the target dependence as predicted for the reaction cross section in Ref. [16]. For
comparison we show the results of the abrasion - ablation model calculations using the parameters
as proposed in Ref. [11].

cross sections significantly. The relative target dependence, however, is not affected.

In Tab. I and Fig. 3, we show the results of the abrasion - ablation model calculations.
The energy independence of the nuclear fission cross section that has been observed ex-
perimentally is reproduced [1]. However, the theoretical values show a significantly weaker
target dependence leading to smaller cross sections for the heavier targets. This finding
1s in agreement with results of our previous studies of electromagnetic fission of uranium:
the nuclear contribution to selected fission channels exhibited a stronger target dependence
than predicted by geometrical models [3]. Since the process of additional excitation of the
prefragment by nucleons emitted from the fireball is rather complex, it might well be that
the excitation energy of 27 MeV per abraded nucleon, empirically determined for Au + Al
reactions [22], is target dependent. This would change the target dependence of the cross
sections predicted by the abrasion - ablation model.

Even though the main conclusion of Ref. [11] will not be affected, we note that the
comparison between the reported experimental and theoretical fission cross sections would
be less favorable if the nuclear and electromagnetic contributions were considered separately.
The electromagnetic fission cross sections, which in the model were based on a global Z%/A
systematic, are significantly higher than those reported e.g. in Refs. [3,4]. The observed
agreement based on the comparison of total fission cross sections might therefore be caused



by a relatively high electromagnetic contribution.

In conclusion, we have measured total fission cross sections of 2®U at bombarding en-
ergies of 0.6 and 1 GeV per nucleon using seven different targets between beryllium and
uranium. The nuclear fission cross sections have been determined by subtraction of the cal-
culated electromagnetic fission cross sections. Once this has been done, all available data fall
quite precisely onto one curve. We have, furthermore, performed abrasion-ablation model
calculations of the nuclear fission cross sections. The target dependence of the theoretical
values, however, is significantly weaker than the one observed experimentally, and the nu-
clear fission cross sections for the heavier targets are underestimated. Our results increase
the number of available fission cross sections at relativistic energies significantly, and will
therefore allow more quantitative comparisons to theoretical models for the nuclear fission
process.
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