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Abstract.

Low energy fission of 23+2332362381J and 237238 Np radioactive beams, provided by the GSI/FRS

facility, has been studied using the R®B/SOFIA setup. The latter allows, on an event-by-event basis, to si-
multaneously identify, in terms of their mass and atomic numbers, the fissioning nucleus in coincidence with
both fission fragments after prompt-neutron emission. This presentation reports on new results on elemental,

isobaric and isotopic yields.

1 Introduction

Fission is one of the most dramatic reactions a nucleus
can suffer: it leads to extreme deformations, and results in
a complete rearrangement of all nucleons. A large variety
of observables of the fission process has been probed, both
through experimental and theoretical approaches. These
observables include the fission cross section, the energy
and multiplicity of prompt neutrons and gamma radiations,
the yields of the fission fragments, and their kinetic energy.
Such observables depend on the isotope which undergoes
fission, and the excitation energy at which fission occurs.
The R*B/SOFIA (Reactions with Relativistic Radioactive
Beams / Studies On Flssion with Aladin) experiment at
the GSI/FRS facility focuses on fission yields, which are
of high interest, both for application purposes, and for a
theoretical description of reactions and the connection to
nuclear structure.

In the field of nuclear technology, fission yields are
mostly important in nuclear power plants. With increasing
use of the fissile fuel, the inventory of fission fragments
(and subsequent decay products) becomes more impor-
tant in the reactor core. Under normal running conditions,
some fragments show a very high neutron-absorption cross
section: they are thus considered as poisons, and reduce
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reactivity. Other fragments emit delayed neutrons, which
are essential for the control of the fission rate. In abnormal
conditions, the fission chain reaction is stopped, as well as
all prompt-energy release. However, the delayed decay of
the fission fragments is responsible for the residual power
of the core, which amounts to approximately 6% of the
nominal value, and decreases steadily with time. An ac-
curate estimate of this decay heat is paramount for the de-
sign of cooling systems for the reactor, to cope with this
residual energy and to avoid a meltdown of the core. Such
an estimate relies on precise and accurate knowledge of
yields, half lives and decay energies of the fission frag-
ments.

Fission-fragment yields also probe the influence of nu-
clear structure of nuclei at extreme deformation on fis-
sion, all the more when the yields are correlated with
the total neutron multiplicity (vi) or the total kinetic en-
ergy (TKE). Microscopically the fission process can be de-
scribed as the evolution of the compound nucleus along the
valleys of the potential energy surface (PES), calculated
from the binding energy of the system in a given defor-
mation subspace. An interpretation of the fission observ-
ables [1] states that each valley results in a different fission
mode, each characterized by its own barrier and scission
configuration and governed by the shell structure of the
nascent fission fragments. In the near-stable actinide re-

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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gion, the focus of this article, a competition between three
main fission modes has been proposed. The standard I
(ST1) asymmetric mode is governed by the doubly-magic
shell closure around '32Sn, leading to an almost spherical
heavy fragment and therefore a compact scission configu-
ration. The standard IT (ST2) asymmetric mode is charac-
terized by a heavy fragment stabilized around Z = 54 [2],
which has been related to a proton shell in the octupole-
deformed fragments [3]. Finally the super-long (SL) sym-
metric mode leads to two, on average, mass-symmetric
fission fragments, which are both highly deformed. This
mode prevails at higher excitation energies, as the micro-
scopic shell structure is progressively dampened.

We present experimental results on the fission yields
for 234235.236.238(J and 237-238Np. Fission of these isotopes
was induced by Coulomb excitation, with a mean excita-
tion energy for the (y,f) reaction around 14 MeV [4, 5].
Therefore, as an example, the 2*U(y,f) reaction can be
considered as a surrogate reaction for 8§ MeV-neutron-
induced fission of 2*3U.

On an event-by-event basis, radioactive beams and
fission fragments are identified in terms of their nuclear
charge and mass in coincidence. Thus, it beacomes possi-
ble to extract fission yields and total prompt-neutron mul-
tiplicity. The set-up and the analysis are discussed in detail
in Refs. [4-6] and are not described in this article. Only
results obtained for elemental, isobaric, isotopic yields are
presented in Secs. 2, 3 and 3, respectively.

2 Elemental yields

The elemental yields with their associated uncertainties,
measured for 234*235’236’238U(y,f), are represented in Fig. 1.
Thanks to the very high efficiency, the full acceptance of
the setup and the good Z-resolution, the uncertainties are
dominated by the statistics. For the most populated reac-
tion, 236U(y,f), the yields are thus obtained with an un-
precendented accuracy, below 1% for asymmetric fission,
and below 2% for symmetric splits.
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Figure 1. Experimental elemental yields, with their uncertain-
ties, measured for 23+233236238(J(y ) with the R’B/SOFIA setup.
Details of the data are exhibited in the lower panels for the spe-
cific symmetric (left) and asymmetric (right) fission ranges.

Along the uranium isotopic chain, the distribution of
the fission fragments measured within this work, at a sim-
ilar excitation energy, is rather stable for symmetric scis-
sion, but the maximum for asymmetric scission changes
from Zy = 52 in 28U(y.f) to Zy = 54 in the lighter iso-
topes. This originates from a decrease of the influence of
the ST1 fission mode when the N/Z ratio of the compound
nucleus moves away from that of '32Sn.

Figure 2 shows the comparison of the elemental yields
between Coulomb-induced fission of 2**U and thermal-
neutron induced fission of 23U [7] in the upper panel and
Coulomb-induced fission of 23®U and thermal-neutron in-
duced fission of 2°U [8] in the lower panel. Such a com-
parison demonstrates the effect of the increased excitation
energy of the fissioning nucleus, since Coulomb-induced
fission populates the fissioning nucleus with an excitation
energy, which is about 8 MeV higher than for thermal-
neutron induced fission. Consequently, the SL symmetric
mode is more likely to be populated in the data presented
here, and the even-odd staggering, characterized by the
elemental yields enhancement of the even-Z fission frag-
ments, appears to be considerably reduced.

0dd-Z ?*""23¥Np isotopes were also populated, but with
fewer statistics. The elemental yields for 237238 Np(y,f) are
shown in Fig. 3. They are obtained for the most popu-
lated elements in asymmetric fission with uncertainties be-
low 5%, and for symmetric fission with uncertainties be-
low 15%. Figure 3 also shows that the most-populated
fission-fragment pair is not identical for the two fission-
ing systems. Whereas the elemental yields are enhanced
for the (Zy, = 39,Zy = 54) pair of fission-fragments,
with an even-Zy fission fragment for 237Np(y,f), it is the
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Figure 2. For the fissioning nuclei 24?3°U, results are also
compared to thermal-neutron-induced fission of 2**>?33U (dashed
lines) from [7, 8], respectively.
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Figure 3. Experimental elemental yields, with their uncertain-
ties, measured for 2723¥Np(y,f) with the R’B/SOFIA setup.

(Z1, = 40,Zy = 53) pair characterized by an even-Zj,
which is enhanced for the fission of 2¥Np.

3 Isobaric yields

The isobaric yields measured for 234233236.238(J(y f) and
237.238Np(y.f) are presented in Figs. 4 and 5, respectively.
The peak of the heavier fragments remains approximately
centered at the same position for all uranium and nep-
tunium isotopes, while the peak of the lighter fragments
moves accordingly to compensate for the variation in the
total number of neutrons of the fissioning systems.
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Figure 4. Experimental isobaric yields, with their uncertainties,
measured for 23+235236.28(J(y f) with the R*B/SOFIA setup. De-
tails of the data are exhibited in the lower panels for the specific
symmetric (left) and asymmetric (right) fission ranges.
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Figure 5. Experimental isobaric yields, with their uncertainties,
measured for 2723¥Np(y,f) with the R3B/SOFIA setup.

Figure 6, as for the elemental yields, also presents a
comparison of the isobaric yields measured in 3+230U(y.f)

ment group, is very similar at both excitation energies. It
indicates that the underlying effects responsible for the en-
hancement of the yields at A = 90 and A = 92 — 95 are
preserved over the large excitation energy range.
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Figure 6. For the fissioning nuclei 23#?3°U, results are also
compared to thermal-neutron-induced fission of **?**U (dashed
lines) from [7, 8], respectively.

Isobaric yields should also be compared to the cumu-
lative yields obtained from radiochemical measurements
at different neutron beam energies. As already mentioned
in the introduction, the 2%°U(y.f) reaction is a surrogate
reaction for direct kinematics neutron-induced fission of
235U at a beam energy of around 8 MeV. Therefore the
R3B/SOFIA data can be a powerful tool to discriminate be-
tween the different existing sets of direct-kinematics data.
This is nicely illustrated in the left and central panels of
Fig. 7, for the cumulative yields of '“Ba and Mo, re-
spectively. Moreover, the right part of Fig. 7 illustrates
that our data can also confirm, or not, the values of the
different cumulative yields, if the latter are measured dur-
ing an experiment performed with a neutron beam energy
close enough to 8 MeV.
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Figure 7. Cumulative yields for '“°Ba and Mo measured by different sets of data, as function of the neutron beam energy are
compared to the R’B/SOFIA isobaric yields for these two specific fragments, in the left and central panels, respectively. In the right
panel, all cumulative yields measured at TUNL, applying a radiochemical analysis on 2U(n,f) data with a neutron beam at 8.9 MeV,

are compared to the full set of isobaric yields from R*B/SOFIA.

4 Isotopic yields

Only isotopic fission yields obtained for 2*°U(y.f) are pre-
sented in Fig. 8. The data cover the whole fission frag-
ment charge range from Z = 30 to Z = 60. Error bars in
the figure indicate statistical uncertainties, illustrating the
level of accuracy obtained with the R’B/SOFIA setup. For
the light fission fragment group, uncertainties are mostly
below 1.5%. For the heavy fission fragment group and at
symmetry, uncertainties are below 3.5% for the most prob-
able isotopes. Isotopic yields measured for 234233238 (y,f)
are detailed in Ref. [5].
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Figure 8. Experimental isotopic yields, with their uncertain-
ties, measured for 2**U(y,f) with the R*B/SOFIA setup. Isotopic
yields for Z = 49 and Z = 50 are represented in black dashed and
full lines, respectively.

Finally, it appears that for all elements, the isotopic
distribution follows a Gaussian-like distribution, covering
eight to twelve neutron numbers. Elements Zy = 49 (in-

dium) and Zy = 50 (tin) show a quite different behavior,
with an asymmetric shape. Indium is centered at N = 74,
and shows a tail which extends up to N = 80. In contrast,
tin isotopes are centered around N = 79, with a tail which
extends down to N = 71. Therefore, a shift of just one Z
unit causes a shift in neutron number of five units.

5 Conclusions

Elemental, isobaric and isotopic yields have been mea-
sured for Coulomb-induced fission of the nuclides
234.235.2362381) and 2372%Np. The full fission-fragment
range was investigated, using the R*B/SOFIA setup at the
GSI/FRS facility. Results are obtained with an unprece-
dented accuracy for the 23>23U compound nuclei, thanks
to an accumulated statistics of more than 10® Coulomb-
induced fission events.

For the first time, isotopic yields were measured for the
compound nuclei 237’238Np. In Ref. [2], it was observed
that the Z-value of the heavy fragments provides an en-
hanced stability. With the R*®B/SOFIA experiment, this
conclusion has been extended to the 2*”?3¥Np fissioning
nuclei.
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