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Low-energy fission of 233 and **"?*Np radioactive beams, provided by the Fragment Separator (FRS) of
the GSI Helmholtzzentrum fiir Schwerionenforschung facility (GSI), has been studied using the Reactions with
Relativistic Radioactive Beams / Studies on Fission with Aladin (R3B/SOFIA) setup. The latter allows us, on
an event-by-event basis, to simultaneously identify, in terms of their mass and atomic numbers, the fissioning
nucleus in coincidence with both fission fragments after prompt-neutron emission. This article reports new results
on elemental, isotonic, isobaric, and isotopic yields. Moreover, the high accuracy of our data allowed us to
study in detail proton even-odd staggering, from elemental yields; neutron excess, from isotopic yields; and total
prompt-neutron multiplicity, from the difference of masses of the fissioning nucleus and fission fragments. These
results are then compared to previous experimental data in order to probe how these fission observables change
as function of the excitation energy and atomic and neutron numbers of the compound nucleus.
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I. 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 have been probed both
through experimental and theoretical approaches. These ob-
servables include the fission cross sections, the energy and
multiplicity of prompt neutrons and y radiations, the yields
of the fission fragments, and their kinetic energy. Such ob-
servables depend on the isotope which undergoes fission and
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the excitation energy at which fission occurs. The Reactions
with Relativistic Radioactive Beams / Studies on Fission with
Aladin (R3B/SOFIA) experiment 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 important in the reactor core.
Under normal running conditions, some fragments show a
very high neutron-absorption cross section: They are thus con-
sidered as poisons and reduce 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 accurate estimate of this decay heat is paramount for the
design of cooling systems for the reactor to cope with this
residual energy and to avoid a meltdown of the core. Such an
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estimate relies on precise and accurate knowledge of yields,
half-lives, and decay energies of the fission fragments.

Fission-fragment yields also probe the influence of nu-
clear structure of nuclei at extreme deformation on fission,
all the more when the yields are correlated with the total
neutron multiplicity (vy) or the total kinetic energy (TKE).
Microscopically, the fission process can be described 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 deformation subspace. An
interpretation of the fission observables [1-3] 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 region, the focus of this article, a compe-
tition between three main fission modes has been proposed.
The standard 1 (ST1) asymmetric mode is governed by the
doubly magic shell closure around '*?Sn, leading to an almost
spherical heavy fragment and therefore a compact scission
configuration. The standard II (ST2) asymmetric mode is
characterized by a heavy fragment stabilized around Z = 54
[4], which has been recently related to a proton shell in the
octupole-deformed fragments [5]. Finally, the superlong (SL)
symmetric mode leads to two, on average, mass-symmetric
fission fragments, which are both highly deformed. This mode
prevails at higher excitation energy, as the microscopic shell
structure is progressively dampened.

In this article, the experimental setup is briefly presented
in Sec. II. Then, all experimental results obtained on the
fission yields for the 23233( fissioning nuclei are detailed
in Sec. III. The prompt-neutron multiplicity as a function of
the isotopic yields is also studied in Sec. IIIE to probe the
scission configurations. Additional results on the fission yields
of neptunium isotopes are presented in Sec. IV. The latter
data are used in Sec. V to investigate the discrepancies or
similarities between neighboring even-Z and odd-Z fissioning
nuclei by measuring how the mean values of the fission yields
depend on the number of protons and neutrons of the fission-
ing compound nuclei. Finally, a comparison is performed in
Sec. VII between different models to estimate the number
of neutrons of the fission fragments at scission, before the
prompt-neutron evaporation phase.

II. R3B/SOFIA experiment

A. Experimental setup

The experimental setup and analysis procedure are detailed
in Refs. [6,7] and only an overview of the setup is given in this
section.

In this article, we report on the study of electromagneti-
cally induced fission of 23*23U and **">*Np, using inverse
kinematics at relativistic energies. At such energies, ions are
mostly fully stripped and in this case the atomic number Z
is equal to the charge state, Q. The latter is obtained from
an energy loss (AE) measurement provided by a multisample
ionization chamber (MUSIC [8]), after correction of the ve-
locity dependence of AE. The mass A of the relativistic ion
is determined by its magnetic rigidity, Bp: A/Q « Bp/Bv,
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FIG. 1. Schematic view of the FRS and of the first part of the
setup, employed to separate and identify the secondary beams of
interest. Figure not to scale.

with the reduced velocity, §, and the Lorentz factor, y. The
magnetic rigidity is determined by tracking the ion through
a magnetic field, based on measurements of the horizontal
position, x, and the corresponding angle, 6. Therefore, by
combining AE, Bp, and time-of-flight (ToF) measurements
with a sufficiently high accuracy, an isotopic identification in
terms of Z and A can be obtained. With the R3B /SOFIA setup,
such a measurement is possible on an event-by-event basis
for the secondary beam of interest at the fragment separator
(FRS, [9]) and for both fission fragments in coincidence at
the high-energy experimental area of the GSI facility, Cave
C, using the large acceptance dipole (ALADIN [10]) installed
there. Figure 1 shows the part of the setup dedicated to the
identification of the secondary beams. The beams are pro-
duced by fragmentation or charge-exchange reactions of a 1
A GeV primary 233U beam on a beryllium target. Event by
event, the ToF is measured along a 138-m-long flight path by
two plastic scintillators located at the S2 focal plane and at the
entrance of Cave C. Both scintillators also provide horizontal
position measurements, based on the time difference between
two photomultipliers mounted on the left and right sides of
the scintillator. Two time-projection chambers (TPC [11]) and
two multisampling ionization chambers from the Technical
University of Munich (TUM-MUSIC [8]) were mounted at
Cave C to complete this setup. The angle of the incoming
ion is obtained using both TPC detectors. In contrast to the
fission fragments, these very heavy ions can still carry one
or two electrons. Therefore, two independent measurements
of the ionic charge states, Q; and Q,, are inferred from
the energy-loss measurements by the first and second TUM-
MUSIC detectors. The identification of the nuclear charge of
the secondary beam is thus obtained (see Ref. [7] for details).
Figure 2 presents the (Z vs A/Q) identification plot of the
secondary cocktail beam. Thanks to an accurate measurement
of the mass-over-charge ratio, the amount of uranium ions
misidentified as protactinium ions, less than 10% (see the
tail in Fig. 2 toward one charge lower), is further reduced
compared to the amount of correctly identified atomic num-
bers. Figure 3 is a schematic view of the experimental setup
at Cave C. It allows for the coincident identification of the
nuclear charge and mass numbers of both fission fragments,
with an average detection efficiency of 63%. This value was
evaluated from a full Monte Carlo simulation (see Ref. [6] for
all details). The secondary beam from the FRS has an energy
at the entrance of the cave of about 700 A MeV. Coulomb fis-
sion is induced in flight in uranium and lead targets mounted
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FIG. 2. Identification plot of the radioactive secondary beam for
a sample of the recorded statistics.

as cathodes in an active target (see Ref. [6] for details). The
fission fragments are emitted in the forward direction, within
a narrow cone of 40 mrad at most, due to the relativistic boost
from the secondary actinide beam. The identification of each
fission fragment is obtained, similar to the identification of the
secondary beam, with the AE-ToF-Bp technique. The energy
loss is measured by the Twin-MUSIC, an ionization chamber
consisting of two identical and independent chambers, sharing
a common central cathode. Each fragment passes one half of
the chamber, where its energy loss and horizontal angle are de-
termined. Position measurements upstream and downstream
the dipole magnet are performed with multiwire proportional
chambers (MWPC [12]). The ToF of the fission fragments is
obtained between the start scintillator and a time-of-flight wall
[13], located at the very end of the spectrometer.

The measured atomic number distribution of the fission
fragments is presented in the top panel of Fig. 4. It has a
resolution of 0.35 charge units given in full width at half
maximum (FWHM). The mass distribution, presented in the
bottom panel of Fig. 4, is measured with a resolution varying
from 0.59 mass units, FWHM, for the lighter fission fragments
up to 0.8 mass units, FWHM, for the heavy fission fragments.
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FIG. 3. Schematic view of the R3B/SOFIA setup located at Cave
C and used for the coincident identification of both fission fragments
in terms of their nuclear mass and charge. Figure not to scale.
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FIG. 4. Measured atomic-number distribution (a) and mass dis-
tribution (b) of the fission fragments produced by Coulomb-induced
fission of 2>>U. For details see text.

B. Fission reactions

In order to select only fission reactions, the data acquisition
system is triggered when two ions are detected within 100 ns
in the time-of-flight wall. However, two interaction mecha-
nisms, leading to fission, may take place when the secondary
beam interacts with a target nucleus. For the larger impact
parameters, the interaction results in a Coulomb interaction
between the high-energy actinide beam and the target nuclei,
leading to the exchange of a virtual photon. This leads to the
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FIG. 5. Calculated excitation function of Coulomb-induced fis-
sion reaction of a 555 A MeV 23U beam impinging a >**U target.
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TABLE I. Cross section and mean excitation energy for each
studied Coulomb-induced fission reaction, calculated with a beam
energy of 555 A MeV in the center of the target.

Beam oy ¢ [b] (E; ;) [MeV]
B4y 4.0 13.6
By 3.6 13.9
238(5 2.0 14.7
ZTNp 4.8 13.5
Z8Np 4.5 13.7

excitation of multipole resonances, mainly the giant dipole
resonance. The calculation of the excitation function at fission
is discussed in detail in Refs. [6,7]. The excitation energy
of the electromagnetically induced fission of a 2>U beam at
555 A MeV in the center of a 2 target is relatively low,
as illustrated in Fig. 5. It covers a range from 5 to 30 MeV,
with a mean value around 14 MeV (see Table I). Such an
excitation energy is typically that of actinide nuclei after the
absorption of a neutron of about 7-9 MeV, depending of the
neutron binding energy [6,7].

If the impact parameter between the target and the projec-
tile nuclei is small, a fragmentation reaction occurs. A number
of nucleons is removed from the projectile, and the excitation
energy of the resulting prefragment covers a large range up to
hundreds of MeV. The de-excitation channels include fission,
possibly preceded by neutron and/or light-charged particle
evaporation. These events are rejected in a two-step analysis
process. In the first step, only events where the sum of the
nuclear charges of the two fission fragments (Zg,n,) is equal
to the nuclear charge of the fissioning nucleus (Zcy), are
analyzed. Yet, a fraction of the fragmentation-fission events
remains, where only neutrons are removed during the frag-
mentation phase. This component cannot be removed on an
event-by-event basis, but can be subtracted, in a second step,
using data on fission in light-Z materials, such as aluminium
(anodes of the active target) and glass (exit window of the
second MUSIC detector). Table II provides for each fissioning
nucleus, the number of fully reconstructed registered events,
in which Zg,, = Zcn (no charged particle emission). The full
subtraction procedure is described and illustrated in Ref. [6].

III. COULOMB-INDUCED FISSION OF 24235y
A. Y(Z): Elemental yields

The elemental yields with their associated uncertainties,
measured for 2>*233(y f), are represented in Fig. 6(a), and
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FIG. 6. (a) Elemental yields, measured for 2**23>238(J(y f) in this
work and Ref. [6] (full lines) and as reported in Ref. [4] (dashed
line, labeled KHS). Results for the fissioning nuclei 342*¥( are also
compared, respectively, in panels (b) and (c), to data sets at lower
excitation energies (dotted lines) obtained by Quade et al. [14] for
234y and Ramos et al. [15] for 38 U.

the numerical values are given in the Supplemental Material
[16]. 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 reaction,
235U(y ,f), the yields are thus obtained with an unprecendented
accuracy, below 1% for asymmetric fission and below 4% for
symmetric splits.

Coulomb-induced fission was measured previously for
234U [4]. The comparison shown in Fig. 6(a) is consistent
but exhibits higher yields for symmetric fission in this former
experiment. This feature is understood as coming from the
lower accuracy in Ref. [4] in the subtraction of the nuclear-
fragmentation component.

TABLE II. Number of fully reconstructed fission events. The fission events from the anodes and glass are used for the nuclear contribution

subtraction, as explained in Ref. [6].

Nuclide Targets Anodes Glass
By 248 450 3108 12 487
By 1533 665 18 177 83 130
BTNp 14 474 175 599
Z8Np 50 461 552 2596
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TABLE III. 234233:238(5(y f): 5-Gaussians fits on Y (Z).

Fission mode 24y 25y 28y

ST1 Constant 1.82 3.52 6.79
(Z1), {(Zy) 40.67,51.33 40.40,51.60 40.38,51.62

OsT] 1.21 1.15 1.27

ST2 Constant 14.41 13.86 12.10
(Z1), {(Zy) 37.85,54.15 37.72,54.28 37.70,54.30

osT2 2.35 2.29 2.30

SL Constant 1.61 1.79 1.56

oL 4.00 4.00 4.00

Figure 6(b) shows the comparison of the elemental yields
between Coulomb-induced fission of 2**U and thermal-
neutron induced fission of 2*U [14]. Such a comparison
demontrates 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 fis-
sion. Consequently, the SL. symmetric mode is more likely
to be populated in the data presented here, and the even-odd
staggering appears to be considerably reduced, as discussed in
detail in the following section (see Sec. III B). The same con-
clusions are reported by Ref. [17] and illustrated by Fig. 6(c).
It compares the elemental yields measured for 233U (y ,f) with
the yields of the same 2**U compound nucleus produced
by inelastic scattering on an carbon target with an average
excitation energy of 7.4 MeV. Finally, along the uranium iso-
topic chain, the distribution of the fission fragments measured
within this work, at a similar excitation energy, is rather stable
for symmetric scission, but the maximum for asymmetric
scission changes from Zy = 52 in 2$U(y.f) to Zy = 54 in
the lighter isotopes. This originates from a decrease of the
influence of the STI1 fission mode when the N/Z ratio of
the compound nucleus moves away from that of '*2Sn. In
order to emphasize the contribution of each fission mode, the
elemental yields have been fitted with a set of five Gaussian
functions according to Ref. [18]. Numerical values of the fits
are given in Table III. As illustrated in Fig. 7, the ST1 fission
mode becomes more prominent if the number of nucleons in
the compound nucleus increases and the ST2 mode becomes
correspondingly weaker.

B4y, N/zZ=1.543

B35y, N/z=1.554 8

U,N/Z=1.587

35 40 45 50 55 60 35 40 45 50 55 6

35 40 45 50 55 60
Atomic number (Z) Atomic number (Z) Atomic number ( Z)

FIG. 7. Evolution of the elemental yields along the uranium
isotopic chain for ST1 (filled red areas), ST2 (blue dotted lines),
and SL (green dashed lines) fission modes, determined with a five-
component fit of the measured elemental yields (black lines). The
N/Z ratio of the compound nuclei should be compared to that of
1328n which has N/Z = 1.64.

B. Proton even-odd staggering

Figure 6 also shows an enhancement of the even-Z fission
fragments. This excess yield can be quantified, both globally
and locally.

The global even-odd effect (G,,) is calculated as follows:
Geo = (Yo —Y,)/(Ye +Y,), where Y, (Y,) is the total yield
of fragments with an even (odd) number of protons. The
values for all studied uranium fissioning systems are listed in
Table 1V, as well as the value for Coulomb-induced fission
of 24U, measured in Ref. [4]. The latter agrees with this
work. In order to demonstrate the influence of the excitation
energy on this even-odd staggering, other data from fission of
the isotopes 2>#238( have also been included. In Ref. [14],
thermal-neutron induced fission was studied, which popu-
lates the 2**U compound nucleus with an excitation energy
of 6.8 MeV. Reference [17] reports on fission of the 23¥U
compound nucleus, populated by inelastic scattering with an
average excitation energy of 7.4 MeV. Given that the excita-
tion energy for the compound nuclei 23#238( in these data is
7 MeV lower compared to the data from Coulomb-induced
fission, the global even-odd staggering increases for them by
78% and 60%, respectively.

The local even-odd staggering (8.,) is obtained according
to the approach proposed in Ref. [19]:

Seo(Z +1.5) = (= 1) {nYz5 — In¥y)
-3 x (lnYZ+2 —In YZ+1)}-

ey

It gives an estimate of the local fluctuation of the yields
compared to a Gaussian distribution. Figure 8(a) shows the
local even-odd staggering, as a function of the atomic num-
ber. Only half of the distribution is depicted since the Z
distribution is intrinsically symmetric. Globally, for the three
fissioning uranium isotopes, the even-odd staggering is lower
in the symmetric region, populated by the SL mode. The
latter is dominantly fed by the high-energy part of the ex-
citation energy distribution represented in Fig. 5. Therefore,
in Coulomb-induced fission, the SL mode is populated with
higher excitation energy than the asymmetric modes and more
energy is available to break pairs of protons. In contrast,
for asymmetric regions, the local even-odd effect increases
steadily with the asymmetry.

Three local variations, marked in gray in the figure, are
observed around Zy = 50, Zy = 52, and Zy = 56. The yields
for these even-Z elements are higher than expected for
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TABLE IV. Numerical values of the global proton even-odd staggering measured in 2**233233(j(y f) (this work and Refs. [4,6]), in

23U (ny,f) [14] and in fission of 2*¥U produced by inelastic scattering [17].

Reaction Geo(Z) [%] (E*) [MeV]
B3U (gD [14] 21.8+£05 6.8
Buy.h [4] 125+ 1.0 13.6
By D 1224+ 04 13.6
BU(y.b 11.54+0.2 13.9
BBuy.h [6] 10.1 £ 0.1 147
B3y(2e, PO Pur [17] 162+ 1.6 7.4

even-odd pairing and probably directly related to the fission
modes. Indeed, they are exactly located at the expected pro-
ton shells responsible for the asymmetric modes: the first
variation located at Zy = 50 corresponds to the ST1 mode,
and the location of the two others is completely consistent
with the interpretation of the ST2 mode caused by the influ-
ence of octupole-deformed proton shells located at Zy = 52
and Zy = 56 [5]. As the excitation energies for the differ-
ent reactions are similar (see Table I), and, considering that
the excitation energy needed to break a pair of nucleons is
not changing significantly from 2*U up to 2¥U, the ratio
of the even-odd staggerings between 24233y and 2%y, as
represented in Fig. 8(b), allows us to suppress the influence
of the excitation energy on the even-odd staggering in order
to obtain an estimate of the evolution of the weight of each
fission mode. As previously seen in the elemental yields,
the influence of Zy = 50, corresponding to the ST1 mode is
stronger for the fission of 238U, since both ratios are lower than

OOD 1
g
© |
~ 1
sl 24238 o
=) 235,238
Uy
46 48 50 52 54 56 58

Atomic number ( Zy)

FIG. 8. (a) Proton local even-odd staggering measured in this
work for 234235238(j(y f), represented with blue diamonds, red cir-
cles, and green squares, respectively. (b) Ratio between the local
even-odd staggerings in 23*?3U(y ,f) and those in 2*U(y ,f).

one (indicated with a dotted line). In contrast, the influence
of Zy =52 and Zy = 56 corresponding to the ST2 mode is
weaker. Due to the overlap with the SL mode, it is not possible
to learn more about the ST1 fission mode. In contrast, the
ST2 mode can be discussed in more detail. First, the effect
of both components of the ST2 mode can be decoupled: It
seems that from 23U to 23*U, the increasing influence of this
mode is larger for Zy = 52 than for Zyy = 56. Then, the effect
of the excitation energy can be investigated, based on Fig. 9.
The latter exhibits in the upper panel the comparison of the
local even-odd staggering between Coulomb-induced fission
of 241 and thermal-neutron induced fission of 23U [14], and
in the lower panel the ratio of both quantities. As mentioned
already, the even-odd staggering is considerably stronger on
a global scale when the excitation energy decreases. It is
unexpected that the ratio within the ST2 area is rather flat. This
observation supports the hypothesis that the influence of the
ST2 mode on the potential energy landscape does not change
within this excitation-energy difference.

233
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FIG. 9. (a) Comparison of the proton local even-odd staggering
between 2*U(y,f) (full blue diamonds, left axis) and Z3U(ng,f)
(open purple diamonds, right axis [14]). (b) Ratio between the local
even-odd staggering in >*U(ng,,f) [14] and Z*U(y ).
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FIG. 10. (a) Isobaric yields, measured for 23*233238(j(y f) in this
work and in Ref. [6]. Results for the fissioning nuclei **23¥( are
compared in panels (b) and (c), respectively, to other data sets at
lower excitation energies (dotted lines) measured by Quade er al.
[14] and Martin et al. [20] for ?**U, and Ramos et al. [15] for 233 U.

C. Y(A) and Y (N): Isobaric and isotonic yields

The isobaric and isotonic yields are presented in Figs. 10(a)
and 11(a), respectively, and their numerical values are re-
ported in the Supplemental Material [16]. For both isobaric
and isotonic yields, the peak of the heavier fragments remains
approximately centered at the same position for all three
uranium 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. Figures 10 and
11 also present a comparison of the isobaric and isotonic
yields measured for the 3+23(J fissioning nuclei in this ex-
periment, with data obtained at lower excitation energy. The
latter, thermal neutron-induced fission of 233U [14,20] and
fission of 2*®U produced by inelastic scattering in inverse kine-
matics [15] show a more asymmetric behavior; the symmetric
valley is depleted. In Coulomb-induced fission data, given that
the excitation energy is around 7 to 8 MeV higher, the SL
symmetric mode populates the range 110 < A < 130. Never-
theless, looking at the 23417 data, a fine structure is observed
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FIG. 11. (a) Isotonic yields measured for 234235238(j(y f) in this
work and in Ref. [6]. Results for the fissioning nuclei **2*¥y are
compared in panels (b) and (c), respectively, to other data sets at
lower excitation energies (dotted lines), measured by Quade et al.
[14] for **U and Ramos e al. [17] for 28U.

for the light fragment group in the isobaric yields. This fine
structure is very similar at both excitation energies, indicating
that the underlying effects responsible for the enhancement of
the yields at A = 90 and A = 92-95 are preserved over the
large excitation energy range. The authors of Ref. [17] came
to the same conclusion when they discussed isotonic yields
measured for fission of 23¥U. Again, the enhancement of the
yields at Ni, = 60 and Ny = 82 is well preserved.

The fission fragments are identified by the R3B/SOFIA
setup after prompt-neutron emission but before any delayed
decay. Therefore, the understanding of the measured isotonic
and isobaric yields is more complex than the one of the mea-
sured elemental yields, since the neutron evaporation stage
must be considered in the interpretation of the results. Global
neutron even-odd staggering probes the prominent role of the
neutron evaporation stage. Table V presents the comparison of
the Geo(N) values for Coulomb-induced and thermal-neutron
induced fission. In contrast to Ge,(Z), the influence of the
excitation energy appears to be weak, indicating that the neu-
tron separation energy of the last neutron is decisive in the
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TABLE V. Numerical values of the global neutron even-odd staggering measured for 234235238(j(y f) and compared to thermal-neutron

induced fission of 22U [14].

Nuclide Geo(N) [%] (E*) [MeV]
23U (0,0 [14] 55407 6.8
Buy,h 34+05 13.6
Z5Uy,h) 54404 13.9
BBU(y.b [6] 51402 14.7

observed even-odd staggering as studied in Ref. [21]. Even-
odd proton and neutron staggering might be similar at
scission, but the neutron even-odd staggering might be sig-
nificantly washed out during de-excitation of the fragments
by neutron evaporation. This weaker even-odd staggering,
leading to an enhanced production of the even-N fission frag-
ments, is well observed for all isotonic yields presented in
Fig. 11. In addition to this staggering, a strongly enhanced
production of the isotone N = 82 is clearly seen for all three
fissioning isotopes. This is due to the magicity of N = 82,
which acts as a trap during the neutron evaporation process
due to its high neutron separation energy.

D. Y(Z, N): Isotopic yields

Isotopic fission yields obtained for 23233238((y f) are
presented in Fig. 12. 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 R3B/SOFIA setup. For the
light fission fragment group, uncertainties are mostly below
2.5%. For the heavy fission fragment group and at symmetry,
uncertainties are below 7% for the most probable isotopes. For
very asymmetric fission, the heavy fission fragments (Z > 57)
uncertainties are below 20%. All numerical values obtained
for isotopic yields for 23*235U(y f) are given in the Supple-
mental Material [16]. Numerical values for 22U(y,f) were
previously reported in Ref. [6]. It was mentioned before that
the most abundant elements vary from (Z;, = 38, Zy = 54)
in 2425y(y,f to (ZL =40, Zy = 52) in 28y(y.f. With
Fig. 12, the most abundant isotope is identified to be (Z =
54, N = 82)and (Z = 52, N = 82), for fission of 2**%35(J and
238, respectively. This explains the shift of two mass units for
the maximum of the mass yields from Ay = 136 to Ay = 134.

Finally, it appears that for all elements, the isotopic distri-
bution follows a Gaussian-like distribution, covering eight to
12 neutron numbers. Elements Zy = 49 (indium) and Zy =
50 (tin) show a quite different behavior, with an asymmetric
shape, as illustrated in Fig. 13. Indium is centered at N = 73
and shows a tail which extends up to N = 80. In contrast,
tin isotopes are centered around N = 78, with a tail which
extends down to N = 72. Therefore, a shift of just one Z unit
causes a shift in neutron number of five units. The role of the
doubly closed shell in the vicinity of '*?Sn on asymmetric
fission was underlined already in the introduction, and this
is an experimental confirmation of its importance. The strong
difference in the mean N value between Z = 49 and Z = 50 is
linked to the attractive power of the '*2Sn region and the tran-
sition from the symmetric SL to the asymmetric ST1 fission

mode. This effect is even larger, as previously seen in Fig. 7,
in the case of Z3¥U(y,f). The tails observed in the isotonic
distributions of indium and tin are the signatures of SL and
ST1 fission modes. Element indium is mainly produced by the
SL channel, but also by the ST1 channel which causes a tail
extending towards higher N values. Element tin, on the other
hand, is mainly produced by the ST1 channel, and the residual
contribution of the SL mode causes a tail toward lower N
values.

E. Prompt-neutron multiplicity

Since the experimental setup measures the masses of the
compound nucleus (Acn) and fission fragments (Apg, and
Afpr,) on an event-by-event basis, the total prompt-neutron
multiplicity (v) is obtained by vt = Acn — Arr, — AFE,-
All numerical values of (vy) are given in the Supplemental
Material [16].

The average value (vy) can be plotted as a function of
the atomic and/or neutron number of one fission fragment,
as shown in Figs. 14 and 15. Such correlations probe the
configuration at scission. One observes in Fig. 14 that the total
prompt-neutron multiplicity ranges from three to six neutrons,
with the highest multiplicity occurring for symmetric fission
events. This symmetric configuration corresponds to the SL
fission mode. The associated path from saddle to scission is
very long, and both fission fragments show a high quadrupolar
deformation. After scission, the fragments relax into their
ground-state shape, and the deformation energy is converted
into excitation energy. This excitation energy is then released
through prompt-neutron emission, and the multiplicity is thus
much higher than in asymmetric fission. Figure 14(b) surpris-
ingly shows that (), averaged on the isotonic chain, is rather
stable for the light-fragment group around 3.8, for the isotones
below N, = 56. On the opposite side, (1) decreases sharply
for the heavy-fragments group above Ny = 82.

For the 23423 U(y,f) reactions, those which were obtained
with higher statistics, the average value of the tofal prompt-
neutron multiplicity is plotted as a function of the atomic and
neutron numbers of one fission-fragment, in Fig. 15. For each
element, lower neutron numbers correspond to higher prompt
neutron multiplicity, which simply describes that the lower
postemission neutron number of the fragments correlates with
more important prompt-neutron emission. This is confirmed
for all elements, except for molybdenum (Z; = 42), and to
some extent technecium (Z, = 43). Both the asymmetric ST1
and the symmetric SL modes contribute to the production of
these elements, but their influences drive the neutron multi-
plicity in opposite directions. In the asymmetric mode, higher
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FIG. 12. The isotopic yields measured for 2**233U(y f) are presented in panels (a) and (b), respectively. For comparison purpose, the
isotopic yields measured for 2U(y ,f) [6] obtained with the same R3B/SOFIA setup are presented in panel (c).
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FIG. 13. Isotopic yields measured for Coulomb-induced fission
of 2% (blue diamonds), 2**U (red circles), and 23¥U (green squares
[6]) for two fission fragment pairs: (Z, = 42, Zy = 50) in panel
(a) and (Zy = 43, Zyg = 49) in panel (b). Yields of the light (heavy)
fragments are plotted with dashed (full) lines.

prompt-neutron multiplicity corresponds to lower number of
neutrons in the fission fragments. However, as the latter in-
creases, the SL mode plays a larger role and tends to increase
the prompt-neutron multiplicity. Of course, this is not seen
for the complementary element tin (Zy = 50), which is also
produced through both the ST1 and SL modes, because in this
case the contribution of the SL mode increases as the number
of neutrons decreases. Instead, we observe a variation in the
slope: It is stronger from N = 71 to N = 77 and then becomes
softer.
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FIG. 14. Average value of the total prompt-neutron multiplicity
as a function of atomic number and neutron number, respectively
in panels (a) and (b), of one fission fragment measured after
prompt-neutron evaporation, for Coulomb-induced fission of 234233(
represented with blue diamonds and red circles, respectively.

IV. COULOMB-INDUCED FISSION OF 27-28Np

As shown in Fig. 2, beams of the odd-Z 2*"*¥Np were also
present in the same FRS setting but with much less statistics
(see Table II of Sec. IIB). This leads to higher statistical
uncertainties. Nevertheless, the elemental yields measured for
B1.28Np(y,f) are shown in the lower panel of Fig. 16 and
their numerical values are given in the Supplemental Mate-
rial [16]. They are obtained for the most populated elements
in asymmetric fission with uncertainties below 5% and for
symmetric fission with uncertainties below 15%. Figure 16
also shows that the most populated fission-fragment pair is
not identical for the two fissioning systems. Whereas the ele-
mental yields are enhanced for the (Z;, = 39, Zy = 54) pair
of fission fragments, with an even-Zy fission fragment for
BINp(y,b), it is the (Z, = 40, Zy = 53) pair characterized
by an even-Z; which is enhanced for the fission of Z¥Np.
Finally, charge conservation in the scission process enforces
the global even-odd staggering to be zero. However, some fine
structure exists in the local even-odd staggering, as shown in
the upper panel of Fig. 16. For both neptunium nuclides, &,
is positive, showing an enhanced production of even-Z fission
fragments around Zy = 50, but also for the very asymmetric
light fragment group.

Figure 16 also compares elemental yields measured in this
work with those for fission of >*Np produced at a lower
average excitation energy of 7.5 MeV by the transfer reaction
28y, 239Np) 1B [15,17]. Two effects are observed in this
comparison which are fully consistent with what has already
been highlighted for the fission of uranium isotopes: As the
excitation energy decreases, the symmetric SL mode becomes
less likely, and the amplitude of the even-odd staggering if it is
locally nonzero is increasing. This is particularly clear for the
amplitude of the local even-odd staggering around Z = 50,
which is also larger for fission of **Np, which has an N/Z
value closer to that of '¥2Sn.

Numerical values of the isobaric and isotonic yields are
given in the Supplemental Material [16]. The most populated
asymmetric yields are obtained with uncertainties around 5%
(10%), and the symmetric yields with uncertainties around
30% (40%) for the fission of 2*Np (**’Np).

Finally, despite the weaker statistics, the isotopic yields
were also measured. For the most populated fission fragments,
the uncertainties obtained for the fission of 2*”2¥Np are below
12% and 8% in the light fragment group, respectively, and
between 10% and 25% among the heavy fragments. The full
set of isotopic yields measured for Coulomb-induced fission
of 237-28Np are drawn and the numerical values are given in
the Supplemental Material [16].

V. MEAN VALUES OF THE FISSION YIELDS

A. Mean values for asymmetric fission

The mean values of the atomic, neutron, and mass numbers
of the light and heavy fragment groups have been extracted
with a precision of 0.1 to 0.2 units. Each yield distribution
is fitted with a sum of three Gaussian distributions. An addi-
tional constraint is added, in the multifit of the isotonic and
isobaric yields, to ensure that the light and heavy components
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FIG. 15. For each element produced in 2**23(y ,f), the average value of the measured total prompt-neutron multiplicty is presented as a

function of the number of neutrons in panels (a) and (b), respectively.

show the same integral yields. Indeed, for these yields, the
width of the heavy component is larger than that of the lighter
one. A comparison of the results obtained for the fission of the
uranium and neptunium isotopes is given in Table VI for the
light and heavy fragment groups.

For these fissioning systems, the heavy fragments play
a prominent role in asymmetric fission. Indeed, the heavy
peak remains approximately at the same position, while the
lighter peak positions compensate for the variation in proton
and neutron numbers of the compound nucleus. This feature
has long been known. Asymmetric fission was found actu-
ally in the uranium to curium region to be characterized by
heavy fission fragments distributed around a mean mass of
(Ag) =~ 138-140, while the mean mass of the light fission
fragments increases with the mass of the fissioning nucleus
[22,23]. Then, from the systematic measurement of the el-
emental yields over a large region of the nuclide chart (up

to uranium), it has been found that the heavy peak shows
an almost constant mean Z value [4]. This new set of data
confirms this trend also for the fission of 23"2*¥Np.

B. Neutron excess

Figure 17 illustrates the measured neutron excess ra-
tio, defined as the average neutron number per proton, i.e.,
(Nrr)/Zpr. Since the measurement takes place after prompt-
neutron evaporation, this ratio probes the interplay between
the nuclear structure of the fragments and the prompt-neutron
emission. Its evolution should be interpreted regarding not
only the shell structure of the fragments which can populate
preferentially some regions in the (Z, N) space, but also the
prompt-neutron emission. Error bars are reported in the fig-
ures and are in most cases smaller than the symbol sizes. The
evolution from lighter to heavier elements can therefore be
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FIG. 16. (a) Total prompt-neutron multiplicity, (b) local even-
odd staggering, and (c) elemental yields measured for 27¥Np(y ,f)
represented with diamonds and circles, respectively. The data are
compared to the measurement of fission of **’Np produced by a
transfer reaction at (E*) = 7.5 MeV [15,17], represented with open
squares.

accurately inferred and described. First, for very asymmetric
fission, the neutron excess decreases strongly and steadily for
light fission fragments from Z;, = 32 to Z;, = 36 and, for the
heavy ones above Zy = 56, with a smaller slope. Then, for
the most populated asymmetric scission configuration, while
the neutron excess decreases for the heavy fragments, it is flat
from Z;, = 36 to Z;, = 41. Finally, as already observed in the
low-energy fission of actinides in the same region, 3%?¥(J,
29Np, and >*°Pu [6,17,24], the neutron excess steeply in-
creases at Zy = 42 before becoming smoother around the

(@)

1.54

1.52

<N FF>/ ZFF

1.5

1.48

1.54 | h

1.52 F i

1.5 _* 238

1.48 | 1

<N FF>/ ZFF

Np —— E

35 40 45 50 55 60
Atomic number ( Z)

FIG. 17. The average neutron number per proton (Ngg)/Zrr mea-
sured (a) for the fission of 2**233( (blue diamonds and red circles,
respectively), and (b) for the fission of 2*Np.

symmetric splitting and increases again suddenly and sharply
at Zy = 50. This phenomenon is another illustration of the
population of the indium and tin isotopes by the population
of the two different fission modes, namely the symmetric SL
mode and the compact asymmetric ST1 mode. It confirms the
conclusions already drawn from Fig. 13. The ST1 mode is
strongest at the closed shell Zy = 50, which populates pri-
mary fission fragments with a large number of neutrons, due
to the additional influence of Ny = 82 spherical shell. As such
heavy fission fragments are nearly spherical, the excitation
energy originating from the deformation energy is small and
the prompt-neutron evaporation is minimized. Both effects,
the production of primary fragments with larger number of

TABLE VI. Average values of atomic, neutron, and mass numbers for the light and heavy fission fragments, measured for the Coulomb-

induced fission of 23423523817 and 2" 2¥Np.

Nuclide (Z) (NL) (AL) (Z) (Nu) (An)
B4y 4] 382+ 0.1 53.8 +0.1

By 38.1 £0.1 55.7+0.1 93.8 £0.1 53.9 +£0.1 83.0+0.1 136.9 + 0.1
By 382+0.1 56.1 £0.1 943 £ 0.1 53.8 £0.1 833 +0.1 137.0 £ 0.1
28y [6] 38.6 + 0.1 583+ 0.1 96.6 + 0.1 53.4+0.1 84.2+0.1 137.0 £ 0.1
ZNp 392+ 0.1 57.6 £ 0.1 96.5 + 0.2 53.8 +0.1 83.1+0.2 137.1+£0.2
Z¥Np 39.3+0.1 58.1 +0.1 97.5+0.2 53.7+0.1 833+0.2 1372+ 0.2
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neutrons and the weak prompt-neutron emission, maximize
the neutron excess value at Zy = 50.

VI. COMPARISON TO THE GEF MODEL

Calculations using the general description of fission ob-
servables (GEF) model [25-27] were also performed for the
Coulomb-induced fission of 2**233(, using GEF-2019V 1.1
with the excitation energy distribution introduced in Sec. I B.
In GEF, the prompt neutron multiplicity of each fragment is
given by the excitation energy at scission and the deformation
energy. The excitation energy of each fragment at scission is
determined by the complete energy sorting process, where the
intrinsic excitation energy available at scission is transferred
to the heavy fragment. This process has its origin in the
constant-temperature behavior of the fission-fragment level
densities at low excitation energies [26,27].

Figure 18 presents the comparison of these results with
some observables measured in this work: elemental and iso-
tonic yields, neutron excess as defined in Sec. VB, and the
total prompt-neutron multiplicity as a function of the atomic
number of the fission fragments. The agreement between the
experimental and calculated fission yields and neutron excess
is rather good. A discrepancy of 0.2 neutrons is observed for
the absolute values of the total prompt-neutron multiplicity.
It might reflect the influence of a 1-MeV uncertainty on the
mean value of the calculated excitation energy distribution
(see Fig. 5). While the predicted (NVgp)/Zpp ratio is consistent
with our data for the heavy group, this discrepancy translates
into a larger value of this predicted ratio for the light group.
Note that the model reproduces well the evolution of all ob-
servables as a function of the charge asymmetry.

In calculations conducted in Sec. VII, we use GEF to infer
the contribution of the neutron evaporation of the compound
nucleus to (vy), thus obtaining (v pr), the average number
of neutrons emitted by the fission fragments only. As ex-
pected, the contribution of the compound nucleus is found to
be small: 5.4%, 7.8%, and 5.8% for Coulomb-induced fission
of 2423517 and 2**Np, respectively.

VII. FISSION OBSERVABLES AT SCISSION

In order to discuss the origin of the stability of the heavy
fragment group, observables at the scission point are required.
While proton numbers remain unchanged after scission, a
variable number of neutrons are evaporated, thus blurring
possible neutron-shell effects. The aim of this section is
to extract from our experimental data set (postevaporation)
the number of neutrons of the primary fission fragments
(pre-evaporation).

Reference [4] was the first to propose Z shell effects as
the main reason for the stability of the heavy group. However,
at that time, the number of neutrons could not be measured
and the (NPy)/Zpp ratio at scission, prior to the neutron
evaporation phase, was obtained based on the unchanged
charge density (UCD) approximation. In this hypothesis, the
mass-over-charge ratio is identical for both fission fragments
and equal to that of the fissioning nucleus, as described in
Sec. VII A. With our data, another approach can be used, since
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FIG. 18. Comparison between the fission yields, the neutron ex-
cess, and the total prompt-neutron multiplicity measured in this work
(full colored lines) and calculated by the GEF code [25] (dotted black
lines), for Coulomb-induced fission of 2**+23(J in the left and right
panels, respectively. Also plotted in the middle panels of the lower
figure are the results of GEF for the neutron multiplicity (dashed
black lines, (vi)) including the neutrons emitted from the compound
nucleus prior to fission and from the fission fragments.

the number of protons and neutrons of each secondary fission
fragment (postevaporation) is measured in coincidence with
the total prompt-neutron multiplicity per fragment partner,
(Viot)(ZL, Z31). Thus, by assuming certain sharing of (v) be-
tween both fission fragments, the prompt-neutron multiplicity
per fragment, (v)(Z i), can be obtained and then added to the
number of neutrons of the secondary fission fragments to infer
the number of neutrons of the primary fission fragments.

Two different methods are proposed to determine such a
sharing and obtain (v)(Zy u). The first one, based on a com-
monly used hypothesis which considers fission as an adiabatic
process in a Fermi gas, is detailed in Sec. VIIB. The second
and more accurate one, which is described in Sec. VIIC, is
based on experimental results only. It combines our results
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with previous data, measured at lower excitation energy for
the two fissioning systems: 238Np [28] and 24U [29].

Finally, comparisons of results obtained from all ap-
proaches, UCD and the two methods to distribute (v), and
from the GEF calculations [25], are performed for the (v) val-
ues in Sec. VII D, for the neutron excess prior to the neutron
evaporation phase in Sec. VIIE, and for the average number
of neutrons of the primary fission fragments in Sec. VII'F.

A. UCD assumption

For numerous experimental studies, when only the mass or
the atomic number of the fragments are measured, the UCD
hypothesis is the only approach which can be used to infer
the proton and neutron numbers of the fission fragments at
scission. In the following, we compare this hypothesis with
the other approaches. Therefore, (NJ Jucp, the average value
of the neutron number of the fission fragments at scission can
be obtained before neutron evaporation:

(NP Juep (Zer.sora) = Zepsora X Nex/Zen, — (2)

where the index CN indicates the compound nucleus. Then
the predicted prompt-neutron multiplicity as a function of the
atomic number of the fission fragment can be obtained from

(v)uep (Zrr.sora) = (NFE e (Zer.soria)
— {Nrr,soria) (Zrr,soria), ()

with (Npp sopia), the measured number of neutrons of fis-
sion fragments, averaged over the isotopic chain per atomic
number.

B. Fission as an adiabatic process in a Fermi gas

The first method to distribute the measured total prompt-
neutron multiplicity between the light and heavy fission
fragments is model dependent. It considers that the full
excitation energy of each fission fragment translates into
prompt-neutron emission at scission and that the sharing of
the excitation energy between both fragments follows an adi-
abatic process in a Fermi gas. In this hypothesis, both nascent
fission fragments, with a level density described by the Bethe
formula [30], are produced with an equal temperature. As a
consequence, the ratio of the masses of the primary fission
fragments is equal to the ratio of the excitation energies:

AT)(ER) ()
—E A;ei = o “
H H H
A
() = (ourr) (ZLs zmﬁ, )

where each average value is measured for each fission-
fragment atomic number and where (v pr) is the total
prompt-neutron multiplicity emitted by both fission partners
only, as previously defined in Sec. VI. Such an approach
introduces several biases which should be discussed. First, the
adiabatic hypothesis differs from other descriptions such as
the complete energy sorting proposed in Ref. [26]. Second,
part of the excitation energy is dissipated after scission by
y emission. The latter is, however, not taken into account in

this approach. Third, this approach considers that the nascent
fission fragments already gain their total and final excitation
energy at scission. In fact, each fission fragment acquires
some excitation energy after scission, from the relaxation
of the deformation energy of the nascent fragments. Note
that (vy) is measured for each (Z;, Zy) configuration which
partly compensates the above-mentioned biases. Indeed, as
illustrated in Fig. 14 for the particular case of the defor-
mation, (V) contains the information of the sum effect of
the deformation of both fragments. Therefore, the sharing
proposed in Eqs. (4) and (5) only neglects the differential
effect between the light and heavy fragments of deformation
and y emission. Finally, the remaining bias of the approach
cannot be corrected but is evaluated in Sec. VII D, based on
the experimental approach introduced in Sec. VIIC.

C. Combination of results from SOFIA
and previous experiments

The second method to distribute the measured total
prompt-neutron multiplicity between the light and heavy
fission fragments relies on the experimental results from
Refs. [28,31,32]. These experimental studies observed that
starting from a known v(A) distribution at low excitation
energy of the fissioning system, any increase of the excitation
energy translates into additional neutron emission in the heavy
fission fragment only. This property, highlighted in the lower
and left panel of Fig. 19 for the neutron-induced fission of
23Np at two different energies [28], is used here.

Starting from the measured prompt-neutron multiplic-
ity in neutron-induced fission at lower excitation energies,
ZINp(n,f) [28] and 23U(ng,f) [29], the additional prompt-
neutron emission measured in Coulomb-induced fission is
considered to be evaporated by the heavy fragment only. The
procedure follows these steps. References [28,29] show the
prompt-neutron multiplicity as a function of the mass of the
primary fission fragments. First, these results are converted as
a function of the atomic number of the fission fragments. This
is done using the GEF model [25], by calculating the average
(Z) value per mass number of the primary fission fragments
for each experimental neutron beam energy. The results are
presented with open green triangles in the upper left and right
panels of Fig. 19 for 2’Np(n,f) and 2>*U(ng,,f), respectively.
Second, (vp), the prompt-neutron multiplicity of the light
fission fragment, is deduced from data at lower excitation
energies. And finally, (vyg), the prompt-neutron multiplic-
ity of the heavy fission fragment, is simply obtained by
subtracting (v_) from (v pr), the total prompt-neutron mul-
tiplicity emitted by the fission fragments only.

The prompt-neutron multiplicity as a function of the
atomic number of the fission fragment, for Coulomb-induced
fission, is represented by full squares and dashed lines in
the lower panels of Fig. 19. The results are considered as
our reference measurement hereafter, since they essentially
depend on experimental data. Experimental data for the fis-
sioning nucleus 2**Np are less accurate and only a restricted
Z range, covering the asymmetric splits, can thus be used.
In contrast, the >33U(ng,,f) data are accurate enough over
the whole fission-fragment range. The uncertainties of this
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FIG. 19. Prompt-neutron multiplicity as a function of the atomic number of the fission fragment for the fissioning systems ***Np (left) and
234U (right). Results from ZTNp(n,f) [28] and U (ng,f) [29] are represented with green triangles as a function of Zgr using GEF calculations.
The average neutron multiplicity, (v,,), measured in this work are corrected for compound nucleus emission (open squares) and distributed
between both fragments (full squares) following the experimental results detailed in Refs. [28,31,32].

method have been determined taking into account the error
bars of the different sets of data.

D. Prompt-neutron multiplicity as a function
of the atomic number

The prompt-neutron multiplicity as a function of the
atomic number of the fission fragment is presented in Fig. 20.
Both approaches to model the sharing of excitation energy
between the fission fragments, based either on experimental

data (dashed lines) or on the adiabatic assumption in a Fermi
gas (full lines labeled FA), agree within 0.4 units. The maxi-
mum difference is found around the ST1 mode characterized
by a quasispherical heavy fission fragment. For this fission
mode where the influence of the deformation plays a ma-
jor role, the FA hypothesis overestimates the prompt-neutron
emission of the heavy fission fragment by 0.4 neutrons,
whereas the results from the experimental approach and from
GEF are almost identical. In the following, this difference of
0.4 neutrons is then considered as the maximum uncertainty

TABLE VII. Prompt-neutron multiplicity for 23U and ***Np reactions, from the light and heavy fission fragments calculated with the

GEF model [25], or inferred from experiment with either the adiabatic hypothesis in a Fermi gas, or the experimental-based approach, or the

UCD assumption.

234(5 235(5 238Np
{(vL)GEF 1.0 1.0 1.2
{(vu)GEF 2.0 2.0 2.1
(Vior BF SOFIA) 3.24+0.1 3.34+0.1 3.7+0.1
(vL)FA 1.3+£0.1+04 1.3£0.1£04 1.5+£0.1+£04
{(vu)EA 1.9£0.14+04 20£0.1£04 224+0.1+04
(UL)exp-based 1.4£0.1 1.5+0.2
(VH)exp-based 1.8 £0.1 24+0.2
{vL)ucp 3.1 3.3 3.2
{(va)ucp 0.2 0.3 0.4
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FIG. 20. Prompt-neutron multiplicity as a function of the atomic
number of the fission-fragment, for Coulomb-induced fission of
2342351 and **®Np in panels (a), (b), and (c), respectively. The dot-
ted black lines present the GEF [25] calculations. The dot-dashed
colored lines correspond to the results obtained from the UCD hy-
pothesis. The full colored lines show the results of the adiabatic
hypothesis applied to a Fermi gas. The dashed colored lines corre-
spond to the results combining our data with neutron-induced fission
data measured by Nishio ef al. [29] and Naqvi et al. [28], for the
fissioning nuclei >**U and **Np, respectively. The error bars indicate
the statistical uncertainties originating from the experimental data.
For the adiabatic Fermi-gas assumption, an additional uncertainty of
0.4 neutrons should be added to account for the uncertainty of the
model.

introduced by the FA assumption applied to our experimen-
tal data, which are characterized by a low prompt-neutron
emission.

In contrast, the prompt-neutron multiplicity (v n)ucp cal-
culated with the UCD hypothesis [Eq. (3)] disagrees with all
the other methods with a maximum difference of two neutrons
in the light fission fragment. In the UCD hypothesis, the

total prompt-neutron multiplicity is mainly distributed to the
light fragment group to compensate for the weaker (Ngg)/Zgp
ratio compared to the (Ncn)/Zen ratio (see Fig. 17). This
classical approach seems to introduce a significant bias when
extracting fission observables, whereas the hypothesis based
on an adiabatic energy sorting in a Fermi gas provides a more
accurate mean value of the mean prompt-neutron multiplicity
as a function of the atomic number.

Finally, the average prompt-neutron multiplicity is cal-
culated for the light and heavy fission fragments produced
for asymmetric fission only. For the FA hypothesis, the to-
tal prompt-neutron multiplicity (v, ) is first determined. In
order to minimize the overlap with the SL mode, (v, ) is
measured for the limited atomic number ranges, Z; = [33, 39]
and Zy = [53,59] for ***°y, and, Z_ =[33,40] and
Zy = [53, 60] for 238Np. Then, to infer the prompt-neutron
multiplicity for the light and heavy fission fragments,
(vL.u)Ea» Eq. (5) is simply applied to the measured (v, f),
obtained after correction of the prompt-neutron emission from
the compound nucleus, and, to the measured (Ar ) given in
Table VI. For the experimental data-based approach, the aver-
age over the above-mentioned ranges is calculated from the
prompt-neutron multiplicity inferred in Sec. VIIC and
weighted by the experimental elemental yields. Numerical
values are given in Table VII. The FA and experimental data-
based approaches give identical results within 1% and differ
from the GEF calculations by less than 10%. The discrepancy
mainly originates from the total prompt-neutron multiplicity,
which is lower by 0.2 neutrons in the GEF calculation, as
shown in Fig. 18. To complete the comparison, the UCD
hypothesis [Eq. (3)] is applied to the measured (Z; y) from
Table VI. This assumption gives a completely different pattern
since almost no neutron emission originates from the heavy
fission fragment.

E. Neutron excess at scission

The (Ni5)/Zp ratio, defined as the neutron excess of the
primary fission fragments prior to the neutron-evaporation
stage, is governed by the shell effects in fission. However, this
observable is difficult to obtain experimentally and data are
scarce.

Therefore, Fig. 21 presents the (Njy)/Zp ratio obtained
from all depicted approaches—the fully experimental-based
(dashed lines and full squares, Sec. VII C), the adiabatic pro-
cess in a Fermi gas (full lines and open symbols, Sec. VII B),
and the UCD (dash-dotted lines, Sec. VII A)—taking our
experimental results as input, in comparison with GEF
calculations (dotted lines). The conclusions stated for the
prompt-neutron multiplicity hold for the (NF) /Zp ratio. All
methods (except the UCD) applied to calculate the neutron
excess prior to the neutron evaporation phase agree very well.
The UCD hypothesis is inappropriate by definition to describe
any charge polarization arising from the joint influence of
proton and neutron shells. Comparison between Figs. 17 and
21 shows that the evolution of the neutron excess at scission
is similar to the one after the prompt-neutron evaporation
phase in our Coulomb-induced fission data, due to the low
prompt-neutron emission from the fission fragments.
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FIG. 21. Neutron excess of pre-neutron-evaporation fission frag-
ments produced for Coulomb-induced fission, calculated from the
GEF model (dotted lines [25]) and inferred based on the UCD
hypothesis (horizontal lines), the experimental-based method com-
bining our data with the measurements of Nishio [29] and Naqvi
[28] for 24U and 2*®Np, respectively (dashed lines) and the adiabatic
hypothesis in a Fermi gas (full lines). For the latter, an additional
uncertainty of 0.4 neutrons should be added to (NIF).

F. Mean values of the number of neutrons of the primary
fission fragments in asymmetric fission

In the following, we deduce the (NJ'};) average values
for asymmetric scission only and study their evolution as a

function of the charge and mass numbers of the compound
nuclei. Using the (vp y) values from Table VII and the mea-
sured (N_y) values from Table VI, the mean number of
neutrons,(N/'};) of the primary light and heavy fission frag-
ments are inferred. All calculations but the UCD agree very
well, as shown in Table VIII. The GEF results are obtained
from the calculated primary isotonic yield distributions, fitted
with a sum of three Gaussian distributions.

Interestingly, despite the fact that the predictions based
on the UCD approach differ by up to two neutrons, the
latter nevertheless has a similar relative evolution for the
various compound nuclei. Thus, the comparison of the three
approaches indicates that fission of the compound nuclei in
this region is characterized, as previously studied [4], with
the heavy fission fragment stabilized by Zy = 54, and the
number of neutrons increasing with the number of neutrons of
the compound nuclei. However, we extract a value of Njj© =
85-85.5, which is significantly different from the results of
Eq. (2) and discussed in Ref. [4]. Between the fission of 234U
(Ncn = 142) and 238Np (Ncn = 145), the number of neutrons
increases much more for the light fission fragments. It reflects
the population of the light group with a large difference in
atomic number.

VIII. CONCLUSIONS

Elemental, isobaric, isotonic, and isotopic yields have
been measured for Coulomb-induced fission of the nuclides
23423517 and **7**¥Np. The full fission-fragment range could
be investigated, using the R3B/SOFIA setup at the GSI/FRS
facility. Results are obtained with an unprecedented accuracy
for the *>U compound nucleus, thanks to the accumulated
statistics of more than 10% Coulomb-induced fission events.
For the first time, isotopic yields are measured for the com-
pound nuclei 2*7-23¥Np. Moreover, the total prompt-neutron
multiplicity is also obtained in this experiment, on an event-
by-event basis, for Coulomb-induced fission of 2233 and
233Np. The mean value of this multiplicity as a function of the
atomic number of the fission fragments unveils the signature
of fission modes: The symmetric SL fission mode is charac-
terized by a scission configuration exhibiting very elongated
nascent fragments. The total prompt-neutron multipicity is
also obtained for each nuclide produced as fission fragment.

TABLE VIII. For Coulomb-induced fission of 2*23°(J and 2**Np, the mean values of the measured proton numbers of Table VI are given
with the neutron numbers of the primary fission fragments, inferred using all previously depicted approaches.

234U 235U 238Np
(ZL)exp 38.140.1 38.240.1 39.340.1
(NP™) exprbased 57.14+0.1 59.6£0.2
(NP)ga 57.0+0.1+£04 57.440.1+04 59.64+ 0.2+ 0.4
(N"™)ucp 58.8 59.4 61.3
(NP ger 57.2 57.7 60.0
(Zit)exp 53.94+0.1 53.8+0.1 53.740.1
(N exprbased 84.8 0.1 85.7+£0.2
(NT)ga 84.94+ 0.1+ 0.4 853+£0.1+04 855402404
(NZ)uep 83.2 83.6 83.7
(NZ)Ger 84.6 84.9 84.8
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This offers new insight into the impact of the fission modes
on the prompt-neutron emission. Notably, the multiplicity
decreases as the number of the neutrons of the fragments in-
creases, except for the element molybdenum. These particular
isotopes are produced by the ST1 fission mode, but also on the
neutron-rich side by the SL mode, which causes an increase of
the multiplicity canceling the decrease due to the asymmetric
scission mode.

Previously published data for the Coulomb-induced fission
of 238U(y,f) [6], also studied with the R3B/SOFIA setup, are
included in this article to illustrate the evolution of the yields
along the uranium chain. The evolution of elemental yields
and proton even-odd staggering shows that the increased num-
ber of neutrons in the compound nucleus leads to a higher
contribution of the ST1 fission mode. This indicates a larger
influence of the doubly magic '*’Sn nucleus, as the mass-
over-charge value of the compound nucleus approaches that
of 1328n.

Data from this work and from Ref. [6] for the compound
nuclei 2*238 are compared with data at lower excitation
energy, respectively, with thermal-neutron induced fission of
2337 [14,20] and with fission induced after inelastic scatter-
ing of a 3%y beam on a '>C target [15,17]. The increase in
excitation energy enhances contributions from the symmetric
SL mode, compared to the asymmetric modes, and decreases
the global proton even-odd staggering. The local even-odd
staggering is measured in this experiment with a very good
precision, and the comparison along the uranium chain or
with data at lower excitation energy probe the underlying
influence of the proton shells. The variation of the local even-
odd staggering indicates that three proton shells play a role in
the asymmetric fission: Z = 50, Z = 52, and Z = 56. Finally,
with increasing excitation energy, the global even-odd effect
decreases. However, with much caution, one can observe that
the extra enhancement at Z = 52 and Z = 56, the two proton
shells which are predicted to be at the origin of the ST2 mode
[5], does not seem to be affected by the increased excitation
energy. Such an observation is in agreement with a constant
shape of the potential as a function of the excitation energy.

In Ref. [4], it was observed that the Z value of the
heavy fragments provides an enhanced stability. With the
R3B/SOFIA experiment, this conclusion has been extended
to the 2*723Np fissioning nuclei. Moreover, the experimental
setup used in Ref. [4] does not allow for a direct deter-
mination of the neutron number of the fission fragments.
Therefore, the statement that the N value of the heavy frag-
ments plays no role in their stabilization, was based on
the UCD hypothesis, which is shown here to be not fully
valid.

In this article, the same analysis with the UCD hypothesis
is reproduced. The latter is usually applied when only one sin-
gle observable, the mass or atomic number, is experimentally
obtained. However, an alternative approach to UCD is also
proposed, where the coincidence measurement of (Zi, Ar),
(Zy, An), and vy is used. The measured total prompt-neutron
multiplicity is distributed between both fission fragments in
a first step, either following the widely used adiabatic hy-
pothesis in a Fermi gas or by combining our experimental
results with the ones of other experiments measuring the
prompt-neutron multiplicity per fission fragment. Then, in a
second step (NP™) can be inferred at scission after neutron
emission. The comparison of all methods together with re-
sults from the GEF calculations show that UCD does not
manage to predict accurately absolute values for the fission
observables at scission. This is understood as being due to
the UCD hypothesis, which by definition washes out some
effect of the nuclear structure of the fission fragments. In
contrast, the deviation of the approach considering fission as
an adiabatic process in a Fermi gas, with respect to the results
obtained with experimental data, caused by the excitation
energy sharing assumption and the fact that the deformation
energy is neglected, is observed to be less than 0.4 neu-
trons. This small effect is valid only for Coulomb-induced
fission, mainly because the value of the total prompt-neutron
multiplicity is low. Indeed, when more excitation energy is
transferred to the compound system, the total prompt-neutron
multiplicity increases as the absolute value of the uncertainty.
Moreover, with increasing excitation energy, fission of higher
chances are favored and the mixing of the different fission-
ing systems makes interpretation more difficult. Therefore,
Coulomb-induced fission is a favorable case to apply such
an approach, also due to the high probability of first chance
fission.

Finally, this study seems to indicate that indeed the heavy
fission fragments are only stabilized around Zy = 54 and
the associated number of neutrons vary with the number of
neutrons in the compound nuclei, but with an absolute value
around NJj° = 85 to 85.5 for the studied fissioning systems.
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