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Influence of proton and neutron deformed shells on the asymmetric fission of thorium isotopes
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Mean values of the number of protons and neutrons of the primary fission fragments at scission are determined
for the asymmetric fission of 16 fissioning isotopes, from 2! Ac up to **¥Np. Our results confirm that the main
asymmetric fission mode around the heavier uranium isotopes is indeed characterized by an average atomic
number around (Zy) = 54 in the heavy fission fragments. However, they also unambiguously show a stabilization
effect in the light fission fragments around (N, ) = 52-54 in the neutron-deficient thorium and actinium isotopes.
This is a clear signature that these deformed proton and neutron shell closures around 54 play a major role in
the nuclear fission process. The evolution along the thorium chain shows that the neutron shell appears to be
dominant in the asymmetric fission of the lighter thorium isotopes, in contrast to the heavier thorium isotopes
for which the stabilization originates from the proton shell.
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I. INTRODUCTION

Fission at low excitation energy is strongly governed by
nuclear structure; the mass and charge distributions of the
fission fragments are prominently influenced by shell and
pairing effects. The macroscopic liquid drop model [1] de-
scribes the fission path along a single-humped fission barrier,
and thus predicts symmetric fission. On the contrary, includ-
ing microscopic effects [2], with a double-humped fission
barrier description characterized by an outer barrier with a
lower height for octupole deformation [3,4], is the only way
to explain the deformed ground state of the fissioning nucleus,
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the fission isomers, but also the asymmetric fission observed
in the fission-fragment mass distributions [5-7]. The early
fission experiments were performed in direct kinematics, for
which a beam of neutrons, protons, y rays, or light-charged
particles impinges on a stable or long-lived fissile target.
Due to the limited availability of targets, mainly heavy ac-
tinides around the near stable region, from thorium up to
californium, were studied [8]. Asymmetric fission was found
to be characterized by heavy fission fragments distributed
around a mean mass (Ay) ~ 138-140, while the mean mass
of the light fission fragments increases with the mass of the
fissioning nucleus [8,9]. This was one of the first signatures
of the influence of nuclear shell structure on the fission frag-
ments, more specifically on the heavy one. Moreover, these
fission-fragment mass distributions were also measured in co-
incidence with the total kinetic energy (TKE) of the fragments
[7,10-13] and the prompt-neutron multiplicity [7]. From cor-
relating such observables, an interpretation of fission in this
region was proposed, based on its decomposition into three
fission modes [14—-16], two asymmetric and one symmetric.
These modes, governed by the shell structure of the fission
fragments, correspond to specific paths along the fission val-
leys of the potential energy surface (PES), each with their own
barrier and scission configurations. Thus, the first asymmetric
mode, the so-called standard I (ST1) mode, is influenced
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by the doubly magic shell closure around '**Sn, leading to
an almost spherical heavy fragment and a compact scission
configuration. The second and dominating asymmetric mode,
referred as the standard II (ST2) mode, is characterized by a
heavy fragment stabilized at (Ay) ~ 138-140, as previously
mentioned. The origin of this mode will be discussed sub-
sequently. Finally, a symmetric path leading to two highly
deformed fission fragments defines the superlong (SL) mode.
The latter becomes dominant as the excitation energy in-
creases. These modes are difficult to study in classic direct
kinematics experiments. Indeed experimental constraints, es-
pecially fluctuations of the ionic charge states in energy-loss
measurements of the fission fragments, prevent the determi-
nation of the nuclear charge of the fission fragments in the
heavy group. The atomic number identification is then limited,
usually to the light group [17].

Experimental studies took a huge step forward with the
advent of fission experiments performed in inverse kinemat-
ics. Thanks to the kinematic boost, such experiments provide
data with an improved charge resolution for both light and
heavy fission fragments. At the GSI facility, experiments
based on inverse kinematics using radioactive actinide beams
at relativistic energies were performed in the 1990s [18].
Fission of a broad range of radioactive nuclei, encompassing
neutron-deficient isotopes from 2 At up to 2*U, was elec-
tromagnetically induced and the nuclear charge yields were
precisely measured. This breakthrough allowed us to study
the influence of proton shells on fission and a new insight into
the nature of the ST2 asymmetric fission mode was obtained
[19]. Theoretical interpretations of this mode from the 1970s
were based on neutron shells, either with the presence of
the deformed neutron shell in the heavy fragments around
Ny ~ 88 [20], or, due to the strong coupling of the fissioning
system at the saddle point to the neutron orbitals [40A 2]
and [S1AQ] [21]. On the contrary, the data showed that
the heavy fission fragments are stabilized around an average
atomic number (Zy) &~ 54 [18], with (Zy s12) =~ 54-56 [19].
More recent experiments also performed in inverse kinematics
but measuring the isotopic yields confirmed that asymmetric
scission is characterized by an average atomic number located
around (Zy) ~ 54 [22-24]. This value is very slowly decreas-
ing when the fissioning nucleus becomes more neutron rich,
indicating an increase of the influence of the ST1 mode when
the N/Z ratio becomes closer to that of 13281, But still, the ST1
mode remains the less important asymmetric mode, and the
origin of the ST2 asymmetric mode was still an open question.
Recently, a theoretical study has related it to the presence
of octupole-deformed shells in the **Ba region [25]. Given
that the evolution of a fissioning nucleus towards a scission
configuration results in extreme deformations, the ST2 mode,
governed by deformed shell gaps, is favored compared to the
ST1 mode, which is related to the doubly magic spherical shell
closures at Z = 50 and N = §82.

Similarly, fission of '8'Hg is an excellent textbook case
to probe the role of the spherical shell gaps in fission. One
could expect that the influence of spherical shells located at
Z =40 and N = 50 would cause nuclei in the "*"Hg region
to fission symmetrically. However, asymmetric fission was
observed [26] and confirmed by several experiments based

on fusion-fission, which extend this island of asymmetric
fission from sub-lead to bismuth neutron-deficient fissioning
isotopes [27-30]. In Ref. [26] and based on the calculated five-
dimensional (5D) fission potential-energy landscape [31,32],
this asymmetric fission is interpreted as totally unrelated to
any fission-fragment shells. Such description considers this
asymmetric fission as a new mode, since it strongly differs
from the asymmetric fission in actinides, stabilized by the
influence of proton shells in the heavy fission fragments. On
the contrary, the previously mentioned theoretical studies [25]
have been extended to this '®°Hg region and give a different
interpretation. Asymmetric fission is related to the octupole-
deformed shell gaps at Ny = 52 and 56 in the heavy fission
fragments [33]. In Refs. [28,29] the measured position of the
centroids of the mass distributions are consistent with the
presence of deformed proton and neutron shell gaps located at
71, = 32-38, Zy ~ 45, and Ni, = 56. In contrast, in Ref. [30],
the complete isotopic distribution of the fission fragments
measured for the fission of !"*Hg indicates the dominant role
of the proton shells only around Z; = 36. Therefore, the role
of neutron-deformed shells in the fission process is still an
open question.

In this paper, we present an experimental study of the
influence of proton and neutron shells on the fission of
thorium isotopes from ?22Th to 2°Th. The experiment was
performed at GSI by the R3B/SOFIA (Reactions with Rela-
tivistic Radioactive Beams/Studies On FlIssion with Aladin)
collaboration. Fission of thorium isotopes was induced by
Coulomb excitation, with a mean excitation energy for the
(y,f) reaction around 13-14 MeV [34]. At such excitation en-
ergies, the shell effects still have a dominant role in the fission
process, confirmed by the comparison of 23U (ng,,f) [35,36]
with 2*U(y.f) [23], or of >*Th(ng,f) [37] with 2°Th(y f)
[34]. Therefore, this experiment is a suitable tool to study the
underlying shell effects in low-energy fission of nuclei, which
cannot be studied by direct kinematics experiments. Thanks
to data obtained within the same experiment, results obtained
for these thorium isotopes are compared to those from three
neighboring actinium isotopes, 2'%:22%:227 Ac, but also to those
from the well-known heavier actinide region, 228,229,231,232py
23423523817, and 2*®Np isotopes. Such a comparison highlights
that nuclear fission in these two regions, neutron-deficient
light actinides on one side, and heavier actinides on the other
side, is stabilized by different shells.

II. MEAN VALUES OF THE FISSION YIELDS

The setup and the analysis are discussed in detail in
Refs. [22,23,34]. On an event-by-event basis, radioactive
beams and fission fragments are identified in terms of their
nuclear charge and mass in coincidence. Thus, fission yields
and total prompt-neutron multiplicity are extracted for a wide
range of fissioning systems, from actinium (Zcy = 89) up to
neptunium (Zcny = 93).

A. Fitting procedure

Elemental, isotonic, and isobaric yields measured with the
R3B/SOFIA setup and published in Refs. [22-23] are fitted
with a function composed of three Gaussian functions to
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FIG. 1. Isotonic yields after prompt-neutron emission for each of the actinium and thorium isotopes fitted by a 3-Gaussian function. The
data measured from the R3B/SOFIA experiments are in black. The error bars represent the statistical uncertainties. The total fit (full red lines)
is decomposed into one symmetric (dotted green lines) and two asymmetric (dashed blue lines) components.

extract the mean position of the light, symmetric and heavy
peaks. We extended the analysis presented in Ref. [34] in
order to study a larger range of the fissioning nuclides. It was
finally possible to obtain the mean values of the isotonic and
isobaric yields for the 2'%:223:227 Ac, 223Th, and ?*’Pa fissioning
nuclei (see Appendix A). In case of the isotonic and isobaric
yields, the width of the heavy component is different than that
of the lighter one. Therefore, an additional constraint is added
in the multifit to ensure that the light and heavy components
have the same integral yield. The fitting procedure is illus-
trated in Fig. 1 for the measured isotonic yields of the actinium
and thorium isotopes. The 3-Gaussian fits are represented by
the full red lines, the asymmetric components by the dashed
blue lines and the symmetric one by the dotted green lines.
Mean values obtained for the asymmetric components from
the fits of the elemental, isotonic and isobaric yields can be
found in Table 1. The case of >>!Th was discarded, since the
asymmetric component is too weak to obtain mean values
with reasonable error bars.

To crosscheck the analysis procedure, the ratio between
the symmetric and the asymmetric components is presented in
Fig. 2 for the thorium fissioning nuclei. The latter is obtained
from the multifit of the elemental (full red squares), isotonic
(open black triangles), or isobaric (open blue circles) yields.
All results are consistent. Moreover, the centroid positions
of the light and heavy components of the fission fragment

mass distribution, directly obtained from the fit of the isobaric
yields, are compared to those inferred from the sum of the
mean values of the atomic and neutron numbers, respectively,
obtained from the fits of the elemental and isotonic yields.
Figure 3 shows this comparison for each fissioning nuclide
measured in this experiment. Therefore, Figs, 2 and 3 confirm
that the centroid positions of the light, symmetric, and heavy
peaks of the elemental, isotonic, and isobaric distributions are
reliable.

Finally, a first tendency appears for the thorium fission-
ing nuclei: The average mass number of the heavy fission
fragments decreases with decreasing mass number of the fis-
sioning nucleus, whereas the average mass of the light fission
fragments is stable around (A;) ~ 88. As previously men-
tioned in Sec. I, this behavior is in contrast to what has been
observed in the asymmetric fission of heavier actinides where
the mass of the heavy fission fragments is centered around
(Ag) =~ 138-140, while the mean mass of the light fission
fragments increases with the mass of the fissioning nucleus
[8,9]. This observation is the starting point of this paper: Do
we see a stabilization effect in the light fission fragments?
And what is the origin of such a stable mass in the light
group? Since it is now well known that the atomic number
of the heavy fragment group is centered around Zy = 54 (see
Ref. [18] and Sec. IIB), for thorium isotopes, the atomic
number of the light fission fragments can only be centered
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TABLE I. Centroid positions of the light and heavy peaks of the fission yields measured after neutron evaporation.

Nuclide (Z1) (ML) (AL) (Zu) (Nu) (An)
29Ac 36.1 £ 0.6 508 £ 1.1 87.7+2.1 529406 727+ 1.3 1253 +2.4
20 ¢ 36.1 £0.8 - - 52.9+0.8 - -

2 Ac 352407 50.1 £ 1.0 85.7 £ 1.3 53.8+£0.7 787 +1.2 1322+ 1.6
27T Ac 359+ 04 5194+ 04 87.7+£0.6 53.14+04 813+ 0.6 134.3 + 0.8
222Th 36.5+ 0.5 51.4+1.0 878+ 1.7 53.5+0.5 769+ 1.4 130.6 +£ 2.0
23T 36.2 £ 0.5 51.6 £0.8 87.8 £ 1.1 53.8+0.5 774+ 1.1 1312+ 1.3
25Th 36.1 £0.2 51.0+0.5 87.1 £0.7 53.9+0.2 80.5 £ 0.6 1344+ 0.8
226Th 357 +0.1 513402 87.0+0.3 543 +0.1 81.6£0.2 136.0 £ 0.3
29Th 35940.1 523402 88.2+ 0.3 54.1+0.1 83.0+0.2 137.0 £ 0.3
20Th 35.9 £ 0.1 527 £0.1 88.5+0.2 54.1 £0.1 83.7 £ 0.1 137.8 £ 0.2
228py 36.8 £ 0.1 525402 89.2 £ 0.3 542 4 0.1 80.9 +£0.2 135.1 £ 0.3
29py 36.7 £0.1 53.0+£0.2 89.6 & 0.3 543+ 0.1 81.8+0.2 1362+ 0.3
Blpg 36.9 +£0.1 53.6+02 90.7 £ 0.2 54.1+0.1 83.0+£0.3 137.2+ 0.3
232py 36.9 + 0.1 543 £ 0.1 913+0.2 54.1 £0.1 83.5+0.2 137.3 £ 0.3
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 83.3 £ 0.1 137.0 £ 0.1
B8y 38.6 + 0.1 58.3 +0.1 96.6 £+ 0.1 534+ 0.1 84.2 +0.1 137.8 £ 0.1
ZTNp 39.2+0.1 57.6 £0.1 96.5+ 0.2 53.8 +£0.1 83.1+0.2 137.1+0.2
ZBNp 39.340.1 58.140.1 97.5+0.2 53.740.1 83.34+0.2 137.24+0.2

around Z; = 36. The fluctuation of the mass is thus directly
linked to the fluctuations of the neutron number. Therefore,
a stable mass in the light group might be consistent with a
stabilization due to the influence of a neutron shell.

The role of proton and neutron shell structure is studied
in detail in the following, to gain insight into the origin of
the constant mass of the light fission fragments in fissioning
thorium isotopes.

B. Mean values of the atomic number

The role of the proton shells of the fission fragments dur-
ing the fission process, can be probed directly by fitting the
elemental yields with a function composed of three Gaussian
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FIG. 2. Ratio between the symmetric and asymmetric compo-
nents for the thorium nuclides, inferred from the multifit of the
elemental (full red squares), isotonic (open black triangles) and iso-
baric (open blue circles) yields.

functions (see Sec. Il A). The mean values of the asymmetric
components obtained from the fit of the elemental yields, are
represented in Fig. 4 and compared to the measurements of
Refs. [18,22-24]. For all fissioning isotopes investigated in
Ref. [18], the average atomic number of the heavy fission
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nuclear charge and mean number of neutrons.
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FIG. 4. The average value of the atomic number of the light and
heavy fission fragments measured at R3B/SOFIA (full squares) are
compared with data from Refs. [18,19] (open circles) and [24] (open
triangles).

fragment, (Zy), is also observed to be close to 54, whereas the
average atomic number of the light fission fragment compen-
sates the difference with respect to the number of protons of
the compound nucleus, (Z; ) & Zcn—54. This suggests that the
deformed proton shell closure located around Z = 54 plays
a major role in the population of the fission fragments in
asymmetric fission, especially for fissioning nuclei with a
Nen/Zen up to 1.55. Above 1.55, the (Zy) mean value de-
creases. As mentioned in the introduction, this is understood
as the increased influence of the ST1 mode governed by the
doubly-magic '*?Sn. Finally, the influence of the deformed
shell at Zy = 54 is also weakened for thorium isotopes for
which Nen/Zen < 1.49. This feature could not be identified
in Ref. [18]. Indeed, due to the smaller statistics the mean
value of the heavy component was fixed to (Zy) = 54 in the 3-
Gaussian fit for the 2!”2>! Th isotopes in that work. Finally, the
actinium isotopes have a different behavior and can be consid-
ered as transitional nuclides for which the effect of (Zy) = 54
starts to vanish. Indeed, except for > Ac (Nen/Zen = 1.506),
the value of the mean atomic number for the heavy group is
below (Zy) = 54, whereas for the light group, it is close to
(ZL) = 36 as for the thorium isotopes.
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FIG. 5. Centroid positions of the light and heavy peaks of the
isotonic yields measured after the prompt-neutron evaporation phase.

C. Mean values of the neutron number

As far as the isotonic yields are concerned, the mean values
of the neutron number of the light and heavy fission frag-
ments, (Nfolit), are shown in Fig. 5, for the actinium, thorium,
protactiniuin, uranium, and neptunium isotopes. These values
are given as a function of the Ngy ratio of the compound
nucleus. For the uranium isotopic chain, from 24y to By,
(NP**') increases by more neutrons (2.5 neutrons) than (N5
(1.2 neutrons). Both neptunium isotopes follow also the same
trend as the uranium ones. This is expected and also explained
in Ref. [18] and more recently in Ref. [23]. The influence
of the proton shells around Zy = 54 stabilizes the heavy
fragment while the light fragment compensates for the number
of nucleons. Moreover, the influence of the Ny = 82 neu-
tron shell also plays a role since it acts as a trap during the
evaporation phase: The large neutron binding energy hinders
prompt-neutron evaporation. However, as shown in Fig. 5,
this statement is fully valid only for uranium and neptunium
fissioning nuclei. For protactinium, thorium, and actinium,
all measured below Zcn/Nen = 1.54 and Neny = 136-138,
the trend is reversed. Over the four mass units range in the
228-232py jsotopic chain, the increase of (N'') by 1.8 neu-

trons, is smaller than that of (Ni™) by 2.6 neutrons. The
evolution of (Nf) over the mass range of the ***'Th
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TABLE II. Average total prompt-neutron multiplicity and statistical uncertainties, for the full ((v'")) and asymmetric ((v}l‘s’;m)) ranges of

the fission fragments. When the systematic uncertainties are not negligible, they are indicated between brackets. GEF is used to infer the part
of the prompt-neutron multiplicity emitted by the compound nucleus (vcy), thus obtaining the total prompt-neutron multiplicity emitted by
tot

the fission fragments only ({Vgg 4, ))- Finally, from the hypothesis of Eq. (1), the number of prompt neutron emitted by the light and heavy
fragments are obtained ((v_ y)).

Nuclide (v'ety 7y and Zy ranges (vt ) ven [%] (ViS! aoym) (v), (vu)

29 Ac 4740.1 [33,37] [52,56] 5.8 +£0.3(£0.1) 48 5.5+0.3 (£0.1) 2.3,3.240.3 (£0.5)
23 Ac 4.7 40.1 [33,37] [52,56] 44403 11.1 39403 1.5,2.4 4 0.3 (£0.4)
27 Ac 55+0.1 [33,38] [51,56] 53402 132 46402 1.8,2.8+ 0.2 (+£0.4)
22T 3.57 £ 0.03 [33,37] [53,57] 3.5+0.1 5.6 33+0.1 1.3,2.0 £ 0.1 (+£0.4)
23Th 3.86 + 0.05 [33,37] [53,57] 4.0+ 0.2 (£0.1) 8.6 3.7+ 0.2 (£0.1) 1.5,2.2 4+ 0.2 (£0.5)
225Th 4.08 +0.04 [33,38] [52,57] 3.8+ 0.1 (£0.1) 10.8 3.4 40.1 (£0.1) 1.3,2.1 £ 0.1 (£0.5)
20T 3.81 +0.03 [33,38] [52,57] 3.4+ 0.1 (£0.2) 102 3.0 £ 0.1 (£0.2) 1.2,1.8 4 0.1 (£0.5)
29Th 4.26 +0.04 [33,38] [52,57] 3.8+ 0.1 (£0.1) 17.2 3.1 +£0.1(£0.1) 1.2, 1.9 £ 0.1 (£0.5)
20Th 422 4+ 0.03 [33,38] [52,57] 3.8+ 0.1 (£0.1) 15.5 3.240.1 (£0.1) 1.3,1.9 £ 0.1 (£0.5)
228py 3.85+0.03 [33,38] [53,58] 3.7+0.1 (£0.1) 7.2 3.440.1 (£0.1) 14,2.040.1 (£0.5)
29py 3.49 + 0.04 [33,38] [53,58] 3.440.1(£0.1) 8.1 3.1 £0.1 (£0.1) 1.2,1.9 + 0.1 (£0.5)
Bpy 3.41 +£0.05 [33,39] [52,58] 33+0.1 11.4 29+0.1 1.1,1.7 +£ 0.1 (+£0.4)
232py 3.74 4+ 0.04 [33,39] [52,58] 35+40.1 14.4 3.0+0.1 1.2,1.84+0.1 (£0.4)
By 3.56 +0.01 [33,39] [53,59] 34+0.1 5.4 32401 1.3,1.9 £ 0.1 (+0.4)
25y 3.75 4+ 0.01 [33,39] [53,59] 3.6+0.1 7.8 33+0.1 1.3,2.0 £ 0.1 (+£0.4)
Z8Np 4.04 +0.03 [33,40] [53,60] 39+0.1 5.8 3.740.1 1.5,2.2 4 0.1 (£0.4)

fissioning nuclei is even more striking. Indeed, (NﬁOSt) in-
creases by 6.8 neutrons, while it turns out that the light
component is stable around (NP**) ~ 51-52. This is partic-
ularly true for the neutron-deficient side, where the influence
of Zy = 54 begins to be weaker, as mentioned in Sec. II B and
shown in Fig. 4. For actinium nuclides, the same behavior, a
smaller increase of (NF*"') than (N5™), is also observed.

This constant value in number of neutrons seems to indi-
cate that neutron shells also play a role during the nuclear
fission process. In our data, this is observed in the light
fission fragment group for fission of neutron-deficient nu-
clides around the thorium nuclei. However, to decouple the
nuclear structure effects, which play a role during fission
from the ones that act as a trap during the evaporation phase,
the number of neutrons of the primary fragments, prior to the
prompt-neutron emission, needs to be inferred, following the
method described in Ref. [23] and summarized in Sec. III A.
Results on the number of neutrons of the primary fission
fragments are finally given in Sec. III B.

III. INFLUENCE OF NEUTRON SHELLS:
METHOD AND RESULTS

A. Fission as an adiabatic process using a Fermi gas hypothesis

Our measurement takes place after the prompt-neutron
evaporation phase. Event-by-event, the R3B/SOFIA setup
provides, with good accuracy, the total prompt-neutron mul-
tiplicity for each pair of fragment partners, (Vio)(Zrr,, Zrr,)
[23,38]. Within the same experiment, 16 fissioning nuclides
have been studied: six thorium isotopes 222:223:225:226.229.230Tp
covering a large range in N/Z, which can be compared to
three actinium isotopes 2!%?2>227Ac and seven heavier and
well-known actinides 228:229.231.232p,  234.235(y  and 238Np.

All results obtained during this experiment, concerning (Vo)
in coincidence with the elemental yields, are given in Ap-
pendix B. This correlation measurement between (vy) and
fission yields is the starting point of the method detailed in
Ref. [23].

Such a method can be applied to the 16 fissioning nuclides,
studied with sufficient statistics to measure (V*")(Zp,, ZrF, ).
Indeed, this total neutron multiplicity per atomic number is
averaged over the nuclear charge ranges covering the light
and heavy fission fragments, in order to extract (v, ), the
total prompt-neutron multiplicity emitted during asymmet-
ric fission only. The part of the prompt-neutron multiplicity
emitted by the compound nucleus is calculated using the gen-
eral description of fission observable model (GEF-2021-V1.1
[39]), in order to obtain (v pr) the total prompt-neutron mul-
tiplicity emitted by both fission partners only. By assuming a
certain sharing of this neutron multiplicity between the light
and heavy fragments, one can obtain (v)(Zgg, ,,), the prompt-
neutron multiplicity emitted by the light and heavy groups,
respectively. One method to distribute (v)(Zgg, ) between
both fission fragments, considers that the full excitation en-
ergy of each fission fragment translates into prompt-neutron
emission at scission, and that the sharing of the excitation
energy between both fragments follows an adiabatic process
in a Fermi gas. As a consequence, the ratio of the masses of the
primary fission fragments is equal to the ratio of the excitation
energies:

(Ar") _(ED )

= L 1

A = ED o) )

() = (Vo p) (2 Z)— L) @
: : AL + (Am)

All numerical values are given in Table II. The uncertainty of
this method arises from the fact that the excitation energy dis-
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FIG. 6. Centroid positions of the light and heavy primary fission
fragments, obtained prior to the prompt-neutron evaporation phase.

sipated by y emission is neglected together with that gained
after scission from the relaxation of the deformation energy.
However, and it is quite important to insist on this point,
this uncertainty is partly compensated since (V) is measured
for each (Z, Zy) configuration with the R3B/SOFIA setup.
Therefore (V) already contains the information of the sum
impact of deformation and y emission. The sharing thus pro-
posed in Egs. (1) and (2) only neglects the differential impact
between the light and heavy fragments, of deformation and y
emission. In Ref. [23], this approach has been compared to
another sharing only based on experimental data obtained for
the 234233y and **®Np fissioning nuclei. The remaining bias,
from the above-mentioned differential impact of deformation
and y emission, cannot be compensated but is evaluated to be
lower than 0.4 neutrons for Coulomb-induced fission where
the total prompt-neutron multiplicity is low.

B. Stabilization around Ny, = 52 — 54

The average number of neutrons of the light and heavy
primary fission fragments, are obtained from:

(NP®)(Zpp, ) = (NP*)(Zpp, ) + (V) (Zrr,,)- (3)

Figure 6 demonstrates the stabilization for thorium chain. The
mean neutron number in the primary light fission fragment
is found to be around (N/™) ~ 52-54 over the full range of

230, 227
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FIG. 7. For the FRS setting centered around the *°Th isotope:
comparison of the isotonic (top row) and isobaric (bottom row)
distributions between the centered isotope and the less populated
227 Ac isotope.

the investigated thorium isotopes. The evolution of (N is
flat for 22>22°Th, and it slightly increases by one neutron for
226-230Th, The comparison with Fig. 4 shows interestingly
an opposite trend. The mean proton number of the heavy
fission fragments is stable around (Zy;) = 54 for >>2°Th, and
then it slightly decreases for 22?2 Th. Both figures show that
asymmetric fission along the thorium isotopic chain originates
from a combination of the influence of two nuclear shells. Not
only the proton number in the heavy fragments but also the
neutron number in the light fragments, both around 54, play a
major role in the asymmetric fission of the thorium nuclides.
This result is a strong experimental evidence of the impact
of the deformed proton and neutron shells around 54, on the
nuclear fission process. Despite the larger uncertainties of the
new results on Coulomb-induced fission of 219223227 A¢ the
latter are in perfect agreement with the evolution observed
along the thorium chain: it is the heavy fission fragment,
which compensates the number of neutrons while the light fis-
sion fragment is stabilized around (N}"®) = 52-54. Similarly,
protactinium isotopes follow the same trend, but, since no
sufficiently neutron-deficient isotopes were measured in this
experiment, the asymptotic value is certainly not yet reached.

IV. CONCLUSION

Using electromagnetic-induced fission in inverse kinemat-
ics at relativistic energies, the R3B/SOFIA collaboration
provides correlated data between fission yields (elemental,
isotonic, and isobaric yields), and, the total prompt-neutron
multiplicity. A particular effort to characterize fission along
the thorium isotopes has been performed to observe the un-
derlying influence of both proton and neutron shells. Since
the reaction mechanism produces fissioning nuclei with an
excitation energy around 13—-14 MeV on average for thorium
up to neptunium isotopes and around 16 MeV for actinium
isotopes, the nuclear shell structure still has a dominant role
and can be inferred from such data.
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In a first step, the influence of a deformed proton shell
in the heavy fragments around Zy =~ 54 was confirmed, from
neptunium down to thorium isotopes, based on measured ele-
mental yields. We also observed that the influence of Zy ~ 54
weakens in the fission of thorium isotopes with Nen/Zen <
1.49 and appears to vanish for actinium isotopes.

In a second step, the mean values of the isotonic
distributions of primary fission-fragments were inferred. Un-
ambiguously for the lighter thorium isotopes, but also with
larger error bars for actinium isotopes, we observe that the
light primary fission fragments in asymmetric fission are
produced around NP ~ 52-54, indicating the influence of
a deformed neutron shell in this region. This work is a
first experimental observation of a neutron-shell stabilization

around N & 52-54 in the light fission fragments. It would
be interesting to perform dedicated calculations and more
experiments around this neutron-deficient thorium region to
understand the reason why the asymmetric fission is not any-
more stabilized by Zy = 54 but rather by N, = 54.

APPENDIX A: COULOMB-INDUCED FISSION
OF 219,223,227Ac 223Th AND 229Pa

During the experiments, three FRS settings were applied,
centered around the 2**226222Th isotopes. Due to the weaker
statistics for the 212223227 Ac, 223Th, and **°Pa isotopes, the
latter were discarded in Ref. [34] to extract the isotonic and
isotopic yields. However, the calibration parameters are the
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FIG. 9. For the FRS setting centered around the **>Th isotope: comparison of the isotonic (top row) and isobaric (bottom row) distributions
between the centered isotope and the less populated ***Th and 2'° Ac isotopes.
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FIG. 10. For all nuclides measured in the experiment [23,38], elemental yields (right axis) are represented in blue and total prompt-neutron

multiplicity (left axis) are represented in red.

same for each FRS setting, and are validated with the cen-
tered isotopes. Therefore, as shown in this section, it is still
possible to obtain some reasonable values for the mean values
of the isobaric and isotonic yields, with larger uncertainties.
Figures 7-9 present the comparison of the isobaric and iso-
tonic distributions measured in the Coulomb-induced fission
of these less populated isotopes with the centered ones, for
the FRS settings centered around **°Th, ?Th, and *?’Th,
respectively.

APPENDIX B: MEASUREMENT OF THE TOTAL
PROMPT-NEUTRON MULTIPLICITY

All results concerning (V') obtained during this first
SOFIA experiment are plotted in dark red in Fig. 10, to-
gether with the elemental yields represented in blue. The
total prompt-neutron multiplicity probes the evolution not
only of the deformation at scission of the different symmet-
ric and asymmetric configurations, but also of the average

excitation energy of the different fissioning nuclei. Indeed
a higher prompt-neutron multiplicity may indicate either a
larger deformation of the primary fission fragments at scis-
sion, or, a higher excitation energy of the fissioning system.
First, as detailed in Ref. [38], the neutron-deficient actinides
mainly fission symmetrically and exhibit a dramatic decrease
of the prompt-neutron multiplicity for these symmetric con-
figurations. This is a clear signature that this fission mode
is compact in contrast to the symmetric SL. mode of heavier
actinides and described in Sec. I. Second, the total prompt-
neutron multiplicity is larger for actinium isotopes. This
agrees very well with the evolution of the excitation energy
of the fissioning systems, which is given in Refs. [22-24].
The excitation function of the (y,tot) reaction is distributed
up to 30 MeV with an average around 12 MeV for all nuclei.
However, since the fission barrier is higher for actinium iso-
topes, the mean average excitation energy of the (y,f) reaction
is at least 3 MeV higher, inducing a higher prompt-neutron
multiplicity for this element.
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