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Abstract In the last two decades, through technological, experimental and theoretical advances, the situation
in experimental fission studies has changed dramatically. With the use of advancedspreduction and detection
techniques both much more detailed and precise information can now be obtained for the traditional regions of
fission research and, crucially, new regions of nuclei have become routinely accessible for fission studies.

This work first of all reviews the recent developments in experimental fission<techniques, in particular the
resurgence of transfer-induced fission reactions with light and heavy ions, the eémerging use of inverse-kinematic
approaches, both at Coulomb and relativistic energies, and of fission studies with radioactive beams.

The emphasis on the fission-fragment mass and charge distributions, will be made in this work, though some of
the other fission observables, such as prompt neutron and -ray emission, will also be reviewed.

A particular attention will be given to the low-energy fission in the so far scarcely explored nuclei in the very
neutron-deficient lead region. They recently became the focus for several complementary experimental studies,
such as f-delayed fission with radioactive beams at ISOEDE(CERN), Coulex-induced fission of relativistic
secondary beams at FRS(GSI), and several prompt fusionsfission studies. The synergy of these approaches
allows a unique insight in the new region of asymmetric fissiom,around '8°Hg, recently discovered at ISOLDE.
Recent extensive theoretical efforts in this region will alsorbe outlined.

The unprecedented high-quality data for fission fragments, complétely identified in Z and A, by means of reactions
in inverse kinematics at FRS(GSI) and VAMOS(GANIL) will be also reviewed. These experiments explored an
extended range of mercury-to-californium elements, spanning from the neutron-deficient to neutron-rich nuclides,
and covering both asymmetric, symmetric and tramsitional fission regions.

Some aspects of heavy-ion induced fusion-fission and'guasifission reactions will be also discussed, which reveal
their dynamical features, such as the'fission time scale. The crucial role of the multi-chance fission, probed by
means of multinucleon-transfer induced fission reactions, will be highlighted.

The review will conclude with the discussion of'thie new experimental fission facilities which are presently being
brought into operation, along with promising 'next-generation’ fission approaches, which might become available
within the next decade.
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1. Introduction

Nuclear fission, discovered in 1938 [1], provides one
of the most dramatic examples of a nuclear decay,
whereby the nucleus splits preferentially into two
smaller fragments releasing a large amount of energy.
Fission is a unique tool for probing the nuclear
potential-energy landscape and its evolution, as a
function of elongation, mass asymmetry, spin, and
excitation energy, from the single compound-nucleus
system over the top of the fission barrier and further
to the scission point, culminating in the formation of
fission fragments. This transition involves a subtle
interplay of collective (macroscopic) and single-particle
(microscopic) effects, such as shell effects and pairing,
all of which considered both for the initial nucleus
and for the final fission fragments and at large
deformations.

In Fig.1, the fission process is illustrated as the
collective motion of the nucleus in deformation space.

Page 2 of 77
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(nuclear shells and pairing)
ground state  saddle paint

Macroscopic Energy only
(like a Liquid Drop)
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Figure 1. (Color online) a) Macroscopic, Vmacro(LDM), and
b) total, Viotal = Vinacro(LDM)4Viicro (Shells) potential-energy
surface for the 238U nucleus as a function of elongation and
fission-fragment mass asymmetry. The most probable fission
paths (or ’fission valleys’), which follow the lowest energy of
the nucleus, are shown by the red lines with arrows. While in
the LDM approach only symmetric fission can happen along the
single 'symmetric’ valley, the introduction of microscopic shell
effects produces the asymmetric fission valleys. Figure modified
from [2].

The nuclear potential energy for a 23U nucleus js
shown as a function of elongation and mass asymmetry;
which are the most important collective degrees ‘of
freedom in fission. Fig.1(a) shows the simplified
concept, initially proposed in 1939 [3], to_explain
fission based on the so-called ’'Liquid Drop Model
(LDM). Within the LDM-approach the nucleus is
considered as a classical incompressible 'macroscopie’
liquid drop, whereby the competition between the
repulsive Coulomb force (due to the protons in the
nascent fission fragments) and the attfactivessurface
energy of two fission fragments creates a smooth
potential-energy surface (PES) with thesminimum,
denoted as the ground state in’the plot. During
the fission process, the nucleus elongates along the
line of zero mass asymmettyy shownnby the red line
in Fig.1,(a), thus initially’ inereasing its potential
energy, until at some moment thermaximum of the
potential energy is reached, which is called the saddle
point (the top of the fission barrier). Afterwards,
at even further elongation,»thé nucleus reaches the
scission point and/splits in, two equal fission fragments
(mass asymmetry,=0). /While the LDM approach
was able to qualitatively explain why fission is one
of the main/ decay modes of heavy nuclei, it failed
to describe the experimental observation available at
that timemthat 'the fission happens predominantly
asymmetricallyy in two un-equal fragments. Following
the recognition of the quantum nature of the atomic
nucleus and the development of the shell-model
approach in, nuclear physics, the need to include the
microscopic shell corrections in the description of the
fission process was realized in [4, 5, 6], whereby the

AUTHOR SUBMITTED MANUSCRIPT - ROPP-100800.R2
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total potential energy becomes the sum of maeroscopic
(LDM) and misroscopic (shell effects) energyi Viotal =
Vinacro(LDM)+Viicro (Shells). This naturally led to. the
appearance of the asymmetric fission valleys, as shown
in Fig.1,(b), thus to the asymmetriciMission-fragment
mass distribution (FFMD). As the mieroscopic shell
effects depend strongly on specific/meutron and, proton
numbers, their influence on the/PES will differ among
the nuclei, often leading to fan even more complex
fission potential-energy landscapewith several fission
valleys (or fission modes/7]), each characterized by
its unique saddle and scission points, FFMDs and
other properties, as will be extensively discussed in this
review. As a final remark to this introductory picture,
it is important to mote the strong dependence of
microscopic effegts on the temperature (or, excitation
energy) of the nueleus. In particular, there is
compelling evidence that the shell effects are 'washed
out’ at sufficiently high excitation energies, which leads
to the disappearance of asymmetric fission valleys
on theWPES, reverting it to the smooth LDM-like
surface. Due to the latter, the nucleus will again fission
predominantly symmetrically, as in the pure LDM.
This explains the strong need for fission studies as a
function of excitation energy.

On the other hand, specifically the low-energy
fissionyin which the nuclear shell effects are expected to
be preserved, is a crucial source of our understanding
of the complex process of fission and of the subtle
interplay between collective and single-particle degrees
of freedomi. However, while low excitation energies
are reached in spontaneous fission (SF), in the (-
delayed fission (SDF), or in thermal-neutron-induced
reactions [8], the situation is very different when
the fissionning nucleus is produced in reactions with
charged particles, in particular with heavy ions.
Indeed, in the latter case the Coulomb barrier between
the two colliding nuclei prevents them from forming
a low-excited fissioning composite system, leading to
typical excitation energies of at least E* ~ 35 MeV even
at the Coulomb barrier. Due to this, one preferentially
observes symmetrical fission from a range of highly
excited states even by using incident energies in the
vicinity of the Coulomb barrier. Furthermore, the
exponential drop of the fusion cross section below the
Coulomb barrier leads to strongly reduced production
rates in the experiments at sub-barrier energies,
which makes such experiments less practically feasible.

1 In most cases throughout this review, we assume the ’low-
energy’ fission regime when the excitation energy of the fissioning
system is lower or close to the height of the fission barrier,
E*~Bjy. However, due to widely different fission-barrier heights
across the Chart of Nuclei, see the discussion of Fig. 2 further in
the text, this will lead to different absolute excitation energies
which can be considered as ’low’ or ’high’ as far as fission in
different regions is concerned.
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The situation is better in the case of multi-nucleon
transfer (MNT) reactions, where excited states can
be populated starting from low excitation energies,
sometimes from around the top of the fission barrier
or even slightly below, up to highly excited states.

To set the scene in respect of ’low-" vs ’high-
energy fission, Fig.2 shows an overview of calcu-
lated fission-barrier heights within the macroscopic-
microscopic model by Méller et al [9]. A highly change-
able landscape with the fission-barrier heights ranging
from just a few MeV for heavy and superheavy ele-
ments with Z >100§, up to ~25 MeV in the vicinity
of the doubly magic 2°®Pb can be noted. In respect
of the fission barriers of the neutron-deficient nuclei in
the lead region, which are discussed in detail in Sec-
tion 4.1, several important conclusions can be drawn.
Firstly, there exists a large group of nuclei above Z~78
and around neutron numbers N =100-115, for which
the typical fission barriers are below By ~ 12 MeV. Due
to this, these nuclei are particularly suitable for low-
energy fission studies by means of SDF (only odd-odd
cases [10]) and/or by Coulex-induced fission [11]. Sec-
ondly, as mentioned above, particle-induced fission re-
actions that can also be used in this region typically
result in relatively high excitation energies well above
the fission barrier, even if a beam energy close to the
Coulomb barrier is selected. As one particular exam-
ple, relevant for the follow-up discussions in. Section
4.1, we notice the smoothly decreasing fission barriers
in the chain of the neutron-deficient Hg isotopes: “from
~24 MeV close to the neutron shell closure at N = 126y
to ~10 MeV in the region of '®9Hg. »This explains,
why so far only charged-particle-induced reactions were
used in the vicinity of N =126, see e.g. [12, 13,1144 15],
while both SDF and Coulex-induced fission recently
became the methods of choice to study low=energy fis-
sion by approaching the mid-shell at/N =104 and be-
yond [10, 16, 17].

While the fission-fragmeént mass™ distributions,
which are most intensively studied so far, are closely
linked to the structure ofdthénpotential-energy surface
as illustrated in Fig. 1, other observables carry valuable
information on additional, degrees of freedom. For
example, the effects.of nuclear<dissipation on the way
to scission are very impottant, as/such data contain
unique informatiom.on dynamical/aspects of the fission
process like theénfission times, the interplay between
collective and singletparticle degrees of freedom and
the degree of equilibration on the fission path. Such
effects can be probed by e.g. the characteristics of the
fission-fragment, distribution [18, 19, 20, 21] prompt-
particle emission (neutrons, 7 rays, charged particles),
see e.g. [22,23], or by atomic methods, see e.g. [24,

i

§ The zoom-in for the region of superheavy elements will be
disctissed in detail in Section 4.4 and in Fig. 55

4

25, 26, 27] and references therein. An ,dd-even
staggering in the yields [28], angular momenta [29],
kinetic energies, and prompt-neutron multiplicities
[30] for fission fragments with even or odd mumbers
of protons and neutrons reflects the influence of
pairing correlations on the fission process: Moreover,
fragment-mass-dependent data on prempt-neutron and
prompt-gamma emission after s¢igsion réveal how much
of the available energy release ends up in the excitation
energies of the individual fragments.

There were several jprevious comprehensive re-
views covering the fission resear¢h up to ~1995 [31,
32, 8, 33]. Several recent reviews(discussed some of the
fission aspects, studiéd in reactions with charged parti-
cles and in the traditional regions of fission in transac-
tinide and superheavy nuclei, see e.g. [34, 35, 36]. The
recent one by HefBberger [37] is specifically dedicated
to spontanepus,fission.” The present work will there-
fore summarize the,experimental fission data and new
or improved techniques emerging from ~1995, includ-
ing extensive novel research based on the use of inverse
kinematics and radioactive ion beams, which was not
possible. in the previous studies.

The outline of the review is as follows: first,
Section 2/provides a general classification of different
production mechanisms relevant for fission studies, in
particular in respect of the reaction-kinematics type
- ’direct’ or ’inverse’. The follow-up Section 3 shows
selected examples of experimental facilities for both
methods, while the discussion of specific results is
given in Section 4. Section 5 will further review a
range of several fission facilities being presently under
construction or being considered for future fission
studies. The work concludes with Section 6, where
a discussion of some of the open questions in fission
research will be given.

2. General features of fission experiments in
direct and inverse kinematics

Historically, several different types of reaction mech-
anisms were used to study the fission process. An
attempt to summarize the main methods is given in
Table 1, which provides the classification based both
on the reaction kinematics type (‘direct’ or ’inverse’)
and on the beam type (stable or radioactive). For
several decades since the discovery of induced fission
in reactions with neutrons in 1938 [1] and of spon-
taneous fission in 1940 [38], the reactions in the so-
called ’direct kinematics’ were used. Here, a stable
(or a long-lived) light projectile (e.g. electron, photon,
neutron, proton or light ion) is shot on a heavy tar-
get to produce fissioning nuclei and study their decay.
The predominance of this method was due to the rela-
tive easiness to accelerate light ions and electrons or

Page 4 of 77
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Figure 2. (Color online) Calculated fission-barrier heights for 2891 nuclei derived, from the macroscopic-microscopic model by
Moller et al. The highly-variable structure is mostly due to ground-state shell effects. Figure/modified from [9].

to get neutrons from a power reactor or a suitable
light-ion-induced reaction. Following the progress in
the accelerator and detection techniques, the use of
‘inverse kinematics’ became possible, in which a heavy
nucleus is shot on a light target, as e.g. in the recent ex-
periments at VAMOS(VAriable MOde high acceptance
Spectrometer) at GANIL [39]. Furthermore, within the
last two decades, the use of short-lived radioactive ion
beams (RIBs) for fission research was introduced at
ISOLDE [10] and GSI [11, 40, 41], which revolutions
ized the whole field of fission studies. /As shown in Ta-
ble 1, presently both stable and radioactive,.beams can
be employed in both kinematics; the fature technical
developments will further blur the boundaries between
different methods, see Section 5. The following'subsec-
tions 2.1- 2.2 briefly discuss the main advantages and
drawbacks of both approaches.

2.1. Fission experiments in direct kinematics

In order to produce fissioning, nuclides of interest,
initial experiments in direct kinematics used different
reaction mechanisms, e.g. eomplete fusion, transfer-
induced fusion, spallation/fragmentation|| to name a
few. Fig.3 shows assimplified diagram for two most
commonly used. metheds.to produce fissioning nuclides
at beam energies close to the Coulomb barrier by
means of complete fusion or MNT-induced reactions
with light, or heavy ions, denoted by a common

|| In this work, the term ”spallation” is used to characterize
reactions induced by light particles at beam energies per nucleon
well above the Fermi energy, that proceed essentially by an
internuclear cascade [43], see Section 4.7. ”Fragmentation”
denotes reactions induced by heavy ions, in which the scenario
of ageometrical abrasion with a distinction of participants and
spectators is applicable [44].

(a) Fusion ”% Quasi-Fission
@ n
L S
P | % Prompt fission
Q9 ~q -9 \.(' ’
Projectile Target CN P
n
(b) Multi-nucleon transfer & ne %
CN 7 n

-Q -9 -9
Projectile Target o< ®

\ Evaporation SF, BDF

Ejectile Residue

Figure 3. (Color online) Two most common reaction mech-
anisms which occur in the light/heavy-ion-induced reactions in
direct kinematics at beam energies in the vicinity of the Coulomb
barrier: (a) Complete fusion which proceeds via the formation of
an excited compound nucleus (CN), followed by prompt fission
(the whole process is often called ’fusion-fission’ in the litera-
ture and in this review). Often, a competition with the so-called
quasifission (QF) occurs in reactions with heavy ions, which is
the prompt fission from a non-fully equilibrated composite sys-
tem, shown in the figure, before the CN is formed; (b) Multi-
nucleon transfer (MNT) reactions, whereby one or several nucle-
ons can be transferred to (or picked up from) the target nucleus
to produce an excited CN and an outgoing ejectile. In both cases
a) and b), the excited CN further decays either by prompt fission
or evaporates several neutrons (also « rays) to form an evapora-
tion residue (ER), which can then decay by spontaneous fission
or by SDF.

name ’'fusion/transfer-induced fission’ in Table1l. In
the following, we will explicitly distinguish the two
types of fission - the prompt fission from excited CN
(called ’prompt’ fusion/transfer-induced fission) and
the fission of a residual nucleus, after the particle-
evaporation cascade. The latter usually happens in
the form of spontaneous fission (broadly including the
fission of shape isomers) and SDF.
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Table 1. Classification of reactions types, used for fission studies. Selected examples of facilities are mentioned for somie cases and

will be discussed in relevant sections in the text.

Beams Direct Kinematics

Inverse Kinematics

Stable Beams, up to 256U

(n, p, light/heavy ions, v, e ™) SF, BDF

Prompt fusion/transfer-induced fission

VAMOS at GANIL [39]

Future/Proposed

photofission with brilliant y-ray beams at e.g. ELI [42],
SF, BDF with S3 at GANIL

Radioactive Ion Beams (RIBs)
(fragmentation/spallation of 238U) | at ISOLDE [10]

BDF of low-energy 30-60 keV beams

SOFIA at GSI [11,/40, 41]

Future/Proposed, see Section, 5

post-accelerated RIBs

prompt fusion/transfer-induced fission with

In direct-kinematics experiments, the choice of the
target material is very limited, as only very few nu-
clides above 29°Bi are found on Earth, e.g. the primor-
dial nuclides 232Th, 2352380, 244Pu and some of their
long-lived decay products, e.g. 22Ra. Only several
more can be produced in sufficient quantity in a nu-
clear reactor, including e.g. ***Am (T /5 = 7370 years),
8Cm (T2 =3.5x10%years), 2Bk (T}, =320d),
2490t (T2 =333d), 254Eg (Th /2 =275d). Specifically,
the 24°Bk and 4°Cf materials were used extensively
in the recent experiments to identify new superheayy
elements [36]. However, such short-lived nuclides may
pose the problem of high radioactivity that complicates
the target preparation and can also impose extra lim-
itations on the fission detectors, in e.g. the prompt-
fission experiments.

Figure 4 gives an overview of the fissioning sys-
tems, for which FFMDs or nuclear-charge distribu-
tions were known at the end of the 20thicentury. Be-
sides the systems accessible by neutrom-induced fis-
sion, the low-energy charged-particle-induced prompt
fusion/transfer-fission reactions were ‘predominantly
used to access nuclei in the regionstaround stable iso-
topes near 2%%Pb, e.g. [12, 13, 14, 15] and long-lived
226Ra, (Th /2 =1600y), see e.g./45;46]. The large gap
in between is due to the absence of suitable targets to
produce low-energy fission. Furthermore, the studied
nuclei concentrated very/much'in a narrow band close
to the [-stability valley. Only in the upper part of
the chart of the nuclides, 8DF and, predominantly, SF
of very heavy nucléi producedyin complete-fusion or
transfer-induced reactions with light and heavy ions,
gave access to nuclei in a broader range of N/Z val-
ues, in particular on the neutron-deficient side, see
e.g. [32, 47, 48]. An ultimate example of such studies
was the FFMDs. measurements for SF of 2°Fm, pro-
duced int the (t,p)-transfer reaction of an intense 10uA
triton heam with a unique (0.9-1.3)x10° atoms target
of TFmi(Lyys= 100 d) [49]. As will be shown in Sec-
tion 4.3, the modern MNT-induced experiments with
heavy ionsrand very exotic radioactive actinide targets
up fo the element einsteinium with Z =99 (*>Es) al-

low to substantially!broaden the region of nuclei avail-
able for fission studies, e.g. towards the most neutron-
rich nuclei.

After the produetion of fission fragments either in
QF, or in the prempt fusion-fission of the excited CN,
or eventually in the'SF/SDF of the fully de-excited
fissioning evaporation residue, one of the greatest
challenges,is the unambiguous determination of mass
A and atomie.nmumber Z of the fission products. The
following, three identification/detection techniques are
mainly used for such measurements:

e Identification of characteristic «-ray radiation fol-
lowing the series of 8 decay of the fission prod-
ucts, often complemented with the radiochemi-
cal pre-separation of the suitably long-lived initial
fission fragments. An advantage of this method
is that the measurements can be performed at a
place distant from the irradiation point, thus elim-
inating the background which occurs at the in-
beam irradiation spot. In the past, this was the
only technique that allowed unambiguous iden-
tification of fission products in both Z and A
[50, 51, 52, 53, 54], In most cases, only cumulative
yields, that means the yields after some [-decay
stages were accessible, while no information on
prompt neutron emission and FF's kinematic prop-
erties, e.g fragment energies and/or the total ki-
netic energy could be obtained. Due to the above
limitations, this method is not so frequently used
nowadays. Recent examples of the application of
this method include e.g. photofission and neutron-
induced fission of 238U [55, 56] and proton-induced
fission of 232Th [57].

e In-beam (prompt) fission experiments, in which
the fission detectors directly face the thin reac-
tion target, allowing the observation of fission
fragments in a compact geometry. Silicon detec-
tors, multi-wire proportional chambers (MWPC),
or time-of-flight (TOF) detectors are often used
for FFs detection, see Section 3.1. With a proper
choice of ancillary detectors, this method can fur-
ther allow an access to a wide range of fission ob-
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Coulexsof relativistic secondary beams
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servables, including prompt neutron [58, 59] and
~-ray multiplicities [60, 61, 62, 63]. We note that
similar detection methods are also exploited in
the SF and BDF studies, but some sort of pre-
separation (chemical or electromagnetic) of the fis-
sioning parent nucleus is often used in such cases,
see Sections 4.4 and 4.1.

e A FF's pre-separation with a spectrometer, e.g. the
LOHENGRIN recoil separator [64, 65] at the
high-flux reactor of the ILL, Grenoble, whereby
the fission fragments after the thermal-neutron-
induced fission are separated in-flight by mass
and energy by an ion-optical system before being
measured by the detection system. The mass
yields are readily obtained by ion counting and
integration over the ionic-charge-state and kinetic-
energy distributions. For the light fragments,
a mass resolving power of A/AA=250 (full-
width at 1/10 maximum) was achieved. The
determination of isotopic yields requires a nuclear-
charge identification in addition. Traditionally
this is obtained by the AFE-E method with a
split-anode ionization chamber. However, for
fission fragments with typical energies of the ordér
of ~1AMeV this method reaches its limit® at
about Z =42, thus it can only cover the light
fission peak. In the heavy fission peak, isotopic
yields are instead measured by y-ray spectrometry,
using Ge clover detectors surrounding the focal
plane, see recent examples from LOHENGRIN
in Refs. [66, 67]. ~-ray spectrometry enables
also the determination of isomeric yields [68]
and of the isomer population as funetion of the
kinetic energy of the fission fragments [69]»Still,
the accuracy of the absolute-yield determination
may be limited by the knowledge of the ~-ray
intensities per decay, and [this method is not
applicable for the yield , measurement of very
long-lived or stable fission fragments. Thus, at
present, an independent development is pursued
to push the limits of the A E-F method, namely
by using very homogeneous SisN, membranes as
passive absorbers combined with calorimetric low-
temperature detéctors for.a pulse-height-defect-
free determination of the residual energy [70].
Other examples of the'FFs pre-separation method,
but in inverse kinematics, which boosts the FFs
energies, include the fission experiments at the
VAMOS"[39] at GANIL and at FRS(FRagment
Separator) at GSI [40, 41, 71, 11], see Section 3.5.

Intmost fission techniques in direct kinematics,
the momentum/energy of the initial fissioning system
induced by the reaction is low, or even zero, as in
case of SE/SDF. Therefore, the kinematical properties,
in particular the energies of the fission fragments, are
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Figure 4. (Color onling) Overview ‘of fissioning nuclei
investigated in low-energy fission up to ~1995, before the first
systematic measurements/in inverseskkinematics at FRS(GSI) and
of SDF at ISOLDE weré performed. Mass distributions (circles)
and Z distributions (crosses) were measured for nuclei marked by
symbols at excitation energies up to 10 MeV above the fission
barrier (or in SF). Several examples of measured FFMDs are
shown, data from Refs. [124 46, 72, 73]. For orientation, the
primordial isotopes are indicated by squares. The figure is a
slight modification of Eigt 1 in Ref. [40].

either uniquely defined by the fission process itself (as
in/SE/BDF), jor allow a relatively simple kinematical
correcgtion for the transferred momentum. However, as
mentioned above, the relatively low energies of FF's in
such studies result in certain difficulties for their Z and
Aidentification, see examples in Sections 3.1 and 4.1.
In particular, straggling phenomena severely hamper
an unambiguous Z identification of fission products by
energy-loss measurements at FF's kinetic energies. This
is one of the main drawbacks of the fission experiments
in direct kinematics.

Returning now back to Fig. 4, one notices that the
lighter systems, up to 2!>At show an essentially single-
humped mass distribution. Interesting enough, a
double-humped structure in a nearly symmetric fission
was reported for 2°'Tl at an excitation energy of 7.6
MeV above the fission barrier by Itkis et al in 1988
[12] in a-particle-induced fission. However, a more
extended study of this feature further away from the
[B-stability line was not possible at that time.

In the range from A =227 to A =256, where most
of the previously investigated systems are situated,
asymmetric fission prevails. The heavy mass FFs peak
was found to be centered close to A =140 [76]. This
implies that the light mass peak approaches the heavy
peak with increasing mass of the fissioning nucleus,
until there is a sharp transition to symmetric fission
with a narrow mass distribution and high total kinetic
energy (TKE) between 2°°Fm and 2**Fm. The same
feature was also observed for several isotopes of other
neighboring elements of similar mass [47, 48, 32, 77].
In fact, already in the earlier fission studies further
complex features in the FFMDs, TKE, and prompt-
neutron multiplicity were observed in asymmetric
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Figure 5. (Color online) Updated overview of fissioning systems investigated up to ~2016 in low-energy fission with excitation
energies up to 10 MeV above the fission barrier. In addition to the systems for which FFMDs have previously been obtained in
particle-induced and spemtaneous fission (o), the nuclei for which fission-fragment Z distributions after electromagnetic excitations
were measured in the/1996 experiment [40] in inverse kinematics at the FRS at GSI (x) and the fissioning daughter nuclei studied in
BDF (o) are shown. Full’diamonds mark systems for which FFMD were measured, the data are from [10, 17] and references therein.
Furthermore, 25 nuclei are matked (), including FFMDs obtained from MNT-induced fission with ¥0+232Th [74] and 180+238U
target [75]. Sevéral examples of measured FFMDs are shown, data from Refs. [12, 46, 72, 73]. For orientation, the primordial
isotopes are indicated by,squares. The figure is a modification of Fig. 1 in Ref. [40] and of Fig. 1 in Ref. [10].

fission and wereinterpreted as due to contribution from
different fission channels or fission modes [7]. In the
seminal scission-point model by Wilkins et al [78], the
most, important fission channels, named Standard 1
and/Standard 2 in the nomenclature of Brosa et al [7],

were attributed to the influence of shell effects near
the doubly magic '32Sn and a deformed shell around
the neutron number N =88 in the heavy fragment,
respectively.

Furthermore, a few systems, such as 22522"Ra,
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226,227,228 A and 227228:229Th that were investigated
with radioactive ?26Ra and 227 Ac targets [45, 79, 80]
revealed also a transitional region of multimodal fission
(coexistence of symmetric and asymmetric fission) due
to the gradual appearance of symmetric fission around
A =226 with decreasing mass of the fissioning system.
In the past, the detailed study of this transitional
region was very much hampered by the non-availability
of suitable target material between 2?Bi and ??°Ra.

A survey on the status of this field before the
development of the novel experimental approaches
based on inverse kinematics (see Section 3.5) reveals,
on the one hand, a wealth of often very detailed
experimental results, which are comprehensively
reviewed in the textbook by Wagemans [8] and recent
reviews on neutron-induced fission by Gonnenwein
[33] and on charged-particle-induced fission by Kailas
and Mahata [34]. On the other hand, it became
clear that the use of the traditional method of direct
kinematics with light projectiles results in a quite
incomplete coverage of fissioning systems, especially at
low excitation energies, which is further aggravated by
severe technical difficulties in measuring some of the
key experimental fission quantities that could never be
fully overcome.

Figure 5 shows the present status of low-energy
fission studies, in which the mass and/or charge
distributions were measured. Most of the newest data
(in respect of Fig.4) were obtained by using the new
techniques, which are described further in the texty.

2.2. Boosting the fission-fragment energies for
improving the mass/charge resolution in
inverse-kinematics fission studies

During the last two decades, new types. off fission
studies have been developed by/ employing inverse-
kinematics reactions. At GSIL (Darmstadt), the
electromagnetically inducedy(€oulex).fission of short-
lived radioactive isotopes produced by fragmentation
of relativistic 1AGeV 238U ionsyon a Be target
was exploited [81, 40]. [ This‘method and its latest
development in the SQFIA (Studies On Fission with
ALADIN) experiment [11]j,diScussed in details in
Section 3.5.1, allowed te comsiderably expand the
region of nuclei, lagcessible for low-energy (E* ~14
MeV) fission studiesy-towards the scarcely studied
(by fission) neutron-deficient Hg-Th nuclei, see green
crosses in Fig. 5. / Due to its specific excitation

9 Although “the progress in fission research imparted by
comparing Figs.4 and 5 is impressive, the development in
fission research shown in Fig.5 is represented only to some
part. This issdue to the excitation-energy limit that has been
applied to this figure, in order to keep it comparable to Fig. 4.
More higher-energy fission data, obtained via charged-particle-
induced reactions, became available in the last two decades, see
ewgl Fig. 32" for the neutron-deficient lead region.
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mechanism (see Section 3.5.1), this method suits
well for nuclei whose fission barrier is less than ~15
MeV. However, this method does not allow to study
the nuclei beyond A =238, due to thé present non-
availability of beams heavier than 233Ut .

At VAMOS [83], prompt fission’ of several nuclei
close to and above 238U was studiediby meansiof MNT
reactions of 238U ions with a }2C target at Coulomb
energies [84, 39, 85|, see théydetailed discussion in
Section 3.5.2.

A very important /feature of both types of
experiments is that due t@ the high momentum/kinetic
energy of the initial fissioniig system (due to
inverse kinematics uéed), the fission fragments achieve
a large kinematicals“boost in forward direction,
e.g. ~700 A MeVifor the reactions with the relativistic
secondary beams at GSI, (see Table 1) or ~6 AMeV in
the experiments at VAMOS. This effect makes their Z
and A identificationanuch easier. For example, values
of 7 ~0.35and §A~ 0.6 to 0.8 were obtained in the
recent SOFTA expériment [71, 28].

A common difficulty of these methods is that
the“choice of accessible systems strongly depends on
the, primary beams and on the characteristics of the
reaction. / At present, they can only be used at
laborateries that provide beams of very heavy nuclei
(e.gn23U) with energies above the Coulomb barrier
(VAMOS-type experiments) or with appreciably higher
energies (GSI-type). Moreover, suitable detection
devices, including large powerful spectrometers, must
be available for the identification of the fission
products.

3. Selected examples of experimental fission
techniques

3.1. Measurements of fission-fragment mass
distributions in prompt-fission studies in direct
kinematics at near-Coulomb-barrier energies

In this section, in-beam (prompt) fission experiments
with heavy ions in direct kinematics at energies close
to the Coulomb barrier will be discussed, with an
emphasis on the measurements of the fission-fragment
mass distributions. In this type of experiments, the
fission-fragment detectors directly face the reaction
point (target). Compared to n/y/e” or light-ion-
induced fission, the use of heavier projectiles allows
to study fission of nuclei further away from the S-
stability line, especially on the proton-rich side and in
the region of superheavy nuclei, in addition to SF/SDF
(see, Sections 4.4 and 4.1 [16, 86, 87, 17, 88]).

The accessible nuclei are determined both by the
projectile-target combination and also by the reaction

+ Efforts to provide a 242Pu beam are presently undertaken at
GSI [82].
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type, e.g. fusion-fission, quasifission or MNT-inducec
fission, see Fig. 3. One of the characteristic difference:
between fusion-fission/QF (Fig.3(a)) on the one hanc
and MNT reactions (Fig.3(b)) on the other hand i
that a full momentum transfer (FMT) happens it
the former case, whereas only a partial momentun
is transferred in the latter, thus the recoil moment:
(velocities) of the compound nuclei in two reaction:
are different. This, in turn, results in different folding
angles O¢y1q of fission fragments in the laboratory frame
where 6O¢q is defined as the sum of the emissior
angles 61 and 5 of the fragments relative to the bean
direction. As both mechanisms can occur in a giver
reaction, the difference in the folding angle is ofter
used in the follow-up data analysis to differentiate the
two contributions. Figure 6 provides an example o
a double-humped folding-angle distribution measurec
with the JAEA fission setup (further discussed it
Fig. 7) in the reaction 39Si+2**U [89]. While the FM'l
folding angle (indicated by a red arrow) remains nearly
constant for the range of projectile energies used in the
study, the folding angle for the multi-nucleon-transfe:
channels shows a characteristic dependence on the
beam energy. Namely, at the lower energies (e.g. below
Ey., =168 MeV in Fig. 6), the backward scattering o
the ejectile dominates, boosting the velocity of the
fissioning nucleus, which results in a smaller folding
angle. With an increase of the projectile energy, the
ejectile is preferentially scattered to forward. angles,
which makes the recoil velocity smaller, thusythe
folding angle enhances accordingly.

For heavy-ion reactions characterized by Z, x Z; >160

[90], where Z, and Z, are the projectile anditarget pro-
ton numbers, the competing channel of quasifission can
open and might even become the dominant one for the
very heavy systems (see Section 4.51). Quasifission is
a non-fully equilibrated process, thus should have dif-
ferent properties relative to fusiomfission in such ob-
servables, as e.g. the angular/distribution and kinetic
energies of resulting fission fragments,and also the fis-
sion time scale, see e.g. [18]rand refs therein. On the
other hand, the quasifission is categorized by the FMT-
like folding-angle distribution type, because the projec-
tile and the target nueleus amalgamate to a one-body
composite system/ albeit for a short time only.

8.1.1. Typical setups for prompt fusion-fission
experiments.. In a typical prompt-fission experiment,
the FFMDs"are derived based on the kinematical
analysig”of the reaction itself and of subsequent
coincident fission fragments, by what is known as
the ’kinemati¢ coincidence method’ [91, 92]. In
this method, both fission fragments are detected in
coincidences to determine their masses and kinetic
energies from the mass- and momentum-conservation
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Figure 6. (Color,online) Folding-angle distributions of fission
fragments in the reaction of 3°Si+ 238U [89], measured at the
projectile energies, indicated in each panel. The red and green
arrows mark the positions of the folding angle, corresponding to
fusion-fission (FMT) and to MNT-induced fission, respectively.

laws. Usually, the mass of the fissioning nucleus
is treated to be equal to the sum of the masses
of projectile and target nuclei for the fusion-fission
reactions. However, the influence of prompt neutron
emission [58, 59] should be carefully considered case-
by-case, see e.g. the discussion of reactions in the
mercury region in Section 4.1.3 and also in the actinide
region in Figs. 49-50 in Section 4.3.1. For the MNT-
induced reactions, the mass of the fissioning compound
nucleus can be determined only when the mass of
the ejectile nucleus is identified by using charged-
particle detectors. To apply the method of kinematical
coincidences, a fission setup should be able to measure
some (ideally - all) of the following properties of both
fragments: velocities, energies, azimuthal and polar
angles with respect to the beam direction (or positions
of registration) of the fission fragments. In case the
velocities of the fission fragments are measured (the so-
called 2v or ’double velocity’ method), no corrections
for the neutron evaporation is needed [35, 91], as the
isotropic neutron emission only broadens the velocity
distribution, without shifting it. However, this method
requires a setup with very good timing properties,
see examples in the next section. On the contrary,
when the kinematic analysis relies only on the energy
measurement of the FFs; the knowledge of the number
of prompt neutrons emitted from the individual fission
fragments is needed [93]. The latter requires a
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more elaborate setup for the correlation measurement
between FFs and neutrons, see the recent study [59].

The following main types of fission detectors are

extensively used in current prompt-fission studies:

e Silicon detectors are often exploited in fission

experiments including light-particle (n, p, a, *He)
induced fission, see recent examples in Refs.
[94, 14, 15, 95, 96, 97, 98]. However, when
used to detect heavy ions, these detectors suffer
considerably from the pulse-height defect, which
strongly depends on the mass and charge values of
the fission fragments, see e.g. [99, 93, 100]. Also
the timing signal from a silicon detector exhibits a
characteristic delay depending on energy and mass
of the ion [101], and on the detector design [102].
While the silicon detectors can be made position-
sensitive to allow the position (thus direction) of
the FF's to be measured, the rate capabilities and
radiation hardness sometimes limit the application
of these detectors. On the other hand, thin
(several tens of micrometers) silicon detectors can
be used as AE detectors in transfer-induced fission
experiments to identify the ejectile nuclei, rather
than the FFs themselves, see Section 3.1.2 for
examples. In passing we note that Si detectors
are often used in SF [103, 49, 48, 104, 105, 106}
and SDF [107, 16, 10, 17, 108, 88] studies for the
FFs’ energy determination.

Frisch-gridded ionization chambers (GICs), are
still frequently used in modern neutron-induced
fission experiments [109, 60, 61, 62, 110, 111, 112,
113]. Their main advantage is the large detection
efficiency, approaching ~47 in caSes when the
target material is situated inside. the chamber,
usually on its cathode. The emissiondangles
of the fragments can be obtained by measuring
the drift time of the electrons; generated along
the fragment track, over’the eathode and grid
region. Furthermore, it was,shown that the pulse-
height deficit within a.gas is'smaller than that in
silicon [114], thus the GIC\can provide a better
resolution for determining fragment energy/mass
under good operation ¢onditions [115, 114]. The
GIC can be easily coupledhwith neutron and/or
~-ray detectors for correlation measurements with
FFs. Examplespare®?Cf(SF) for neutron [113]
and n+21Pu for y-ray [61] measurements (also
see Section 4.6).

Multiwire ‘proportional counters (MWPCs) can
be' designed with a large size, and can be
made position-sensitive in two dimensions. They
usually provide a sufficiently fast timing signal
(on_the order of ~1ns), which is suitable for
time-of-flight measurements, can cope with high
counting rates and are radiation-resistant, if
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a gas flow is provided. Due to, the above
properties, this is one of the most frequently used
detectors for prompt-fission studies, particularly
for heavy-ion-induced fission. A “similar type
of fast-timing gas detectors, called parallel-plate
avalanche counter (PPAC), uses wuniform thin-
layer electrodes (rather than/multiple wires), as
used in e.g. a setup where the electrodes are
directly exposed to the neutron beam, for example
as in fission cross-section measurements in the
studies [116, 117]. Hereafter, we refer to these
types of detector as MWPC/PPAC, except for
specific cases.

e Fast-timing detectors;, based on micro-channel
plates, for amplification of secondary electrons
emitted byfa,thin<feil’ during the passage of a
fission fragment.» Such detectors are often used
for the weloeity measurements of fission fragments
with the TOF method, where a start detector with
a very good timing response (up to ~100 ps) is
necessary. The MCP-based start timing detectors
can be ¢ombined with large-area MWPC/PPACs
or silicon detectors, used as a stop detector, to
achieve overall good timing resolution that is
needéd for velocity measurements, in particular
for the so-called 'double-velocity double energy’
(2v0-2F) method™.

e/Recently, attempts to use poly-crystalline and
single-crystal chemical vapor-deposited (pCVD
and sCVD, respectively) diamond detectors for
the detection of fission fragments were undertaken,
see e.g. Ref. [118, 119]. This is due to their several
promising properties, such as high radiation
hardness, an expected faster timing response in
comparison with silicon detectors and much easier
operation compared to the MCP-based timing
detectors. Unfortunately, while a sufficiently good
timing resolution was obtained (up to 100 ps), the
energy resolution proved to be not yet sufficient
for FFMDs measurements due to a severe pulse-
height deficit [118]. Another issue to be solved
is the largely varying quality of the diamond
material, resulting in high costs. Despite the
present issues, such detectors look as a promising
alternative for future fission setups.

Several research groups are presently active in
the studies of different aspects of prompt fission, in
particular of the FFMD measurements, by means of
reactions with heavy ions at the following facilities:

e 20UR tandem at the Japan Atomic Energy
Agency (JAEA) in Tokai [120, 89, 121, 122, 123,
124, 74, 125]

* See Section 3.2 for further details and examples for this
method.
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e 14UD tandem accelerator at the Australian
National University (ANU) in Canberra using the
CUBE fission spectrometer [126, 127, 128, 129, 18,
130, 131, 132, 133, 134,

e Flerov Laboratory for Nuclear Reactions (FLNR)
in Dubna, Russia, using the CORSET setup
[135, 136, 137, 138, 139, 140, 141, 142, 143, 144
145, 146, 35,

e 15UD Pelletron at the Inter University Accelerator
Centre (IUAC) in New Delhi, India [147, 148, 149,
150, 151, 152, 153, 154, 155, 156, 157, 158, 159]

e Pelletron LINAC facility in collaboration between
BARC (Bhabha Atomic Research Centre) and
Tata Institute of Fundamental Research (TIFR)
in Mumbai, India [160]

In the following, selected examples of applied
techniques are presented in some details.

Fission set-up at the JAEA tandem facility
at Tokai. Figure 7 shows an example of the setup
for prompt fusion-fission and MNT-induced fission
experiments at the JAEA tandem facility. Here, up
to four position-sensitive (in X- and Y- directions)
MWPCs can be used to detect fission fragments in
coincidence. A silicon AFE-E detector array is used
only for MNT-induced fission [75, 74, 125] (see Section
3.1.2), and is removed for fusion-fission/quasifission
experiments.  The positions of the MWPECs are
optimized for each experiment to increase the detection
efficiency as a function of the momentum of the
fissioning nucleus, which is determined by the target-
projectile combination and the incident-beam energy.
The MWPCs have an active area of 200x120imm?
[120] or 200x200mm? [75] each, and ‘axe located at
a distance of 210—224mm fromsthe target center.
One MWPC can cover the emission angle of fission
fragments of about A6 ., =50° relativeto the beam
direction.  Due to the continuous mature of the
beam at the JAEA tandem, ne start signal can be
derived from the beam’ itself; therefore, the FFs
masses and kinetic energies are determined from the
kinematical analysis by measuring the time difference,
AT, between the signals from two coincident MWPCs,
and the positions of registration’ (X1, Y1, Xs,Y2) of
both fragments. “Additionally,” the charges AQ; 2
induced on the cathodes of the respective MWPCs
are also deduced, which allows to distinguish the FFs
events both from the‘elastically scattered projectile and
target nuclei, and also from the target- and projectile-
like fragments, in case of QF.

A peculiar feature of the JAEA tandem, which is
not available at other tandems, should be emphasized
- its ability to deliver the beams of noble gases, due
to the presence of an ECR ion source mounted on the
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Figure 7. (Color online) A typical detection setup for in-beam
MNT-induced fission experiments at JAEA. In the case shown,
the MNT reaction 180+238U wasstudied, whereby four MWPCs
- MWPC-A-MWPC-D’- were used to detect the coincident
fission fragments, while assilicon AFE-E telescope array was
exploited to determine the transfer channel. In case of the fusion-
fission experiments; the AE-FEtelescope array is removed. Figure
is taken from [74].

terminal [161]2,,Fig. 8 gives an example of raw data
from theyJAEA' setup obtained in the fusion-fission
reaction “9Ar+144Sm — 180Hg* [124]. Two MWPCs
were used in this study; therefore, the panel a) shows
a'plot of AQ: + AQ: vs AT signals for coincident
eventshmeasured in the MWPCs. Coincident fission
events, marked by the red-colored polygon, are located
in ‘between the peaks corresponding to the elastically
scattered target '44Sm and projectile 36Ar nuclei,
which are also measured in coincidence. Fig. 8(b)
shows the same data as in Fig. 8(a), but in the
coordinates 61 + 02(=b0to1a, See Fig.6) vs ¢1 + ¢2 in
the laboratory frame, where 6;(i = 1,2) are the emission
angles of the fission fragments projected on the plane
defined by the beam direction Z and the horizontal X-
axis (see Fig.1 of Ref. [120]). The out-of-plane angles
¢; (i=1,2) were the projections of the emission angles
on the X-Y plane. The fission-fragment masses and
total kinetic energies are obtained by analyzing the
events enclosed by the red polygons in Fig. 8, whereas
the elastic-scattering events can be used for the mass
calibration. The typical mass resolution obtained in
the fusion-fission experiments at JAEA is about 6u

CUBE facility at the ANU’s tandem at Can-
berra. A conceptually similar setup, called CUBE,
shown in Fig. 9(a), is used in the experiments at
the ANU. The CUBE utilizes two large-area position-
sensitive MWPCs with dimensions of 284x 357 mm?
[91], installed at a distance of 180 mm from the target
and covering an acceptance angle of up to Afpqp ~ 75°,
being the largest among all presently operating in-
beam setups. As for the JAEA setup, the MWPCs
positions can be optimized depending on the reaction
to be studied. The large angular coverage is advanta-
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Figure 8. (Color online) a) Events from the fusion-fission
reaction 36 Ar4-144Sm—180Hg* mapped on the AQ1 + AQ2
vs AT axes. Fission events within the polygon and elastic-
recoil events are clearly separated. (b) Same as in (a) but in
the coordinates 01 + 02 vs ¢1 + ¢2. Figure is taken from [124].

geous to obtain mass-angle distributions (MADs) of the
fission fragments, especially in case of the QF mecha-
nism, due to the asymmetry of the angular distribu-
tion in comparison to the fission of a fully equilibrated
CN. An important feature of the 14UD pelletron at
ANU is that it delivers a pulsed beam with a typi-
cal pulse width of 0.7—1.5ns, which can be used s
a start signal for the independent measurement of ‘ve-
locities (thus, masses) for both fragments. From the
measured masses of the FFs, 4; (i=1,2), the mass ra-
tio Mr=A41/(A1 + As2) can be obtained. Awtypical
resolution for Mgy is reported as <0.02 [129].

Fission set-up at the ITUAC Pelletron facility
at Delhi. At the IUAC facility, two fission chambers
have been developed for in-beam prompt-fission mea-
surements [162]. In the General Purpose Scattering
Chamber (GPSC), two MWPCs (200x 100 mm? each)
are mounted on the rotating arms t6' cover a wide range
of fission-fragment angles. To extract TOF informa-
tion, a pulsed beam from thes ITUAC tandem with a
bunch width of ~1.1ns is usedy[162, 158]. The second
chamber hosts two MWPCs (125%X75mm? each) cover-
ing the scattering angle of £14°(X ) and £8°(Y") [162].
The TOF measurement for fission fragments can be
performed by referring to the rf of the tandem-LINAC.
This chamber cangbe ¢oupled with, the National Ar-
ray of Neutron Detectors (NAND)[159], which consists
of 100 liquid orgamic_scintillators (12.7 cm-diameter,
12.7 cm-thickaess), located at a distance of 175 cm from
the target.

Fission set-up at the BARC-TIFR Pelletron
LINAC facility, Mumbai. In the fission experi-
ments at this'facility, the coincident fission fragments
are. measured by two MWPC detectors, each of 126 x76
mm? area, by exploiting the TOF method and referring
tothe rf‘of the accelerator as the start signal (width
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Figure 9. (Color online) Arrangements for the in-beam fission
experiments at (a) CUBE"at ANU and (b) CORSET at FLNR,
see text for further details.svThe CUBE set-up consists of
two large-area MWPCs [91]. 'The CORSET is a two-arm
velocity-measurement system which uses small-area MCP-based
start detectors (Startl and Start2) and larger-area MCP-based
detectors with ayposition-sensitive readout as the stop detectors
(Stopl and Stop2).»Figure is taken from [143].

~1ns)/[160].

CORSET setup at FLNR, Dubna. The CORSET
setup/[144, 137], shown in Fig. 9(b), is a double-arm fis-
sion time-of-flight spectrometer which uses MCP-based
timing detectors to provide both the start and stop sig-
nals in the double-velocity method. While a small-size
start detector in the close vicinity to the target is used,
a‘large-area MCP detector (70x90mm?) coupled with
a position-read-out scheme is exploited, which allows to
determine also the emission angles of the fission frag-
ments. The typical angular acceptance of the setup
is Afrap ~28° [142, 144]. Due to the good timing
resolution of ~150ps [144], the velocities of the frag-
ments are determined independently with high accu-
racy. Taking advantage of the fast timing properties
of the MCPs, the system provides a mass resolution
of ~3u (FWHM), even with a relatively short flight
distances of around 10—20 cm.

8.1.2.  Prompt multi-nucleon transfer-induced fis-
sion technique. The method of a direct few-nucleon
transfer-induced fission by means of e.g. (d,pf),
(3He,pf) or (°Li,df) reactions was introduced in fission
research more than forty years ago [45, 163, 164, 165].
The initial studies concentrated predominantly on
the measurements of fission probabilities and their
excitation-energy dependence. In this method, the
type, energy and scattering angle of the outgoing ejec-
tile have to be measured in coincidence with the fission
fragments, to determine the specific transfer channel,
thus the fissioning nuclide. Under certain assumptions,
the kinematic analysis of the reaction allows to deter-
mine the excitation energy of the fissioning nucleus.
This approach is still actively used in the so-called 'sur-
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rogate’ fission measurements, see recent examples in
[166, 167, 168, 169, 170, 171] and the comprehensive
review in [172].

One of the first examples of FFMD measurements
via direct few-nucleon transfer was reported in
[45] for the isotopes 227228Ac, studied with the
226Ra(*He,df)?2" Ac and 2?Ra(®He,pf)?2® Ac reactions.

The development of heavy-ion accelerators capa-
ble of delivering heavier projectiles, coupled with the
increased sensitivity of the detection systems to isolate
specific transfer channels, allowed to extend the fission
studies to more exotic nuclei, lying further away from
stability. Several research groups around the world are
active in this type of studies; below we will present
the general ideas of the method by using an example
from the JAEA research group, with a more detailed
discussion of the results given in Section 4.3.

Since several years, a dedicated program to study
MNT-induced fission is being conducted at the JAEA
tandem facility by using the fission setup shown in
Fig. 7 [75, 74]. The incident-beam energy is typically
chosen at ~1.7-1.8 times the Coulomb barrier, where
the MNT reactions preferentially occur at forward
scattering angles, which defines the geometry of the
setup. The specific example of the '¥0+4233U reaction
at the beam energy of 157.7MeV was chosen for the
follow-up discussion.

To identify the energy and the angle. of the
outgoing ejectile, a silicon AFE-FE telescope array is
used. The energy loss in a relatively thin (75 pm fem?)
AFE detector with a very good thickness uniformity,
together with the registration of the residual energy:
FE.es in a thicker 300 pm E detector allows to.determine
the type of the ejectile. Sufficient enérgy reselution
for the kinetic-energy measurement of\the outgoing
particle is required to determine the-excitation energy
of the fissioning nucleus and the EFFs masses from
the subsequent kinematical analysis. For example, a
~1% energy resolution of the/AFE detector is required
to distinguish different oxygen isotopes (see Fig. 10),
thus the same level of thedhickness’s uniformity of the
silicon wafer is necessary, which is not easy to achieve
for very thin detectors;

In the JAEA setup, twelve AFE detectors are
conically mounted around) the ‘heam axis. Each AFE
detector defines thé range of azimuthal angle (i)
with an acceptance Ap=22.5°. The E detector
has 16 annular strips with inner and outer radii of
24.0mm and 48.0 mm, respectively, corresponding to
the acceptance of 8= 16.7°-31.0° with respect to the
beam direction\(the angular coverage is adjustable by
moving the AE — F telescope along the incident beam
axis).

Figure 10 shows an example of a two-dimensional
AFE4FE,,tq; spectrum for ejectile particles, measured at
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a forward angle of about 25° relative to the beam
direction, where Ejotq; is the sum of the energies AFE
and FE,.s. The spectrum clearly demonstrates several
important features:

e Many transfer channels are open in such type of
reactions, which allows to study the fission of ~15
different fissioning nuclides in a single experiment
at a single beam energy.

e Not only different ejectile 'elements, e.g. Li-O,
can be easily distinguished, but also a clear
separation of isotopes for éach element can be
reliably achieved, e.g. 617480 or 41%16N, as
examples. By assuming a binary process also
in the exit channel and no emission of other
light particles instantaneously during the reaction
phase, one/can therefore identify the isotope of the
fissioningycompound nucleus. For example, the
observation of three oxygen isotopes 1617180 as
ejectileshindicates the population of the respective
compound nuelei 240:239:23877* - Qverall, fission of
a‘series of nuclei up to curium isotopes (Z =96)
was studied in this particular reaction by selecting
specificy oxygen, nitrogen, carbon, boron and
beryllium isotopic lines.

e A wide range of kinetic energies of the ejectiles
indicates a similarly wide range of the excitation
energies reached by the compound nuclei. The
maximum initial excitation energy reached in this
study is about 60-80MeV, depending on the
transfer channel, see Section 4.3. By selecting
a specific narrower range of ejectile energies
allows to determine a more narrow range in
the excitation energy, which in turn allows to
study the dependence of the FFMDs and/or of
the fission probability on the excitation energy
(see Section 4.3). The typical excitation-energy
resolution in the JAEA experiments is ~0.9 MeV
(FWHM), which is mainly determined by the
energy resolution for the ejectiles.

The latter point is illustrated by Fig. 11, which
shows the fission events of 23°U* populated in the
one-neutron pick-up reaction 238U(180,170)239U*, by
gating on the isotopic line of the 17O ejectile in Fig. 10.
At the lower excitation energies, two localized regions
are observed, corresponding to the light and the heavy
fragment, while the structure is smeared out with
the increase of the excitation energy. The FFMDs
extracted from these data are shown in Fig. 12, where
the data are plotted for a series of excitation-energy
intervals of ~10 MeV width. The latter are selected
as a compromise between the statistics within each
interval and the necessity to keep a reasonably narrow
excitation-energy range to allow a reliable evaluation
of the excitation-energy dependence of the FFMD'’s.
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Figure 10. (Color online) AE-E;,;,; spectrum for the reaction
of 180 +238U at Epeqm = 157.7 MeV, measured at an angle of
about 25° relative to the beam direction (defined by the strip of
the annular silicon detector). Figure taken from [125].
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Figure 11. (Color online) The/ex¢citation energy of 239U* versus
the time difference AT between the fission fragments measured
in the one-neutron pick-up reaction '80+4238U—1704-239U*
[125].

To perform the benchmarking of the JAEA mass
distributions{ they are compared with the literature
data from the reaction n+238U [173], obtained at
similar excitation-€nergies. This comparison shows
a fairly good jagreement with the neutron-induced
data, proving that the transfer reaction (1*0,170) can
provide thee FEMD data as a surrogate to the neutron-
induced fission. Results for other transfer-reaction
channels will be discussed in Section 4.3.
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Figure 22. (Color online) The FFMD for 239U* obtained from
the one-neutron pick-up data 238U(180,170)23°U* (black-line
histogram) [125]pprojected from Fig. 11. The excitation-energy
range is indicated in each spectrum. The red symbols show the
data from the n+238U reaction from [173]. Figure taken from
[125].

3.2. ) Spontaneous and neutron-induced fission, the
measurements of prompt fission v rays and neutrons.

3.2.1. 2v-2F  ’double wvelocity - double energy’
method for fission-fragment measurements. This sec-
tion briefly summarizes several techniques, which are
applied in the studies of spontaneous fission and
neutron-induced fission, where the fission-fragment en-
ergies are not distorted (or only weakly distorted) by
the reaction mechanism itself. This is in contrast to
fission studies in direct kinematics with heavy ions, as
discussed in Section 3.1 and with reactions in inverse
kinematics, further reviewed in Section 3.5.

A natural development of the above-mentioned
2v (double velocity) fission technique is the so-called
2v-2F, ’double velocity - double energy’ method,
whereby the kinetic energies of both fragments are
measured in addition to their velocities [174, 175,
176]. From the velocities, pre-neutron fragment masses
can be determined, whereas those after the neutron
emission (post-neutron masses) are derived from the
energies. The FFs mass difference before and after
the neutron emission gives the neutron multiplicity,
v(A), as a function of fragment mass A.  The
advantage of this method is that no neutron detectors
are required. This approach is usually applied only
for fission at relatively low excitation energies, such
as SF or neutron-induced fission, where the pre-
scission neutron emission and/or 2nd (and higher-
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Figure 13. (Color online) The 2v-2E setup VERDI. Shown
are the central Flssion Electron Time-of-flight Start (FIETS)
detector and the two energy silicon detector spheres at the end
of each time-of-flight section (not to scale). Fission fragments are
detected by one of the silicon detector pairs, while the electrons,
emitted by the target, are deflected by the electrostatic mirror
into the micro-channel-plate (MCP) detector. Figure is taken
from [98].

order) chance fission do not happen and thus do
not contribute to the total uncertainty of the v-value
determination. However, to get sufficiently preciSe
v(A) values via the FFs pre-neutron and post-neutron
mass differences, high-precision measurements of both
the velocities and energies are mandatory. In the
past, a 2v-2F spectrometer, dubbed Cosi‘fan=tutte
[174], was operated with the neutron beams“at ILL
(Grenoble) and reached an excellent mass resolution
of 6A/A=0.6 %, partially at the expense of a rather
low efficiency of 4x1075 [177]. The fragment velocities
were measured using a start and stop-time-of-flight
system with channel-plate detectors in both arms of
the spectrometer, while the fragment'energies were
measured with ionization chambers:

Nowadays, a revival in the development of the 2v-
2F setups for (n,f) studies is clearly.underway. As just
one recent example, Fig. 13 shows the 2v-2F VERDI
spectrometer (VElocity foR Direetamass Identification,
[98]), built at the Joint Research Center-Institute for
Reference Materials and Measurements (JRC-IRMM).
VERDI uses a unique approach to provide the start
signal, by using secondary electrons produced by FF's
when they penetrate/the fissioning target. A silicon-
detector array is used.to provide the stop timing signal
and the energies. The design goal is to achieve a mass
resolution of A/AA~130. Other recently developed
20-2F spectrometer§ are the STEFF (SpecTrometer
for Exotic Fission Fragments), built by the University
of Manchester [178], and the SPIDER (SPectrometer
for Ton" DEtermination in fission Research) [179]
at LANSCE (Los Alamos), which are exploited in
neutron-induced-fission experiments, see Section 3.2.3
forfurther details.
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3.2.2.  Measurements of prompt neutron_ and ~y-ray
decays from fission fragments. The measurements of
prompt fission neutrons and v rays (e.g. energy spectra
and multiplicities) provide very importantynuclear
data for atomic-energy applications./» Recently, such
experiments got a renewed(interest following the
needs for more precise data and /also in view. of ,the
developments of the Generation-IV ‘reactors. The
advent of highly-efficient, multi-detector arrays both
for the neutron and ~-ray measurements is one of
the advanced features of modern fission studies, which
substantially enhances the qualityjof the obtained data.

The 7-ray energy/multipolarity and multiplicity
carry information on the spins of the fragments, which
are important for ‘understanding the mechanism of
spin generationdduring. fission. The sensitivity of
the ~-ray measurements was significantly improved
when the highly-efficient, multi-detector, ~ 47 ~-ray
calorimeters started<to be used in fission studies.
One of fsuchhsystems is the Heidelberg-Darmstadt
CrystallhBall (CB) [180, 181], built in the middle of
1980’ies, which, consists of 162 large Nal(T1) (20cm
long) detectors with high ~-ray detection efficiency
(>90%).~ Prompt fission y-rays and neutrons can be
distinguished via the time-of-flight measurements with
a start signal from the fission detectors. For the latter,
Frisch-gridded 47 twin ionization chambers were used
[181, 182] for correlation measurement between fission
fragments and y-rays.

At ILL, the single-arm spectrometer LOHEN-
GRIN detects only one fragment per fission event,
and information on the population of excited states of
the fission fragments is limited to states with at least
0.5 ps half-life that reach the focal plane before decay-
ing. For a more holistic approach, a different type of
spectrometer is required that can detect all prompt ~
rays from both fission fragments, e.g. to extract com-
plete excitation energy and spin distributions in both
fragments and their correlations. As a first step in
this direction, the recent EXILL campaign combined
a well-collimated cold neutron beam, incident on 235U
or ?*1Pu targets, with an efficient Ge detector array
consisting of EXOGAM clovers from GANIL, LOHEN-
GRIN clovers and GASP detectors from Legnaro [183].
Besides a wealth of new nuclear-spectroscopy informa-
tion, this campaign also provided new data on the pop-
ulation of excited states in the fission fragments [184].

Several experiments use smaller set-ups, consisting
of a few (2-4) ~-ray detectors of various sizes and
properties, see specific examples in Sec. 4.6.2.

3.2.8.  Fission with neutron spallation sources at
n_TOF at CERN, LANSCE at LANL, JSNS at J-
PARC. Since recently, powerful spallation neutron
sources, based on a high-energy proton driver, became
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available for fission studies. Examples are the J-PARC
at Japan Atomic Energy Agency/KEK (Japan) [185],
LANSCE at LANL(US) [186] and the n_TOF facility
at CERN (Geneva, Switzerland) [187], which are
briefly described in this section. In these facilities, the
spallation neutrons, after production in a heavy target,
are directed to an external target of interest, where
the ~-ray radiation and/or fission following capture
reactions on the target are measured by relevant sets
of detectors.

One of the main advantages of spallation neutron
sources in respect of fission studies is that the fission
properties can be measured as a function of incident-
neutron energy using the time-of-flight technique; that
is why the technique is usually called 'n-TOF’. The
time-of-flight is usually derived from a start signal
provided by the proton time-pulse structure (the
moment of the proton impact on the target), while
the stop signal is provided by the fission event itself.
The maximum energy of the neutrons depends on the
incident-proton energy, but the overall spectrum shape
can be changed by a moderator, thus, it can be tuned
for specific applications.

n_TOF facility at CERN. The n_TOF facility at
CERN is a pulsed neutron source coupled to a 185 m
flight path (EAR1) designed to study neutron-nucleus
interactions for neutron kinetic energies ranging from
a few meV to several GeV, the upper limit, being
defined by the initial proton beam energy ofsup
to 20GeV from the PS-CERN. A lead spallation
target is usually used. The number, of neutrons
per a typical proton pulse varies between, 5.5x 103
and 1.2x107, depending on the collimator/modefator
configuration [188]. Recent examples of fission cross-
section measurements for the reactions n4+24Cm and
n+23"Np can be found in referénces [189, 190]; the
fission fragments were measured with a Fast Ionization
Chamber [117]. In some cases, PPACs were used,
which allow to measure the FEsrangular distribution
relative to the neutron-beamn direction, in addition
to the cross-section measurements. For capture (n,y)
reactions, a 47 total-abserption calorimeter consisting
of 40 BaF crystalsdsmused [191].

For measurements with very exotic target mate-
rials, which are difficult t0 produce in a large quan-
tity, a shorterbeam line with a flight path of 18.5m
(EAR2 beam line) was recently developed [192], which
allows a muchrhigher neutron flux on the target, at the
expense/of a more limited neutron-energy range. Sev-
eral measurements were already performed since 2014
at EAR2yincluding fission cross-section measurements
for n+249Pu, while those for n+2*"Np are planned for
2016.

Some experiments at n_TOF use the recently
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developed two-arms 2v-2F fission spectrometer STEFF
[178], which is presently installed at the EAR2 flight
path. A single common start signal for the fragments’s
TOF measurements is provided by a single MCP
detector in one of the arms, while the stop' signals
are given by two MWPC secondary-electron/ mirror
stop detectors. At the end of eachharm (behind,the
MWPCs), Bragg ionization chambers are mounted to
determine both the kinetic emergy and the nuclear
charge of the fragments. A resolution of AZ = 2
(FWHM) [193] was obtainéd for the light group of FFs,
while the mass and energy resolutions were reported
as AA~4u and AE ~1MeV, respectively [178]. The
central fission chamber is surrounded by a symmetric
array of 12 Nal detegtors to measure prompt fission 7
rays. The first experimentswith STEFF have already
started with the n+235U reaction.

LANSCE. at LANL(Los Alamos) The Los Alamos
Neutron| Science Center (LANSCE) [194] uses a
800 MeV \pulsed proton linear accelerator to produce
spallation neutrons for basic and applied science at two
target stations. At the Weapons Neutron Research fa-
cility (WNR), the neutron beam is generated by im-
pinging the accelerated protons (with nominal current
of 4 uA) into an unmoderated tungsten spallation tar-
get, which produces a ”white” neutron spectrum with a
usable range from about 100keV to hundreds of MeV
[195]. At the Lujan Center, moderated spallation is
used to generate neutrons from subthermal energies
up to a few hundreds of keV [195]. Several fission ex-
periments have been performed at LANSCE, including
for example fission-cross-section measurements for the
reactions n+240:242Py [195], using parallel-plate ion-
ization chambers. An another example of fission mea-
surements is an ongoing study of total kinetic energy
(TKE) in the fission of actinides and its dependence on
incident-neutron energy. Recent work on TKE for the
reaction 23°U(n,f) [108] was performed at WNR using
silicon PIN photodiodes.

In addition to the compact radiation detectors
mentioned above, several unique setups are available
at LANSCE for nuclear-science programs [196], offering
various types of fission measurements, as summarised
below.

e A  highly-efficient, highly-segmented Detector
for Advanced Neutron Capture Experiments
(DANCE) [197, 198, 199, 200] is one of the most
advanced detector systems in the world for ~-ray
measurements following neutron-capture and/or
fission. DANCE is a ~-ray calorimeter, consisting
of a spherical array of 160 BaFy crystals,
covering a total solid angle of approximately
3.5 steradians. The array has a single-y-ray
efficiency of 85-88% and a cascade efficiency of
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over 95%. Despite having an inferior energy
resolution in comparison to some other types of
modern ~v-ray detectors, DANCE is well suited for
a better characterization of the full y-ray emission
spectrum and ~-ray multiplicity. The fission
trigger is given by a compact PPAC installed
inside the BaFy array [201]. The PPAC has
the advantage that it can handle high a-decay
rates (~2.4x10%/s), and provides good timing
resolution (~1.7ns) for the measurement of the
time difference between the fission signals from the
PPAC and the 7-ray signals from DANCE.

e The SPIDER (SPectrometer for Ion DEtermina-
tion in fission Research) is a two-arm 2v-2F fission
spectrometer [179]. Each arm of the spectrome-
ter consists of two MCP-based timing detectors
(the larger stop detector is position sensitive) -
for FFs’s velocity measurements and an ionization
chamber for their energy determination. The in-
trinsic mass resolution of SPIDER is expected to
reach AA=1u. A new, 16-arm version of SPI-
DER is currently being constructed, and will be
used to study fast-neutron-induced fission at LAN-
SCE [202].

e The Chi-Nu [203, 204] consists of two neutron-
detector arrays installed at WNR to measure the
prompt fission-neutron spectra as a function of
incident-neutron energies. One array consists,of
54 organic liquid scintillators [196] and is used to
measure fission neutrons with energies in excess
of 500keV, while the other array includes 22
6Li-glass detectors to detect low-energy neutrons
below 1MeV [204] down to ~50keV. The Chi-
Nu detector system uses double time-of-flight
to measure the incident and emitted neutron
energies. The time-of-flight of the prompt
fission neutrons are obtained frem a PPAC which
provides a start signal, when fission occurs, and
a ’stop’ signal from the, neutron scintillation
detectors. The time-of-flighthdistance is 100 cm
for the liquid-scintillator array and 40 cm for the
6Li glass scintillatér array.

e A GErmanium Array for.Neutron-Induced Excita-
tions (GEANIE), located atia 20-meter flight path
port at the WNR, consists of 20 high-purity ger-
manium detectors,with BGO escape-suppression
shields [196]. The time-of-flight technique is used
to make measurements such as capture cross sec-
tions+n theenergy range from hundreds of keV to
hundreds of MeV.

e The, timeprojection chamber (TPC) at LAN-
SCE (diameter <15cmxlength 30cm) [205] is
exploited for high-precision fission-cross-section
measurements. This is a particle-tracking detec-
tor that uses fission-product tracking information
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to reduce systematic uncertainties compared to
more conventional detectors used for fission-cross-
section measurements.

JSNS facility at J-PARC, Tokai; Japan. The
Japan Spallation Neutron Source (JSNS)1[206] at the
J-PARC facility started its operatiomin 2008." A 3 GeV
proton beam bombards a mercuty'target at.a repetition
rate of 25 Hz to generate spallation neutrons. One
of the neutron beam lines, called Accurate Neutron-
Nucleus Reaction measurément Instruments (ANNRI)
[207, 208], is designed for neutron-induced reaction
studies as well as other applications. Measurement
stations are located at 21.5m and 27.9m from the
moderator. For the’measurement of capture cross
sections, an array. of Ge_detectors (shorter-distance
TOF path) [209] and, two large-volume Nal crystals
(longer-distance, TOF jpath) [210, 211] are installed.
Presently, duesto J-PARC’s safety requirements
any radioactive target material must be sealed in
a capsule, which makes FFs detection impossible.
Still, the measurements of fission cross sections can
be/ performed by detecting prompt fission neutrons
escaping the sealed target. This was demonstrated
in the reaction n+2*'Am using liquid scintillation
detectors mounted at the 21.5m-station, where the
pulse=shape-discrimination technique was applied to
separate prompt fission neutrons and prompt v rays
[212]. An advantage of this method is that this method
allows to perform the measurements in the presence of
very strong background from « decays of short-lived
isotopes. In the future, after getting the licence to
use open sources of actinide materials, it is planned to
measure fission data (e.g. fragment mass and angular
distributions) for resonances with different J™ values.

ANMRI 17.5 kW (This work, L = 21,5m)
ANNRI 120 kW (Deduced. L = 21.5m)
ANNRI 1 MW (Deduced, L = 21.5m)
DANCE at LANSCE (L = 20m)

n_TOF at CERN (L = 185m)

10" e rr——rrr
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Figure 14. (Color online) Available neutron intensity at the
sample positions at ANNRI(J-PARC), n_TOF at CERN [191]
and DANCE at LANSCE [213]. The ANNRI spectra, which
were deduced under the 120 kW operation in the 2009 Japanese
fiscal year and the expected spectrum under the future 1 MW
operation, are shown also. The figure is taken from [208].

Figure 14 shows the energy dependence of the

Page 18 of 77



Page 19 of 77

1 CONTENTS

2 neutron intensity obtained at the ANNRI’s target
3 station. Several curves show the proton-beam-power
4 dependence of the neutron flux, which is expected to
5 reach a maximum at 1 MW in future. In this figure,
? also the neutron intensity at n_TOF(185m) [191] and
8 DANCE at LANSCE (20m, neutron flight path 14
9 (FP14) in Lujan Center) [213] are shown.

1? 8.3. Current photofission experiments with vy-ray

12 beams, Compton-backscattered ~v-ray sources for

13 fission.

14 Absorption of a photon by a nucleus can trigger
15 the fission of the latter via the process dubbed
16 "photofission’. Historically, the bremsstrahlung-
17 induced fission of actinides has often been exploited,
_}g but this approach does not allow the tuning of the -
20 ray energy, see e.g. the recent bremsstrahlung-induced
51 fission study of 232Th by using a recoil catcher and
59 an off-line vy-ray spectrometric technique [55]. In
o3 such experiments, only integral fission yields could
24 typically be measured, whereby the fission cross section
o5 has to be convolved with the spectral intensity of
26 the ~-ray beam, resulting in a typical effective vy-ray
27 bandwidth AE/E in arange of (4—6)x 1072, as quoted
29 The recent progress in accelerator and laser
30 physics has provided an opportunity to obtain
31 tunable, high-flux, quasi-monoenergetic y-ray beams
32 via Compton backscattering (CBS) of eVerange
33 photons from powerful lasers off a relativistic electron
34 beam. This technique allows to overcome most of the
35 previous limitations in terms of beam intensity and
36 energy resolution.

37 CBS v-ray beam sources in the MeV energy region
38 have been developed for example at the NewSUBARU,
39 Hyogo, Japan [215, 216] and/HIyS .at Triangle
40 Universities Nuclear Laboratory (TUNL, Durham, US)
41 [217].

42 In a recent 238U(y,f) lexperiment at the HIyS
43 facility, the photofission .cross seetion of 238U was
44 measured at sub-barrier/ energies [214]. The CBS ~-
45 ray beam had a relatively modest bandwidth of AE
46 = 150200 keV and a spectral flux of about 10%v/(eV
47 s). An array of PPACs, comprising/23 electrolytically
48 deposited 2*®*UOg, (2mg/e¢m?) targets was used to
49 measure the phetofissienicross section.

50 One of the advantages of the CBS v-ray beams is
51 a possibility to reach an almost 100% linearly polarized
52 beam. _Using the HIyS source, the polarization
53 asymmetry, being the difference between the in-plane
54 and out-of-plane prompt-fission-neutron yields relative
95 to the polarization of the ~-ray beam, was recently
56 measured [218, 219] by using an array of 18 liquid
57 scintillation detectors. Polarization asymmetries were
gg found to be almost zero for the photofission of 233:235U,
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Figure 15. (Color online) sSchematic representation of the
BDF process on the neutron-deficient side of the Nuclidic Chart.
The Q¢ value of the parent (A, Z) nucleus is indicated, while
the curved line shows the potential energy of the daughter
(A, Z — 1) nucleus withrespect to nuclear elongation, displaying
also the fission barrier'Bgs The color code on the right-hand
side represents the probability for'excited states, with excitation
energies close to/Bgy to undergo fission; the darker colors
correspond to higher probabilities.

23TNp, and 23°Pu, whereas significant asymmetries
were détected forr?32Th, 238U and 24°Pu.

3. 4. B=delayed fission with stable and radioactive
beams

[-delayed fission is another mechanism, which can
provide low-energy fission data for nuclei far away from
the B-stability line, see the recent review in Ref. [10].
Since this review, several new developments happened,
which will be briefly discussed in this section.

ODF is a two-step nuclear decay process, see
Fig. 15, in which the parent nucleus first undergoes
B decay, populating excited state(s) in the daughter
nuclide.  In the case of neutron-deficient nuclei,
electron capture (EC) and/or 1 decay are considered
(referred further as 8 /EC), while 8~ decay happens
on the neutron-rich side of the Nuclidic Chart. If the
excitation energy of these states, E*, is comparable
to or greater than the fission-barrier height, By, of
the daughter nucleus (E*~ By), then fission may
happen instantaneously in competition with other
decay modes, e.g. v decay and/or particle emission
(neutron, proton or «), depending on which side of
the B-stability valley the parent nucleus is situated.
A special feature of SDF is that fission proceeds
from excited state(s) of the daughter nuclide, but
the observed time behavior of the SDF events is
determined by the half-life of the parent nucleus (as
with e.g. S-delayed v and particle decays). As in most
cases the -decay half lives are longer than tens of ms,
it makes SDF more easily accessible for experimental
studies.

In ADF, the mazimum excitation energy of the
daughter nucleus is limited by the Qrc (Qs- in case
of neutron-rich nuclei) of the parent. The typical Qgc
(Qp-) values are in the range of 3-6 MeV and 912
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MeV for the known SDF nuclei in the trans-uranium
and lead regions, respectively. Thus, the distinctive
importance of SDF is highlighted by its ability to
provide low-energy fission data for very exotic nuclei,
which do not decay by SF and which are difficult to
access by other techniques.

The calculated fission-barrier heights for the
corresponding daughter isotopes are typically in the
range of 5—8 MeV and 8—-12 MeV in the respective
uranium and lead regions, see Fig. 2. This means
that most of the presently studied SDF nuclei have
negative @ gc(Parent)-By(Daughter) values, see Table
1 of Ref. [10], whereby mostly excited states below
the top of the fission barrier are populated by the
B decay. This leads to a predominantly sub-barrier
fission, which is one of the reasons why the GDF
probabilities are typically quite low, often in the 1076 -
1072 range [220]. The other reason for this could be the
specific S-decay feeding pattern (the S-decay strength
function Sg). The strong sensitivity of the SDF
probability on the Qgc(Parent)-Bf(Daughter) value
can be used to estimate the fission-barrier height, see
the recent study in Ref. [221] for details and references
to this method, and also on its application to SDF ef
1807]

One particular drawback of the SDF studies ‘is
that only odd-odd (thus, even-A) nuclides are expected
to have this decay mode. Indeed, so far the SDF
of 29 odd-odd isotopes was observed [10) including
the recent identification of BDF in 230Am atwthe
gas-filled separator GARIS (RIKEN) [222, 223], and
in 236Bk and 2*°Es at the gas-filled /separator RITU.
(JYFL) [224]. This is, first of all, due to the odd-even
staggering in the masses which makes the Q) payvalues
of the odd-odd isotopes larger than thoseof theirjodd-A
or even-even neighbors. Secondly, after theygrdecay of
an odd-odd parent, an even-even daughteris produced,
which usually has a higher probability to fission in
comparison to its odd-A ‘or odd-edd neighbouring
isotopes f

In the last decade,s @& substantial progress was
achieved in the SDF studies inthe neutron-deficient
lead region, some of/ the, results will be reviewed
in Section 4.1. As..mentioned above, the recent
Coulex-induced fission experiments by the SOFIA
collaboration also'provided first /‘complementary low-

# Nuclei with /odd numbers of protons and/or neutrons are
known to have longer spontaneous-fission half-lives than their
even-even neighbours [225, 226]. This observation has been
attributedato three different effects: (i) An extra energy
(specialization energy [227, 228]) that is required to find a
transition state at the barrier with quantum numbers (spin,
parity andispin<projection on the symmetry axis), matching
those of the ground state, (ii) an increase in the inertial
parameter with the number of unpaired nucleons [228], and (iii)
an increase in the pairing gap at the barrier top compared to the
energy gap/in the ground state.

20

energy fission data in the same region,see Fig. 22
and Ref. [11]. Finally, the fusion-fission reactions with
heavy ions can also be used to study the same nuclides,
but the accessible excitation energiés are» higher,
starting from typically ~30 MeV, duéito the Coulomb
barrier in the entrance channel. However, they allow to
probe the excitation-energy dependence of the:dEFFMDs
[124, 229], which is hardly possible in SDE and Coulex-
induced fission studies. The feomplementarity of the
three approaches will be further highlighted in Section
4.

SDF with stable beams,in<direct kinematics.
Since ~1995, BDE studies by the Berkeley group
with stable beams®Win direct kinematics allowed
to perform inyestigations/ of the neutron-deficient
isotopes 242:244,:246.248 5 1930, 107, 231]. In particular,
the FFMD /measurements for the neutron-deficient
nuclides 242244 Es ¢ould be achieved, confirming their
asymmetric ‘mass split, as for most of the nuclei
in this region.  The discovery of BDF of !86:188Bj
[232] and 192,194 At [233] was reported in experiments
at/ thenvelocity filter SHIP (GSI). In the recent
experiments at the gas-filled separator GARIS (at
RIKEN, Wako), four SDF decays of the new isotope
230 Ay were reported, which was produced after
a decdy of 2Bk, studied via the complete-fusion
reaction 40 Ar+197Au—234Bk+3n [222]. In a follow-up
dedicated experiment at GARIS, 22°Am was directly
produced in the reaction 27Al+29"Pb—234Am+4n
[223].  The nuclei of interest were implanted in
a position-sensitive silicon detector, where their
subsequent decays were measured. Nineteen events
attributed to SDF of 23°Am could be identified, and
the BDF probability of Pspr(**°Am)=0.3(1) was
reported, being the highest so far among all measured
BDF nuclei. By using a similar technique, the SDF of
236Bk and ?*°Es were recently discovered at the RITU
gas-filled separator [224].

SDF with low-energy radioactive beams at
ISOLDE(CERN). Since about one decade, a new
technique to study SDF nuclei in the lead region was
developed at the mass separator ISOLDE [234], by
using the low-energy 30-60 keV radioactive beams.
This method allows to extend low-energy fission studies
to very exotic neutron-deficient (in the future, also
neutron-rich) nuclei, which are difficult to access by
other techniques, see however the above comment on
the recent Coulex-induced fission experiment by the
SOFIA collaboration.

For consistency of the discussion, only a short
description of these experiments is given here, we refer
the reader to Ref. [10] for a detailed discussion, and in
particular to the recent studies by Ghys et al [17, 220]
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Figure 16. (Color online) Schematic view of the ISOLDE
and RILIS operation as applied in the SDF study of 80Tl
[16]. The 1.4-GeV 2 pA proton beam impinges on a thick 50
g/cm? 238U target, producing a variety of reaction products via
spallation and fission reactions. The neutral reaction products
diffuse towards the hot cavity, where the thallium atoms are
selectively ionized to the 17 charge state by two overlapping
synchronized laser beams, precisely tuned to provide thallium
ionization in a two-color excitation and ionization scheme. The
ionized thallium ions are extracted by the high-voltage potential
of 30 kV, followed by the A=180 mass separation with the
ISOLDE dipole magnet. The mass-separated 89Tl ions are
finally implanted in the carbon foils of the Windmill system,
for subsequent measurements of their decays with the silicon
and germanium detectors, as described in the main text. Plot
modified from [237].

which were published since the review work.

As an example, Fig. 16 provides a brief overview
of the production method of the isotope 0TIl in
the pilot SDF study at ISOLDE [16]. &A. novel
and unique feature of this SDF experiment was the
combination of selective ionization of a specific element
(T, in this case) with the Resonance Ionization Laser
TIon Source (RILIS) [235, 236] and subsequent mass
separation at A=180 with ISOLDE. This allowed
to obtain a uniquely clean source of the  desired
parent nucleus with fully determined Z and A values.
After selective ionization, acceleration up 0730 keV,
and mass separation, a pure beam of\ 8°T1 with
an intensity of ~150 ions/s, was' analyzed by the
Windmill (WM) detection' system [16]. Here, the
radioactive beam was deposited on a thin carbon foil,
surrounded by two silicon detectors (Sil and Si2),
along with HPGe detectors for coincident particle—y-
ray measurements. The use of two silicon detectors
in a compact geometry, allowed both singles «/fission
decays and double-fold fission-fragment coincidences
to be efficiently méasured. The same method was
later used forBDF studies of "8TI [87], 192194196 A,
[233, 17, 88] and of 290:202Fy [17]. A detailed discussion
of the results will be/given in Section 4.

3.5. Flission in inverse kinematics

8.5.1.  Coulomb-induced fission with secondary rela-
tivistic.beams at GSI The description in this section is
essentially valid for all low-energy fission experiments
performed up to now with secondary projectile frag-

AUTHOR SUBMITTED MANUSCRIPT - ROPP-100800.R2

21

ments at relativistic energies, although the detection
set-up was continuously developed and extended to im-
prove the resolution and to cover additional observ-
ables.

When 228U beams with sufficiently high energies
(around 1 A GeV) became avdilable at the,BEVALAC
of LBNL, Berkeley (in 1982) /and at the. SIS18
synchrotron of GSI Darmstadt (in* 1990), several
exploratory experiments weréyperformed to develop
suitable experimental methods foristudying the fission
process. These earlier experiments mainly aimed to
determine the fission cross sections by electromagnetic
and nuclear interactions in, different targets and to
measure the corresponding fission-fragment nuclide
production cross sections {238, 239, 240, 241, 242, 243,
244, 245, 246, 247, 248|.

The first comprehensive experiment on low-energy
fission induced by electromagnetic excitation in inverse
kinematics_on 70 fissioning systems was performed
in 1996 with zelativistic secondary beams, produced
from anlAGeV 238U primary beam [40] at GSI,
Darmstadt.n. In, 2012, following a series of technical
developments, this method was further extended in the
SOFTA "experiment by using a large dipole analyzing
magnet [71, 11]. The SOFIA detector equipment, in
particular the time-of-flight and tracking detectors,
washeonsiderably upgraded. A position resolution of
200 jpm (FWHM) and a time resolution of 40 ps
(FWHM) were obtained [71]. This experiment also
profited from a higher 23%U primary-beam intensity,
which amounted to several 10° projectiles per second,
compared to a few times 107 projectiles per second in
the preceding experiment. The higher beam intensity
allowed measurements with higher statistics and the
investigation of a larger variety of fissioning systems.

While the 1996 experiment mentioned above [40]
has been fully analyzed, and all results have been
published, the SOFIA experiments [71, 11, 28] are still
under analysis, and, therefore, only some first results
are presented in this review.

Reaction mechanisms. Fission experiments with
relativistic heavy-ion beams often have to consider
or even explicitly make use of several reaction
mechanisms. For example in the SOFIA experiment, a
two-stage scenario is employed, with the aim to exploit
specific characteristics of different reactions pertinent
to each stage. Firstly, the nuclear interactions with
the nuclei in the first (production) target serve to
produce relativistic secondary beams of a large number
of fragmentation residues. In the second stage, these
secondary products are excited in the Coulomb field of
a heavy nucleus at impact parameters that are large
enough to avoid nuclear interactions. The excitation-
energy distribution induced by the electromagnetic
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excitation is given by the Fourier transform of the
time-dependent Coulomb field of the target nucleus
seen by the projectile and the energy-dependent photo-
absorption cross section of the projectile. The total
calculated initial excitation-energy distribution and
the one of events ending up in fission are shown in
Fig. 17 for the case of a relativistic 236U secondary
beam impinging on a 233U target in the SOFIA set-
up. The mean initial excitation energy of fission events
amounts to about 14 MeV. Thus, this method is well
suited for low-energy fission studies of nuclei with
fission barriers below this value. Large part of the
distribution which has a width of 5MeV (standard
deviation) is below the threshold of multi-chance
fission.
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Figure 17. (Color online) Calculated ‘excitation-energy
distribution of the secondary projectiles 236Uy, induced by

electromagnetic excitation in a 238U target at/an energy of 670
A MeV (full line). In addition, the calculated distribution that
leads to fission is shown (dashed line). Higher-chance fission
(after emission of one or several neutromns). is included. The
calculation has been performed by L. Grente [249).

Experimental set-up. _Fig. 18 shows the produc-
tion of the secondary beams atithe FRS of GSI as it
was used in the SOFIA experiments on low-energy fis-
sion in inverse kinematics 71y 11, 28]. This part of the
experimental set-up is very similar to the one used in
the 1996 experiment/[40], except that in that experi-
ment the fission, set=up-was mounted directly behind
the FRS.

The secondary projectiles with a typical energy of
about 700.A MeVygrafter leaving the FRS, impinge on
a high-Z secondary target, where they are Coulomb-
excited and fission in-flight. In the 1996 experiment,
this targetieonsisted of five lead plates, while two
plates of depleted uranium and one lead plate were
used: in" the SOFIA experiment. In the SOFIA
experiment, additional aluminum plates were mounted
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for subtracting the contributions from nuclear-induced
fission that also occur in the high-Z targetspwhile in
the 1996 experiment a scintillator detector washused
for this purpose. Because the fission/fragments are
emitted in a narrow cone in forwardsdirection, both
fragments are measured in c¢oincidence with/a high
efficiency, which amounted to 90% in _the most recent
SOFTA experiment [11].

The set-up used for the SOFIA experiment [71, 11]
is shown in Fig. 19. Compared to the previous
GSI experiment [40], the additional analysis of the
deflection in the large dipole magnet ALADIN allowed
to determine the magses of the fission fragments in
addition to their nuclear charge.

Identifying fission induced by nuclear interac-
tions. For exploiting the low-energy electromagnetic
excitations in fission experiments, higher-energy exci-
tations by.nuclear interactions must be suppressed in
the datalanalysis, because the impact parameter can-
not directly be measured. Most part of the nuclear
interactions leads to a loss of nucleons. The loss of pro-
tons prior to fission can be detected by summing up the
proton numbers of the two detected fission fragments
Z1+ Zs, because the probability for the emission of pro-
tons from the excited fragments after scission is very
low im“most cases. Thus, a condition that Z; 4+ Z5 is
equal to the Z value of the initial fissioning secondary
nucleus eliminates most of the fission events induced
by nuclear interactions. Moreover, the nuclear interac-
tions in the regime of limiting fragmentation depend
only weakly on the size of the target nucleus, while
the electromagnetic excitations grow strongly with in-
creasing nuclear charge of the target nucleus. For light
targets, such as beryllium or aluminum, nuclear inter-
actions dominate largely, and electromagnetic interac-
tions are negligible. Thus, the remaining fraction of
nuclear-induced fission events that fulfill the condition
on Z1+Zs can be subtracted by determining the height
of the Z; + Z5 distribution measured with the light
target, after adjusting this distribution in the lower-
Z part to the distribution measured with the heavy
target. This procedure is illustrated in Fig. 20.

The Z, + Z, filter was also applied by Rubehn et
al at the ALADIN dipole magnet for determining the
fission contributions from nuclear and electromagnetic
interactions [242, 243], and for determining the cross
sections for charge pick-up and consecutive fission
[244], for 2%U projectiles at 600 and 1000 A MeV in
different targets.

We would also like to mention that the abrasion
process in fragmentation reactions produces highly
excited exotic nuclei with rather low angular momenta.
The excitation energy amounts to about 27MeV per
abraded nucleon on the average [250], and the angular-
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Figure 21. (Color online) Measured formation cross sections
of spallation residues, produced in the reaction 238U (1 A GeV)
+ 2H, are shown on a chart of the nuclides, see text for details.
Primordial nuclides are marked by black squares. A few neutron-
rich isotopes of uranium, protactinium and thorium (altogether
four) with large cross sections were not measured. The figure is
taken from Ref. [254].
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Figure 22. (Color online) Excerpt of the ntuclide chart.
Primordial nuclides are marked by black squares, colored squares
represent fissioning systems measured during the first SOFIA
experiment. The warmer the color, the higher the statistics.
Most of the time was invested in the uranium region, while only
short test runs were performed for the lighter systems. The
experiment revealed good experimental conditions forall.systems
for studying electromagnetic-induced fission. The figure is taken
from Ref. [11] with kind permission of The Eurepean Physical
Journal (EPJ).

heavier are very close to |the ones produced in a
beryllium target, for which comprehensive data are not
available.

Figure 22 shows/the specific regions of nuclei,
which were studied with  SOFIA. So far, the main
focus of the SOFIA"experiment,was on the Ac to Np
region with IV > 1264 were data with good statistics
have been obtained for several tens of nuclides. Only
a limited tinie was spent on lighter systems in the
neutron-deficient lead region, which are also produced
with high_intensities as secondary beams according
to Figs/21. Already this first study showed that
the Coulex-induced fission experiments at SOFIA are
feasible with.a large number of nuclides in this region
of the chart of the nuclides, which further extends and
enriches the data provided by the SDF and prompt-
fission studies, see discussion in Section 4.
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Figure 23._(Color omnline) Upper part: Element distribution
obtained for the,236U(v,f) reaction [249]. Lower part: Mass
distribugion obtained for the 235U (v,f) reaction [11]. The figure
is taken' from Ref. [28].

Resolution of kinematical measurements. The
measurement of the nuclear charge of all fission
fragments with their full resolution can only be
obtained using inverse kinematics at relativistic energy.
Since at such high energy all ions are fully stripped,
their ionic charge obtained by the energy-loss AFE
gives a direct measurement of the nuclear charge Z.
Moreover, the energy loss is not affected by fluctuations
caused by ionic-charge-changing processes.

The Z resolution in such experiments with ions at
relativistic energies also strongly profits from the fact
that  electrons, which are produced with velocities up
to about twice the ion velocity, do not contribute to
the ionization signal [257], because their long ranges
exceed the size of the Twin MUSIC, and from an
additional suppression of the ionization via primary
high-energetic electrons by appropriate pulse shaping.

The main difficulty of the SOFIA experiment
lies in the measurement of the mass number, since
it requires a large-scale detection system to combine
the energy-loss measurement of the heavy ion (a
fission fragment) with its time-of-flight (TOF) and
its tracking through a magnetic field that yields the
magnetic rigidity Bp. With these three observables,
the mass A of the fission fragment can be deduced using
the so-called AE - TOF - Bp method, based on the
following equation: A/Z o« Bp/(B7), where f is the
ion velocity relative to the speed of light and ~ is the
Lorentz factor. The immense effort that was invested
to obtain a good mass resolution is documented in
Ref. [71].

In the most recent SOFIA experiment [28], the
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16 Figure 24. (Color online) Set-up of the fission experiments in

17 inverse kinematics at the VAMOS spectrometer after transfer
and fusion reactions using a 6.1 A MeV beam of 23%U. The figure

18

19 is taken from Ref. [84].

20

21

20 elemental distribution of the system 236U(y,f) was

23 measured with a resolution (FWHM) of 0.35 charge

24 units. The mass distribution was measured with

o5 a resolution (FWHM) of 0.6 mass units in the

26 light fragment group and 0.8 mass units in the

27 heavy fragment group. The upper part of Fig./23

28 shows the measured element distribution, while the

29 mass distribution from this experiment is not yet

30 available, and the distribution for the system 23°U(v,f)

31 originating from the previous experiment [11]'is shown

32 in the lower part of Fig. 23 instead.

33

34 8.5.2.  Multi-nucleon-transfer-inducedfission with a

35 28 beam at VAMOS(GANIL) The MNI-induced

36 fission technique, presented in Section 3.1.2,7 has

37 recently also been employed in inverse kinematics. It

38 was the idea of Fanny Farget to perform fission studies

39 with this technique at GANIL in imverse kinematics

40 using a 22U beam at Coulombiehergies. The aim

j; was to identify the fission fragments'in'Z and A with

43 appreciably better resolution tham it jcan be achieved

44 with a system that fissions essentially at rest as e.g. in

45 SF/GDF or at low energy as in reactions in direct

46 kinematics induced by light particles. To widen the

47 choice of fissioning systems to be studied, a carbon

48 target was used as light teactionypartner instead of

49 hydrogen and helium isotopes that are often exploited

50 in experiments‘in direct kinematics.

51

52 Experimental set<up Figure 24 shows the set-up

53 of the experiment that was performed at GANIL. A

54 primary 238U beam of 6.1 AMeV impinges on a '2C

55 target, ‘resulting in both prompt fusion-fission and

56 transfer-induced fission. The VAMOS spectrometer

57 [83] is usedyto isotopically identify one fission fragment

58 per/ fission event. Similar to the MNT detection

59
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Figure 25. (Color online) Identification of target-like nuclei in
the SPIDER telescope in the VAMOS fission experiments. The
energy loss in the /AE detectorsis plotted on the vertical axis.
The factor cos(6) accounts for the different effective thicknesses
crossed by the/target-like nuclei emitted at different angles 6.
The total kinetic energy is represented on the horizontal axis.
Experimentalkdata are shown in coincidence with the detection of
a fission fragmentyin VAMOS. The figure is taken from Ref. [39].

setup jat, JAEA, described in Section 3.1.2, a AE-
E telescope SPIDER (Silicon Particle Identification
DEtector Ring), is used to select the outgoing ejectile,
which both determines the fissioning nucleus (from U
to Cf), and allows to deduce its excitation energy.
This is demonstrated in the AE — E spectrum shown
in Fig. 25. Compared to a similar identification
plot shown in Fig. 10, measured in direct kinematics
at JAEA, the resolution of different isotopes is less
pronounced. A new measurement with an active target
that provided a much better resolution [258] showed
that this difference can be attributed to the quality of
the detection system, e.g. to inhomogeneities of the
SPIDER AF detector.

This set-up corresponds in an ideal way to the
kinematical properties of the reaction products: the
annular AFE — E telescope covers most part of the
angular range that is populated by the light transfer
(target-like) residues, while its central hole lets pass
most of the fission fragments, which are kinematically
forward-focused. The VAMOS spectrometer covers
part of the angular distribution populated by the
fission fragments that contains fragments over the
whole range of mass and kinetic energy, according to
its large acceptance.

Choice of fissioning systems In a specific
projectile-target combination, a limited number of nu-
clides (about 10 nuclides with a 2C target) is produced
by strong transfer channels, which makes them acces-
sible to fission experiments. While the choice of heavy
primary projectiles is limited to 2*®U and eventu-
ally very few other (primordial) cases, post-accelerated
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Figure 26. (Color online) Z resolution obtained for fission
fragments from the fusion of 6.1 AMeV 238U projectiles with
12, measured at the VAMOS spectrometer. The Z distribution
is summed over the contributions from all ionic charge states.
The figure is taken from Ref. [84].

beams of heavy radioactive nuclides provided in future
by an ISOL-based secondary-beam facility could ap-
preciably extend the choice of fissioning nuclei to/be
studied by transfer-induced fission in inverse kinemat-
ics (see Section 5).

Definition of excitation energy Like in the MNT
reactions in direct kinematics (see Section 3ul.2),
by determining the kinetic energy and the angle
of the light residue (target-like) product, the total
excitation energy of the system can be deduced with a
good precision by momentum conservation and,energy
balance. In the present experiment; the annular
AFE — FE detector provides this informatiomrand allows
to determine the total excitation jenergy with an
uncertainty of 2.7MeV. The probability that part of
this excitation energy appears in thedlight target-like
residue grows with its mass, because the number of
levels in the correspondingnenergy range increases.
This causes an additional uncertainty on the excitation
energy of the fissioning'system. This problem has been
tackled by measuring.the y-ray-radiation emitted from
the excited light gransfer\produet/by a Ge detector
array mounted close/to the target [39)].

Resolution| of kinematical measurements. In
VAMOS measurements, the mass distributions were
obtained™ with “a resolution below 0.8 mass unit
(FWHM) and elemental distributions with a resolution
around ' AZ/Z = 1.5% (FWHM) [84]. As an example,
the Z distribution of fission fragments from the fusion-
fissiomreactions, summed over all ionic charge states,
is shown in Fig. 26. The resolution deteriorates slightly
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Figure 27. Mass resolutioniobtained for fission fragments with
Z = 50 from the fusion of 6.1 A MeV 238U projectiles with 12C,
measured at the VAMOS speetrometer. The figure is taken from
Ref. [259].

towards the heavier fragments. Fig. 27 shows the mass
resolution.for fragments with Z = 50. Despite different
7 and A are not fully resolved, the yields can be
determined from a fit to the corresponding measured
distributions.

Dueto good resolution in Z and A of the fission
fragments and with the help of the excitation-energy
measurements in the MNT reactions, this experimental
approach is the first one to allow studies of the charge
polarization (the N/Z degree of freedom) and the odd-
even effect in fission-fragment nuclide distributions (in
Z and N) as a function of excitation energy over the
whole fission-fragment range.

4. Discussion

This section provides a review of selected results on
fission, which were obtained since ~1995. Four main
regions of interest will be discussed (see also Fig. 5),
each of them characterized by a different extent of
the previous knowledge, different requirements to the
fission data and experimental techniques applied.

e The neutron-deficient nuclei in the lead region
(Au-Fr isotopes), with the neutron-to-proton ratio
of N/Z~1.25-1.4, which is quite different from
that for the typical fissile nuclei in the heavy
actinides (e.g. N/Z~1.56 for 236U). This region
was barely studied so far by the fission techniques,
therefore any fission data, even with a relatively
poor mass resolution, are very much welcome.
The complementary fission data provided by the
low-energy SDF at ISOLDE and Coulex-induced
fission at SOFIA(GSI) on the one hand and
higher-energy fusion-fission reactions at a number
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of facilities around the world (see Section 4.1) on
the other hand became available in the last decade.

e The nuclei in the vicinity of 23°U. This is by
far the most-studied region of fission, where
extensive data (also calculations and evaluations)
exist, including on FFMDs, on ~-ray and neutron
multiplicity, and energy-spectra measurements.
Driven mostly by the requirements of the nuclear-
reactor industry, the higher-precision data are the
goal of the modern fission studies in this region.
The SOFIA experiment is one of the key new
facilities which is able to provide such data. Some
of the present and future facilities will be discussed
in Section 5.

e The region of the minor actinides lying somewhat
north-east of 23°U. The understanding of their
properties is of importance both for the future
Accelerator Driven Systems (ADS) and also to the
nuclear-waste management. While a number of
isotopes was already studied in some details, the
advances in the experimental techniques, e.g. the
use of surrogate and/or MNT reactions will allow
to extend these investigations to even more exotic,
neutron-rich nuclei (see Section 4.3.)

o The broad region above 23U, up to the heaviest
nuclei with Z =118 presently known, where
several important fission phenomena occur. In
particular, the recent data on SF and superheavy,
elements (SHE) will be summarised in Section 4.4.
These data allow to probe the predictions ‘of
different theory models at the furthest limits of the
nuclei existence, crucially mapping the borders of
deformed and spherical shell effectgin this,region.
The modern recoil separators wutilizing high-
intensity heavy-ion beams along with _seénsitive
detection systems are used in these experiments
[36, 260]. At present, compléte-fusion reaction
in heavy-ion collision\is theronly mechanism
to produce superheavy elements, where fusion-
fission and quasifissionycompete’in the reaction.
Orientation effects §T on the quasifission process
will be discussed in Section 4.5.

4.1. Mapping fission in the neutron-deficient lead
region by means of BDF, relativistic Coulex and
prompt-fissiondechniques

4.1.1. New island and a new mechanism of asymmetric
fission aroundwi3°#g. In this section, the recent
results /of the SDF experiments at ISOLDE will be
discussed, in which BDF of '78180T1 [16, 262, 87],
194,196 At and 2% Fr [17, 88] was studied, resulting in the

11 Orientation, effect, see [261] for a review, refers to the
influence of the deformation of the target nucleus on the reaction
mechanism’
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low-energy fission data for the daughter (after decay)
isotopes 178180Hg 194,196pg and 202Rn, respectively.

Historically, the first SDF study at ISOLDE, was
performed for the isotope '8°TIl, whdse production
method was described in Section 3.4» The available
Qrc(*¥TI1) =10.44 MeV, whilé the caleulated fission
barrier is By('*°Hg)=9.81 MeV, thus Qme(18°T1)-
B (18'Hg) =0.63 MeV, allowitig forsome above-
barrier fission to happen. [Despite this, a rather
low SDF probability of Pgppr(*80T1)=3.2(2)x107°
was deduced [10]. Thes/top panel in the leftmost
column of Fig. 28 shows the two-dimensional Sil-Si2
energy plot of coincident ‘FEs of'the daughter isotope
180Hg. The dominaht asymmetric fission of ®°Hg is
clearly demonstratedsby a double-humped structure
seen in this plotgwith practically no events in between
the peaks, which would, otherwise correspond to the
symmetric mass split.~ The respective single-peaked
and quite_narrows.Gaussian-like TKE distribution,
depicted/in the middle panel of the same column,
indicatés that a sifigle fission mode dominates in '%°Hg.
Finally, the, deduced clearly asymmetric FFMD is
depicted in black in the bottom panel, whereby the
most /probable fission fragments were found in the
vicinity of **Kr and '°°Ru. In a follow-up experiment
[87], the BDF of 7Tl was studied, whereby the
mass-asymmetric fission of the daughter "®Hg was
observed. These two experiments established the new
region of mass-asymmetric fission in the extremely
neutron-deficient mercury isotopes, in addition to the
previously known one in the transactinides.

This discovery caused an intense interest from the
theory community, whereby very different approaches,
such as the macro-microscopic model by Moéller et al
[16, 263, 264], two modern versions of the scission-point
model [265, 266, 267, 268] and two fully self-consistent
models, HFB-D1S and HFB-SkM* [269, 270], were
used to shed light on the observed phenomenon. A
new mechanism for the asymmetric fission of 1"8180Hg
was proposed [16, 263], which is not driven by the
strong shell effects of the final fragments. The latter
is the typical situation in the fission of transactinides,
where the strong shell effects in the range of the heavy
fragments are responsible for the asymmetry.

In the following, a few selected examples of
calculations are discussed in some details, while we
refer the reader to the respective studies for a full
description of the models used. In the SDF study
of 0TI [16], the five-dimensional (5D) macroscopic-
microscopic model [271] was applied to explain the
observed asymmetric mass split of the fission fragments
of 18%Hg. In a follow-up study [263], the two-
dimensional potential-energy surfaces (PES) for 18°Hg
and 235U, extracted from the 5D-model, were discussed
to analyze the differences in the nature of asymmetric
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Figure 28. (Color online) Summary plot of the ISOLDE experiments to study SDF of 180T1, 194,196 At and 202Fr. 2D energy
distribution of coincident FFs in 2 silicon detectors (top)jtotal kinetic energy (middle) and mass distributions (bottom) of investigated
nuclei are shown. The green and blue curves represent data below and above the average TKE values for each case shown by the
red dashed lines in the first and second rows of the plot. Details are given in the main text. Figure is taken from [17].

fission for proton-rich nuclei in{ the /lead region
compared to the more familiar actinide region, see
Fig. 29.

The PES for 236U shews features common to many
actinide nuclei with 226 < A <256 (compare also to
the PES of 2*®*U from amether calculation shown in
Figure 1), such as adeformed ground state, a relatively
low two- or three-humped fission’barrier, and most
prominently, well-separated symmetric (o, = 0) and
asymmetric (@'~ 0.2) wvalleys. The latter valley is
usually attributed as being due to the strong shell
effects (spherieal and/or deformed) of fission fragments
in the viéinity of the double-magic 132Sn. Fission starts
from the left at the hexadecapole-deformed ground
state, passes through the nearly symmetric first saddle
point to the symmetric fission-isomer minimum. Then
the mass,asymmetry begins to increase as the nucleus
passes over the mass-asymmetric second saddle point,

through a shallow third minimum, and finally over a
third asymmetric saddle at the head of the asymmetric
valley to a shape near the asymmetric scission point
The higher symmetric saddle reduces the probability
of entering the symmetric valley by requiring barrier
penetration for systems with near-threshold energies.

For '8°Hg, shown in the bottom panel of Fig. 29,
the PES is very different, with only a single pronounced
symmetric valley corresponding to separated semi-
magic 99Zr nuclei, and no deep asymmetric valley
extending to scission. The dominant symmetric valley
is inaccessible due to the high barrier along the
symmetric path from the ground state. The symmetric
valley remains separated from a shallow asymmetric
valley by a high ridge in the potential. A similar result
can also be seen in Fig. 30, which shows the PES
calculations within the HFB-SKM* approach [270],
which will be further discussed in Section 4.1.3.
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Figure 29. (Color online). Calculated PES surfaces for 80Hg
and 236U, as a function of the dimensionless quadrupole moment,
and the mass asymmetry. The shapes of the nucleivat several key
deformations are drawn, connected to the points on the surface
by arrows. The plots are modified from [263].

Further extensive calculations of the, mass yields
for 987 nuclides were performéd in/ Ref. [272]
by using the Brownian shape-motion method [273]
and performing random walks, on) the previously
calculated five-dimensional 'petential-energy surfaces
[271].  One of the ,aims of) this study was to
establish theoretically whether| '7®189Hg represent
separate cases of asymmetrierfission in this region,
or whether they belong to a broad contiguous region
of asymmetric fission, and if so, its extent. Fig. 31
shows the mapof expected asymmetric and symmetric
fission, whereby a broad island of asymmetric fission
in the neutrom-deficient lead region is predicted. In
agreement with the experimental data, this new region
of asymmetric fission also includes '7®189Hg, though
they arespredicted to lie on its left-most border, with
a smooth ‘transition to symmetric fission expected
for lightest Hg isotopes. Furthermore, this island is
separated from the classical location of asymmetric
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Figure 30.  (Color online) Ground-state potential-energy
surfaces, for (a) 18°Hg and (b) 98 Hg in the (Q20,Q30) plane
calculated in HFB-SkM*. The static fission pathway aEF
corresponding to asymmetric elongated fragments is marked.
The figure is taken from [270].

fission in the actinides by an extended area of
symmetric fission.
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Figure 31. (Color online) Calculated symmetric-yield to peak-
yield ratios for 987 fissioning systems. Black squares (open in
colored regions, filled outside) indicate B-stable nuclei. Two
extended regions of asymmetric fission are drawn in the red
color, the one in the left bottom corner is the predicted region
of a new type of asymmetric fission and includes 178:180Hg,
while the previously known asymmetric fission region in the
heavy actinides is seen in the top right corner. The region of
predominantly symmetric fission in between is shown in blue.
The figure is taken from [272].

For a comparison with the measured FFMDs in
the neutron-deficient lead region, Fig. 32 shows a
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subset of the calculated data from Fig. 31, but in
the mass-yield representation, with selected examples
(solely due to the space limitation) of the measured
FFMDs. A good agreement between measured and
calculated FFMDs can be noted for many nuclides,
shown in the plot, e.g. for '89Hg, 201T1, 210pq,
204,208Ry 210Ra.  On the other hand, one also
notices a clear discrepancy for e.g. '®>Au, for which a
strongly asymmetric mass division is predicted, while
experimentally a symmetric mass split was observed,
see also [17] for further details. We will repeatedly
come back to the discussion of different aspects of
Figs. 31 and 32 further on in the text.

The asymmetric mass split of 17®8Hg also raised
the following four questions, addressed in details in
Sections 4.1.2-4.1.3.

e How does the transition from the asymmetric
fission of '78180Hg happen by moving along the
mercury chain to the heavier isotope '98Hg, for
which a predominantly symmetric mass split
was observed in the earlier light-particle-induced
fission experiments by Itkis et al [13, 14, 15], see
Figs. 5 and 32.

o How does the asymmetric FFMD of 89Hg change
with an increase of the excitation energy? This
and the above question led to the complementary,
in-beam fusion-fission experiments at JAEA [124]
and ANU [229] along the mercury isotopie chains

e How does the transition from the asymmetric
fission of 178180Hg occur by moving along the
diagonal line in Fig. 32 towards,the region of
the heavier nuclides 2°42%Rn and»2'°Ra, for
which a predominantly symmetric/mass split; was
observed in the first Coulex-induced low-energy
fission experiment at FRS [40,.41]. »Tolanswer
this question, the low-energy fission studies of
nuclei in the thallium-to-astatine region with
the neutron numbers ‘around N=~102-116 were
recently performed by further SDF experiments
at ISOLDE [17, 88| and,via the Coulex-induced
fission at SOFIA [11].

e How will the FEMDs, evolve by moving 'down
south’ from ®*%Hgype.g. alofig the N = 100 isotones,
which can be investigated "By complete-fusion
reactions with heavy dons, see the recent study of
19 Au in Ref. [160].

4.1.2. Multimodal fission and asymmetric-to-
symmetiic transition in the region between '%°Hg and
210 Rq. | To answer the third question, the SDF studies
of 194196 At and 202Fr were subsequently performed at
ISOLDE [17, 88]; the results are shown in the second-
to-fourthveolumns in Fig 28. Similar to the above-
discussed,/case of '89Hg, the top row of these columns

30

shows the two-dimensional Sil1-Si2 energy, plots of co-
incident FFs of 1941%Po and 20?2Rn. The respective
full kinetic-energy spectra and the deduced mass, dis-
tributions are shown in the middle and bottem rows
of Fig. 28, respectively. In contrast to.**Hg, a single
broad hump is seen in the 2D energy distribution of
194,196 Py and 202Rn. In addition, TKE distributions
are significantly broader compased to the *°Hg refer-
ence, as can be concluded from the standard deviation
values, extracted from single-Gaussian fits, see [17] for
details. Mass spectra, drawn in black, exhibit a mix-
ture of symmetry with asymmetry.

The indication of triple-humped FFMDs and the
breadth of the extracted TKE distributions suggest
the presence of at'least two distinct fission modes
in these nuclei, #ach haying different mass and TKE
distributions. = This, feature was therefore further
investigated by, discriminating between fission events
with high or low TKE, similar to the method used
in Refs. ([47,48] to illustrate the bimodal fission in
the tramsfermium” region. In Fig. 28, FFMDs of
fission events with respectively higher or lower TKE
in/comparison to a certain threshold energy Fipres
are, shownnby respectively the dashed blue and full
green| lings. The value Fines was arbitrarily taken
as the mean TKE value and is indicated by a dashed
red liné on the TKE distributions and the 2D energy
plots. Remarkably, the 19419 Pg cases exhibit a narrow
symmetric distribution for fragments with higher TKE,
while a broader, possibly asymmetric structure is
observed for lower TKE. In contrast, this feature is
absent in '89Hg in which only one asymmetric fission
mode was identified. In the case of 292Rn, statistics
prohibit drawing definitive conclusions.

These results establish a multimodal fission
for these three isotopes, lying in the transitional
region between the asymmetry of '"®189Hg and
symmetry of e.g. 29%2%Rn and 2!°Ra. Self-
consistent PES calculations performed within the
HBF-DIS framework [270] provide a clear insight
in the underlying reasons for the occurrence of the
multimodal fission in this region. As an example, Fig.
33 shows PES for 196Po, where two distinct competing
paths - an asymmetric and symmetric - are marked.
Beyond Q29 = 250 b, the PES flattens in such a way
that a mildly asymmetric fission pathway competes
with the symmetric pathway, which allows multimode
fission to happen.

Such a flat, relatively structure-less PES is
expected to represent quite a general behavior of PES’s
in this region of nuclei, and it is very different from
the typical PES’s in the actinides, where a dominant
asymmetric valley is usually present, as discussed in
respect of Fig. 29. Clearly, the outcome of any FFMD
calculations on such flat PES’s will strongly depend
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Figure 32. (Color online) Calculated FFMDs (gray), withifission-fragment masses on the horizontal and their relative yields on
the vertical axis, for even-N neutron-deficient isotopes between gold and radium at excitation energies slightly above the theoretical
fission-barrier heights By y1, from Ref. [9]. The calculated yields are compared with selected experimental MDs from particle-induced
(blue symbols, [14, 15]), 8DF (red, [16, 87, 17]) and EM-induced.fission from FRS (green, [40, 41]) and SOFIA (dashed light green,
[11]. The isotopes 80:190Hg [124], 182Hg [229},and 179:189 Au [160], recently measured by fusion-fission reactions are also marked in
blue. The border of the lightest known isotopes‘is shown by the thick solid line, S-stable nuclei are shown on a gray background.
Figure is modified from [17].

on specific details of a subtle and.complexpinterplay 19p4 (D15)
between several degrees of freedom, including a yet not
fully understood dependence on the excitation energy.

Unfortunately, due to relatively low fission rates
of only up to some tens fissions per hour in the present
BDF  experiments at ISOLDE, mo further details
could be extracted, unless much longer experiments
are performed. In this respect, experiments at the
SOFIA setup [11] have all potential to establish a
complementary way for fission studies in this region.
One of the main advantages of SOFIA is its access to
all types of nuélides - 0dd-odd, even-even and odd-A,
while only the odd-odd cases can be studied via SDF,
see Section 3.:4. The feasibility of this approach was Figure 33. (Color online) Ground-state PES for 196Po in the
already confirmed by the first SOFIA campaign, which ~ (Q20,@30) plane calculated in the HFB-D1S approach. Two

. . i fissi h i iff
reached some of the neutron-deficient Hg isotopes, see competing fission pathways corresponding to different mass
Fi 9%and 32 asymmetries are marked. The figure is taken from [270].
igs. 22 an .

4:1.8. v Asymmetric-to-symmetric transition along the

study the evolution and excitation-ener depen-
chain of mercury isotopes, from ¥°Hg to "®Hg To Y &y cep

dence of the FFMDs along the mercury chain, the
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Figure 34. (Color online) FFMDs from fission of 80:190Hg* at
different beam energies Ej,p, obtained in the 36Ar 41441545y,
reactions at JAEA. The full excitation energies E* are indicated
in each panel. The effective excitation energy above the fission

. % . . .
barrier EEff,Bf(l) is shown in parentheses. Solid curves are,the

results of the double-Gaussian fitting by assuming only a single
asymmetric fission mode, with respective Gaussian contributions
for the light and heavy mass peaks shown by the dashed curves.
The bottom panel in the left column: the FFMD for *¥9Hg from
the BDF of 80T1 at ISOLDE ( E},,.(*80Hg)/< 10.4 MeV) from

max

[16, 86]. The figures are compiled from [16, 86,:124].

dedicated campaigns have been ‘performed by the
JAEA and ANU groups, in which the fusion-fission
reactions 36 Ar4144154Gm 180490 ox  (JAEA) and
4OCa+142Nd—>182Hg* and 1SC+182W—>195Hg* (ANU)
were studied in a broad range of excitation energies.
Their respective fission detectors, shown in Figs. 7 and
9(a), were exploitedi’ The resulting FFMDs are pre-
sented in Figs. 34 [124] and 35 [229], respectively, as
a function of initial'excitation energy E*. By analogy
with earlier studies by Ttkis et al [14, 15|, an effective
excitation energy above the fission barrier of a rotating
nucleus, E7, £ B Was derived in the JAEA analysis
and is shown in parentheses. This is the excitation en-
ergy above the/top of the fission barrier, determined
by takingrinte account the pre-neutron emission mul-
tiplicity and energy, and a change of the fission barrier
from thesercalculated by Moller et al. [9] due to the
angular momentum introduced by the projectile and
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Figure 35! (Color online) The fragment mass-ratio (Mg) dis-
tributionrobtained in the reactions of (a) 4°Ca+142Nd—182Hg*
and (b) PCH+182W — 195Hg*, taken from the ANU study [229)].
The excitation energy of the CN is indicated in the parentheses.
The other values in parenthesis are the scaling factors applied to
the number of events.

respective nuclear rotation [274].

For comparison, the FFMD of '8°Hg from the low-
energy SDF of ¥9T1 at ISOLDE is also shown in the
bottom left-most panel of Fig. 34 (the same data as in
the left-most bottom panel of Fig. 28).

While we refer the reader to the original papers
[124, 229] for the comprehensive discussion of the data
shown in in Figs. 34 and 35, a brief summary of the
most salient features and conclusions is provided below.

First, we consider the case of '®Hg*, in the left-
hand column of Fig. 34. The flat-topped shapes of
the measured FFMDs remain practically unchanged
through the studied excitation-energy range and do
not transit to a single-Gaussian shape, which would
correspond to a symmetric liquid-drop-like fission.
Two peaks can be discerned, especially at the lowest
measured excitation energies, with the light and heavy
fragment masses of Ar,/Ax =79/101. The latter values
were derived from a free fit with two Gaussians
corresponding to the light and heavy mass peaks,
see the red dashed lines in Fig. 34. The positions
of the light and heavy mass peaks are in a good
agreement with those derived from the low-energy
fission of 18'Hg at ISOLDE (the bottom leftmost
panel of the figure), but show much larger FWHM
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values. A quite similar picture can also be seen for
190Hg* in the right-hand column of Fig. 34, for which
the maxima at Ap /Ay =83/107 were derived from
the fits. The data for ®2Hg* from the ANU work,
shown in Fig. 35, seem to confirm the above inference,
with a clear signature of asymmetry at the lowest
measured excitation energy can be seen, while flat-top
distributions, resembling those in ¥%:199Hg from the
JAEA study, were measured at the higher excitation
energies, see details in Ref. [229]1.

Therefore, an important conclusion on the survival
of the mass asymmetry in !80:182.190g* even up to
E*~66-70 MeV (ngﬂBf(l)NéLO MeV) can be drawn,
which also proves the survival of the underlying
microscopic effects even at such high excitation
energies. This inference is quite different from what is
known in the fission in the transuranium region, where
the shell effects are quickly washed out as a function
of the excitation energy. A thorough microscopic
analysis of this important phenomenon in respect of
the isotopes 180198 Hg and ?6Po is given in Ref. [270].

On the other hand, no sign of asymmetry was
observed in the heavier '°Hg in the ANU study, whose
FFMD resembles well to the predominantly symmetric
mass split of 1%®Hg, deduced by Itkis et al in [14], See
also Fig. 32. Thus, a transition from the asymmetric
fission in the vicinity of '"®'8Hg to a symmetric one
around '?8Hg is clearly demonstrated by the JAEA and
ANU studies.

To probe the evolution of FFMDs by moving
to lighter elements, two fusion-fission reactions
350141441549 179189 Ay* were stidied at several
excitation energies at the BARC-TIER», Pelletron
LINAC facility [160]. The deduced FFMDs for 1”2 Au*
do not show a simple Gaussian shape, especially at the
lowest excitation energy E*=36.7MeV, see Fig. 36,
and a contribution from the mags-asymmetric fission
mode was needed when fitting thesdata. Furthermore,
the analysis of the FFMD fot. '™ Au*'showed a good
agreement with the fission of ®¥2Hg* produced in the
reaction 4°Ca+142Nd at ANU:

It is therefore c¢onfirmed) from the in-beam
fission experiments of  86Ar+144154Gy) 180,190 g
10Ca+1*2Nd—182Hg*and QI+ 141Sm—1"Au*, that
there is a somewhat extended arearof mass-asymmetric
fission in the region’ of 07 19°Hg, originally found in
the low-energyfission of ®*Hg [16]. It is important
to continue [to mapithe FFMD mass-asymmetry in
proton-rich nuclei by using a wider variety of target-
projectilé “combinations.  Still a challenge to be
considered in this approach is that rather highly
excited 'states are populated in fusion, so that the shell

{»The authors of [229] also considered a possible admixture
in the measuted FFMD of asymmetric fission due to '80Hg,
prodiiced after the neutron emission from 82Hg* | see the ideas
mrespect of Figs. 49-50 in Section 4.3.1.
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Figure 36. Fission fragment/mass distribution in the reaction
35CIH144Sm—1T Au* at Ejg, = 152.5MeV  (E* =36.7 MeV),
measured at the BARC-TIFR, facility, The filled symbols are
experimental data, and the solid linés are fit to the data. The
deviation of the experimental data from the fit is shown in the
panel below the respectivermass distribution. The plot is taken
from [160].

structure responsiblefor the mass asymmetry could be
smeared (out te a certain extent.

The asymmetry-to-symmetry transition seems to
be a robust, feature in different theory approaches,
see”elg. [264, 265, 266, 267, 269, 270]. As one
example, Figure 30 compares the PES’s for 18%198Hg
calculated within the HFB-SKM* model in [270]. As
mentioned earlier, the PES of '80Hg is dominated by an
asymmetric fission pathway, which is clearly separated
from the symmetric fission pathway by a barrier. The
situation is different in '°®Hg, where the PES is rather
flat in the pre-scission region, whereby the symmetric
and asymmetric fission paths have almost equal energy,
see also a detailed discussion in [269].

Finally, it is instructive to re-iterate that neither
BDF, not Coulex-induced fission experiments can reach
nuclei with the fission barriers above ~12 MeV.
Thus, presently, charged-particle-induced fusion-fission
reactions remain the only method to study fission of
nuclei from higher excited states. On the contrary,
this type of reactions does not allow to reach low
excitation energies of the CN, due to the energy
balance determined from the reaction Q-value and the
Coulomb barrier between the colliding nuclei.

4.2. New results on fission in the
astatine-to-californium region from inverse kinematics
experiments

This section provides an overview of some of the recent
results and improved understanding of fission emerging
from the experiments in inverse kinematics.

4.2.1. Overall wariation of fission channels A
pronounced feature of fission-fragment distributions
is the appearance of fission channels due to the
influence of shell effects on the fission process [7]. As
demonstrated in Fig. 5, double-humped (asymmetric)
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Figure 37. Element distributions after electromagnetic-induced
fission of several secondary projectiles on the chart of the
nuclides, part 1. The figure is taken from Ref. [40].
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Figure 38. Element distributions after electromagnetic-induged
fission of several secondary projectiles on the chart of “the
nuclides, part 2. The figure is taken from Ref. [40].

fission prevails over a large range of thé actinides,
and a constant position of the heavy component
at A ~ 140 had been observed [76] in asymmetric
fission of systems up to A = 256./ Appearance of
symmetric fission had been observed in lighter [45]
and in heavier systems [276], see also diseussions
in Ref. [35] for even heavier systems. These
general features were already addressed very early in
theoretical studies, see for example/Refs) [277, 27§],
when the two-centre shell model became available
[279], whereas experimental,information remained
fragmentary, especially for lighter actinides. It was
the aim of the first extended experiment on low-energy
fission with secondarypbeams at FRS [40] to reveal
the evolution of the fission channels in the range of
A~210-230 and to'study the position of the heavy
component of the asymmetric fission channels over long
isotopic chains.

Figs. 37 and 38 show the measured fission-
fragment Z | distributions of 70 nuclides that were
prepared as secondary beams from a 1A GeV 233U
primary” beam. Since the number of protons
and neutrons in the fission fragments are strongly
correlatedsy one can expect that the mass distributions
show almost the same shape. This has been
corroborated by the results of the later SOFIA
expéeriment that was able to determine the fission-
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Figure/ 39:, (Color online) Mean positions of the Standard 1
and Standard 2\fission channels in atomic number (upper part)
and'neutron number (lower part) deduced from measured fission-
fragment Ayand Z distributions. The values of Standard 1
(Standard 2) for the isotopes of a given element are connected
by dashed«(full) lines and marked by red (blue) symbols. Values
were converted from measured atomic numbers or mass numbers
using,the unchanged-charge-density assumption and neglecting
neutron evaporation. Different symbols denote the elements as
given in the legend of the figure. Data from the secondary-beam
experiment [40] are marked by solid symbols. Open symbols
mark results from experiments in direct kinematics, partly from
spontaneous fission. The figure is taken from Ref. [275], see also
the same work for the reference to the data.

fragment masses of several systems in this region as
well [11].

The most prominent feature of the measured
Z distributions is the presence of multi-modal
fission (co-existence of symmetric and asymmetric
fission) in a broad region from A=223 to A= 230,
evidenced by triple-humped distributions. The relative
weights of the two fission modes vary gradually,
favoring asymmetric fission (centered at Z =54, which
corresponds roughly to A~ 140) towards the heavier
(A>230) nuclei and symmetric fission towards the
lighter (A < 223) systems, the latter extending all the
way down to 2°4Rn. The shape of the Z distributions
varies systematically along isotopic (Z = constant) and
isotonic (N =constant) sequences. The sequence 2?4Pa-
225Th-226 Ac, which show similar shapes, suggests that
N+2Z is better suited as ordering parameter for
the transition from single-humped to triple-humped
distributions. = These data, together with several
FFMDs, measured previously [45, 79, 80] by other
means in the transition region and marked in Fig. 4,
fit nicely in the general trend of the data as shown in
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Fig. 5.

These data are also qualitatively consistent with
two-dimensional fission-fragment mass — total-kinetic
energy (A-TKE) distributions, measured by Itkis et
al. [280] at appreciably higher excitation energies of
generally more than 10 MeV above the fission barrier
in proton- and a-particle induced fission of eight pre-
actinides, reaching from 2°'T1 to 213At. All these data
[45, 79, 80, 280, 40] shed some light on the relative
yield, the mass (or Z) and TKE distribution of the
asymmetric fission mode, localized around A =140 in
the heavy fragment, as a function of the mass of the
fissioning system and its excitation energy.

The width of this component decreases from about
15 mass units (FWHM) for 24U to 5 mass units
for 294Pb. Future experiments that reach down to
lower excitation energies, for example the SOFIA
experiment, will be able to investigate the properties
of this asymmetric fission mode in the pre-actinides in
more detail with much higher yield.

A plausible explanation for the gradual vanishing
of the asymmetric fission mode with decreasing mass
of the fissioning system has been suggested by Itkis
et al. [280]: While the region of predominantly
asymmetric fission is rather abruptly limited for higher
masses (around A = 258) when two fragments close to
the doubly magic *2Sn can be formed, asymmetric
fission is gradually weakened towards lighter. systems
by the influence of the macroscopic potential. Because
the light and the heavy peak move more and ‘more
apart, the macroscopic energy expense in asymmetrie
fission grows and tends to favor symmetric fission.
Recent stochastic calculations of Moller ‘et al. [272]
reproduce the main features of the measured Z
distributions shown in Figs. 37 and'| 38 quite well
(see also Fig. 31). Fission in the pre-actinides shows
a rich variety of interesting phiengmena. In this
region, pronounced structures appear near symmetry,
see Section 4.1.2, where thé macrescéopic potential
is flat, and relatively small shell effects can have a
decisive effect on the fission, path™[272]. But also
the traditional asymmetric fission valley, appearing at
larger asymmetry neay A= 140 in the heavy fragment
due to strong shell effects, still exists in rather light
systems.

The FRS data6f Refi [40] that include also data
on total kineticienergies'[281] allowed for a refined and
extended analysis of\the characteristics of the fission
channels [275]. As/an example, the deduced mean
positions©of the heavy fission-fragment component of
the Standard 1 and Standard 2 fission channels in
Z and"N_are/shown in Fig. 39. The positions of
both fission channels turned out to be essentially
stable;ywith mean values of Z ~52 for Standard 1,
and/ Z ~ 55 for Standard 2 mode, for all systems
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investigated. On the contrary, the meany number
of neutrons varies considerably along thendifferent
isotopic chains. Obviously, this is in contradiction to
the observation of a constant position at A~140 stated
in Ref. [76], probably because the data at that time
were limited to rather short isotopic sequences ¢lose to
the fS-stability line.

28

Figure 40.,(Color online) Measured fission-product yields from
the complete fusion reaction 238U + 12C—=250Cf* at 6.1 A
MeV (E*=45MeV) from Ref. [84] are shown on the chart of
the nuclides: /The sizes of the clusters are proportional to the
logarithm of the cross sections. The primordial nuclei are marked
by blackrepen squares, and the limits of know nuclides and the
main spherical shells are shown for orientation.

Yield

60 80 100 120 140 160 180
Mass number

Figure 41. (Color online) Black symbols - projection on the
mass number from Fig. 40. The data are compared with the
result of the GEF code [282, 283] (red symbol). The deviations
in the heavy wing are mainly caused by a known acceptance cut
of the experimental set-up. The figure is taken from Ref. [283].

In the GANIL inverse-kinematics experiment with
the VAMOS spectrometer, the full identification of all
fragments in Z and A from the fission of 2°°Cf at an
excitation energy of 45 MeV, produced by the complete
fusion of 238U and '2C, has been achieved [84]. Fig. 40
shows the measured fission-product distribution on a
chart of the nuclides. The projected mass distribution
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is shown in Fig. 41. These are the first data on
fully identified fission fragments, emitted in the de-
excitation process of a specific compound nucleus with
a well defined excitation energy in this high-energy
range. This was achieved only due to the use of inverse
kinematics. The flat top of the mass distribution
can be interpreted as a sign for a sizable contribution
of double-humped asymmetric fission in addition to
the dominant contribution of single-humped symmetric
fission, even at this high excitation energy. Due to
multi-chance fission, the observed distribution is the
sum of contributions from several nuclei that fission at
different excitation energies (see discussion of Figs. 49—
50 in Section 4.3.1.)

The evolution of the average N/Z degree of
freedom was also determined for several transfer
residues, such as 238U, 23°Np, 240Pu and 2#*4Cm, at
different mean excitation energies, see Fig. 42. In
order to assure a reasonable statistics, no cut on
the distribution of excitation energies, induced in the
reaction, was applied. These data show a strong
variation of the influence of nuclear shell structure
on the neutron excess of the fission fragments. It
is known that the fission-fragment mass distributions
in low-energy fission (spontaneous or thermal-neutron=
induced) are strongly influenced by shell effects for all
these systems. It is expected that the same is true for
the charge-polarization degree of freedom. Therefore,
the evolution of the structure in the neutron excess
may primarily be attributed to the variation of,the
excitation energy. A clear structure is present at
the low excitation energies, while it becomes weak at
(E*) =23 MeV in 2*4Cm and completely disappears at
E*=45MeV in 2°0Cf. A relatively large (N)/Z. value
around Z =50-52 indicates the preferential formation
of 1328n-like (N/Z = 1.64) fragmentsywhichsistealized
particularly for low excitation engrgies.

These data represent a uniqué test/for nuclear-
reaction models. In particular, the data are sensitive
to the influence of initial excitation energy and angular
momentum on the yields of the fission channels and the
shape of their contribution to the mass distribution,
the relative contributionsyof the fission chances, the
charge polarization atsscissiomand the mass-dependent
neutron multiplicities: The latter strongly depends
on the division of the excitation energy between
the nascent fragments; for example via the proposed
process of energy sorting in the superfluid regime [284].

The experiments in inverse kinematics at GANIL
and GSlprovide valuable information not only on the
nature but alsolon the kinematical properties of one or
both fragments of a fission event, respectively. Besides
the measurement of individual fission-product atomic
numbers, masses and kinetic energies after prompt-
neutron emission [84, 28, 252], also mean pre-neutron
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Figure 42. (Color,online), Neutron excess of post-neutron-
evaporation fission fragments as a function of their atomic
number. The figure is taken from Ref. [285].

fragment masses were derived from the mean velocities
of complementary fission products [85]. Moreover,
properties of the scission configuration such as the
distance between fragments, the neutron multiplicity,
the total excitation energy, and the proton- and
neutron-number sharing during the emergence of the
fragments are reported [85].

4.2.2. General characteristics of odd-even structures
The enhanced production of even-even fission frag-
ments is another salient feature of the fission-fragment
distributions [286]. The data on this feature from ex-
periments in direct kinematics are scarce, partly due
to the insufficient Z resolution in kinematical exper-
iments, partly due to the uncertainties in the abso-
lute determination of fission yields from radiochemi-
cal measurements. Most of the available results origi-
nate from measurements at the LOHENGRIN spectro-
graph. Note that a good mass resolution is not suffi-
cient for determining neutron-number distributions, if
the Z determination is not unique.

Influence of asymmetry on the odd-even
effect in proton number. The secondary-beam
experiment at FRS [40] also showed that some features
previously observed for a few systems in direct
kinematics [289], proved to be generally present for
all nuclei investigated in that work. As illustrated in
Fig. 43, an odd-even staggering in the Z distributions
is present for fissioning systems with both even and odd
number of protons. The magnitude of this staggering is
usually measured by the local odd-even effect, definded
for integer Zj4,, values as [290]

1
6,(2) = g(-1)wa Y (Ziowss — InY (Ziow)
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Figure 43. Local odd-even effect 6,(Z) (defined by equation
(1)) in the element distributions for electromagnetic-induced
fission of 231-234[ 224-232p, 220229 apd 214-223pA(
averaged over the different isotopic chains. The lines represent
theoretical estimations of Ref. [287] that are based on the
statistical weight of the single-particle levels in the two nascent
fragments. The figure is taken from Ref. [287].
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Figure 44. (Color online) Local odd-even effect §,(Z) (defined
by equation (1)) in the element distributions for electromagnetic-
induced fission of 234:235,236,238J measured in the SOFIA
experiment, given in percent. The yellow line indicates
the average increase of the odd-even effect ‘asha function of
asymmetry. The figure is taken from Ref. [252]¢
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Figure 45. (Color online) Local odd-even effect 6,(Z) (defined
by equation (1))fin the fission-fragment element distribution for
electromagneti¢-induced \fission of 236U measured in the SOFIA
experiment and\in thermal-neutron-induced fission of 235U [72],
given in percent. Thefigure is taken from Ref. [252].

=3(IY (Ziow +2) =Y (Ziow + 1)) (1)
with
Z = Zlow + 3/2'
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Figure 46. (Color online) Local odd-even ‘effect 6, (N) (defined
in analogy to equation (1))Vin the fission-fragment neutron-
number distribution for electromagnétic-induced fission of 236U
measured in the SOFIA experiment and in thermal-neutron-
induced fission of 235U [72]i' The figure is taken from Ref. [288].

The staggering in neutron number can be expressed in
a similar way. Therocal odd-even effect in Fig. 43 is
generally positive in the light fission-fragment group,
and grows strongly with increasing asymmetry. This
suggests that the preference for producing even-Z
fragments is connected with the light fragment, while
the, heavy fragment plays only a minor role. This
explains also the fundamentally different shapes of
the Z-dependent odd-even effect for even-Z and odd-
Z fissioning systems. While in the former case both
fragments have an even or an odd number of protons,
in the latter case one even-Z fragment is always formed
together with an odd-Z fragment.

These results were essentially corroborated in the
SOFIA experiment, see Fig. 44, although there is a
local peak at Z=49.5 and at its light partner at
Z =42.5, and there are some deviations for extremely
asymmetric splits that appear with very low yields.
Note that Fig. 43 shows the absolute odd-even effect,
while percentage values are given in Fig. 44.

Fig. 45 demonstrates that the odd-even effect in
Z is sensitive to the excitation energy of the fissioning
system: it decreases by about a factor of two in
electromagnetic fission (relatively broad excitation-
energy distribution with a mean value of E* ~ 14 MeV)
if compared to the thermal-neutron-induced fission of
the same compound nucleus (E*=6.55MeV). This
effect had already been observed previously, for
example in bremsstrahlung-induced fission [291].

Robustness of the fine structure in neutron
number. The fine structure in neutron number
behaves very differently. As demonstrated in Fig. 46,
the fine structure in electromagnetic fission is almost
identical to the fine structure in thermal-neutron-
induced fission. This is true for both the amplitude and
the details of the structure. Besides a clear odd-even
effect, one observes a strong enhancement of nuclides
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with N =82. The SOFIA experiment is the first study
that was able to provide such kind of data for higher
excitation energies than reachable in thermal-neutron-
induced fission

The robustness of this fine structure in neutron
number is an indication that it is not produced at
scission, because one would expect the same kind
of sensitivity to the initial excitation energy of the
system as observed in the Z distribution. It is
probably created during the prompt-neutron emission
and reflects the influence of the neutron threshold
energy on the nuclide cross sections in the last stage
of the evaporation process as suggested by Ricciardi et
al [292, 293] to explain the odd-even structure in the
light fragmentation products.

4.2.8.  Nuclear dissipation from inverse-kinematics
experiments Due to dissipation, the fission process
is expected to be strongly influenced by transient
effects that delay the onset of the fission flux [294],
by a reduction of the stationary fission flux over the
fission barrier [294] and by an increased saddle-to-
scission time [295]. Several observables, for example
the emission of pre-fission neutrons [22, 296], charged
particles [297], GDR ~v-ray radiation [23], and fission
probabilities [298] have been studied in order te
deduce the viscosity of nuclear matter. However,
the results did not yield a consistent picture. [26],
whereby the magnitude of the dissipation strength and
its dependence on excitation energy and deformation
obtained from different observables and with different
models used for the analysis (see e/g.2[299]) diverge
appreciably. Particularly strong discrepancies have
been reported for the overall fission time derived{rom
atomic technique experiments (e.g. [24,25, 26, 27]) and
from kinematical measurements [18]gpwhich are further
emphasized in the recent study [300]. Experimental
signatures that are sensitive, tothe dissipation on
a specific stage of the fission process, for example
pre-saddle effects, are particularly interesting. In
Refs. [301, 302, 303, 304] it is argued that the
manifestation of pre-saddle dissipation is only possible
under favorable experimental conditions. These are
primarily high excitation energy and low angular
momentum of the¢ fissioning systein. Fission in the
course of the de-excitation process after a relativistic
nuclear collision is particularly well suited for studies
of pre-saddle dissipative effects, because the excitation
energies induced in the abrasion process are high, and
side effects’ due to high angular momenta are small
[304]. [As already mentioned earlier, the excitation
energy amounts to about 27 MeV per abraded nucleon
[250], and the angular momentum hardly exceeds
207 [251].v Experiments in inverse kinematics at
relafivistic energies offer another important advantage:
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They provide the experimental informatiom on the
composition of the fission fragments in A and.~Z.
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Figure 47. (a) Partial fission cross sections and (b) partial
widths of the fission-fragment element distributions for the
reaction of 238U at 1 AGeV on (CH2), in comparison with
several calculations. The thin dashed and the thick dashed
lines are obtained by applying the Bohr-Wheeler transition-state
model and Kramers’ stationary solution with f=6x10%21s~1,
respectively. The solid, the dotted, and the dashed-dotted
lines show calculations including transient effects [305] with
B=2x1021s71, 0.5x10%' s~ !, and 5x10%'s~! | respectively.
The staggering in these curves and the abrupt decrease of the
dashed-dotted curve below Z7 + Zs =78 are due to statistical
fluctuations of the Monte Carlo calculations. The figure is taken
from Ref. [306].

In the past two decades, a series of experiments
was performed with primary and secondary relativistic
beams at GSI, Darmstadt, with the aim to deduce the
dissipation strength from fission observables. Ignatyuk
et al [307] inferred a strong reduction of the total
fission cross section in the reaction 2**U 4 Cu at
950 AMeV due to dissipative effects. Benlliure et al
[308] reproduced the completely measured residue cross
sections in the reaction 197 Au + 'H at 800 A MeV with
a model calculation by using a dissipation strength of
B=2x102ts71. A similar result (8=2x10%'s71) was
obtained by the same kind of analysis for the systems
28U + 1H and 22%U + 2H at 1 A GeV [309].

Jurado et al [306] introduced the width of
the fission-fragment charge distribution as a function
of the fissioning element, besides the partial fission
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cross sections, as a very sensitive measure of the
dissipation strength and inferred a dissipation strength
of B=2x10%'s71, see Fig. 47, by using a realistic
description of the transient effects [305], assuming an
initial sperical shape of the fissioning system. This
kind of analysis requires the coincident measurement
of both fission fragments. These studies by the use
of secondary projectiles demonstrated the influence
of the initial deformation of the fissioning system
on the transient effects. A refined and extended
analysis was performed by Schmitt et al [310].
Considering the influence of the initial shape of the
secondary projectiles, determined by their ground-
state deformation and, for the first time, by the
abrasion process, a large number of systems could
be described with a single dissipation strength of
B=(4.540.5)x10*' s7. The larger value compared
to Refs. [306, 311] is explained by the influence of the
ground-state deformation of 22U and the abrasion-
induced shape distortion that was not considered
before. In the most recent experiment, the fission
of 28Pb induced by spallation in a hydrogen and a
deuterium target was studied [312] with this approach.
Also these data are well described with a dissipation
strength of 8 =4.5x102's71,

The authors of these studies concluded that
in particular the partial widths of the fission-
fragment charge distributions (see Fig.47)s0r more
complete information on fission-fragment  nueclidic
yields from more recent experiments on fragmentation
or spallation reactions, obtained in inverse kinematicsj
give reliable and consistent results on the dissipation
strength between ground-state and the saddle. This
observable measures the time that the nuecleuss has
available to cool down by neutron evaporation before
fission. It is argued that, in _centrastwtoé many
other observables, e.g. the fission probabilities, the
deduced dissipation strength is ‘enly weakly model-
dependent. They could not' observéran excitation-
energy-dependent variation of the dissipation strength
that is discussed in detaildive:g. [313].

4.8. Fission studies by means of!few- and multi-
nucleon transfer reactions

4.8.1.  Fission-fragment mass |distributions of the
heavy actinidessmeasured@at JAEA The multi-nucleon
transfer reagtions provide a complementary method
to study a \variety /of compound nuclei, including
those ongsthe ‘neutron-rich side, which are difficult,
if impgssible, to access by particle capture and/or
heavy-ion fusion reactions using available target-
projectile” combinations. Furthermore, this reaction
mechanism can populate excited states in a broad
range of excitation energy, allowing the excitation-
energy dépendence of fission properties to be studied

AUTHOR SUBMITTED MANUSCRIPT - ROPP-100800.R2

39

in a single experiment. The latter is advantageous
in respect of particle capture/fusion reactions, where
the incident-beam energy must be changed to populate
different excitation-energy ranges.

This subsection will review [selected " results
obtained in the recent experiments atwthe/ JAEA
tandem in direct kinematics in/ the MNT=induced
reactions of an 80 beam with gargets of.232Th, 238U,
ZTNp and ?*8Cm, while we réfer the reader to Fig. 7
for details of the respective experimental set-up. Most
of the data are presently under analysis; therefore, only
the reaction '80+232Th will be discussed here [74].

Figure 48 shows, the ' FEMDs for fourteen nuclei
studied in this reaction, whereby the FFMDs for the
isotopes 231:234Th* land 234235:236Pa* were obtained
for the first time. For./the other nuclides, the
previously known EFEMDs data were systematically
extended to exeitation energies as high as 60 MeV. The
figure clearly demomstrates that the mass-asymmetric
fission dominates at low excitation energies for all
the measured ‘niclei. The yield in the mass-
symmetrie fission region increases with excitation
energy;, whereby the FFMDs become increasingly
structure-less at excitation energies in excess of 40—
50 MeV, /presumably due to the weakening of shells
responsible for asymmetric fission. It should be pointed
out nthat the actual excitation energies leading to
fission (as compared to those calculated just from the
energy/mass balance of the reactions, shown in Fig. 48)
will be reduced by neutron evaporation before fission,
when the initial CN is excited above the threshold for
multiple-chance fission, see the discussion below.

It is also interesting to note that the measured
FFMDs seem to reveal a larger peak-to-valley ratio by
increasing the isospin (the N/Z ratio) of the isotopes
of the same element, compared at the same excitation
energy (see, for instance, the FFMDs for the isotopic
chains for E* =20—40MeV). This might be explained
by the growing influence of the doubly magic nuclide
13281 on the mass division, which is expected due to a
better match in the N/Z-ratio between 32Sn and the
increasingly heavier fissioning isotopes.

The measured FFMDs were compared with the
calculations within the fluctuation-dissipation model
based on the Langevin equations, see Ref. [314],
where an attempt to include the excitation-energy
dependence was also undertaken. The applied
model is the same as discussed in context of
Fig. 59. In particular, the potential energy is
calculated within the two-center shell model [315]
as the sum of the liquid-drop energy Vip and the
excitation-energy-dependent shell-correction energy
Vihett (E*) = Vipen (0) x exp (—E*/Ey), where the shell-
correction energy at the zero temperature Vgpepn (0)
and the shell-damping parameter Ej;=20MeV were
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Figure 48. (Color online) FFMDs obtained in the MNT-induced channels of the reaction 20+232Th (data points with error
bars)[74]. The fissioning nucleus and the corresponding ejectile arénindicated on the top of the plot. The data are shown for
sequential excitation-energy intervals of 10 MeV, indicated on the right side. The red curves are the results of Langevin calculations
[74] (see text) after a convolution with the experimental mass resolution, where the initial CN excitation energy is used to start the
calculation, but effects of multi-chance fission (neutron evaporation before fission) were not included as discussed in the context of

Fig. 50.

used. The calculated FFMDs are shown by the
red solid curves in Fig.48. Ome can’ see that, the
calculations reproduce reasonably well both the global
shape of the experimental mass distributions.and also
the positions of the light- and heéavy-fragment peaks
for most of the studied nuclidesy at least at the
excitation energies below ~30 MeV'. This‘demonstrates
the reasonable treatment of the'shell-correction energy
at these excitation energiesgpand eonfirms the validity
of the shell-damping energy of By = 20 MeV, originally
introduced in [316], in eontrast t@ a recently suggested
value of E4=60 MeV _[317].

With increasing excitation energy, however, the
contribution from, multi-chance [fission becomes in-
creasingly importantiyThus, the fission observables, in
particular FFMDs, hecome a superposition of several
contributions; originating from fission at different ex-
citation enmergiesinThe underlying idea is illustrated by
Fig. 49, where\the different contributions, as a func-
tion of'the neutron energy are shown, for the fission
cross sectionof the reaction 239Pu(n,f) [318]. The fig-
uresclearly illustrates the fact that only at the energies
below F,, ~ 5 MeV, the first-chance fission is dominant
and fission happens at low excitation energy, where the
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Figure 49. Total 23°Pu(n,f) cross section (symbols), as
evaluated in ENDF/B-VII, along with the corresponding
contributions due to first- (solid curve), second- (short-dashed),
third- (dashed), and fourth-chance fission (long-dashed) cross
sections. The figure is taken from [318].

shell effects are preserved, which leads to an asymmet-
ric mass split, observed experimentally. On the con-
trary, at e.g. B, =20 MeV, the contribution of first-
chance fission is less than each of the second- and third-
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chance fission§. These features are demonstrated by
Fig. 50 from [319], based on the recent MNT-induced
studies at JAEA. This figure compares the experimen-
tal data for fission of 238U* at the initial excitation en-
ergy E* = 35MeV with the Langevin calculation taking
into account multi-chance fission. According to calcu-
lations, at this initial energy, the 1st- and 2nd-chance
fission happen with somewhat lower probabilities (cal-
culated by the GEF code [283]) from respective higher
excitation energies, which results in more symmetric-
like fission. On the contrary, the higher-chance fissions,
after emission of several neutrons (3-5, in this case),
occur at lower excitation energies, thus they lead pre-
dominantly to an asymmetric mass split. The final cal-
culated FFMD, shown by the solid red line, is the sum
of the FFMDs over the possible multi-chance fissions; it
is seen that the measured asymmetric FFMD predom-
inantly comes from the higher-chance fission. In pass-
ing we mention the recent work by Moller and Schmitt
[320] which considered the effects of multi-chance fis-
sion within the macro-microscopic approach. Several
fission observables show structures that are evidently
associated with multi-chance fission. One of the exam-
ples is the incident-neutron-energy dependence of the
total kinetic energies (TKEs), TK E(E,) [321], where
a step-like structure appears at the neutron energy
where 2nd chance fission sets in. The average energy
of prompt neutrons also exhibits a dip structure [322]
at the same energy.

Apart of FFMDs, the fission probabilitiestas a
function of excitation energy will be deduced from the
same data for all studied nuclei from the JAEA MNT-
fission setup.

Clearly, this experimental technique has a large
potential to explore fission of neutren-rich heavy
actinide nuclei. The use of radioactive targets such
as 244Pu, 249Cf and, eventually, 2**Es is promising for
this purpose. Also heavier projectiles such as 2?Ne
could be employed by impreving therquality of the
AE-FE detectors. Finally, provided the necessary beam
intensities of post-acceleratediradioactive neutron-rich
beams, such as 20220, could be reached in the future,
they could be used toaceess even more neutron-rich
actinide nuclei.

4.8.2.  Resonancel structures in the superdeformed
and hyperdeformed minima of the fission barrier It
is long known that, due to the coupling between
the states inhthe normal and super-deformed (SD)

§ It is, however, important to stress for didactic purposes that
at the respective higher excitation energy, the nature of the 1st
chance fission_will change as it will now happen from higher-
excited states; thus leading predominantly to symmetric fission.
The higher-chance fission, on the other hand, will now happen
at the respectively lower excitation energies, thus leading to
asymmetric fission.
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Figure 50. (Color online) Experimental FFMD of 238U* (blue
symbols) measured at, the initial excitation energy of 35 MeV,
obtained from the inelastic scattering channel of the reaction
238U (180,180)238U*(ff) [319], is compared with the Langevin
calculation [314] taking into account multi-chance fission. The
solid red curve shows the final calculated FFMD, where the
contributions from every multi-chance fission are shown by the
dashed curves with different colors.

minima in the PES of some heavy actinides, the fission
cross | sections may exhibit intermediate structures
(e.g. fission resonances) below the fission threshold,
associated with the resonance tunneling through the
complex multi-humped fission barriers, see e.g. review
papers [226, 323, 324]. Transfer reactions such as
(d,p) have often been used in the past to explore these
intermediate structures, by means of the measurements
of the kinetic energy of an outgoing particle in
coincidence with the fission fragments. This allows
to determine the excitation energy of the fissioning
residual nucleus, similar to the MNT reactions
described in Section 3.1.2. An obvious advantage of
transfer reactions in the earlier studies, compared to
the neutron-induced fission, was a wider excitation-
energy-range coverage in a single experiment, from
below the fission threshold up to well above.

However, following the discussion in Sections 3.2.3—
3.3, we remind that with the recent advent of ap-
proaches based on the neutron time-of-flight measure-
ments and on the use of y-ray beams, such types of
experiments can presently be performed with alterna-
tive methods.

In the earlier studies, silicon AFE-E detectors
were frequently used to determine the energy of the
outgoing ejectile in the (d,p) reaction with an energy
resolution of ~50keV. To achieve a better energy
resolution, magnetic spectrographs were frequently
used for the ejectile measurements. As an example, by
using a Browne-Buechner-type magnetic spectrograph
at Chalk River, a resolution of ~18keV (FWHM)
was reached in one of the first experiments of this
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type in the reaction 23°Pu(d,pf) [325] to study
structures associated with the SD minimum in 24°Pu.
The same reaction was later investigated with the
Q3D magnetic spectrograph at the Munich tandem
accelerator, whereby an energy resolution of 3keV
(FWHM) in Ref. [326] or ~7keV in Ref. [327] was
achieved. The studies of the resonance structures in
the SD minimum were reviewed in [323].

In some actinide nuclei, in addition to the sec-
ond (superdeformed) minimum in the PES; a third,
strongly elongated (hyperdeformed, HD) reflection-
asymmetric minimum with characteristic quadrupole
and octupole deformations of 82 ~0.90 and (53~ 0.35,
respectively, was predicted already forty years ago,
see e.g. [328, 329]. Since then, several theoretical ap-
proaches were used to study the HD minima, e.g. the
macroscopic-microscopic method [330, 331, 332, 333],
the constrained Hartree-Fock model with D1S inter-
action [334], relativistic mean field calculations [335],
or, the self-consistent finite-temperature superfluid nu-
clear density functional theory (FT-DFT) as in the
recent study [336]. In spite of a quite general ap-
pearance of the HD minimum in different approaches,
there are often quantitative discrepancies among the
models in respect of the third-barrier height as well
as the depth of the HD minimum, showing that the
prediction of the HD’s properties remains a challeng-
ing subject for modern fission theory. The,latter is
primarily caused by insufficient knowledge/on nuclear
properties at extreme nuclear deformations as well as
the need for a larger number of degrees of freedom for,
extremely deformed and reflection asyminetric nuclear.
shapes, including their temperature dependence. As
one example, the study by McDonnell et al [336] used
a FT-DFT with two Skyrme energy demsity function-
als - a traditional SkM* and a recently developed UN-
EDF1 [337] optimized for fission studies. It was shown
that, in contrast to predictions of anost macroscopic-
microscopic approaches, either only very shallow or no
third minima in the PES’s of 232Th and 232U are ex-
pected. On the other hand;ra, better-developed third
minimum was suggested in the lighter Th and U iso-
topes with N =136 and 138.

Figure 51 shows, a schematic example of the
PES for 23U as deduced\from thé measurements in
[338] (see also belew), in which three minima can
be seen: mnormal (orground state), superdeformed
and hyperdeformed. \In order to obtain the evidence
for the HD minimum from the measurements of the
transmission resonances, it is necessary that the states
in the [ground \state minimum (class-I) are strongly
mixed with the class-II states in the SD minimum,
and further'on - with the states in the HD minimum.
Otherwise, the narrow class-1I states in general will not
overlap with the isolated class-III states. According to
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different predictions, these conditions are.expected to
be realized for several isotopes of Th, Pa and\U.
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Figure 51. The triple-humped potential-energy surface of 236U
as a function of deformation, with damped class-I, class-II and
class-T1IT compound-nucleusrstates shown in the three minima.
For strongly ‘mixed, class-I and class-II states, transmission
resonances of class-IIIistates can occur in fission. The figure
is taken from [338].

Since about two decades, systematical studies
off the 'HD, states are being carried out by the
Munich-Debrecen collaboration using the Q3D mag-
netic ‘spectrograph at Munich, e.g. in the reactions
23U(d,pf)?34U* [339], 23°U(d,pf)?3%U* [340, 338],
ZIPa(3He,df)?32U* [341], 21 Pa(d,pf)?3?Pa* [171], and
239Pu(d,pf)?*°Pu* [327]. In these experiments, the
fission fragments are detected by position-sensitive
avalanche detectors [339] in coincidence with the ejec-
tile particle measured with the Q3D spectrometer. As
just one example to illustrate the experimental and
analysis method used, Fig. 52 shows the fission proba-
bility, Pf(?*%U*) as a function of excitation energy in
the region below the fission threshold, obtained in the
reaction 235U(d,pf) [338]. The structures at 5.27, 5.34,
and 5.43MeV were proposed to be due to HD reso-
nances already in 1998 [340], where an energy resolu-
tion of 3keV (FWHM) was achieved by using the Q3D
magnetic spectrometer. In the latest measurements
and analysis in [338], as shown in Fig. 52, the measured
Py spectrum was reasonably well reproduced with the
assumption of the existence of several rotational bands,
build on bandheads with different K-values, with large
moments of inertia, arising from very large quadrupole
and octupole moments as the characteristic properties
of the HD minima.

In addition to the studies of the fission probabili-
ties, as described above, it is also important to measure
the FFMDs, TKE, and ©(A) distributions from the in-
termediate resonance SD and HD states. For the SD
states, the FFMDs for fission through the S-vibrational
states were measured for the first time at JAEA [342]
in the 2*Pu(d,pf) reaction, which exhibits nearly the
same distributions as 239Pu(ny,,f). On the other hand,
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Figure 52. (a) Prompt-fission probability, Py, obtained for
the reaction 235U(d,pf) [338]. The ejectile-energy resolution is
5keV(FWHM). (b) Expanded view of the spectrum (a) at the
excitation energy above ~5.2 MeV. The solid line shows a fit{to
the data assuming alternating-parity rotational bands starting
with J=K, where the background component is included in the
analysis (dotted curve). The picket-fence structures indicate the
positions of the rotational-band members used in the fit with the
K values as indicated for each band. The figures are/taken-from
[338].

the characteristic difference between/the,SD and HD
shapes is that the latter is expected torbe semewhat
octupole-deformed, and, since the HD|shape is €loser
to the shape of the scission configuration, the/fission
from the HD states could lead to significant differences
in FFMDs in comparison to fission from nermal or SD
states.

To conclude this section, we mention that recently
the sub-barrier structures in 2**Uhave been studied by
the same collaboration via the photofission technique,
by using a monochromatic Compton-backscattered -
ray beam [214], see also Seetion3.3.

4.83.3. Fission probabilities via the surrogate method:
spin mismatch issueswanddthe use of inverse kinematics
at VAMOS/Since several decades, the light-ion-
induced transfer reactions were often used in what is
called the.”surregate reactions method” to determine
neutrou-induced fission cross sections, (n,f), see the
recent (2012) comprehensive review in Ref. [172]. Some
recent applications of this method in the reactions
with 34He beams include: 235238U(3He,«)[343],
236. 238 (3, p)[344], 234:235:236.2387) 239Py(q,q") [345,
346, 347)/ Also (p,p’), (p,d), (p,t) reactions with 239Pu,
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235,23817 243 Am targets [169, 170] were investigated. In
addition, lithium beams were bombarded to 232Th and
2387 samples to populate CNs in the (°Li,d), (Ski,a),
("Li,t), ("Li,a) reactions [348, 168, 3494350, 351].

After the review on the surrogatefreaction method
[172], an important progress'in deriving, the/ fission
probabilities in surrogate reactioms, has been made
in two different aspects. The first »one concerns
the influence of the mismatchyin spin and parity on
fission and capture cross sections;, while the second
one is related to the recent application of the inverse-
kinematic technique.

Spin-parity mismatch__Neutron-induced and trans-
fer reactions could lead to different distributions in spin
and parity. Therefore, it is’not obvious, whether un-
measured fission probabilities or capture cross sections
for neutron-induced reactions can reliably be deduced
from surrogate reactions using the Weisskopf-Ewing
approximations, as extensively discussed in the 2012
review/[172].

As shown in Ref. [172], in a few cases a direct
comparison of experimental surrogate-reactions data
with those from neutron-induced reactions is possible.
It was_found that fission probabilities from these
two reaction types generally agree quite well. In
contrast, appreciable discrepancies were found for
capture cross sections, by comparing the surrogate
teaction SGd(p,p’y) [352] with the capture reaction
155Gd(n,y) [353, 354]. In a recent experiment that was
not yet considered in Ref. [172], deviations as large as
a factor 10 were obtained for radiative capture cross
sections in the rare-earth region with the surrogate
method (1"*Yb(*He,*Hey)'™Yb and "Yb(*He,py))
[355] in comparison with the corresponding neutron-
induced data (}1"2Yb(n,y) [356, 357] and " Lu(n,y)
[358, 359]. On the empirical side, these observations
gave confidence to the fission probabilities obtained
by the surrogate or the surrogate-ratio method
and motivated considerable activity in the field,
e.g. Refs. [169, 170]. But a better understanding of
the different behavior of fission and capture requires
more dedicated studies.

The previous results suggest that the fission
probability is much less sensitive to differences in the
entrance channel than the y-ray emission probabilities,
but to prove this it is necessary to measure
simultaneously fission and ~-ray emission probabilities
for the same nucleus at the same excitation energy.

Recently, the CENBG collaboration measured for
the first time simultaneously the fission and +-decay
probabilities of 23U induced by the 238U(d,p) reaction,
which was used to simulate the n+238U reaction for
which good-quality neutron-induced data on fission
and capture cross sections exist. The details of
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the experiment, the data analysis and the applied
corrections are given in Ref. [360]. The measurement
of the y-decay probability at excitation energies, where
the fission channel is open, is challenging, because
of the background of + rays emitted by the fission
fragments. As can be seen in Fig. 53, in the excitation
energy region, where the y-ray emission and fission
compete, the fission probability obtained with the (d,p)
reaction is in good agreement with the neutron-induced
data, whereas the y-decay probability is several times
higher than the neutron-induced one.
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Figure 53. (Color online) Fission (full blue circles) and =
decay (empty red circles) probabilities as a function of excitation
energy measured for the 238U(d,p) reaction compared to the
corresponding neutron-induced decay probabilities according to
different evaluations (colored lines). The figsiomyprobability has
been corrected for the deuteron breakup effect, see,[360]. The
figure is taken from ref. [360].

Calculations performed with  the ‘model of
Ref. [361] predict that the average angular momentum
populated in the 238U(d,p) reagtion’is abotit 70% larger
than in the n+23%U reaction near the neutron separa-
tion energy (E* =4.8 MeV). This difference decreases
with E* and amounts tofabout)25% at E* =6.3 MeV.
Therefore, the results of\[360] show that the significant
change in the initial spin distribution caused by the
different entrance ¢hannel has aymuch stronger impact
on the y-emission prebability than on the fission prob-
ability. Further theoretical work is in progress to un-
derstand these results by coupling a Hauser-Feshbach
calculation of the decay probabilities with the initial
spin and parityidistribution populated by the 238U(d,p)
reaction that will result from the model of Ref. [361].

Inverse-kinematics technique The transfer-induced
fission experiment in inverse kinematics, conducted at
GANIL by Farget et al [84, 39] was also exploited to
determiné the fission probabilities of the nuclei 233U,
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239Np, 240-242py and 2*4Cm as a function of excita-
tion energy. The results are compared in Figs 54 with
previous data from normal-kinematics experiments.and
with TALYS calculations. Some discrepanciesiappear-
ing near the threshold may be explained by the lim-
ited excitation-energy resolution of 2.7 MeV. (EWHM).
It is expected to be improved in future experiments, In
general, the fission probabilities@btained,in - this exper-
iment agree well with the results obtained in neutron-
induced reactions. This is in linéswith the results of
other surrogate experimentsusing transfer reactions in
direct kinematics as discussed in Section 4.3.3.
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Figure 54. (Color online) Fission probabilities as a function
of thestotal excitation energy. Results are presented for
238U+ 12C inelastic scattering (a) and transfer-induced fission
reactions (b)—(f). The fissioning nucleus is indicated in each
figure. Earlier v -, transfer-, and neutron-induced fission data
are included for comparison, as well as TALYS calculations
of neutron-induced fission probabilities. The corresponding
references are given in Ref. [39]. Arrows point to excitation
energies equal to the sum of the fission barrier and the energy of
the first excited state of the light transfer partner. The figure is
taken from Ref. [39].

By using radioactive beams in future experiments,
it will be possible to appreciably extend the choice
of fissioning systems to be studied by the surrogate
method in transfer-induced reactions by overcoming
the limited availability of targets for direct-kinematic
experiments.

4.4. Recent results on spontaneous fission

Spontaneous fission is one of the major decay modes
of many nuclides above Z =92. Since the 1995’ review
on spontaneous fission, see [32] and references therein,
about 20 new spontaneously fissioning isotopes were
discovered, and the properties of many previously
known ones were re-studied and improved. Nowadays,
the SF is known up to the element Flerovium,
see the recent comprehensive review by Heflberger
[37]. Fig.55 shows the presently known SF isotopes,
overlayed on the map of fission-barrier heights,
calculated within the macroscopic-microscopic model
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by Moller et al [9]. Most of the new SF isotopes
originate from recent heavy-ion-induced complete-
fusion-reaction experiments, which resulted in the
discovery of several new superheavy elements with
Z =114-118, see recent detailed reviews [36, 260].

As seen in Fig. 55, some of these isotopes allow
the unique probe (together with a-decay properties,
where known) of two important regions, where an
increased stability in respect of SF is expected, due
to the respective increase in the fission-barrier heights.
The first group, with atomic numbers Z =104-106
and neutron numbers around N =162 are in the
bottom part of the predicted island of deformed
nuclei, centered around %(S)stg. Another ten new
spontaneously fissioning isotopes with Z >108 and
neutron numbers N > 168 are found on the approach
to the predicted island of spherical nuclei, shown in the
red color, with expected center at 75F1ig4.

Figure 56 shows SF half-life systematics for even-
even nuclides with Z =98-114. First of all, one notices
a well-documented increase of Tgpr for the N =152
isotones of the elements with Z=98,100,102 [31],
which is due to the strong shell effects around these
Z and N numbers and the resulting increase of the
fission barriers, as seen in Fig. 55. A decreasing trénd
of the fission barriers from Z =100 to 104 at N=152
is consistent with the sudden drop of Tgp toward
Z =104. The recent data for the Z=104,106,108
elements provide first proof for the increased stability
by approaching N =162, in agreement with higher
fission barriers expected from Fig. 55. Finally, the most
recent data for Z=112,114, though stilbbeing far from
N =184, seem to also show the increased stability in
respect of SF. Fig. 56 also shows thel calculated SF
half lives based on another version of the macroscopic-
microscopic model by Smolariczuk-et al 362, 363],
which follows the similar trends 6f increased stability
implied by the other fission barriex/calculation [9)].

In passing we note that the recent reexamination
of the shell structure of SHE vn covariant density
functional theory (CDFT)ralso reveals an important
role played by the N =184 shell gap [364], which is in
contrast to earlier inferences from this approach.

4.5. Fusion-fission awd quasifission’ phenomena in
heavy-ion-induced Téactions

4.5.1. Orientation effect and its importance for
the fusion-fission versus quasifission competition. At
present, .eompléte=fusion reactions provide the only
mechanism to yproduce superheavy elements and to
study their decay, including their spontaneous fission
[366]. Apart of this important goal, they also open
upra, possibility to study fission of nuclei located far
away from the -stability line, also as a function of the
excitation energy.
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It has already been known since 1980’iesrthat the
fusion probability in a complete-fusion reaetion could
be strongly influenced by the static deformation of the
target nucleus, which can lead to the/so-called 'sub-
barrier’ fusion cross-section enhancement. This so-
called ’orientation’ effect was(extensivelyrinvestigated
in respect of the fusion probability in.various reactions
using deformed target nucleigdfor “example **Sm
(B2=0.270[367]), see e.g. JRefs. [368, 369]. A
comprehensive review can be'found.in Ref. [261].

Furthermore, aroundsthe same period, it was also
found that in the heavy-ion-induced reactions charac-
terized by Z,x Z; > 1600 fusion-fission and quasifission
compete, with the QF probability becoming dominant
for heavier system [3705371,92, 372, 373]. This compe-
tition results in the reduction of the fusion probability
to form a compoundynucleus, which is important es-
pecially for theisynthesis of superheavy nuclei, see the
recent comprehensive'review [35].

Duel to the importance of quasifission for the
production of superheavy elements, within the last two
decades several research groups carried out systematic
studies, of the orientation effect and its possible
link to ‘quasifission. In this subsection, we will
summarize some of these efforts and discuss the
evolution of the nuclear shape from the projectile-
target/contact point in a heavy-ion reaction towards
the final fission fragments, where the competition
between the fusion-fission and quasifission can play a
decisive role. To explain the underlying mechanisms,
Fig. 57 shows the calculated potential-energy surface
of 2™Hs*, following its production in the reaction
of 368 ions with a target of 23%U. The potential
energy was calculated with a two-center shell model
[315], which is also used for the Langevin calculations
[374] to determine the fission time scale and FFMDs
as explained in Fig.59 and Fig.60. Due to the
large prolate deformation of the target nucleus 233U
(B2=0.215 [367]), two extreme entrance projectile-
target orientations should be considered: a) the contact
of a spherical 3¢S projectile with the tip (or polar)
of the prolate 238U, resulting in a more elongated
configuration, and b) a more compact equatorial-
side contact. They are characterized by lower and
higher Coulomb barriers, respectively, thus also by the
different available excitation energies at the respective
barriers. For example, the lower-energy polar-side
configuration may lead to a contact point outside of the
fusion barrier, as shown in the plot, whereby the system
does not evolve towards the complete fusion (formation
of a true CN) and instead proceeds via a separate
QF valley to an asymmetric fission with the FFs mass
values driven by the shell effects of nuclei in the vicinity
of 2%8Pb (or "®Ni), in agreement with the experimental
results, shown in Fig. 58. On the contrary, by
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Observed SF Nuclides and Calculated Barrier Heights
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Figure 55. (Color online). Presently known spontaneously fissioning isgtopes (symbols) overlaid on the map of fission-barrier
heights for the region above Z =90, calculated within the macroscopic-microscopic model by Moller et al [9]. Open triangles and
thick dots show the isotopes for which SF was discovered or their properties were re-stidied since or before ~1995, respectively. The
highly variable fission-barrier heights are mostly due to the ground-state shell effects, which are particularly strong in the deformed
regions around %ggmeg, %gstg and in the nearly spherical region in the rediright-hand upper corner of the plot, near the next
doubly magic nuclide postulated to be at 2{§Flig4 (not shown in the plot). The figure is modified from [9].
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increasing the heam energy, the equatorial-side contact
becomes eventually possible with larger geometrical
fraction than the polar-side configuration||, which leads

|| Tevshould be noted that at a higher energy which is enough
to reach an equatorial-side contact, the tip-side collisions also
happens. This should be considered in a model calculation.
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Figure 57. (Color online) Potential-energy landscape of 274Hs
plotted as a function of the elongation and mass asymmetry,
taken from [120]. The red arrow shows the expected evolution
of the nuclear shape starting from the collision of 36S to the
polar side of the deformed 238U, producing a composite system
which further disintegrates by quasifission by generating mass-
asymmetric fragments. On the other hand, the more compact
collisions at the equatorial side at the higher beam/excitation
energies lead first to the compound-nucleus shape (CN), followed
by prompt symmetric fission (green arrows).

to a contact point inside the fusion barrier. This would
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make the equatorial-side collision to evolve towards a
true CN, which fissions symmetrically.

To investigate these phenomena, the JAEA group
performed a series of experiments at their setup at
the tandem (Section3.1.1) to measure FFMDs in the
reactions between spherical 3083, 3P, 34365 40 Ay 48(Ca
projectiles and a deformed 23%U target, leading to
excited superheavy nuclei 268Sg*, 269Bh*, 272274 g*,
218Dg*, 286Cn* [120, 89, 121, 123, 375]; the obtained
results are summarized in Fig. 58. For each reaction,
the data for four incident energies are shown in each
column, with the respective excitation energies of the
compound nucleus also indicated.

The FFMD at the highest measured excitation
energy of E*=60.5 MeV in the reaction 30Si+23%U
— 2688g* (Z,xZ; =1288) shows a relatively narrow
Gaussian shape, which suggests that a symmetric
liquid-drop-like fission happens in this case. On the
other hand, a triple-humped structure is visible at the
lowest measured excitation energy of E*=35.5MeV.
The trend is opposite to the expectation of the liquid-
drop model [376], whereby the standard deviation oy,
should increase with excitation energy. Thus, it is
interpreted that the asymmetric mass peaks observed
at Ar,/An ~ 90/178 originate from quasifission.

Further inspection of Fig. 58 shows that the
reactions with projectiles of larger mass and/or charge
numbers have larger yields of quasifission, ;and also
the mass asymmetry of quasifission changes.  For
example, the shapes of FFMDs become quite different
already in the reaction 36S+238U — 274Hs* (third
column) at comparable excitation energies to those
in the reaction 3°Si+238U. In particular, the width of
the FFMD becomes larger at E* =615 MeVhin the
reaction with 26S, and the shape of the peak clearly
deviates from a Gaussian. By reducing therexcitation
energy, the symmetric component quickly, disappears,
with a dominant QF asymmetrie/ mass/distribution
seen at the lowest measurediénergy. The quasifission
peaks are now located at Ay, /A 74/200, which are
also different from those seénvin the Feaction with 30Si
and should most probably be linked to the influence
of shell effects of the doubly magic nuclei around "®Ni
and 208Pb, as hinted-by the ¢alculations in Fig. 57.

Finally, in fthe/ reactions »with even heavier
beams, such as 4VA¢ and #8Ca, the mass-asymmetric
quasifission deminates at all the measured energies.
The centersof the heavy and light fragment masses
for QF are loeated at Ay, /An ~ 78/208.

To farther understand the trends in Fig. 58, the
reactions 3°Si4+?38U — 268Sg* and 30542387 — 274 Hs*
were studied within the fluctuation-dissipation frame-
work, in which the evolution of the nuclear shape is
calculated by solving the Langevin equation, see for
example [377, 378, 374]. Fig. 59 shows the time depen-
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dence of the nuclear-shape distribution en the mass
asymmetry («) and charge-center distance (2) for the
lowest incident energies (in respect of Fig. 58).“At. the
very beginning of the reactions [t = (04 5) %10~ 25,
both systems show the same probability distributions.
The difference already appear§in the nextitime range,
t = (5—10) x 10~2Ls, whereby the flix of the #°Si+23%U
reaction moves towards the compound-nucleus shape,
whereas most of the flux in théwreaction *9S+238U goes
to quasifission with fragment masses around 74/200.
In the next time range,/# = (10 = 30) x 1072!s, a
small fraction of quasifission starts to also appear in
308i+238U leading to fragment masses ~ 88/180, which
are in agreement with the experimental values. At
t = (30 — 50) x 10~ 2ksythe reaction 36S+238U already
finishes. On theteontrary, fission from the compound
nucleus produced by»2°Si+23%U continues up to the
time domainfef.t > 50 % 10~ 2!s.

Figure 60 compares the experimental FFMDs
with thée Lamgevin calculation for the reactions
30Si+238U [89] ‘amd 3!S+23%U [121]. In the calcula-
tion, orientation ‘effects are considered to generate the
ing¢ident-energy dependence of the FFMDs. The calcu-
lated distributions reproduce the measured data quite
well and /include both fusion-fission and quasifission
events, see explanations for Fig.57. Furthermore, in
the calculations by tracing each trajectory (shape evo-
lution) obtained by solving the Langevin equation, it
is possible to separate the 'pure’ fusion-fission (CN fis-
sion) events as those for which the shape of the sys-
tem reached the CN shape, defined as a rectangular
box in Fig.59. The obtained FFMDs of 'pure’ CN
fission are also shown in Fig. 60 by filled histograms.
The latter have a single Gaussian shape with a narrow
width and are similar for both reactions, 3°Si+23%U
and 34542380,

By using the CORSET setup (Section 3.1.1), the
Dubna group also studied the orientation effects in
the reactions between lighter projectiles and heavier
strongly-deformed actinide target nuclei, such as
248Cm and 24°Cf [146]. Importantly, despite having
a relatively low value of Z,xZ, =1152 in the reaction
26Mg+28Cm — 2"°Hs*, the obtained FFMDs at
the lower energies still showed a mass-asymmetric
component around Ay, /Ap~94/180 arising from
quasifission. This further proves that the onset of QF is
strongly influenced by the target deformation, and can
happen also for relatively light projectiles, even for the
reactions with quite low values of Z,xZ; ~1000. We
note, however, that e.g. in the reaction 22Ne+247Cf —
M Hs* (Z,x Z;=980), the FFMDs has the Gaussian-
shape characteristic of CN fission for all the measured
energies, indicating that fusion-fission is the dominant
source to generate fission fragments.

The Dubna group also studied the orientation
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Figure 58. (Color online) FFMDs for the reactions between five spherical projectiles and deformed 238U target nuclei taken at four
excitation energies, shown in each panel. Data are from [120, 89, 123, 375]. The Z, X Z; value for each reaction is shown in brackets.

effect in reactions with lighter deformed target
nuclei, e.g. with 'Sm in comparison with the
spherical *4Sm. Fig.61(a) shows the fission“fragment
mass-TKE distribution for the reaction *¥Ca%!**Sm
(Z, x Zy =1240), where a dominant symmetric CN-like
fission can be seen in the middle of the plot, the same
trend was observed at all measured /incident energies
[142].

In the reaction of “8Ca with a defofmed
1548m target (see, Fig. 61(b)), obviously having the
same Z, x Z;=1240 value, additionallyan asym-
metric fission channel with the/mass peaks around
Ay /Ag ~61/141 appears, and, the  probability of the
mass-asymmetric component increases at lower ener-
gies. The quasifission origin forithe! observed mass-
asymmetric fission events innthis case was proven
by measuring the fission-fragment angular distribu-
tions, see details in [142].3By assuming the neutron-
to-proton ratio beingrequilibrated in QF in the re-
action “8Ca+'%*Sm,/ the \FFs méutron and proton
numbers should correspond to (Z1,,Ni,) =(25,36) and
(Zu,Nu) = (57,84). This suggests the influence of the
neutron shell at V=82 in the heavy fragment as the
main reason for.the.6bserved mass peaks in QF in this
case.

Figures 61(d) and (c) reveal the difference between
the actinide-based reaction 48Ca+238U— 286Cn* and
the cold-fusion reaction 8Ca+2%%Pb — 2°°No*. The
latter exploits the spherical *3Ca and 2°®Pb nuclei,
thus no orientation effect is expected. Indeed, despite

having a value Z, x Z; = 1690, the reaction *¥Ca-+2°Pb
shows’a single Gaussian-shape FFMD [379, 380, 145],
typical for the CN fission. On the contrary, the
reaction *8Ca+238U (Z,xZ; =1840) is dominated by
quasifission, with no clear evidence for the CN-like
fission seen in the middle of the plot.

Finally, the difference between deformed °*Sm
and 238U targets can be seen by comparing the
spectra in Figs. 61(b) and (d). The former
reaction shows both symmetric and asymmetric fission
modes corresponding to fusion-fission and quasifission,
respectively, whereas the latter reaction is largely
dominated by quasifission.

4.5.2.  Mass-angle correlation in quasifission and
fusion-fission, fission time scale. The growth of the
QF probability for reactions with increasing Z,xZ;
values can also be demonstrated by e.g. fission-
fragment mass-angle correlations. As quasifission is
a fast decay process, fission fragments are emitted
with forward-backward angular asymmetry relative to
the beam direction. This asymmetry can be revealed
by the so-called mass-angle distribution (MAD) plot,
which shows the center-of-mass fragment emission
angle, 0. .. (with respect to the beam direction) versus
the mass ratio Mg = A41/(A1 + As), defined from the
fragment masses A; (i=1,2). Fig. 62 summarises
the recent systematical studies of the MADs for an
extended series of target-projectile combinations by
the Canberra group with their CUBE setup [131]. In
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Figure 59. (Color online) Calculated probability distribution.
of the nuclear shape plotted as a function of mass asymmetry (a)
and charge-center distance (z) [374] for reactions (a) 30Si%238U
— 2088g* and (b) 36S423%U — 274 Hs* The time ranges are
indicated. The positions of the respective compound nuclei are
marked by rectangles. Quasifission (QF) and fusion-fission (FF)
flux flows are indicated.

the reactions with the carbon andsoxygen beams, no
correlations were observed between the mass ratio Mg
and the angle 0., for all the target nuclei used. A
slight difference is visible for.the reactions involving
actinide target nuclei (**Th and 238U) on the one hand
and lighter target isotopes (Hgy Pt, Os, and W) on the
other hand, whereby the former cases have somewhat
larger widths of their FFMDs.

The differencessbetween the actinide- and lighter-
target nuclei are mor¢'cleatly visible, when the heavier
projectiles, e.g. from sulfur on,”are employed. For
example, the réaction 32S+232Th [127] exhibits a mass-
angle correlation, which is not evident for reactions
using lighter ‘targets; such as lead and mercury. The
heavier pprojectiles (e.g. titanium and nickel) generate
strong imass-angle correlations even for the reactions
with the lighter target isotopes.

The conclusion on systematically wider fragment-
mass 'distributions in reactions between heavier
projectiles and actinide targets is consistent with the
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Figure 60.(Color online) Comparison between the experimen-
tal FEMDs (solid/blue circles) and Langevin-type calculations
(open ‘magenta jhistograms) in the reactions of 39Si+238U —
2685¢* [(89] and 34S+238U — 272Hs* [121]. Filled magenta his-
tograms show the calculated fission from the compound nucleus,
as defined'in the text. The fusion probability, Pr,s, is determined
from the calculated ratio of CN fission to all fission events, the
results-are shown in % in each panel of the figure. The geometri-
cal shapes on the right-hand-side demonstrate the predominant
equatorial-side collisions at the higher incident-beam energies
and the polar-tip collisions at the lower energies.

trend observed in Fig. 58, see Section 4.5.1.

Recently, the MADs were theoretically studied
using the TDHF model in the reactions of 4°Ca+23%U
[382], S4Cr+186W, S0Cr+180W  and 54Cr+186W [133].
One of the features of the TDHF -calculations is
an exact treatment of the incident angle between
the deformed nuclei in the approaching phase. The
calculations show that the collision on the equatorial
side have a larger probability to generate mass-
symmetric fission fragments, thus resulting in smaller
mass-angle correlations.

To conclude this section, we also mention that
the MADs can be used for the determination of the
fission time scale, see e.g. the studies of reactions
of 348, 4874, and °®%4Ni with the targets of 184186\
at the ANU [18]. The extracted short mean scission
times of <10720 s for quasifission in the reactions
with 4Ti and 4Ni were compared with the mean
scission times measured in similar reactions by the
crystal blocking technique in Ref. [24], where the much
longer fission times were deduced. The authors of
[18] strongly emphasized this discrepancy and called
for further efforts to clarify this issue, which could be
very important for the synthesis of new superheavy
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Figure 61. (Color online) Mass-energy distributions of fission
fragments in the 48 Ca-induced reactions with the targets of (a)
spherical 144Sm (Z, x Z;=1240), (b) deformed 4Sm (1240), (c)
spherical 298Pb (1640), and (d) deformed 233U (1840). Figure
is taken from [145]. The peak in the middle of each panel is due
to the fusion-fission of excited fully equilibrated CN, while the
two strong peaks on the left- and right-hand sides are due tothe
scattered beam and target nuclei. The events in between the
areas of the scattered nuclei and fusion-fission events are due to
quasifission.

eleements, see also the recent study [300].

4.6.  Prompt-neutron and y-ray emission,.in fission:
selected recent results.

4.6.1.  Prompt-neutron emission from, fission " frag-
ments.

Prompt-fission-neutron multiplicities. Prompt
neutron emission from fission fragments is a well
established phenomenon, whereby the deformation
energy of the nascent fragments at the scission point
is considered as the main source for the respective
excitation in low-energy fission, such as SF or thermal-
neutron-induced fission. Thus, the average neutron
multiplicity from an individual fragment with a mass
A, p(A), carries anyimportant information on how the
fissioning systém evolves along the different paths on
the potential-energy surface. Prompt-neutron and ~-
ray measurements until ~1974 were summarized in
Refs. [383, 384], “while the comprehensive book [8]
reviewed the data up to ~1990. In our work, selected
examplesiof more recent studies will be presented.
Prompt-fission setups described in Section 3.1
can bereasily combined with neutron detectors for
the/correlation measurements of fission fragments and
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Figure 62. Fission-fragment mass-angle distributions

(MADs)[131]. All miniature plots have the same axes as the
large MAD (top left, 8Ti+'"0Er at Epeam = 225.0 MeV). The
full gray lines correspond to the noted constant values of the ef-
fective entrance-channel fissility parameter zeg [381]. The inten-
sity scale represents counts per pixel in the MAD, proportional
to d?0/dfc.m.dMR.

neutrons to obtain 7(A). Since neutrons are strongly
kinematically focused to the fragment directions in the
laboratory frame in the reactions in direct kinematics,
the assignment to one of the fragments as a neutron-
emitter is easily possible, when neutrons are detected
along the fragment flight axis within a limited solid
angle. By using this method, 7(A) data for thermal-
neutron-induced fission of 233:235U and 23°Pu were
re-measured [385, 386, 387] at the Kyoto University
Research Reactor [388]. A liquid scintillation detector
(127 mm-diameter x 51 mm-thickness) was mounted on
the axis defined by two fission-fragment detectors,
which comprised a multi-wire proportional counter
and a silicon detector (1v-1E method) [389]. In the
measurement, also the neutron-energy spectra from
individual fragments were obtained. An example of
data for 23U (ngy,f) [385] is shown in Fig.63. While
the 7(A) values demonstrate a well-known sawtooth
distribution, the average neutron energies 7j(A4) have
a mirror-symmetric distribution around the symmetric
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fission split at slightly below A=120. The neutron
energies are especially high for the symmetric and
large-asymmetric fission fragments. The different
shapes of the 7(A4) and 77(A) spectra can be explained
by nuclear-structure effects of the fission fragments as
follows below.

Figure63(c) shows the level-density parame-
ter, a(A), for fission fragments from the reaction
233U (n¢p,f), obtained with the formula E* =aT?. The
average excitation energy E* and the nuclear tem-
perature T [390] of the fission fragments were deter-
mined from the values of 7 and 7 given in Figs. 63(a)
and (b), respectively. The data in Fig.63(c) exhibit
a strong variation as a function of the fragment mass,
with sudden drops around the fragments in the vicin-
ity of A=125 and 75. The trend is largely differ-
ent both from the trend for stable isotopes (shown by
the open blue circles) [391] and from the linearly in-
creasing function a(A4) < A (dashed line), often used in
statistical-model calculations. The a(A) values from
the neutron-induced fission, 233U (ny,,f), confirmed the
originally reported similar trend from the 252Cf(sf)
measurements [392] carried out at the Central Bureau
for Nuclear Measurement (CBNM) in Belgium (now
called JRC-IRMM). For the quantitative understand>
ing, the data are compared with the Gilbert-Cameron
predictions from [393], where the level-density param-
eter takes into account the shell-correction energies for
neutrons and protons (the red solid line in Fig. 63(c))-
Significantly smaller values for nuclei around A'=125
can be explained by the large negative shell-correction
energies around 32Sn. This analysis provides that sim-
ulation of prompt neutron-evaporation requires infor-
mation on the structure of neutron-rich fission frag-
ments.

Two new detailed measurements, of thesneutron
multiplicity as a function of fragment mass and TKE
have recently been performed by the /JRC-IRMM
group for 2°2Cf(sf). In the fifst experimhent, reported
in [113], a gridded Frisch'iomization chamber and
a liquid scintillator were used, thus the neutron
multiplicity could be measured directly. The second
experiment [98] was performed with the 2v-2E VERDI
spectrometer (see Figs 13 in»Section 3.1.1), whereby
the neutron multiplicity was derived via an indirect
method by calculating the difference between the
pre-neutron and post-neutron FFs’s masses. The
comparison of the measurements in Fig. 64 shows
that while ‘the shapes of both distributions are
very similar, the ‘indirect values from the 2v-2F
measurement ate 15 % larger than those from the direct
detection, method. Interestingly, the 7(A) data for
23U (0, f)(Pig. 63(a)) and 22Cf(sf) (Fig. 64) show
thatsthe hump at A~138 is commonly observed for
both reactions.
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Figure 63. (Color online) Red symbols - the data for the
reaction 233U (nyy,,f) [385]. (a) The prompt-neutron multiplicity
7(A) as a function of the FFs mass (see left ordinate). The
respective FFMD is schematically shown by the blue line (right
ordinate); (b) Average neutron energy in the c.m. frame, 7;
(c) The level-density parameter obtained from the fragment-
neutron correlation data. The red solid line is the prediction by
Gilbert and Cameron [393]. The black dashed line is the linear
expression a(A) =0.12A. Open blue circles are the level-density
parameters for the stable isotopes [391].

Excitation energy dependence of 7(A). There
are only a few experiments that studied the variation
of 7(A) as a function of excitation energy. The most
precise data have been reported around years 1984-
1986 by Miiller et al. [394] and Naqvi et al. [395].
Fig. 65 shows the 7(A) data for neutron-induced fission
of 2"Np at incoming neutron energies of 0.8 MeV
and 5.55 MeV. The total neutron multiplicity increases
from 2.7340.11 to 3.46+0.11 [395]. More importantly,
Fig.65 reveals that this increase appears only in
the heavy fragment group, while the prompt-neutron
multiplicity in the light fragment group is unchanged
within the experimental uncertainties. The same
result was obtained in the reaction 2*U(n,f) with
E, =0.5MeV and 5.5MeV [394]. Furthermore, it was
found that the fission-fragment yields remain almost
constant, except for an increase of the symmetric
fission channel that still stays around the 1% level at



OCoONOOOPR~WN =

AUTHOR SUBMITTED MANUSCRIPT - ROPP-100800.R2

CONTENTS

o

£y

[T'IIITTI[['

01!.[1;_.1lllll-l.lllll.lll.lll
80 100 120 140 160 180

Fission Fragment pre-neutron Mass (u)

Figure 64. (Color online) Average neutron multiplicity as a
function of fission-fragment mass, 7(A) for 252Cf(sf). Filled
triangles display the data from the direct neutron-detection
method using a liquid organic scintillation detector [113]. The
crosses show the results from the 2v-2F indirect method
employed with the VERDI spectrometer [98] with a mass
resolution A/AA ~ 80. Figure is taken from [98].

the higher energy.

Mainly due to its importance for higher-energy
fission in e.g. reactors with fast neutrons, the evolution
of 7(A) as a function of excitation energy has recently
attracted a renewed interest.

80 90 100 110, 120 130, 140 <150 160
Apre

Figure 65. Color online) Measured prompt-neutron multiplic-
ity in 237"Np(n,f) as a fungtion of pre-neutron mass at two dif-
ferent incident-neutron energiesy[395]/ (colored data points) in
comparison with the resultrof the GEF model (red and blue his-
tograms). The figure/is taken from [395].

Figure 66 shows a recent example of prompt-
neutron-multiplicity /measurements in the reaction
p +242Pu.— 3Am* at three beam energies, leading
to appreciably, higher excitation energies. The
experiment was performed by the Dubna group at
the Accelerator Laboratory, University of Jyvaskyld,
by-using the CORSET setup coupled to the time-of-
flight neutron-detector array DEMON [396] composed
of seight liquid scintillators. Similar to Fig. 65, the
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plot demonstrates that as a function of the beam
energy (thus, as a function of E*) the prompt-neutron
multiplicities increase only for heavy fragments in
the mass region of 120—150u, whereag these, for the
light fragments remain almost unchanged. A‘similar
conclusion was also derived for the reaction p+ 233U
— 239Np* in the same study.
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Figure 66.  Post-scission neutron multiplicity, Mpost, as a
function of pre-neutron fragment mass for the reaction p + 242Pu
— 243 Am* at three proton beam energies. The histogram shows
the mass distribution at a proton energy of 20 MeV. The figure
is taken from [140].

Energy-sorting hypothesis. Recently, Schmidt
and Jurado [284] interpreted the insensitivity of the
prompt-neutron yield in the light fission-fragment
group to the initial excitation energy found in
B"Np(n,f) [395] at E, = 0.8 MeV and 5.55 MeV
(see Fig. 65) as a consequence of the peculiar
thermodynamical properties of the di-nuclear system
before scission. In this energy regime, pairing
correlations are expected to persist all the way up to
scission. The authors of Ref. [284] were inspired by
recent experimental results and theoretical arguments
for the presence of a constant nuclear temperature
below the critical pairing energy [397, 398]. Following
theoretical expectations that the nascent fragments
aquire their individual properties well before scission,
they claimed that the dinuclear system on the way from
the outer saddle to scission behaves like two coupled
thermostates [399, 400]. In general, the temperature
of the heavier fragment is expected to be lower,
because the nuclear temperature is known to be grossly
proportional to A~2/3 [401] in the superfluid regime.
This trend may eventually only be inverted by strong
shell effects in mass splits close to symmetry. Since the
nascent fragments cannot reach thermal equilibrium,
essentially all intrinsic excitation energy moves to the
heavy fragment, because it has the lower temperature.
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g The GEF code [283] that considers this process of
4 entropy-driven energy sorting reproduces the measured
5 data quite well, see Fig. 65.
6 A priori, it is doubtful, whether the energy-sorting
7 mechanism that was introduced above can be invoked
8 for explaining the insensitivity of the prompt-neutron
9 yield in the light fission-fragment group to the initial
10 excitation energy at the higher excitation energies of
11 the systems shown in Fig. 66.
For the understanding of the data shown in

12
13 Fig. 66 it is necessary to recall the properties of
14 the fissioning system that have an influence on the
15 prompt neutron emission. With increasing initial
16 excitation energy, the energy available for prompt

neutron emission is no longer dominated by the surplus
17
18 of deformation energy of the fragments at scission
19 compared to the ground-state deformation, but it
20 contains an increasingly important contribution from
21 intrinsic excitation energy at scission. With increasing
22 intrinsic excitation energy, pairing correlations vanish,
23 and the influence of shell effects on the fissioning
24 system diminishes. All this, in turn, modifies the
25 characteristics of the level densities that determine the
26 thermodynamical properties of the system. In detail,
27 the level density shows a transition from the superfluid
28 regime to the independent-particle scenario [397, 398]
29 at the critical pairing energy (a10MeV). Thus, the
30 nuclear temperature is not constant any more, and a
31 pre-requisite for the energy-sorting mechanism is not

gy g

32 given. The reduction of shell effects leads to a change
33 of the relative yields of the fission channels. In the
34 actinides, the yields of the asymmetri¢ fission channels
35 with their characteristic shapes determined by the
36 relevant fragment shells decrease, while/the symmetric
37 fission channel that is favored by the macroscopic
38 nuclear properties takes over. Thussthe shapes of the
39 nascent fragments are no longer influenced by shell
40 effects. As a consequence, the'saw-tooth structure
41 in 7(A) is expected to vanish. This'is indeed the
42 case for the data from the highest excitation energy in
43 Fig. 66. Moreover, with increasing excitation energy,
jg multi-chance fission sets in (see Figs. 49-50), and, thus,
46 the mass-dependent prompt-neutron multiplicities are
47 a superposition of several ‘contributions, originating
48 from fission of different isotopes atydifferent excitation
49 energies.
50 Finally, it@is noteworthy that the total prompt-
51 neutron multiplicity| grows only by about one unit
52 when the imcoming-proton energy increases from
53 20 MeV #6055 MeV. Thus, only a small part (~ 10 MeV)
54 of the additional bombarding energy (35 MeV) is found
55 in the total excitation energy of the fragments. It
56 may be assumed that the missing energy (~20MeV)
57 i1s consumed by pre-saddle neutron emission, leading
58 to mmulti-chance fission, and by the emission of
59
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neutrons between saddle and scission [402)y These
two processes may appreciably reduce thenintrinsic
excitation energy of the nascent fragments  before
scission, with the consequence that thefenergy-sorting
mechanism extends to higher initial exeitation energies
than expected. Thus, the energy-sorting,mechanism
may indeed be responsible to some extentnfor ,the
constant prompt-neutron multiplicity nins the light
fragment group found in Fig. 66.

To further study this phenomenon experimentally,
the use of multi-nucleon transfer reactions would be an
ideal tool to measure the excitation-energy dependence
of 7(A) (or Mpost(A)), for nucleifurther away from the
[-stability line. Such experiments are now planned
with the JAEA prompt-fission setup, complemented
with an array of/meutron_detectors.

4.6.2. Prompt ~-ray emission from fission fragments.
Most prompt -y rayssare emitted following the prompt-
neutron (emission. The v-ray energy/multipolarity
and multiplicity carry information on the spins of the
fragments, which are important for understanding the
mechanism of spin generation during fission.

The recent application of highly-efficient, multi-
detector 4/~ 47 ~-ray calorimeters in fission studies
allowed to obtain a more detailed information. As
an_example of data from the Crystall Ball setup
(see; Sec. 3.2.2), Fig. 67 shows the ~-ray spectra
from 252Cf(sf), measured in coincidence with FFs
detected in a GIC (Section 3.1.1) [403, 182]. It is
seen that the y-ray spectrum for fission fragments with
a mass split around Ar,/Ap=120/132 does not follow
the linearly decreasing trend as a function of energy
(in logarithmic scale), as it is seen for example for
the mass splits around Ar,/Ap=108/144, but shows
a hump centered around E,=6MeV. In the further
experiments at the CB, the origin of this hump was
assigned to heavy fragments in the vicinity of A~132
by systematically changing the fissioning nuclei and
searching for the high-energy structure as a function
of the mass split [404]. An explanation of the high-
energy component was proposed within the statistical-
model framework [405, 182], whereby the small value of
the level-density parameter around A~132 for fission
fragments of 2°2Cf [392] F(see Fig. 63(c) as an example
for 233U (nyy,f)) generated the enhancement of the -
ray spectra between 4 and 8 MeV.

At the LANSCE spallation source, thanks to the
enhanced sensitivity of the DANCE ~-ray calorimeter
(Section 3.2.2), the prompt ~-ray measurements could
be extended up to E,~9MeV as shown in Fig. 68,
which provides unfolded ~y-ray spectra for the neutron-
induced-fission reactions #*5U(n,f), 2*Pu(n,f), and
for 252Cf(sf) [199]. In these spectra, the yields are
normalized to each other in the ~-ray energy range
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Figure 67. Normalized 7-ray energy spectrum for 252Cf(sf)
[182]. The full line is the spectrum in coincidence with frag-
ment mass splits of (118 <AL <122)/(130< Ay <134).
The dotted line is the one in coincidence with
(106 < Ap, <110)/(142 < Ay < 146). The figure is taken
from [182].

of 1 < E, <4MeV. Despite the similarity of the shape
in this energy interval, distinctly different features
can be seen in the spectra above 5MeV. Since this
is the energy region where the ~ rays associated
with fragments around '32Sn would be more strongly
generated (see Fig. 67 for 252Cf(sf)), the difference in
the spectra between these nuclei suggests the reaction=
dependence of populating the relevant states in FFs’.
It is also mentioned in Ref. [199] that pygmy dipele
resonances [406, 407] could be the candidates for
such states. An alternative possibility is the reaction
dependence of the level-density parameters [182, 405]
and/or initial excitation energies [408] of fragments
around A ~132 as discussed in the contéext of Fig.67.
In passing we note that, even with a nearly 4=
solid-angle coverage, quite complex correetions/for the
detector response are essential, yia some unfolding’
procedure with specific assumptions{ see eig. [199].

At KVI(Groningen), the measurements of fission
7 rays for 252Cf(sf) were extended up to E, =20MeV,
using a large-volume ~v-ray. setupyconsisting of ten
BaFs (2.6 liter each) and one Nal detectors (diameter
255 mm xlength 355 mm) [405]. Kission fragments were
detected using PPACs, giving a/rough estimate of the
fragment masses. JA hump structure associated with
the giant dipole resenance (GDR) decay was clearly
observed for every mass-split bin, and an attempt of
its description was undertaken via statistical-model
calculations, see details in Ref. [405].

Very_recently;«a collaboration led by the JAEA
fission group performed a dedicated measurement of
the y-ray spectra up to ~20MeV in thermal-neutron-
induced fissioft of 23°U [409]. The experiment was
performed at the cold-neutron beam line (PF1B)
of the high-flux reactor at ILL, Grenoble [410].
Two large-volume LaBrs(Ce) detectors (diameter
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Figure 68. (Color online) The comparison of the unfolded -
ray energy distributions for thereactions 235U(n,f) (red circles),
239Pu(n,f) (blue squares), and for 252Cf(sf) (black triangles),
obtained at DANCE. Figure is taken from [199].

102 mmxthickness 127 mm) [411] coupled with multi-
wire propertional counters for fission fragments were
used. Although the data analysis is underway, enough
coincidence’ events between FFs and ~ rays were
registered as to reveal the hump structure around
E., =15MeV associated with the GDR decay as well
asloeal peaks at ~4 and 6 MeV [409].

Prompt y-ray spectra for the reactions 235U (ngy,,f)
[60], 241 Pu(ngn,f)[61], and 252Cf(sf) [62] were measured
by the JRC-IRMM group and collaborators down
to the low ~-ray energy region of E,~0.1 MeV
using a twin Frisch-gridded ionization chamber coupled
with different combinations of high-resolution large-
size scintillation crystals of LaBrs, CeBrs and LaCls.
The experiments were performed at the cold-neutron
beam from the 10MW research reactor of the
Budapest Neutron Center [412]. The measured -
ray multiplicity for *'Pu(ng,,f) in the low-energy
region below E., =0.75MeV is shown in Fig. 69. The
pronounced periodic structures could be seen for the
first time in this reaction, similarly to those observed
in 1970’s for 25U (ng,f), 2Pu(ng,f) and 252Cf(sf)
[413, 414]. This interesting observation is in contrast to
the evaluated data from ENDF/B-VIL1 library [415],
see the smoothly varying dotted line in Fig. 69, which
does not show any structures and has a much lower
magnitude in comparison to the new measurement. In
future studies, it would be interested to extract such
low-energy spectra for each mass split of the fissionig
nucleus.

4.7. Spallation-fission studies for ADS

Spallation reactions, that means interactions of high-
energy protons or other light particles with heavy
target nuclei, have gained an increasing interest
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Figure 69. (Color online) The prompt-fission v-ray spectrum
for the reaction 24'Pu(nyy,f) taken with different sets of LaBrs
and CeBrs detectors. Evaluated data from [415] are shown by
the dotted line. Figure is taken from [61].

in the development of accelerator-driven systems
(ADS) [416] for the incineration of nuclear waste,
in the development of spallation neutron sources
[417], in astrophysics [418], and in the preparation
of radioactive beams [234, 419, 420]. Thus,
by the initiative of Armbruster a campaign of
systematic measurements was started in 1996 at GSI,
Darmstadt. These studies were performed/in inverse
kinematics with primary beams, delivered by the'SIS18
accelerator, ranging from *Fe to 223U, interacting with
liquid hydrogen and deuterium targets. The fragment
separator FRS was used for a full umambiguous
identification of the reaction products in Z and A by
the AE - TOF - Bp method and for the measurement
of their velocity component in beam direction. One
product per reaction inside the angular acceptance of
the FRS (15 mrad around the beam direction) was
detected. The aim was to ‘ebtain iSetepic production
cross sections for a number of systems with an accuracy
of about 10% and for animprovedsunderstanding of
reaction mechanisms at energiesup to 1 A GeV in order
to interpolate to other systems and for developing
adequate nuclear-reaction models.

In the spallation of the heaviest projectiles, such
as TAu [422, 423]4%08Ph [424, 425, 426, 427, 428
and 28U [429,.430,04315 432, 254, 433], fission was
found to form a large fraction of the reaction products.
Due to the'full identification of all residues in Z
and A and thesmeasurement of their kinematical
properties, a precise and rather complete information
on the'lreaction process was obtained that provided
also valuable'information on the fission properties for
anlarge number of nuclei below uranium over a large
range of excitation energy.

As an example, Fig. 70 shows a comprehensive
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Figure 70. (Color online) Nuclides produced in the reaction
238U (1AGeV) + 'H.\The'measured cross sections are shown
on the chart of the nuclides in a logarithmic color scale. The
figure is taken from Ref. [421]:

yelocity (Gm/ns)

Figure 71. (Color online) Two-dimensional cluster plot of the
experimental longitudinal velocities of residues produced in the
interaction of 1 A GeV 238U projectiles with a hydrogen target,
including the titanium windows and thermal insulation (87.3
mg/cm? He + 36.3 mg/cm? Ti + 8.3 mg/cm? Mylar). The
velocity is presented in the beam frame. The figure is taken
from Ref. [420] with kind permission of The European Physical
Journal (EPJ).

overview of the production of hundreds of nuclei in the
spallation of 233U projectiles at 1 A GeV in an hydrogen
target. One can clearly distinguish two main regions:
firstly, the predominantly neutron-deficient isotopes of
elements above Z~70 up to neptunium originating
from spallation and consecutive evaporation of light
particles [429]. The second extended region includes
predominantly neutron-rich isotopes around Z =45,
which are produced via symmetric fission [430, 431,
432]. The production extends towards lighter nuclei,
reaching down to the detection threshold at Z =7.
The measured velocity distribution of the reaction
products is particularly interesting for characterizing
the process that is responsible for the production of the
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lighter residues. Fig. 71 shows that the Z-dependent
velocities below Z =40 are dominated by two ridges
in forward and backward direction, respectively. They
evolve continuously towards the lighter elements. Note
that the broad ridge between the outer narrow ridges
with a mean value around 0.5cm/ns corresponds to
residues produced in the titanium backing of the liquid
hydrogen target by multifragmentation [434], thus
demonstrating the sensitivity of the experiment to the
reaction mechanism. The velocity difference between
the forward and the backward component reflects the
Coulomb repulsion of the reaction productions (e.g.
of the emerging fission fragments), while the mean
velocity corresponds to the velocity of the decaying
spallation residue that correlates with the impact
parameter [429]. The pattern of Fig. 71 is compatible
with the population of a spherical shell in velocity
space with Z-dependent radius by the binary decay
of a heavy nucleus, only slightly lighter than 233U,
from which only a forward and a backward portion
are measured due to the angular cut of the FRS [432].

This experiment delivered unprecedented detailed
information on the binary decay processes of a
moderately excited heavy nucleus. The data provide
a convincing justification and even demonstrate the
need for a unified view of fission and evaporation,
as proposed by Moretto and Wozniak [435], while
they are traditionally considered as two gdifferent
processes, described by different formalism that are
not compatible. Moreover, they demonstrate that,the
energy of about 1 GeV (center-of-mass) is not sufficient
for a sizable amount of multifragmentation to occur.
Note that the heavy counterparts of the light charged
particles appear in the heavy spallation-evapoeration
component.

A systematic comparison of thenuclide production
as a function of the target mass has also been
performed for the fission of 1 A GeV/?°8Ph in reactions
with hydrogen, deuterium and titanium [426] and for
the fission of 1 A GeV 233U in the same targets [436].

Besides the determinationof theindividual fission-
fragment nuclide cross| sections, the experimental
conditions in inverse kinematics are also very favorable
for measuring the total fissionCross section with high
precision. This has been éxploited/in Refs. [437, 438]
to determine the't6tal fission cross sections in the
reactions 20Phm+ "Hiat 500 A MeV and 2%U + 'H
at 545 and[935 AMeV as well as ®1Ta + 'H at
300, 500, 800,.and 1000 A MeV, respectively. In these
experiments, both fission fragments were detected with
a set-up similan to the one used in Ref. [40] that was
able to'determine the atomic numbers of both fission
fragments.

In.continuation of this experimental program, very
recently an even more complete characterization of the
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fission fragments, namely the identifications of both
fission fragment in Z and A, has been achieved for the
system 2°8Pb + 'H at 500 A MeV [439] by using, the
same set-up as the SOFIA experiment [71].

The results of these experimentgyhave been and
are still being employed for(benchmarking and for
improving nuclear-reaction modelsy see for example
the intercomparison of modelfcodes fors spallation
reactions, organized by the TAEA [440], whereby a
realistic description of the fission process is of eminent
importance.

5. Future developments infission techniques

5.1. Fission of secondary RIBs at relativistic energies
at GSI/FAIR apd,RIKEN

Fission at SOFTA(GSI) The SOFIA experiment
(see Section 3.5:1) has presently only exploited a
small part'of,its potential, while many more systems
are acgessible” to.rthe measurement of the fission-
fragment ‘charge/mass distributions via low-energy
electromagnetic-induced fission as demonstrated in
Fig. 217 . In ‘particular, fission of neutron-deficient
systems from mercury to polonium is a very promising
research’topic. SOFIA offers the unique possibility
foria systematic survey of the structure effects in this
region of the chart of the nuclides, first observed in the
SDF of 18%Hg [16]. Importantly, in contrast to SDF,
the SOFTA-like approach is not restricted to odd-odd
nuclei.

Recently, the ALADIN magnet has been replaced
by the superconducting dipole GLAD [441], which has
a higher field strength. This will make the resolution
of position-sensitive detectors to deduce the magnetic
rigidity of the fission fragments less crucial in future
experiments.

There are plans to extend the choice of systems
to be investigated by using a long-lived ?42Pu primary
beam. This would give access to heavier actinides up to
americium. When the future installations at the R3B
set-up [442], namely the neutron detector NEULAND
[443] and the gamma calorimeter CALIFA [444] will
become available for the SOFIA experiment, prompt
neutrons and the total energy of the prompt ~ rays
emitted during the fission process can also be measured
directly.

Fission in an electron-ion collider ELISe
at FATR On a longer-term scale, the planned
installation of the electron—ion scattering experiment
ELISe [445, 446] at the International Facility for
Antiproton and Ion Research(FAIR) [447] could allow
yet another type of experiments on low-energy fission in
inverse kinematics with relativistic secondary beams.
In this approach, the RIBs, provided by the future
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separator Super-FRS and stored in a dedicated
storage ring, will be collided in-ring with a beam
of relativistic electrons (0.2 to 0.5GeV), causing the
RIB’s excitation via in-elastic scattering and their
subsequent fission by means of the (e,e’f) fission
mechanism. The measurement of fission fragments
in coincidence with an inelastically scattered electron
will allow an accurate determination of the excitation
energy of the fissioning nucleus, provided a precise
determination of the electron energy is performed.

In passing we note that a similar concept of the
use of electron scattering from (the low-energy) RIBs
is pursued by the SCRIT (Self-Confining Radioactive
Isotope Target) collaboration at RIBF-RIKEN, see
Ref. [448] and references therein. However, at present,
only the experiments with low-energy FF's produced
by photofission of 238U and extracted via the ISOL
method are considered, for example, for FF charge-
radii measurements.

The feasibility of the fission experiments at
both facilities is crucially dependent on whether the
necessary luminosity can actually be achieved.

Measurements of fission-barrier heights with
neutron-rich RIBs via the (p,2pf) reactions
with SAMURAIL at RIBF-RIKEN The electro-
magnetic excitation of secondary RIBs in a heavy tar-
get that was used in the SOFTA experiment populates a
rather broad range of excitation energies, which,cannot
be narrowed down (see Fig. 17). Therefore, it is‘eon-
sidered to exploit the quasi-free (p,2p) scattering chan=
nel in collisions of relativistic RIBs with, an hydrogen
target, where the excitation energy can be determined
by measuring the scattered protons. Provided thé fis-
sion happens in the (p,2pf) channel, the simultaneous
measurement of two coincident protomns also allows to
reduce the random background for proton-FF coinci-
dences. This is the approach taken by/the SAMU-
RAI (Superconducting Analyser for MUIti particles
from RAdio Isotope beams) collaboration at RIKEN
[449] for their planned fission,experiments aimed to
experimentally determine fission-barrier heights in the
neutron-rich nuclei nerthheast of the doubly magic
208Ph [450]. In the experiment;heavy secondary beams
will be produced by spallation of arelativistic primary
238U beam (similarito the SOFIA approach) and identi-
fied using the gnagnetie separator BigRIPS [451], before
they impact on the secondary hydrogen target installed
in front of the largesacceptance spectrometer SAMU-
RAI. The two fission fragments will be detected and
analyzed with SAMURAI, while a specially designed
silicon trackerat the target position will be exploited
to measure protons. One of the difficulties of this ap-
proachrat- RIKEN is that the energy of the primary
2381 beam is ~ 350 A MeV, which is not as high as at
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FRS at GSI, where a beam of 1 A GeV is used. The
lower primary-beam energy results in a lower energy
of the secondary beams, which does not_allow te.ob-
tain fully stripped secondary heavy-ion beams.yThis, in
turn, creates extra difficulties for an umambiguous de-
termination of the fissioning parent nucleirdue to their
overlapping A/Q values.

5.2. Fission of post-acceleratedr RIBs in
transfer-induced reactions in_inverse, kinematics at
energies around the Coulomb barrier at HIE-ISOLDE
(CERN)

A broad range of possibilities for fission and surrogate-
reaction type of measuréments in inverse kinematics
for long isotopic, chains of pre-actinide and actinide
beams opens up at the ISOL-type radioactive-ion-beam
facilities.

The HIE-ISOLDE, a presently performed upgrade
to higherdntensities and energies up to 10 A MeV of the
existing REX-ISOLDE facility at CERN [452], matches
well for this kind of experiments. In this approach,
the«d(RIB,pf) type of inverse-kinematics reaction will
be exploited,” whereby a post-accelerated radioactive
beam!/ from HIE-ISOLDE with an energy around the
Coulomb barrier (~4-5 AMeV) will be shot on e.g. a
deuteron-enriched target. The RIB’s excitation to
energies close to the top of the fission barrier will
occur due to neutron transfer, leading to fission of the
resulting compound nucleus. The fission fragments will
be measured in coincidence with the outgoing proton
by using an active-target approach ACTAR, see details
in the approved proposal [453].

In a separate future development, the former
Heidelberg TSR storage ring is planned to be moved to
HIE-ISOLDE [454]. The use of an internal target and
of an additional charge breeder in order to match to the
limited magnetic rigidity of the storage ring would help
to improve the quality of the experiments by achieving
a better precision of the excitation energy after nucleon
transfer and by avoiding parasitic reactions in target
backings and contaminants [455].

5.3. Recent technical developments for
neutron-induced fission research

Historically, neutrons for fission studies were generated
by research reactors, such as e.g. the high-flux reactor
at the Institute of Laue-Langevin, which reaches a core
flux of 1.5x10'° n/cm? /s under 58 MW operation [410].
Several other reactors, such as the Kyoto University
Research Reactor [388] and the Budapest Research
Reactor [412] are also used for fission research. The
recent extensive use of neutron spallation sources
opens further possibilities for more detailed and precise
fission studies, see also Sec. 3.2.3.
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5.8.1.  Prospective fission studies with the FIPPS
spectrometer at ILL The very successful EXILL
campaign (see Section 3.2.2) will be perpetuated at
ILL with the commissioning and first experiments at
the new dedicated instrument called FIPPS (FIssion
Product Prompt ~y-ray Spectrometer) [456] in the first
quarter of 2017. A clover Ge detector array will
surround targets irradiated with a halo-free pencil
beam of thermal neutrons. In a first phase, a fission
trigger will improve the separation between prompt
fission 7 rays and delayed decay ~ rays. In a second
phase, the Ge detector array will be complemented
by a recoil-tagging system to sort the fission -~
rays according to the mass (and nuclear charge) of
one of the fragments. A gas-filled recoil separator
[457], equipped with a time-projection chamber for
individual ray tracing of each recoil event [456], is
foreseen to provide simultaneously high acceptance and
satisfactory resolution. Moreover, the Ge detector
array can be complemented by ancillary detectors such
as neutron detectors for the simultaneous study of
many fission observables. The target handling at
FIPPS is foreseen to accept all kinds of actinide targets,
so future systematic studies of these fission systems are
solely limited by the availability of appropriate target

material (229Th, 232,233,23577 239,241py  242m Apy
243,245,247 Oy 249,25lcf)
, .

5.3.2.  Neutrons for Science(NSF) facility “at SPI-
RAL(GANIL) The Neutrons-for-Science (NFS) facil-
ity is a component of the SPIRAL2 complex, which
is dedicated to the production of very intense radioac-
tive ion beams. It is presently under construction at
GANIL in Caen, France [458, 459]. At NFS; a high-
power superconducting LINear Accelerator of GANIL
(LINAG) will supply deuteron (maximum 40MeV) and
proton (33 MeV) beams to produce meuttons via two
different nuclear reactions. A momngé-energetic neutron
beam up to E,, ~ 31 MeV will be produced by the re-
action "Li(p,n)"Be with a thin lithium target of 1—
3mm thickness. On theothershand; neutrons having
a ’white’ spectrum with 14 MeV, on average in zero-
degree direction and 40MeV at the maximum will be
generated in the deuteron break-up reaction by imping-
ing the deuteron heam into a thick”(10 mm) carbon or
beryllium target. Afcontinuous spectrum is generated
with an average energy of around 14 MeV at zero de-
grees, and the impinging deuteron is stopped in the
target. The flight-path length, thus the detector-setup
positions ean be changed between 5m and 30m. Ac-
cording to simulations, the use of beryllium instead of
carbon allows to gain a factor of 2 in the neutron yield
[459].

Oneyofsthe planned fission measurements at the
NFS facility is based on a new 2v-2F fission setup
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called FALSTAFF [460]. The kinetic energies will be
obtained by using ionization chambers, whichralso have
a AF section to measure the FFs energy loss to provide
the nuclear charge of light fission fragments. The
start and stop signals for the velocity measurements
are obtained by detecting eléctrons, generated when
fission fragments pass through a foilvand multiplied by
a dedicated MWPC designed aS§ha secondary-electron
detector.

5.4. Future photofission erperiments with brilliant,
tunable, high-intensity y-ray beams

In the near future, next-generation Compton backscat-
tered ~-ray facilities, such ag MEGa-ray at LLNL(US)
[461] and ELI-NP (Bucharest, Romania) [42], are ex-
pected to provide beams with spectral fluxes of ~10°
~v/(eV s) andyhigh energy resolution of AE ~1keV
[214]. The deepysub-barrier photofission studies at
such facilities,will be an ideal tool for reliable charac-
terization of complex multi-humped potential-energy
surfaces innthe heavy actinides, including the precise
evaluation of the barrier parameters.

6. Some of the open questions in fission studies

There s still a number of open questions in fission.
Some of those that are considered to be the most
important ones are listed in this section. Not all were
addressed in this review, because some are rather old
and still cannot be tackled due to unavailable technical
capabilities. It is foreseeable, however, that technical
progress will allow to address many of those in the near
future.

6.1. Fission-fragment properties in scarcely-explored
regions

As evidenced by Fig.5, there is now a rather
continuous coverage of fission-fragment properties in
low-energy fission from '"8Hg to the heaviest elements.
However, good-quality and comprehensive data (FF
distributions with unambiguous identification in Z and
A, total kinetic energies, eventually in coincidence with
prompt « rays and neutrons) only exist for a limited
number of nuclei in the actinides rather close to the
[-stability line.

The present data in the lead region, albeit
considerably extended in the recent years, are
very incomplete and give only a fragmentary view.
Systematic studies of structural effects in the fission-
fragment properties in this region over a broader range
of N/Z and excitation energies are highly desirable
for establishing a complete empirical systematics
that would allow to verify the recent comprehensive
theoretical predictions [272, 270]. Such data would test
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the potential-energy surface for these light systems,
where the shape of the nucleus at the fission barrier
is already very close to the shape at scission.

In the region of the heavy elements with masses
of A~240-260, the studies of the neutron-rich isotopes
are of a paramount importance to probe the increasing
effects of the 132Sn-like fragments on fission. For
example, the sharp change of FFMDs between 2°Fm
and 2°8Fm (see Fig. 5) still remains a theoretical
and experimental challenge. Furthermore, since fission
data in this region exist only for SF decay, the
excitation-energy dependence of FFMDs as well as of
the fission-barrier heights should be explored in future
experiments and compared to calculations [9, 462]. To
obtain such fission data, MNT-induced reactions in
direct kinematics, described in Section 4.3.1, would be
useful, especially by using accessible (but extremely
exotic) radioactive actinide targets, e.g. 2°‘Es. To
explore more exotic nuclei, however, it is essential
to increase the sensitivity of the detection setup,
especially the AFE-E telescope, to identify weak
transfer channels generated by populating the neutron-
rich nuclei.

By moving towards the region of superheavy nuclei
with masses above ~270, in the recent years important
new systematic features of the FF mass distributions
and fission half-lives have been established [35, 36]:
The dominant role of the spherical nuclear shells with
Z = 50 and N = 82 and the deformed netutron shell
at N = 88 on the mass distributions in low-energy
fission have been deduced up to 3°6122. These are the
same shells that have been invoked tonbe responsible
for the asymmetric fission of the lighter actinides [78].
Multimodal (symmetric and asymmetric) fissions was
found to be present in the range from A ~ 256 to
A = 276. Improved precision and a-better coverage of
fissioning system in this region are hampered by low
production rates, an admixture of\quasifission and the
limited choice of projectile and target @@mbinations to
produce such heavy nuclei.

6.2. Needs for signatures of fission dynamics

In the last decade, important progress has been
achieved in the measurement and the interpretation
of the fission-fragmeént mass distributions. In this
domain, the mest comprehensive calculations of the
nuclear shape evolution have been made by Moller
and Randrup, within the macroscopic-microscopic
frameworks [271]=with the Brownian shape-motion
method [272]. |\ Their model has yielded remarkably
good results in the extended region of fission from
around SCHg [17, 264] up to heavy elements [273,
317;,320]. These calculations are carried out in the
limit of highly dissipative collective motion where
imertial effects are absent and, furthermore, the method
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employs a schematic dissipation tensor. Consequently,
neither time scales nor fragment kinetic energies can
be addressed at the present stage. The rather good
success of this model indicates that the FFMDs seem
to reflect mostly the properties of the/potential-energy
surface, while being rather imsensitive to, dynamical
aspects of the fission process. This would mean that a
better understanding of the fission dymamics requires
data of different nature. The latter jmay include
the high-resolution simultaneous, measurements of
several fission observablés, like A and Z of the
fission fragments, their kinetic energies and angular
distributions, as well as the,characteristics of prompt
neutrons and « rays/for various systems, including the
evolution as a function’of the initial excitation energy.
Specific types ofsuch measurements will be mentioned
in the following sections.

6.3. Fission-fragment angular momentum

It is kmown sineeslong that fission fragments carry
a considerable amount of angular momentum [383].
However, there still exist competing theoretical ideas
on how the angular momentum of the fission fragments
is “generated: thermal excitation [435, 463, 464,
465] and/or quantum-mechanical uncertainty [466]
of rangular-momentum-bearing modes and Coulomb
excitation after scission [467]. Also a strong direct
coupling between the elongation and all other collective
degrees of freedom was considered [468]. Recently, also
the importance of the quantum-mechanical uncertainty
of the orbital angular momentum has been stressed
[469, 470]. The different scenarios have important
implications on the fission time [468].

A final decision cannot be made on the basis of the
present experimental knowledge. As discussed in the
recent review [283], the available data are incomplete,
and often not very precise. In particular, results for
fragment-mass-dependent ~-ray multiplicities M., (A)
are contradictory. More complete and more precise
data may help to discriminate between the different
ideas. Although a direct experimental proof seems to
be difficult, a comparison of measured correlations of
the energies and the emission angles of the prompt v
rays emitted from the two fragments with elaborate
models may help to solve this question. These
models should couple the above-mentioned scenarios
for the generation of angular momentum [435, 463, 464,
465, 466, 467] with advanced descriptions of the de-
excitation process (e.g. [471, 472, 473]).

6.4. Dissipation and time scales in fission

Dissipation is driving many phenomena in fission,
for example odd-even effects, energy sharing, particle
emission, and - eventually - fission times. But pinning
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down the precise nature of dissipative processes, in
particular in low-energy fission, is a difficult task.
Some signatures that are intimately connected with
dissipation are very pronounced. For example, the
prompt neutron and ~-ray emission is driven by the
dissipated energy, and the odd-even effect in fission-
fragment Z distributions has been related to the
degree of pair breaking (quasi-particle excitations)
at scission [474, 475, 476]. However, the direct
relation to dissipation is generally obscured by other
contributions or additional effects. The fragment
excitation energy partly consists of other contributions,
for example the deformation energy of the nascent
fragments and collective excitations, and the odd-even
effect is further influenced by the transport of thermal
energy between the nascent fragments [21] and possibly
by pair breaking at neck rupture [475].

The quantitative interpretation of the odd-even
effect in terms of intrinsic excitation energy at scission
is still uncertain. A more systematic investigation,
for example a better experimental coverage of the
excitation-energy dependence of the odd-even effect
may help to improve this situation.

Despite a long history of dedicated studies, the
fission time scale remains one of the most controversial
and least understood in fission. Following the 1992’
review by Hilscher and Rossner [22], a comprehensive
summary of experimental methods and the discussion
of ensuing results was given by Jacquet and Morjean
in 2009 in Ref. [26]. We refer the reader to this study
for further details, while here we will only stress the
main conclusions, some of which couldybe considered
as highly arguable and require further efforts. On the
experimental side, four nuclear clock /techniques are
extensively used for such studies: a) the measurements
of the pre-scission prompt particle. emission, e.g.
neutrons [22, 296], v rays [23], and charged particles
[297]; b) fission mass-angle distributions’[18]; c) the
fission probablity [298]; andyd) atomie methods (the
crystal blocking technique,” e.gh. [24, 25] and the
filling of vacancies in the inner electronic shells in
the fission fragments [27]). As was already known
for a while, and as strongly stressed in the review
[26], it is difficult -te, reconcile the relatively short
fission time scales; of/the order 6fA10~20 s, deduced
from e.g. promptyparticle emission, with the much
longer (by orders of magnitude) times, derived by the
atomic techniques. On the analysis and interpretation
side, the review [26] also critically discussed a range
of appreaches on the extraction of the fission times
from the measured prompt particle multiplicities,
including the statistical framework with or without the
inclusion of friction effects, the Langevin calculations
and others., Specifically, a strong sensitivity to many
parameters and assumptions, often fitted to different
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sets of data and/or observables, was highlighted in [26].
Furthermore, as argued by the authors of »[26], the
discrepancy in deduced fission times could possibly be
explained by a poor sensitivity of pre-scission studies to
the very long component in fission, which is expected
to occur also theoretically, at least in some studies, as
e.g. claimed by the work [477]. However, the recent
investigation [300] questioned whether the sensitivity
argument can explain this disérepancy.

The issue of incompatibility: between the shorter
fission times measured by the MAD method [18] and by
the atomic techniques [24], when both techniques were
applied to the similar type,of reactions, was further
raised by the ANU/group. In particular, their study
[18] strongly called foridedicated efforts to clarify the
analysis of the data in.the/crystal blocking method,
with the aim to reselve this controversial topic, which
is very important for the production of the superheavy
elements.

Another open question in fission is the tempera-
ture dépendence of the nuclear dissipation. Presently,
the attempts. to, use both temperature-dependent and
temperature-independent friction are in use, see e.g.
Figs.11-13vand relevant references in [26], or some of
the recent results derived from the experiments in in-
verse kinematics, discussed in Sec. 4.2.3. We believe
thatiuse of inverse kinematic technique, which allows
to produce nuclei in ideal conditions for studies of dis-
sipation, namely the high excitation energy and low
angular momentum, is a very promising technique for
addressing this important question.

7. Summary and Conclusions

The aim of this review is to summarize considerable
progress in fission research, which has been extensively
undergoing for the last couple of decades. The recent
substantial technological advances in production and
detection techniques of exotic nuclei opened up new
regions of the Chart of Nuclides, which were hardly
accessible by the previous fission studies, and which
are situated further away from the traditional area of
fission in the actinides and trans-actinides along the
[-stability line.

In particular, an extended region of very neutron-
deficient mercury-to-thorium isotopes became accessi-
ble for the first time for the low-energy fission studies,
by means of Coulomb-excitation in reactions at rela-
tivistic energies in inverse kinematics at SOFIA/FRS
at GSI and via the [-delayed fission of selectively
laser-ionized and mass-separated radioactive beams at
ISOLDE(CERN). Along with the use of traditional
fusion-fission reactions with heavy ions, which lead to
higher excitation energies, these complementary tech-
niques allow to probe both the isospin and the energy
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dependence of fission in this region of nuclei, previously
scarcely accessible for such investigations. Due to a
very different neutron-to-proton ratio in this region,
new fission phenomena could be expected, which was
indeed demonstrated by a surprising discovery of a new
region of asymmetric fission around %9Hg (N/Z=1.25)
in the experiments at ISOLDE. Following these studies,
extensive research activities, both on the experimental
and on the theory sides, have been initiated by different
fission groups around the world; they are summarized
in this review.

The unprecedented high-quality data for fission
fragments, completely identified in Z and A, by means
of reactions in inverse kinematics at FRS(GSI) and
VAMOS(GANIL), meet the needs for highly requested
higher-precision nuclear data for fast-neutron-induced
fission and spallation reactions that allow to estimate
the radioactive inventory and the heat production
in Generation IV reactors and accelerator-driven
systems (ADS), respectively. These novel techniques
directly provide the required data and stimulate and
constrain the development of appropriate nuclear-
reaction models.

A renewed interest to fission studies via few-
and/or multi-nucleon transfer reactions with light
and heavy ions at energies in the vicinity of the
Coulomb barrier opened up new possibilities to probe
the excitation-energy dependence of fission probability
and fission-fragment mass distributions in/the region
of neutron-rich isotopes north-east of 23°U. By ‘using
advanced detection techniques, the fission of long
isotopic chains of several elementshwwith Z =90-
100 could now be systematically investigated, which
provides unique data both for basic nuclear science and
for nuclear industry. The use of such approaches gives
new insights on e.g. the crucial role of multi-chance
fission for the proper understanding of éxperimental
fission-fragment mass distributions.

During the last two decades, a substantial progress
with the synthesis of the new elements in complete-
fusion reactions with heavy ions was reached, whereby
the Chart of Nuclides was extended up to the element
Og (Oganesson, Z=118). In the course of these
studies, many new.eases of spontaneously-fissioning
isotopes were discovered, which aresSummarised in this
review. The systematics jof spontaneous-fission half-
lives provide satunique proof for the long-predicted
increased nuclear §tability around the deformed
neutron shellhat N =162, and also the first hints of
the enhanced stability by approaching the predicted
spherical neutron shell at N =184. The important role
of orientation effects and of the competition between
fusion-fission and quasifission, which strongly reduces
the probability of the production of even heavier nuclei,
is highlighted.
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While the main emphasis of this review» was put
on the fission-fragment mass and charge distributions,
several important complementary fission observables
were also analyzed, such as the prompt-neutron and
~-ray energy spectra and multiplicitiés. A substantial
progress in their understanding is anticipated in
future studies, due to the advent ofsmodern detection
techniques in fission studies;d suchnas the use
of highly-efficient ~-ray calgrimeters and neutron-
detector arrays. Such experiments are expected to
provide detailed information on such open questions
in fission studies, as e.g. the generation of angular
momentum, energy sharingsbetween fragments, fission
time scale.

Although this ‘review is primarily dedicated to
the experimentalyadvances_ in nuclear-fission research,
several theoretical eonsiderations and results were also
mentioned, without any claim for completeness. This
was done, because'we think that a common view that
includes theory. is needed to assess the progress in our
understanding of nuclear fission.

Some of. the open questions addressed in Section
6 are presently tackled by well-focused experiments,
whereby novel techniques play an important role. But
othersrequire more complex and precise measurements
of many different observables in coincidence that
cannot’ yet be realized with the available techniques.
These questions and probably some others that will
come up will guide the development of experimental
fission research in longer terms.
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