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toward the neutron-rich side of heavy and superheavy nuclei.
Meanwhile, this option is investigated in nuclear physics labs
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tion and detection techniques for heavy transfer products is
ongoing. But how promising are these new advances? So
far achieved results allow us to get an impression on the
potential which multinucleon transfer reactions provide for
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1 Introduction

For decades, fragmentation, fission and fusion reactions are
versatile tools to produce exotic nuclei in the lab (Fig. 1).
Fragmentation is an efficient method to create neutron-
deficient as well as neutron-rich isotopes of elements up to the
uranium region, while fission is often used to produce inter-
mediate heavy neutron-rich nuclei. To synthesize transura-
nium and superheavy nuclei, fusion is to date the common
method. But the bending of the stability line toward the neu-
tron axis results only in neutron-deficient fusion products.
A review on the discovery of nuclides, related reactions and
techniques can be found in [1,2].

The capabilities of fusion, fragmentation and fission deter-
mine the present limits of the nuclide chart. The smallest
accessible cross-sections are currently on the 1pb level for
each of the three reactions. This results in average yields
of one nucleus per day in fragmentation reactions and one
nucleus per weak in fusion, given by available beam intensi-
ties and applicable target thicknesses for the respective reac-
tion. One possibility to extend the nuclide chart is the increase
of beam intensities. New powerful facilities are arising in
many places to provide 10—100 times higher beam currents,
aiming to reach sub-picobarn cross-sections. Examples are
the SuperFRS project at the new Facility for Antiproton and
Ion Research FAIR at GSI (Germany) [3,4], the SPIRAL2
project at GANIL (France) [5], the HIE-ISOLDE facility at
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Fig. 1 Fusion, fragmentation and fission are presently the standard
reactions to produce (new) isotopes in the lab. The chart shows the
typical areas that are populated with these reactions. The blank area
inside the neutron drip-line can principally be populated in fragmenta-
tion reactions, but the respective nuclides have not yet been discovered.
The red-white hatched area is not accessible with any of the standard
reactions

CERN [6], the Radioactive Isotope Beam Factory RIBF at
RIKEN Nishina Centre (Japan) [7], or the Facility for Rare
Isotope Beams (FRIB) at Michigan State University in the
US [8]. Also, a new “superheavy element factory” that is
using fusion reactions with intense primary beams is just
commencing operations at the Joint Institute for Nuclear
Research (JINR) in Dubna, Russia [9].

However, the increase of beam intensities alone will not
help to overcome the above described natural restrictions
of fragmentation, fission and fusion reactions, which pre-
vent mainly the advance into territory of heavy neutron-rich
nuclei. The application of neutron-rich radioactive ion beams
(RIBs) would help, but intensities of suitable projectiles are
still by many orders of magnitude too small for seriously con-
sidering their application on near and mid-term time scales
[10-12].

The most promising solution is the reaction type of multi-
nucleon transfer (MNT). It occurs in deep inelastic collisions
and can be regarded as an incomplete fusion process. First
observed in the late 1960s at JINR, MNT reactions imme-
diately revealed their potential for nucleosynthesis. In the
years 1970-1995, 76 new isotopes of elements from car-
bon to thorium were discovered in MNT reactions at JINR,
Orsay, Berkeley and GSI [13-27]. All of them are located on
the neutron-rich side of the nuclide chart (Fig. 2). Also the
capability of MNT reactions to synthesize new superheavy
nuclei was investigated. In collisions of projectile beams up to
uranium with actinide targets, transfer products up to lawren-
cium (Z=103) were observed [28-34]. Among them, %S?Md
was the only new isotope discovered then in reactions of 180
+2>Es [33].
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Fig. 2 Chart of nuclides with the presently known isotopes. The 76
nuclides which were discovered in early MNT experiments during the
years 1970-1995 are marked in red. All of them are located on the
neutron-rich side

In the mid-1990s, the investigation of MNT reactions
abated. Ten years later it was resumed, given by the necessity
to uncover new territory on the nuclide chart and encouraged
by promising new model calculations of MNT cross-sections
(see e.g. [35-54]) and by new experimental results (see e.g.
[10,11,55-71]).

Which advantages offer MNT reactions with respect to
complete fusion? Different to fusion, MNT occurs also in
very heavy collision systems with total proton and neutron
numbers far beyond the ones of heaviest known nuclei. Pro-
jectile/target combinations like Xe+Pb (Z=136) or U+Cm
(Z = 188) do principally allow to advance deep into neutron-
rich territory, even in the uppermost corner of the nuclide
chart. Finally, it is the magnitude of MNT cross-sections and
the sensitivity of experimental techniques which will set the
limits to their application for nucleosynthesis.

The study of MNT reactions aiming to synthesize new
exotic nuclei has become a topical subject in low-energy
nuclear physics. It is strongly motivated by understanding
the astrophysical r-process path which proceeds through very
neutron-rich territory, starting from iron up to uranium, and
probably far beyond. In the region of neutron-rich superheavy
nuclei new spherical shell closures are predicted at N=184
andZ=114, 120 or 126 [72-76], resulting in an enhanced sta-
bility of the respective isotopes against fission. This “island of
stability” might terminate the r-process. Beside, MNT reac-
tions can also be used to synthesize neutron-rich nuclei below
uranium where they compete with fragmentation reactions.

This article will give an overview on the state-of-the-art
in nucleosynthesis with MNT reactions and discuss their
potential for advancing into still empty areas on the chart
of nuclides.
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2 Multinucleon transfer reactions
2.1 Model concept

Multinucleon transfer occurs in deep inelastic binary reac-
tions at energies close to the Coulomb barrier [78-81].
According to the present model concept, the first step to
MNT is the formation of a molecule-like dinuclear system
(DNS) after capture of projectile and target nucleus due to
the nuclear force [78,82]. After capture, the DNS is trapped
in a minimum of the nucleus-nucleus potential, followed by
a strong exchange of mass (charge) and energy between the
reaction partners. Trapping times (i.e. DNS livetimes) are
typically on the order of (1072!=1072%) s and depend on sev-
eral parameters like proton number, mass (charge) asymme-
try, excitation energy or angular momentum of the DNS. Dur-
ing its evolution, the DNS can follow two different pathways
which are illustrated in Fig. 3.

If the DNS overcomes the fusion barrier, it evolves into
a compound nucleus (CN) and reaches complete statistical
equilibrium. The CN de-excites by emitting nucleons and/or
gamma rays, or by fission (fusion-fission, FF). Alternatively,
the DNS can decay before CN formation (quasi-fission, QF).
Before decay, the nuclei can exchange large numbers of neu-
trons and protons which leads to reaction products far from
the original projectile and target nuclei. The excitation energy
of the DNS is distributed among the projectile-like and target-
like MNT product during the DNS lifetime. After scission of
the DNS, the excited primary transfer products (PTP) are
emitted. They de-excite by emitting nucleons and y rays.
The residual MNT products in their ground state are called
secondary transfer products (STP). Alternatively, the excited
PTPs can undergo fission for which the probability increases
with increasing mass, spin and excitation energy of the nuclei.
Such, complete fusion and MNT reactions are closely related
processes which both begin with DNS formation.

There are different theoretical models to describe MNT
reactions. They are roughly divided into macroscopic,
macroscopic-microscopic and purely microscopic models,
where the macroscopic-microscopic models are presently the
most wide-spread ones. They can again be divided in two
main branches. One is the class of DNS models, which use
diabatic internuclear potentials, the diffusion master equa-
tion and the quantum nature of the interacting nuclei [35—
37,40,42-44,83]. Models of the other class use Langevin-
type equations of motion and almost adiabatic internuclear
potentials [49-52].

The common ground of both approaches is the formation
of a DNS and its trapping in the minimum of the nucleus-
nucleus potential as first step of the reaction. The reaction
dynamics is described by two main degrees of freedom: (i)
the relative motion of the interacting nuclei and (ii) the mass
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Fig. 3 a The two possible evolution pathways of di-nuclear systems
(DNS): once it is formed, the DNS can undergo complete fusion, result-
ing in a compound nucleus (CN). The de-excitation of the CN pro-
ceeds either by evaporating nucleons and y rays, leaving an evapo-
ration residue (ER). Alternatively, the CN can fission. Also, the DNS
can scission before reaching the CN state. This process is called quasi-
fission (QF). Before QF, large amounts of nucleons can be exchanged
between the reaction partners [multinucleon transfer (MNT)]. When the
DNS breaks up, the still excited projectile-like and target-like primary
transfer products (PTP) are emitted. Their de-excitation takes place by
evaporation of nucleons and y rays resulting in the secondary transfer
products (STP) or, particularly in the case of heavy nuclei, by fission.
b Qualitative shape of the nucleus-nucleus potential during a nuclear
collision as a function of the distance between the nuclei. R; and R, are
the radii of the nuclei. The shape of the potential and the depth of the
minimum are determined by the interplay between the attractive nuclear
force, the repulsive Coulomb force and the angular momentum

and charge transfer between the nuclei. Additional degrees
of freedom are the deformation and orientation of the nuclei,
the neck degree of freedom, or internal excitations.

The theoretical study of the DNS dynamics allows to con-
sider within a unique approach MNT and fusion reactions.
In the DNS model, the nuclear system evolves mainly in the
charge (mass) asymmetry coordinate while the internuclear
distance R hardly changes. In the Langevin model, the evo-
lution takes place in charge (mass) asymmetry as well as in
the R coordinate with evolution of a strong neck between the
reaction partners. Both models describe MNT and fusion pro-
cesses fairly well and show some common trends concerning
reaction product cross-sections and kinematics.

@ Springer
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Fig. 4 Distributions of proton number Z, center-of-mass angle 6, and
total kinetic energy TKE of binary reaction products from collisions of
136Xe projectiles with 2%°Bi targets at 1130 MeV lab energy. The data
were measured at the Lawrence Berkeley Laboratory (LBL) in 1978
[77]. a Z distributions of binary reaction products as a function of TKE;
respective TKE values are denoted at each curve. b Angular distribu-

2.2 Kinematics of MNT reactions

The typical features of MNT reaction products are their large
variances of mass, charge, energy and angular distributions.
It is illustrated in Fig. 4 for transfer products from reactions
of 130Xe+29Bj at Ejy, = 1130 MeV measured in one of
the early experiments [77]. The data revealed MNT products
which differ by up to 25 protons from the entrance channel
nuclei. Also the deep inelastic nature of MNT reactions is
revealed in Fig. 4 by the small total kinetic energy (TKE) of
the exit channel nuclei.

The large variances of mass, energy and angular distribu-
tions indicate also a significant time delay during the reaction,
which leads to strong deviations of the MNT product trajecto-
ries with respect to the trajectories of elastic and quasi-elastic
scattering. Depending on its lifetime, the DNS can perform
a full rotation or more before it scissions, which leads to the
wide angular distributions of MNT products, resembling the
ones of fission fragments [82,84—-86]

During the DNS lifetime, kinetic energy is transformed
into internal excitation of the DNS. In the utmost case, com-
plete energy dissipation takes place, comparable to com-
pound nucleus reactions. As an example, Fig. 5 shows the
TKE of binary reaction products from *Ni +208Pb collisions

@ Springer

tions of reaction products as a function of their proton number Z; the
respective Z is denoted at each curve. ¢ TKE distributions of the reaction
products as a function of Z; the arrows indicate expected TKE values if
a spherical shape of projectile-like and target-like fragment is assumed
at the scission point

measured at the velocity filter SHIP at GSI. Data were taken at
six different beam energies ranging from 3% below the inter-
action barrier to 20% above the barrier [61]. The target-like
transfer products were detected at zero degree and originate
from central collisions. The TKE values in Fig. 5 are inde-
pendent of the beam energy which means that the kinematic
properties of the exit channel nuclei do no longer depend on
the entrance channel properties. Moreover, the TKE values
are located at or even below the Viola energy [87]. Normally,
the Viola energy is the TKE of fission fragments from an
equilibrated CN. TKE values smaller than the Viola energy
indicate that the DNS was strongly deformed before scission.

The majority of dissipated energy is transformed into
internal excitation of the DNS. By trend, it is shared among
the projectile-like and target-like MNT product according
to their mass numbers. To observe heavy neutron-rich MNT
products it is important to keep excitation energies of the pri-
mary transfer products small, to avoid evaporation of large
numbers of neutrons. Small excitation energies reduce also
the probability for fission of the primary nuclei, which is of
particular importance in the actinide and transactinide region
where fission barriers are low. In Ni+Pb collisions at SHIP
excitation functions of target-like MNT products were mea-
sured and revealed a large transfer of nucleons already at
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Fig. 5 Measured total kinetic energy (TKE) as a function of the pro-
ton number Z of MNT products created in reactions of ®Ni + 207Pb
(Z=110) at beam energies of 4.80, 5.00, 5.20, 5.40, 5.53 and 5.92
MeV/nucleon [61]. The MNT products were detected in forward direc-
tion. The beam energies in the center-of-mass frame are given in the
inset. The data points for a fixed Z but for different beam energies are
plotted with an offset for better discrimination. The energies expected
for asymmetric fission fragments of the respective compound nucleus
271 Ds according to the Viola systematics are represented by crosses. The
open circles denote the TKE values expected from elastic kinematics at
the lowest beam energy

the Coulomb barrier [61]. Respective excitation energies of
target-like transfer products were typically few tens of MeV,
where on average three neutrons were evaporated.

If one of the emerging MNT products is a magic or near-
magic nucleus, shell effects play an important role during the
re-distribution of excitation energy among the reaction part-
ners (see e.g. Refs. [61,66,89-91]). Transfer products with
closed proton and neutron shells adopt only small excitation
energies and the majority of excitation goes to the reaction
partner.

2.3 Striking similarities

MNT reactions are observed in very different collision sys-
tems, from rather light to very heavy ones up to U+U or
U +Cm. But despite their diversity, they reveal striking simi-
larities, which were presented and discussed in [54,88]. Fig-
ure 6, taken from [88] shows the time evolution of the nuclear
systems Ni+Pb (Z = 110) [61], Xe+Pb (Z = 136) [88] and
U+U (Z=184)[60,92]. The evolution of energy dissipation,
interaction time and DNS deformation is drawn as a function
of the net number of transferred nucleons dA. To enable a
direct comparison of the three systems, dA is normalized to
the mass number Acy of the respective compound system.
Energy dissipation, interaction time as well as deforma-
tion increase quite steeply in the beginning of the reaction and
approach saturation after net transfer of about 5% of the total
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Fig. 6 Measured total kinetic energy loss TKEL (a), interaction times
(b) and deformations of the exit channel nuclei at the scission point (c¢)
for collisions of Ni + Pb (E,,, =289 MeV), Xe + Pb (E.,, =492 MeV)
and U + U (E., = 875 MeV) [88]. On the x-axis scale dA/A is given
in percent

nucleon number. This can be interpreted as two phases of the
reaction process. Toward small values of d A/ Ac y the energy
dissipation, interaction time and deformation decrease fastly,
reflecting that the region of quasi-elastic reactions is entered.
The relatively steep slope at the beginning of the curves
reveals that in the first stage of the reaction a large amount of
energy is dissipated while only a small number of nucleons
is transferred (dA < 0.05 Acy). Later, the situation reverses
and large amounts of nucleons can flow without noticeable
increase of energy loss.
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Fig. 7 Sketch of possible techniques for MNT product identification.
a, b By measuring the kinetic energy E, energy loss dE and time-of-flight
(TOF), the mass number A and proton number Z of the reaction prod-
ucts is obtained. The method is suitable for nuclei with mass numbers
up to A~200. It can be combined with separation before the detection

Comparing with Fig. 6a one can see that the phase of
strong energy dissipation is correlated with a large investment
of time. During this phase occurs only a small net transfer
of nucleons. Afterwards, when the deep inelastic phase is
entered, large numbers of nucleons flow with small friction
and time consumption. In this regard the two lighter systems
and the heaviest system show very similar characteristics. A
difference occurs, however, in the TKE values with respect
to the Viola energy. While in Ni + Pb and Xe + Pb TKE
reaches values at and even below the Viola energy, in U +
U TKE is (10-30)% larger than the Viola energy. However,
one must take into account that the extrapolation of the Viola
energy to the very distant compound system U +U might be
questionable. Also, the absolute values for interaction times
are about ten times shorter in U + U. The data indicate that
DNS formation still occurs in systems as heavy as Xe + Pb
(Z = 136). In the heaviest systems like U + U the strong
Coulomb repulsion most probably prevents DNS formation
and trapping, but there are clear signatures for the occurrence
of deep inelastic reactions and transfer of large numbers of
nucleons. The data reveal also that the properties of long-
living DNS resemble strongly the ones of compound nuclear
systems.

3 Experimental techniques in MNT reactions
3.1 Measurement of E, dE, TOF
The standard technique to identify A and Z of reaction prod-

ucts is the measurement of their kinetic energy E, kinetic
energy loss dE and time-of-flight (TOF). This method was

@ Springer

system (a), or used without separation (b). For heavier MNT products,
the pulse height deficit becomes relevant. They are to date identified by
a, B and y decay tagging. Usually, in-flight separation with a magnetic
separators or a velocity filter is applied before decay tagging (c)

used in early MNT experiments at JINR Dubna, LBL and
Orsay. Two different variants of the technique are illustrated
in Fig. 7a, b. With the setup of JINR Dubna (Fig. 7a) the
MNT products were first separated according to their mag-
netic rigidity B p with a magnetic analyzer. In the focal plane
of the analyzer, an E-dE silicon detector telescope was used
to determine Z [14,93]. With this method, nearly 30 new
projectile-like transfer products of elements from carbon (Z
= 6) to chlorine (Z = 17) were observed in reactions of O,
Ne and Ar beams with 232Th targets. The LBL and Orsay
groups used TOF-E-dE telescopes like in Fig. 7b [20]. The
measurement of TOF allows additionally to determine the
mass number A. With this method, a further series of new
isotopes of elements from Ca to Zn (Z = 20 to Z = 30) was
discovered in MNT reactions of Ar and Fe beams on 233U
targets. The sensitivity limit of the experiments was on the
cross-section scale of 1 wb.

The A and Z resolution obtained with the E-dE-TOF tech-
nique is limited by the pulse height deficit, which is strongest
for heavy reaction products with low energy. The best mass
resolutions which are presently reported are on the order
AA/A ~ 0.005, which is suitable to identify nuclei up to
the region A ~ 200 [94-96].

3.2 In-flight separation and decay tagging

Isotope identification of slow and heavy reaction products in
the mass region A = 200 is to date only possible via their
decay properties. In particular o decay tagging is very sen-
sitive. A single decay chain is principally sufficient to pin
down the isotope. To reduce background events, separation
techniques are usually applied before decay tagging. The
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method was already used in early experiments at the GSI
Online Mass Separator [25] to identify heavy neutron-rich
B emitters created in MNT reactions of relatively heavy and
symmetric collision systems like Xe +Ta or W + W. After cre-
ation, the reaction products were separated according to Bp,
then stopped and accumulated in a catcher foil inside an ion
source. From there, they were extracted as singly charged
ions, re-accelerated to 60 keV and then implanted in a foil
again. Using these samples with implanted reaction products,
the nuclei were identified offline by 8-, y-, and X-ray spec-
troscopy. With this setup the then heaviest MNT products
205 Au [27] and 232234 Ac [26] were discovered in collisions
of 2%8Pb and 2*8U beams with W and Ta targets. The sensi-
tivity of the method was on the level of 1 wb.

In more recent experiments, in-flight separation of heavy
MNT products at zero degree is performed, where the decay
tagging takes place in the focal plane of the separator. Respec-
tive experiments are performed at GSI using the velocity fil-
ter SHIP [63,64] and the gas-filled separator TASCA [97].
The detection systems consist of an array of position sensi-
tive silicon detectors. In addition, gamma rays are recorded
with germanium clover detectors which enables the identi-
fication of B emitters. Velocity filters and gas-filled sepa-
rators have already proven their separation capabilities for
(super)heavy fusion-evaporation residues since long time.
Meanwhile, they demonstrated also their suitability for MNT
products. At the velocity filter SHIP the so far heaviest new
MNT products, located in the transuranium region, were
observed [63,65]. Also, it was the so far most sensitive MNT
experiments with cross-section limits of 0.5 nb, reached in a
few hours of beamtime.

The fast in-flight separation allows one to detect short-
living nuclei with half-lives down to microseconds. But due
to the narrow acceptance angles of in-flight separators, only
forward emitted MNT products reach the detection system.
Typical angular efficiencies are a few permille to few percent,
depending on collision system and beam energy.

3.3 Radiochemical techniques

Some of the early MNT experiments which started in the
1970s used radiochemical techniques to separate and iden-
tify heavy MNT products. Respective experiments were per-
formed at LBL, JINR Dubna and GSI by a collaboration
of nuclear chemists [29-32,34,77]. One can distinguish the
online and the offline technique. With the offline method,
the reaction products were implanted in a thick target or in
a catcher foil. Chemical separation was applied to produce
samples containing isotopes of the same element. Then, the
a decays of each sample were recorded for isotope identi-
fication. The minimum time for a full separation and mea-
surement cycle was about 30 minutes, which determines the
minimum accessible half-lives of the nuclei.

For shorter-living nuclides, the online technique was used.
The nuclei were produced in a helium gas filled target cham-
ber and transported by gas-jet technique to chemical sepa-
ration devices to separate the different chemical elements.
After separation, samples were prepared for identification of
the isotopes by decay tagging. The minimum time for one
such cycle was about 60s. The radiochemical methods were
very sensitive resulting in lower limit cross-sections of 20 nb.
They were mainly applied for MNT products in the actinide
region.

The radiochemical methods allow to collect MNT prod-
ucts in their full range of emission angles. However, the tech-
nique is relatively slow and restricted to nuclei with half-lives
of minutes or longer.

3.4 Laser resonance ionisation

Another possibility of heavy isotope identification is the
selective laser resonance ionization of the MNT products.
A dedicated facility named KEK Isotope Separation Sys-
tem (KISS) was setup at the Radioactive Ion Beam Factory
at RIKEN in Japan. It aims mainly for the investigation of
neutron-rich MNT products below Pb [69,70,99]. A sketch
of the KISS setup is shown in Fig. 8. First, the created MNT
products are stopped in an argon gas filled ion catcher which
is doughnut-shaped to prevent the primary beam from enter-
ing the ion catcher. Laser ionization inside the catcher is used
for Z selection. After extraction from the gas cell, the reaction
products are passing a magnetic dipole field for A/q separa-
tion. The selected ions can then be guided to a detection
system for spectroscopic studies or precision mass measure-
ments. At KISS, the mass measurements are performed with
a high-resolution multi-reflection time-of-flight mass spec-
trometer [98].

The laser ionisation method is applicable for nuclei with
minimum lifetimes of about 1s. This time is mainly deter-
mined by the extraction time from the gas catcher which is
about 0.5 s. The overall efficiency of the present KISS setup
is on the scale of 0.1%.

3.5 Precision mass measurements

Reaction products can be identified if their mass is mea-
sured with sufficiently high resolution to distinguish dif-
ferent isobars. For that one needs mass resolving powers
of m/Am = (10°—10°). Multiple reflection time-of-flight
mass spectrometers (MR-TOF-MS) are appropriate devices
to reach these resolutions. In MNT reactions a broad region
of isotopes is populated which results usually in the appear-
ance of several isobars for each A, containing also already
known ones. Therefore, the mass parabola will comprise also
known masses beside the new ones and the location of the
new mass on the parabola will identify the nucleus, even if
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Fig. 8 Sketchof the KEK Isotope Separation System (KISS) at RIKEN
in Japan for laser resonance ionization of reaction products [98]. After
stopping in an ion catcher, the Z of MNT or other reaction products is
determined by selective laser ionization. A magnetic dipole field after
the ion catcher allows for A/q separation. After separation, spectro-
scopic studies or precision mass measurements can be performed

Z is not directly determined. Investigations of such a method
are ongoing at the GSI fragment separator (FRS) facility and
at the IGISOL facility at university of Jyvaskyld, Finland
[100-102]. The setups use a cryogenic stopping cell and an
MR-TOF-MS.

The idea is to install targets with thicknesses of several 10
pm inside the stopping cell which is filled with helium gas to
stop the reaction products. This allows one to collect reaction
products emitted to a wide angular range, which is particu-
larly important for MNT products. The relativistic beams
from FRS are decelerated by degraders, such that its mean
energy is about 10 MeV/nucleon when it impinges the reac-
tion target inside the ion catcher. The stopped reaction prod-
ucts are extracted and injected to the MR-TOF-MS which
allows for the broadband detection of various isotopes. For a
mass measurement with sufficient resolution, about 10 nuclei
are needed. The method allows one to detect nuclei with half-
lives of 10 ms or longer. In order to avoid space charge effects
in the stopping cell, the maximum beam intensity is limited.
Estimates for uranium beams arrived at maximum intensities
of 107 ions per pulse. According to simulations, the method
requires presently reaction product cross-sections of mini-
mum 100 wb [103].

@ Springer

3.6 Which technique is the best one?

The ideal experimental setup to observe new, heavy exotic
MNT products should (i) have a large angular acceptance,
(ii) allow to detect MNT products independent of their decay
properties and (iii) be sensitive to single nuclei with cross-
sections on the picobarn scale and below. Only, we are far
from having a technique which fulfills these requirements.

Table 1 summarizes established and new techniques for
MNT product identification and their specific features. To
date, the radiochemical techniques and the in-flight sepa-
ration with a velocity filter are the most sensitive methods
which allowed to observe heavy MNT products with cross-
sections on the 10 and 0.5 nb level, respectively. Important is,
that these sensitivities are only reached for o emitters where
one or few decay chains are sufficient to pin down the iso-
tope. For B emitters, the limit cross-section is about 1000
times higher and amounts to microbarns.

The radiochemical and in-flight techniques are comple-
mentary to each other. The radiochemical method allows to
collect MNT products in their full angular range, but it is
relatively slow and requires isotope lifetimes on the scale of
minutes or longer. The in-flight technique is fast and mainly
limited by the flight-time of the reaction products through the
separator, which is on the scale of 1 ps. But the method has
a small angular efficiency and only (0.1-1)% of the reaction
products enter the separator. For experiments in near future,
the two techniques appear presently as the most promising
ones to observe (new) heavy MNT products.

The methods of laser ionization and precision mass mea-
surements are new techniques in this field and still in devel-
opment. Their motivation is to have a universal method which
makes heavy isotope identification independent of the decay

Table 1 Overview on separation and detection techniques for MNT
products. 0y,i, is the respective smallest MNT cross-section which was
so far measured with the denoted technique and t,;,, is the minimum
necessary lifetime of a reaction product to be detected with the respec-
tive technique

Experimental Omin Tmin
technique
E-dE-TOF-Bp ~ 1ub 0.1-1us
Velocity filter + o ~ 0.5nb ~1us
decay tagging
Velocity filter + y ~ 1ub ~ 1us
decay tagging
Radiochemistry + o ~ 20nb ~ 1 min. (online tech.)
decay tagging
~ 30min. (offline tech.)
Laser ionization ~1s
Precision mass mea- ~1s
surements
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properties. Both techniques use ion catchers to stop the reac-
tion products before identification. The overall efficiencies
are not yet high enough to use them in near future for the
production of new (super)heavy MNT products.

4 Nucleosynthesis in MNT reactions
4.1 Transuranium and superheavy nuclei
4.1.1 State of the art

In the 1970s and 1980s the radiochemical experiments
demonstrated that actinide nuclei up to lawrencium (Z = 103)
are populated in MNT reactions. Projectile beams of 16130,
20.22Ne, 40:44.48Ca, and 238U were used in combination with
238U, 248Cm and >*Es targets at energies up to 20% above the
Coulomb barrier [28—-32,34]. Many of the observed nuclides
were located on the neutron-rich side of the stability line.
However, no new isotopes were observed and finally fusion
reactions made the race for producing nuclei in the transura-
nium and superheavy element region.

New experimental advances into the transuranium region
with MNT reactions started around the year 2010 at the veloc-
ity filter SHIP of GSI. In collisions of 8 Ca beams with >*3Cm
and 238U targets more than 100 different MNT products in
the region beyond Pb were observed, where the heaviest one
was %SSN 0 [63,64]. For this isotope the to date smallest MNT
cross-section of ~ 0.5 nb was measured [65]. The same exper-
iments revealed also for the first time new transuranium iso-
topes. All of them are quite neutron-deficient and located
around the N=126 shell. The total of so far known MNT
products with proton numbers Z > 92 are summarized in
Fig. 9.

Theoretical cross-sections and isotope distributions of
transuranium and superheavy MINT products are available
from DNS and Langevin model calculations [36,104,105].

Fig. 9 Uranium and

transuranium isotopes observed

in MNT reactions of diverse

projectile nuclei with U, Cm, Cf z
and Es targets. The chart

contains the collective of

experimental results from

radiochemical experiments and

The different models diverge in their results concerning the
optimal projectile-target combinations. The DNS model in
[36] suggests to use intermediate heavy neutron-rich projec-
tiles like **Ca combined with the heaviest available actinide
targets like Pu, Cm or Cf. Collisions of two very heavy nuclei
are found to be not suitable in that model because of very short
interaction times which do not allow for a massive transfer of
nucleons. In comparison, calculations in [104,105] observe
MNT products far from the entrance channel nuclei also in
collisions of such heavy systems like U+Cm or U+ Cf.

Figure 10 shows, as an example, Langevin model calcu-
lations of cross-sections for MNT products up to Z=110
which emerge from collisions of uranium beams with U, Cm
and Es targets [104]. Experimental data for U+ U [28] and
for U+Cm [29] are also shown in Fig. 10. The model cal-
culations reasonably well describe the experimental cross-
sections. A maximum deviation of less than an order of mag-
nitude is observed only in a few cases. Theoretical and exper-
imental data reveal a steep decrease of cross-sections by an
order of magnitude for every transfer of a proton from projec-
tile to target nucleus. For example, in 233U 4248 Cm reactions
the cross-sections of new neutron-rich Fm isotopes are < 50
nb and for new isotopes of No and Sg they reach values of
< 2nb and < 0.1 pb, respectively.

From the different model predictions no clear trend
becomes apparent if giant collision systems, such as U +Cm,
or rather systems with intermediate heavy projectiles like
Ca+Cm lead to larger cross-sections. For example, DNS
model cross-sections [36] for MNT products around Z =100
are smaller than the respective Langevin model cross-
sections [104]. However, the cross-section decrease with
increasing MNT product proton number is less steep in the
DNS model. Variations are also observed if one compares
different model calculations for the same collision system
and comparable beam energy. Cross-sections vary within few
orders of magnitude for new MNT products in the transura-
nium region. For example, predicted cross-sections for the
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Fig. 10 Isotopic distributions
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MNT product 2'No are 0.04nb [36], 0.5nb [106] (both
from collisions of *8Ca +2*% Cm) and 5nb in collisions of
238y 4248 Cm [104]. The calculations were performed for
energies at the Coulomb barrier.

4.1.2 What can we expect?

How far can we advance with MNT reactions in the region
of neutron-rich superheavy nuclei? Figure 11 shows the
superheavy element section of the nuclide chart. It com-
prises about 150 isotopes, synthesized in fusion evaporation
reactions or by « decays of mother isotopes. The magenta
coloured squares mark still unknown nuclides which can be
expected from MNT reactions in future experiments accord-
ing to Langevin model calculations for 233U + 2*Cm reac-
tions [104]. Only isotopes with calculated cross-sections of
minimum 1 pb are marked in the chart. Accordingly, we can
expect about 25 new isotopes of elements Z = (100-106)
with neutron numbers N < 166. They include most of the not
yet directly produced endpoint nuclei of known hot fusion
decay chains. The DNS model arrives at very similar results
and finds MNT cross-sections between 0.5nb and 1 pb for
neutron-rich isotopes of elements Z = (101-107) in collisions
of ¥Ca + 2*8Cm [36]. However, nuclei in that region undergo
fission or B decays and the techniques for their identification
are not yet sensitive enough to access (sub)naonobarn cross-
sections.

@ Springer
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There are another 50 still unknown superheavy isotopes
which can be synthesized in the “conventional” way in fusion
reactions with stable projectile beams, for example by using
Cm or Cf targets. They are marked by an “F” in Fig. 11.
These nuclei would fill the gap on the nuclide chart which
appears between isotopes produced in cold and in hot fusion
reactions. Filling these gaps would link the presently isolated
region of relatively neutron-rich superheavy nuclei to the well
established part of the nuclide chart.

Remains the region of predicted spherical shell closures
atZ =114, 120 and N = 184. The extrapolation of theoretical
cross-sections arrives at values in the sub-femtobarn region
for these nuclei, which is far from feasibility, even on a long
time scale. However, there might be an “emergency solution”
to gain experimental information about the “island of stabil-
ity”. There are superheavy collision systems of neutron-rich
radioactive ion beams with heavy targets, which provide a
sufficient number of neutrons to reach the N =184 shell. For
complete fusion reactions, the cross-sections and also inten-
sities of radioactive ion beams are by far too small, but quasi-
fission and fusion-fission reactions can occur. As discussed
in Sect. 2, theoretical and experimental data reveal that the
evolution of a DNS toward statistical equilibrium proceeds
smoothly and the properties of very long-living DNS resem-
ble already the ones of compound nuclei. The internal prop-
erties of the DNS are revealed by the isotope distributions,
energy and angular distributions of QF and FF products (see
e.g. Refs. [86, 107]), and also the influence of shell closures in
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Fig. 11 Chart of Nuclides with the known isotopes of superheavy ele-
ments. The blue background represents shell correction energies (i.e.
fission barriers) calculated in the macroscopic-microscopic model [72].
The chart contains three still empty, but very interesting regions: (i) the
island of enhanced stability around N = 184, Z = 114 or 120, where
spherical shell closures are expected; (ii) the endpoint nuclei of the
decay chains of the most neutron-rich known isotopes, which were so
far not produced directly and (iii) nuclei which fill the gaps between

the DNS might be revealed by the kinematic properties and
isotope distributions of binary reaction products. We have
an approved experimental program at CERNs HIE-ISOLDE
facility to study QF and FF reactions in collisions of Rb
beams with Bi targets [108]. This combination allows for
creating DNS with Z =120, N=184. Here one has to remark
that the choice of collision system is still strongly constrained
by the availability of sufficiently intense neutron-rich beams
which must be provided with at least 10° ions/s.

4.1.3 Unexpected results

Among the (trans)uranium MNT products in Fig. 9 there
are several rather neutron-deficient isotopes [63]. They were
observed in *8Ca +2*8Cm collisions at SHIP at a beam energy
slightly above the Coulomb barrier. Among the observed
nuclei are also five new isotopes with Z>92. The short
halflives and long o decay chains of nuclei in this region
allow their relatively easy identification by « decay tagging.

Usually, neutron-deficient nuclei around uranium are syn-
thesized in fusion-evaporation reactions, but a comparison of
MNT and fusion yields for these nuclei revealed an interest-

isotopes produced in hot and cold fusion reactions. The nuclei in area
(iii), marked by white squares, can be produced in fusion reactions with
stable beams and 2*3Cm targets, for example. To produce decay chain
endpoint nuclei of area (ii), MNT reactions must be applied. The pink
coloured squares indicate the most neutron-rich MNT products which
can be obtained with 2*8Cm targets and cross-sections of > 1pb. The
“island of stability” is far outside the present capabilities of fusion and
MNT reactions
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Fig. 12 The product of cross-section and experimental efficiency, o€,
for uranium isotopes measured in fusion-evaporation reactions [109—
115] (crosses) and in MNT reactions *8Ca + 2*3Cm [64] (open circles).
For 219U a small offset on the A value is put to avoid an overlap of the
data points from complete fusion and MNT

ing result. In Fig. 12 we compare measured fusion residue
cross-sections of various uranium isotopes [109-115] with
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MNT cross-sections measured at SHIP. Figure 12 is a rep-
resentative example because the behavior is very similar for
isotopes of other elements in the uranium region. If fusion
cross-sections from more than one experiment were available
for the same isotope, we put the largest known value. Instead
of the pure production cross-sections, we took the product of
cross-section and experimental efficiency, o€, because this
is the relevant parameter which reflects the event count rate if
one assumes similar beam intensities and target thicknesses.
For MNT as well as fusion reactions, € is mainly determined
by the angular acceptance of the applied separators.

It is revealed that the values of oe for MNT and fusion
products tend to approximate each other for very neutron-
deficient isotopes close to the N =126 shell, despite the small
angular efficiency of the velocity filter for MNT products.
Therefore, in the very neutron-deficient transuranium region,
MNT reactions might indeed become an attractive option to
synthesize new isotopes. Here one can profit from the broad
excitation functions of MNT products which leads to a wide-
band population of many different nuclides with sizeable
yields in the same experiment, while fusion reactions are
only selective on very few specific isotopes.

4.2 Neutron-rich r-process nuclei with Z < 82
4.2.1 State of the art

Fragmentation and fission are the standard reactions to
produce neutron-rich nuclei below Pb. But model calcu-
lations revealed MNT cross-sections which are compara-
ble to, or even larger than fragmentation cross-sections
[37,50,52,119]. Figure 13 shows, as an example, Langevin

Table 2 Predicted cross-sections of 204Pt isotopes produced in MNT
reactions with the denoted collision systems. The results originate from
different theoretical models

Collision system Cross-section Refs.
136Xe + 208pp 8 b [50]
136 e 1 208pp 200 pb [52]
BCa 4 196pt 20 nb [119]
BCa+ B8y 0.4 nb [37]

model calculations of MNT cross-sections for isotopes of
elements Yb (Z = 70) to Ra (Z = 88) created in reactions
of 13¢Xe + 298pb [50,52]. The Langevin model suggests the
application of heavy beams like '3°Xe on Pb or Pt targets,
where projectile and target nucleus have similar A/Z.

Cross-section calculations for nuclei along N=126 were
also performed with other models. DNS model calculations
in Refs. [37,119] are resulting in cross-sections of simi-
lar magnitude, but suggest the application of intermediate
heavy neutron-rich beams like “*Ca or ®*Ni. As discussed
earlier, this reflects the stronger dominance of the Coulomb
force over the nuclear force in the respective model, mak-
ing very heavy systems unfavorable. Further, Zhu et al.
investigated MNT reactions in various heavy systems like
W+U or Xe+Pt by using the model which is based on the
DNS approach and the isospin-dependent quantum molec-
ular dynamics model [41,120,121]. The results of different
models can vary by several orders of magnitude for the same
MNT product like shown in Table 2 exemplary for the isotope
2O4Pt.

In the early years of 2000, Krolas et al. performed MNT
experiments in the below-Pb region at Legnaro using reac-

cross section (mb)
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Fig. 13 Calculated (histograms, Langevin model [52]) and measured [67] (symbols) cross-sections for isotopes of elements Z=(70-88) produced

in MNT reactions of 130Xe+208Pb
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Fig. 14 Section of the chart of nuclides showing MNT products in the
region below Pb which were populated in different experiments. The
gray squares represent MNT products observed in reactions of '30Xe
beams with 2°8Pb and '8Pt targets [67,68]. The small black squares

tions of >%%Ni + 298Pb and the thick-target method [58,59].
The reaction products were stopped in the target and yield dis-
tributions were established by in-beam and off-line y spec-
troscopy. A huge number of target-like MNT products of
elements from Gd (Z = 64) to Ra (Z = 88) was identified.
More recent studies, also using the thick-target technique,
were performed at the Argonne National Laboratory (ANL)
with reactions of 136Xe +298Pp [67]. Also here, a wide region
of projectile-like and target-like MNT products from Z = 48
to Z = 88 was observed in offline y spectroscopy. Beside,
experiments were performed at the velocity filter SHIP using
reactions of *Ni + 207Pb [62] where MNT products of ele-
ments Z = (76-89) were detected. The MNT products were
separated at forward angles according to their velocities and
identified by y spectroscopy in the focal plane of SHIP. The
current sensitivity limit in all these experiments is on the level
of (1-10) ub. The chart in Fig. 14 shows all MNT products
with Z < 82 which were observed to date. No new isotopes
are among them. The N =126 shell is only reached for MNT
products with Z > 80. Isotopes from fragmentation and fis-
sion reactions still determine the present limits of the nuclide
chart on the neutron-rich side.

The MNT cross-sections measured in the individual exper-
iments reveal an astoundingly uniform picture, despite the
different experimental techniques and collision systems. Fig-
ure 15 shows MNT cross-sections of isotopes with Z = (65—
83) measured in reactions of 64N + 207pp, 136 e +208pp and
136Xe + 196Pt by different groups. Cross-sections from frag-
mentation reactions are also shown. The maximum MNT
cross-sections which were reached in the different experi-
ments are very similar and amount to several millibarns for
isotopes around the stability valley. The isotopic distributions

indicate MNT products from the reactions 64Ni +207.208pp [58,62]. The
limits of the chart given on the neutron-rich side correspond to the limits
of the current Karlsruhe chart of nuclides of 2018

measured with the heavy and neutron-rich '3°Xe beams are
shifted by about five neutrons toward the neutron-rich side
with respect to the distributions obtained with **Ni beams.

4.2.2 What can we expect?

Experimental data confirm that MNT cross-sections are sim-
ilar to fragmentation cross-sections and tend to overtake
fragmentation toward the neutron-rich side (Fig. 15). It is
also revealed experimentally and theoretically that more neu-
trons in the collision system shift the isotopic distributions
of MNT products toward the neutron-rich side. Therefore,
heavy, neutron-rich beams like '3®Xe appear more favorable
than intermediate heavy beams like **Ni. Also, the applica-
tion of neutron-rich radioactive projectiles leads to neutron-
rich MNT products. However, the choice of suitable exotic
projectiles with sufficient intensities is quite restricted. Best
suitable are isotopes of heavy alkali elements like rubidium or
cesium and noble gases like Xe, because they are available
with good intensity for a broad region of their exotic iso-
topes. But still, the intensities of stable, neutron-rich beams
like *8Ca or 13Xe are several orders of magnitude larger (see
also respective discussions in [12]).

An interesting trend was observed by Watanabe et al. in
collisions of 13Xe + %8Pt [69]. At the GANIL VAMOS
spectrometer they measured the isotopic distributions of
Xe-like MNT products and deduced from them the ones
of target-like nuclei. Watanabe et al. observed that MNT
cross-sections overtake fragmentation cross-sections toward
decreasing proton number of the MNT products. This trend is
also slightly indicated in Fig. 15 by the data of other groups
where the target-like isotopic distributions were measured
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Fig. 15 Cross-sections of Tb to Bi isotopes produced in MNT reac-
tions. Full squares represent the data from ®*Ni + 298Pb collisions [58]
performed at Legnaro. Full circles denote data from the experiment with
136X e + 208pp [67] and full triangles represent the data from the exper-
iment '36Xe + 298Pt [68] collisions performed at Gammasphere facility

directly. The trend becomes more pronounced toward the
neutron-rich side.

Figure 16 shows exemplary the cross-sections for N=126
isotones from MNT and fragmentation reactions, where the
above described trend is well visible. It results from the lim-
ited number of available neutrons in fragmentation reactions,
which is in the maximum case N =146 if uranium is applied
as beam or target nucleus. In MNT reactions of heavy sys-
tems like Xe+Pb more than 200 neutrons participate which
causes a flatter decrease of cross-sections toward the neutron-
rich side.

4.2.3 MNT or fragmentation?
Apart from production cross-sections there are several fur-

ther aspects which determine the capability of a reaction
type to produce new isotopes. Finally, not only cross-sections

@ Springer

of Argonne National Laboratory. The cross-sections measured in frag-
mentation reactions are shown by asterisks for 238U+Be [116], crosses
for 238U+p [117], and stars for 28 Pb+Be [118] reactions. In fragmenta-
tion reactions, isotopes with still several more neutrons were discovered
so far (see Fig. 14 and Ref. [116], but they are not all displayed here

but yields are decisive for the experimental feasibility. They
include parameters like beam intensity, applicable target
thickness and efficiency of the experimental setup. The yield
N at the target is the product of cross-section o, beam inten-
sity Ipeam and target thickness dr. The efficiency € of the
detection system and possibly applied separation techniques
further reduces the yield. Finally, the measured yield can be
expressed as: N = 0 X Ipeqm X dr X €.

The parameters which determine the yields are quite dif-
ferent in MNT and fragmentation reactions. Fragmentation
reactions at relativistic energies apply targets thicknesses of
10 g/cm?, while in MNT reactions at Coulomb barrier ener-
gies target thicknesses are about 1 mg/cm?.

Figure 17 compares the yields of below-Pb isotopes pro-
duced in MNT and in fragmentation reactions. The underly-
ing cross-sections were taken from Fig. 15 (parameters for
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Fig. 17 Expected count rates per second of Pt isotopes produced in
MNT reactions of Ni + Pb and Xe + Pb and in fragmentation reactions.
The count rates were calculated from the cross-sections Fig. 15 for Pt
isotopes measured in fragmentation reactions of 2°*Pb (1 GeV/u)+Be
[116] and in transfer reactions of ®*Ni+2%Pb [58] and '3°Xe+208Pb
[67]. We assumed the realistic values of beam intensities and target
thicknesses denoted in the following. Fragmentation: I(Pb) = 1019/s,
d(Be) = 5 g/lem?; MNT: I(Ni) = 5 x 10'?/s, d(Pb) = 50 mg/cm?, I(Xe) =
5 x 1019/s, d(Pb) = 50 mg/cm?. The count rates are given at the target
and do not include possible losses which occur during separation and
detection of the nuclei at the individual setups

beam current and target thicknesses are given in the figure
caption). Note that the yields in Fig. 15 are given at the target
and do therefore not yet include the efficiencies of experi-
mental setups which can vary strongly between individual
experiments.

The overall trend indicates that the expected yields seem in
favor of fragmentation reactions, mainly given by the possi-
bility to use 10,000 times thicker targets. Apart from this, pro-

jectile fragmentation reactions combine further advantages
which make them much more efficient than MNT reactions:
(i) projectile fragments are emitted to a very narrow forward
cone, enabling efficient and fast In-flight separation while
MNT products are emitted in a wide angular range which
makes their collection/separation ineffective; (ii) A and Z
identification of the relativistic fragments can be performed
withthe E — AE — T O F — Bp method which makes iden-
tification independent of decay properties. Also, the method
is very sensitive and is in principle applicable for a single
event. In contrast, the lack of sufficiently sensitive identi-
fication techniques for B-decaying MNT products is still a
serious bottleneck. The most efficient method is to date y
spectroscopy which results in sensitivities on the microbarn
level. According to model calculations one can principally
observe neutron-rich MNT products up to the boarder of the
present chart of nuclides. For the observation of new isotopes,
future experiments must be sensitive to sub-microbarn cross-
sections.

5 Summary

Multinucleon transfer reactions are studied as a pathway to
new exotic nuclei, where two still empty areas on the nuclide
chart are in the focus of interest. One is the region of neutron-
rich superheavy nuclei where also new spherical shell clo-
sures are expected at N = 184, Z = 114, 120 or 126. Nuclei
in that region cannot be synthesized in fusion reactions with
stable projectiles. MNT reactions in very heavy systems like
U+Cm would principally be a pathway to produce them.
The second region is neutron-rich nuclei below Pb, which are
expected to participate in the astrophysical r-process. These
nuclei are usually produced in fragmentation or fission reac-
tions. But experimental data and model calculations revealed
quite large MNT cross-sections in that region which are com-
parable to, or even larger than fragmentation cross-sections.
By trend, MNT cross-sections increasingly overtake those of
fragmentation with increasing neutron number and decreas-
ing proton number of the product nuclei.

The heaviest nuclei which were to date observed in trans-
ferreactions are %ggNo (velocity filter SHIP) and %ggLr (radio-
chemical experiments). For %ggNo also the so far smallest
MNT cross-section of 0.5 nb was measured, resulting in the
observation of three events in about two hours of irradiation
time. With improved experimental setups it appears realis-
tic to reach 1 pb cross-sections in future MNT experiments.
Assuming this limit value, we can expect on the neutron-rich
side about 25 new isotopes of elements Z = (100-106) and
N <166, including the endpoint nuclei of hot fusion decay
chains.

About 50 new superheavy isotopes from Z = (104—118)
can still be produced in “conventional” fusion reactions

@ Springer
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with stable projectiles on actinide targets, which will fill
the present gap between the regions of cold and hot fusion-
evaporation residues.

Not reachable on a short- or mid-term time scale appear
nuclei on and around the predicted “island of stability” at
N=184,Z=114 or 120-126 for which (sub)femtobarn MNT
cross-sections are expected. However, one can expect indi-
rect information about possible enhanced nuclear stability in
that area, for example by studying quasi-fission and fusion-
fission reactions with neutron-rich radioactive ion beams,
which occur with large cross-sections up to the 100 mb scale.
Shell closures in the compound nuclear system might leave
their fingerprint not only in fusion-evaporation residues but
also in the mass, angle and energy distributions of quasi-
fission and fusion-fission fragments.

In the neutron-rich area below Pb, the sensitivity limit in
MNT reactions is presently on the level of 1 b, while it
is 1 pb in fragmentation reactions. Also, there is a competi-
tion of experimental techniques for MNT and fragmentation
product separation and identification in that region, which is
presently in favour of fragmentation reactions. Future MNT
experiments will reveal if the increase of MNT cross-sections
toward the neutron-rich side compared to fragmentation can
overcompensate the technical advantages of fragmentation
reactions.

Finally, experiments at the velocity filter SHIP revealed
a large potential for nucleosynthesis with MNT reactions
in the very neutron-deficient transuranium region. The first
new transuranium MNT products were observed there. Nor-
mally, neutron-deficient transuranium nuclei are synthesized
in fusion reactions. But the experiments showed that yields
from complete fusion and MNT are comparable in that area.
However, MNT reactions are more efficient, because a huge
number of different isotopes is populated at the same experi-
mental setting due to the broad excitation functions of MNT
products, while fusion reactions produce only few isotopes.
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