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Abstract

In Section 1 we will discuss multi-nucleon transfer reactions with light heavy ions, which can be thought 
of as competing with complete fusion at higher impact parameters. Quasi-elastic and multi-nucleon transfer 
reactions with the heaviest projectiles will be discussed in Section 2. In Section 3 we will cover recent 
developments focusing on theoretical predictions of cross sections of superheavy nuclei, cover some new 
possibilities and look into the existing experimental challenges.
© 2015 Elsevier B.V. All rights reserved.
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1. Reactions of actinides with heavy ions of A < 50

Much of the original motivation for studying multi-nucleon transfer reactions with actinide 
targets was aimed at establishing a pathway to the superheavy nuclei in the Island of Stability. In 
the course of these studies it was found that transfer reactions could provide a means of synthe-
sizing other actinide nuclides, both unknown species and unprecedented quantities of previously 
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known nuclides. These reactions may provide the best means of producing and studying new 
neutron-rich actinide nuclei.

In the context of the production of nuclides occupying the approaches to the Island of Sta-
bility, multi-nucleon transfer reactions involving projectiles with A ≤ 50 are not relevant. In 
combination with the heaviest target nuclides that are available in quantities sufficient for low-
cross-section experiments to make exotic transactinide species, the lighter projectiles do not 
provide enough neutrons and protons in toto to reach the interesting nuclides and the magnitude 
of the exchanges required of the projectiles approaching A = 50 is so close to complete that there 
is little advantage over complete fusion. Nevertheless, multi-nucleon transfer reactions between 
actinide targets and 18O and 22Ne projectiles have produced several neutron-rich species (e.g. 
260Md, 261, 262Lr) with Z ≤ 103 that are not accessible to complete fusion reactions [1,2], a con-
sequence of the gradients in the potential-energy surface that drive the reaction. These gradients 
are strongest for the most asymmetric reacting systems [3].

1.1. Impact parameter and the two-centered intermediate

In multi-nucleon transfer reactions, the collision and subsequent exchange of nucleons can be 
treated as a reaction intermediate in which nucleons move in a dynamic potential well, similar 
in form to the sum of two offset shell-model potentials. Transfer of nucleons between the two 
reactants in contact involves passing charge and mass past the inner barrier of the two-center 
potential during the short time during which the reactants are in close proximity [4]. The inner 
barrier differs for neutrons and protons due to the additional Coulomb potential, so the flow of 
neutrons facilitates the transfer of mass [5]. The mechanism of charge exchange need not involve 
the displacement of nucleons and is much more rapid than is mass flow; charge is equilibrated 
continuously during the mass diffusion process for sufficiently large transfers.

1.1.1. Kinematics
For very asymmetric reacting systems involving actinide targets, the potential energy of the 

compound nucleus is significantly lower than that of the reacting nuclei in contact [6–12] so 
transfer reactions occur at high impact parameters, while more central collisions tend to result 
in a compound nucleus, leading to highly excited primary products that most probably do not 
survive de-excitation by fission. For more symmetric reactions, in which the projectile mass 
approaches A = 50, central collisions at reaction energies near the barrier are no longer likely to 
produce a compound nucleus with the heavier projectiles. Collisions at small impact parameters 
are more likely to result in large exchanges of mass than are those at large impact parameters, 
a function of the duration of the collision and the overlap of the nuclear potentials. From a 
geometrical argument, transfers involving small numbers of nucleons are more probable than are 
those involving large numbers of nucleons [13,14].

The angular distribution of products arising in reactions involving the exchange of limited 
numbers of nucleons is peaked at the grazing angle for elastic collisions [15,16]. For reactions 
near and below the Coulomb barrier this means that heavy element products recoil in the beam 
direction in the lab frame. With an increase in the magnitude of the exchange, the distribution of 
angles relative to the beam direction over which the primary heavy-element reaction products re-
coil becomes broader and more forward peaked for reactions near and above the barrier [13]. This 
can severely impact the effectiveness of kinematic separation [3,17–19], particularly for very 
asymmetric reacting systems in which the kinetic energy of the center of mass in the lab frame is 
small. As a result, studies of the distribution of the heavy products of multi-nucleon transfer reac-
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tions have been radiochemical in nature, from samples collected in the forward direction (recoil 
foils or a gas volume) without much sensitivity to recoil energy. The time involved in transport 
and chemical processing is sufficiently long that the detection of the short-lived species that oc-
cupy the extremes of the actinide nuclides is challenging. Nevertheless, the grazing angle for 
heavy product recoils approaches 0o in the lab frame for projectile energies near and below the 
barrier, making it possible to revisit the use of kinematic separators in studies of multi-nucleon 
transfer reactions [20].

Differences between the angular distributions of recoiling heavy-element products arising in 
complete fusion and in multi-nucleon transfer have been used to support the identification of 
nuclides that decay by spontaneous fission [21].

1.1.2. Transfer of kinetic energy and orbital angular momentum
As the number of nucleons exchanged between the reaction participants increases, excitation 

energy in the heavy primary product also tends to increase [3,4,22], a consequence of increased 
dissipation of the kinetic energy and orbital angular momentum of the reaction into internal 
modes [23–25]. For large exchanges of mass, excitation is distributed between the outgoing pri-
mary products roughly proportionally to their masses, much like what is observed in low-energy 
fission. On average, a massive exchange of nucleons leads to a high excitation energy; in reac-
tions involving actinide targets this leads to the depletion of the heavy-element primary products 
through fission de-excitation. However, since no equilibrated compound nucleus is formed, the 
distributions of mass and charge, excitation energy and intrinsic angular momentum between the 
two outgoing primary reaction products are not well-defined. Heavy-element products can be 
formed with sufficiently low excitations that they may survive de-excitation by fission.

For very light heavy ions an increase in projectile mass is accompanied by an increase in 
the width of the distribution of isotopic cross sections for products of a given above-target Z, 
a consequence of the endothermic nature of the more asymmetric reacting systems and the level 
densities of the projectile residuals. For example, the distribution of mendelevium cross sections 
arising in near-barrier multi-nucleon transfer reactions with 254Es targets (�Z = 2) is character-
ized by a Gaussian with a width parameter σ 2 = 0.65u2 for reactions with 13C, and by a width 
parameter σ 2 = 0.91u2 for reactions with 22Ne [22]. In transfer reactions with 248Cm targets, 
the isotopic distributions associated with substantial net exchanges of protons from the projec-
tile to the target are characterized by a width that is approximately σ 2 = 1.0u2 for projectiles 
between 22Ne and 48Ca [14,26–29]. The width of the distribution is controlled by the curvature 
of the potential-energy surface, which is slowly changing with neutron-rich projectile mass, with 
some broadening due to the neutron emission from evaporation residues [30]. Widths for iso-
topic cross-section distributions of below-target elements tend to be broader, an increased width 
caused by the exothermic nature of nucleon exchange in the direction of symmetry, higher fis-
sion barriers in the primary products, and increased neutron evaporation in competition with 
fission.

Even with projectiles as small as C, O, and Ne, products arising from the transfer of substantial 
fractions of the projectile to the target are reported [13,22,27,28,31,32]. With carbon projectiles, 
the contribution to apparent (compound nucleus, α × n) reaction products from multi-nucleon 
transfer outweighs that from actual complete fusion reactions [13,22]. The probability of transfer 
reactions resulting in energetic projectile-residual alpha particles (leading to a relatively cold 
fusion-like heavy product) drops quickly with increasing projectile mass, becoming insignificant 
in the vicinity of 40Ar [33].
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1.2. Potential energy drivers

In quasi-elastic reactions, nucleons are exchanged with very little overlap of the two nuclear 
potentials, exchanges that are effectively a simple hand-off of nucleons without the participation 
of most of the nuclear material. In more complex transfer reactions, the non-equilibrium inter-
nuclear potential drives the exchange of charge and mass. The course of the reaction is directed 
by a combination of the Coulomb, nuclear and centrifugal potentials, defining a potential-energy 
surface whose gradients drive the evolution of the reaction products during the collision.

1.2.1. Coulomb potential and the drive toward asymmetry
For very asymmetric reacting systems, the Coulomb potential between participants favors 

transfer of charge from the projectile to the target [3], which influences the flow of mass. For 
example, transfer of a single positive charge from an 18O projectile to an actinide target nucleus 
reduces the Coulomb potential of the dinuclear reaction intermediate by approximately 10 MeV, 
while charge exchange in the opposite direction is energetically unfavorable by a similar amount. 
As the Z of the incoming projectile increases, the exchange of a single proton has a reduced 
effect on the Coulomb potential, and the drive toward asymmetry becomes less important. Con-
sequently, reactions involving heavy ions of greater mass have been used with some success to 
produce new neutron-rich nuclei with values of Z lower than that of the actinide target [34], 
which is not probable in reactions with light heavy ions [3,14]. However, large differences in 
the N/Z values of the reactants can affect the direction of mass flow. For example, in reactions 
between 248Cm targets and Ca projectiles, the average flow of mass is more strongly directed to-
ward the target with 40Ca than with 48Ca, a charge-equilibration-driven transfer of protons from 
the more neutron-deficient projectile and a corresponding adjustment of fragment masses (see 
below).

1.2.2. Binary reaction Q value and the endothermic formation of heavy actinides
Charge equilibration in the reaction intermediate is faster than is mass flow [35], so the most 

probable N/Z of the primary product resulting from a significant exchange of mass approaches 
that of the composite system [17,26,36,37], though shell effects in the nascent primary prod-
ucts influence the distribution of charge [38,39]. More massive projectiles (with higher values of 
N/Z) should be most favorable in producing neutron-rich primary products from an actinide tar-
get. However, transfers from light projectiles to the actinide targets are characterized by negative 
Q-values, due in part to the change in the binding energy per nucleon with increasing product 
mass number. This increases the probability that the heavy-element primary product will survive 
de-excitation by fission and reduces the number of neutrons which must be evaporated to result 
in the cold reaction products. Thus, reactions with lighter projectiles are favorable compared 
with those involving heavier projectiles for small exchanges of nucleons [3]. Additionally, in 
very asymmetric transfer reactions, the N/Z of the composite system is dominated by the N/Z

of the heavy element target, which is more neutron rich than conventional heavy-ion projectiles. 
Heavy-element production in multi-nucleon transfer reactions involving exchanges of limited 
numbers of nucleons is only weakly dependent on the identity of the projectile [14,27,32]. For 
instance, the neutron number of the nuclide corresponding to the peak cross section associated 
with the transfers of two-to-four protons to an actinide target nucleus is only weakly influenced 
by a change of projectile from 16O to 18O [31], or from 40Ca to 48Ca [14,37].

Since excitation energy tends to be distributed in the exit channel proportionally to the masses 
of the primary products [18,23], the residual low-mass partner tends to be formed with little 
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excitation. For reactions involving very light heavy ions, this has been interpreted as if the heavy 
reaction partner receiving nucleons is heated by the transfer while the donating light partner 
remains cold. The effect of nuclear structure of the reaction participants is most important with 
light projectiles. This is exacerbated by the relatively low density of levels in the light product. 
For reactions with C and O ions, the distribution of charge in the heavy element products at 
a fixed mass asymmetry shows the effects of the structure of the residual projectile, while the 
distribution of the same products arising in reactions with heavier ions can be approximated 
by Gaussian functions [3,23]. Particularly striking are the influences on heavy element yields 
from the pairing of protons in the light fragment, an effect that is not mitigated by the emission 
of neutrons. The residual products of the exchanges of even numbers of protons are enhanced 
relative to the products of odd-number proton exchanges [22,27,31], independent of whether the 
Z of the actinide target is even or odd [31] or the effect of unpaired protons on the fissility of 
the primary actinide products at low excitation energies. This is due to the effect of the nuclear 
structure of the projectile residue on the binary reaction Q value and the excitation energy of 
the primary actinide product. This “odd–even” effect becomes less important for reactions with 
heavier projectiles [3,14].

1.2.3. Fission barrier as a selector of low-excitation-energy primary products
Multi-nucleon exchanges do not proceed through an equilibrated configuration, and the two 

outgoing primary products are not formed in well-characterized nuclear states. As in fission prior 
to scission, fluctuations of the values of N/Z and division of excitation energy between the par-
ticipants can lead, with some non-zero probability, to the production of neutron-excessive heavy 
nuclides with little excitation energy. These low-probability exchanges become more probable as 
the mass of the projectile approaches that of the actinide target. Larger transfers of mass between 
the reacting nuclei are more probable at higher projectile energies, but so is the accompanying 
excitation of the primary products and their depletion by fission. Consequently, most experimen-
tal studies of multi-nucleon transfer reactions with actinide targets have been performed near or 
below the Coulomb barrier. It has been found that significant changes in reaction energy have 
little effect on the neutron-richness of the distribution of heavy element products arising in very 
asymmetric multi-nucleon transfer reactions [3].

Little augmentation in the magnitude of nucleon transfer resulting in evaporation residues 
arises from reactions in which the kinetic energy of the projectile exceeds the Coulomb barrier 
by more than 10% [3,14,28,37] and cross sections may turn over at higher energies. The fis-
sility of the heavy-element primary products most strongly depletes those with high excitation 
energies, with the fission process preferentially depleting heavy actinides with intrinsic energies 
greater than or equal to the fission barrier, which is near the neutron binding energy in the heavy 
actinides [3,26,40]. For multi-nucleon transfer reactions between light heavy ions and heavy ac-
tinide targets, this leads to fission-depletion of above-target yields of approximately an order 
of magnitude for each proton exchanged [41]. Depletion of highly excited products by fission 
makes the shift away from neutron excess caused by particle evaporation less important than it 
would be in less fissile reacting systems.

While “cold” transfers of substantial numbers of nucleons in very asymmetric transfer reac-
tions are possible, they are unlikely. In reactions of 18O and 22Ne ions with 248Cm, comparison 
between the peaks cross sections of the distributions of �Z = 4 fermium isotopes with what is 
expected of N/Z equilibration and minimization of potential energy might lead one to believe 
that the observed products are residual following the evaporation of 3–4 neutrons [3,22,27,28]. 
The actual number of emitted neutrons is somewhat less because a four-proton exchange is not 
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sufficient to ensure complete minimization of the potential energy at fixed mass asymmetry [14]. 
Even though the fractional destruction of Z = 100 primary products at excitation energies ap-
proaching 30 MeV far outweighs the destruction of similar nuclides with intrinsic energies near 
the neutron binding energy, the production of hot primary products so far outweighs that of cold 
products that the evaporation residue population resulting from light heavy ion reactions is dom-
inated by those arising from more highly excited primary products.

The probability of de-excitation of the actinide primary products by fission increases with the 
transfer of angular momentum from orbital to intrinsic modes during the collision. The effec-
tive barrier to fission for heavy nuclei of a given excitation energy decreases with an increase in 
spin [42]. Nuclear isomerism provides a means of estimating the spin distributions of the primary 
products that survive fission de-excitation. In the case of the 254Es produced in transfer reactions 
with 248Cm targets, the ratio of the cross section for production of the Jπ = 2+ metastable state 
to that of the Jπ = 7+ ground state is approximately 1.0; if the mean intrinsic angular momen-
tum of the surviving products was significantly greater than J = 7, then production of the ground 
state would dominate [3]. However, de-excitation of the primary products by fission is most likely 
dominated by the effects of excitation energy, so it is difficult to make any quantitative statements 
regarding the distribution of spins in the primary heavy-element products based on nuclear iso-
merism in the final actinide products. Substantial transfer of kinematic angular momentum into 
the internal spins of the actinide reaction products could be reflected in deviations of their angle 
of recoil from the expectations of binary scattering processes.

1.3. Continuum of mechanism

In reactions with actinide nuclides, as the mass of the light reaction partner increases from the 
vicinity of A = 20 toward that of A = 50, dynamical limitations to the formation of a compound 
nucleus result in an increase in the probability of multi-nucleon transfer in central collisions. The 
duration of the overlap of nuclear matter in central collisions is longer than that for more periph-
eral collisions so transfers of substantial numbers of nucleons between the primary participants 
are more probable with heavier projectiles.

1.3.1. Single-nucleon transfer to compound nucleus formation
Multi-nucleon transfer reactions between light heavy ions and actinide targets span a variety 

of mechanisms [23–25] that can be distinguished in terms of the time that the reacting nuclei 
are in contact and the overlap between them [43], from the quasi-elastic transfer of very small 
numbers of nucleons [24,44] to quasi-fission, where the exchange between the reaction partici-
pants is so complete that the ensemble of reaction products resembles what would arise from the 
fission of a compound nucleus [45–48]. The probability of quasi-fission increases significantly 
for collisions of projectiles near A = 50 with heavy targets, but is a very unlikely outcome for 
reactions involving lighter projectiles.

As the magnitude of the exchange of nucleons increases, the transfer of reaction energy into 
the excitation energy shared between the reactants increases. In reactions of light heavy ions with 
actinide targets, the Coulomb potential drives the reaction toward asymmetry and the endother-
mic nature of the reaction results in a high probability of producing nuclei above the Z of the 
target whose excitation energy is sufficiently low that they survive fission de-excitation. Reac-
tions between O- or Ne-ions and actinide targets can produce neutron-rich above-target actinides 
with large cross sections. The two-centered reaction intermediate is of short duration, providing 
little time for significant mass flow, resulting in primary products whose Z- and N -values are 



J.V. Kratz et al. / Nuclear Physics A 944 (2015) 117–157 123
dominated by those of the actinide target. Light heavy-ion reactions are not favorable for pro-
ducing actinide nuclides at lower Z than that of the target, or more than four protons above the 
target Z.

With heavier projectiles, multi-nucleon transfer can encompass a wider range of impact pa-
rameters and form dinuclear reaction intermediates that are longer lived, resulting in a more 
substantial exchange of nucleons. The neutron richness of the heavy element products arising in 
more central transfer reactions is no longer dominated by that of the target, but is more strongly 
influenced by the neutron richness of the composite (target + projectile). The Coulomb potential 
between the reaction participants no longer overwhelmingly favors above-target exchanges, and 
production of below-target actinide nuclides becomes more probable. The neutron richness of 
the actinide products of more peripheral exchanges of a limited number of nucleons is still most 
strongly influenced by the neutron number of the target nuclide.

The Q values for production of above-target nuclides become less exothermic with increasing 
projectile mass, but exchanges resulting in extreme neutron-to-proton ratios become more prob-
able, leading to primary products with reduced excitation energy and, consequently, a greater 
probability of surviving fission de-excitation and a reduced probability for neutron emission.

For reactions with actinide targets in which the projectile mass approaches A = 50, the ex-
change of nucleons driven by the total potential-energy surface, which is no longer dominated 
by the Coulomb potential [49]. Comparison of the multi-nucleon-transfer product yields arising 
in the reactions of Ca ions of different mass number with 248Cm targets demonstrates this point. 
Transfer product yields from reactions of 248Cm targets with 48Ca, 44Ca and 40Ca ions of sim-
ilar energies are shown in Fig. 1 [14]. While the influence of the projectile neutron number on 
the production of above-target nuclides near the target (Z, N ) is relatively small, the probability 
of below-target nuclide production changes by three orders of magnitude for substantial mass 
exchanges, even though the influence of the Coulomb potential is similar in each case.

The explanation lies in the contribution of the binary reaction Q value to the potential-energy 
surfaces of the reactions, the potential energy of the two initial reaction participants in contact 
and their offset from the local potential-energy minimum. The potential-energy surfaces of the 
three reactions are shown in Fig. 2 [14], with the initial reaction conditions (the injection point) 
denoted by “+” signs. There is a strong gradient in the potential-energy surface of 40Ca and 
248Cm in contact, and minimization of potential energy favors the exchange of positive charge 
from the proton-rich light participant to the heavy one, favoring the production of above-target 
nuclides. Conversely, the injection point of the 48Ca + 248Cm reaction is near the local minimum 
in the potential-energy surface; at contact, the potential energy surface has only a small gradient, 
which favors the flow of mass toward symmetry and nuclei that are more resistant to de-excitation
by fission.

1.3.2. Development of a conditional barrier to fusion
In the discussion of multi-nucleon transfer reactions with actinide targets there is a natural 

break in mechanism for projectile masses near A = 50. At this mass number the probability of 
producing a compound nucleus vanishes for reactions at energies near the classical Coulomb bar-
rier. For reactions with significantly lighter projectiles at low energies, a simple Γn/Γf treatment 
of the decay of the compound nucleus can be used to good effect to model the cross sections of 
the evaporation residues [5,6,50]. As the projectile mass approaches 50, the Γn/Γf treatment be-
gins to fail, resulting in calculated evaporation-residue cross sections that are significantly higher 
than those observed in experiments. It becomes necessary to invoke a two-step fusion mechanism 
[41,51,52] incorporating a dynamical hindrance to fusion and a conditional barrier to reactants 
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Fig. 1. Isotope distributions of target-like fragments in reactions of Ca projectiles with 248Cm. Ground-state isomers 
or metastable isomers are denoted with “g” or “m”, respectively. Arrows indicate detection limits. Top: Reactions of 
247–263 MeV 48Ca projectiles with 248Cm (Refs. [37,49]). Middle: Reactions of 251–257 MeV 44Ca projectiles with 
248Cm [14]. Bottom: Reactions of 251–257 MeV 40Ca projectiles with 248Cm [37].

in proximity, poised at the top of the Coulomb barrier, diverting reaction probability for central 
collisions from the compound nucleus toward quasi-fission [46–48,53,54], an extreme form of 
multi-nucleon transfer [52,55].

2. The heaviest systems 238U + 197Au, 238U, and 248Cm

We start this section by first looking first at features specific to “simple” quasi-elastic reac-
tions close to the Coulomb barrier that have been seen in a new light by Reisdorf [56] when 
stressing their coupling to more complex reactions. As he pointed out, quasi-elastic reactions 
in the heaviest systems are sensitive to polarization fields via the mechanism of orbit matching. 
On the other hand, “complex” reactions represent the link between complete fusion and quasi-
elastic reactions. In the complex reactions, a massive exchange of mass, charge, kinetic energy, 
linear and angular momentum takes place between the two nuclei, suggesting that a neck has 
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Fig. 2. Contour map representation of the calculated PES for the reactions of 40,44,48Ca projectiles with 248Cm at an 
angular momentum of l = 0h̄. The dashed lines denote the equipotential contour lines at 0 MeV. The injection points 
(248Cm) are represented by +. The dotted lines connect the minima of the potential energies calculated for each Z. 
The Businaro–Gallone saddle point is indicated by x. The filled circles represent the position of the experimentally 
determined maxima of the isotope distributions for each Z, whereas the open circles represent estimated maxima. 48Ca 
data from [37,49], 44Ca data from [14], 40Ca data partly from [37].

been formed. The formation of a neck at barrier or sub-barrier energies followed by reseparation 
creates analogies with low-energy fission. They concern total kinetic energies, excitation-energy 
sharing, and structural influences on the product yields such as odd–even staggering and nuclear 
structure effects due to shell closures. In the following paragraphs, we will touch some of these 
features before we will focus on the multi-nucleon transfer reactions in the interactions 238U +
238U and 238U + 248Cm leading to surviving transuranium isotopes.

2.1. “Simple” (quasi-elastic) reactions at the barrier

2.1.1. Systematics of transfer reaction cross sections
Quasi-elastic reactions are treated in time dependent semi-classical theory for one-step pro-

cesses giving probability amplitudes introduced by Broglia et al. [57] of the type

cf i = 1

ih̄

∞∫
−∞

dt
〈
f |Vt |i

〉
exp

iϕf i t

h̄
(1)

with f final, i initial state, Vt being the interaction causing the transfer and the phase φf i being 
given by

φf it = (Ef − Ei)t +
t∫ [

Lf

(
t ′
) − Li

(
t ′
)]

dt ′. (2)
0
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Fig. 3. Reduced cross sections for one-neutron transfer as a function of the ground-state Q value at incident energies 
20–30% above the Coulomb barrier. The full curve is a fit to the data by Wolfs et al. [60]. (Reprinted with permission 
from IOP Publishing Ltd. (Reisdorf (1994).)

Here, Ef − Ei is the Q-value and

Lf,i = Tf,i − Vf,i(rf i) (3)

are the Lagrange functions for the nucleus–nucleus system (T kinetic, V potential energy) along 
the classical trajectory. “Orbit matching” occurs when the phase φf i t is stationary in the region 
where the matrix 〈f |Vt |i〉 is maximal which is usually the case around the distance rcl of closest 
approach. Disregarding for simplicity the recoil terms and changes in orbital momenta coming 
from the kinetic energies in the Lagrangians, leads to the well known matching condition

Qeff = Q + Vi(rcl) − Vf (rcl) = 0. (4)

For neutrons, Vi − Vf is ignored and for protons, only the Coulomb part of Vi − Vf is usually 
considered.

Compilations by van den Berg et al. [58] and Rehm et al. [59] of angle and energy integrated 
one-neutron transfer cross sections in heavy-ion reactions some 20–30% above the barrier fit 
well into a smooth systematics if the influence of the available Q value window and of the 
neutron binding energy is removed. It was proposed by van den Berg et al. [58] that the latter 
could be done by switching to reduced cross sections σtx(BiBf )1.1, where Bi,f are the neutron 
separation energies. This is shown in Fig. 3. The smooth curve [5] is an error function derived 
from a Gaussian with a standard width σ = 4.1 MeV. According to Broglia et al. [57], this 
width is inversely proportional to the collision time in first order perturbation theory. One has 
approximately

σ 2 = 20

(
E

A

)
/rcl MeV2 (5)

yielding the value σ ≈ 3.5 MeV for the systematics in Fig. 3, somewhat smaller than the value 
fitted to the data, where E/A is the energy per nucleon in MeV/u, and rcl is the distance of 
closest approach in fm.
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Fig. 4. Systematics of one-neutron transfer cross sections close to the Coulomb barrier energy. Full squares: systems 
with ZpZt ≥ 1800, open squares: systems with ZpZt < 1200, asterisks: intermediate systems. The smooth curve with 
arbitrary normalization corresponds to a Q window 15% narrower than in Fig. 1. (Reprinted with permission from 
Springer, Heidelberg (Reisdorf et al. [63]).)

The smooth systematics suggested that aside from the Q value and separation-energy depen-
dence, nuclear structure is essentially averaged out when integrated cross sections are considered. 
On the other hand, Reisdorf et al. [63] have compiled one-neutron transfer data from the liter-
ature, limiting those to a narrow energy band (0.97 ≤ E/B ≤ 1.06) around the Bass potential 
barrier. The result is shown in Fig. 4. The very large scatter of the cross sections which is not 
correlated with E/B , is in striking contrast to the smooth systematics at higher energies. As 
for fusion reactions, one is witnessing here also for the “simple” one-neutron transfer reactions 
an increased complexity in measured cross sections at or below the barrier as compared to the 
behavior at energies well above the barrier. Reisdorf [56] suggested that channel coupling to 
complex reactions causes this phenomenon at barrier energies when saturation, i.e. limitation by 
absorption, has not yet been reached.

Whether an experimental cross section σexp has to be judged as large or small, can be decided 
by comparing values of

σ ′ = σexp(BiBf )1.1/f (Qgg) (6)

where

f (Qgg) = 1 + erf

(
Qgg − Qopt√

2σ

)
. (7)

At the Coulomb barrier, σ = 3.5 MeV is chosen.
For example, in the 86Kr + 130Te reaction (Fig. 7), one finds in arbitrary units for the neutron 

pickup σ ′+1n = 12 700, to be compared with σ ′−1n = 4500 for the neutron stripping reaction. 
Likewise, for the proton transfers, one finds σ ′+1p = 1600 and σ ′−1p = 13 700. In both cases, 
the effective Q values, neglecting the nuclear polarization part, differ by 1 MeV or less, but the 
values of σ ′ are markedly different. A look at Fig. 7 suggests how this could be associated with 
nuclear polarization. In this figure, the smooth curves represent the “complex” reactions. The 
one-nucleon transfer channels (±1n, ±1p) are large when the corresponding isotope is close 
to the maximum of the complex-reaction channels and small when the contrary is the case. This 
strongly suggests that the coupling to the macroscopic trend (coupling to a multitude of channels) 
followed by the complex reactions creates a polarization field that favors matching even for 
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Fig. 5. Reduced transfer probabilities P ′
t versus the reduced distance of closest approach. The data are from Wirth et al. 

[61] and Funke [62]. Left panel: reaction 238U(197Au,198gAu) at 13 different energies (see text). The smooth curve is a 
theoretical fit. Right panel: reaction 238U (238U, 239U). The smooth broken dashed curve is a theoretical fit to the data. 
The full curves branching out are to guide the eye for 5 different energies. The branching out occurs at different distances 
depending on the indicated energy (given in units of the barrier energy). (Reprinted with permission from IOP Publishing 
Ltd. (Reisdorf (1994).)

Fig. 6. Mass distributions for 86Kr + 76Ge (top), 104Ru (center), and 130Te (bottom) at Ecm = 129.1, 178.6, and 
203.0 MeV, respectively. (Reprinted with permission from Springer, Heidelberg (Reisdorf et al. [63]).)

relatively negative Q values. It should be noted that the two-neutron transfer is also affected by 
this: σ+2n is larger than σ−1n.
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Fig. 7. Yields for Sb, Te/Kr, and I ejectiles in the reaction 86Kr + 130Te at Ecm = 203.0 MeV. The Gaussian curves 
were obtained by fits taking into account the yields for a total of about sixty detected nuclides, but leaving out the 
predominantly quasi-elastic channels that are indicated in the figure. The arrows close to the top of the curves indicate 
the most favored mass at fixed charge from potential energy considerations. (Reprinted with permission from Springer, 
Heidelberg (Reisdorf et al. [63]).)

Reisdorf [56] suggested that in the matching equation (4), one cannot neglect changes in the 
nuclear parts of the potential which are just due to polarization. Due to the narrow Q window in 
slow collisions, a polarization potential of 3 MeV near the barrier boosts the cross section for a 
Q = −4 MeV transition by as much as a factor of 3. Such a shift has to be seen on the scale of 
the maximum possible “macroscopic polarization” at fixed mass asymmetry. This is nothing else 
than the difference between the potential barrier and the conditional saddle point on the potential 
energy surface. For symmetric systems with ZpZt between 1000 and 2000, this is on the order 
of 20 MeV. Nuclear polarization will also lower the surface-to-surface distance, favoring transfer 
of nucleons even further.

2.1.2. Slope anomalies
For large internuclear distances, a simple exponential Ansatz for the transfer form factor

Ff i(r) and the absorptive potential W , neglecting the effect of nuclear attraction on the clas-
sical trajectories, and expanding the time dependent radial separation r(t) around the distance of 
closest approach, allows one to write the transfer cross section in the semi-classical approxima-
tion as a product of four terms

σf i(Θ) = PtPabsPQσruth(Θ) (8)

where σruth is the Rutherford cross section. Following Landowne and Pollarolo [64], the absorp-
tion probability can be written as

Pabs = exp

[
2

(
2πaw

h̄2r̈cl

)1/2]
W(rcl) (9)

where aw is the diffuseness of W(r) and r̈cl is the acceleration at the point of closest approach. 
For the Qf i -value dependence, we have

PQ = exp

(
−af Q2

f i

2

)
, (10)
h̄ r̈cl
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and the transfer probability is

Pt = 2πaf

h̄2r̈cl
Ff i(rcl)

2 (11)

where af is the diffuseness of Ff i . To a good approximation, one has for Coulomb trajectories

P ′
t = Pt/ sin(Θ/2) ≈ exp(−2rcl/af ) with af = h̄(2μ)−1/2(BiBf )−1/4 (12)

where μ is the reduced nucleon mass. Failure of experimental data to follow the exponential slope 
given by Eq. (12) has been termed “slope anomaly”. Slope anomalies can be expected whenever 
quantum-mechanical effects play a role. For relatively light systems this could be dispersive or 
refractive effects [65]. Another source of anomalies are interference effects between amplitudes 
from different orientations of deformed nuclei [66]. Such effects have also been predicted by 
coupled-channels calculations [67].

We shall focus here on a one-neutron transfer case, linking one of the possible origins of the 
slope anomaly to a coupled-channels effect. Landowne and Pollarolo [67] have claimed with 
the use of the above formulae that a good understanding of the measured [61,68] one-neutron 
transfer cross sections in the systems 238U + 238U, 197Au could be achieved. Reisdorf [56] has 
used the same formalism avoiding to neglect the contribution of the orbital angular momentum 
for r̈cl and refraining from varying the strength of the form factor with energy. The results for 
P ′

t are shown in Fig. 5 (left panel) using as abscissa the reduced distance of closest approach 
d0 = rcl/(A

1/3
p + A

1/3
t ). For the reaction 238U + 197Au, there is precise equivalence of angular 

distributions at fixed energy with the excitation function at fixed angle. The data for the transfer 
product 198gAu covered large angular ranges and 13 energies between 88 and 109% of the inter-
action barrier BI . An excellent reproduction of the data is obtained without varying the strength 
of the form factor, using af = 1.70 fm (from Eq. (12), one gets 1.822) and aw = 0.9 which is 
larger than the standard value used by Landowne and Pollarolo. Due to optical model ambigu-
ities, Reisdorf [56] did not draw any conclusion from the absorptive parameters. In agreement 
with other studies [69] it was concluded that absorption sets in at d0 = 1.55 fm.

In contrast, for the reaction 238U + 238U leading to the transfer product 239U, the data for 
different energies do not superimpose, see Fig. 5 (right panel), thus one learns that absorption 
sets in at distances that vary with the incident energy. This striking effect cannot be reproduced by 
the above formalism, unless one introduces new parameters for each energy. One cannot invoke 
deformation in a simple way to explain the difference between the two systems because the 
deformed 238U occurs at least once in both systems. The broken line in the figure was obtained 
using the same absorption parameters as for 238U + 197Au and af = 1.65 fm.

Funke [62] has found a correlation of these effects with the ground-state Q value for transfer. 
In the reaction 238U + 197Au, the ground-state Q value for transfer is 0.43 MeV, while for the 
reaction 238U + 238U, it is −1.35 MeV. There seems to be an analogy with the coupled-channels 
effects studied by Thompson et al. [70] for the reaction 17O + 208Pb → 209Pb. They found that 
back-angle cross sections for angular momentum and/or energy mismatched transfer reactions 
were depleted if a coupling of the first excited state in 17O to both the 17O ground state and the 
transfer states was included, an effect that could not be reproduced by DWBA calculations. It is 
tempting to invoke the coupling to rotational bands in 238U to explain the present anomalies as 
well. This means, deformation is seen only in mismatched transfer reactions. Coupled-channels 
calculations should be performed.
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2.2. “Complex” transfer reactions

The observation of complex reactions at barrier and sub-barrier energies is rather recent. 
One study by Reisdorf et al. [63] looked at increasingly heavy systems using the very sensi-
tive radiochemical detection methods: 86Kr + 76Ge, 86Kr + 104Ru, and 86Kr + 130Te, spanning 
ZpZt = 1152–1872 at energies quite close to the Bass-model barriers. The observed resepara-
tion channels go well beyond the traditional one or two nucleon transfers, even for the lightest 
system. The increasing complexity is documented by the measured mass distributions, Fig. 6. 
The existence of a distinct new component in the reaction channels is revealed by the isotopic 
distributions around the projectile-target charges, see Fig. 7. Gaussian peaks appear as smoothly 
behaved complex-reaction background under a narrow quasi-elastic peak dominated by one and 
two nucleon transfers. The “simple” quasi-elastic channels are understood as resulting from pe-
ripheral trajectories reflected from the combined nuclear, Coulomb, plus centrifugal potential. 
The complex channels result from a massive exchange of mass and charge between the two part-
ners made possible by neck formation and leading to an isotope peak position and width heavily 
influenced by the gradients and curvature of the binuclear potential energy surface (PES).

Information on what happens if the injection point is not close to the valley of optimum charge 
density was obtained by Gäggeler et al. [49] studying the reaction 48Ca + 248Cm close to the 
Bass-model barrier. They found essentially constant cross sections of 1–2 mb for the elements 
U(�Z = 4) through Rn (�Z = 10) below the target. The situation became spectacular by the 
addition of data for 40,44Ca + 248Cm by Türler et al. [14]. Below the target, the yields differ by 
more than two orders of magnitude between the 48Ca and the 40Ca induced reactions with an 
intermediate behavior for the 44Ca projectile, see Fig. 1. In the 40Ca case, one is injecting into 
the PES at a point that is 20 MeV above the optimum charge-density configuration, whereas in 
the 48Ca case, one is within 1 MeV of this optimum, see Fig. 2. N/Z equilibration through the 
neck will lead to a larger asymmetry in the 40Ca case; in combination with 248Cm, the optimum 
charge is 17 with the consequence that there is much less drift to the light-mass side of the target 
and more yield is going to the heavy side of the target allowing a more copious production of 
heavier elements leading also, presumably, to more fusion than in the 48Ca induced reaction, 
since larger charge asymmetry lowers the repulsive Coulomb forces.

2.2.1. Evidence for neck formation
Complex reactions have also been observed by Funke et al. [71] in very heavy systems such 

as 238U + 238U, 197Au at and below the Coulomb barrier. For such systems, the Bass-model 
potential no longer has a pocket; nevertheless, rather exotic transfer reactions leading to products 
such as 227Th (a net two-proton and nine-neutron transfer) were observed.

This can be qualitatively understood by assuming that a neck has formed between the two 
nuclei, possibly taking advantage of a favorable tip-to-tip orientation, and a massive nucleon 
exchange took place leading to approximately Gaussian isotope distributions peaking close to 
the minimum of the PES. For Th, this can be estimated to be around mass 228 to 230 for the 
studied systems, hence not too far, considering the finite widths of the observed distributions 
(about 2.5 u FWHM), from the observed 227Th. The analogy of the excitation function for such 
a neck formation with fusion excitation functions is shown in Fig. 8 where a comparison is made 
with the fusion data for 40Ar + 154Sm, Reisdorf et al. [72], which, like 197Au + 238U, is a 
combination of a medium soft spherical nucleus with a well deformed nucleus. One finds that 
the barrier for neck formation is 676 MeV (cm). Clearly, sub-barrier fusion physics continues all 
the way to 238U + 238U, except that now, in principle, one can study more directly the coupling 
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Fig. 8. Comparison of excitation functions for one-neutron transfer, massive transfer, and fusion. Crosses, one-neutron 
transfer (in mb) for 238U + 238U; asterisks: one-neutron transfer (to 237U in mb) for 238U + 197Au. All other symbols 
stand for complex transfer channels (in µb) (223–225Ra, 225–226Ac, 227Th) in the system 238U + 197Au. The cross 
sections for each isotope have been renormalized with an energy-independent factor to agree best with the values for 
224Ra, in order to stress the common shape of the excitation functions. While the smooth curves going through the 
neutron-transfer data are just to guide the eye, the curve going through the complex transfer data represent the measured 
fusion cross section for 40Ar + 154Sm scaled down by a factor of 100 and shifted towards 5% higher E/BI (see the 
upper abscissa). The transfer data are from Funke et al. [71]. BI is the interaction barrier, B is the adjusted neck formation 
barrier. (Reprinted with permission from IOP Publishing Ltd. (Reisdorf, 1994).)

of the “simple” to the “complex” channels that lead to fusion in lighter systems. The lifetime 
of the necked configuration seems to be short: the angular distributions of the complex reaction 
products were found [71] to be sharply backward peaked.

2.2.2. Neck rupture: excitation energy sharing
Neck formation at barrier energies is also evidenced by another phenomenon concerning the 

way the total excitation energy is shared at separation. The excitation energy division in collisions 
well above the barrier has been discussed in a review by Töke and Schröder [73] primarily in 
terms of the one-body dissipation model and one of its ingredients, Randrup’s [74] version of 
the stochastic nucleon exchange model. The processes at higher energies are dominated by heat 
generating deceleration. As is known from low-energy fission, the separation of two fragments 
which were transiently linked by a neck can lead to a rather peculiar sharing of the excitation 
energy: one fragment appears to be cold, while the partner is hot, giving rise to the famous 
sawtooth for the average number of emitted neutrons versus mass. The relevant physics lies in 
the way how the neck is ruptured, i.e. in the way the neck nucleons are shared at separation, cf. 
the random neck rupture model by Brosa et al. [75].

Keller et al. [47] studying reactions of 50Ti, 54Cr, and 58Fe with 208Pb at the barrier were able 
to measure with radiochemical methods the average isotope masses of complementary charged 
fragments. Typically, for a fragment with charge 35, one expects a pre-evaporation mass around 
86 u on account of the minimum potential energy. If the total kinetic energy of such products 
is assumed to be given by the Viola systematics, and if an excitation energy sharing according 
to the mass ratio (thermal equilibrium) is assumed, one obtains a post-evaporation mass number 
of about 83. The measured average mass number, however, was 77.8. This indicated that the 
acceptor of the neck nucleons obtained nearly the full excitation energy. The complete trend with 
charge division suggests that donor nuclei are cold, while acceptor nuclei are hot.
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Fig. 9. Fractional excitation energies in the 51V + 197Au reaction at Ecm = B (a), Ecm = B + 25 MeV (b), and at 
Ecm = B + 75 MeV (c). The data in (a) and (b) are from Klein et al. [76], the data in (c) are from Wirtz et al. [77]. 
The solid line in (c) represents fractional excitation energies proportional to the fragment charge (mass) characteristic of 
a temperature equilibrium. (Reprinted from [77] by Wirtz et al. with permission from Oldenbourg Wissenschaftsverlag, 
München.)

More complete radiochemical studies by Klein et al. [76] and Wirtz et al. [77] confirmed 
these observations for the system 51V + 197Au at the Bass-model barrier, Fig. 9. The extreme 
acceptor–donor asymmetry at the barrier changes toward equipartition of the excitation energy 
only 25 MeV above the barrier energy, Ecm = B + 25 MeV, and develops toward a near temper-
ature equilibrium at Ecm = B + 75 MeV in accordance with the observations reviewed by Töke 
and Schröder [73] at higher energy at modest kinetic energy losses.
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With these remarks on the “simple” and “complex” transfer channels and their channel cou-
pling via the nuclear part of the potential due to polarization, on neck formation, and on neck 
rupture, we have given the necessary framework in which we can now proceed to the heaviest 
systems investigated for which the Bass-model potential no longer has a pocket and the reaction 
cross section is provided entirely by quasi-elastic and multi-nucleon transfer reactions, the latter 
being a potential path to the production of heavy, neutron rich transuranium isotopes.

2.3. The 238U + 238U reaction

Multi-nucleon transfer reactions between two 238U nuclei at energies close to the Coulomb 
barrier were studied in the late 1970s i) to investigate the gross features of the reaction by mea-
suring product charge, total kinetic energy, and angular distributions [78,79], ii) to learn about 
the prospects of synthesizing very heavy actinide isotopes and possibly superheavy elements in 
their ground states in these damped collisions [80], and iii) to study fission phenomena [81] of 
such heavy fragments with atomic numbers up to Z = 116. These experiments showed that fis-
sion of one or both of the colliding nuclei is the dominant process. However, for a given energy 
dissipation, more particle diffusion was reported [78,79] than previously observed in other colli-
sion systems, a feature highly desirable for the syntheses of very heavy elements. In qualitative 
agreement with this observation, cross sections for surviving heavy actinides were found to ex-
ceed those in Ar + U, Kr + U, and Xe + U reactions by typically one order of magnitude [80]. 
Analyses of the survival probabilities of these highly fissionable nuclei revealed [80] that their 
formation is associated with the low-energy tails of the excitation-energy distributions. Exclu-
sive investigations of the three-body exit channels using kinematic coincidences with large-area 
ionization chambers revealed [81] that this reaction channel has to be interpreted as a two-step 
mechanism with fission following the deep-inelastic collision with minimum scission-to-scission 
times of 10−20 s even for intermediate nuclei with Z > 110. The studies by Schädel et al. [80]
used radiochemical techniques based on bombardments of thick targets at various incident en-
ergies, chemical separations, and nuclide identification by α-particle spectroscopy, sf counting, 
and γ -ray spectroscopy. These studies and those of the 238U + 248Cm reaction [82] have recently 
been revisited and published in detail by Kratz et al. [83].

2.3.1. Isotope distributions at fixed Z below Z = 92
The integral cross section integrated over all values of total kinetic energy for individual iso-

topes of a given Z are used to define a Gaussian distributions whose centroids and widths vary 
smoothly with Z. This is so for products below Z = 92 down to about Z = 79 representing the 
survivors of deep-inelastic collisions followed further down in Z by a symmetric product dis-
tribution peaking at Z = 46 and extending down to Z = 23, resulting from sequential fission 
of highly excited fragments from damped collisions. For fission products with atomic numbers 
33 ≤ Z ≤ 43 and 50 ≤ Z ≤ 61, the yield distributions are incompatible with a single Gaussian. 
Here, in agreement with previous results in 40Ar-, 56Fe-, 86Kr-, and 136Xe-induced reactions 
with 238U targets, an additional component [44,84–86] is observed in the isotope distributions. 
This component is characterized by much narrower widths and more neutron rich centroids 
compatible with its assignment to sequential fission of only moderately excited fragments from 
quasi-elastic collisions giving rise to a double-humped fission-product mass distribution. A rather 
complete yield surface between atomic numbers 23 and 100 including isotopes with half-lives 
from 23 min to 7.4 ×103 y is shown in Fig. 10. It was obtained [80] in the bombardment of a thick 
238U target with 238U projectiles of ≤7.50 MeV/u. Note here that the cross sections presented in 



J.V. Kratz et al. / Nuclear Physics A 944 (2015) 117–157 135
Fig. 10. Element distribution for ≤7.50 MeV/u 238U + 238U. (a) Yields for quasi-elastic transfer and sequential fission 
at low excitation energies (open symbols) and for damped collisions with the associated sequential fission process (closed 
symbols). The dashed line represents the reconstructed primary yield distribution for the damped collision process. (b) 
Independent yield isopleths in the Z–A plane. The location of the β-stability line is indicated for comparison. (Reprinted 
from Schädel et al. [80] with permission from the American Physical Society.)

publication [80] were “integral cross sections” for projectile-like and target-like products. Apart 
from the data contained in Fig. 10(a) and (b), the data presented in this work for the 238U +
238U reaction have been divided by 2 to make them compatible with all other reactions involving 
238U. The systematics of yield dispersions in Fig. 10 suggest to interpret the distribution to be 
attributable to four components: Quasi-elastic transfer residues, deep-inelastic transfer residues, 
sequential fission after quasi-elastic collisions, and sequential fission after deep-inelastic colli-
sions.

From the experimental centroids ĀZ for the survivors of the damped collisions below Z = 92
and from model predictions of the most probable primary mass numbers Ā′

Z based on the mini-
mization of the potential energy for the dinuclear system at the scission point, one can estimate 
the average number of neutrons evaporated from the primary fragments. The minimum poten-
tial energy (MPE) concept is justified by phase space considerations relating the most probable 
transfer with the highest level density in the intermediate complex. The highest level density 
is associated with the maximum available energy E∗ (or the minimum potential energy) in the 
dinuclear system. �E∗ can be calculated if the potential energy is normalized to the entrance 
channel potential energy. Then, the change in liquid-drop energies between entrance and exit 
channel is the conventional ground state Q value, Qgg , and

�E∗ = Qgg + �VC + �VN + �Vl − δn − δp (13)
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Fig. 11. (a) Primary mass numbers Ā′
Z

for the light uraniumlike fragments for Z ≤ 91 obtained by minimization of the 
potential energy for two touching liquid drops including corrections δn for the breaking of neutron pairs in the nucleon 
exchange process. Comparison with the experimental mean product mass number ĀZ for ≤7.50 MeV/u 238U + 238U 
gives the average number of neutrons ν̄Z evaporated from the primary fragments. (b) Their mean excitation energy ĒZ

is determined with a statistical evaporation code. The mean total excitation energy Ētot as a function of Z is indicated, 
involving the assumption of a partition of the excitation energy between complementary fragments in proportion to their 
primary masses. The values of the total kinetic energy loss T̄ K̄ĒL̄ result from Ētot by adding Qgg . (Reprinted from 
Kratz et al. [83] with permission from the American Physical Society.)

where VC , VN , Vl are the Coulomb, nuclear, and centrifugal potentials and δn and δp are cor-
rections of the available energy owing to breaking of neutron and proton pairs in the diffusion 
process [87]. Omission of these corrections would correspond to the unrealistic assumption that 
nucleons are transferred from the ground state of the donor nucleus to the ground state of the 
acceptor nucleus which would lead to an overestimate of the available energy �E∗ and con-
sequently to an overestimate of the level density in the intermediate complex. In practice, for 
the predictions of primary mass distributions at fixed Z, δp can be omitted, whereby Eq. (13) is 
termed Volkov’s generalized Qgg systematics including non-pairing corrections δn. �E∗(Z) can 
then be used to estimate the average number of evaporated neutrons ν̄Z, see Fig. 11, top. These 
data make it possible to estimate the average fragment excitation energies ĒZ with the help of 
statistical evaporation calculations. In Fig. 11, bottom, the resulting average total excitation en-
ergies Ētot and the values of T̄ K̄ĒL̄ are shown as a function of the atomic number by taking into 
account the values of Qgg . These data have been used to calculate [83] isotope populations for 
the heaviest actinide elements observed in the 238U + 238U reaction at ≤7.50 MeV/u.
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Fig. 12. Element yields of uraniumlike fragments in three different bins of laboratory energies (in MeV/u) defined by the 
incident projectile energy and the effective target thickness. For the higher energy bins and for the higher atomic numbers, 
the data are increasingly depleted by sequential fission. The solid lines are the results of diffusion-model predictions [88], 
see Section 2.5. (Reprinted from Kratz et al. [83] with permission from the American Physical Society.)

2.3.2. Bombarding-energy dependence of the deep-inelastic collisions
In addition to the measurement of the element distribution at 7.50 MeV/u incident en-

ergy, such measurements are also available [83] for elements with 68 ≤ Z ≤ 100 at 6.49 and 
8.30 MeV/u incident energy. The target thicknesses in these experiments define ranges of pro-
jectile energies B ≤ E ≤ 6.49 MeV/u, B ≤ E ≤ 7.50 MeV/u, and 7.65 ≤ E ≤ 8.30 MeV/u

covered inside the targets. The element yields of uraniumlike fragments are shown in Fig. 12
and are compared to diffusion-model predictions [88]. The most striking feature of the data is 
the large reduction in the deep-inelastic product cross sections for the lowest energy bin. Large 
reductions in the mass and charge diffusion at near-barrier energies have also been reported else-
where [89–91]. Apparently, there is a threshold behavior for massive charge and mass transfers 
close to the barrier which is not predicted by the diffusion model [88].

The estimates for the relative contribution of deep-inelastic collisions to the total reaction 
cross sections are

DIRprim/σr ≈ 0.20 at B ≤ E ≤ 6.49 MeV/u

DIRprim/σr ≈ 0.38 at B ≤ E ≤ 7.50 MeV/u

and DIRprim/σr ≈ 0.55 at 7.65 ≤ E ≤ 8.30 MeV/u.
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Fig. 13. Isotope distributions of the complementary elements 86Rn and 98Cf in the 238U + 238U reaction at 
≤8.65 MeV/u. Ā′

Z
is the most probable primary mass number calculated within the generalized Qgg systematics includ-

ing corrections for the breaking of neutron pairs. (Reprinted from Kratz et al. [83] with permission from the American 
Physical Society.)

These estimates indicate that quasi-elastic collisions are the most dominant reaction mechanism 
near the barrier and that their relative importance decreases continuously as the beam energy is 
increased. In terms of absolute cross sections, this means that the cross section for the damped 
collision process rises steeper with increasing incident energy than the total reaction cross sec-
tion. Consequently, for reactions with very large mass transfer, e.g., for the reaction

238U + 238U → 114X + 70Yb

for which a cross section of 10−28 cm2 can be extrapolated from the data at ≤7.50 MeV/u (see 
below, Fig. 18), the cross sections are dramatically reduced at near-barrier energies. At B ≤
E ≤ 6.49 MeV/u, the primary yield for Zh = 114, Zl = 70 is of the order of 10−30 cm2 only. 
The folding of this primary yield with estimated survival probabilities for the emission of three 
neutrons leads to estimates of the cross sections for evaporation residues of 10−39 to 10−40 cm2

which are not accessible experimentally.

2.3.3. Isotope distributions at fixed Z above Z = 92
As an example, isotopic distributions of the complementary elements Rn and Cf from the 238U 

+ 238U reaction at a bombarding energy of ≤8.65 MeV/u [92] are shown in Fig. 13. This figure 
is a very suitable and impressive introduction to this section. The arrow at A = 224.1/251.9
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Fig. 14. Thick-target cross sections for 98Cf isotopes at four different incident energies in the 238U + 238U reaction. 
The low-energy threshold is 6.06 MeV/u corresponding to the Coulomb barrier, calculated with the interaction radius of 
16.89 fm [78,79]. The solid lines are Gaussians centered at ĀZ = 249.3 at all incident energies with a constant width of 
3.3 u (FWHM). (Reprinted from Kratz et al. [83] with permission from the American Physical Society.)

indicates the location of the most probable primary mass number calculated with the generalized 
Qgg systematics including non-pairing corrections δn. The differences between the measured 
maxima ĀZ and the most probable primary mass numbers Ā′

Z are a measure for the number of 
evaporated neutrons. For Rn, this number is ≈10 and for Cf, it is ≈3.5, indicating extremely 
different average excitation energies, large dissipated energies in the case of Rn, and much lower 
dissipated energies in the Cf nuclei. While the integral cross section for Rn is close to the primary 
yield, the yield of the Cf isotopes is depleted by sequential fission by many orders of magnitude. 
Thus, it is evident from Fig. 13, that surviving evaporation residues of the heavy actinides are 
associated only with the low-energy tails of the excitation-energy distributions.

To investigate the dependence of the actinide production rates on incident energy, several 
thick-target bombardments were carried out [83] with projectile energies varying from 6.49 to 
8.65 MeV/u. In contrast to the mean cross sections for the light complements Ra through Bi 
(Fig. 12), the actinide cross sections do not increase by orders of magnitude with increasing 
projectile energy. As an example, Fig. 14 shows the thick-target cross sections for the 98Cf 
isotopes. The data are compatible with the same variance of the Gaussian distribution and the 
same centroid ĀZ = 249.3 at all incident energies. Similar observations hold for the other ac-
tinide elements. This indicates that the survivors of the heavy actinides are formed in identical 
dissipated-energy tails independent of the bombarding energy. From the differences between Ā′

Z

and ĀZ we know that the average number of neutrons evaporated from the primary actinide 
fragments is 3 to 4. Statistical evaporation calculations yield an average excitation energy car-
ried away per emitted neutron of 9 MeV. Thus, average excitation energies of 35 MeV for the 
survivors of the actinide fragments were estimated [80,83] for all bins of projectile energies.

Due to the similarity of the isotope distributions independent of incident energy, it appeared 
to be sufficient to try to illuminate the mechanism for the formation of the surviving actinides at 
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Fig. 15. Comparison of measured (symbols) and calculated isotope distributions (curves) for the heaviest actinide ele-
ments observed in the 238U + 238U reaction at ≤7.50 MeV/u. The calculations are outlined in the text. (Reprinted from 
Schädel et al. [80] with permission from the American Physical Society.)

one incident energy, i.e. at ≤7.50 MeV/u where information on the average dissipated energies, 
Fig. 11, is available.

To investigate the mechanism responsible for the formation of the surviving actinides, the 
measured product populations for the complementary elements 84Po–100Fm, 85At–99Es, and 
86Rn–98Cf were reconstructed with the following assumptions [80,83]:

(i) The isotope distributions of the light complements 84Po, 85At, and 86Rn are not significantly
influenced by fission.

(ii) The most probable mass number of primary fragments Ā′
Z can be deduced with the gen-

eralized Qgg systematics including corrections δn for the pair breaking of the transferred 
neutrons. Comparison of Ā′

Z with AZ gives the average number of neutrons νZ evaporated 
from the primary light fragments and their mean excitation energy. The mean total excita-
tion energy Ētot for the light and heavy fragments is deduced by assuming a partition of the 
energy between the two fragments in proportion to their initial masses.

(iii) The measured variance σ 2(A) of the isotope distributions for fixed Z results from the su-
perposition of three dispersions:

σ 2(A) = σ 2(A′) + σ 2(E∗) + σ 2(ν). (14)

Here, σ 2(A′) represents the variance of the primary fragment isotope distribution around Ā′
Z, 

σ 2(E∗) accounts for the broad range of total excitation energies [78,79] associated with the 
formation of a given primary fragment A′ which leads to a broad range of final products AZ in 
Z
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the neutron-evaporation process, and σ 2(ν) reflects the fluctuations in the number of evaporated 
neutrons from a given fragment A′

Z at fixed excitation energy.
The measured isotope distribution for polonium corresponds to σ 2(A) = 6.9u2. The variance 

σ 2(ν) is not larger than 0.5u2 in the present experiments, as follows from evaporation calcu-
lations with the code ALICE. For σ 2(E∗), a value of ≈ 4.5u2 is estimated from the Q-value 
dispersions [78,79] of about 100 MeV FWHM. We note here that the dispersion in the excita-
tion energy is the dominant contribution in the U + U reaction. If we neglect the dependence of 
σ 2(A′) and σ 2(ν) on excitation energy, the variance of the primary fragment isotope distributions 
in the Po–Fm region is σ 2(A′) = 2.1u2 (FWHM = 3.4u).

We can now describe the population Y(A; Z) of a given actinide isotope by starting from 
such a narrow primary fragment distribution around the centroid Ā′

Z as derived from values of 
Qgg − δn by simulating the evaporation of x = A′ − A neutrons:

Y(A,Z) = Px(E)

x∑
i=1

(
Γn

Γn + γf

)i

Y
(
A′,Z

)
(15)

where Px(E) is the probability (extracted from ALICE code calculations) of emitting x and only 
x neutrons from primary fragment (A′, Z). Γn/(Γn + Γf ) corrects for the fission competition 
in the evaporation chain using an empirical approach [93], based on fusion–evaporation data 
for light-mass projectile induced reactions where the angular momenta of the fusion products 
are low. While the most abundant 86Rn, 85At, and 84Po isotopes are predominantly formed in 
collisions where energies close to the mean value are deposited in the system, the calculations 
show that the surviving transcurium isotopes originate exclusively from the low-energy tails of 
the excitation-energy distributions. In Fig. 15, the measured 98Cf, 99Es, and 100Fm isotope cross 
sections are compared with calculated populations using Eq. (15) and parameters derived from 
the experimental light-product isotope distributions as indicated in the figure. The values of Ētot

for Cf, Es, and Fm are read from Fig. 11. The dotted curve in Fig. 15 represents the Fm case 
where the total excitation energy is shared between the fragments in proportion to their primary 
masses. Since isotopes close to Ā′

Z are not observed experimentally and the centroid of the 
curve is too neutron rich, we conclude first, that the energy distributions fall off steeper than 
with a Gaussian shape at the lowest excitation energies. We take care of this steeper decrease by 
approximating it by a sharp energy cutoff. An energy cutoff of 35 MeV yields the dashed curves 
in Fig. 15 which reproduce the position and width of the experimental distributions, but still 
fail to reproduce the absolute cross sections by one order of magnitude. This discrepancy may be 
explained by i) shell effects, ii) lower Γn/Γf values as compared to the empirical systematics [93]
due to angular momentum effects, or iii) by non-statistical processes leading to non-equilibrium 
states in the exit channel. Assuming i) may be correlated with the simultaneous formation of a 
nearly magic, spherical light fragment with Z = 82 or N = 126 which does not take up much 
excitation energy and leads, hence, to an increased depletion by fission of the heavy fragments. 
Agreement between experiment and our estimates is indeed obtained, see solid curves in Fig. 15, 
if, starting with Zh = 98, it is assumed that the total excitation energy in the low-energy collisions 
is concentrated in the heavy fragment. Independent of shell closures, a general tendency for the 
acceptors of mass and charge in damped collisions to carry the total excitation energy and for 
the donors to stay cold was observed by Klein and Wirtz et al. [76,77] in the 51V + 197Au 
damped collisions. This could be a general handicap for the attempt to produce heavy elements 
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in 238U + 238U or 248Cm collisions. Ad ii): Based on the rotating liquid drop model, Γn/Γf can 
be expressed [94] as(

Γn

Γf

)
l

=
(

Γn

Γf

)
l=0

· exp−
(

l2

l2
lim

)
(16)

were llim is a limiting angular momentum which is a function of the temperature of the nucleus 
and its moment of inertia in the ground state and at the saddle point. Assuming an evaporation 
cascade with n = 4 and theoretical fragment spins [88], one obtains again a reduction of the 
cross sections by about one order of magnitude. Ad iii): The theoretical approach is valid only 
if the fragments in the exit channel are fully equilibrated. However, it has been shown [81] that 
for very heavy fragments in the 238U + 238U reaction such an assumption might not be valid. 
Fragment deformations to shapes more elongated than the respective saddle point shapes might 
be associated with large charge transfers.

2.4. The 238U + 248Cm reaction

2.4.1. Isotope distributions at fixed Z
The formation cross sections for transcurium isotopes in the 238U + 248Cm reaction at 

≤7.40 MeV/u [82] are shown in Fig. 16. They are compared with thick-target cross sections 
for the 238U + 238U reaction at 7.50 MeV/u incident energy. The approximate independence 
of the cross sections of the survivors of the primary heavy actinide isotopes from the projectile 
energies discussed above for the 238U + 238U reaction tells us that the cross sections for 98Cf, 
99Es, and 100Fm are three to four orders of magnitude higher than in the 238U + 238U reaction 
due to the reduced number of protons to be transferred from the target. For 259No, the measured 
upper cross section limit is 30 nb [82,83].

The measured cross sections for the much less fissile projectile-like fragments 84Po and 85At 
are about the same in the 238U + 248Cm reaction and in the 238U + 238U reaction indicating that 
the integral, primary actinide yield distribution is nearly the same in both reactions. This suggests 
that also the primary actinide yields before fission are about the same for a given (�Z, �N ) 
transfer in both systems.

2.4.2. Comparison of the actinide cross sections in 238U collisions with 238U (≤7.50 MeV/u) 
and 248Cm (≤7.40 MeV/u)

The experimental observation of largely different cross sections for the surviving evaporation 
residues of target-like fragments from the same (�Z, �N ) channels could either indicate dif-
ferences in the reaction mechanism (which is unlikely), or simply reflect the different survival 
probabilities of the different product nuclei. In order to test the latter hypothesis, we assume that 
for the same (�Z, �N ) channels, excitation energies and angular momenta are the same. Then, 
it is reasonable to approximate the ratios of cross sections σ(U + U)/σ (U + Cm) for a given 
channel by the ratio of relative neutron decay widths

x∏
i=1

〈Γn/Γtot〉i(U+U)

/ x∏
i=1

〈Γn/Γtot〉i(U+Cm), (17)

using angular-momentum independent, effective values of Γn/Γf averaged over x de-excitation
steps, such as the empirical values of Sikkeland et al. [93]. Inherent in this approach is the 
assumption that modifications of the fission probabilities by excitation energy and angular mo-
mentum cancel to a good approximation. Starting from the measured yields for 95Am (�Z = 3) 
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Fig. 16. Cross sections for the formation of target-like transcurium isotopes in the 238U + 248Cm reaction at 
≤7.40 MeV/u. For comparison, the data for the 238U + 238U reaction at ≤7.50 MeV/u are also shown. The curves 
are drawn to guide the eye. The lower limit for the yield of 251Bk is based on γ -ray intensities of ≤70% at 177 keV and 
≤30% at 153 keV. (Reprinted from Schädel et al. [82] with permission from the American Physical Society.)

through 97Bk (�Z = 5) in the 238U + 238U reaction [80], cross sections for 99Es (�Z = 3) 
through 101Md (�Z = 5) in the 238U + 248Cm reaction [82] were calculated for given values 
of x. The results, Fig. 17, show that an average of x = 3 to 4 evaporated neutrons is consis-
tent with the data for the heavier actinides implying average excitation energies of about 30 to 
40 MeV in the surviving heavy fragments. This is also consistent with the difference between 
the observed mass numbers ĀZ and the primary mass numbers calculated by minimization of 
the potential energy [35,87,89] for two touching nuclei, where Ā′

Z − Ā = x. The values of x = 3
to 4 are also consistent with our conclusions arrived at in the discussion of Fig. 15 (i.e. the en-
ergy cutoff of 35 MeV), where, however, additional assumptions were required to arrive at the 
absolute cross sections. The virtue of the present analysis is that it is free from such additional 
assumptions.

It is interesting, at this point, to look back at Section 2.2.1, where a barrier for neck formation 
in the system 238U + 197Au was determined as 676 MeV (cm) to be compared to an interaction 
barrier of 644 MeV saying that neck formation in this system requires a dissipated energy of 
more than 30 MeV. Thus, it is tempting to interpret the energy cutoff of roughly 35 MeV with 
the requirement for neck formation for multi-nucleon transfer in the heaviest systems.

2.5. Comparison of the element yields with diffusion-model predictions

In the theoretical work by Riedel and Nörenberg [88], the phenomenological model [95–98]
for the analysis of dissipative heavy-ion collisions has been extended to also treat cases where 
thick targets are used. In the interval between the maximum incident energy Em and the Coulomb 
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Fig. 17. Comparison of the measured (symbols) and calculated (curves) for the isotope distributions in the 238U +
248Cm reaction. The calculations for the 2n–5n reactions are outlined in the text. (Reprinted from Schädel et al. [82]
with permission from the American Physical Society.)

barrier VC , the loss of energy of the 238U beam in the thick target is proportional to the distance 
from the target surface. Therefore, the energy-averaged element distribution is given by

dσ̄

dZ
= 1

Em − VC

Em∫
VC

dE
dσ(E)

dZ
. (18)

In the phenomenological model, the element distribution for a given sharp incident energy E is 
determined by

dσ(E)

dZ
= 2π

k2

lgr (E)∫
0

dl · l · P (
Z,τ(l)

)
(19)

with the solution

P
(
Z,τ(l)

) = [
4πDZτ(l)

]−1/2 · exp
{−(Z − Zp)2/4DZτ(l)

}
(20)

of a Fokker–Planck equation for a constant diffusion coefficient DZ and zero drift velocity. τ(l)

is the interaction time as a function of incident angular momentum l. The analysis of various 
heavy-ion collisions has taught that for a given projectile-target combination, the interaction 
time is a function of the impact variable x = l/ lgr for different incident energies. Therefore, the 
approximation

τ(E, l) ≡ τ(l/ lgr ) = τ(x) (21)
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Fig. 18. Element distribution for 238U + 238U at ≤7.50 MeV/u in a fit of the diffusion coefficient to the experimental 
data [80]. (Reprinted from Riedel et al. [88] with permission from Springer, Heidelberg.)

is used for interaction times corresponding to different incident energies in a thick target. Using 
an average diffusion coefficient DZ for the energy interval [VC, Em], one obtains according to 
Eq. (18) for the element distribution in a thick-target experiment

dσ̄

sZ
= 1

Em − VC

Em∫
VC

σR(E)dE ·
1∫

0

p(x)P
(
Z,τ(x)

)
dx = σ̄Rp1(Z). (22)

Here, the notion σR(E) = πl2
gr (E)/k2 for the reaction cross section as a function of E and 

p(x) = 2x for the probability distribution of the impact variable x (0 ≤ x ≤ 1) have been intro-
duced. Because of the energy averaging in a thick target experiment, the probability distributions 
of various quantities are considerably different from those for a thin target with a sharp incident 
energy. These have been worked out in detail [88].

In Fig. 18, the calculated element distribution (Eq. (22)) with an average diffusion coefficient 
DZ = 0.9 · 1022 s−1 is compared with the experimental data [80] at ≤7.50 MeV/u incident en-
ergy. The theoretical results for p1(Z) have been normalized to the experimental reaction cross 
section of ≈1 b. Deviations from the experimental points close to the target charge Z = 92
are due to the upper limit unity in the second integral in Eq. (22). This was not adjusted to 
improve the agreement in this region of Z. The excellent reproduction of the experimental 
element yields more distant from the symmetric charge gave some confidence for the extra-
polation of the theoretical calculations into the region of heavier fragments. Probabilities of, e.g. 
p(E∗, Z) were calculated up into the region of Z = 120 which are three orders of magnitude 
smaller as compared to Z = 100. Compared to the energy thresholds of about 35 MeV asso-
ciated with the production of heavy actinides [83], the theoretical thresholds are systematically 
too low, e.g. a threshold of 35 MeV is associated with production of Z = 116 and not with 
Z = 98–100 which is required by the experimental data. Therefore, there has been no attempt 
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Fig. 19. Predicted yields of superheavy nuclei in collisions of 800 MeV (cm) 238U + 248Cm. From [106].

[83] to reproduce the experimental 98Cf, 99Es, and 100Fm data on the basis of the theoretical 
probabilities p(E∗, Z). Rather, the integral element yields below Z = 92 were compared [83]
with the theoretical predictions which, in this region, should be less dependent on low-energy 
thresholds. Fig. 12 indicates that there is agreement of the theoretical predictions with the ex-
perimental cross sections at 7.65–8.30 MeV/u and at 6.06–7.50 MeV/u. At 6.06–6.49 MeV/u, 
i.e. in the energy bin closest to the Coulomb barrier, there is a marked disagreement between 
the experimental element yields and the diffusion-model prediction with the former being a 
factor of about 5 lower than theory. This is associated with the choice of a constant impact 
variable x = l/ lgr = 0.7 at all incident energies which results in a constant ratio of cross sections 
DIRprim/σr = 0.51 independent of bombarding energy. Experimentally, this is clearly not the 
case as is shown in Section 2.3.2 that the ratios DIRprim/σr for 238U + 238U collisions are 0.20 
in the energy bin 6.06 MeV/u − 6.49 MeV/u, 0.38 at ≤7.50 MeV/u, and 0.55 in the energy 
bin 7.65 MeV/u–8.30 MeV/u, i.e. depend markedly on the incident energy. As we have stated 
already in Section 2.3.2, large reductions of mass and charge diffusion at near-barrier energies 
were also reported elsewhere [89–91].

In the much more recent theoretical work by Zagrebaev and Greiner [99–102], mass transfer 
is treated in a Langevin-type equation for the mass asymmetry η

dη

dt
= 2

ACN

D
(1)
A (η) + 2

ACN

√
D

(2)
A (η)Γ (t) (23)

which has been derived from the corresponding master equation for the distribution function. 
The contributions by Zagrebaev and Greiner will be detailed in Section 3.

2.6. Perspectives

Both the diffusion models by Riedel and Nörenberg [88] and by Zagrebaev and Greiner 
[99–102] give little hope to reach superheavy elements close to Z = 114 with measurable cross 
sections in reactions such as 238U + 248Cm. However, Fig. 19 suggests that a search for hitherto 
undiscovered neutron rich isotopes in the region of elements 105 through 108 with cross sections 
>1 pb [101,102] might be attractive. For longer-lived isotopes of elements 104 through 108 this 
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might even be possible with chemical separations as the chemical properties of these elements are 
well known [103]. For short-lived isotopes, magnetic separators such as large-aperture solenoids 
are under discussion and might eventually open the way to many interesting new isotopes.

3. Multi-nucleon transfer reactions – recent developments

The cross sections for the production of the heaviest known elements (Z = 112–118) in hot 
fusion reactions are a few picobarns. The current upper limit cross sections for the production of 
elements 119 and 120 are of the order of 100 fb. With current technology, these cross sections 
mean production rates of a few nuclei per week or a few nuclei per year, respectively. This 
difficulty in proceeding towards the synthesis of even heavier nuclei along with the promise of 
new opportunities for study in the neutron-rich isotopes of the heaviest elements has motivated 
new efforts to make neutron-rich heavy nuclei. The longer half-lives of the neutron-rich nuclei 
should allow new types of studies in atomic physics and chemistry, nuclear spectroscopy and 
other areas.

There has been a renewed interest in the use of multi-nucleon transfer reactions to produce 
heavy neutron rich nuclei, motivated by a series of calculations by Zagrebaev and Greiner [104,
105]. These reactions were extensively studied experimentally in the 1980s [3,17,79,82,90]. (An 
in-depth review of these data is found in [83].) One observed the production of n-rich trans-target 
nuclides up to Fm and Md with cross sections ∼0.1 µb. The basic problem in making heavier 
nuclei was that the higher excitation energies that led to broader isotopic distributions caused the 
highly excited nuclei to fission. The contribution of Zagrebaev and Greiner is to emphasize the 
role of shell effects in these transfer reactions. For example, in the reaction of 238U with 248Cm, 
at a modest energy above the barrier (1.1VB ), the calculations show a net particle transfer from 
238U to 248Cm, forming 208Pb from 238U and adding 30 nucleons to 248Cm. This calculation, 
when applied to the reaction of Ec.m. = 800 MeV 238U + 248Cm, reproduced the previous mea-
surements of Schädel et al. [82] and predicted the formation at pb levels of new n-rich isotopes 
of Sg (Fig. 19). Evidence for these effects is also found in the work of Mayer et al. [126] and 
Wagner et al. [127] who observed nuclear structure effects of a similar character in the interaction 
of 238U with medium mass target nuclei.

The Zagrebaev and Greiner approach is to use Langevin-type equations to predict the cross 
sections for multi-nucleon transfer. Neutron and proton transfers are treated separately and se-
quential transfer is allowed. A time-dependent potential energy, which transforms, after contact, 
from a diabatic to an adiabatic potential, is used to describe the motion of the colliding nuclei. 
The potential energy depends on the distance between the ions, their deformations and the neu-
tron and proton asymmetries of each ion. The Langevin equations have the form

dηN

dt
= 2

NCN

D1
N + 2

NCN

√
D2

NΓN(t) (24)

dηZ

dt
= 2

ZCN

D1
Z + 2

ZCN

√
D2

ZΓZ(t) (25)

where D1 and D2 are the transport coefficients, ηN and ηZ are the neutron and proton asym-
metries. The neutron and proton asymmetries are defined as ηN = (2N − NCN)/NCN and 
ηZ = (2Z − ZCN)/ZCN . N and Z are the atomic numbers of one fragment and NCN and ZCN

refer to the compound nucleus.
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The transport coefficients are defined by

D
(1)
N,Z = λN,Z(A → A + 1) − λN,Z(A → A − 1) (26)

D2
N,Z = 1

2

[
λ

(+)
N,Z(A → A + 1) + λ

(−)
N,Z(A → A − 1)

]
(27)

where the macroscopic transition probability λ(±)
N,Z(A → A′) = A ± 1 is defined in terms of 

the level densities and the neutron and proton transfer rates as λ(±)
N,Z = λ

(0)
N,Z

√
ρ(A ± 1/ρ(A))

and λ0
N = λ0

Z = λ0/2 = 0.5 × 10−22 s−1. The level densities ρ ∼ exp(2
√

aE∗) depend on the 
excitation energies. The cross sections are calculated as

d2σN,Z

dΩdE
(E, θ) =

∞∫
0

bdb
�NN,Z(b,E, θ)

Ntot(b)

1

sin(θ)�θ�E
(28)

where �NN,Z(b, E, θ) is the number of events at an impact parameter b in which a nucleus 
(N, Z) is formed with a kinetic energy between E and E + �E at center of mass angle between 
θ and θ + �θ . Ntot(b) is the total number of events for a given impact parameter. Equation (28)
refers to the primary fragments and their de-excitation by particle emission and fission is then 
calculated [106].

Another calculational model for multi-nucleon transfer reactions is the semi-classical model 
of Winther [107,108] expressed in the computer code GRAZING [109]. In this model, one uses 
classical trajectories of the colliding ions (grazing trajectories) and then uses quantal methods 
to study the probability of exciting collective states in the colliding nuclei and the probability of 
nucleon transfer. Multi-nucleon transfer takes place via a multi-step exchange of single nucle-
ons via stripping and pickup. The code has known shortcomings, i.e., when used to predict the 
yields of heavy fragments, it does not take into account decay by fission. (Yanez and Loveland 
[125] have recently corrected this defect: GRAZING-F.) Also in the initial nucleus–nucleus in-
teraction, deformation of the nuclei is not considered. Most importantly, the large kinetic energy 
loss channels are not included in the model, resulting in the inability to properly describe large 
mass transfers. Nonetheless, the main features of collisions such as 64Ni + 238U are adequately 
described [110].

3.1. Prediction of new possibilities

3.1.1. Pb region
One application of multi-nucleon transfer reactions has been to produce nuclei near 208Pb, 

i.e., near the N = 126 shell closure and an r-process waiting point. There is considerable interest 
in making the nuclei “south” of 208Pb in the nuclear spectroscopy community. (One motiva-
tion is to study the “quenching” of the shell gap by increasing neutron excess.) The expected 
overall pattern of nuclidic yields in the 136Xe + 208Pb reaction (Ec.m. = 450 MeV) is shown 
in Fig. 20. (A recent study [111] of this reaction at Gammasphere has identified ∼200 known 
nuclei amongst the products of this reaction.) The formation of several unknown nuclei, such as 
202Os is also predicted [104]. Further studies [112] have predicted that multi-nucleon transfer 
reactions such as 136Xe + 208Pb are better for producing neutron-rich heavy nuclei than frag-
mentation of relativistic heavy ions. Also enhanced yields for MNT reactions are expected when 
the colliding nuclei are neutron-rich, such as the radioactive beam reaction 132Sn + 208Pb. The 
overall kinematics and mass distributions for the 136Xe + 208Pb reaction have been measured 
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Fig. 20. Predicted yields of heavy nuclei in collisions of 136Xe with 208Pb at 450 MeV (cm). From [104].

[113] and agree quite nicely with the Zagrebaev and Greiner predictions. Also contrary to most 
expectations, Zagrebaev and Greiner show that it is the head-on collisions rather than the grazing 
collisions that contribute to the yields of the heavy neutron-rich nuclei. Feldmeier [128] also pre-
dicts large negative Q value products will be forward focused (0–5◦). Thus separators that collect 
recoils at small angles may be useful in studying multi-nucleon transfer reactions [114]. An en-
couraging feature of all these experimental studies is that when the measured nuclidic yields are 
compared to the predictions of Zagrebaev and Greiner, the measured yields are generally larger 
than the predicted yields. More recently, Zagrebaev and Greiner [115] have suggested that the 
reaction of 198Pt with 238U at Ec.m. = 700 MeV will produce copious numbers of new nuclei 
near N = 126. A cautionary note, however, is the recent finding of Barrett et al. [111] that the 
predicted formation of n-rich N = 126 nuclei in the 136Xe + 208Pb reaction was not observed. 
The observed yields of these nuclei were at least 1–2 orders of magnitude less than predicted.

3.1.2. Transfer reactions as a tool to study fission
There is a long history of using transfer reactions to study fission. In the 1960s, there was a 

number of measurements of light ion transfer reactions, such as (d, pf ), (t, pf ) etc. to deduce 
fission barrier heights and transition state properties. In later years, the same reactions were 
used as surrogates for (n, f ) reactions to measure the fission properties of nuclei that were rare 
or short-lived. More recently, multi-nucleon transfer reactions with heavy projectiles and light 
targets, done in inverse kinematics, have become powerful tools to study the fission probabilities 
of a large range of nuclei not otherwise accessible. A typical case [116] involved the reaction 
of 238U with 12C. Fragments of the 12C target (after transfer) are detected along with coincident 
fission fragments. The detected target fragment gives the identity of the fissioning nucleus and 
its excitation energy. Using this technique with the 238U + 12C reaction, scientists [116] were 
able to measure the fission probabilities of 238U, 239Np, 240–242Pu and 244Cm as a function of 
excitation energy. Another imaginative use of transfer reactions to study fission was published 
by Beier et al. [129] who studied the reactions of 238U with 110Pd and 124Sn and deduced the 
exitation energy ratio oft he light and heavy fission fragments. They found a non-equilibrated 
excitation energy distribution in the fissioning system similar to [47,76,77].

3.1.3. Transfer reactions to study neutron-deficient actinides
With all the excitement about using multi-nucleon transfer reactions to make new n-rich 

heavy nuclei, it may seem paradoxical to discuss using multi-nucleon transfer reactions to make 
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Fig. 21. Predicted (GRAZING-F) yields of multi-nucleon transfer products in the 132Xe + 233U reaction at Ecm =
800 MeV [125]. Alpha-emitting nuclides are shown as solid circles while open circles indicate unknown nuclei. The 
dashed lines indicate the primary fragment yields.

n-deficient nuclei. But there is a strong reason for such studies. One aspect of studying the for-
mation of new actinide nuclei using multi-nucleon transfer reactions is to test the various model 
predictions. The problem is that most of the n-rich actinide products of these reactions are long-
lived β-emitters, requiring special techniques, such as laser resonant ionization, to detect them. 
A simple test that avoids this difficulty and tests the essential elements of the phenomenological 
models, i.e., to deliberately form n-poor transfer products that decay by alpha emission. A pro-
posed reaction to study is 132Xe + 233U at Ec.m. = 800 MeV. The predictions of GRAZING-F 
for this reaction are shown in Fig. 21.
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Fig. 22. Landscape of potential energy surface (left) for production of primary fragments in the 238U + 248Cm reaction. 
Note that the dashed line in the left panel shows the most probable yields which are more n-rich than those possible in 
cold and hot fusion reactions. Cross section contours (μ barns) in the 238U + 248Cm reaction (right) as compared to the 
location of fusion–evaporation residues [119].

3.1.4. Multi-nucleon transfer reactions with radioactive beams
As mentioned above, there has been some interest in using multi-nucleon transfer reactions 

with n-rich radioactive beams to synthesize n-rich nuclei [107,108,110,117,118]. As shown in 
previous work [19,27,112], the more n-rich projectiles lead to more n-rich products. Suppose 
one considers the reaction of Xe with 248Cm. What projectile should one use? 136Xe?, 140Xe?, 
144Xe, etc. The situation is similar to that encountered in the comparison of fusion with stable or 
radioactive n-rich projectiles [26]. The relevant quantity is ϕσ , the product of the beam intensity, 
ϕ and the production cross section, σ . For one projected radioactive beam facility, FRIB, the 
expected beam intensities are 7.4 × 1010/s for 136Xe, 1.9 × 106/s for 140Xe and 5.6 × 103/s for 
144Xe. The gain in cross section for the radioactive projectile cannot overcome the effect of the 
decreased beam intensity. To be useful, the radioactive beam intensities need to approach those 
of stable beams.

3.1.5. Collisions of actinide nuclei
Zagrebaev and Greiner, in a series of papers [102,112,115,119], have examined the use of 

massive collisions between actinide nuclei to make new n-rich actinides. These reactions are 
typically to be carried out at near barrier energies (∼1.1 VB ) to preserve shell structure effects 
upon fragment yields. Fig. 22 shows the n-rich character of the potential energy surface and the 
expected primary fragment yields, in 238U + 248Cm collisions at Ec.m. = 800 MeV. One must 
remember that these predicted primary fragment yields are quite different from the surviving 
fragment yields that result from the de-excitation of the primary fragments. (Fig. 23 shows the 
expected “hot” nature of the primary fragments and the calculated yields of the survivors.) Also 
it is important to note the caution of the authors that “at the moment, one cannot make such 
predictions very precisely, so at least a factor of 10 should be kept in mind” and “the reliability 
of our predictions for the processes with transfer of several tens of nucleons is not very high”. 
These exciting predictions will certainly stimulate experimentalists to better define the processes 
involved.
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Fig. 23. Predicted excitation energy landscape and primary and secondary fragment yields for the 238U + 248Cm reac-
tion. From [112].

3.2. Experimental challenges

The further use of multi-nucleon transfer reactions to make neutron rich transactinides poses 
some experimental challenges. The first challenge that comes to mind is that the majority of 
the transfer reaction products are concentrated at the grazing angle, which is 30–50◦ in the lab 
system, for many of the proposed reactions. This feature would nominally require separators 
with large angular acceptances or the ability to study products emerging at large angles such as 
solenoids [120]. (Recoil mass separators which can study products emerging at large angles have 
been used extensively for studies of transfer reactions [110].) One common trick is to stop the 
recoiling nuclei and detect their decay gamma-rays (Gammasphere) [121] or to stop the recoiling 
nuclei in a gas catcher.

A particularly imaginative use of the concept of stopping the recoiling products in a gas 
catcher is the proposed “N = 126 factory” [130]. The concept is illustrated in Fig. 24. An in-
tense 9A MeV 136Xe beam (intensity 5 pmA) strikes a rotating 10 mg/cm2 198Pt target. The 
multi-nucleon transfer products are stopped in the gas catcher and extracted to a selection appa-
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Fig. 24. Schematic diagram of the “N = 126 factory” concept [130].

ratus. A mass separator selects the product of interest and the products of interest can be studied 
in a decay station or Penning trap, etc. Thus one can deal with products emitted at the grazing 
angle.

However, if one focuses on the most neutron-rich products, the multi-nucleon transfer models, 
as pointed out above, suggest they are emitted in the range of 0–20◦ in the lab system. Then one 
can use conventional recoil separators to study these products. Thus the choice of the device 
needed to select the transfer products for study may depend upon the products to be studied.

A second challenge for the study of the most n-rich transfer products is that many of these 
nuclei are long-lived β-emitters, requiring different techniques to detect and characterize them 
(compared to the conventional α-spectroscopy used to identify heavy element fusion–evaporation 
residues). The oldest and simplest choice is to isolate the products by radiochemical separations 
followed by β–γ -ray spectroscopy, a method that was effective in the discovery of the new 
n-rich isotopes of Np, 243, 244Np [34]. If the n-rich products are stopped in a gas catcher, such 
as shown in Fig. 24, then mass separation and conventional spectroscopic arrays can be used 
to characterize the products. Laser resonant ionization and mass separation can also be used to 
characterize n-rich β-emitters [122–124]. Each method has its own advantages and will doubtless 
play a role in future developments.
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