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Abstract—The extension of the periodic system into various new areas is investigated. Experiments for
the synthesis of superheavy elements and the predictions of magic numbers are reviewed. Further on,
investigations on hypernuclei and the possible production of antimatter clusters in heavy-ion collisions are
reported. Various versions of the meson field theory serve as effective field theories at the basis of modern
nuclear structure and suggest structure in vacuum that might be important for the production of hyper-
and antimatter. c© 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION

There are fundamental questions in science, like,
e.g., “how did life emerge?” or “how does our brain
work?” and others. However, themost fundamental of
those questions is “how did the world originate?” The
material world has to exist before life and thinking can
develop. Of particular importance are the substances
themselves, i.e., the particles that the elements are
made of (baryons, mesons, quarks, gluons), i.e., el-
ementary matter. The vacuum and its structure are
closely related to that. We want to report on this,
beginning with the discussion of modern issues in
nuclear physics.

The elements existing in nature are ordered ac-
cording to their atomic (chemical) properties in
the periodic system that was developed by Men-
deleev and Meyer. The heaviest element of natu-
ral origin is uranium. Its nucleus is composed of
Z = 92 protons and a certain number of neutrons
(N = 128–150). They are called different uranium
isotopes. The transuranium elements reach from
neptunium (Z = 93) via californium (Z = 98) and
fermium (Z = 100) up to lawrencium (Z = 103). The
heavier the elements, the larger their radii and their
number of protons. Thus, the Coulomb repulsion
in their interior increases, and they undergo fission.
In other words, the transuranium elements become
more unstable as they get bigger.

In the late 1960s, the dream of superheavy ele-
ments arose. Theoretical nuclear physicists around
S.G. Nilsson (Lund) and from the Frankfurt school
(see [1]) predicted that so-called closed proton and
neutron shells should counteract the repelling Cou-
lomb forces. Atomic nuclei with these special
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“magic” proton and neutron numbers and their
neighbors could again be rather stable. These magic
proton (Z) and neutron (N ) numbers were thought
to be Z = 114 and N = 184 or 196. Typical predic-
tions of their lifetimes varied between seconds and
many thousands of years. Figure 1 summarizes the
expectations at the time. One can see the islands
of superheavy elements around Z = 114, N = 184
and 196, respectively, and the one around Z = 164,
N = 318.

COLD VALLEYS IN THE POTENTIAL

The important question was how to produce
these superheavy nuclei. There were many attempts,
but only a little progress was made. It was not
until the middle of the 1970s that the Frankfurt
school of theoretical physics together with foreign
guests [R.K. Gupta (India), A. Sandulescu (Roma-
nia)] [1] theoretically understood and substantiated
the concept of bombarding doubly magic lead nu-
clei with suitable projectiles, which had been pro-
posed intuitively by the Russian nuclear physicist
Yu. Oganessian [1]. The two-center shell model,
which is essential for the description of fission, fusion,
and nuclear molecules, was developed in 1969–
1972 by W. Greiner and his students U. Mosel and
J. Maruhn [1]. It showed that the shell structure
of the two final fragments was visible far beyond
the barrier into the fusioning nucleus. The collective
potential energy surfaces of heavy nuclei, as they
were calculated in the framework of the two-center
shell model, exhibit pronounced valleys, such that
these valleys provide promising doorways to the
fusion of superheavy nuclei for certain projectile–
target combinations (Fig. 2). If projectile and target
approach each other through those “cold” valleys,
they become only minimally excited and the barrier
2003 MAIK “Nauka/Interperiodica”



1010 GREINER

 

100 200 300

 

N

 

0

200

100

 

Z

 

α β

 

+

 

β

 

–

 

p n

 
Decay modes

164

114

82

50

SEA

OF

 

N

 

 = 

 

Z

 

Spontaneous
nuclear
fission

INSTABILITY

 

E

 

B

 

(

 

n

 

) = 0

Nuclear fission and

 

α

 

 decay

82 126 184 196 236 272 318

 

T

 

1/2

 

(

 

p

 

) = 10

 

–10

 

 s

 

β

 

+

 

, 

 

p

 

β

 

–

 

, 

 

n

 

α

 

Pb

Fig. 1. The periodic system of elements as conceived by the Frankfurt school in the late 1960s. The islands of superheavy
elements (Z = 114,N = 184 and 196 and Z = 164,N = 318) are shown as dark hatched areas.
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Fig. 2. The collective potential energy surface of 184114, calculated within the two-center shell model by J. Maruhn et al.,
shows clearly the cold valleys that reach up to the barrier and beyond. Here, R is the distance between the fragments and
η = (A1 − A2)/(A1 + A2) denotes the mass asymmetry: η = 0 corresponds to a symmetric and η = ±1 to an extremely
asymmetric division of the nucleus into projectile and target. If projectile and target approach through a cold valley, they do not
“constantly slide off,” as would be the case if they approach along the slopes at the sides of the valley. Constant sliding causes
heating, so that the compound nucleus heats up and becomes unstable. In the cold valley, on the other hand, the created heat
is minimized.
that has to be overcome (fusion barrier) is lowest
(as compared to neighboring projectile–target com-
binations). In this way, the correct projectile and
target combinations for fusionwere predicted. Indeed,
G. Münzenberg and S. Hofmann and their group at
GSI [1] have followed this approach. With the help
of the SHIP mass separator and position-sensitive
detectors, which were especially developed by them,
they produced the presuperheavy elements Z = 106,
107, . . . , 112, each of them with the theoretically pre-
dicted projectile–target combinations, and only with
PH
these. Everything else failed. This is an impressive
success, which crowned the laborious construction
work of many years. Not the last example of this
success was the discovery of element 112 and its long
α-decay chain. Very recently, the Dubna–Livermore
group produced two isotopes of Z = 114 element by
bombarding 244Pu with 48Ca. Also, this is a cold-
valley reaction (in this case due to the combination
of a spherical and a deformed nucleus), as predicted
by R.K. Gupta, A. Sandulescu, and W. Greiner in
1977. There also exist cold valleys for which both
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003



EXOTIC NUCLEI: FROM SUPERHEAVIES TO HYPER- AND ANTIMATTER 1011

 

140 150 160 170 180 190
Neutron number 

 

N

 

140 150 160 170 180 190

130

120

110

100

130

120

110

100

Pr
ot

on
 n

um
be

r 

 

Z

 

Sk I4

PL-40

3.5
2.5
1.5

2.5
1.5
0.5

 

δ

 

2

 

p

 

δ

 

2

 

n

Fig. 3. Gray scale plots of proton gaps (left column) and neutron gaps (right column) in the N–Z plane for deformed
calculations with the forces SkI4 and PL-40. Besides the spherical shell closures, one can see the deformed shell closures
for protons at Z = 104 (PL-40) and Z = 108 (SkI4) and the ones for neutron atN = 162 for both forces.
fragments are deformed [1], but these have yet to be
verified experimentally.

SHELL STRUCTURE IN THE SUPERHEAVY
REGION

Studies of the shell structure of superheavy ele-
ments in the framework of the meson field theory and
the Skyrme–Hartree–Fock approach have recently
shown that the magic shells in the superheavy region
are very isotope dependent [2]. Additionally, there is
a strong dependence on the parameter set and the
model. Some forces hardly show any shell structure,
while others predict the magic numbers Z = 114,
120, 126. Using the heaviest known nucleus hassium
264
154108 as a criterion to find the best parameter sets in
each model, it turns out that PL-40 and SkI4 produce
its binding energy best. These two forces, though,
make conflicting predictions for the magic number in
the superheavy region: SkI4 predicts Z = 114, 120
and PL-40 Z = 120. Most interestingly, Z = 120 as
magic proton number seems to be as probable
as Z = 114. Deformed calculations within the two
models [2] again reveal different predictions: Though
both parametrizations predict N = 162 as the de-
formed neutron shell closure, the deformed proton
shell closures are Z = 108 (SkI4) and Z = 104 (PL-
40) (see Fig. 3). Calculations of the potential en-
ergy surfaces [2] show single-humped barriers, their
heights and widths strongly depending on the pre-
dicted magic number. Furthermore, recent investiga-
tions in a chirally symmetric mean-field theory (see
also below) also result in the prediction of these two
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
magic numbers [3, 4]. The corresponding magic neu-
tron numbers are predicted to be N = 172 and—as it
seems to a lesser extent—N = 184. Thus, this region
provides an open field of research.

The charge distribution of the Z = 120, N = 184
nucleus indicates a hollow inside. This leads us to
suggest that it might be essentially a fullerene con-
sisting of 60 α particles and one binding neutron
per α.

The “cold valleys” in the collective potential en-
ergy surface are basic for understanding this exciting
area of nuclear physics! It is a master example for
understanding the structure of elementarymatter,
which is so important for other fields, especially as-
trophysics, but even more so for enriching our “Welt-
bild,” i.e., the status of our understanding of the world
around us.

EXTENSION OF THE PERIODIC SYSTEM
INTO THE SECTIONS OF HYPER-

AND ANTIMATTER

Nuclei that are found in nature consist of nucleons
(protons and neutrons) which themselves are made of
u (up) and d (down) quarks. However, there also exist
s (strange) quarks and even heavier flavors, called
charm, bottom, and top. The latter has just recently
been discovered. Let us stick to the s quarks. They
are found in the “strange” relatives of the nucleons,
the so-called hyperons (Λ, Σ, Ξ, Ω). The Λ particle,
e.g., consists of one u, d, and s quark, and the Ξ
particle even of one u quark and two s quarks, while
the Ω (sss) contains strange quarks only. If such
3
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Fig. 4. The extension of the periodic system into the
sectors of strangeness (S, S̄) and antimatter (Z̄, N̄).
The stable valley winds out of the known proton (Z) and
neutron (N) plane into the S and S̄ sector, respectively.
The same can be observed for the antimatter sector. In the
upper part of the figure, only the stable valley in the usual
proton (Z) and neutron (N) plane is plotted, however,
extended into the sector of antiprotons and antineutrons.
In the lower part of the figure, it has been indicated how
the stable valley winds out of the Z–N plane into the
strangeness sector.

a hyperon is taken up by a nucleus, a hypernu-
cleus is created. Hypernuclei with one hyperon have
been known for 20 years now and were extensively
studied by B. Povh (Heidelberg) [1]. Several years
ago, C. Greiner, J. Schaffner, and H. Stöcker [1]
theoretically investigated nuclei with many hyperons,
hypermatter, and found that the binding energy per
baryon of strange matter is in many cases even higher
than that of ordinary matter (composed only of u
and d quarks). This leads to the idea of extending
the periodic system of elements in the direction of
strangeness.

One can also ask for the possibility of build-
ing atomic nuclei out of antimatter, which means
searching, e.g., for antihelium, anticarbon, antioxy-
gen. Figure 4 depicts this idea. Due to the charge
conjugation symmetry, antinuclei should have the
same magic numbers and the same spectra as or-
dinary nuclei. However, as soon as they come into
contact with ordinary matter, they annihilate with it
and the system explodes.
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Fig. 5. Baryon spectrum in a nucleus. Below the positive
energy continuum exists the potential well of real nucle-
ons. It has a depth of 50–60 MeV and shows the correct
shell structure. The shell model of nuclei is realized here.
However, from the negative continuum, another poten-
tial well arises, in which about 40 000 bound particles
are found belonging to the vacuum. A part of the shell
structure of the upper well and the lower (vacuum) well
is depicted in the lower parts of the figure.

Now, the important question arises as to how these
strange matter and antimatter clusters can be pro-
duced. First, one thinks of collisions of heavy nuclei,
e.g., lead on lead, at high energies (energy per nucleon
≥200 GeV). Calculations with the URQMD model
of the Frankfurt school show that, through nuclear
shock waves [1, 5], nuclear matter gets compressed
to 5–10 times of its usual value, ρ0 ≈ 0.17 fm3, and
heated up to temperatures of kT ≈ 200 MeV. As a
consequence, about 10 000 pions, 100 Λ, 40 Σ, and
Ξ and about as many antiprotons and many other
particles are created in a single collision. It seems
conceivable that it is possible in such a scenario for
some Λ to get captured by a nuclear cluster. This
happens indeed rather frequently for one or two Λ
particles; however, more of them get built into nuclei
with rapidly decreasing probability only. This is due
to the low probability for finding the right conditions
for such a capture in the phase space of the particles:
the numerous particles travel with every possible mo-
menta (velocities) in all directions. The chances for
hyperons and antibaryons to meet get rapidly worse
with increasing number. In order to produce multi-
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Λ nuclei and antimatter nuclei, one has to look for a
different source.

In the framework of meson field theory, the energy
spectrum of baryons has a peculiar structure, depicted
in Fig. 5. It consists of an upper and a lower contin-
uum, as is known from the electrons (see, e.g., [6]). Of
special interest in the case of the baryon spectrum is
the potential well, built of the scalar and the vector
potential, which rises from the lower continuum. It
has been known since the time of P.A.M.Dirac (1930)
that the negative energy states of the lower contin-
uum have to be occupied by particles (electrons or,
in our case, baryons). Otherwise, our world would be
unstable, because the “ordinary” particles are found
in the upper states, which can decay through the
emission of photons into lower lying states. However,
if the “underworld” is occupied, the Pauli principle
will prevent this decay. Holes in the occupied “under-
world” (Dirac sea) are antiparticles.

The occupied states of this underworld including
up to 40 000 occupied bound states of the lower po-
tential represent the vacuum well. The peculiarity
of this strongly correlated vacuum structure in the
region of atomic nuclei is that—depending on the
size of the nucleus—more than 20 000 up to 40 000
(occupied) bound nucleon states contribute to this
polarization effect. Obviously, we are dealing here
with a highly correlated vacuum. A pronounced
shell structure can be recognized [7]. Holes in these
states have to be interpreted as bound antinucleons
(antiprotons, antineutrons). If the primary nuclear
density rises due to compression, the lower well in-
creases, while the upper decreases and soon is con-
verted into a repulsive barrier. This compression of
nuclear matter can only be carried out in a relativis-
tic nucleus–nucleus collision with the help of shock
waves, which have been proposed by the Frankfurt
school (see W. Scheid et al. in [1]) and which have
since then been confirmed extensively (for references
see, e.g., [8]). These nuclear shock waves are ac-
companied by heating of the nuclear matter. Indeed,
density and temperature are intimately coupled in
terms of the hydrodynamic Rankine–Hugoniot equa-
tions. Heating and the violent dynamics cause the
creation of many holes in the very deep (measured
from −MBc

2) vacuum well. These numerous bound
holes resemble antimatter clusters that are bound in
the medium; their wave functions have a large overlap
with antimatter clusters. When the primary matter
density decreases during the expansion stage of the
heavy-ion collision, the potential wells, in particular,
the lower one, disappear.

The bound antinucleons are then pulled down into
the (lower) continuum. In this way, antimatter clus-
ters may be set free. Of course, a large part of the an-
timatter will annihilate on ordinary matter present in
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 6. Due to the high temperature and the violent
dynamics, many bound holes (antinucleon clusters) are
created in the highly correlated vacuum, which can be set
free during the expansion stage into the lower continuum.
In this way, antimatter clusters can be produced directly
from the vacuum. The horizontal arrow in the lower part
of the figure denotes the spontaneous creation of baryon–
antibaryon pairs, while the antibaryons occupy bound
states in the lower potential well. Such a situation where
the lower potential well reaches into the upper continuum
is called supercritical. Four of the bound holes states
(bound antinucleons) are encircled to illustrate a “quasi-
antihelium” formed. It may be set free (driven into the
lower continuum) by the violent nuclear dynamics.

the course of the expansion. However, it is important
that this mechanism for the production of antimatter
clusters out of the highly correlated vacuum does not
proceed via the phase space. The required coales-
cence of many particles in phase space suppresses the
production of clusters, while it is favored by the direct
production out of the highly correlated vacuum. In a
certain sense, the highly correlated vacuum is a kind
of cluster vacuum (vacuum with cluster structure).
The shell structure of the vacuum levels (see Fig. 5)
supports this latter suggestion. Figure 6 illustrates
this idea.
The mechanism is similar for the production of

multi-hypernuclei (Λ, Σ, Ξ, Ω). Meson field theory
also predicts for the Λ-energy spectrum at finite pri-
3
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mary nucleon density the existence of upper and lower
wells. The lower well belongs to the vacuum and is
fully occupied by Λ.

Dynamics and temperature then induce transi-
tions (ΛΛ̄ creation) and deposit many Λ in the up-
per well. These numerous bound Λ sit close to the
primary baryons: in a certain sense a giant multi-
Λ hypernucleus has been created. When the system
disintegrates (expansion stage) the Λ distribute over
the nucleon clusters (which are most abundant in
peripheral collisions). In this waymulti-Λ hypernuclei
can be formed.

Of course, this vision has to be worked out and
probably refined in many respects. This means a
much more and thorough investigation in the future.
It is particularly important to gain more experimental
information on the properties of the lower well by
(e, e′p) or (e, e′pp′) and also (p̄cpb, pcp̄b) reactions
at high energy (p̄c denotes an incident antiproton
from the continuum, and pb is a proton in a bound
state; for the reaction products, the situation is just
the opposite). Also, the reactions (p, p′d), (p, p′3He),
and (p, p′4He), and others of similar type need to
be investigated in this context. Systematic studies
of antiproton scattering on nuclei can contribute to
clarifying these questions. Various effective theories,
e.g., of Walecka-type, on one hand, and theories
with chiral invariance, on the other hand, have been
constructed to describe dense strongly interacting
matter [3]. It is important to note that they seem to
give different strengths of the potential wells and also
a different dependence on the baryon density.

According to chirally symmetric meson field the-
ories, the antimatter-cluster production and multi-
hypermatter-cluster production out of the highly
correlated vacuum take place at considerably higher
heavy-ion energies compared to the predictions of
the Dürr–Teller–Walecka-type meson field theories.
This in itself is a most interesting, quasifundamental
question to be clarified. In the future, the question
of the nucleonic substructure (form factors, quarks,
gluons) and its influence on the highly correlated
vacuum structure has to be studied. The nucleons are
possibly strongly modified in the correlated vacuum:
the ∆ resonance correlations are probably important.
Is this highly correlated vacuum state, especially
during the compression, a preliminary stage to the
quark–gluon cluster plasma? To what extent is it
similar or perhaps even identical to it?

CONCLUDING REMARKS—OUTLOOK

The extension of the periodic system into the sec-
tors of hypermatter (strangeness) and antimatter is
P

of general and astrophysical importance. Indeed, mi-
croseconds after the big bang, the new dimensions of
the periodic system, we have touched upon, certainly
have been populated in the course of the baryo- and
nucleogenesis. In the early history of the Universe,
even higher dimensional extensions (charm, bottom,
top) may play a role, which we did not pursue here.
It is an open question how the depopulation (the
decay) of these sectors influences the structure and
composition of our world today. It should finally be
noted that antimatter may also exist within matter
for much longer times than what is natively expected
[9]. This leads to be cold compression of nuclei, and
even dense neutron stars may contain antimatter in
the core. Our conception of the world will certainly
gain a lot through the clarification of these questions.
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Abstract—Masses of heaviest nuclei are calculated within a macroscopic–microscopic approach.
Even–even, odd-A, and odd–odd nuclides are considered. A large region of nuclei with proton and neutron
numbers of Z = 82–128 andN = 126–192, respectively, is analyzed. The results are compared with those
of other macroscopic–microscopic and of recent microscopic Hartree–Fock–BCS calculations. Alpha-
decay energies are also given. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The objective of this paper is to extend our pre-
vious macroscopic–microscopic calculations of nu-
clear masses [1]. The extension consists mainly in
the inclusion of odd-A and odd–odd nuclei. A large
region of nuclei with proton and neutron numbers of
Z = 82–128 and N = 126–192, respectively, is con-
sidered.

A specific feature of our model is a smaller num-
ber of terms and of adjustable parameters in the
macroscopic part of mass than in other macro-
scopic–microscopic models (e.g., [2]). More specif-
ically, we omit the Wigner term and the asymmetry
term, ca(N − Z), with respect to [2]. This is certainly
connected with our description of masses in a specific
region of nuclei. In particular, the region is far from
the line N = Z, in the neighborhood of which the
Wigner term is important.

The method of the calculations is described in
Section 2. Section 3 gives the results of the calcula-
tions and a comparison of the calculated masses with
experimental values. A comparison of our masses
with the results of other macroscopic–microscopic
calculations [2] and of recent microscopic Hartree–
Fock–BCS calculations [3] is presented in Section 4.

2. METHOD OF THE CALCULATIONS

The ground-state mass of a nucleus is calcu-
lated within a macroscopic–microscopic approach.
The Yukawa-plus-exponential model [4] is used for
the calculation of the macroscopic part of mass, and
the Strutinski shell correction is taken for its micro-
scopic part. The Woods–Saxon single-particle po-
tential, with the “universal” variant of its parameters

∗This article was submitted by the authors in English.
**e-mail: adam.sobiczewski@fuw.edu.pl
1063-7788/03/6606-1015$24.00 c©
found in [5] and also specified explicitly in [6], is used
as a basis for the shell correction.

Values of parameters of the macroscopic part of
mass are taken to be the same as in [1], where they
were adjusted to experimental masses [7] of even–
even heaviest nuclei with atomic number Z � 84.

To describe the microscopic contribution of an odd
nucleon to the ground-state mass of a nucleus, its
(lowest) quasi-particle energy Eν =√

(eν − λ)2 + ∆2 in a single-particle state |ν〉 is
added to the microscopic part of the mass. Here, eν
is the energy of the odd nucleon in the state |ν〉 and
∆ is the pairing-energy gap parameter, calculated in
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Fig. 1. Difference between calculated, Mth, and mea-
sured, Mexp, masses of nuclei with proton number Z =
84–93.
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Table 1. Equilibrium deformation parameters β0
λ, λ = 2, 4, 6, 8, mass Mth, and α-decay energy Qth

α (both in MeV),
calculated for nuclei specified by proton, neutron, and mass numbers (Z,N , and A, respectively)

N A β0
2 β0

4 β0
6 β0

8 Mth Qth
α N A β0

2 β0
4 β0

6 β0
8 Mth Qth

α

Z = 110 Z = 112
156 266 0.234 −0.044 −0.030 0.021 133.83 12.40 164 276 0.208 −0.087 0.007 0.017 150.12 12.22
157 267 0.234 −0.050 −0.028 0.023 134.50 12.21 165 277 0.208 −0.093 0.012 0.015 151.70 12.11
158 268 0.232 −0.057 −0.024 0.023 134.05 11.93 166 278 0.204 −0.093 0.015 0.013 152.46 11.86
159 269 0.232 −0.063 −0.022 0.027 134.84 11.63 167 279 0.200 −0.097 0.021 0.011 154.32 11.60
160 270 0.228 −0.067 −0.017 0.024 134.59 11.36 168 280 0.197 −0.098 0.024 0.009 155.29 11.40
161 271 0.230 −0.072 −0.017 0.028 135.51 11.07 169 281 0.165 −0.072 0.012 0.006 157.46 11.21
162 272 0.226 −0.077 −0.012 0.025 135.47 10.74 170 282 0.145 −0.057 0.006 0.005 158.33 10.68
163 273 0.221 −0.083 0.001 0.020 137.17 11.10 171 283 0.135 −0.054 0.007 0.004 160.40 10.16
164 274 0.217 −0.081 −0.002 0.019 138.18 11.57 172 284 0.129 −0.056 0.011 0.003 161.43 9.76
165 275 0.213 −0.086 0.004 0.016 140.29 11.45 173 285 0.122 −0.059 0.015 0.001 163.63 9.49
166 276 0.208 −0.085 0.007 0.014 141.46 11.09 174 286 0.100 −0.045 0.010 0.001 164.90 9.35
167 277 0.206 −0.090 0.013 0.011 143.83 10.79 175 287 0.095 −0.049 0.013 0.000 167.14 8.97
168 278 0.201 −0.089 0.014 0.009 145.22 10.54 176 288 0.093 −0.053 0.017 −0.001 168.81 9.04
169 279 0.197 −0.095 0.022 0.006 147.82 10.24 177 289 0.077 −0.045 0.014 −0.001 171.60 9.19
170 280 0.163 −0.068 0.009 0.006 149.25 9.91 178 290 0.011 0.001 0.000 0.000 173.37 8.98
171 281 0.137 −0.051 0.004 0.005 151.71 9.30 Z = 113
172 282 0.128 −0.052 0.007 0.003 153.13 8.89 166 279 0.203 −0.100 0.020 0.013 159.19 12.16
173 283 0.107 −0.049 0.007 0.001 155.74 8.54 167 280 0.204 −0.107 0.028 0.011 160.77 11.91
174 284 0.104 −0.046 0.009 0.001 157.34 8.34 168 281 0.200 −0.107 0.030 0.009 161.56 11.69
175 285 0.098 −0.048 0.012 0.001 159.99 8.03 169 282 0.196 −0.111 0.042 0.007 163.41 11.47
176 286 0.095 −0.053 0.015 −0.001 161.96 7.99 170 283 0.149 −0.066 0.012 0.005 164.26 11.12

Z = 111 171 284 0.138 −0.061 0.011 0.004 166.17 10.68
160 271 0.222 −0.069 −0.013 0.021 142.03 11.79 172 285 0.132 −0.063 0.016 0.002 167.01 10.21
161 272 0.227 −0.078 −0.011 0.028 142.77 11.55 173 286 0.128 −0.067 0.019 0.001 169.04 9.98
162 273 0.224 −0.084 −0.005 0.024 142.43 11.20 174 287 0.095 −0.043 0.009 0.001 170.14 9.85
163 274 0.226 −0.082 0.000 0.026 143.87 11.53 175 288 0.093 −0.048 0.014 0.000 172.23 9.57
164 275 0.216 −0.089 0.005 0.018 144.61 12.04 176 289 0.091 −0.054 0.017 −0.001 173.74 9.57
165 276 0.212 −0.092 0.009 0.016 146.44 11.94 177 290 0.066 −0.036 0.011 −0.001 176.33 9.65
166 277 0.210 −0.093 0.012 0.013 147.44 11.64 178 291 0.013 0.003 0.001 0.000 178.08 9.58
167 278 0.207 −0.098 0.018 0.011 149.51 11.30 179 292 0.029 −0.001 0.000 0.000 180.63 9.12
168 279 0.202 −0.097 0.020 0.009 150.71 11.08 180 293 0.023 0.002 0.000 0.000 182.46 8.85
169 280 0.200 −0.103 0.027 0.006 153.07 10.77 Z = 114
170 281 0.147 −0.050 0.000 0.000 154.38 10.48 168 282 0.186 −0.099 0.028 0.011 166.97 12.09
171 282 0.132 −0.052 0.006 0.004 156.64 9.85 169 283 0.194 −0.113 0.039 0.007 168.57 11.83
172 283 0.126 −0.051 0.008 0.003 157.86 9.38 170 284 0.149 −0.073 0.017 0.005 169.24 11.53
173 284 0.119 −0.053 0.011 0.002 160.24 8.91 171 285 0.130 −0.051 0.002 0.003 170.99 11.11
174 285 0.109 −0.048 0.010 0.001 161.74 8.78 172 286 0.086 −0.021 −0.002 0.002 171.61 10.86
175 286 0.093 −0.047 0.012 0.000 164.26 8.51 173 287 0.088 −0.028 0.001 0.002 173.38 10.56
176 287 0.087 −0.048 0.013 −0.001 166.08 8.47 174 288 0.086 −0.037 0.008 0.001 174.18 10.32
177 288 0.081 −0.041 0.005 −0.002 169.08 8.60 175 289 0.088 −0.047 0.013 0.000 176.10 10.04
178 289 0.052 −0.024 0.006 −0.001 171.19 8.53 176 290 0.000 0.000 0.000 0.000 177.39 10.07
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Table 1. (Contd.)

N A β0
2 β0

4 β0
6 β0

8 Mth Qth
α N A β0

2 β0
4 β0

6 β0
8 Mth Qth

α

177 291 0.028 −0.009 0.002 0.000 179.67 10.10 Z = 117
178 292 0.001 0.000 0.000 0.000 180.83 9.60 172 289 0.077 −0.013 −0.004 0.002 190.29 11.75
179 293 0.000 0.000 0.000 0.000 183.33 9.31 173 290 0.078 −0.020 0.000 0.001 191.57 11.61
180 294 0.000 0.000 0.000 0.000 184.90 9.11 174 291 0.074 −0.028 0.006 0.001 191.89 11.58
181 295 0.001 0.000 0.000 0.000 187.66 9.10 175 292 0.078 −0.039 0.012 0.001 193.39 11.42
182 296 0.000 0.000 0.000 0.000 189.62 9.13 176 293 0.063 −0.028 0.007 0.000 194.14 11.53
183 297 0.004 0.000 0.001 0.000 192.63 9.08 177 294 0.052 −0.023 0.006 0.000 195.96 11.43
184 298 0.000 0.000 0.001 0.000 194.91 9.09 178 295 0.032 −0.010 0.002 0.000 196.82 11.40

Z = 115 179 296 0.027 −0.009 0.002 0.000 198.79 11.26
170 285 0.065 0.009 −0.009 0.001 176.12 12.14 180 297 0.016 −0.004 0.001 0.000 199.97 11.38
171 286 0.071 0.000 −0.009 0.002 177.54 11.70 181 298 0.009 −0.001 0.000 0.000 202.26 11.36
172 287 0.066 −0.004 −0.005 0.001 177.89 11.21 182 299 0.000 0.001 0.000 0.000 203.73 11.35
173 288 0.072 −0.016 −0.001 0.001 179.54 10.95 183 300 0.000 0.001 0.001 0.000 206.30 11.31
174 289 0.067 −0.022 0.003 0.001 180.18 10.74 184 301 0.000 0.001 0.000 0.000 208.10 11.29
175 290 0.056 −0.015 0.001 0.000 182.11 10.65 185 302 0.009 −0.001 0.000 0.000 212.02 12.34
176 291 0.034 −0.002 −0.001 0.000 182.99 10.43 186 303 0.000 0.002 0.001 0.000 213.89 12.08
177 292 0.035 −0.006 0.001 0.000 185.11 10.45 Z = 118
178 293 0.018 0.006 −0.001 0.000 186.17 10.01 172 290 0.080 −0.025 0.002 0.002 196.61 12.40
179 294 0.021 0.001 0.000 0.000 188.47 9.72 173 291 0.081 −0.029 0.004 0.002 197.67 12.24
180 295 0.014 0.003 0.000 0.000 189.96 9.45 174 292 0.079 −0.037 0.010 0.001 197.78 12.15
181 296 0.012 0.003 0.000 0.000 192.57 9.51 175 293 0.082 −0.046 0.015 0.001 199.00 11.93
182 297 0.007 0.004 0.000 0.000 194.38 9.50 176 294 0.077 −0.046 0.016 0.000 199.65 12.11
183 298 0.008 0.003 0.000 0.000 197.25 9.44 177 295 0.067 −0.040 0.013 0.000 201.36 12.22
184 299 0.003 0.003 0.000 0.000 199.39 9.44 178 296 0.039 −0.017 0.004 0.000 202.15 12.06

Z = 116 179 297 0.027 −0.010 0.002 0.000 203.95 11.91
170 286 0.078 0.004 −0.012 0.002 181.79 12.39 180 298 0.017 −0.004 0.001 0.000 204.96 11.98
171 287 0.081 −0.004 −0.010 0.002 183.00 12.00 181 299 0.005 0.000 0.000 0.000 207.07 11.98
172 288 0.077 −0.009 −0.005 0.002 183.21 11.54 182 300 0.000 0.000 0.000 0.000 208.38 11.98
173 289 0.080 −0.022 −0.001 0.002 184.64 11.22 183 301 0.000 0.000 0.000 0.000 210.78 11.95
174 290 0.076 −0.030 0.006 0.001 185.12 11.08 184 302 0.000 0.000 0.000 0.000 212.41 11.95
175 291 0.084 −0.043 0.014 0.000 186.71 10.91 185 303 0.000 0.000 0.000 0.000 216.15 12.99
176 292 0.056 −0.024 0.006 0.000 187.66 11.06 186 304 0.000 0.000 0.000 0.000 217.82 12.71
177 293 0.043 −0.018 0.004 0.000 189.61 11.09 187 305 0.010 0.009 0.004 0.005 221.82 12.57
178 294 0.009 0.000 0.000 0.000 190.56 10.74 188 306 0.000 0.000 0.000 0.000 223.77 12.51
179 295 0.020 −0.004 −0.001 0.000 192.67 10.57 Z = 119
180 296 0.000 0.000 0.000 0.000 193.97 10.71 172 291 0.083 −0.035 0.006 0.003 204.54 12.89
181 297 0.000 0.000 0.000 0.000 196.40 10.65 173 292 0.083 −0.034 0.008 0.002 205.42 12.73
182 298 0.000 0.000 0.000 0.000 198.03 10.70 174 293 0.081 −0.041 0.012 0.003 205.33 12.62
183 299 0.000 0.000 0.001 0.000 200.74 10.66 175 294 0.082 −0.049 0.017 0.002 206.38 12.38
184 300 0.000 0.000 0.001 0.000 202.69 10.65 176 295 0.083 −0.052 0.020 0.002 206.87 12.55
185 301 0.007 −0.001 0.000 0.000 206.82 11.76 177 296 0.072 −0.046 0.017 0.001 208.47 12.65
186 302 0.000 0.000 0.001 0.000 208.83 11.50 178 297 0.000 −0.033 −0.001 0.000 209.42 12.86
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Table 1. (Contd.)

N A β0
2 β0

4 β0
6 β0

8 Mth Qth
α N A β0

2 β0
4 β0

6 β0
8 Mth Qth

α

179 298 0.027 −0.011 0.000 0.000 210.98 12.59 175 295 0.089 −0.052 0.017 0.003 213.10 13.01

180 299 0.000 −0.004 0.000 0.000 211.88 12.63 176 296 0.085 −0.056 0.023 0.003 213.43 13.23

181 300 0.015 −0.004 0.001 0.000 213.82 12.60 177 297 0.076 −0.048 0.019 0.002 214.91 13.49

182 301 0.000 0.000 0.000 0.000 214.99 12.59 178 298 0.054 −0.030 0.010 0.000 215.52 13.44

183 302 0.000 0.003 0.000 0.000 217.24 12.56 179 299 0.029 −0.012 0.001 0.000 217.01 13.23

184 303 0.000 0.002 0.000 0.000 218.72 12.56 180 300 0.009 −0.001 0.000 0.000 217.69 13.11

185 304 0.010 −0.002 0.000 0.000 222.24 13.51 181 301 0.002 0.000 0.000 0.000 219.48 13.11

186 305 0.000 −0.001 0.001 0.000 223.79 13.27 182 302 0.000 0.000 0.000 0.000 220.46 13.08

187 306 0.012 0.008 0.004 0.005 227.61 13.16 183 303 0.000 0.000 0.000 0.000 222.55 13.05

188 307 0.000 0.004 0.000 0.000 229.40 13.09 184 304 0.000 0.000 0.000 0.000 223.87 13.07

Z = 120 185 305 0.008 −0.001 0.000 0.000 227.20 13.99

172 292 0.087 −0.040 0.009 0.005 211.88 13.46 186 306 0.000 0.000 0.000 0.000 228.56 13.73

173 293 0.085 −0.040 0.010 0.004 212.58 13.34 187 307 0.009 0.008 0.005 0.006 232.22 13.65

174 294 0.084 −0.047 0.015 0.003 212.27 13.24 188 308 0.000 0.000 0.000 0.000 233.81 13.56
the BCS approximation. Pairing interaction of the
monopole type, with the same strength parameters
as in [1], is taken. No blocking is used.

The equilibrium deformation parameters β0
λ of a

nucleus are found by minimization of its mass in
a large deformation space. The seven-dimensional
space βλ, λ = 2, 3, . . . , 8, is used.

3. RESULTS

Comparison between calculated, Mth, and exper-
imental, Mexp, masses is shown in Figs. 1 and 2 for
all nuclei with atomic number Z � 84 and neutron

Table 2. Root-mean-square values of the discrepancy be-
tween masses calculated in this paper and in [2, 3] and
experimental ones [7] for Z–N : even–even, odd–even,
even–odd, odd–odd, and all considered nuclei with mea-
sured mass

Type and number
of nuclei

This paper [2] [3]

Even–even: 75 0.286 0.476 0.720

Odd–even: 57 0.413 0.520 0.714

Even–odd: 59 0.408 0.426 0.698

Odd–odd: 47 0.381 0.511 0.676

All: 238 0.370 0.482 0.705
PH
number N � 126 for which the experimental mass is
known [7].

One can see the following:
(i) The discrepancy betweenMth andMexp is con-

tained within the range±0.5 MeV for almost all of the
nuclei. Only for some isotopes of the elements with
Z = 86–92, is the calculated mass smaller than the
measured one by more than 0.5 MeV. In particular, it
seems that the calculated (negative) shell correction
to mass of magic nuclei (N = 126) of these elements
is too large (in absolute value) by more than 0.5 MeV.

(ii) The theoretical description of mass is better
for heavier nuclei than for lighter ones. Probably one
can state a more general rule that a better descrip-
tion is obtained for better deformed (i.e., with larger
deformation energy) nuclei. In other words, the more
distant a nucleus from (spherical) magic numbers,
the better the description of mass.

(iii) Calculated masses show a good isotopic de-
pendence. This is especially well seen in a long chain
of masses of well-deformed plutonium nuclei.

(iv) From masses of Cm, Cf, and Fm, one can see
that effect on mass of a deformed shell at N = 152 is
well reproduced. It would be very interesting to know
if this is also the case for a more strongly deformed
shell at N = 162 predicted by theory. Unfortunately,
masses of nuclei withN around 162 are not yet mea-
sured.

(v) Masses of odd-A and odd–odd nuclei, in
the calculation of which no additional adjustable
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Fig. 2. As in Fig. 1, but for Z = 94–108.

parameters were used, are reproduced similarly well
as those of even–even nuclei. For lighter nuclei, some
staggering effect is observed. Calculated masses of
nuclei with odd number of neutrons disagree more
with measured values than for neighboring nuclei
with even neutron number. It seems that masses of
these nuclei are too small because pairing correla-
tions, when treated in the BCS approach without any
projection or blocking, are too strong for them.

Table 1 gives equilibrium deformations β0
λ and

mass Mth calculated for nuclei with Z = 110–120;
α-decay energy Qth

α , obtained directly from Mth, is
also given. As the space in this article is too small
to show these quantities for all considered nuclei, we
decided to give them for nuclei in the region that
has been investigated very little experimentally up
to present and, thus, for which predictions are more
needed. The mass of a nucleus is a basic quantity,
from which a number of other quantities, important
for synthesis (cf., e.g., [8–12]) or decay of a nucleus,
can be obtained.

We have found in the calculations that the odd-
multipolarity components β0

λ, λ = 3, 5, 7, of the equi-
librium deformations of nuclei considered in Ta-
ble 1 are zero. This is the reason that only even-
multipolarity components, λ = 2, 4, 6, 8, are given in
the table.

4. A COMPARISON WITH OTHER
CALCULATIONS

In this section, we compare the quality of our
description of the mass of the nuclei considered
here with that by other macroscopic–microscopic
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
results [2] and recent microscopic Hartree–Fock–
BCS results [3]. The comparison is shown in Table 2,
where root-mean-square values of the discrepancy
between calculated and experimental results are
given.

One can see that the macroscopic–microscopic
descriptions are better than the microscopic one for
all kinds of heaviest nuclei. Among the two macro-
scopic–microscopic calculations, those of the present
paper give smaller discrepancies. This is understand-
able as parameters of the present model are adjusted
to the (smaller) region of (heaviest) nuclei considered
in the present paper, while those of [2] are fitted to
all nuclei. One may expect then that the results of [2]
may be better for far extrapolations, while those of the
present paper may be more realistic for less distant
nuclei. The latter, however, are more important for
experiments presently being done and to be done in
the nearest future (cf., e.g., [13–15]).
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Abstract—The nuclear shell model predicts that the next doubly magic shell closure beyond 208Pb is at
a proton number between Z = 114 and 126 and at a neutron number N = 184. The outstanding aim
of experimental investigations is the exploration of this region of spherical “superheavy elements.” This
article describes the experiments that were performed at the GSI SHIP. They resulted in an unambiguous
identification of elements 107 to 112. They were negative thus far in searching for elements 113, 116, and
118. The measured decay data are compared with theoretical predictions. Some aspects concerning the
reaction mechanism are also presented. c© 2003 MAIK “Nauka/Interperiodica”.
1. EXPERIMENTAL RESULTS

In this section, results are presented dealing with
the discovery of elements 110 to 112 using cold fu-
sion reactions based on lead and bismuth targets.
A detailed presentation and discussion of the decay
properties of these elements was given in previous
reviews [1, 2].

Element 110 was discovered in 1994 using the
reaction 62Ni + 208Pb → 269110 + 1n [3]. The main
experiment was preceded by a thorough study of the
excitation functions for the synthesis of 257Rf and
265Hs using beams of 50Ti and 58Fe in order to de-
termine the optimum beam energy for the production
of element 110. The data revealed that the maximum
cross section for the synthesis of element 108 was
shifted to a lower excitation energy, different from the
predictions of reaction theories. The heavier isotope
271110 was synthesized with a beam of the more
neutron-rich isotope 64Ni [1]. The important result for
the further production of elements beyond meitnerium
was that the cross section was enhanced from 2.6 to
15 pb by increasing the neutron number of the projec-
tile by two, which gave hope that the cross sections
could decrease less steeply with more neutron-rich
projectiles. However, this expectation was not proven
in the case of element 112.

The even–even nucleus 270110 was synthesized
using the reaction 64Ni + 207Pb [4]. A total of eight
α-decay chains were measured during an irradiation
time of seven days. Decay data were obtained for the
ground state and a high-spin K isomer, for which
calculations predict spin and parity 8+, 9−, or 10−

[5]. The new nuclei 266Hs and 262Sg were identified as

∗This article was submitted by the author in English.
1063-7788/03/6606-1020$24.00 c©
daughter products after α decay. Spontaneous fission
of 262Sg terminates the decay chain.

Element 111 was synthesized in 1994 using the
reaction 64Ni + 209Bi → 273111∗. A total of three
α chains of the isotope 272111 were observed [6].
Another three decay chains were measured in a con-
firmation experiment in October 2000 [7].

Element 112 was investigated at SHIP using the
reaction 70Zn + 208Pb → 278112∗ [8]. The irra-
diation was performed in January–February 1996.
Over a period of 24 days, a total of 3.4× 1018 pro-
jectiles were collected. One α-decay chain, shown on
the left side of Fig. 1, was observed resulting in a
cross section of 0.5 pb. The chain was assigned to
the one-neutron-emission channel. The experiment
was repeated in May 2000, aiming to confirm the
synthesis of 277112 [7]. During a similar measuring
time, but using slightly higher beam energy, one more
decay chain was observed, also shown in Fig. 1. The
measured decay pattern of the first four α decays
is in agreement with the one observed in the first
experiment.

A new result was the occurrence of fission that
ended the second decay chain at 261Rf. A sponta-
neous-fission branch of this nucleus was not yet
known; however, it was expected from theoretical
calculations. The new results on 261Rf were proven
in a recent chemistry experiment [9], in which this
isotope was measured as a granddaughter in the
decay chain of 269Hs.

A reanalysis of all decay chains measured at SHIP
since 1994 (a total of 34 decay chains were ana-
lyzed) revealed that the previously published first de-
cay chain of 277112 [8] (not shown in Fig. 1) and
the second of the originally published four chains
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. Two decay chains measured in experiments at SHIP in the cold fusion reaction 70Zn +208 Pb →278 112∗. The chains
were assigned to the isotope 277112 produced by evaporation of one neutron from the compound nucleus. The lifetimes given in
parentheses were calculated using the measured α energies. In the case of escaped α particles the α energies were determined
using the measured lifetimes.
of 269110 [3] were spuriously created. Details of the
results of the reanalysis are given in [7].

Results from an experiment at the 88-in. cy-
clotron in Berkeley aiming to synthesize element
118 were published in 1999 [10]. In order to confirm
the data obtained in Berkeley, the same reaction,
86Kr + 208Pb → 293118∗, was investigated at
SHIP in the summer of 1999. The experiment is
described in detail in [2]. During a measuring time
of 24 days, a beam dose of 2.9× 1018 projectiles
was collected, which was comparable to the Berkeley
value of 2.3× 1018. No event chain was detected,
and the cross-section limit resulting from the SHIP
experiment for the synthesis of element 118 in cold
fusion reactions was 1.0 pb. The Berkeley data were
retracted in the summer of 2001 after negative results
of a repetition experiment performed in the year 2001
in Berkeley itself and after a reanalysis of the data
of the first experiment, which showed that the three
reported chains were not in the 1999 data [11].

2. NUCLEAR STRUCTURE AND DECAY
PROPERTIES

The calculation of the ground-state binding en-
ergy provides the basic step to determine the stability
of superheavy elements (SHEs). In macroscopic–
microscopic models, the binding energy is calcu-
lated as the sum of a predominating macroscopic part
(derived from the liquid-drop model of the atomic
nucleus) and a microscopic part (derived from the
nuclear shell model). This way, more accurate val-
ues for the binding energy are obtained than in the
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
cases of using only the liquid-drop model or the shell
model. The shell correction energies of the ground
state of nuclei near closed shells are negative, which
results in further decreased values of the negative
binding energy from the liquid-drop model—and thus
increased stability. An experimental signature for the
shell-correction energy is obtained by subtracting a
calculated smooth macroscopic part from the mea-
sured total binding energy.

The shell-correction energy is plotted in Fig. 2a
using data from [12]. Two equally deep minima are
obtained, one at Z = 108 and N = 162 for deformed
nuclei with deformation parameters β2 ≈ 0.22, β4 ≈
−0.07 and the other one at Z = 114 and N = 184 for
spherical SHEs. Different results are obtained from
self-consistent Hartree–Fock–Bogolyubov calcula-
tions and relativistic mean-field models [13, 14]. They
predict for spherical nuclei shells at Z = 114, 120, or
126 (indicated as dashed lines in Fig. 2a) and N =
184 or 172.

The knowledge of ground-state binding energies,
however, is not sufficient for the calculation of par-
tial spontaneous fission half-lives. Here, it is nec-
essary to determine the size of the fission barrier
over a wide range of deformation. The most accu-
rate data were obtained for even–even nuclei using a
macroscopic–microscopic model [15]. Partial spon-
taneous fission half-lives are plotted in Fig. 2b. The
landscape of fission half-lives reflects the landscape
of shell-correction energies, because in the region of
SHEs the height of the fission barrier is mainly de-
termined by the ground-state shell correction energy,
while the contribution from the macroscopic liquid-
drop part approaches zero for Z = 104 and beyond.
3
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Nevertheless, we see a significant increase in sponta-
neous fission half-life from 103 s for deformed nuclei to
1012 s for spherical SHEs. This difference originates
from an increasing width of the fission barrier which
becomes wider in the case of spherical nuclei.

Partial α half-lives decrease almost monotoni-
cally from 1012 s down to 10−9 s near Z = 126 (see
Fig. 2c). The valley of β-stable nuclei passes through
Z = 114, N = 184. At a distance of about 20 neu-
trons away from the bottom of this valley, β half-lives
of isotopes drop down to values of one second [16] (see
Fig. 2d).

The interesting question arises as to whether and
to what extent uncertainties related to the location
of proton and neutron shell closures will change the
half-lives of SHEs. Partial α and β half-lives are
only insignificantly modified by shell effects, because
their decay process occurs between neighboring nu-
clei. This is different for fission half-lives which are
primarily determined by shell effects. However, the
uncertainty related to the location of nuclei with the
strongest shell effects, and thus the longest partial
fission half-life at Z = 114, 120, or 126 and N = 172
or 184, is irrelevant concerning the longest “total”
half-life of SHEs. All regions for these SHEs are
dominated by α decay. Alpha-decay half-lives will
only be modified by a factor of up to approximately 100
if the double shell closure is not located at Z = 114
and N = 184.

The line of reasoning is, however, different con-
cerning the production cross section. The survival
probability of the compound nucleus is determined
PH
among other factors significantly by the fission bar-
rier. Therefore, with respect to an efficient produc-
tion yield, the knowledge of the location of minimal
negative shell-correction energy is highly important.
However, it may also turn out that shell effects in the
region of SHEs are distributed across a number of
subshell closures. In that case, a wider region of less
deep shell-correction energy would exist with cor-
responding modification of stability and production
yield of SHEs.

3. NUCLEAR REACTIONS

The main features that determine the fusion pro-
cess of heavy ions are (i) the fusion barrier and the
related beam energy and excitation energy; (ii) the
ratio of surface tension vs. Coulomb repulsion, which
determines the fusion probability and which strongly
depends on the asymmetry of the reaction partners
(the product Z1Z2 at fixed Z1 + Z2); (iii) the impact
parameter (centrality of collision) and related angular
momentum; and (iv) the ratio of neutron evaporation
and of γ emission vs. the fission of the compound
nucleus.

In fusion reactions toward SHEs, the product
Z1Z2 can reach extremely large and the fission barrier
extremely small values. In addition, the fission barrier
itself is fragile, because it is solely built up from shell
effects. For these reasons, the fusion of SHEs is
hampered twofold: (i) in the entrance channel by a
high probability for reseparation and (ii) in the exit
channel by a high probability for fission. In contrast,
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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the fusion of lighter elements proceeds unhindered
through the contracting effect of the surface tension
and the evaporation of neutrons instead of fission.

The effect of Coulomb repulsion on the cross sec-
tion starts to act severely for fusion reactions to pro-
duce elements beyond fermium. From there on, a
continuous decrease in cross section was measured
from microbarns for the synthesis of nobelium down
to picobarns for the synthesis of element 112. Data
obtained in reactions with 208Pb and 209Bi for the
1n-evaporation channel at low excitation energies of
about 10–15 MeV (therefore named cold fusion) and
in reactions with actinide targets at excitation ener-
gies of 35–45 MeV (hot fusion) for the 4n channel
are plotted in Figs. 3a and 3b, respectively.

Some features that the data reveal are pointed out
in the following:

(i) Thus far, no data have been measured below
cross-section values of about 0.5 pb. This is the limit
presently set by experimental constraints. Consider-
ing the already long irradiation time to reach a cross-
section limit of 0.5 pb (approximately four weeks), it
seems impractical to perform systematic studies on
this cross-section level or even below it. Further im-
provement of the experimental conditions is manda-
tory. Note in this context that the experimental sensi-
tivity has increased by three orders of magnitude since
the 1984 search experiment for element 116 using
the hot fusion reaction 48Ca + 248Cm → 296116∗
[17, 18].

(ii) The cross sections for elements lighter than
113 decrease by factors of 4 and 10 per element in
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
the case of cold and hot fusion, respectively. This de-
crease is explained as a combined effect of increasing
probability for reseparation of projectile and target
nucleus and fission of the compound nucleus. Theo-
retical consideration and empirical descriptions (see,
e.g., [19, 20]) suggest that the steep fall of cross sec-
tions for cold fusion reactions may be strongly linked
to increasing reseparation probability at high values
of Z1Z2, while hot fusion cross sections mainly drop
because of strong fission losses at high excitation
energies. Extremely small values result from extrap-
olating these data into the region of element 114 and
above. However, strong shell effects for SHEs with
spherical nuclear shapes could lead to an increase
in the fission barrier and thus to an increase in the
survival probability of the compound nucleus. The
relatively high values measured in Dubna for the syn-
thesis of elements 114 and 116 would be in agreement
with this argumentation. In the case of cold fusion,
cross-section limits are known only for the synthesis
of elements 116 and 118.

(iii) Locally, an increase in the cross section by a
factor of 5.8 was measured for element 110 in cold fu-
sion reactions when the beam was changed from 62Ni
to 64Ni. It was speculated that this increase could be
due to the increased value of the projectile isospin.
However, the assumption could not be confirmed in
the case of element 112, which was synthesized using
the most neutron-rich stable zinc isotope with mass
number 70.

It was pointed out in the literature [21] that closed
shell projectile and target nuclei are favorable for
synthesizing SHEs. The reason is not only a low
3
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reaction Q-value and thus a low excitation energy,
but also that fusion of such systems is connected with
a minimum of energy dissipation. The fusion path
proceeds along cold fusion valleys, where the reaction
partners maintain kinetic energy up to the closest
possible distance. In this view, the difference between
cold and hot fusion is not only a result of gradually
different values of excitation energy, but there exists
a qualitative difference, which is, on one hand (cold
fusion), based on a well-ordered fusion process along
paths of minimum dissipation of energy and, on the
other hand (hot fusion), based on a process governed
by the formation of a more or less energy equili-
brated compound nucleus. The use of doubly magic
48Ca and actinide targets seems to proceed via an
intermediate fusion process, possibly along a fusion
valley less pronounced than in the case of cold fusion.
Triggered by the recent experimental success of heavy
element synthesis, a number of theoretical studies are
in progress aiming to obtain a detailed understanding
of the processes involved [22–28].

Due to the great uncertainty concerning the influ-
ence of the various steps in the fusion of heavy ele-
ments, more and more precise experimental data are
needed. It is especially important that various combi-
nations of projectile and target be investigated, from
very asymmetric systems to symmetric ones, and that
excitation functions be measured. This provides in-
formation on how fast the cross section decreases
with increasing energy due to fission of the compound
nucleus and how fast cross sections decrease on the
low-energy side due to the fusion barrier. From both
slopes, information about the “shape” of the fission
and the fusion barriers can be obtained. At a high
enough cross section, these measurements can be
complemented by in-beam γ-ray spectroscopy using
the recoil-decay tagging method in order to study the
influence of angular momentum on the fusion and
survival probability [29–31].

4. SUMMARY AND OUTLOOK

The experimental work of the last two decades
has shown that cross sections for the synthesis of
the heaviest elements decrease almost continuously.
However, recent data on the synthesis of element 114
and 116 in Dubna using hot fusion seem to break
this trend when the region of spherical superheavy
elements is reached.

Progress toward the exploration of the island of
spherical SHEs is difficult to predict. However, de-
spite the exciting new results, many questions of a
more general character are still awaiting an answer.
New developments will not only make it possible to
perform experiments aimed at synthesizing new el-
ements in reasonable measuring times, but will also
PH
allow for a number of various other investigations
covering reaction physics and spectroscopy.

One can hope that, during the coming years, more
data will be measured in order to promote a better
understanding of the stability of the heaviest elements
and the processes that lead to fusion. A microscopic
description of the fusion process will be needed for
an effective explanation of all measured phenomena
in the case of low dissipative energies. Then, the
relationships between fusion probability and stability
of the fusion products may also become apparent.

An opportunity for the continuation of experiments
in the region of SHEs at decreasing cross sections af-
ford, among others, further accelerator developments.
High-current beams and radioactive beams are op-
tions for the future. At increased beam currents, val-
ues of tens of particle µA may become accessible,
the cross-section level for the performance of exper-
iments can be shifted down into the region of tens
of femtobarns, and excitation functions can be mea-
sured on the level of tenths of picobarns. High cur-
rents, in turn, call for the development of new targets
and separator improvements. Radioactive ion beams,
not as intense as the ones with stable isotopes, will
allow for approaching the closed neutron shell N =
184 at lighter elements. Interesting will be the study
of the fusion process using radioactive neutron-rich
beams.

The half-lives of spherical SHEs are expected to
be relatively long. Based on nuclear models, which
are effective predictors of half-lives in the region of
the heaviest elements, values from microseconds to
years have been calculated for various isotopes. This
wide range of half-lives encourages the application
of a wide variety of experimental methods in the in-
vestigation of SHEs, from the safe identification of
short-lived isotopes by recoil-separation techniques
to atomic physics experiments on trapped ions, and
to the investigation of chemical properties of SHEs
using long-lived isotopes.
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23. V. Yu. Denisov and W. Nörenberg, Eur. Phys. J. A 15,

375 (2002).
24. Y. Aritomo et al., Phys. Rev. C 59, 796 (1999).
25. V. I. Zagrebaev, Phys. Rev. C 64, 034606 (2001).
26. G. Giardina et al., Eur. Phys. J. A 8, 205 (2000).
27. R. Smolanczuk, Phys. Rev. C 63, 044607 (2001).
28. G. G. Adamian et al., Nucl. Phys. A 678, 24 (2000).
29. P. Reiter et al., Phys. Rev. Lett. 82, 509 (1999).
30. P. Reiter et al., Phys. Rev. Lett. 84, 3542 (2000).
31. R.-D. Herzberg et al., Phys. Rev. C 65, 014303

(2002).
3



Physics of Atomic Nuclei, Vol. 66, No. 6, 2003, pp. 1026–1032. From Yadernaya Fizika, Vol. 66, No. 6, 2003, pp. 1062–1068.
Original English Text Copyright c© 2003 by Ohta, Aritomo.
An Idea for Predicting the Evaporation Residue Cross Section
in Superheavy Mass Region*

M. Ohta1)** and Y. Aritomo2), 3)

1)Department of Physics, Konan University, Okamoto, Japan
2)Department of Physics, University of Tokyo, Tokyo, Japan

3)Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research,
Dubna, Moscow oblast, 141980 Russia

Received September 6, 2002

Abstract—A trial to clarify the main contributors to the evaporation residue cross section in the superheavy
mass region is presented. The precise analysis of these factors enables us to understand more clearly
the trend of experimental data decreasing exponentially when the atomic number of the residue nucleus
increases. It is found that almost all of the experimental data producing nuclei withZ = 104 to 114 are fitted
with a common parameter set within a reasonable allowance, i.e.,±0.7 order. In this sense, this model has
a reliable predictability for the synthesis of new elements. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

It is discussed that, at the present stage, we have
no confirmative theory to estimate the evaporation
residue (ER) cross section in the superheavy mass re-
gion, where the atomic number of compound nucleus
(CN) is larger than 104 (e.g., [1–3]).

It is also believed that one of the ways to estimate
the ER cross section is to solve the time evolution
of the reaction system. From an approaching stage
of colliding partner to a final stage after evapora-
tion of several neutrons, the time evolution should
be solved by using a stochastic differential equation
such as the Langevin equation. In combination with
the traditional statistical model for the evaporation
process, some hybrid attempts along this line have
been made [4–7]. A more sophisticated calculation is
reported [8], and a model limiting the path of the time
evolution is also proposed [9] based on the dinucleus
model [10, 11].

However, if we want to search for the time evo-
lution of a nuclear shape more precisely, the dimen-
sion of the shape parameter space inevitably increases
and the dimension of the stochastic equation also
increases, which makes the calculation more time
consuming. We also have less knowledge to describe
the transition of the potential energy surface from
a two-body system to unified nucleus. The way of
setting the potential energy surface greatly affects the
estimation of the formation probability of the CN, and

∗This article was submitted by the authors in English.
**e-mail: masaota@konan-u.ac.jp
1063-7788/03/6606-1026$24.00 c©
this is an important and current problem [12, 13]. In
addition, we do not have much confirmed knowledge
about the frictional force that is an essential physical
quantity in the stochastic calculation.

Usually, the fusion evaporation residue reaction
process is treated as two successive stages from the
viewpoint of the time scale. They are the formation
probability to produce a CN in an excited state and
the survival probability for the CN to reach its ground
state after neutron evaporation.

In this paper, the formation probabilityPfor (some-
times written as the product of the penetrability and

the CN producing probability:
∑
TlP

(l)
CN) is given by a

function that is inferred from several numerical results
obtained by the three-dimensional Langevin calcu-
lation. The survival probability Psur is estimated by
means of the traditional statistical model with respect
to the recent work of Reisdorf and Schädel [14] in
which the ER cross section with Z up to 106 was
analyzed.

So far as we know now about the reaction mecha-
nism, we have to permit a lot of ambiguity in the esti-
mation of both probabilities. However, our fundamen-
tal aim is to pick up the main contributors to the ER
cross section. Through systematic analysis, we have
classified several factors that contribute nearly inde-
pendently to the cross section. They are expressed as
an exponent of 10, and synthesis index (SI) [15, 16]
is defined as the sum of these factors. By introducing
an adjustable factor A, we get an expression for the
ER cross section: σER = 10SI+A [pb]. Almost all of
the experimental data for the production of elements
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. Formation probability for Pb-target reaction. We
plot the experimental data at the excitation energy corre-
sponding to the Bass barrier height by open circles. The
name of the element attached to the marks is the projec-
tile. The values of function (1) are shown by crosses.

from Z = 104 to 114 are explained consistently by
using a common value of A. This means that the
model presented here gives a useful understanding
about the trend of the maximum cross section of ER
and a more reliable predictability for the synthesis of
new elements.

2. FORMATION PROBABILITY

In the present analysis, the logarithm of the forma-
tion probability of forming a CN is given by [16]

log Pfor(Z,α,E∗) (1)

= −3.2 + [(E∗ − E∗
B + 5)−1/2 + 0.085](Z − 100)

1 + exp[(α− 0.55)/∆]
,

where Z and E∗ are the atomic number and the
excitation energy of the CN, respectively; and α is
the entrance channel mass asymmetry, α = |A1 −
A2|/(A1 +A2), A1 and A2 being the mass number
of target and projectile. The corresponding excitation
energy to the Bass potential barrier [17] is denoted by
E∗

B and ∆ = 0.05. Note that this formula is valid for
Z ≥ 104, because the function in Eq. (1) is derived
under the assumption that the liquid-drop part of
the fission barrier is less than 1 MeV. The guiding
principle of the derivation of this functional form is
based on the probability of overcoming a potential
barrier ∆V by thermal diffusion connected with a heat
bath of temperature T [18]:

P ∼ exp(−∆V/T )h(Z,α). (2)

Here, we assume that, in order to form a CN, the
colliding partners contacting each other have to over-
come an extra barrier ∆V along a fusion path; ∆V is
mainly a function of Z and α. The function h(Z,α)
indicates the probability that the system reaches the
CN after overcoming the barrier ∆V . This function
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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should be investigated by means of the exact calcu-
lation of the dynamical evolution of the system [13].
But in the present work, this probability is not treated
separately. We consider this function to be effectively
included in Eq. (1) in the process of data fitting. The
dependence of the excitation energy in Eq. (1) comes
from the temperature T according to the relation
E∗ = aT 2.

The potential difference between the contact point
and the ridge of the potential energy surface located
slightly inside of the contact point is investigated by
means of the two-center model [19]. We have ob-
tained the following regularity:

∆V (Z,α) ∝ Z − 100
1 + exp((α − 0.55)/0.05)

. (3)

The substitution of the relation (3) into Eq. (2)
leads to Eq. (1) by introducing some constant fac-
tors to reproduce the experimental data. Figure 1
shows the experimental formation probability (open
circles) [20] at the energy corresponding to the Bass
barrier compared with the value given by Eq. (1)
(crosses). The trend depending on Z number is well
reproduced for the Pb target reaction series. It is
noted that, if E∗

B is less than the effective fission
barrier, i.e., the absolute value of the shell correction
energy of CN, the value of E∗

B in Eq. (1) is replaced
by |δshell|.

3. SURVIVAL PROBABILITY

The survival probability is calculated by means of
the traditional statistical model [21, 22]. We want to
3
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shown in the right panel. On average, the slope parameter a is determined from the data. For a spherical CN with β

gr
2 < 0.1,

a = 0.36, and for βgr
2 > 0.1, a = 0.2.
obtain the probability of finding ER nuclei in compe-
tition with the fission process:

Psur =
N∏

i=1

Γ(i)
n /(Γ(i)

n + Γ(i)
f ), (4)

where N is the number of neutrons emitted, and
Γ(i)

n and Γ(i)
f are the decay widths of neutron evap-

oration and fission before the ith neutron emission,
respectively. The essential quantity for evaluating the
survival probability is Γn/Γf at any excitation energy
of CN [21, 22]:

Γn

Γf
=

kcoll(g.s.)
kcoll(saddle)kK

A0 (5)

× exp
[
2
√
anE∗

n − 2
√
afE

∗
f

]
,

where E∗
n = E∗

int −Bn, E∗
f = E∗

int −Bf , A0 =

4A2/3afE
∗
n/
(
K0an

[
2
√
afE

∗
f − 1

])
, and K0 ≡

�/(2mr20). The factor kcoll(g.s.) and kcoll(saddle) are
added as a collective enhancement factor for the level
density of ground state and saddle shape, respectively,
and the Kramers factor [18] is expressed as kK =
(�ω1/

√
E∗

int)(
√

1 + x2 − x), where x = γ/(2ω0); ω0

and ω1 are the curvatures of potential energy surfaces
at ground state configuration and saddle shape,
respectively. The strength of one-body friction is
expressed by γ. Our calculation depends on angular
momentum. The survival probabilityPsur is defined [8,
PH
15, 16] as Psur =
∑40

i=1(2l+ 1)P (l)
sur, assuming that, in

this angular momentum range, the formation proba-
bility is nearly independent of the angular momentum.

In the following, we check the sensitivity of the
survival probability on various physical quantities. It
is found that, when the shell correction energy is
modified artificially by ±1 MeV, that is, the effective
fission barrier is modified by ±1 MeV, the survival
probability changes by ±1 order [16, 23]. Thus, the
contribution to the index is the ground state shell
correction energy itself with a minus sign: −δshell.

The isotope dependence of Γn/Γf is presented in
Fig. 2, where the excitation energy corresponds to
around the 2n channel and the experimental data
are taken from Ter-Akopyan et al. [24]. From these
results, on average, we can extract how the survival
probability depends on the neutron number of CN. As
can be seen from Fig. 2, an increase of five neutrons
yields about a one order increase in Γn/Γf . Therefore,
the contribution to SI is (N −N0)/5; here, N0 is a
reference number, which is discussed later.

The excitation energy dependence of the survival
probability is one of the important elements to esti-
mate the ER cross section. This is classified into two
cases. As can be seen from Eq. (5), the value of Γn/Γf

varies by one order or more depending on whether the
CN is well deformed or not [15, 16]. We found that, for
the case of spherical-like CN, the slope of the survival
probability against the excitation energy is steeper
than that for the case of deformed CN. The resultant
contribution to SI becomes a(E − E0), where a =
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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0.36 for βgr
2 (CN) < 0.1 and a = 0.2 for βgr

2 (CN) ≥
0.1, and E0 is again a reference energy. The slope
parameter a is determined from the calculation of
Psur as shown in Fig. 3, where the excitation energy
dependence ofPsur for the Pb- and actinide-target re-
actions are shown. In general, the CN whose charge
number is greater than 110 has a compact shape with
β

gr
2 less than 0.1. As can be seen from Fig. 3, the

slope of Psur is classified into two kinds depending on
whether βgr

2 is greater or less than 0.1. Even if the
slope is similar, the absolute value is different. This
difference comes from the difference of the neutron
number and the shell correction energy of the CN.
Therefore, the information on the term a(E − E0) is
almost independent of the term (N −N0)/5 and δshell.

We have to add one more factor to SI. That is
the penetrability when the incident energy is less
than the Bass barrier height. We assume the in-
verted parabola with the strength of �ω as the barrier.
Therefore, the contribution to SI is log TB = log(1 +
exp (−2π∆E/�ω))−1, where ∆E(<0) is the differ-
ence of the Bass barrier and the incident energy.

�ω is a parameter here, since the early stage of the
fusion reaction is still an open problem in superheavy
mass region, because the fusion hindrance seems to
overwhelm the subbarrier enhancement. Even though
the entrance mass asymmetry is near the Bussinaro–
Gallone point, the fusion hindrance after the capture
of projectile is almost two orders of magnitude [13].
The important point in this model is how to improve
Eq. (1) by using new experimental fusion data and to
find the theoretical basis to treat the fusion mecha-
nism.

4. RESULTS AND DISCUSSIONS

Summing up the main contributors to the ER
cross section, we can define the SI by following re-
lation:

SI = log Pfor − δshell + (N −N0)/5 (6)

− a(E − E0) + log TB +NG;

here, NG = log(π/k2) and k is the wave number of
an incident channel. Adding an adjustable factor A,
we can reproduce almost all of the experimental max-
imum cross section by σER = 10SI+A [pb]. Through-
out the analysis, common values forN0,E0, andA are
used:E0 = 18 MeV,A = 0, andN0 is chosen for each
Z so that the CN with (Z,N0) has an average neutron
separation energy of 7.5 MeV, as shown in Fig. 4.
This is a reason why the neutron number dependence
in σER should be estimated from a standard point of
view, where the emission rate of neutrons is almost
the same. For information about the mass, the shell
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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correction energy, and the ground state deformation,
Möller’s table [25] is used.

In this paper, our attention is focused on the hot
fusion reaction system. In Fig. 5, the maximum ER
cross sections at excitation energy around 35 MeV,
which corresponds to the 3n or 4n channel, are shown
for targets of 238U, 244Pu, 248Cm, and 248,249Cf. The
abscissa of the figures is the atomic number of CN. In
all cases, the most neutron-rich projectiles that are
available in experiments are chosen. They are 18O,
19F, 22Ne, 23Na, 26Mg, 27Al, 30Si, 31P, 34S, 37Cl, 40Ar,
41K, 48Ca, 45Sc, 50Ti, 50V, 54Cr, 55Mn, and 58Fe. It
can be seen that the experimental data (indicated by
dots) [26–41] entwine well with the band of the pre-
diction. The upper limit of the band is 10SI+A · 5 and
the lower one is 10SI+A/5. In the lower right panel in
Fig. 5, the cross section for the 249Cf target is drawn
by the solid line. In the lower left panel, the prediction
for the cross section at E∗ = 45 MeV which corre-
sponds to the 248Cm(HI, 4n–5n) reaction is drawn by
the solid line. The excitation energy corresponding to
the Bass potential energy is scattered around 40 MeV
in these reaction systems. Therefore, the cross sec-
tions at E∗ = 35 and 45 MeV are comparable, as
shown in Fig. 5. The same predictions for the reaction
by 243Am and 249Bk targets are drawn in Fig. 6. In the
production of even Z elements in Fig. 6, since proton
number of both target and projectile are odd, the shell
correction energy of CN with even Z is smaller than
that for odd Z and the Bass potential barrier is also
higher for even Z than for odd Z. Therefore, we can
see an enhanced even–odd difference.

As can be seen in Fig. 5, the 249Cf target gives a
larger cross section by about a factor of 4 than the
248Cf target. This difference comes from the larger
3
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shell correction energy in the 249Cf case by about
0.4 MeV and the richness of one neutron. Also, in
Fig. 5, we can appreciate a bump in the region of ele-
ment number from 112 to 118 for the case of Pu and
Cm target. In the case of Cf target, the bump is not so
appreciable. In the middle of the bump, the enhanced
cross section by Ca projectile is appreciable due to
the strongest shell correction energy of CN compared
with the other reaction system, as will be shown in
Fig. 7, which will be explained later. On the contrary,
the cross section monotonically decreases for the case
P

of U target. This situation can be understood from a
precise inspection of Fig. 7.

In Fig. 7, the components of SI corresponding
to reactions shown in Fig. 5 are plotted. The term
Pfor (closed square) monotonically changes as ZCN
increases. The degree of the decrease in Pfor becomes
mild when the target nucleus becomes heavier be-
cause of the slight change of mass asymmetry. The
large shell correction energy (closed circles) can be
seen around ZCN = 114, 116, and 118 for the Pu, Cm,
and Cf target, respectively. The term −a(E − E0)
(open circles) fluctuates since the excitation energy
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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at the maximum cross section is different and the
ground state deformation of CN is nearly equal to zero
for ZCN ≥ 110. Here, the different slope parameter a
is used whether the ground state of CN is spherical
or not, i.e., whether the deformation β

gr
2 of CN is

greater than 0.1 or not [42]. The barrier penetrability
indicated by Penet (open triangles) becomes near
zero for ZCN ≥ 114 because of the decrease in the
Bass barrier height. The main components making
a bump around ZCN = 114 for the Pu, Cm, and Cf
targets are Pfor and the shell correction energy. In
the case of the U target, the term Pfor decreases very
steeply at large ZCN and the enhancement of the shell
correction energy does not appreciate much, so that
the trend of σER drawn in Fig. 5 shows a monotonic
decrease with no enhancement around ZCN = 114.
The enhancement due to the neutron richness in the
48Ca projectile is about factor 3–4 for the case of Pu,
Cm, and Cf targets.

Finally, we mention a prediction for the production
of element 118 by using Cf isotopes. By means of
the model, we estimate the ER cross section at E∗ =
30 MeV for 248,249,250,251,252Cf + 48Ca. Since the
Bass barrier heights for these reaction system are
27.5, 27.9, 27.7, 28.3, and 28.4 MeV, respectively,
the optimum cross section is assumed to be obtained
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
around the excitation energy of 30 MeV. The pre-
dictions for the cross section are listed in the table.
Some of the component of SI are also included in
the table. The component (N −N0)/5 monotonically
increases due to the increase in the neutron number of
the target. The absolute value of the shell correction
energy has the maximum at the target mass of 249.
Another component of SI is nearly constant over the
isotopes. Therefore, as a result, the cross section has
an enhanced value for the targets 249Cf and 251Cf.
Similar systematic predictions have already been in-

Prediction for the maximum cross section for Cf iso-
tope target by 48Ca projectile; the components of SI
for the shell correction energy and the neutron-number-
dependent part are listed

Mass of Cf σER, pb δshell, MeV (N −N0)/5

248 0.34 7.91 1.2

249 1.21 8.28 1.4

250 0.87 7.84 1.6

251 1.21 7.85 1.8

252 0.53 7.25 2.0
3
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vestigated for the cold fusion system with Pb and Bi
targets down to Ba and Xe ones, and the paper is now
being prepared.

In conclusion, it is noted that the main contribu-
tors to the ER cross section are the formation prob-
ability of CN and the shell correction energy, i.e., the
effective fission barrier. In this model, the formation
probability is estimated in a phenomenological way
using the experimental data. As a property of the
function for Pfor, no individual nature of projectile and
target is included except the Q value determining the
Bass barrier height. And only the shell effect of CN is
taken into account in the calculation of the survival
probability. However, the trend in experimental data
is well fitted to the predicted value. It is surprising be-
cause we expected some deviation from the predicted
trend due to the individual shell property of projectile
and target nucleus. This means that the strong shell
effect of the projectile or the target may be smeared
out in the early stage of the collision by a nucleon
transfer, or other dissipative process.
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Abstract—The paper is focused on reaction dynamics of superheavy-nucleus formation and decay at
beam energies near the Coulomb barrier. The aim is to review the things we have learned from recent
experiments on fusion–fission reactions leading to the formation of compound nuclei with Z ≥ 102 and
from their extensive theoretical analysis. Major attention is paid to the dynamics of formation of very heavy
compound nuclei taking place in strong competition with the process of fast fission (quasifission). The
choice of collective degrees of freedom playing a fundamental role and finding the multidimensional driving
potential and the corresponding dynamic equation regulating the whole process are discussed. A possibility
of deriving the fission barriers of superheavy nuclei directly from performed experiments is of particular
interest here. In conclusion, the results of a detailed theoretical analysis of available experimental data on the
“cold” and “hot” fusion–fission reactions are presented. Perspectives of future experiments are discussed
along with additional theoretical studies in this field needed for deeper understanding of the fusion–fission
processes of very heavy nuclear systems. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The interest in the synthesis of superheavy nuclei
has grown lately due to new experimental results [1–
3] demonstrating a real possibility of producing and
investigating the nuclei in the region of the so-called
“island of stability.” The new reality demands more
substantial theoretical support of these expensive ex-
periments, which will allow a more reasonable choice
of fusing nuclei and collision energies as well as a bet-
ter estimation of the cross sections and unambiguous
identification of evaporation residues (ERs).

A whole process of superheavy-nucleus formation
can be divided into three reaction stages. At the first
stage, colliding nuclei overcome the Coulomb bar-
rier and approach the point of contact Rcont = R1 +
R2. Quasielastic and deep-inelastic reaction chan-
nels dominate at this stage, leading to formation of
projectile-like and target-like fragments (PLF and
TLF) in the exit channel. At subbarier energies, only
a small part of incoming flux with low partial waves
reaches the point of contact. Denote the correspond-
ing probability as Pcont(l, E). Experiments on deep-
inelastic collisions and our knowledge about nuclear
friction forces allow us to conclude that, at the contact
point, nuclei have almost zero kinetic energy. At the
second reaction stage, touching nuclei evolve into
the configuration of an almost spherical compound

∗This article was submitted by the authors in English.
**e-mail: valeri.zagrebaev@jinr.ru
1063-7788/03/6606-1033$24.00 c©
mononucleus. For light or very asymmetric nuclear
systems, this evolution occurs with a probability close
to unity. Two touching heavy nuclei after dynamic
deformation and exchange by several nucleons may
reseparate into PLF and TLF or may go directly to
fission channels without formation of a compound
nucleus. The later process is usually called quasifis-
sion. Denote a probability for two touching nuclei to
form the compound nucleus (CN) as PCN(l, E). At
the third reaction stage, the CN emits neutrons and γ
rays, lowering its excitation energy and finally forming
the residual nucleus in its ground state. This process
takes place in strong competition with fission (normal
fission), and the corresponding survival probability
Pxn(l, E∗) is usually much less than unity even for a
weakly excited superheavy nucleus.
Thus, the production cross section of a cold resid-

ual nucleusB, which is the product of neutron evapo-
ration and γ emission from an excited compound nu-
cleusC, formed in the fusion process of two heavy nu-
cleiA1 +A2 → C → B + xn+Nγ at c.m. energy E
close to the Coulomb barrier in the entrance channel,
can be decomposed over partial waves and written as

σxn
ER(E) ≈ π�

2

2µE

∞∑
l=0

(2l + 1)Pcont(E, l) (1.1)

× PCN(A1 +A2 → C;E, l)Pxn(C → B;E∗, l).

Different theoretical approaches are used for an-
alyzing all three reaction stages. However, the dy-
namics of the intermediate stage of the CN forma-
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. (a) Potential energy of 48Ca + 208Pb depending
on distance and quadrupole dynamic deformations of both
nuclei. (b) Potential energy of 48Ca + 238U depending
on orientation of statically deformed 238U nucleus (βg.s2 =
0.215).

tion is the most vague. It is due to the fact that,
in the fusion of light and medium nuclei, in which
the fissility of the CN is not very high, the colliding
nuclei having overcome the Coulomb barrier form
a CN with a probability PCN ≈ 1. Thus, this reac-
tion stage does not influence the yield of ER at all.
However, in the fusion of heavy nuclei, it is the fission
channels (normal and quasifission) that substantially
determine the dynamics of the whole process; the
PCN value can be much smaller than unity, while its
accurate calculation is very difficult. Setting Pxn = 1
in (1.1), we get the cross section of CN formation
σCN, which can be measured by detection of ERs
and fission fragments forming in normal fission (if
they are distinguished from quasifission fragments
and from products of deep-inelastic collision). Setting
in addition PCN = 1 in (1.1), we get the capture cross
section σcap, which can be measured by detection of
all fission fragments (if they are distinguished from
products of deep inelastic collision). It is clear that,
for symmetric fusion reactions, σCN and σcap cannot
be measured experimentally.

2. CAPTURE CROSS SECTION
The Bass approximation of the potential energy

of the interaction between two heavy spherical nu-
clei [4] is widely used and reproduces rather well
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Fig. 2. Capture cross sections in the 16O + 208Pb [9],
48Ca + 208Pb [10], and 48Ca + 238U [3] fusion reac-
tions. Dashed curves represent one-dimensional barrier
penetration calculations with the Bass barriers. Solid
curves show the effect of dynamic deformation of nuclear
surfaces (first two reactions) and orientation of statically
deformed nuclei (48Ca + 238U case). The arrowsmarked
by B1 and B2 show the positions of the corresponding
Coulomb barriers (see the text).

the height of the potential barrier. Coupling with
the excitation of nuclear collective states (surface
vibrations and/or rotation of deformed nuclei) and
with nucleon transfer channels significantly influ-
ences the capture cross section at near-barrier en-
ergies. In Fig. 1, the potential energy is shown
depending on dynamic deformation of spherical nuclei
48Ca + 208Pb and on mutual orientation of deformed
nuclei 48Ca + 238U(βg.s2 = 0.215). The incoming
flux has to overcome, in fact, a multidimensional
ridge with its height depending on orientation and/or
dynamic deformation. Thismeans that we have to talk
not about one barrier B but rather about a “barrier
distribution.”

In [5, 6], a semiempirical approach was proposed
for calculating the penetration probability of such
multidimensional potential barriers. Calculating the
barriers B1 and B2 for two limit configurations [in the
case of statically deformed nuclei, they correspond to
the tip and side orientations, otherwise they corre-
spond to the so-called saddle dynamic deformation
(see Fig. 1a) and spherical configuration], we may
approximate the barrier distribution function [7] by an
asymmetric Gaussian centered atB0 = (B1 +B2)/2.
Approximating the radial dependence of the barrier
by a parabola and using the Hill–Wheeler formula [8]
for the penetration probability of the one-dimensional
potential barrier, we may estimate the quantum pen-
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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etrability of the multidimensional barrier as follows:

Pcont(E, l) =
∫
f(B)

[
1 + exp

(
2π

�ω(l)
(2.1)

×
[
B +

�
2

2µR2
B(l, B)

l(l + 1)− E
])]−1

dB.

Here, �ωB is defined by the width of the parabolic
barrier, RB defines the position of the barrier, and the
barrier distribution function satisfies the normaliza-
tion condition

∫
f(B)dB = 1.

The capture cross sections calculated within this
approach are shown in Fig. 2 for the three reac-
tions (solid curves). They are compared with the-
oretical calculations made within a model of one-
dimensional barrier penetrability for spherical nuclei
(dashed curves). In all three cases, a substantial in-
crease in the barrier penetrability is observed in the
subbarrier energy region. However, the character of
this increase significantly changes: the shift of the
barrier and the distribution width, in particular, grow
with the increase in the masses of fusing nuclei. An
additional decrease in the 48Ca + 238U capture cross
section at above-barrier energies as compared with
its geometrical limit is explained by a much shallower
potential pocket and, thus, by a much smaller value of
the critical angular momentum.
Good agreement between the calculated and ex-

perimental capture cross sections allows us to be-
lieve that we may get a rather reliable estimation
of the capture cross section for a given projectile–
target combination if there are no experimental data
or if these data cannot be obtained at all (symmet-
ric combinations). However, we should realize that
some uncertainty nevertheless remains in choosing
the parameters defining the multidimensional poten-
tial barrier and the capture cross section [6]. The role
of the neutron exchange is also not clear yet. Thus, in
the cases of fusion of very heavy nuclei and especially
for symmetric fusion reactions, the accuracy of our
current predictions of the capture cross sections in
the subbarrier energy region is about one order of
magnitude. At above-barrier energies, this accuracy
is much better.

3. FUSION–FISSION DYNAMICS

The processes of the CN formation and quasi-
fission are the least studied stages of the heavy-ion
fusion reaction. To solve this problem, we have to
answer very fundamental questions. What are the
main degrees of freedom playing most important role
at this reaction stage? What is the corresponding
driving potential and what is an appropriate equa-
tion of motion for description of time evolution of
the nuclear system at this stage? Today, there is no
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 3. Driving potential Vfus–fis(Z1, Z2) of the nuclear
system consisting of 116 protons and 180 neutrons. (a)
Potential energy of two touching nuclei at A1 + A2 =
ACN,∆A = 0, i.e., along the diagonal of the lower figure.
The thick line corresponds to the case of spherical nuclei,
whereas the thin line corresponds to δ1 + δ2 = 0.3. (b)
Topographical landscape of the driving potential on the
plane (Z1, Z2) (zero deformations). The dark regions
correspond to the lower potential energies (more compact
configurations).

consensus for the answers and for the mechanism
of the compound nucleus formation itself, and quite
different, sometimes opposite in their physics sense,
models are used for its description.

In [5, 11], a new approach was proposed for de-
scription of fusion–fission dynamics based on a sim-
plified semiempirical version of the two-center shell
model idea [12]. It is assumed that, on a path from
the initial configuration of two touching nuclei to
the CN configuration and on a reverse path to the
fission channels, the nuclear system consists of two
cores (Z1, N1) and (Z2, N2) surrounded by a cer-
tain number of common (shared) nucleons, ∆A =
ACN −A1 −A2, moving in the whole volume oc-
cupied by the two cores. The processes of CN for-
mation, fission, and quasifission take place in the
space (Z1, N1, δ1;Z2, N2, δ2), where δ1 and δ2 are the
dynamic deformations of the cores. The compound
nucleus is finally formed when two fragments A1 and
3
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A2 go into its volume, i.e., at R(A1) +R(A2) = RCN
or at A1/3

1 +A1/3
2 = A1/3

CN.

The corresponding driving potential Vfus–fis(r, Z1,
N1, δ1; Z2, N2, δ2) was derived in [5] and is shown in
Fig. 3 as a function of Z1, Z2 (minimized overN1,N2

and at fixed values of δ1 + δ2). It was found that the
microscopic two-center shell model calculations give
very close values of potential energy, though slightly
less structural. There are several advantages of the
proposed approach. The driving potential is derived
on the basis of experimental binding energies of two
cores, which means that the “true” shell structure
is taken into account (see Fig. 3). The driving po-
tential is defined in the whole region RCN < r <∞,
PH
 

50

150

100 150 200 250

200

250

300

100

T
ot

al
 k

in
et

ic
 e

ne
rg

y,
 M

eV

Fragment mass number

(
 

a
 

)
 

1 1

 

48

 

Ca

 

248

 

Cm

 

80

1

100 120 140 160 180

2

3

4

5

0

Fragment mass number

Y
ie

ld
, %

 

238

 

U

 

296

 

116

 

(

 

b

 

)

Fig. 5. (a) Two-dimensional TKE–mass plot. The asym-
metric quasifission process (QF1 path in Fig. 4) con-
tributesmainly to the regionsmarked by 1. Normal fission
and near-symmetric quasifission (QF2 path in Fig. 4)
contribute to the region marked by dashed quadrangle.
(b) Mass distribution of near-symmetric fission frag-
ments [dashed quadrangle on panel (a)] detected in the
48Ca + 248Cm reaction at excitation energy of E∗ =
33 MeV compared with the fission of 238U measured at
approximately the same excitation energy [13].

it is a continuous function at r = Rcont, and it gives
a realistic Coulomb barrier at r = RB > Rcont. At
last, instead of using the variables (Z1, N1; Z2, N2),
we may easily recalculate the driving potential as a
function of mass asymmetry (A1 −A2)/(A1 +A2)
and elongation R12 = r0(A

1/3
1 +A1/3

2 ) (at r ≥ Rcont,
R12 = r = s+R1 +R2, where s is the distance be-
tween nuclear surfaces). These variables along with
deformation δ1 + δ2 are commonly used for descrip-
tion of the fission process. The corresponding driving
potential is shown in Fig. 4.
As can be seen from Figs. 3 and 4, the shell

structure, clearly revealing itself in the contact of
two nuclei (Fig. 3a), is also retained at ∆A �= 0
(R12 < Rcont) (see the deep minima in the regions
of Z1,2 ∼ 50 and Z1,2 ∼ 82 in Fig. 3b). Following
the fission path (dotted curves in Figs. 3b and 4a),
the system overcomes a multihumped fission bar-
rier, which is well known in fission dynamics. The
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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intermediate minima correspond to the shape isomer
states. From our analysis, we may definitely conclude
that these isomeric states are nothing else but two-
cluster configurations with magic or semimagic cores
(see Fig. 3b).

As regards the superheavy compound nucleus for-
mation in the fusion reaction 48Ca + 248Cm, one can
see that, after the contact, the nuclear system may
easily decay into the quasifission channels (mainly
asymmetric: Se+Pb, Kr+Hg; also near-symmetric:
Sn+Dy, Te+Gd)—solid arrow lines in Figs. 3b and
4. Only a small part of the incoming flux reaches a CN
configuration (dashed-arrow line). An experimental
two-dimensional total kinetic energy (TKE) mass
plot for the 48Ca + 248Cm fusion–fission reaction [3]
is shown in Fig. 5. The experimental data are quite
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fusion reactions.

understandable qualitatively in terms of multidimen-
sional potential energy surface shown in Figs. 3 and
4.
Using the driving potential Vfus–fis(Z1, N1, Z2,

N2, δ1, δ2), we may determine the probability of CN
formation PCN(A1 +A2 → C), being part of expres-
sion (1.1) for the cross section of the synthesis of
superheavy nuclei. It can be done, for example, by
solving the master equation [14] for the distribution
function F (Z1, N1, Z2, N2, δ1, δ2; t). The probability
of CN formation is determined as an integral of the
distribution function over the regionR1 +R2 ≤ RCN.
Similarly, one can define the probabilities of finding
the system in different channels of quasifission, i.e.,
the charge and mass distribution of fission fragments
measured experimentally.
Results of such calculations performed with a re-

stricted number of variables are shown in Fig. 6. For
the “hot” fusion reactions, based on using 48Ca as a
projectile, the probability of CN formation at first falls
very sharply with increasing ZCN, but then it remains
at the level of 10−3 for ZCN = 114–118 at excitation
energies E∗ ≥ 30 MeV. Such behavior of PCN re-
flects the fact of insignificant changes of Vfus–fis for all
these reactions. In contrast with that, for the “cold”
fusion reactions, based on using 208Pb as a target,
the probability of CN formation decreases very fast
with increasing ZCN (see dashed curves in Fig. 6a).
A qualitative explanation of that can be made again
in terms of potential energy surface. In Fig. 7, the
driving potential is shown for the synthesis of nucleus
294118 in the “cold” fusion reaction 86Kr+ 208Pb.Due
3
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to dynamic deformation of both nuclei, the potential
energy at the point of contact is even lower than the
energy of the CN ground state. The nuclear system
has to evolve upward on the potential energy surface
P

to reach the CN configuration. It is possible only at
sufficiently high excitation energy. Disappearance of
the locked Coulomb barrier makes the system unsta-
ble against reseparation into the deep-inelastic and
quasielastic channels, which have to dominate in this
reaction at low energies. In contrast with that, inmore
asymmetric case of 48Ca + 246Cf fusion reaction
leading to the same CN, the potential energy at the
point of contact is above the ground state of the CN,
and the nuclear system evolves down along the po-
tential energy surface. Of course, the main flux goes
to the quasifission valley (Kr+Pb), but nevertheless a
small part of it reaches the CN configuration (dashed
line in Fig. 7).
Exploration of the multidimensional fusion–fis-

sion driving potential itself and of the corresponding
evolution of a heavy-nuclear system along its surface
is a very promising and fruitful experimental prob-
lem. For that purpose, one may perform, for exam-
ple, fusion–fission and ER measurements on forma-
tion of the same easily fissile 224U nucleus in differ-
ent projectile–target combinations: 20Ne + 204Pb
(very asymmetric, behind the Businaro–Gallone bar-
rier), 64Ni + 160Gd (less asymmetric, in front of
the Businaro–Gallone barrier), 88Sr + 136Xe and
100Mo + 124Sn (symmetric, inverse to fission pro-
cess), 86Kr + 138Ba (closed shell nuclei, suppressed
deep-inelastic channels), and 76Ge + 148Nd (de-
formed, dependence on orientation).

4. FISSION BARRIERS OF SUPERHEAVY
NUCLEI

The survival probability Pxn(l, E∗) of a cooling
excited compound nucleus can be calculated within
a statistical model [6, 15]. The most uncertain pa-
rameter here is the fission barrier. For nuclei with
Z > 100, which cannot be used as a target material,
experimental measurement of the fission barriers is
not possible. Calculating the fission barrier for the
atomic nucleus (mainly its microscopic component)
is also a very complicated puzzle faced with the ne-
cessity of solving a many-body quantum problem.
The exact solution to that problem is currently un-
obtainable, and the accuracy of the approximations
in use is rather difficult to estimate. As a result, the
fission barriers for superheavy nuclei calculated with-
in the different approaches differ greatly (by several
megaelectronvolts). Any experimental information on
the fission barriers of those nuclei seems to be highly
valuable.
An important property of the fission barrier is that

it has a pronounced effect on the survival probabil-
ity of an excited nucleus in its cooling by emitting
neutrons and γ rays in competition with fission. It
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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is this property that may be taken advantage of to
make an estimate of the fission barrier of a super-
heavy nucleus if it is impossible to measure the fission
barrier directly. Higher sensitivity may be obtained if
such competition is tested several times during the
evaporation cascade (“hot” fusion reactions). In this
case, the cross section σxn

ER(E), which is proportional
roughly to (Γn/Γf )x, happens to be more sensitive
to the value of the fission barrier since it increases
in importance by a factor of x. For the experimental
value of the survival probability of the superheavy
nucleus to be deduced, it is necessary to measure the
cross section of weakly excited CN production in the
near-barrier fusion of heavy ions as well as the cross
section for the yield of a heavy evaporation residue.
It was experiments of this kind that were carried out
at FLNR (JINR, Dubna) recently [1–3] as part of
a series of experiments on the production of nuclei
with Z = 112, 114, and 116 formed in the 3n and 4n
evaporation channels.
The fission barriers are usually calculated accord-

ing to the formula Bf (J = 0) = BLD − δWe−γDE∗
,

where BLD is the liquid-drop fission barrier [16],
which is negligibly small for nuclei with Z > 112;
δW is the shell correction for the ground-state
energy; and γD is the damping parameter, which
accounts for the fact that shell effects fall off as the
excitation energy of the CN increases. The value of
this parameter is especially important in the case of
superheavy nuclei, whose fission barriers are mainly
determined just by the shell corrections for their
ground states. In the literature, one can find close but
slightly different values for the damping parameter,
and we paid special attention to the sensitivity of the
calculated cross sections to this parameter. Figure 8a
shows how much the cross section for the 4n channel
is sensitive to a change in the damping parameter.
Simultaneous analysis of a great number of “hot”
fusion reactions used for producing heavy elements
allows the conclusion that the value of this parameter
lies in the range γ−1

D = 14–18MeV.
After calculating the value of Pcont(E, l) in such

a way as for the measured capture cross section to
be reproduced and parametrizing the CN produc-
tion probability PCN in such a way as for σ

exp
CN to

be reproduced, fission barriers for the nuclei of the
evaporation cascade can be chosen in such a way
as for the corresponding measured cross section of
the yield of a heavy evaporation residue nucleus to
be reproduced with the help of (1.1). The calcu-
lated results are shown in Fig. 8 for the case of the
48Ca + 238U → 286112 fusion reaction. Taking ac-
count of the fact that fission barriers vary not so much
from nucleus to nucleus in an evaporation cascade,
as well as making the procedure for assessing them
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
The lower limits of the heights of fission barriers

Nucleus E∗,
MeV

σcapt,
mb

σfus,
mb

σER,
pb

〈Bf 〉,
MeV

286112 31.5 40 ≤ 5 5.0+6.3
−3.2 (3n) ≥ 5.5

292114 36.5 30 ≤ 4 0.5+0.8
−0.3 (4n) ≥ 6.7

296116 34.8 30 ≤ 2 0.5+0.8
−0.3 (4n) ≥ 6.4

simpler, the same value Bf was used for these nuclei.
The typical sensitivity of the calculated production
cross section for the ER to a change in the value of
the fission barrier is shown in Fig. 8. It is the fact
that this sensitivity is high which allows one to expect
the value of the fission barrier to be deduced to an
accuracy of the order of ±0.5 MeV with allowance
made for the experimental error in measuring this
cross section and the uncertainty of some parame-
ters used in the calculations [6]. Since, as discussed
above in Section 3, the production probability for a
true compound nucleus may really be less than the
value of σexpCN/σ

exp
capt, then comparing the measured and

calculated cross sections for the evaporation residues
allows one to deduce in fact the lower limits for the fis-
sion barriers of the corresponding nuclei. Final results
are presented in the table.
The analysis of the available experimental data on

the fusion and fission of the nuclei of 286112, 292114,
and 296116 produced in the reactions 48Ca + 238U,
48Ca + 244Pu, and 48Ca + 248Cm [3], as well as
experimental data on the survival probability of those
nuclei in evaporation channels of three- and four-
neutron emission [1, 2], enables the quite reliable
conclusion that the fission barriers of those nuclei are
really quite high, which results in their relatively high
stability. The lower limits that we have obtained for
the fission barriers of nuclei of 283–286112, 288–292114,
and 292–296116 are 5.5, 6.7, and 6.4 MeV, respec-
tively [18].

5. CROSS SECTIONS
OF SUPERHEAVY-ELEMENT PRODUCTION

Calculating the capture cross sections and the
probability for CN formation as described above and
using the fission barriers based on the ground-state
shell corrections of Möller et al. [19], we estimated
the cross sections of superheavy element formation in
the “hot” and “cold” fusion reactions leading to heavy
nuclei with ZCN ≥ 102 (Fig. 9). The cross sections
for formation of superheavy nuclei with Z = 114–118
in the 3n and 4n evaporation channels of the “hot”
3
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oration channel. Evaporation residue cross sections for
the “cold” fusion reactions (1n evaporation channel) are
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experimental values, whereas the open ones correspond
to the calculated cross sections. For the “hot” fusion
reactions the following projectile–target combinations
are used: 48Ca + 208Pb, 12C + 249Cf, 18O + 249Cf,
26Mg + 248Cm; for 110 ≤ ZCN ≤ 118, 48Ca is used as a
projectile and 232Th, 231Pa, 238U, 237Np, 244Pu, 243Am,
248Cm, 247Bk, and 249Cf are the targets. The last com-
bination leading to ZCN = 120 is 58Fe + 244Pu. For the
“cold” fusion reactions, 208Pb is used as a target and the
projectiles are the heaviest isotopes of the corresponding
stable nuclei (from 48Ca to 86Kr).

fusion reactions were found to be at the level of 0.1–
1.0 pb. For the available experimentally “cold” fusion
reactions, the cross sections for formation of the same
elements in the 1n evaporation channel are much
lower. A gain of about three orders of magnitude in the
survival probability, P1n(E∗ ≈ 15 MeV)/P3n(E∗ ≈
35MeV) ≈ 103, is compensated here by a loss of two
orders of magnitude in the capture cross sections and
more than two orders of magnitude in the probability
of CN formation.

6. CONCLUSION

From the analysis of the multidimensional fusion–
fission driving potential, we may conclude that, in the
fission process, a weakly excited heavy nucleus on
P

its way from the ground state to the scission point
passes through the optimal configurations with min-
imal potential energies (shape isomer states), which
are nothing else but the two-cluster configurations
with magic (closed shell) cores. Analysis of the ex-
perimental data on the fusion and fission of the nuclei
of 286112, 292114, and 296116, as well as experimen-
tal data on the survival probability of those nuclei
in evaporation channels of three- and four-neutron
emission, enables us to make the quite reliable con-
clusion that the fission barriers of those nuclei are
really quite high, which results in their relatively high
stability. The lower limits that we have obtained for
the fission barrier heights of 283–286112, 288–292114,
and 292–296116 nuclei are 5.5, 6.7, and 6.4 MeV, re-
spectively. This makes the synthesis of superheavy
nuclei with 112 ≤ Z ≤ 120 in asymmetric fusion re-
actions experimentally attainable (see Fig. 9). The
choice of appropriate projectile–target combination
is very important here. For example, using the fis-
sion barriers predicted in [19], we found that the ER
cross section for production of element 116 in the
3n evaporation channel of the 48Ca + 247Cm fusion
reaction should be about 1.5 pb at 35 MeV of initial
excitation energy of the CN. That is due to more
favorable evaporation of two odd neutrons with lower
separation energies compared with a synthesis of the
same element in the 48Ca + 248Cm reaction.
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Abstract—Within the past twelve years, the recoil separator VASSILISSA has been used for the investi-
gations of evaporation residues produced in heavy-ion-induced complete fusion reactions. In the course of
the experimental work, fourteen new isotopes have been identified by the parent–daughter correlations in
the region of elements with 92 ≤ Z ≤ 94. The study of the decay properties and formation cross sections
of the isotopes of elements 110, 112, and 114 was performed using high-intensity 48Ca beams and 232Th,
238U, and 242Pu targets. At the beam energies corresponding to the calculated cross-sectionmaxima of the
3n evaporation channels, the isotopes 277110, 283112, and 287114 were produced and identified. For further
experiments aimed at the synthesis of the superheavy element isotopes (Z ≥ 110) with the use of intensive
48Ca extracted beams, improvements in the ion optical system of the separator and the focal plane detector
system have been made. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In the synthesis of transfermium nuclei using
heavy-ion fusion reactions, two parameters play
the limiting role: decay properties of nuclei to be
investigated and their formation cross sections. Mod-
ern experimental setups, so-called recoil separators,
could be used for the synthesis of heavy nuclei having
half-lives of more than 1 µs and less than tens of
minutes. The limit of the formation cross section that
could be reached in experiments lasting 3–4 months
is about 0.2–0.5 pb. In the course of planning new ex-
periments, one should have a possibility of predicting
decay properties (decay mode and half-life) as well as
formation cross section of heavy nuclei with maximal
accuracy.

The decay properties of heavy nuclei strongly
depend on the shell structure effects. These sta-
bilizing effects manifest themselves significantly in
closed proton and neutron shells. Beyond uranium,
the stability of nuclei decrease rapidly with increasing
element number Z. According to the macroscopic–
microscopic theory, the next spherical shell closure for
neutrons beyond N = 126 is predicted at N = 184.

∗This article was submitted by the authors in English.
**e-mail: eremin@sunvas.jinr.ru
1063-7788/03/6606-1042$24.00 c©
The stability of the superheavy nuclei could increase
sharply when their neutron number approaches this
spherical shell closure [1–3]. Due to the spher-
ical ground-state and strong ground-state shell-
correction energy, the fission barrier is wider and
higher than that for deformed nuclei, which is the
reason for the expected increased stability against
spontaneous fission (SF). For the synthesis of spher-
ical superheavy nuclides, it is of importance to select
reaction partners with the highest possible number of
neutrons in order to approach the shell N = 184 as
close as possible [4]. For these reasons, the projectile
48Ca is of special interest in the production of the
heaviest elements. Due to its neutron excess, it
allows access to compound nuclei that are closer to
the predicted magic neutron numbers 178–184. Its
doubly magic structure allows synthesizing relatively
cold compound nuclei at energies close to the fusion
barrier. Also, the 48Ca shell structure could reduce the
fusion hindrance, observed for symmetric reactions
leading to heavy elements.

A method for the investigation of consistent α
decays, the so-called α–α correlation analysis, has
long been employed for the identification of new ra-
dionuclides. It has already been used in the works
to discover and study the decay properties of ele-
ments from 102 (α-recoil milking experiments [5])
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. The new focal plane detector system.
to 105 (delayed α-correlation method [6, 7]). Later,
this method was developed and successfully used for
the identification and study of decay properties of
elements 107–112 with a modern experimental setup
and detection module (position sensitive detectors
array) [8]. This method is based on the fact that a
decay chain starting from an unknown isotope should
be ended in the known region of isotopes with known
decay properties. If the statistics allow one to be sure
that no members in the decay chains were missed,
it is possible, starting from the known nuclei, to go
back to the beginning of the chain and to make an
assignment of what isotope of what element was syn-
thesized.

In the case when the neutron-rich isotope 48Ca
is used as a bombarding beam, we have found
ourselves in a completely unknown region where all
decay chains are started and finished with isotopes
having unknown decay properties. According to the
calculations [2, 3], the decay chains starting from
neutron-rich (N = 171–175) isotopes of elements
112–114 after a few α decays should be termi-
nated by SF in the region of elements 104–110.
As a first step in an attempt to solve the problem
with the newly synthesized isotope identification,
we plan a number of experiments, each experiment
being a basis for the following one. One of the
possibilities was to use targets that differ by an α
particle. It means that the isotopes which can be
produced in a subsequent experiment should decay
to the isotopes which were obtained in the previous
experiments. These two-step experiments could be
the following ones: 48Ca + 232Th → 280110∗ and
48Ca + 236U → 284112∗, 48Ca + 238U → 286112∗
and 48Ca + 242Pu → 290114∗, 48Ca + 244Pu →
292114∗ and 48Ca + 248Cm → 296116∗.
ATOMIC NUCLEI Vol. 66 No. 6 200
An additional (in some cases perhaps the main)
possibility of distinguishing the isotopes produced in
complete fusion reactions from multinucleon transfer
reaction products and identifying new nuclides is a
method of measuring the atomic mass number of the
evaporation residues (ERs), synthesized during the
experiment. If the mass resolution of the experimental
setup reaches a value of less than 0.5% (for the heavy
nuclei with masses in the region of 270–290 amu),
one can make a direct identification of the obtained
isotope on the basis of its mass measurement. But
such a mass resolution can be realized with rather big
magnetic systems having deflection angles of ≥ 90◦.
Another possibility is the use of simpler and more
compact systems that allow one to have the mass
resolution at the level of 1.5–3%. For the mass region
270–290 amu, it leads to an accuracy of 3–6 amu.
In this case, one can establish the belonging of the
newly synthesized nuclide to the region of superheavy
nuclei formed from the compound nuclei as a result of
a complete fusion reaction between the heavy ion and
the target nucleus.

For further experiments aimed at the synthesis
of the superheavy element isotopes (Z ≥ 110) using
intensive 48Ca extracted beams, improvements in the
ion optical system of the separator and the focal plane
detector system have been made.

2. EXPERIMENTAL SETUP

Aiming at the continuation of the experiments on
the synthesis and study of decay properties of su-
perheavy nuclei, the separator VASSILISSA [9, 10]
was upgraded. For that purpose a new dipole mag-
net, having a deflection angle of 37◦, was installed
behind the separator VASSILISSA replacing the old
3
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8◦ magnet. The new magnet provides an additional
suppression of unwanted reaction products by a factor
of about 100 and a possibility of having the mass
resolution at the level of 1.5–2% for heavy nuclei
with masses of about 300 amu. Its bending radius is
1.08 m, the effective length is 69.8 cm, and the vertical
gap is 114 mm. The entrance and exit boundaries
of the magnetic dipole have the values of 46◦ and
−43◦, respectively. To reduce chromatic abberations,
the entrance and exit boundaries of the pole have a
radius curvature of +0.5 m and –0.5 m.

For the detection of heavy ERs at the focal plane
of the new dipole magnet, a new detector system
having a 32-strip detector assembly 60× 120 mm in
size and surrounded by backward detectors was also
developed (see Fig. 1). It is planned to retain the old
detector system [10] including the 8◦ dipole magnet
behind new the 37◦ magnet, thus organizing a second
detection area. Due to the compact configuration of
this detector system, it is possible to surround it by
3He counters, thus creating a neutron detector with
a high (about 50%) detection efficiency. For this pur-
pose, it will be necessary to build around the detector
chamber an array with 200 3He counters.

Calculations show that the separator has a focal
plane inclination of ≈ 24◦, the mass (energy) disper-
sion Dx = 3.9 mm/%, and the horizontal magnifica-
tion Mx = 1. Measurements showed good stability
(∼ 0.1%) of the effective length of the dipole up to the
magnitude of the magnetic field H = 1.15 T. The re-
sults of the tests with a 226Ra α source showed that
the energy dispersion of the new magnet was about
3.8 mm/% and the resolution was about 2%.

3. EXPERIMENT

Within the experimental program of separator
VASSILISSA, “hot” fusion reactions leading to
compound nuclei with atomic numbers Z ≥ 83 were
intensively studied. In particular, more than 30 heavy-
ion–target-nucleus combinations were studied start-
ing from 40Ca + 151Eu → 191Bi∗ and finishing
at 26Mg + 208Pb → 234Pu∗ for 83 ≤ Z ≤ 94 (see
Table 1).

Complete fusion reactions with heavy ions studied
with the VASSILISSA separator and leading to com-
pound nuclei with atomic numbers Z ≥ 100 are listed
in Table 2.

Excitation functions of the xn (1 ≤ x ≤ 12) evap-
oration channels were measured for a number of re-
actions yielding compound nuclei with Z ≥ 83 in
an excitation energy range 20–140 MeV. Figure 2
shows measured formation cross sections obtained
for the same ERs but formed after the evaporation of
a different number of neutrons. Those cross sections
PH
corresponding to the maxima of the excitation curves
were derived from the data presented in Tables 1
and 2. An analysis of the xn reactions with x ≥ 4
reveals that the maximum formation cross sections
for the ERs formed after the evaporation of x+ 2 and
x neutrons (in the case of the 189Bi ER, x+ 6 and x
neutrons) remain almost constant in the whole range
of isotope mass numbers and in a broad range of the
compound nucleus excitation energy. This inference
is valid in a broad range of the maximal cross sections
(one can see from Fig. 2 that, at the transition from
200At to 246Fm, the cross section decreases by the
factor of ∼108). This implies a small value of the
partial fission width Γf , independent of the excitation
energy, at the initial steps of the deexcitation cascade.

It follows from the above considerations that,
for the compound nuclei in the excitation energy
range of 40–120 MeV, the fission time is longer than
the neutron evaporation time by about one order of
magnitude and reaches (3–5)× 10−20 s [11, 12].
The obtained large value of Γn/Γtot for the initial
stages of the compound-nucleus evaporation cascade
shows a small contribution of fission in the decay of
heavy compound nuclei at the excitation energy of
40–120 MeV.

The cross-section trends of the 1n (“cold” fusion,
E∗ ≤ 15 MeV), 3n (“warm” fusion, E∗ ≈ 30 MeV),
and 4n and 5n (“hot” fusion, E∗ ≥ 40 MeV) are
plotted in Fig. 3. To guide the eye, three solid lines
corresponding to the three fusion reaction types are
drawn though the data. In the case of the “hot” fusion
reactions, the formation cross sections are lower by
no more than one order of magnitude in spite of the
higher excitation energy of compound nuclei because
of the low fission probability at the initial stages of
the deexcitation process. Extrapolation of the lines
into the region of heavier elements results in cross
sections of about 0.1 pb for the synthesis of elements
112, 114, and 116 using those three fusion reaction
types, respectively. Higher cross sections could be
expected if the trend of the data in increasing the cross
sections with increasing the isospin Tz = (N − Z)/2
of the incident particle will continue. This effect was
proved with the use of 20,22Ne and 24,26Mg bombard-
ing particles (see Table 1) and in the production of
element 110 using the projectiles 62,64Ni [8]. Typically,
for the “hot” fusion reactions, the incident particles
with Tz = 1, 2 are used; for the “cold” fusion reac-
tions, those with Tz = 3, 4; and for “warm” fusion
reactions, those with Tz = 4. But the systematics of
the increasing cross sections with increasing isospin
Tz of bombarding particle was not confirmed in the
synthesis of element 112 using the Tz = 5 70Zn pro-
jectile (no enhancement in the cross section). The
cross section trend is changed in the synthesis of
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Table 1. List of complete fusion reactions with heavy ions studied with the separator VASSILISSA and leading to the compound nuc

Reaction CN σmax

3n 4n 5n 6n 7n 8n
40Ca + 151Eu 191Bi 2.6 µb 0.9 µb
40Ca + 153Eu 193Bi 23 µb 30 µb 8 µb
40Ar + 159Tb 199Bi 16 mb 6 mb 4.25 mb 0.68 mb 320 µb
31P + 169Tm 200Po 1.04 mb 4.51 mb 2.63 mb 146 µb 10 µb 5 µb
27Al + 175Lu 202Po 2.2 mb 17 mb 30 mb 8.4 mb 1.6 mb 0.22 mb
40Ca + 159Tb 199At 3.6 µb
40Ar + 165Ho 205At 11.5 mb 2 mb 400 µb 35 µb
24Mg + 181Ta 205At 30 mb 4.5 mb 850 µb 54 µb
26Mg + 181Ta 207At 14 mb 40 mb 20 mb 8 mb
22Ne + 190Os 212Rn 27.7 mb 7.7 mb
35Cl + 175Lu 210Ra 0.3 µb
31P + 181Ta 212Ra 43 µb 41 µb
22Ne + 194Pt 216Ra 11 mb∗ 3 mb∗ 90 µb∗
22Ne + 196Pt 218Ra 5.05 mb 23.7 mb 18.1 mb∗ 1.9 mb∗

22Ne + 198Pt 220Ra 27.3 mb 35 mb 20.2 mb 10.5 mb∗

20Ne + 197Au 217Ac 145 µb 2520 µb∗ 240 µb∗ 2.6 µb∗
22Ne + 197Au 219Ac 3 mb 6.5 mb 2 mb
48Ca + 174Yb 222Th 71 ± 28 µb 85 ± 40 µb 21 ± 9 µb 16± 6.5 µb
48Ca + 176Yb 224Th 198± 79 µb 806± 244 µb
16O + 208Pb 224Th 5208± 501 µb 11 900+9780

−3250 µb
24Mg + 197Au 221Pa 200 nb 910 nb 600 nb 130 nb
26Mg + 197Au 223Pa 2800 nb 1180 nb
22Ne + 205Tl 227Pa 42 µb 96 µb 57 µb 31 µb
40Ar + 182W 222U 1+0.9

−0.6 nb
27Al + 197Au 224U 4.7 ± 1.9 nb 1.6± 1.1 nb
20Ne + 208Pb 228U 800± 400 nb 500± 300 nb
22Ne + 208Pb 230U 6 ± 2 µb 2.5 ± 1 µb
22Ne + 209Bi 231Np 300± 120 nb 70 ± 40 nb
24Mg + 208Pb 232Pu 4 ± 2 nb
26Mg + 207Pb 233Pu 30 ± 15 nb
26Mg + 208Pb 234Pu 100± 50 nb 17 ± 8 nb

∗ Formation cross sections are presented as sums of the (4–5)n, (6–7)n, and (8–9)n evaporation channels, respectively.
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Table 2. List of complete fusion reactions with heavy ions studied with the separator VASSILISSA and leading to the
compound nuclei with atomic numbers Z ≥ 100

Reaction CN
σmax, nb

1n 2n 3n 4n 5n 6n 7n 8n

20Ne + 232Th 252Fm 10 ± 3 6.0 ± 2.5

22Ne + 232Th 254Fm 15± 5 3 ± 1

44Ca + 208Pb 252No 0.85+0.35
−0.27 0.17+0.22

−0.10

48Ca + 204Pb 252No 5.2+0.93
−0.80 1.36+0.53

−0.41

48Ca + 206Pb 254No 100 500 30 0.2+0.2
−0.1

48Ca + 208Pb 256No 120 2× 103 100 2+1.0
−0.7

22Ne + 236U 258No 7 ± 4 25 ± 7 15 ± 5

26Mg + 232Th 258No 6 ± 2 9 ± 5 8 ± 3

22Ne + 238U 260No 15 ± 7 1.2 ± 0.8

27Al + 232Th 259Lr 1.7 ± 0.5 1.3 ± 0.5

27Al + 238U 263Db 0.45± 0.20 0.075+0.05
−0.06

31P + 232Th 263Db 0.12± 0.10

48Ca + 232Th 280110 (2+4.6
−1.7)× 10−3 ∗

48Ca + 239U 286112 (5+6.3
−3.2)× 10−3 ∗

48Ca + 242Pu 290114 (2.5+3.3
−1.6)× 10−3 ∗

∗ Measurements were performed at a fixed beam energy; therefore, the cross section could be measured not at the maximum of
excitation function.
elements 112, 114, and 116 using the Tz = 4 48Ca
projectile (upper line in Fig. 3). A possible explanation
may reside in both strong shell effects at N = 28,
Z = 20 for 48Ca andN ≥ 170, Z = 112–116 (isospin
of ER’s Tz ≈ 30, in comparison with Tz ≈ 25 in the
cases of “hot” and “cold” fusion). The complete fu-
sion reactions induced by 48Ca projectiles seem to be
a compromise between “hot” fusion reactions having
higher fusion probability and “cold” fusion reactions
having higher survival probability at the exit channel.

It is obvious now that formation cross sections
of heavy evaporation residues produced in heavy-ion
complete fusion reactions depend on the shell struc-
ture in both reaction partners (incident ion and target
nucleus) and also in the final evaporation residue.
The influence of closed neutron and proton shells in
the entrance and exit channels of ER formation is
obvious but not simple to understand. One of the
best examples is a very large enhancement in ER
formation cross sections in the case of two dou-
bly magic reaction partners, i.e., 48Ca and 208Pb. A
P

change or removal of a few nucleons in the bom-
barding ion or target nucleus leads to a decrease in
the ER formation cross section by one to two or-
ders of magnitude. The effect of the shell structure
in reaction partners is demonstrated in Fig. 4. The
data for 176Yb, 208Pb, 232Th, 238U, and 242Pu are
from [13–17] (VASSILISSA separator), for 248Cm
from [18], and for other targets from [19] (upper panel
of Fig. 4). The data for 16O, 22Ne, 26Mg, and 48Ca are
from [12, 14, 20, 21] (VASSILISSA separator), for
40Ar from [22], and for other bombarding ions from [8]
(lower panel of Fig. 4). One should keep in mind
that, in Fig. 4, for every complete fusion reaction,
the maximum cross sections were chosen among all
the evaporation channels. The number of evaporated
neutrons is indicated by symbols.

Comparison of excitation functions of the ERs
measured for different mass-asymmetry reactions but
leading to the same compound nucleus allows us to
analyze how important the effect of the shell structure
is in the incident particle and/or target nucleus in the
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Fig. 2. Experimental cross sections for the same ERs
formed after the evaporation of a different number of neu-
trons.

entrance channel of a fusion reaction with massive
nuclei.

In the present work, we consider a set of exper-
imental data on the production of ERs in the reac-
tions 48Ca + 204Pb and 44Ca + 208Pb with dif-
ferent entrance channel asymmetries, but leading to
the same compound nucleus 252No∗. The reactions
48Ca + 206Pb and 48Ca + 208Pb were used for test-
ing the new detector system and calibrations using
previously measured data. Experimental conditions
are described in detail in [23].

4. RESULTS

4.1. Decay Properties of Neutron Deficient Isotopes
249,250No

As was already mentioned, the targets 206,208Pb
were used to check the transmission of the separa-
tor and energy and position calibrations of the focal
plane detector assembly. At the beam energy E1/2 =
212.1± 2 MeV in the half-thickness of the 206Pb tar-
get, more than one hundred SF events correspond-
ing to the decay of 252No were collected. The half-
life measured from the ER–SF correlation analysis
was T1/2SF = 2.38+0.26

−0.22 s (compare 2.30 ± 0.22 s [24]
and 2.44 ± 0.12 s [25]) and the SF branching ratio
for 252No was BRSF = (32 ± 3)% (compare (26.9 ±
1.9)% [24] and (32.2 ± 0.5)% [25]). At the beam en-
ergy E1/2 = 234.5 ± 2 MeV in the half-thickness of
the 206Pb target, two SF events with lifetimes of 8
and 9 µs were detected (time difference between ER
implantation and SF decay). The half-life for the two
events is 5.9+10.7

−2.3 µs and they can be attributed to the
decay of 250No formed in the 4n evaporation channel.
Earlier, the half-life values of 250 ± 50 µs [26] and
36+11

−6 µs [25] were reported for the isotope 250No.
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 3. Experimental cross sections for the ERs formed in
“cold,” “warm,” and “hot” complete fusion reactions.

The 204Pb target was irradiated with 48Ca at
four beam energies E1/2 = 219.4, 225.6, 231.4, and
236.1 MeV. At the first three energies, a total of
72 SF events were detected. These events can
be distributed into three groups according to their
lifetimes (see Fig. 5). A fitting procedure with the
use of the formalism from [27] yields three half-life
values T1/2 = 5.6+1.07

−0.79 µs (42 events), 54.2+14.7
−9.5 µs

(22 events), and 2.4+1.1
−0.6 s (10 events).

Calculated α-decay properties of the 248No and
250No nuclei are Qα = 9.28 and 8.99 MeV and
Tα = 21 and 160 ms, respectively. These results
were presented in [28]. As for T1/2SF, which is more
probable for these nuclei, estimates made in a way
described in [29] lead to values of about 0.5 and 15 µs,
respectively [30].

The events with the half-life T1/2SF = 2.4 s could
be attributed to the decay of 252No, produced in the
reaction of 48Ca and 206Pb contamination in the
204Pb target. The events with the half-life T1/2SF =
5.6 µs (two events with the same half-life from
the irradiation of the 206Pb target at the highest
beam energy should be added) could be attributed
to the decay of 250No, and the events with the half-
life T1/2SF = 54.2 µs, to the decay of even–odd
isotope 249No.

No ER–α–α correlations corresponding to the
decay of the 250No isotope into the well-known 246Fm
and 242Cf daughter nuclei nor for that of the 249No
isotope into the 245Fm and 241Cf daughter nuclei were
detected. Proceeding from the nonobservation of such
correlations, the upper limits for the α-branching ra-
tio have been estimated as BRα < 10% and BRα <
20% for 250No and 249No, respectively.
3
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At the highest beam energy Elab = 236.1 MeV,
when 248No could be observed as a result of the 4n
evaporation, the integral flux of 7× 1016 ions was col-
lected and no SF events were detected. It corresponds
to the upper limit of the production cross section of∼
0.2 nb (for nuclei with T1/2 ≥ 2 µs). In the case of SF
of nuclei (T1/2 ≤ 2 µs) in flight through the separator,
ERs will not reach the focal plane detectors and will
be lost. If ERs undergo a fast α decay in flight, the
probability that the daughter nucleus will reach the
focal plane detector is decreased by a factor of 5–10
as compared with a nondecaying (relatively long-
lived) nucleus. Daughter nucleus 244Fm undergoes
spontaneous fission with T1/2 = 3 ms. Taking into
account the relatively low value of the cross section
estimated for the 4n evaporation channel (see the
next section) and the time of flight of ER through the
separator, we estimate the upper limit for the half-life

Table 3. Decay properties of neutron deficient nobelium
isotopes

Isotope Number of events T1/2 SF, µs BRα, %
250No 56 5.6+0.9

−0.7 ≤10
249No 24 54.0+13.9

−9.2 ≤20
248No – ≤1.0 –
P
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Fig. 5. Time distribution τ (in ms) of the ER–SF corre-
lated events collected in the irradiations of 204Pb target
with 48Ca ions.

of 248No as T1/2 < 1 µs. This result is in agreement
with theoretical predictions.

With the use of accelerated 44Ca ions, a 208Pb
target was irradiated at three beam energies 216.9,
212.5, and 206.2 MeV, and a 206Pb target was ir-
radiated at the beam energy of 214.7 MeV. In the
reaction 44Ca+208Pb, a total of 13 SF events were
detected. These events can be distributed into two
groups according to their lifetimes, with the half-life
values equal to T1/2 = 5.4+2.3

−1.25 µs (11 events) and
T1/2 = 48+87.4

−18.9 µs (68- and 71-µs lifetime). These
values agree well with the data obtained for the re-
action 48Ca+204Pb.

In reaction the 44Ca+206Pb at the beam energy
E1/2 = 214.7 MeV, in which 248No, the product of the
2n evaporation channel, could be observed, the inte-
gral flux of 1.3 × 1017 ions was collected and one SF
event with the lifetime τ = 29 µs was detected. This
decay can be attributed to 250No formed in the reac-
tion of 44Ca and 208Pb contamination in the 206Pb
target. The upper limit of the cross section value for
the production of 248No is about 0.1 nb (if T1/2 ≥
2 µs). This value is less than that estimated with the
use of our data for the 208Pb(44Ca, 2n) reaction. Thus,
the upper limit for the half-life of 248No, as in the
previous case, does not exceed the value of 1 µs.

From the data collected in all the irradiations, the
decay properties of the neutron deficient nobelium
isotopes could be defined; these values are presented
in Table 3.

An explanation of the difference in the results of
our work and [25, 26] can lie in the long dead time
that was present in the measurements in previous
experiments. In [26], the complete fusion reaction
22Ne + 233U → 250No + 5n was investigated; the
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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rotating wheel technique with mica detectors for
SF events detection and time distribution analysis
were used. The starting point of time measurements
was 100 µs. In [25], the complete fusion reactions
48Ca + 206Pb → 250No + 4n and 48Ca + 204Pb→
250No + 2n were studied using the gas-filled recoil
separator, ERs were implanted into the focal plane
detector, and ER–SF correlations were analyzed.
The dead time of the electronics used for ER–SF
correlation measurements was about 80 µs.

4.2. Mass Estimates for the Observed SF Activities

We attempted to identify the observed SF activ-
ities more definitely using mass determination with
the 37◦ dipole magnet. The basic relations for the
mass determination are as follows: Bρ ∼

√
AE/Q

andE ∼ Av2, whereBρ,A,E,Q, and v are the mag-
netic rigidity, mass, energy, ion charge, and velocity of
the detected ER. Combining these relations, one can
get the expression for the mass determination:A/Q=
9.6525Bρ [T m]/v [cm/ns]. Thus, we have tomeasure
the velocity or time of flight (TOF) and magnetic
rigidity (position on the focal plane—strip number) for
the implanted ER having the ion charge Q. In these
coordinates (Bρ–TOF), different ion charge numbers
of ER are well resolved.

An ability of the system to determine the masses
was tested using 198Po produced in the
164Dy(40Ar, 6n) reaction and 246Fm produced in the
208Pb(40Ar, 2n) reaction. The data were collected,
and after their sorting, the “magnetic rigidity (strip
number)–TOF” for the implanted nuclei (based on
their known decay properties) were derived. For 198Po
(Eα = 6.125 MeV), we observed the charge states
Q = 16–19 and determined the mass number as
one close to 198. Comparing our production rate for
246Fm (Eα = 8.24 MeV) with that published earlier
[22, 31, 32], we estimated the transmission for ER as
�20%, which is close to the calculated value [33]. The
mass number was estimated as one close to 246.

A similar procedure was applied to the data col-
lected in the Ca + Pb studies. Using ER–SF cor-
relations, positions of the implanted ER and corre-
sponding TOFs (attributed to a certain SF decay
half-life) were extracted. The results are shown in
Fig. 6 in the form of a number of counts corre-
sponding to definite A/Q values for different ranges
of time distributions for ER–SF correlations. For all
the observed SF activities, a joint multi-Gaussian fit
with the width parameter fixed (curves in the figure)
allows us to obtain the most probable atomic mass
values for the most probable charge states assumed
for ER. These values correspond to our simulation
based on the approximations describing the energy
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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and charge distributions for ER [34, 35]. The results
of the fit are shown in Table 4, where the atomic mass
numbers corresponding to the assumed charge states
of ER are given for the observed SF activities. The
mean weighted values of the numbers are also given
in Table 4.

Note that the offset in the charge states per
one unit of charge to the higher and lower states
leads to significant overestimates and underesti-
mates, respectively, in the mass numbers within
about±10 units. So, one can conclude that averaged
masses of the observed SF activities are not far from
masses of the compound nuclei formed in the corre-

Table 4. Atomic mass numbers of the SF activities ob-
served in the 44,48Ca + 204,206Pb reactions

Charge state 249No 250No 252No

18 249.6± 2.4

19 253.3± 1.8 253.1± 0.8

20 248.2 ± 1.5 254.3± 1.1 255.8± 0.7

21 251.0 ± 2.9 255.5± 0.9 254.9± 1.3

Averaged mass 248.8 ± 1.3 254.8± 0.7 254.5± 0.9
3
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sponding reactions and masses of nuclei produced in
a few nucleon evaporation channels.

4.3. The 204Pb(48Ca, xn) and 208Pb(44Ca, xn)
Excitation Functions

The obtained cross section data for the 5.6- and
54-µs SF activities are shown in Fig. 7. These ac-
tivities were assigned to the 2n and 3n evaporation
channels leading to 250No and 249No, respectively. In
the estimates of the production cross section values,
their time of flight through the separator was taken
into account.

As can be seen in Fig. 7, the 5.6-µs SF activ-
ity corresponds quite satisfactorily to the calculated
excitation function for the 2n evaporation channel of
both reactions, whereas the energy dependence for
the 54-µs SF activity seems to differ slightly from that
for the 5.6-µs activity. It implies a possible SF from an
isomeric state for one of them and SF from the ground
state for another one arising from the 250No nucleus.
This possibility must not be rejected on the basis of
this data. At the same time, the yield of the 54-µs SF
activity observed in our 48Ca + 204Pb experiments is
an order of magnitude lower than the yield of the 36-
µs SF activity observed in similar experiments [25]
P

(see Fig. 7), in which the latter was identified as
250No.

Continuation of the experiments with the 44Ca
beam at energies above the fusion barrier is needed for
the final identification of the observed SF activities. At
the same time, note that the 5.6-µs SF activity cor-
responds quite well to the calculated 2n evaporation
channel for both reactions induced by 44Ca and 48Ca
(see Fig. 7). The observed suppression in the yield
of this activity at the transition from 48Ca to 44Ca is
connected with about 8 MeV of additional excitation
energy of the 252No∗ compound nuclei at the nominal
fusion barrier [37] due to differentQ values in the 44Ca
reaction. It makes the (44Ca, 2n) reaction a subbarrier
one and resembles a similar suppression of the 2n
channel at the transition from 48Ca to 40Ar in the
reactions with Pb nuclei.

5. SUMMARY AND CONCLUSIONS
In the course of our experiments aimed at the

investigation of the 44,48Ca + 204,206,208Pb reactions,
two new short-lived SF activities have been observed.
One of them, with the half-lifeT1/2 = 54+14

−9 µs, seems
to be similar to the SF activity, with the half-life
T1/2 = 36+11

−6 µs, which was observed in similar ex-
periments performed recently [25]. The yield of the
54-µs SF activity observed in our 48Ca+204Pb ex-
periments is an order of magnitude lower than the
yield of the 36-µs SF activity observed in similar
experiments [25], in which the latter was identified as
250No. The second new SF activity never observed
before has the half-life T1/2 = 5.6+0.9

−0.7 µs and the yield
is more than 5 times higher than that for the 54-µs
SF activity at the energy corresponding to their max-
imum production yields. On the basis of the mass
measurement with the use of the new dipole magnet
as well as using the yields and energy dependences
for these activities, we have attributed them to 250No
(T1/2 = 5.6+0.9

−0.7 µs) and
249No (T1/2 = 54.0+13.9

−9.2 µs).
At the same time, we do not exclude a possible ex-
istence of two SF emitters in the case of the 250No
nucleus.

Despite some disagreement with the previous
work [25], our data confirm a drastic decrease in
the nuclear stability with distance off the N = 152
deformed neutron shell and correspond to the linear
(on a log scale) extrapolation of partial SF half-lives
to the neutron-deficient side. Such a drastic decrease
in the nuclear stability can apparently be explained
by a corresponding reduction in the shell correction
energy for the fission barriers with decreasing N .

Lowering the shell correction energy explains a
drastic decrease in the production cross section val-
ues for the neutron-deficient No isotopes observed
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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in the 48Ca + 204,206Pb experiments. The 0.5-MeV
reduction in the shell correction energy provided by
the Thomas–Fermi nuclear masses leads to general
agreement of the calculated cross section values with
the measured ones. The observed suppression of the
5.6-µs SF-activity yield at the transition from 48Ca to
44Ca can be explained by the extra excitation energy
of the 252No∗ compound nuclei at the fusion barrier
for the latter.

The first test experiments have been performed
with the new 37◦ dipole magnet installed behind the
recoil separator VASSILISSA. The results obtained
are very promising; it is possible now to define masses
of the synthesized ERs with an accuracy of 5–6 amu.
This provides an additional reliability of the identifica-
tion in the experiments aimed at the synthesis of su-
perheavy nuclei in complete fusion reactions between
transactinide targets and 48Ca accelerated beams.

With the use of the upgraded separator
VASSILISSA, we plan to continue the experiments
aimed at the synthesis of superheavy nuclei in the
vicinity of predicted spherical shells in complete
fusion reactions between 34,36S and 48Ca ions and
232Th, 236,238U, and 24,244Pu targets. Odd-Z isotopes
that could be obtained in reactions with 237Np and
243Am targets may have even longer half-lives than
those of even-Z elements 112 and 114. After the up-
grade of the separator, the search for long correlations
(up to few hours) becomes possible.

The experiments performed with 48Ca beams are
the first step in a long-term program aimed at the
synthesis and study of decay properties of super-
heavy nuclei with neutron numbers close to the pre-
dicted spherical shell. The relatively long half-lives
of the new isotopes with Z = 112, 114 (even–odd
and odd–odd isotopes that could be obtained in reac-
tions with 237Np and 243Am targets could have even
longer half-lives), synthesized in the reactions with
48Ca ions, dictate the need for upgrading the existing
experimental setups and developing new ones, thus
providing the possibility of direct mass measurements
with an accuracy of 1 amu, and, on the other hand,
open new prospects for the investigation of chemical
properties of superheavy elements.
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2. R. Smolańczuk, Phys. Rev. C 56, 812 (1997).
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Abstract—The dependence of the fusion reaction on the nuclear shell structure was investigated for the two
reaction systems 82Se + 138Ba and 82Se + 134Ba, where the nucleus 138Ba has a closed neutron shell
N = 82, while the nucleus 134Ba has a neutron number 78. Evaporation residues for these fusion reactions
were measured near the Coulomb barrier region. The measured evaporation residue cross sections for the
reaction system 82Se + 138Ba were two orders of magnitude larger than those for the reaction system
82Se + 134Ba in the excitation energy region of 20–30 MeV. The evaporation residue cross sections were
compared with those of the other reaction systems that produce the same compound nucleus as the present
systems. It was found that the fusion reaction 82Se + 138Ba occurs without hindrance, while that of
82Se + 134Ba is considerably hindered, as commonly observed in the massive reaction system with the
charge product ZpZt > 1800 of projectile and target. This suggests the importance of the shell closure
N = 82 in the heavy-ion fusion reaction. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The fusion process between massive nuclei has
been extensively investigated thus far. It is well known
that the fusion probability between massive nuclei
depends on the charge product ZpZt of projectile and
target. When the charge product is less than 1800,
its fusion cross section is well reproduced by the
one-dimensional barrier penetration model. When the
charge product is larger than 1800, its fusion cross
section is hindered compared with the model calcu-
lation. This fact means that the interacting nuclei
cannot always fuse to make a compound nucleus even
if the system overcomes the entrance channel fusion
barrier. Extra kinetic energy is needed so that the
system can reach the saddle point after surmounting
the fusion barrier.

The fusion between massive nuclei depends on not
only the charge product but also the nuclear structure
of projectile and target. It is reported that the number
of a valence nucleon outside a major shell affects the
fusion probability [1, 2]. Recently, Oganessian et al.
[3] measured the evaporation residues in the fusion
reactions 86Kr + 136Xe and 86Kr + 130Xe, where the
nucleus 136Xe has a closed neutron shell N = 82 and
the neutron number of the nucleus 130Xe is 76. They
found that the measured evaporation residue cross
sections for the fusion reaction 86Kr + 136Xe are

∗This article was submitted by the authors in English.
**e-mail: ikezoe@popsvr.tokai.jaeri.go.jp
1063-7788/03/6606-1053$24.00 c©
almost 2–3 orders of magnitude larger than those for
the fusion reaction 86Kr + 130Xe near the Coulomb
barrier region. The enhancement of the evaporation
residue cross sections between 208Pb and 48Ca is also
pointed out in [4]. This experimental evidence sug-
gests that the shell structure also plays an important
role in the low-energy fusion process.

In this paper, we report the isotope dependence on
the fusion reactions 82Se + 138Ba and 82Se + 134Ba
[5], where the nucleus 138Ba has the neutron closed
shell N = 82 and the number of neutrons in the nu-
cleus 134Ba is 78, four neutrons less than the closed
shell.

2. EXPERIMENTAL RESULTS
AND DISCUSSIONS

Evaporation residues for the fusion reactions
82Se + 138Ba and 82Se + 134Ba were measured by
using 82Se beams from the JAERI tandem booster
accelerator. The targets of 134Ba and 138Ba, whose
thickness were 0.41 and 0.50 mg/cm2, respectively,
were mounted on a rotating frame and rotated at
100 rpm during the beam irradiation to prevent the
targets from breaking due to the beam heating. The
evaporation residues emitted in the beam direction
from a target foil were separated in-flight from the
primary beam by the JAERI-recoil mass separa-
tor (JAERI-RMS) [6]. The separated evaporation
residues were passed through two microchannel plate
detectors (MCP) and implanted into a double-sided
2003 MAIK “Nauka/Interperiodica”
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Fig. 1.Evaporation residue cross sections for the reaction
82Se + 138Ba together with the calculated results (solid
curves) of the statistical model using the HIVAP code.

position-sensitive strip detector (DPSD) mounted at
the focal position of the JAERI-RMS. The energies
and the positions of incoming particles and their
subsequent α-particle decays were measured by the
DPSD. The typical energy resolution was 75 keV
(FWHM).

All evaporation residues produced in the present
fusion reactions decay by emitting α particles. Their
α-decay energies and half-lives are known from the
literature [7]. The identification of each evaporation
residue was made event by event by measuring its
subsequent α-decay energy and the time interval
between the implanted evaporation residue and its
decay event. In order to obtain the absolute cross
sections, the transport efficiency of the evaporation
residue through the JAERI-RMS was estimated by
the methods described in [8].

The obtained evaporation residue cross sections
for the present reactions are plotted in Figs. 1 and
2 as a function of c.m. energy determined in the
middle of the target layer together with the calcu-
lated results using the statistical model code HIVAP
[9]. As shown in Fig. 1, the maximum evaporation
PH
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Fig. 2. The same as in Fig. 1, but for the reaction
82Se + 134Ba. The thick curve in each channel is the
calculated result including the components originating
from the fusion reactions 82Se + 135,136,137,138Ba. The
percentage of the barium isotopes 135, 136, 137, and
138 in a 134Ba target were 15.24, 4.03, 1.94, and 5.26%,
respectively. The thin curve shows the component origi-
nating from the fusion reaction 82Se + 134Ba.

residue cross sections of the 2n and 3n channels in
the fusion reaction 82Se + 138Ba are about 100 µb
and are quite consistent with the calculated cross
sections for these channels. The details of the sta-
tistical model calculation are described in [8]. The
excellent agreement between the measured evapora-
tion residue cross sections and the calculated results
means that the fusion in the reaction 82Se + 138Ba
occurs without any hindrance. This is not true for
the so-called extrapush systematics of Quint et al.
[1], where the extra-extrapush energy increases as a
function of the charge product ZpZt. We expect an
extra-extrapush energy around ∼10–15 MeV for the
present reaction 82Se + 138Ba from this systematics.
This effectively makes the fusion barrier high and
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003



EFFECT OF NUCLEAR SHELL STRUCTURE ON FUSION REACTION 1055

 

10

 

–3

 

0 20 40 60 80

10

 

–2

 

10

 

–1

 

10

 

0

 

10

 

1

 

10

 

–4

 

82

 

Se
 +

 

 

13
8

 

B
a

 

96

 

Z
r 

+
 

 

12
4

 

Sn

 

48

 

C
a 

+
 

 

17
2

 

Y
b

 

40

 

A
r 

+
 

 

18
0

 

H
f

220

 

Th

 

E

 

ex

 

, MeV

 
σ

 
xn

 
( ) λ

 
2

 
4
 
π⁄( )⁄
 

∑

Fig. 3. Reduced cross sections of the sum of all xn chan-
nels measured in the several reaction systems that pro-
duce the same compound nucleus 220Th as the present
reaction system. The closed points show the present da-
ta. The data for the reactions 48Ca + 172Yb (closed
triangles) [10], 40Ar + 180Hf (closed squares) [11], and
96Zr + 124Sn (open diamonds) [10] are also plotted. The
vertical arrows indicate the Bass barrier for each reaction
system. The solid curve is the calculated result of the
statistical model assuming a partial cross section with a
sharp cutoff distribution of the angular momentum.

considerably decreases the cross sections of the 1n
and 2n channels in the low-excitation-energy region
less than 30 MeV. There is no such evidence seen in
the excitation function shown in Fig. 1.

On the other hand, the measured evaporation
residue cross sections in the fusion reaction 82Se +
134Ba show clear deviations from the calculated cross
sections mainly in the low-excitation-energy region
less than 30 MeV as shown in Fig. 2. Since the
present target of 134Ba has the admixture of the other
isotopes of barium as indicated in the caption of
Fig. 2, we can see that a sizable contribution of the
fusion contributions mainly concentrate on excitation
energies Eex higher than 40 MeV, except for the
residues 211,212Th, 210,211Ac, and 207,208Ra. Accord-
ing to the present calculation, these residues are
produced only by the fusion reaction 82Se + 134Ba in
the energy region 50 < Eex < 70 MeV. Large deficits
of the evaporation residue cross sections are seen in
the 1n, 2n+ 3n, and the 1p channels at Eex � 20–
30 MeV, where the main contribution is ascribed
to the fusion reaction 82Se + 134Ba. The observed
cross sections corresponding to the maximum of the
2n + 3n channels are ∼0.1–0.5 µb, which are more
than two orders of magnitude smaller compared with
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 4. The same as in Fig. 3, but for the compound nu-
cleus 216Th. The closed points show the present data. The
data for the reactions 40Ar + 176Hf (closed squares) [11]
and 92Zr + 124Sn (open diamonds) [10] are also plotted.
The Bass barrier positions for these reaction systems are
shown as arrows (Eex = 31.1 MeV for 82Se + 134Ba and
also 92Zr + 124Sn, and 46.2 MeV for 40Ar + 176Hf). The
solid curve is the calculated result of the statistical model
(see the caption of Fig. 3).

the maximum cross section of the 2n or 3n channel in
the fusion reaction 82Se + 138Ba.

Figure 3 shows the reduced cross sections of
the sum of all xn channels measured in the several
reaction systems that produce the same compound
nucleus 220Th as the present reaction systems. The
present data for the fusion reaction 82Se + 138Ba
shows the largest cross section among the other
reaction systems. We see that the reduced cross
section for the fusion reaction 82Se + 138Ba bends
at the Bass barrier and coincides with other fusion
data above the Bass barrier. This comparison of the
present data with the other fusion data directly shows
that there is no fusion hindrance in the reaction
82Se + 138Ba above the Bass barrier.

The reduced cross section of the sum of all xn
channels for the fusion reaction 82Se + 134Ba is
shown in Fig. 4 together with the other fusion sys-
tems that produce the same compound nucleus 216Th
as the present reaction system. We see that the re-
duced cross section bends at an energy of ∼ 10–
15 MeV above the Bass barrier. This trend means that
the fusion is hindered and the fusion barrier is shifted
to a high energy in the amount of ∼10–15 MeV. This
is consistent with the extrapush systematics of Quint
et al. [1].

The present result suggests that the fusion pro-
cess after surmounting the fusion barrier may be dif-
ferent in the reactions 82Se + 138Ba and 82Se +
3
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134Ba. The nucleus 138Ba has the closed neutron shell
N = 82, and the nucleus 134Ba has the neutron num-
ber 78. The calculated subbarrier fusion enhancement
due to the coupling of the inelastic excitations of 2+

and 3− states is almost the same in both of the present
reactions, because the deformation parameters β2 and
β3 are similar to each other for 134Ba and 138Ba. In
the present calculation, the coupling to the neutron
transfer channel was not included. The Q values for
one- and two-neutron transfers are negative for the
reaction 82Se + 138Ba, while the Q value for two-
neutron transfer is positive, 0.79 MeV, for the reaction
82Se + 134Ba. This may result in the more subbarrier
enhancement in the fusion reaction 82Se + 134Ba
than in the case of the fusion reaction 82Se + 138Ba.
This expectation contradicts the present experimental
results.

Myers and Swiatecki [12] pointed out that the shell
energy resists neck growth at the time of contact
between projectile and target, and then the projectile
nucleus can go deeply into the target nucleus with
a small kinetic energy dissipation. In the present re-
action systems, the sum of the shell energy for pro-
jectile and target is –4.01 and –0.43 MeV for the
reaction systems 82Se + 138Ba and 82Se + 134Ba,
respectively. This difference of the shell energy may
cause the fusion enhancement for the former reaction
system compared with the later reaction system.

Oganessian et al. [3] suggest the important rela-
tion between the fusion process and the fission pro-
cess. In the case of the fusion reaction 86Kr + 136Xe,
the compound nucleus 222Th has the asymmetric fis-
sion components close to the nuclei 86Kr and 136Xe.
The compound nucleus 220Th, which is produced
in the fusion reaction 82Se + 138Ba, also has the
asymmetric fission component close to the nuclei
82Se and 138Ba. On the other hand, the compound
nucleus 216Th, which is formed in the fusion reactions
86Kr + 130Xe and also 82Se + 134Ba, has no such
asymmetric fission component. The present data to-
gether with the data obtained by Oganessian et al.
show that the reaction partners close to the asymmet-
ric fission fragments have a large fusion cross section.

3. CONCLUSIONS

Evaporation residues from the reactions 82Se +
138Ba and 82Se + 134Ba were measured to inves-
tigate the dependence of the fusion reaction on the
nuclear shell structure of the colliding nuclei. The
PH
evaporation residue cross sections measured in the
reaction 82Se + 138Ba was almost two orders of
magnitude larger near the Coulomb barrier region
than those for the reaction 82Se + 134Ba. This large
difference is ascribed to the entrance channel of the
fusion process. The present data were compared with
the other reaction systems that produce the same
compound nuclei as the present reactions. From this
comparison, we conclude that there is no fusion hin-
drance for the reaction 82Se + 138Ba, while the fusion
for the reaction 82Se + 134Ba is considerably hin-
dered near the Coulomb barrier region. The present
result suggests that the fusion of massive reaction
systems strongly depends on the shell structure of
colliding partners. It is important to realize theoret-
ically the energy dissipation due to the friction after
contact by taking into account the shell structure
of projectile and target nuclei. Further experimental
investigation is needed to make the relation between
fusion and fission clear.
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Abstract—A new model is proposed for fusion mechanisms of massive nuclear systems, where so-called
fusion hindrance exists. The model describes the whole process in two steps: two-body collision processes
in an approaching phase and shape evolutions of an amalgamated system into the compound nucleus
formation. It is applied to 48Ca-induced reactions and is found to reproduce the experimental fusion cross
sections extremely well, without any free parameter. A schematic case is solved in an analytic way, the
results of which shed light on fusion mechanisms. Combined with statistical decay theory, residue cross
sections for superheavy elements can be readily calculated. Examples are given. c© 2003 MAIK “Nau-
ka/Interperiodica”.
1. INTRODUCTION: WHY TWO STEPS?

The heaviest element that exists in nature is now
known to be uranium with atomic numberZ being 92.
But the discovery of magic numbers in atomic nuclei
and their understanding by the shells of nucleonic
motion [1] suggest that much heavier atomic nu-
clei might exist, stabilized by the extrabinding due
to possible shells next to the largest known, i.e.,
Z = 82 and N = 126. Actually, many theoretical cal-
culations have been made, predicting the next double
closed shell nucleus for Z = 114, 120, or 126 and
N = 184 [2]. Naturally, enormous experimental ef-
forts have been devoted to finding traces of existence
of corresponding superheavy atomic nuclei and to
synthesizing them with nuclear reactions, especially
with heavy-ion fusion reactions [3]. But what combi-
nation of ions that is favorable as incident channels
and what incident energy that is the optimum for
residues are not predicted well, and thus, experiments
have been performed more or less empirically, i.e.,
according to the systematic data available thus far.
This is due to our lack of knowledge of reaction mech-
anisms. Based on the theory of compound nucleus
reactions, the residue cross sections are given as fol-
lows:

σres = πλ2
∑
J

(2J + 1)P J
fus(Ec.m.)P J

surv(E
∗), (1)

∗This article was submitted by the authors in English.
1063-7788/03/6606-1057$24.00 c©
where λ is the inverse of the wave number and J
is the total angular momentum quantum number;
Pfus and Psurv denote the fusion and the survival
probabilities, respectively. The latter is given by the
statistical theory of decay, i.e., by competitions be-
tween neutron emission and fission decay. Although
there are ambiguities in the parameters in the prop-
erties of heavy and superheavy nuclei that give rise
to uncertainties in calculating the survival probabil-
ity, essentially unknown is the fusion probability, i.e.,
the fusion mechanism of massive systems. In lighter
systems, the fusion probability is well determined by
the barrier defined with the Coulomb and the nuclear
attraction between nuclei in the incident channel,
though there are effects of quantum tunneling and of
couplings to collective excitations of ions, etc. [4]. But
in massive systems, the situation is not so simple.
It has been well known experimentally that there is
fusion hindrance [5], which is often described with
so-called extrapush energy which is required for the
system to fuse in addition to the barrier height [6]. A
physical origin or mechanism is not yet well clarified.
There are two possible interpretations proposed. They
both attribute it to energy dissipations; one is due to
the dissipation of the incident kinetic energy during
two-body collisions passing over the barrier [7], while
the other is due to the dissipation of the energy of
collective motions that would lead the amalgamated
system to a spherical compound nucleus [6]. It is
natural to consider that both mechanisms exit. We,
2003 MAIK “Nauka/Interperiodica”
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thus, propose a new theoretical framework for fu-
sion, i.e., a two-step model that incorporates both of
them properly [8]. In an approaching phase of passing
over the barrier, we describe the system as collision
processes under frictional forces, up to the contact
point of two incident nuclear substances, and then,
we describe dynamical evolutions of the amalgamated
mononuclear system toward a spherical shape under
frictional forces acting in collective motions of excited
nuclei. As is given below, both dynamical processes
are described by Langevin equations that include ran-
dom forces associated to the respective frictions. It
would be worth mentioning here that the fluctuations
due to random forces are crucially important in prob-
lems of small probability such as in the synthesis of
the superheavy elements (SHEs), because we have to
investigate cases where mean trajectories never reach
a spherical shape. Since the two steps are connected
successively, the results of the first step naturally give
a probability for the incident ions to stick to each
other (sticking probability Pstick) as well as give initial
conditions for the second step. In massive systems,
there is a conditional saddle point, or a ridge line be-
tween the amalgamated configuration and the spher-
ical shape on the potential energy surface calculated
with the liquid-drop model (LDM), which could be
considered to be another barrier inside and makes
most trajectories return back to reseparation (quasi-
fission, etc.), i.e., gives rise to a small probability
for forming a spherical shape (formation probability
Pform). Thus, the fusion probability in massive sys-
tems is given by the product of the two probabilities,

P J
fus(Ec.m.) = P J

stick

(
Ec.m.)P J

form(Ec.m.
)
. (2)

In order to calculate the probabilities, we employ
the surface friction model (SFM) [9] for the approach-
ing phase and the one-body wall-and-window for-
mula [10] of the dissipation for the shape evolutions,
i.e., for the second step.

2. CONTACT DYNAMICS OF MASSIVE
SYSTEMS

As for the approaching phase, as stated above, we
follow exactly the prescription of SFM proposed by
Gross and Kalinowski [9], although it might be better
to improve their treatments and modify their values of
the parameters because it does not include so-called
rolling friction between incident ions, which surely is
expected to play a role in angular momentum transfer.
The equation of motion is only for the radial degree
of freedom and the orbital angular momentum and is
given below,

dr

dt
=

1
µ
p, (3)
PH
dp

dt
= −dV

dr
− ∂

∂r

�
2L(t)2

2µr2
− Cr(r)

p

µ
+ Rr(t),

dL(t)
dt

= −CL(r)
µ

(L(t)− Lst) + RL(t),

where µ is the reduced mass of the collision system
and V is the sum of the Coulomb potential Vc and
the nuclear potential Vn. Ci(r) is the radial or the
tangential friction coefficient, which is assumed to
have the following form factor:

Ci(r) = K0
i

(
dVn

dr

)2

, (4)

where K0
r = 0.035 and K0

r
′ = 0.0001 in units of

10−21 s/MeV. Ri(t) denotes a random force asso-
ciated with the friction for i = r or L and is assumed
to be Gaussian and to satisfy the following property:

〈Ri(t)〉 = 0, (5)

〈Ri(t)Rj(t′)〉 = 2δijδ(t − t′)Ci (r(t))T J(t),

where the last equation is the fluctuation–dissipation
theorem with temperature T J(t), J being an incident
orbital angular momentum, i.e., a total angular mo-
mentum of the system. For the case where i and j
are equal to T (tangential), r(t)2 is factored on the
right-hand side of the last equation. The quantity
Lst stands for the limiting orbital angular momentum
under friction, which is the so-called sliding limit in
the SFM and is equal to (5/7)L. We calculate many
trajectories over relevant impact parameters and ob-
tain probabilities for their reaching the contact point,
respectively. Figure 1a shows the calculated sticking
probability for L = 0 for the case of the 48Ca + 238U
system. The incident energy is given relative to the
barrier height. It is readily seen that, at energies just
above the barrier, there is almost no probability. This
is due to the fact that the form factor assumed in SFM
stretches over outside the barrier top position in mas-
sive systems. The results already appear to explain the
fusion hindrance and at least partially the extrapush
energy, while the second step is also expected to give
rise to an additional contribution to the extrapush
energy. In order to know the physical situation at the
contact point, we analyze the radial momentum dis-
tribution as well as that of the orbital angular momen-
tum. Surprisingly, the radial momentum distribution
is found to be almost purely Gaussian, as shown in
Fig. 1b. Its width is consistent with the temperature
of the heat bath of nucleons, which is supposed to
absorb the incident kinetic energy through the friction
force. An example is shown for J = 0, but the other
angular momentum cases behave in the same way.
Therefore, the calculated distribution SJ(p0, Ec.m.) is
given as follows for each angular momentum:

SJ(p0, Ec.m.) = P J
stick(Ec.m.)gJ (p0, p̄

J
0 , T

J
0 ), (6)
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Fig. 1. Results on 48Ca + 238U system with SFM.
(a) The sticking probability for L = 0, (b) the radial mo-
mentum distribution (in unit of 10−21 s MeV/fm), and
(c) the average orbital angular momentum vs. the relative
distance.

where the Gaussian distribution gJ (p0, p̄
J
0 , T

J
0 ) is

given generally so as to include an average mean
momentum left, which is almost equal to zero in the
present case. This distribution is used as the initial
inputs to the dynamical evolutions at the second
step, i.e., to Eq. (8) (see below). T J

0 denotes the
temperature of the amalgamated system. The total
energy available for the compound nucleus E∗ is
written by energy conservation as follows:

E∗ = Ec.m. + Q = U0 − Eshell + ε0 + k0, (7)

where Q denotes the Q-value of the fusion reaction,
U0 is the LDM potential energy, Eshell is the shell cor-
rection energy of the ground state, ε0 is the intrinsic
excitation, and k0 is the radial kinetic energy left at the
contact point. The latter two are on average given as
a(T J

0 )2 and (p̄J
0 )2/2µ + T J

0 /2, respectively, with the
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level density parameter a that is calculated according
to Töke and Swiatecki [11]. The orbital angular mo-
mentum is also analyzed. The average value is plotted
as a function of the radial distance in Fig. 1c. It is
seen that it approaches the dissipation limit Lst about
the contact point, which indicates that the incident
system reaches the sticking limit, if the rolling friction
is properly taken into account. We, thus, can consider
that the relative motion is completely damped and
reaches thermal equilibrium with the heat bath at
the contact point, i.e., that the incident ions form
an amalgamated mononuclear system, though the
probability is extremely small just above the barrier.
It should be noted here that p̄J

0 = 0 does not always
hold, for example, in the 100Mo+100Mo system.

3. SHAPE EVOLUTION
FROM THE CONTACT TO THE SPHERICAL

SHAPE
Shape evolutions of the pear-shaped mononu-

cleus formed with the incident ions are described by
the multidimensional Langevin equation which is the
same as that used for dynamical studies of fission [12],

dqi

dt
= (m−1)ijpj, (8)

dpi

dt
= −∂U

J

∂qi
− 1

2
∂

∂qi
(m−1)jkpjpk

− γij(m−1)jkpk + gijRj(t),

gikgjk = γijT
J ,

where summation is implicitly assumed over repeated
indices. The collective mass tensor mij is the hydro-
dynamical one and the potential UJ is calculated by
3
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the finite range LDM with two-center parametriza-
tion of nuclear shapes [13], added with the rota-
tional energy of the system calculated with the rigid
body moment of inertia. The random force Ri(t) is
again Gaussian with the normalization 2, and the
tensor gij is now related to the friction tensor γij ,
as is given in the last equation, i.e., the generalized
fluctuation–dissipation theorem in the multidimen-
sional case. The friction tensor is calculated with the
wall-and-window formula [10]. It is better to take
the temperature T J of the heat bath as that at the
conditional saddle point, but it is approximated with
that at the contact point, i.e., T J

0 . They are close
to each other for the 48Ca-induced reactions. In the
present calculations, we only use the relative distance
R and the mass asymmetry coordinate α with the
other degrees of freedom being frozen. For example,
the necking parameter is taken to be 0.8, based on our
experiences that it does not change very much while
passing over the conditional saddle point in the three-
dimensional calculations (though in mass symmetric
systems such as 100Mo + 100Mo, the neck degree
of freedom appears to play an important role [14]).
Figure 2 shows examples of the trajectories on the
LDM potential for the 48Ca + 238U system for initial
radial momenta and, thus, initial energies being equal
to zero. Calculations of many trajectories, starting
with various initial radial momenta give a distribu-
tion of formation probability F J(p0, T

J). By making
a convolution of it with the Gaussian distribution of
the initial momentum gJ (p0, p̄

J
0 , T

J
0 ), we obtain the
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Fig. 4. Calculated excitation functions of fusion reactions
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formation probability Pform:

Pform(Ec.m.) =
∫

dp0F
J(p0, T

J)gJ (p0, p̄
J
0 , T

J
0 ).

(9)

Figure 3a shows the calculated formation proba-
bility for the 48Ca + 238U system for L = 0 and 30�.
It decreases slowly as the incident energy increases,
but stays at very small values even at rather high
energies! One could consider this to be an origin of
the fusion hindrance, but one should keep in mind
that the Gaussian distribution g obtained in the first
step plays a crucial role in the second step here. At
the first glance, the decreasing energy dependence
seems to be peculiar, but the energy dependence of
the passing-over probability delicately depends on the
friction strength, the potential landscape on the inner
side of the conditional saddle point, etc. A detailed
analysis with the one-dimensional model will be given
elsewhere [15]. In Fig. 3b, the final fusion probability
is plotted vs. incident energy. It should be mentioned
here that the present model is completely classical,
and so there is no quantum tunneling effect included,
which limits the lowest energy to be reached.

4. APPLICATION: FUSION LEADING
TO SUPERHEAVY ELEMENTS

Fusion cross sections are calculated as usual with
the fusion probability,

σfus = πλ2
∑
J

(2J + 1)P J
fus(Ec.m.), (10)

and are shown in Fig. 4 for the four systems with a
48Ca beam, together with some available measured
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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cross sections [16, 17]. It is extremely surprising that
the calculations reproduce well the experiments on
the 48Ca + 238U system without any adjustment,
even in the higher energy region. The systematic
reproduction of the measured data of the other two
systems is also impressive. The only approximation
made here is the two-dimensional treatment of the
shape evolutions with the neck parameter fixed at 0.8.
Experimental measurements are highly desirable in
other heavy systems for comparisons with the present
calculations.

5. ANALYTICAL METHOD:
ONE-DIMENSIONAL SCHEMATIC

MODEL [18]

In order to clarify a physical origin of the fu-
sion hindrance, we discuss the simplest case of one-
dimension with a parabolic potential around the sad-
dle point and with constant mass m and friction γ.
Then, the Langevin Eq. (8) is reduced as follows:

d

dt


q

p


 =


 0 1/m

mω2 −β




q

p


+


0

R


 , (11)

where q and p denote the collective coordinate and
its conjugate momentum; ω is the frequency of the
parabola calculated for each angular momentum state
and β is the reduced friction γ/m calculated with
the one-body model; and R denotes the random
force associated with the friction γ that satisfies the
fluctuation–dissipation theorem. Since the equation
is linear, we can solve it and obtain an analytical
expression of the distribution function in the phase
space at any time t, and then, the probability for
the system to reach the spherical shape is obtained
by integrating the distribution function over the
momentum space and the right-half coordinate space
of the saddle point. It is a function of time t and of
a given initial radial momentum p0 at the contact
point q0,

F J(T J , t; q0, p0) (12)

=

∞∫

0

dq√
2π

1
σq(t)

exp

[
−(q − 〈q(t)〉)2

2σq(t)2

]
,

〈q(t)〉 = A(t)q0 + B(t)p0,

where A(t) and B(t) are given by the friction strength
γ and the frequency ω of the potential at the saddle
point. It corresponds to F J(p0, T

J ) in Eq. (9) as
t→∞. The Gaussian form on the right-hand side
of Eq. (12) is due to the Gaussian nature of the ran-
dom force R(t) assumed in Eq. (11). Since the radial
momentum at the contact point has the Boltzmann
distribution as obtained in Section 2 with the SFM,
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
the formation probability P J
form at Ec.m. is given by

folding F J with the distribution gJ from the right-
hand side of Eq. (6) as in Eq. (9) and taking the limit
of t to infinity,

P J
form(Ec.m.) (13)

= lim
t→∞

∞∫

−∞

dp0F
J(T J , t; q0, p0)gJ(p0, p̄

J
0 , T

J
0 )

=
1
2

erfc
[{(

x +
√

1 + x2
)√

Bs

−
√
K̄
}/√

T J
0 + T J · 2x

(
x +

√
1 + x2

)]
,

where x = β/2ω and K̄ = p̄2
0/2m denotes the aver-

age remaining radial kinetic energy at the contact
point, and Bs = Usaddle − Ucont, i.e., the height of the
saddle point Usaddle measured from the contact point
energy Ucont. The two temperatures T and T0 are
generally different. The former would be well approx-
imated by the temperature at the saddle, while T0 is
that at the contact point and can be calculated with
energy conservation on average.

The SFM without rolling friction and the one-
dimensional model for shape evolution would not be
realistic enough, but yet we expect that we can under-
stand characteristic aspects of the fusion hindrance
observed in experiments.

As is shown in Section 2, the energy dependence
of Pstick already indicates a necessity of an extrapush
energy for the fusion probability to reach 1/2, but ac-
cording to Eq. (2), the fusion probability is not simply
Pstick, but the product of Pstick and Pform. The latter
is given above, and we can easily see that Pform itself
requires some additional energy for it to reach 1/2.
For that, the remaining kinetic energy K̄ should be
equal to (x +

√
1 + x2)2Bs due to the error function

of Eq. (13). By the total energy conservation, the
additional energy Eadd = Ec.m. − VB , with VB being
the height of the usual barrier as given in the SFM, is
simply given by the following formula:

Eadd = (x +
√

1 + x2)2Bs + ε0 + T0/2 (14)

+ Ucont −Q− VB .

It should be emphasized here that the friction at the
saddle point dramatically enhances the Eadd through
x as is seen in the first term of the right-hand side
of Eq. (14). Then, by combining the two formulas
given by Eqs. (6) (for Pstick) and (13), we can analyze
the fusion hindrance observed by the experiments.
For example, so-called extrapush energy is, roughly
speaking, the larger of the additional energies re-
quired for Pstick and Pform to reach 1/2, respectively.
3
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Calculated maximum residue cross sections of the three systems 48Ca + 244Pu, 48Ca + 248Cm, and 48Ca + 252Cf
(the factor 1/3 for Møller masses is rather arbitrarily chosen)

System Prediction of ∆Eshell, MeV
σmax, pb E∗, MeV σmax, pb E∗, MeV

3n 4n

48Ca+244Pu Liran −0.23 0.018 30.6 0.018 36.5

Møller (1/3) −2.96 7.39 30.1 6.00 35.3

48Ca+248Cm Liran −1.37 0.254 31.1 0.045 37.8

Møller (1/3) −2.86 4.56 30.4 2.98 35.6

48Ca+252Cf Liran −3.24 1.057 32.7 0.095 38.2

Møller (1/3) −2.41 0.216 28.8 0.086 33.5

Note: In the experiment for the 48Ca + 244Pu system, the following values are obtained in the 3n and 4n channels: σmax ≈ 1 pb and
Elab = 236 MeV.
Another interesting point for discussion is the
cases with extremely small fusion probabilities, in
other words, when the mean trajectory is far away
from the saddle point. This means that the argument
of the error function of Eq. (13) is very large, i.e., the
first term is much larger than

√
K̄. Then,

P J
form (Ec.m.) 	

1√
4π

√
T J

Bs
exp

[
−Bs

T J

]
, (15)

where we assume T J
0 	 T J . This appears to be sim-

ilar to Kramers formula [19], but it would be more
suitable to call it the inverse Kramers formula, con-
sidering the physical situation. Anyhow, such simpli-
fication depends on K̄ and T0, which is irrelevant in
the Kramers case.
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PH
Sometimes, people use or are tempted to use an
approximate formula exp[−Bs/T

J ] for Pfus [20]. But
as is clearly shown above, only under an extreme con-
dition is Pform, not Pfus, given as being proportional to
exp[−Bs/T

J ]. With such an extreme condition, Pstick
shows a strong energy dependence, as is exemplified
in Fig. 3a. Therefore, for Pfus(Ec.m.), we have to take
into account both factors, i.e., Pstick and Pform. Oth-
erwise, treatments are physically inconsistent.

6. STATISTICAL DECAY, COMPARISONS
WITH RESIDUE CROSS SECTIONS,

AND DISCUSSION

In order to predict residue cross sections accord-
ing to Eq. (1), we need to calculate the survival proba-
bility Psurv. It is essentially given by the ratio between
the neutron emission width and the total width, which
is almost equal to the fission width,

P J
surv(E

∗) = ΓJ
n(E∗)/(ΓJ

n(E∗) + ΓJ
f (E∗)). (16)

The neutron width is calculated with the Weiss-
kopf formula, while the fission width is calculated with
the Bohr–Wheeler formula [21]. In higher excitations,
where more than one neutron can be emitted, we
need to use Eq. (16) repeatedly and have to take
into account emissions of the other particles. This
can be done by the computer programs available.
We employ the statistical decay part of HIVAP [22]
with the standard parameters, where we take into
account neither the collective enhancements [23] nor
the Kramers factor [18] in the calculation of fission
width in order to avoid introducing additional am-
biguities. The former depends on the saddle point
deformation, which is supposed to be small in SHEs,
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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and would cancel with the latter to a certain extent.
The LDM fission barrier heights are replaced with
those given by the empirical formula [24], though
they are negligibly small. The level density parameters
are calculated with the Töke–Swiatecki formula [11],
but we take into account the dependence of a (for
the spherical shape) on the shell correction energy,
following the prescription proposed by Ignatyuk [25]
with the damping energy Ed being 18 MeV (stan-
dard value in HIVAP). Actually, the shell correction
energies are the most crucial quantities in residue
calculations, because they effectively give the fission
barriers for SHEs which have almost zero LDM bar-
riers. But as a matter of course, they are not known
experimentally. Of course, there are several theoreti-
cal predictions available, which depend essentially on
their prediction of the next magic number for proton.
Møller predicts Z = 114, using single-particle levels
of the Saxon–Woods potential, while the mean-field
calculations predict Z = 120 and 126 [2]. Liran [26]
predicts masses, assuming the next magic number
to be Z = 126. We take those by Møller [27] and
Liran as typical examples of mass predictions to cal-
culate residue cross sections for Z = 114, 116, and
118 and compare them with the recent Dubna ex-
periments [28]. Figure 5 shows the results for the
48Ca + 244Pu system with two different mass pre-
dictions, though we reduced Møller’s shell correction
energy by a factor of 1/3; otherwise, the absolute
values of the residues are a few orders of magnitude
larger than the experimentally conceivable one. With
the same procedures, we also calculate the residue
cross sections for the other two systems. They are
summarized in the table. The relative magnitudes are
essentially due to the differences in the shell correc-
tion energies, though fusion probabilities also depend
a little on the systems, as will be seen in Fig. 4. It
would be worth making a remark here on an accuracy
of the Bohr–Wheeler formula in situations where the
temperature is close to the barrier height. Actually, it
is the case at least in the beginning of the decay before
the shell correction energy is restored to a certain ex-
tent. The dynamical studies made numerically show
(i) that there are large transient decays (overshooting)
and (ii) that the stationary limit is larger than Bohr–
Wheeler [29]. The present calculations thus under-
estimate the fission width and thereby overestimate
the residues, which might explain the reason why we
need small values of the shell correction energy. But
in view of the fact that the problem is on the orders of
magnitude, it would not change the situation dramat-
ically. Another way to take into account the features
is to calculate the whole process dynamically, at least
from the formation to the end of the decay process
dynamically, but it requires a huge calculational task
over a long time range. It would be difficult to perform
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
even with a modern supercomputer and with the new
algorithm developed for the present calculations [30].

In brief, the new two-step model has been found to
be extremely successful in reproducing the available
fusion data of 48Ca-induced reactions. By combining
the present fusion probabilities with the standard sta-
tistical decay calculations, we have obtained residue
cross sections for Z = 114, 116, and 118, which are
in good agreement with the recent Dubna experi-
ments, with rather small shell correction energies,
much smaller than previously thought. Furthermore,
the model is now being applied to other massive sys-
tems, such as 100Mo + 100Mo.
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Abstract—Using a comparative analysis of modern approaches to the description of the complete fusion
process and their predictions on the synthesis of heavy and superheavy elements, an attempt has beenmade
to reveal a realistic picture of the mechanism of the compound nucleus formation in complete fusion of two
massive nuclei. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In the paper, the mechanism of the compound
nucleus formation in complete fusion of two massive
nuclei is discussed. Major attention is paid to the re-
actions used for the synthesis of superheavy elements
(SHE).

Figure 1 shows a schematic picture of the com-
plete fusion process according to different theoretical
approaches. In the Macroscopic Dynamical Model
(MDM) [1], it is a process of fusion of two drops of
viscous nuclear liquid. In contrast to that, accord-
ing to the DiNuclear System Concept (DNSC) [2],
the nuclei of an evolving nuclear system keep their
individuality throughout the entire fusion process. In
the Fluctuation–DissipationModel (FDM) [3], again
two drops of viscous nuclear liquid are fused as in
the MDM. However, the shape of the nuclear system
evolving into a compound nucleus is different. Fig-
ure 1d shows the process of the nucleon collectiviza-
tion in complete fusion of two nuclei, according to
the Model of Collectivization of Nucleons (MCN) [4].
Such a wide variety of ideas on the complete fusion
process attest to the fact that the mechanism of the
compound nucleus formation remains a problem still
to be solved.
Why so far is there no clear picture of this impor-

tant nuclear process? There are two serious difficul-
ties in solving this problem.

The first one consists in the closed character of the
process of complete nuclear fusion. Fusing nuclei do
not send any signals that would allow one to reveal the
mechanism of the compound nucleus formation. Ex-
perimentalists detect products of decay of compound
nuclei. But a compound nucleus “forgets” the history
of its formation.

∗This article was submitted by the author in English.
1063-7788/03/6606-1065$24.00 c©
The second difficulty is the very high complexity of
the theoretical analysis of this process. Fusion of two
multinucleon nuclear systems into a new one is a very
complicated problem for theoreticians.

How do theoreticians act in such situation? They
create theoretical models using some simplifications
of reality. A theoretical model may be considered as
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Fig. 1. Schematic illustration of the process of the com-
pound nucleus formation in the framework of different
approaches: (a) macroscopic dynamical model [1], (b) di-
nuclear system concept [2], (c) fluctuation–dissipation
model [3], and (d) model of collectivization of nuc-
leons [4].
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Fig. 2. The excitation energy of compound nuclei of the
102–112 elements synthesized in cold fusion reactions
(HI, 1n); diamonds are the experimental data [5], and
the curve is the result of calculations with the use of the
MDM [6].

some theoretical image of the real nuclear process.
Simplifications can be made in different ways, and as
a result, we obtain several theoretical pictures of one
and the same nuclear process. As time goes, we get
accustomed to theoretical images and begin to take
them for reality. However, reality and its theoretical
image may differ quite greatly.

2. THE MACROSCOPIC DYNAMICAL
MODEL

The MDM [1] was the first model that described
the whole history of complete fusion of two nuclei
starting from the contact of their surfaces and ending
by the compound nucleus formation.
In this model, two important simplifications of the

reality were used. The first one was that colliding
nuclei containing protons and neutrons and having
shell structures were replaced by drops of a hypothet-
ical viscous nuclear liquid. The second simplification
was that the fusion of two nuclei was considered as
a purely dynamical process and was described by
classical equations of motion.
The MDM revealed such important aspects of

fusion of two massive nuclei as quasifission, extra-
push, and extra-extrapush. However, serious difficul-
ties were encountered in attempts to describe reac-
tions used for the synthesis of superheavy elements.
Figure 2 shows the excitation energies of com-

pound nuclei with the charge numbers Z from 102 to
112 synthesized in cold fusion reactions. The experi-
mental data are shown by the diamonds, and the solid
curve shows calculation results obtained with the use
of theMDM [6]. The calculated data reflect enormous
values of the extra-extrapushes in these reactions.
Figure 3 shows the evaporation residue cross sec-

tion σER(E) in the reaction 110Pd + 110Pd. Ex-
perimental data are marked by the squares, and the
PH
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Fig. 3. The evaporation residue cross section in the reac-
tion 110Pd + 110Pd; squares are the experimental data
[7], and the dashed curve is the result of calculations with
the use of the MDM [2].

curve represents results of calculations with the use
of the MDM [2]. The difference between the exper-
iment and calculations reflects the influence of the
quasifission channel, which dominates in this reac-
tion. However, in the MDM, competition between
the complete fusion and quasifission channels is not
possible. If the bombarding energy is higher than the
sum of the Coulomb barrier and the extra-extrapush,
the complete fusion process is realized; if it is lower,
the quasifission process is realized [1].

3. THE DINUCLEAR SYSTEM CONCEPT

The DNSC is not a traditional theoretical model.
The DNSC gives a qualitative picture, the scenario
of the complete fusion process, similarly to the com-
pound nucleus concept giving a qualitative charac-
teristic of properties of excited compound nuclei.
The DNSC is based on the statement: “Complete

fusion of nuclei and deep-inelastic-transfer reactions
(DITR) are similar nuclear processes.” Indeed, in
both processes, full dissipation of the collision kinetic
energy occurs and the same conservative and dissipa-
tive forces act. On the collision angular momentum
scale, there is a section where both processes can
be realized. These two processes differ only in one
aspect: the nucleus–nucleus potential V (R) has a
“pocket” in the complete fusion process; in DITR,
there is no such “pocket.”
What does the statement on the similarity of the

complete fusion process and DITR give us? In con-
trast to the complete fusion process, DITR are open
reactions. The study of mass, charge, energy, and
angular distribution of DITR products permits one
to reveal a realistic picture of nuclear interaction in
deep inelastic collisions, in which the relative velocity
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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closed squares are experimental data, and the circles are
the data calculated in accordance with the DNSC [15].

of nuclei drops to zero [8]. It is this unique informa-
tion about the interaction between two nuclei in the
dinuclear system (DNS) that is used to reveal the
mechanism of the compound nucleus formation [2].

According the DNSC, the scenario of the pro-
cesses of complete nuclear fusion and quasifission is
the following [9]:

(i) At the capture stage, after the full dissipation of
the collision kinetic energy, a DNS is formed.

(ii) A DNS evolves in time by means of nucleon
transfer from one nucleus to another. There are two
ways of the system’s evolution: the first one leads
to complete fusion of nuclei; the second one, to the
symmetric shape of the system. The first way is ter-
minated by the compound nucleus formation. The
second way is terminated by the DNS decay into two
nearly equal fragments. It means that the quasifission
process takes place.
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(iii) The DNS nuclei retain their individuality dur-
ing the DNS evolution. This important peculiarity of
the DNS evolution is the consequence of the shell
structure of nuclei.
The DNSC reveals two important peculiarities in

complete fusion of massive nuclei [9]:
(i) The existence of the inner fusion barrier B∗

fus
on the way to complete fusion. The value of B∗

fus
determines the energy threshold for the fusion of two
massive nuclei. The DNS initial excitation energy E∗

i
has to be higher thanB∗

fus, Ei ≥ B∗
fus.

(ii) The competition between the complete fusion
and quasifission channels in the initial DNS, which
3
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is formed at the capture stage. The competition be-
tween these two channels is the consequence of the
statistical nature of the DNS evolution.
On the basis of the DNSC, models of competition

between complete fusion and quasifission [2, 10, 11]
and models of mass distribution in quasifission [12,
13] were created. Using these models, all important
aspects of the synthesis of heavy and superheavy ele-
ments have been analyzed:
production cross sections in the cold and warm

synthesis of heavy and superheavy elements have
been calculated, and the decisive role of quasifission
in cold synthesis has been revealed [14–16];
excitation energies of compound nuclei with atomic

number from 102 to 114 synthesized in cold fusion
reaction have been estimated [17, 18];
a sharp decrease in the production cross section in

symmetric reactions betweenmassive nuclei has been
revealed [17, 18];
the role of shell effects in the mass distribution of

quasifission fragments in reactions used for the warm
synthesis of SHE has been interpreted and described
[12, 13].
Figure 4 shows the probability of complete fusion

in the competition with quasifission in cold fusion
reactions. These data demonstrate that quasifission
is the main factor in decreasing the production cross
section with Z of a compound nucleus in cold fusion
reactions.
PH
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N.V. Antonenko).

In Fig. 5, experimental data on the production
cross sections of elements with atomic numbers from
102 to 112 synthesized in cold fusion reactions are
compared with the calculated data. One can see sat-
isfactory agreement.

Figure 6 demonstrates calculations of the pro-
duction cross section of element 114 in the reac-
tion 244Pu+48Ca. The upper curve is the capture
cross section, and the curve next to it represents
the compound nucleus production cross section. The
lower curves reflect the competition between fission
and neutron emission in the course of deexcitation
of the compound nucleus. The experimental data on
the production cross section of 288114 (4n channel)
is equal to 0.5+0.6

−0.3 pb [19]. The calculations were
made while the experiment was still in progress. Fig-
ure 7 shows the same calculations for the reaction
248Cm + 48Ca used for the synthesis of element 116.
The experimental data on the production cross sec-
tion of 292116 (4n channel) is equal to 0.5+0.8

−0.3 pb [20].
From Fig. 8, one can see why symmetric reactions are
not promising for the synthesis of SHE.

One can say that, in the framework of the DNSC
and models created on its basis, it is possible to inter-
pret and describe all main properties of the process of
complete fusion of two massive nuclei.
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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4. THE FLUCTUATION–DISSIPATION
MODEL

In the FDM [3], the same simplification for nuclei
as in the MDM [1] is used. Nuclei are considered as
drops of viscous nuclear liquid. However, two new im-
portant factors have been introduced into the descrip-
tion of the fusion process: statistical fluctuation in the
interaction of colliding nuclei and shell corrections in
the calculation of the nuclear system potential energy.
These improvements permit one to describe
production cross sections of SHE in warm fusion

reactions;
mass distributions of fission and quasifission prod-

ucts;
a contribution to the symmetric part of the frag-

ment mass distribution from quasifission and fission
of a compound nucleus.
However, there is an aspect in which predictions

of the FDM cause some doubt. It is the use of sym-
metric reactions for the synthesis of SHE. The au-
thors of the FDM suggested that the reaction 149

57 La+
149
57 La → 198114 should be used for the synthesis of
element 114 [3]. In their calculations, they obtained
the optimal excitation energy of the compound nu-
cleus 198114 20 MeV and the production cross sec-
tion σER ∼ 10 pb.
The analysis of this reaction in terms of the DNSC

shows that B∗
fus is equal to ∼50 MeV and the quasi-

fission barrier Bqf is lower than 1 MeV (see Fig. 9).
The probability of the compound nucleus formation—
the factor PCN—is equal to 10−15 and the compound
nucleus formation cross section will be∼10−4 pb.
However, we cannot check this prediction of the

FDM since the target nucleus and the projectile are
radioactive nuclei with half-lives equal to 1 s. If we
used an extrapolation of experimental data to the pro-
duction cross section of symmetric reactions between
massive nuclei [21], we could obtain a value of less
than 1 fb for the reaction 149La + 149La.
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
5. THE CONCEPT OF COLLECTIVIZATION
OF NUCLEONS IN THE FUSION

OF TWO NUCLEI

In works of Prof. Zagrebaev [4], a new concept of
the complete fusion process was proposed—the con-
cept of collectivization of nucleons of two fused nuclei.
This concept is based on a rather simple model. Each
nucleus has an inert core and one valence neutron.
After the dissipation of the collision kinetic energy,
two cores come into close contact for a certain period
of time and the neutron can easily transit from one
nucleus to another. It becomes a neutron in common.
Figure 10, taken fromProf. Zagrebaev’s publications,
shows the collectivization of valence neutrons in the
reaction 248Cm + 48Ca (230 MeV). The probabil-
ity of collectivization of a valence neutron of 48Ca
reaches a value equal to unity rather quickly.
But what happens in reality? From the figure, one

can see that the DNS excitation energy is higher than
20 MeV. The major part of the excitation energy is
concentrated in the 248Cm nucleus. The 248Cm level
density is very high, with the levels overlapping very
strongly. The 248Cm nucleus will turn out to be a
nuclear labyrinth for the transferred neutron and this
neutron will not find its way back to the 48Ca nucleus.
The level density in the excited 248Cm nucleus

will be orders of magnitude higher than that in the
48Ca nucleus. This means that a “common” neutron
spends much more time in the 248Cm nucleus than in
the 48Ca nucleus.
In the case of a proton transfer from 48Ca to

248Cm, the DNS potential energy decreases by ap-
proximately 5 MeV. A proton finds itself in an excited
state. It very quickly loses its excitation energy and
transits to lower states. From the lower states, a
proton never returns to the calcium nucleus.
Proceeding from these considerations, one can say

that the interaction of two nuclei after the dissipation
of collision kinetic energy and formation of a DNS
3
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is characterized by the privatization of nucleons but
not by their collectivization. In complete fusion, a
heavy nucleus privatizes all the nucleons of a lighter
nucleus. In quasifission, a lighter nucleus privatizes
part of the nucleons of a heavy nucleus.

6. CONCLUSIONS

(i) The DNSC is based on information on the
interaction of two massive nuclei in a deep-inelastic
collision, which has been obtained in the study of
deep-inelastic transfer reactions.
(ii) In the framework of the DNSC and models

created on its basis, it became possible to interpret
and successfully describe all important aspects of
complete fusion of two massive nuclei.
(iii) One can say that today the DNSC gives the

most realistic picture of the complete fusion process of
massive nuclei and the mechanism of the compound
nucleus formation.
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Abstract—By comparing theoretical and experimental excitation functions of evaporation residues result-
ing from the same compound nucleus or heavy and superheavy nuclei, it is possible to understand the effect
of the entrance channel and the shell structure of reacting nuclei on the fusionmechanism. The competition
of complete fusion with the quasifission process is strongly related to the intrinsic fusion barrierB∗

fus and the
quasifission barrier Bqf, as well as the size of the well in the nucleus–nucleus potential. In our calculations
of the excitation functions for capture, fusion, and evaporation residues, we use the relevant variables
such as mass asymmetry of nuclei in the entrance channel, potential energy surface, driving potential,
spin distribution, and surviving probability of compound nucleus that are responsible for the mechanism
of the fusion–fission process. As a result, we obtain a beam energy window for the capture of the nuclei
before the system fuses and the Γn/Γf ratio at each step along the deexcitation cascade of the compound
nucleus. Calculations performed in the framework of the model taking into account the nuclear shell effect
and shape of colliding nuclei allow us to reach useful conclusions about the mechanism of the fusion–fission
process and the production of the evaporation residues. We analyze the 40Ar + 176Hf, 86Kr + 130Xe,
and 124Sn + 92Zr reactions leading to 216Th∗; the 32S + 182W and 60Ni + 154Sm reactions leading
to 214Th∗; the 48Ca + 248Cm reaction leading to the 296116 compound nucleus; and the 48Ca + 249Cf
reaction leading to the 297118 compound nucleus. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Comparison of excitation functions of evapora-
tion residues (ERs) measured for different mass-
asymmetry reactions but leading to the same com-
pound nucleus (CN) allows us to analyze the im-
portance of the entrance channel effect on the fu-
sion–fission reaction mechanism in collisions of
massive nuclei. Often, excitation functions of ERs
measured in various reactions leading to the sameCN
are different not only in the position of the maximum
but also in the value of their maxima. The question
of what characteristics of nuclei or what relevant

∗This article was submitted by the authors in English.
**e-mail: giardina@nucleo.unime.it
***Also at Bogolyubov Laboratory of Theoretical Physics,
JINR, Dubna, Russia; Institut für Theoretische Physik der
Justus-Liebig-Universität, Giessen, Germany.
1063-7788/03/6606-1071$24.00 c©
degrees of freedom of the fusion–fission process are
responsible for such a difference in ER cross sections
is a well-known problem in the search for optimal
conditions for the synthesis of new superheavy ele-
ments.

The difference betweenmeasured data on the cross
section of ERs for reactions leading to the same
CN can be explained by the difference in the exci-
tation functions of fusion or survival probability of
the excited CN. A decrease in fusion cross sections
is connected with an increase in events coming to
the quasifission process. Quasifission reactions are
binary processes that exhibit some of the characteris-
tics of fusion–fission events, such as a full relaxation
of the relative kinetic energy and a considerable trans-
fer of mass between the two fragments. The basic
difference between fusion–fission and quasifission is
that CN formation is not achieved in the latter mech-
2003 MAIK “Nauka/Interperiodica”
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anism. Quasifission can be thought of as a bridge
between deep-inelastic scattering, where the relative
kinetic energy between the fragments can be fully
damped, but the mass asymmetry of the entrance
channel ismostly preserved, andCN fission reactions,
where all memory of the entrance channel is lost [1–
8]. The entrance-channel dependence of the distribu-
tion of reaction strength has been studied for three
systems, namely, 32S + 182W, 48Ti + 166Er, and
60Ni + 154Sm, which all lead to the compound sys-
tem 214Th in complete-fusion reactions [8]. The max-
imum contribution of complete-fusion–fission pro-
cesses to the fissionlike cross section is estimated
on the basis of expected angle–mass correlations for
such reactions. The results show a strong entrance-
channel dependence as predicted by the extrapush
model.

An increase in the role of entrance-channel effects
was noted in [9], where the reactions with 40Ar
and 84Kr led to the same CN, 200Po. Comparison
of the measured excitation functions for the iso-
topes 200−xnPo produced in the 40Ar + 160Dy and
84Kr + 116Cd reactions showed that the (Ar, xn)
cross sections are larger by factors of ∼2 to ∼4 than
the corresponding (Kr, xn) values. In the experiment
of this group studying of the formation and decay of
158Er produced in reactions with either 40Ar or 84Kr,
the deexcitation of that CN by neutron evaporation
was independent of its production mode [10]. In
reactions of massive projectile and target nuclei, the
competition between complete fusion and quasifis-
sion appears at the stage of CN formation, in addition
to the increase in its fission probability. Even in the
case of mass-asymmetric collisions, an inhibition in
the fusion was recently observed in the experiment
by Hinde and his colleagues [11]. The 12C + 204Pb,
19F + 197Au, and 30Si + 186W reactions leading
to the same 216Ra nucleus have been studied. The
authors stressed that there is a significant inhibition
of the reduced fusion cross section (σ̃ = σ/πλ2) for
reactions with 19F and 30Si, being 0.64 ± 0.09 and
0.57 ± 0.08, respectively, of those for 12C.

The dinuclear system (DNS) concept [12] reveals
the reason for the strong decrease in the fusion cross
section for a massive system or for a symmetric en-
trance channel. In calculations of the excitation func-
tion of ERs, the choice of suitable parameters allows
a description of experimental data, but the peculiarity
of the reaction mechanism of projectile–target pairs
with different mass asymmetry is still unclear. It is
well known that it is difficult to measure the fusion
cross section directly due to the fact that establish-
ing the origin of fusion–fission reaction fragments is
ambiguous.
P

Calculations based on the DNS concept show [13]
that entrance-channel effects are important to de-
scribe the experimental data in the case of collisions of
massive nuclei. It allows us to estimate the decrease
in fusion probability due to an increase in the quasi-
fission process. In the present work, we consider a set
of experimental data on the production of ERs in the
reactions with a different entrance-channel asymme-
try, but leading to the same 216Th∗ and 214Th∗ CN.
We also give the results on the 296116 and 297118 CN
and the excitation functions of the ER formation.
It will be shown that competition between com-

plete fusion and quasifission depends on mass asym-
metry and peculiarities of shell structure.
The aim of this paper is to establish these effects

and to analyze the role of the intrinsic fusion barrier,
the quasifission barrier, and the excitation energy of
both the DNS and the CN. The partial capture cross
sections are calculated by solving equation of motions
for relative distance and orbital angular momentum
taking into account dissipation of collective kinetic
energy [13, 14]; i.e., the value of critical angular mo-
mentum at which capture occurs at a given beam
energy is calculated dynamically. The partial fusion
cross section (spin distribution of CN) is calculated
from the capture cross section taking into account
competition between complete-fusion and quasifis-
sion processes. The competition is determined by a
factor PCN which is calculated statistically. The va-
lidity of using of the statistical method is justified due
to the fact that, in quasifission, a full relaxation of the
relative kinetic energy and mass (charge) asymmetry
between the two fragments takes place [2–8].
The fact that calculation of the competition be-

tween complete-fusion and quasifission processes in
the framework of the model under discussion includes
the nuclear shell effect and shape of colliding nu-
clei allows us to reach useful conclusions about the
mechanism of the fusion–fission process. The possi-
bility of collisions of nuclei by different orientations of
their axial symmetry axis is considered.

2. CAPTURE, FUSION, AND EVAPORATION
RESIDUE PRODUCTION IN THE DNS

CONCEPT

According to the DNS concept, the complete fu-
sion between heavy ions is a complete transfer of
all the nucleons of the projectile (lighter) nucleus
into the target (heaviest) nucleus forming a CN of
complete shape. Due to the large inertia parameter
of deformation, the change in nuclear shape is not
so large and the size of the overlapping region of
nuclei is small: it is about 5–6% of the total volume.
The nucleons of the interacting nuclei form a shell
structure that is retained during interaction. Fusion
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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is considered as a two-stage process. The first step
is overcoming the Coulomb barrier in motion along
the axis connecting nuclear centers by nuclei at the
incoming stage of collision and formation of a nu-
clear composite (molecular-like so-called dinuclear
system). This stage is called capture. The second
one is transformation of the DNS into a more com-
pact CN, overcoming the intrinsic barrier (B∗

fus) on
the potential energy surface during evolution on the
mass charge-asymmetry axis. In the DNS concept,
the potential energy surface is built as a function
of the mass charge-asymmetry and relative distance
between centers of nuclei forming DNS.
For light and intermediate nuclear systems or for

heavy nuclear systems with larger mass asymmetry,
this barrier is equal to zero and capture immediately
leads to fusion. Therefore, in those cases, the fusion
cross section is calculated in the framework of well-
known models [15–18]. TheB∗

fus is determined by the
difference between the maximum value of the driving
potential (U(Z,A,Rm)) and its value at the point
corresponding to the initial charge asymmetry of the
considered reaction (Fig. 1). If the excitation energy
of the dinuclear system, E∗

DNS = Ec.m.V (Rm, �), is
not sufficient to overcome B∗

fus, then the DNS de-
cays into two fragments; i.e., it undergoes quasifis-
sion. Quasifission occurs due to motion along rel-
ative internuclear distance R and depends on the
V (R) nucleus–nucleus interaction potential [see be-
low Eq. (7)]. At capture, the DNS is in a potential
well (Fig. 1, bottom). Thus, for quasifission, it is
necessary to overcome the barrier (Bqf) which is equal
to the depth of well of V (R). The driving potential
is significant in considerations of the fusion process
as the motion of a system along the charge (mass)
asymmetry degree of freedom.
Here, U(Z,A,Rm) becomes more important to

the process. The U(Z,A,Rm) is extracted from the
potential energy surface U(A,Z;R, �) [see below
Eq. (1)], which is a function of the masses (charges)
A1, A2 (A2 = Atot −A1) of fragments forming the
DNS at the values Rm of the internuclear dis-
tance corresponding to the minimum of their nu-
cleus–nucleus potential V (R). The distribution of
neutrons between two fragments by the given proton
numbers Z1 and Z2 (or ratios A1/Z1 and A2/Z2 for
both fragments) was determined by minimizing the
potential U(A1, Z1;R) as a function of A1 for each
Z1:

U(A,Z;R, �) = U(A,Z, �, β1, α1;β2, α2) (1)

= B1 +B2 + V (Z, �, β1, α1;β2, α2;R)
− (BCN + VCN(�)).

Here, B1, B2, and BCN are the binding energies of
the nuclei in a DNS and of the CN, respectively,
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Fig. 1. Driving potential U(Z, A, Rm; � = 0) as a func-
tion of the charge number Z of a fragment of a DNS
calculated by (1) using binding energies from the nu-
clear data in [19] (top panel) and those obtained with
the liquid-drop model (middle panel). The vertical arrows
indicate the initial charge number of light nuclei in the
40Ar + 176Hf (I), 86Kr + 130Xe (II), and 124Sn + 92Zr
(III) reactions leading to 216Th. The intrinsic B∗

fus (top
panel) and quasifission Bqf (bottom panel) barriers are
shown as a function of the charge number of a DNS
fragment.

which were obtained from [19, 20]; βi are the fragment
deformation parameters and αi are the orientations
relative to the beam direction; VCN(�) is the rota-
tional energy of the CN. Rm is the position of this
minimum (bottom of the pocket) on the R axis for
a given mass asymmetry A1. The smallest excitation
energy value of the CN is determined by the absolute
maximum value of the driving potential lying on the
way to fusion (Z = 0) from the point corresponding
to the initial charge asymmetry (Fig. 1). Note that
this value of the excitation energy depends on themu-
tual orientation of the interacting nuclei. The shapes
of the potential energy surface and driving poten-
tial depend on the orientations of nuclei relative to
the axis connecting the centers of interacting nuclei.
The results presented were obtained by averaging the
contributions of different orientations. Quasifission is
the decay of the DNS without reaching a compact
shape. The decay is considered as the motion of a sys-
tem in the V (Z, �, β1, α1;β2, α2;R) nucleus–nucleus
interaction potential [see below Eq. (7)] along the
internuclear axis R. Thus, for quasifission, it is nec-
3
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essary to overcome the barrier ofBqf(�) on theR axis;
the value of Bqf(�) is defined as a depth of potential
well which depends on the orbital angular momentum
of entrance channel [Fig. 1 (bottom panel) and Fig. 4
(see below)]. Thus, the DNS concept reveals the rea-
son for the strong decrease in the fusion cross section
for a massive system or for a symmetric entrance
channel.

2.1. Method of Calculation
In the DNS concept [12], the ER cross section is

factorized as follows:

σER(E) =
�d∑

�=0

(2�+ 1)σfus� (E, �)Wsur(E, �). (2)

Here, the effects connected with the entrance chan-
nel are included in the partial fusion cross section
σfus� (E), which is defined by the expressions

σfus� (E) = σ
capture
� (E)PCN(E, �), (3)

σ
capture
� (E) =

λ2

4π
Pcapture� (E), (4)

where λ is the de Broglie wavelength of the entrance
channel, PCN(E, �) is a factor taking into account the
decrease in the fusion probability due to breakup of
the DNS (quasifission), andPcapture� (E) is the capture
probability which depends on the collision dynamics
and is determined by the number of partial waves (�d)
leading to capture.
The number of the partial waves �d was obtained

by solving the equation of motion for the relative
distance and orbital angular momentum,

µ(R(t))R̈ + γR(R(t))Ṙ(t) = −
∂V (R(t))

∂R
, (5)

dL

dt
= γθ(R(t))

(
θ̇R2

eff − θ̇1R
2
1eff − θ̇2R

2
2eff

)
. (6)

Here, R(t) is the relative motion coordinate; Ṙ(t) is
the corresponding velocity; θ̇, θ̇1, and θ̇2 are angular
velocities of the DNS and its fragments, respectively;
γR and γθ are the friction coefficients for the rela-
tive motion along R and the tangential motion when
two nuclei roll on each other’s surfaces, respectively;
V (R) is the nucleus–nucleus potential; µ(R(t)) is
the reduced mass of the system; R1 and R2 are the
fragment radii;

Reff =
R+R1 +R2

2
, R1(2)eff =

R1(2)

R1 +R2
R,

where R1(2) is the nucleus radius (see Appendix A).
The friction coefficients γR(γθ), that is, the change

in the nucleus–nucleus potential and reduced mass
P

of relative motion during the interaction time t, are
calculated from the estimation of the coupling term
between the relative motion of nuclei and the intrinsic
excitation of nuclei [21].
The nucleus–nucleus potential holding DNS for

the given charge and mass asymmetry includes
Coulomb (VC), nuclear (Vnucl), and rotational (Vrot)
potentials:

V (R) = VC(R) + Vnucl(R) + Vrot(R) + δV (R). (7)

A change δV of the nucleus–nucleus potential during
the interaction time t is taken into account (all de-
tails are in Appendix A). In the calculations, we took
into account the dynamic contribution δµ(R) to the
reduced mass:

µ(R) = δµ(R) +m0ATAP /Atot (8)

×
(
1− 2

Atot

∫
ρ
(0)
1 (r− r1)ρ

(0)
2 (r− r2)

ρ
(0)
1 (r− r1) + ρ

(0)
2 (r− r2)

dr

)
,

where Atot = AT +AP ; ρ
(0)
1 and ρ

(0)
2 are nucleon

densities of the DNS fragments (details are in Ap-
pendix B of paper [14]); r1 and r2 are coordinates of
the fragment centers of mass;m0 is the nucleonmass;
and AT and AP are mass numbers of the target and
projectile nucleus, respectively.

The nucleus–nucleus potential V (R) depends on
the mutual orientations of the symmetry axes of the
deformed nuclei relative to R(t). Thus, it is possible
to consider fusion at different initial orientations of
the symmetry axes. The quadrupole (2+) and oc-
tupole (3−) collective excitations in spherical nuclei
are taken into account. The final result is obtained by
averaging over the contributions of different mutual
orientations of the symmetry axes of the reacting
nuclei.
The competition between fusion and quasifission

is taken into account by the factor PCN(E, �) (fu-
sion factor, hereafter) which is calculated using the
framework of the statistical model. This way was
first used in [12]. The validity of using the statistical
method is justified due to fact that, in quasifission, a
full relaxation of the relative kinetic energy and mass
(charge) asymmetry between the two fragments takes
place [2–8].
The fact that mass and charge distribution can

reach near-equilibrium values is seen from the exper-
imental data on study of fusion–fission and quasifis-
sion reactions induced by 48Ca and 58Fe projectiles
on 232Th, 238U, 248Cm, and Cf targets [22, 23]. It was
observed that products far from initial nuclei could
be formed not only in the fission of a hot CN, but
also in quasifission of the DNS, which lives long
enough to reach mass equilibration in the subsequent
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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fission process. Experimentally, it is difficult to dis-
tinguish between fission of the CN and quasifission.
Only analysis of correlation between reaction frag-
ment mass and angular distributions allows us to
estimate a ratio between contributions of quasifission
and fusion–fission processes. These theoretical and
experimental results on quasifission justify using a
statistical approach to estimate competition of the
complete-fusion and quasifission processes. Accord-
ing to statistical methods of calculation, the probabil-
ity of realizing complete fusion (in competition with
quasifission) is related to the ratio of the level densi-
ties, depending on the intrinsic fusion or quasifission
barriers, by the expression

PCN =
ρ(E∗

DNS −B∗
fus)

ρ(E∗
DNS −B∗

fus) + ρ(E∗
DNS −Bqf)

, (9)

where ρ(E∗
DNS −B∗

K) is the level density:

ρ(E∗
DNS −B∗

K) =
g(εF)Krot

2
√

g1(εF)g2(εF)
(10)

×
exp

[
2π
√

g(εF)(E∗
DNS −B∗

K)/6
]

[
(3/2)g(εF)(E∗

DNS −B∗
K)
]1/4 (E∗

DNS −B∗
K)
√
48

.

Here, Bqf is the quasifission barrier, and it is deter-
mined by the depth of well in the nucleus–nucleus
potential well: this barrier must be overcome if the
DNS decays in two fragments.E∗

DNS is the excitation
energy of theDNSgiven by the difference between the
beam energy Ec.m. and the minimum of the nucleus–
nucleus potential (E∗

DNS = Ec.m. − V (Rm)); g1,2(εF)
are the single-particle level densities of the fragments
of the DNS: gi = Aiε

−1
F (i = 1, 2) [24], εF = 37MeV,

and g = g1 + g2;Krot is the enhancement factor of the
level density which takes into account rotation of the
DNS:

Krot =

√
6(E∗

DNS −B∗
K)/g(εF)

π
J⊥, (11)

where

J⊥ = (2/5m0r
2
0A

5/3) (1 + β2/3) (12)

is the rigid-bodymoment of inertia for rotation around
an axis perpendicular to the line connecting the cen-
ters of the fragments. In (12), r0 = 1.18 fm, and
β2 is the quadrupole deformation parameter, whose
value was obtained from [19, 20]. The enhancement
factor (11) of the level density describes an adia-
batic limit in which intrinsic and rotational degrees
of freedom are completely decoupled. This assump-
tion ceases to be valid for higher excitation energies.
Following [25, 26], we account for the damping of the
rotational enhancement by multiplying theKrot factor
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
by

1−Qrot

(
1− 1

�2/(J⊥T )

)
. (13)

The advanced statistical model, described in de-
tail in [27, 28], allows us to take into account the
dynamical aspect of the fission–evaporation compe-
tition during the evolution of the CN along the de-
excitation cascade. The model accounts exactly for
the angular momentum, and parity coupling allows
for neutron, proton, and α-particle multiple emission,
as well as for the fission channel and full γ cascade in
the residual nuclei.
Particular attention is given to the determination

of the level densities. These are calculated in the
nonadiabatic approach allowing for rotational and vi-
brational enhancements. These collective effects are
gradually removed above a certain energy. In the case
of rotational enhancement, this energy is related to
the Coriolis force which couples intrinsic and collec-
tive motions. Our level densities acquire a dynamic
aspect through the dependence of the Coriolis force
and of the rotational enhancement on the nuclear
shape, which is, in turn, obtained from the classical
model of a rotating liquid drop. Intrinsic level densi-
ties are calculated using the Ignatyuk approach [29],
which takes into account shell structure effects and
pairing correlations. Use of the correct level densities
is of fundamental importance for the present analysis
as they determine the phase space available for each
channel, the very essence that governs statistical de-
cay.
In the case of ER production, one should also

carefully consider the low-energy level densities since
this is the energy interval where most of the ERs are
formed. That is why we use the superfluid model of
the nucleus [30] in our calculations, with the standard
value of pairing correction ∆ = 12/

√
A. The yrast

lines are automatically included in our calculations
by the requirement that the total excitation energy
should be higher than the rotational energy, otherwise
the level density is set to zero.
For the fission barriers, we use the predictions of

the rotating droplet model (angular momentum de-
pendent) as parametrized by Sierk [31] and allow for
angular momentum and temperature fade-out of the
shell corrections [27]. This is expressed by the formula
for the actual fission barrier used in our calculations:

Bfis(J, T ) = cBm
fis(J)− h(T )q(J)δW, (14)

with

h(T ) =

{
1, T ≤ 1.6MeV,
k exp(−mt), T > 1.65MeV,

q(J) = {1 + exp[(J − J1/2)/∆J ]}−1,
3
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Fig. 2. Comparison of the calculated (a) capture, (b) fu-
sion, and (c) evaporation residue excitation functions as
well as the measured excitation functions of evaporation
residue (c) for 40Ar + 176Hf (dashed curve, open trian-
gles [37, 38], 124Sn + 92Zr (dash-dotted curve, closed
squares [39], and 86Kr + 130Xe (solid curve, closed cir-
cles [36]) reactions leading to the 216Th∗ CN. The closed
triangles in (a) and (b) are the fission excitation functions
obtained from the measurements of the two symmetric
mass fragments for the 40Ar+176Hf reaction [38]; the
curves are for the same reactions, as in (c).

whereBm
fis(J) is the parametrized macroscopic fission

barrier [31] depending on the angular momentum J ;
δW = δWsad − δWg.s � −δWg.s is the shell correc-
tion (at saddle point and ground state) to the fission
barrier taken from the tables [20]; and the constants
for the macroscopic fission barrier scaling, temper-
ature, and angular momentum dependences of the
microscopic correction are chosen as follows: c = 1.0,
k = 5.809, m = 1.066 MeV−1, J1/2 = 24� for nuclei
with Z � 80–100 (or J1/2 = 20� for nuclei with Z >
100), and ∆J = 3�. This procedure also allows the
shell corrections to become dynamical quantities.
Dissipation effects, which delay fission, are treated

according to [32, 33]. These include the Kramers sta-
tionary limit [34] and an exponential factor applied to
the Kramers fission width to account for the transient
time, after which the statistical regime is reached.
The systematics obtained by Bhattacharya et al. [35]
allows us to take into account the dependences of
PH
the reduced dissipation coefficient βdis on the incident
energy per nucleon ε and compound-nucleus mass
ACN (βdis is the ratio between the friction coefficient
γ, which describes the coupling of the fission degree
of freedom to the intrinsic degrees of freedom, and
the reduced massM of the system). This ratio char-
acterizes the dissipative and diffusive motion. In the
calculations, we used the simple form

βdis(ε,ACN) = aε+ bA3
CN, (15)

where a = 0.18 and b = 0.357 × 10−6 [35]. For the
investigated reactions, the βdis values are (6–7) ×
1021 s−1.
In the present advanced statistical model calcula-

tions, the target–projectile fusion cross section was
determined by formula (3).

3. COMPARISON OF DNS MODEL RESULTS
AND EXPERIMENTAL DATA

The role of the entrance channel in the formation
of the CN and ERs is the main focus of our interest.
The qualitative difference between fusion excitation
functions of reactions leading to the same CN al-
lows us to analyze the effect of the shell structure
on the fusion mechanism. Experimental excitation
functions of the evaporation residues measured in
the 86Kr + 130Xe [36], 40Ar + 176Hf [37, 38], and
124Sn + 92Zr [39] reactions for the 216Th∗ CN and
in the 32S + 182Wand 60Ni + 154Sm [40] reactions
for the 214Th∗ CN have been compared with the re-
sults of calculation in the framework of the method
presented in Section 2.1. It is shown that the effect
of shell structure is revealed in a comparison of the
differences in spin distributions of the CN formed by
using different reactions.

3.1. The Reactions Leading to 216Th∗

The experimental data reveal that the maximum
value of the ER yield cross section for 40Ar +
176Hf (I) [37, 38] is 12 times larger than for 86Kr +
130Xe (II) [36] and 3 times larger than for 124Sn +
92Zr (III) [39] (see Fig. 2). The 40Ar + 176Hf
reaction has a larger charge asymmetry (ηZ = (Z2 −
Z1)/(Z1 + Z2)) in comparison with the two others
(II), (III). The height ofB∗

fus on the way to fusion (that
is, in competition with quasifission) for this reaction
is smaller than for (II), (III) (see table), joined with a
higher value of the Bqf barrier (against quasifission)
with respect to the Bqf values for the (II) and (III)
reactions. The way to fusion is longer for the DNS,
which has a more mass-symmetric configuration.
In Figs. 2a and 2b, the excitation functions of the
capture and fusion calculated in the framework of
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Fig. 3. The calculated spin distribution for the
40Ar + 176Hf (top panel), 124Sn + 92Zr (middle
panel), and 86Kr + 130Xe (bottom panel) reactions at
different beam energiesElab.

the DNS for the (I), (II), and (III) reactions are
compared. The ER excitation functions calculated in
the framework of the advanced statistical model [27]
for those reactions are in good agreement with the
experimental data (see Fig. 2c). In these calculations,
the spin distributions for the CN estimated by the
method presented in [14] were used.
However, there is an unusual phenomenon. The

maximum value of the ER yield cross section for
124Sn + 92Zr is 4 times larger than for 86Kr + 130Xe
near the same value of E∗

CN. These reactions lead to
the same 216Th CN. The mass asymmetry of the (III)
reaction ((A2 −A1)/(A1 +A2) = 0.148) is smaller
than the one of the (II) reaction (0.203). The phe-
nomenon can be accounted for by a comparison of the
driving potential calculated using binding energies
obtained from the mass table [19] and those deter-
mined by the liquid-drop model (see Fig. 1, top and
middle panels). The values of the driving potential
corresponding to the 86Kr + 130Xe and 124Sn + 92Zr
reactions in the top and middle panels are different.
One can see that, in the top panel of Fig. 1, the value
of B∗

fus for the
86Kr + 130Xe reaction is larger than

the one of the 124Sn + 92Zr reaction. In this case,
the fusion factor PCN of the fusion cross section is
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 4. The wells of nucleus–nucleus potential for the
40Ar + 176Hf (dashed curve), 124Sn + 92Zr (dash-
dotted curve), and 86Kr + 130Xe (solid curve) reactions.

smaller for the former reaction than for the latter. This
corresponds to the observed phenomenon for these
two reactions and discloses, even qualitatively, the
difference between the values ofB∗

fus for reactions (II)
and (III). It can be seen from themiddle panel of Fig. 1
that B∗

fus(II) ≈ B∗
fus(III) when the driving potential

is calculated using the binding energies B1, B2, and
BCN is calculated using the liquid-drop model. If
the latter takes place, then a difference between the
fusion excitation functions of the 86Kr + 130Xe and
124Sn + 92Zr reactions must be very small. This is
in contradiction with experimental data, which means
that the use of binding energies obtained in the liquid-
drop model is not suitable in such an analysis.
As can be seen from the table for the reaction

(II), B∗
fus is larger than for reaction (III) due to shell

effects for the nuclear binding energy in the range of
the charge number of the light fragment Z = 30–40.
Another reason is seen from the analysis of spin dis-
tributions of the CN formed in these three reactions.
As seen in Fig. 3, the spin distribution of the CN

formed in reaction (I) (top panel) has a larger volume
in comparison with reactions (II) (bottom panel) and
(III) (middle panel). It is an expected result. However,
an unexpected result is that the volume of the spin

Charge asymmetry, intrinsic fusion (B∗
fus) and quasifission

(Bqf) barriers, and the fusion factor (PCN) for the reactions
leading to 216Th∗ CN

Reaction ηZ B∗
fus, MeV Bqf, MeV PCN

40Ar + 176Hf (I) 0.60 2.31 7.12 0.580
86Kr + 130Xe (II) 0.20 12.31 2.35 0.014
124Sn + 92Zr (III) 0.15 9.87 1.35 0.081
3
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distributions of the CNcorresponding to reaction (III)
is larger than that for reaction (II). This could be
connected with σcapture� (E) and PCN, which determine
partial fusion cross sections (3). The size of the poten-
tial well in the entrance channel (Fig. 4) determines
the number of partial waves (number of angular mo-
mentum) that contribute to σcapture� (E) and the height
of Bqf(�), which is one of two barriers characterizing
PCN (another is B∗

fus(�)). It must be stressed that
Bqf(�) and B∗

fus(�) depend on orbital angular momen-
tum: with an increase in �, the quasifission barrier
decreases, while the intrinsic fusion barrier increases.
The factor PCN (9) determining competition between
complete fusion and quasifission is connected with
the values of B∗

fus and Bqf (see Fig. 1) at the given
excitation energy of the DNS and decreases with
increasing �.
The use of calculated friction coefficients leads to

a gradual dissipation of kinetic and rotational en-
ergies [21]. The calculations showed that, in colli-
sions of massive nuclei, despite continuous dissipa-
tion, capture becomes impossible at beam energy val-
ues larger than the Coulomb barrier. This is because
of the small size of the well in the nucleus–nucleus
potential. The dissipation is not sufficient to trap col-
liding nuclei in the potential well to create a necessary
condition for fusion at low values of angular momen-
tum, which allow the DNS to fuse.
At the largest values of beam energy, capture is

possible only for high angular momentum. In this
case, the formed DNS can exist in a molecular
state, forming a superdeformed shape, or it undergoes
quasifission because B∗

fus increases with angular
momentum of the DNS. Therefore, the maximum of
the calculated spin distributions has a tendency to
move to larger values of angular momentum at beam
PH
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presented in Fig. 5.

energies well above the Coulomb barrier. It can be
seen in the spin distributions for 124Sn + 92Zr and
86Kr + 130Xe reactions (Fig. 3). The driving potential
is the same for all the reactions leading to the same
compound nucleus. Therefore, the intrinsic fusion
barriers for these reactions under discussion can be
compared. In the top panel of Fig. 1, one can see from
the curve of the driving potential that B∗

fus is smaller
for reaction (III) than for (II). This is connected with
the increase in the potential energy at Z > 37 due to
the shell effects.
The fact that the measured excitation function of

evaporation residues for the 86Kr + 130Xe reaction
is lower than the one for the 124Sn + 92Zr reaction
can be explained by the peculiarity of the shell struc-
ture of the nuclear fragments forming the DNS (see
top panel of Fig. 1) that leads to a small Qgg value
decreasing the driving potential for this reaction. Due
to the large difference between the Q values of these
three reactions leading to the 216Th∗ CN, the centers
of their excitation functions (see Fig. 2) are placed at
different values of excitation energy.
In these reactions under consideration, the ER

cross sections are several orders of magnitude smaller
than the fission cross sections. One can say that the
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003



SYNTHESIS OF HEAVY AND SUPERHEAVY ELEMENTS 1079
fusion cross section is approximately equal to the
fission cross section. Comparision of the calculated
fusion excitation function and the measured fission
excitation function is intriguing when discussing the
mechanism of fusion–fission reactions. This has been
done for the 40Ar + 176Hf reaction (Fig. 2b). In [38],
the fission excitation function was obtained from the
detection of reaction products of symmetric masses.
It should be stressed that those products could be
formed not only in the fission of a hot CN, but in
quasifission of the DNS, which lives long enough to
reach mass equilibration in the subsequent resepa-
ration process. Experimentally, it is difficult to dis-
tinguish between fission of the CN and quasifission.
In [13], the calculations showed that a contribution of
quasifission is increased with beam energy above the
fusion barrier. For this reason, the measured fission
data in the 40Ar + 176Hf reaction [38] are closer to
the calculated capture cross section (Fig. 2a) that is
a sum of fusion and quasifission cross sections.
Therefore, the fact that the measured fission

cross section is higher than the fusion cross section
(Fig. 2b) could be explained by the sizable con-
tribution of quasifission products to the measured
fission data [38]. The appearance of a difference
between the measured fission and theoretical capture
cross sections at energies higher than E∗ = 55MeV
means that the fragments of the deep-inelastic colli-
sions may be considered as fusion–fission reaction
products. That is not excluded in the analysis of
experimental data.

3.2. The Reactions Leading to 214Th∗

In this paper, we also consider experimental re-
sults of the 32S+182W and 60Ni + 154Sm reac-
tions [40] (leading to the 214Th∗ CN) to show that
the reduction of the fragment experimental data does
not remove the ambiguity about the dynamical pro-
cesses which contribute to the events related to the
fragments. Of course, we present this case only as an
example since in the literature there are many other
cases showing the same problem.
If we plot the results from [40] vs. the excitation

energy E∗, we obtain Fig. 5 for the two very different
reactions in the entrance channel leading to the same
214Th∗ CN.
By such results regarding fragments and ERs of

the two reactions, one can infer that, at the same
excitation energy E∗, the capture cross sections are
almost equal, the ER cross sections are similar too,
and therefore the fusion cross sections also have the
same values. Such a result does not seem to be realis-
tic since the dynamical effects of the entrance channel
are strongly different for the two considered reactions.
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For comparison, we present our calculations
of the capture, fusion, and ER cross sections for
the 32S + 182W reaction (Fig. 6a) and for the
60Ni + 154Sm reaction (Fig. 6b).
As one can see, the fusion cross section is com-

parable with the capture cross section up to about
E∗ = 60 MeV for the 32S + 182W reaction, while
at higher excitation energies the quasifission contri-
bution overwhelms the complete-fusion contribution
also in the case of the mass-asymmetric entrance
channel (see Fig. 6a). In the case of a more massive
beam andmore symmetric entrance channel, as in the
60Ni + 154Sm reaction, the quasifission contribution
overwhelms the complete-fusion contribution also at
lower E∗ excitation energies (see Fig. 6b). Of course,
the shape and the yield of the total evaporation cross
section for the latter reaction is also different in com-
parison with the 32S + 182W reaction.
Moreover, it is also important to note that, in our

total ER calculation, we take into account all possible
contributions into the final residue nuclei, whereas, by
the experimental procedure, it is not possible to solve
all contributions along the CN deexcitation cascade,
and therefore the experimental result is underesti-
mated.
In addition to the previous consideration, if we

compare only the xn channel of the residue nuclei
obtained by the two very different reactions in the
entrance channel, it is not easy to come to some con-
clusion about the dynamical process for two reasons:
(i) it is not possible experimentally to have unam-
biguous information on the complete-fusion forma-
tion, which is in competition with the quasifission
process, because the rate is different for those two
different reactions; (ii) the same CN formed at the
same excitation energy E∗ by the two very different
entrance channels does not produce the same ER
cross section due to a different fissility of the CN—
since it is formed at a different angular momentum
〈L〉 distribution caused by the dynamical effects of the
two very different reactions in the entrance channel
(see, for example, Fig. 3).
Figure 6b also shows that the capture cross-

section first increases and then decreases, increasing
the beam energy (and therefore also increasing the
excitation energyE∗) in the case of a more symmetric
reaction with massive nuclei (the 60Ni + 154Sm
reaction). This trend leads to the result that the
complete-fusion cross section also decreases at
higher beam energies.

4. THE FORMATION OF THE 296116
AND 297118 SUPERHEAVY ELEMENTS
A problem relevant to the synthesis of superheavy

elements obtained by reactions with massive nuclei
3
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Fig. 7. The capture and fusion cross section calculation,
in comparison with the experimental data [23, 41], for the
48Ca + 248Cm reaction leading to the 296116 superheavy
CN. The difference between the fusion calculation and
more symmetric fragment yield (A/2 ± 10 u) at higher
excitation energy is related to the contribution of the
quasifission process yielding more symmetric fragments.

is to find out unambiguously the quasifission con-
tribution in respect to the complete-fusion contribu-
tion. An experimental assumption in the data analysis
saying that symmetric fragments (with a large ∆m
interval) result from fission after fusion is not enough
for correct estimation of the fusion cross section,
because the quasifission process contributes into the
asymmetric fragments as well as to the more sym-
metric fragments. Moreover, the analysis of the frag-
ment angular distribution and the kinetic energy dis-
tribution of fragments also does not allow one to find
out unambiguously the contribution of quasifission as
compared with the fusion–fission contribution.
In this respect, if we consider as an example the

experimental data [23] obtained in the analysis of
the 48Ca + 248Cm reaction leading to the 296116
compound nucleus, we can note that our calculation
of the capture cross section (see Fig. 7) is in complete
agreement with the experimental data for the produc-
tion of all fragments, while the fusion cross-section
calculation is not in agreement with the data for the
symmetric mass fragments (A/2) when it is assumed
that the mass interval is as large as ±20 u.
Such a strong disagreement is connected with the

contribution of the quasifission process in the range of
the more symmetric fragments in which the contribu-
tion of the fusion–fission fragments is present. In fact,
if one assumes for ∆m an interval of ±10 u (almost
close to the

√
A/2 value) for selecting the symmet-

ric fragment events, the fusion calculation will ap-
pear approximately in agreement (see dashed curve in
Fig. 7) with the new selection of the experimental data
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Fig. 8. The excitation functions for the evaporation
residue nuclei obtained after the emission of 2–5 neutrons
from the 296116 CN by the 48Ca + 248Cm reaction. In
the figure, we also represent the capture and fusion cross-
section calculation.
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Fig. 9. The same as in Fig. 8, but for the 297118 super-
heavy CN obtained by the 48Ca + 249Cf reaction. The
capture, fusion, and evaporate residue cross sections are
lower than the ones respectively obtained for the 296116
CN by the 48Ca + 248Cm reaction.

(open triangles [41] in Fig. 7). Of course, also in this
last-mentioned case, there is a relevant contribution
of the quasifission process, or a contribution that
cannot be neglected, in addition to the fusion–fission
fragment formation. This is the reason why the new
selection of the experimental data of fragments still
slightly overestimates the fusion calculation at higher
excitation energies. In our calculation, the capture
and fusion cross sections are characterized by the
B∗
fus intrinsic fusion barrier of 4.48 MeV and Bqf of

4.12 MeV.
In Fig. 8, we also present the excitation functions

of the ERs obtained as a result of the emission of
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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2–5 neutrons from the 296116 CN. The maximum
of the cross section is several picobarns for the 3n
emission, and it is almost 2 pb for the maximum of
the 4n emission.
We also made calculations for the 48Ca + 249Cf

reaction leading to the 297118 CN, aiming at the eval-
uation of the fusion cross section and the excitation
functions for the ER nuclei obtained as a result of
the x(2–5) neutron emission from the CN. For this
reaction, we obtain the intrinsic fusion barrier B∗

fus of
about 9 MeV and the quasifission barrierBqf of about
4.5 MeV.
In Fig. 9, we show the capture cross section (lower

than 1 mb) and the fusion cross section (with a max-
imum value of about 50 µb) vs. the beam energy. For
the ER cross section, we find the maximum values of
about 3.5 pb for the 3n channel, and about 0.8–0.9 pb
for the 4n channel.
By comparing the results of the two last-mentioned

reactions, namely, 48Ca + 248Cm, 249Cf (leading
to the 296116 and 297118 CN, respectively), one
can make a conclusion that the complete fusion
decreases, as does the ER nuclei (ER3n,4n) in the case
of the 297118 nucleus formation.

5. CONCLUSIONS

The role of the entrance channel in fusion–fission
reactions was studied with the intention of ac-
counting for the difference between the experimental
data for the 40Ar + 176Hf, 86Kr + 130Xe, and
124Sn + 92Zr reactions leading to the 216Th∗ CN
and for the 32S + 182Wand 60Ni + 154Sm reactions
leading to the 214Th∗ CN. The combined dynamical
and statistical model based on the DNS approach
was used to estimate the excitation functions of
quasifission, fusion, and formation of ER in fusion
reactions with massive nuclei. The capture stage was
calculated using the dynamical model. In calculation
of the fusion stage by the statistical approach, the
competition of complete fusion with quasifission was
taken into account. The fusion excitation functions
calculated in this way were used to estimate the
survival probability of the formed CN relative to
fission in the framework of the advanced statistical
model for the deexcitation cascade. In calculations
of the excitation function for capture, fusion, and
ER, we used such relevant variables as potential
energy surface, driving potential, spin distributions,
and survival probability of CN, which are responsible
for the mechanism of fusion–fission processes.
The results of the calculations in the frame-

work of the DNS concept and advanced statistical
model for ER cross sections for the sum of xn-
channel contributions were compared with the ex-
perimental data measured in the 86Kr + 130Xe [36],
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
40Ar + 176Hf [37, 38], and 124Sn + 92Zr [39]
reactions leading to the same excited isotope of
216Th∗. Moreover, we also compared the calculations
with the experimental data of the 32S + 182W and
60Ni + 154Sm reactions [40] leading to the
214Th∗ CN.
An unusual phenomenon is that the measured

maximum value of the ER for 124Sn + 92Zr (III)
is 4 times larger than for 86Kr + 130Xe (II), nearly
the same E∗ value. Because the mass asymmetry
(ηA = 0.148) of reaction (III) is smaller than reaction
(II) (0.204), the fusion cross section for (III) seems
to be smaller than that for (II). In fact, according to
the DNS concept [12, 14, 42–44], the way to fusion
by nucleon transfer from a light fragment to a heavy
one is longer for the DNS, which has less mass-
asymmetric configuration. However, the experimental
results of ER of (III) in comparison to those of (II)
are, at a glance, in contradiction with the above-
mentioned statement of the DNS model if driving
potential is calculated using binding energies of the
liquid-drop model (see middle panel of Fig. 1). In this
case, the fusion barrier B∗

fus for the
124Sn + 92Zr

reaction is larger than the one for the 86Kr + 130Xe
reaction, and the fusion cross section for the former
reaction will be smaller than for the latter. Instead,
if we also include the effects of shell structure in the
DNS analysis, we will find an opposite rate for B∗

fus
for these reactions: the value of B∗

fus is 9.87 MeV for
(III), lower than 12.31 MeV for (II) (see table). This
corresponds to the measured ratio between the ER
cross sections for reactions (II) and (III).
We should like to stress that the driving potential

calculated by including the binding energies of nuclei
from [19] discloses, even qualitatively, the difference
between the values of B∗

fus for reactions (II) and (III).
As seen from the table for reaction (II), B∗

fus is larger
than the one for reaction (III). Thus, only by a com-
plete analysis of the role of the entrance channel and
the effect of the shell structure is it possible to un-
derstand why the evaporation cross sections for the
reaction of less mass asymmetry (III) (η(III) = 0.148)
are larger than those for reaction (II), which has more
mass asymmetry (η(II) = 0.204). The effect of the en-
trance channel on the spin distributions of the CN
formed in these three reactions has been analyzed.

For the 32S + 182Wreaction, the dynamical effect
of the entrance channel (the quasifission process)
begins at about E∗ = 60MeV, while, for the reaction
with more massive nuclei (60Ni + 154Sm) leading
to the same 214Th∗ CN, the quasifission contribution
overwhelms the fusion cross section also at lower
beam energies, which is in disagreement with the
considered experimental data. Having analyzed the
3
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48Ca + 248Cm reaction, we note that the quasifission
process also contributes into the symmetric fragment
formation at higherE∗ excitation energies. Moreover,
with increasing Z of superheavy elements from 116
to 118 obtained by the synthesis of nuclear reactions,
the respective cross sections (capture, fusion, and ER
nuclei) decrease.
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APPENDIX A

The nucleus–nucleus potential is calculated as
follows:

V0(R) = VC(R) + Vnucl(R) + Vrot(R), (A.1)

where VC(R), Vnucl(R), and Vrot(R) are theCoulomb,
nuclear, and rotational potentials, respectively. The
nuclear shape is important in the calculation of the
Coulomb and the nuclear interactions between col-
liding nuclei. Thus, the Coulomb interaction of de-
formed nuclei (with a quadrupole deformation) can
be calculated according to the following expression
taken from [45]:

VC(R) =
Z1Z2

R
e2 +

Z1Z2

R3
e2 (A.2)

×
{(

9
20π

)1/2 2∑
i=1

R2
0iβ

(i)
2 P2(cosα′

i)

+
3
7π

2∑
i=1

R2
0i

[
β

(i)
2 P2(cosα′

i)
]2}

,

where α′
1 = α1 +Θ; α′

2 = π − (α2 +Θ); sinΘ =
|L|/(µṘR); and Zi, β

(i)
2 , and α′

i are (for each frag-
ment) the atomic number, the quadrupole deforma-
tion parameter, and the angle (see Fig. 3 in [14])
between the line connecting the centers of mass of the
nuclei and the symmetry axis of the fragment i(i =
1, 2), respectively. Here, R0i = r0A

1/3
i , r0 = 1.18 fm,
P

and P2(cosα′
i) is the second term of the second type

of Legendre polynomial.
The nuclear part of the nucleus–nucleus potential

is calculated using the folding procedure between the
effective nucleon–nucleon forces feff[ρ(x)] suggested
by Migdal [46] and the nucleon density of the projec-
tile and the target nucleus:

Vnucl(R) =
∫

ρ
(0)
1 (r−R1)feff[ρ]ρ

(0)
2 (r−R2)dr,

(A.3)

feff[ρ] = 300
(
fin + (fex − fin)

ρ(0)− ρ(r)
ρ(0)

)
.

(A.4)

Here, fin = 0.09, fex = −2.59 are the constants of
the effective nucleon–nucleon interaction; ρ = ρ

(0)
1 +

ρ
(0)
2 ;Ri (i = 1, 2) is the position of the center of mass
of the fragment i. The center of the coordinate system
is placed at the center of mass of the target; therefore,
R2 = 0 and R1 = R, R being the relative distance
between the center of mass of colliding nuclei. The
nucleon densities are assumed to have a Fermi dis-
tribution:

ρ
(0)
i (r−Ri) = ρ

(0)
i (r,Ri(t), β

(i)
2 , β

(i)
3 ) (A.5)

=
{
1 + exp

[
|r−Ri(t)| − R̃i(β

(i)
2 , β

(i)
3 )

a0

]}−1

,

R̃i(β
(i)
2 , β

(i)
3 ) = R0i(1 + β

(i)
2 Y20(αi) (A.6)

+ β
(i)
3 Y30(αi)),

where a0 = 0.54 fm. The shape of the nuclei of
the DNS changes with the evolution of the mass-
asymmetry degrees of freedom: β2 = β2(Z,A) and
β3 = β3(Z,A). In order to calculate the potential
energy surface as a function of the charge number,

we use the values of β(2+)
2 from the data in [47] and

the values of β(3−)
3 from the data in [48].

Expressions for the friction coefficients

γR(R(t)) =
∑
i,i′

∣∣∣∣
∂Vii′(R(t))

∂R

∣∣∣∣
2

B
(1)
ii′ (t), (A.7)

γθ(R(t)) =
1
R2

∑
i,i′

∣∣∣∣
∂Vii′(R(t))

∂θ

∣∣∣∣
2

B
(1)
ii′ (t), (A.8)

and the dynamic contribution to the nucleus–nucleus
potential

δV (R(t)) =
∑
i,i′

∣∣∣∣
∂Vii′(R(t))

∂R

∣∣∣∣
2

B
(0)
ii′ (t), (A.9)
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were obtained in [21] by estimating the evolution of
the coupling term between relative motion of nuclei

and nucleon motion inside nuclei; B(0)
ii′ (t) is given

below by Eq. (A.11).

The dynamic correction of the reduced mass
δµ(R(t)) is calculated using the expression

δµ(R(t)) =
∑
i,i′

∣∣∣∣
∂Vii′(R(t))

∂R

∣∣∣∣
2

B
(2)
ii′ (t), (A.10)

B
(n)
ik (t) =

2
�

t∫

0

dt′(t− t′)n (A.11)

× exp
(
t′ − t

τik

)
sin
[
ωik

(
R(t′)

)
(t− t′)

]

× [ñk(t′)− ñi(t′)],
�ωik = εi + Λii − εk − Λkk. (A.12)

Here, ñi is a diagonal matrix element of the den-
sity matrix that is calculated according to the model
presented elsewhere [21, 49]; τik = τiτk/(τi + τk); τi

is the lifetime of the quasiparticle excitations in the
single-particle state i of the nucleus. It determines the
damping of single-particle motion. The value of τi is
calculated using the results of the theory of quantum
liquids [50] and the effective nucleon–nucleon forces
from [46]:

1

τ
(α)
i

=
√
2π

32�ε(α)
FK

(A.13)

×
[
(fK − g)2 +

1
2
(fK + g)2

]

×
[(

πTK

)2
+
(
ε̃i − λ

(α)
K

)2
]

×
[
1 + exp

(λ(α)
K − ε̃i

TK

)]−1

,

where

TK(t) = 3.46

√
E∗

K(t)
〈AK(t)〉

(A.14)

is the effective temperature determined by the amount
of intrinsic excitation energy E∗

K = E
∗(Z)
K + E

∗(N)
K

and by the mass number 〈AK(t)〉 (with 〈AK(t)〉 =
〈ZK(t)〉+ 〈NK(t)〉). In addition, λ(α)

K (t) andE∗(α)
K (t)

are the chemical potential and intrinsic excitation
energies for the proton (α = Z) and neutron (α =
N ) subsystems of the nucleus K(K = 1(projectile),
2(target)), respectively. Furthermore, the finite size of
the nuclei and the difference between the numbers of
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neutrons and protons makes it necessary to use the
following expressions for the Fermi energies [46]:

ε
(Z)
FK

= εF

[
1− 2

3
(
1 + 2f ′

K

)〈NK〉 − 〈ZK〉
〈AK〉

]
,

(A.15)

ε
(N)
FK

= εF

[
1 +

2
3
(
1 + 2f ′

K

)〈NK〉 − 〈ZK〉
〈AK〉

]
,

where εF = 37MeV,

fK = fin −
2

〈AK〉1/3
(fin − fex), (A.16)

f ′
K = f ′

in −
2

〈AK〉1/3
(f ′
in − f ′

ex),

and fin = 0.09, f
′
in = 0.42, fex = −2.59, f

′
ex = 0.54,

g = 0.7 are the constants of the effective nucleon–
nucleon interaction.
Finally, the rotational potential is

Vrot(R) = �
2 l(l + 1)
2µR2

. (A.17)

APPENDIX B

The angles between the symmetry axis of the pro-
jectile and target nucleus and the beam direction are
α1 and α2, respectively (Fig. 3 in [14]). The spherical
coordinate system O with the vector r and angles θ
and φ is placed at the center of mass of the target
nucleus, and the Oz axis is directed opposite to the
beam. In this coordinate system, the direction of the
vector R connecting the centers of mass of the in-
teracting nuclei has angles Θ and Φ. The coordinate
system is chosen so that the planes in which the
symmetry axes of nuclei are located cross the Oz line
and form an angle Φ. For head-on collisions, Θ = 0
and Φ = φ.
The nucleon distribution functions of interacting

nuclei in the integrand (A.3) can be expressed using
these variables in the same coordinate system O.
In the O system, the symmetry axis of the target

nucleus is turned through an angle α2, so its nucleon
distribution function is as follows:

ρ
(0)
2 (r) = ρ0

{
1 + exp

[
r − R̃2(β

(2)
2 , β

(2)
3 ; θ′2)

a

]}−1

,

(A.18)

R̃2(β
(2)
2 , β

(2)
3 ; θ′2) = R

(2)
0

(
1 + β

(2)
2 Y20(θ′2)

+ β
(2)
3 Y30(θ

′
2)
)
,

where ρ0 = 0.17 fm−3,

cos θ′2 = cos θ cos(π − α2)
3
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+ sin θ sin(π − α2) cos φ. (A.19)

The center of mass of the projectile nucleus is
shifted to the end of the vector R, and its symmetry
axis is turned by the angle π − α1. According to
the transformation formulas of the parallel transfer of
vectors, the variables of the transferred system O′ are
as follows:

r′2 = r2 +R2 − 2rR cos(ω12), (A.20)

cos(ω12) = cos θ cosΘ + sin θ sinΘ cos(φ− Φ),

cos θ′1 =
r cos θ −R cosΘ

r′
,

cosφ′
1 = (1 + tan2 φ′

1)
−1/2,

tan φ′
1 =

r sinφ sin θ −R sinΘ sinΦ
r cosφ sin θ −R sinΘ cos Φ

.

In the coordinate system O′, the deviation of the
symmetry axis of projectile nuclei relative to the O′z′

axis is determined by the angle

cos θ′′1 = cos θ′1 cos(π − α1) + sin θ′1 cosφ
′
1.
(A.21)

Now, the nucleon distribution function of the projec-
tile nucleus looks like

ρ
(0)
1 (r′) = ρ0 (A.22)

×
{
1 + exp

[
r′ − R̃1(β

(1)
2 , β

(1)
3 ; θ′1)

a

]}−1

,

R̃1(β
(1)
2 , β

(1)
3 ; θ′1) = R

(1)
0

(
1 + β

(1)
2 Y20(θ′1)

+β
(1)
3 Y30(θ′1)

)
.

The nuclear part of the nucleus–nucleus potential
was calculated by (A.3) using the folding procedure of
the effective nucleon–nucleon forces by Migdal [46]
with the nucleon distribution functions (A.18) and
(A.22) of interacting nuclei.

REFERENCES
1. B. B. Back, R. R. Betts, K. Cassidy, et al., Phys. Rev.
Lett. 50, 818 (1983).

2. B. B. Back, Phys. Rev. C 31, 2104 (1985).
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4. J. Tõke et al., Phys. Lett. B 142B, 258 (1984).
5. W. Q. Shen et al., Europhys. Lett. 1, 113 (1986).
6. W. Q. Shen et al., Phys. Rev. C 36, 115 (1987).
7. B. B. Back et al., Phys. Rev. C 32, 195 (1985).
8. B. B. Back, P. B. Fernández, B. G. Glagola, et al.,
Phys. Rev. C 53, 1734 (1996).

9. R. L. Hahn, K. S. Toth, Y. LeBeyec, et al., Phys. Rev.
C 36, 2132 (1987).

10. R. L. Hahn, K. S. Toth, C. Cabot, et al., Phys. Rev.
Lett. 42, 218 (1979).
P

11. A. C. Berriman, D. J. Hinde, M. Dasgupta, et al.,
Nature (London) 413, 144 (2001).

12. V. V. Volkov, N. A. Antonenko, E. A. Cherepanov,
et al., Phys. Lett. B 319, 425 (1993); Phys. Rev. C
51, 2635 (1995).

13. G. Giardina, F. Hanappe, A. I. Muminov, et al., Nucl.
Phys. A 671, 165 (2000).

14. G. Giardina, S. Hofmann, A. I. Muminov, and
A. K. Nasirov, Eur. Phys. J. A 8, 205 (2000).

15. W. J. Swiatecki, Phys. Scr. 24, 113 (1981); Nucl.
Phys. A 376, 275 (1982).

16. K. T. R. Davies, A. J. Sierk, and J. R. Nix, Phys. Rev.
C 28, 679 (1983).
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Abstract—The mechanism of fusion hindrance, an effect observed in the reactions of cold, warm, and
hot fusion leading to production of superheavy elements, is investigated. A systematics of transfermium
production cross sections is used to determine fusion probabilities. The mechanism of fusion hindrance
is described as a competition of fusion and quasifission. Available evaporation residue cross sections in
the superheavy region are reproduced satisfactorily. Analysis of the measured capture cross sections is
performed and a sudden disappearance of the capture cross sections is observed at low fusion prob-
abilities. A dependence of the fusion hindrance on the asymmetry of the projectile–target system is
investigated using the available data. The most promising pathways for further experiments are suggested.
c© 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION

In recent years, the heavy elements up to Z = 112
have been synthesized using cold fusion reactions
with Pb and Bi targets in the evaporation channel
with emission of one neutron [1]. Experimentalists
had to face a steep decrease in cross sections down to
the picobarn level due to increasing fusion hindrance,
whose origin was unclear. The same level of cross
sections has been reached in hot fusion reactions with
emission of 3–4 neutrons using 48Ca beams that
lead to synthesis of relatively neutron-rich isotopes
of elements 112, 114, and 116 [2–5]. Again, fusion
hindrance was observed. The possibility of describing
fusion hindrance in both cold and hot fusion in a
unified way as a competition between formation of
the compound nucleus and a fast-fission-like process
(quasifission) was suggested in our article [6] using a
simple phenomenological model. A comparison of the
recent experimental results to the results of the model
calculation is provided in the present article. Further-
more, additional investigations on the nature of the
fusion process are carried out using available data on
capture cross section. An additional dynamical fusion
hindrance is predicted based on available experimen-
tal evaporation residue data from the reactions where
heavy nuclei are produced in the symmetric projec-
tile–target combinations approaching the asymmetry
of the fission channel.

∗This article was submitted by the author in English.
**e-mail: fyzimarv@savba.sk
1063-7788/03/6606-1086$24.00 c©
STATISTICAL MODEL FOR COMPETITION
OF FUSION AND QUASIFISSION

In our previous article [6], we presented a sim-
ple statistical model for the description of production
cross sections of superheavy nuclei in a wide range
of excitation energies including cold, warm, and hot
fusion. The model assumes that the fusion hindrance
observed in cold fusion reactions, where only one neu-
tron is emitted prior to the formation of evaporation
residue (ER), can be explained by the competition of
fusion with a fast fission-like process which can be
identified with quasifission. It is not obvious what the
role is of a traditional saddle configuration, used in de-
scription of fusion–fission, in quasifission. Therefore,
the scission configuration was chosen as a final state
in the fission channel. Then, the fusion probability can
be expressed using the level densities in compound
and scission configurations as

P stat
fus =

ρ(E∗
CN)

ρ(E∗
CN) + ρ(E∗

sc,eff)
. (1)

The excitation energy in the scission configuration
is estimated empirically using the systematics of
postscission neutron multiplicities. Proportionality of
the number of neutrons emitted from the fission frag-
ments to the intrinsic excitation energy in the scission
configuration is assumed. Then the excitation energy
in the scission configuration can be expressed as

E∗
sc,eff = (νs.fn (ACN) + ∆νn(E∗

CN))En. (2)

The multiplicity of emitted neutrons in the sponta-
neous fission of heavy nuclei νs.fn (ACN) is approx-
imated by a linear extrapolation of the available
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. Optimum values of parameter C necessary to reproduce experimental cross sections of hot fusion reactions (closed
symbols) as a function of atomic number of residual nuclei. Open symbols are for cold fusion reactions.
spontaneous fission neutron multiplicity data to given
ACN,

νs.fn (ACN) = 3.316 + 0.0969(ACN − 250). (3)

An additional increase in the postscission neutron
multiplicity at a given excitation energy ∆νn(E∗

CN)
can be expressed approximately as

∆νn(E∗
CN) = 0.035E∗

CN, (4)

as follows from the available postscission neutron
multiplicity data [7]. A proportionality factor En is
the amount of intrinsic excitation energy per emitted
neutron. This is a free parameter and it was estimated
from the systematics of production cross sections of
transfermium nuclei produced in cold and hot fusion.

The unhindered fusion cross sections have been
calculated using a one-dimensional WKB approxi-
mation with a Gaussian barrier width distribution [8]
implemented in the statistical code HIVAP [9]. Such
an approximation proved quite successful despite its
simplicity. The depth of the nuclear potential well
is taken as V0 = 40 MeV, the half-density radius is
taken as r0 = 1.11 fm, and the diffuseness is set to
d = 0.75 fm. The width of barrier distribution ranges
from 3% for reactions with the doubly magic nucleus
208Pb to 5% for reactions with heavy deformed nuclei
away from the shell closure.

The survival probabilities were calculated using a
conventional statistical calculation. The competition
of fission vs. particle emission was calculated using
a modified version of the HIVAP code [9] with fission
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
barriers expressed as [10]

Bf (l) = C(BLD
f (l) + ∆Bshell

f ). (5)

The liquid-drop component of the fission barrier
(BLD

f ) has been calculated according to the rotat-
ing charged liquid-drop model of Cohen–Plasil–
Swiatecki [11]. The shell component of the fission
barrier (∆Bshell

f ) has been approximated by a value
of the ground-state shell correction taken from the
calculation of Möller et al. [12]. Such an approxi-
mation for the fission barriers proved successful for
description of the ER cross sections in the region
around neutron shell closure N = 126, where the
parameter C proved to be virtually constant for a
large set of ERs with values of the ground-state shell
correction ranging from zero up to 8 MeV [10].

The shell corrections for transfermium nuclei are
expected to be within the same range, while the
liquid-drop fission barriers are virtually zero. The op-
timum values of parameter C necessary to reproduce
experimental cross sections of the ERs with Z > 100
are given in Fig. 1 as a function of atomic number.
One can see that the optimum values of C for the hot
fusion reactions remain stable within Z = 102–110.
The value of C = 0.8–0.9 is higher when compared
to the N = 126 region and this difference could be
most probably attributed to differences of saddle point
configurations in both regions.

Unlike for the hot fusion products, the optimum
values of the parameter C for the cold fusion re-
actions with a 208Pb target increasingly fall out of
the systematics at Z > 104, which can be attributed
3
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Table 1. Comparison of several recently reported produc-
tion cross sections of elements with Z > 110 [2–5] to the
predictions published in [6]

Reaction
Experiment Calculation

ER σER, pb ER σER, pb
48Ca + 238U 283112 5 283112 1.5
48Ca + 242Pu 287114 2.5 286114 0.25
48Ca + 244Pu 288114 0.7 287114 0.1
48Ca + 248Cm 292116 0.3 291116 0.01

to emerging competition of fusion with quasifission.
Thus, the fusion probabilities for cold fusion were
obtained by comparing the measured evaporation
residue cross sections with those calculated using C
from the hot fusion systematics. The parametrization
En = 3.795 + 0.04(ACN − 260) for the parameter in
the formula (2) was obtained and used in further
calculation for nuclei with Z > 110.

The alternative scenario of the fusion hindrance
originating from tunneling through the barrier in the
subbarrier region seems to be in contradiction with
experimental ratios of the cross sections in 1n and
2n evaporation channels of reactions with a 208Pb
target [1], which increase from about 0.1 for 48Ca
beam (Z = 102) to 10 for 58Fe beam (Z = 108). Such
a situation suggests that, even at excitation energies
corresponding to the 1n channel, the reaction cannot
be considered as a subbarrier type.

Table 1 gives the production cross sections of
several new superheavy nuclei [2–5], reported since
our initial article [6] was published, compared to the
maximum evaporation residue cross sections in xn
channels estimated in [6]. No angular momentum
dependence for description of the scission point was
assumed, and the cross sections were evaluated at
the maxima of the excitation functions obtained from
statistical calculations with no fusion hindrance as-
sumed. One can see that the calculation predicted
production cross sections rather well for the reaction
48Ca+ 238U. For heavier systems the estimated cross
sections are lower by up to one order of magnitude
since the calculation exhibits a systematic shift in the
dominating xn ER channel toward a higher number
of emitted neutrons. The discrepancy observed can
be attributed to the simplification used in the initial
calculation, where the unhindered maximum produc-
tion cross sections obtained using the HIVAP code
were multiplied by the fusion probabilities with no
angular momentum dependence assumed. Recently,
the calculation was corrected [13] by implementing
P

Table 2.Comparison of recently reported production cross
sections of elements with Z > 110 [2–5] to the results of
the improved calculations [13]

Reaction Elab, MeV ER
σER, pb

exp. calc.
48Ca + 238U 231 283112 5 4
48Ca + 238U 238 282112 ≤7 8
48Ca + 242Pu 235 287114 2.5 1.5
48Ca + 244Pu 236 288114 0.7 2.0
48Ca + 248Cm 240 292116 0.3 0.1

an angular momentum in the description of the com-
pound nucleus and scission configuration and by in-
troducing the fusion probability calculation for each
partial wave into the HIVAP code. The moment of
inertia of symmetric touching rigid spheres was used
for the scission configuration. An improved version
of the HIVAP code uses the fusion probability for
each partial wave as a multiplication factor to the
unhindered fusion cross section. This allows one to
obtainmore realistic shapes of excitation functions for
ER channels.

Table 2 again gives the production cross sections
of the recently synthesized superheavy nuclei com-
pared to the results of an improved calculation [13].
The production cross sections track quite well with
the reported ones. The new calculation reproduces
reasonably well not only the absolute values but also
the positions of the maxima and thus promises a pos-
sibility for further estimates. Concerning the recently
reported [14] (and more recently corrected [15]) ex-
perimental results from the reaction 86Kr + 208Pb, the
calculation (as published in [13]) led to an estimated

Table 3. Predictions of production cross sections of ele-
ments with Z > 116 calculated using improved calcula-
tion [13] (reactions of stable beams with stable or long-
lived targets have been taken into account)

Reaction E∗, MeV ER σER, pb
48Ca + 249Cf 47 293118 0.1
48Ca + 249Cf 52 292118 0.25
48Ca + 252Cf 46 296118 0.02
48Ca + 252Cf 53 295118 0.03
58Fe + 238U 48 292118 0.2
58Fe + 244Pu 56 297120 0.007
64Ni + 238U 56 297120 0.007
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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mation with a Gaussian barrier distribution [8] (curves). Data from five different reactions are presented. The width of barrier
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production cross section for the 1n channel of approx-
imately 10−4 pb. Such a value was in contradiction
with the initial experimental cross section value of
2.2 pb [14], but it is consistent with the corrected ex-
perimental results. As stated above, the parametriza-
tion of En used was obtained using data from cold
fusion only, and thus the estimated cross section for
cold fusion is practically just an extrapolation of the
cross-section trend. In any case, significant success
of the extrapolation when used for hot fusion reac-
tions virtually justifies its validity also for cold fusion
reactions. Therefore, the cold fusion reactions do not
seem to offer much promise for further progress in the
synthesis of superheavy nuclei.

In Table 3, predictions are given for several reac-
tions that may lead to the synthesis of even heavier
nuclei. An improved calculation [13] was used in this
case. Only reactions of stable beams with stable or
long-lived targets have been taken into account. The
reactions 48Ca + 249Cf and 58Fe + 238U give promise
for the synthesis of the isotope 292,293118 on the cross
section level of 0.1–0.2 pb, which seems to be an
experimental limit for the foreseeable future. Com-
pared to the system 58Fe + 238U, the choice of heavier
projectile 64Ni or target 244Pu leads to the drop in
cross section by one and a half orders of magnitude.
It is necessary to note that the quality of the estimate
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
directly depends on the prediction of the masses and
ground-state shell corrections [12] used in the cal-
culation. The results given in Table 2 suggest that
the masses and ground-state shell corrections used
are quite realistic. Nevertheless, any discrepancies
in further extrapolation will affect the cross-section
estimates significantly.
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CAPTURE CROSS SECTIONS

In order to understand the competition of fusion
and quasifission, it is of great interest to investi-
gate also the measured cross sections of fusion–
fission and quasifission. Such an analysis was per-
formed on the data on measured capture cross sec-
tions [16] (defined in the experiment as the cross sec-
tion of the fission events with the total kinetic energy
(TKE) and fragment masses outside of the quasi-
elastic/deep-inelastic region of the TKE vs. mass
matrix). The experimental setup used was optimized
to detect fusion–fission for each specific reaction. A
comparison of the experimentally determined capture
cross sections [16] to the calculated unhindered fu-
sion cross sections [8] and fusion probabilities [6, 13]
is presented in Figs. 2 and 3. As one can see from
Fig. 2, the calculated fusion cross sections track very
well with the measured capture cross sections for
the reactions 48Ca + 208Pb and 58Ca + 208Pb. For
the heavier systems, the measured capture cross sec-
tions become smaller than the calculated fusion cross
sections. Such an effect appears to increase with a
decrease in the excitation energy of the compound
nucleus. One can assume that such a discrepancy
P

can be related to a decrease in the fusion probabil-
ity for the heavier systems. Such an assumption is
examined in Fig. 3, where the ratio of the measured
capture cross sections to the calculated unhindered
fusion cross sections is represented as a function
of the fusion probability calculated as in [13]. One
can observe a surprising abrupt disappearance of the
measured capture cross section at fusion probabil-
ities below 10−6. Such an abrupt disappearance of
the measured capture cross section when compared
to the calculated fusion cross section seems to be
rather global, and it may indicate a dramatic change
in the properties of reaction products due to differ-
ent dynamical evolution. A possibility of explaining
the trend qualitatively is presented in Fig. 4 in the
framework of a “toy model” mimicking a competition
of multistep dynamical evolution toward fusion with
a possibility of irreversible exit into the quasifission
channel at each step. Fusion probability is treated
as a product of N elementary subprobabilities P (i)
corresponding to elementary steps of the evolution
toward fusion. The probability for the first step P (1)
is assumed to be one, later the probability decreases
linearly until it reaches a minimum halfway toward
fusion, then the probability starts to increase linearly,
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Fig. 5. Comparison of the measured [18, 19] and calculated evaporation residue cross sections for several symmetric systems.
and the probability of the last step is again assumed
to be one. At each step, the quantity 1− P (i) can be
considered as the probability of exit into the quasi-
fission channel. The resulting exit channel probabil-
ity density of fusion–quasifission competition with
100 steps is superimposed onto the exit channel prob-
ability density of another process with the exit channel
probability density quickly exponentially decreasing
with step number. The latter process is considered
10 times more frequent. Such a procedure can simu-
late an interplay with the quasi-elastic/deep-inelastic
reactions occurring at the partial waves close to the
grazing angular momentum (and thus with higher
cross section). As one can see, with decreasing fusion
probability, the exit channel probability densities of
the two processes increasingly overlap and at some
point cannot be decomposed anymore. This can be
a qualitative explanation for the situation in Fig. 3,
where the measured capture cross section initially
tracks with the calculated fusion cross section, but at
some point this correspondence is abruptly disrupted.
In the realistic process leading to either fusion or
quasifission, the concentration of the probability den-
sity at the early stage of dynamical evolution may lead
to kinematic properties of the fission fragments very
different from fusion–fission. Such fragments can be-
come undetectable using a given experimental setup
optimized for detection of fusion–fission products. In
any case, the disappearance of the measured capture
cross sections in a given case can be understood as
a signature of the interconnection of the fusion and
the quasifission processes within the concept of their
competition during the multistep dynamical evolution
of the system.
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
SYMMETRIC SYSTEMS

Of great interest for the future prospects of syn-
thesis of superheavy nuclei is the understanding of
reaction dynamics in the case where both projectile
and target are of comparable size. In order to inves-
tigate a possible fusion hindrance originating from
increasing symmetry of the projectile–target system,
we compared the calculated ER cross section in the
four reactions leading to compound nucleus 246Fm
to the experimental cross sections from the work of
Gäggeler et al. [17]. The calculation used was identi-
cal to [13]. The result is presented in Table 4. When
looking at the results and taking into account the
systematics in Fig. 1, where fusion hindrance occurs
for cold fusion of compound nuclei with Z > 104, one
can assume that there appear to exist additional fu-
sion hindrances which emerge with increasing sym-
metry of the reaction.

Table 4. Comparison of the calculated ER cross section in
the four reactions leading to compound nucleus 246Fm to
the experimental cross sections from the work of Gäggeler
et al. [17]

Reaction
σ2n, nb

exp. calc.
40Ar + 206Pb 3 1
76Ge + 170Er 1 19
86Kr + 160Gd <0.3 26

136Xe + 110Pd <0.2 40
3
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In order to understand the possible nature of such
hindrances, we carried out an analysis of the data in
the Pb–U region [18, 19]. Using the fusion model
with WKB and Gaussian barrier distribution [8]
and fission channel parameters from the systematics
for a given region [10] (C ≈ 0.65), we observe an
interesting behavior (see Fig. 5). For the reaction
100Mo + 100Mo, the ER cross section is described
well. In the transition to 110Pd + 110Pd, there is an
increasing hindrance at low excitation energies. The
hindrance factor seems to increase with decreasing
excitation energy. To some surprise, the same effect
can also be seen in the transition from 100Mo+ 100Mo
to 100Mo + 92Mo (lighter system but with higher
fissility). Also of interest is the fact that experimental
cross-section data for Pd + Ru and Pd + Pd systems
are only in the region above the calculated fusion
barrier, where calculated fusion cross sections remain
stable but disappear in the subbarrier region, where
calculated cross sections start to drop quickly.

In order to test the fusion cross-section model,
the measured and calculated xn ER cross sections
for four systems leading to the compound nucleus
220Th (40Ar + 180Hf [20], 124Sn + 96Zr [21], 48Ca +
172Yb, and 70Zn + 150Gd [22]) are given in Fig. 6. The
calculations have been performed using the HIVAP
code. The barrier distribution widths [8] used comply
with the usual prescription (5% for Ar + Hf, Ca +
Yb, and Zn + Gd since the (heavy) target is deformed
and 4% for Sn + Zr since the (heavier) projectile
is close to spherical). The shapes of xn excitation
functions are reproduced reasonably well, especially
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Fig. 7. Comparison of the measured [20, 21, 24–27] and
calculated maximum xn evaporation residue cross sec-
tions for several systems leading to various Th compound
nuclei.

the ascending/barrier part, and the maxima of xn
excitation functions are reproduced acceptably. The
fission barrier scaling parameter C [10] was equal for
Ar +Hf and Ca + Yb (C = 0.67) and for Zn +Gd and
Sn + Zr (C = 0.61). The discrepancy in C is not fully
compliant with the concept of a compound nucleus,
since it should be the same in all cases. Most prob-
ably, it is caused by the irregularities in alpha emis-
sion, where, especially in the symmetric systems, the
memory of the entrance channel (e.g., deformation)
may lead to enhanced emission of alpha particles and
thus to reduction of xn cross sections. Experimental
alpha-particle emission spectra [23] suggest alpha-
emission barriers of about 90% of the alpha-particle
fusion barrier, which is also used in calculations, but
such a prescription is rather simplistic and may not
account for dynamical effects in symmetric reactions.
Apart from entrance channel memory, an admixture
from incomplete fusion channels with emission of
alpha particles is also possible. More detailed data
will be necessary for complete understanding of the
phenomena. In any case, the description of the fusion
barrier by the approximation employed can be consid-
ered adequate.

Further comparisons of the calculated and exper-
imental evaporation residue cross sections for reac-
tions leading to various Th compound nuclei are given
in Fig. 7. The maximum cross sections for various xn
evaporation channels are considered. For the com-
pound system 214Th, where one can see a strong hin-
drance for the reaction 110Pd + 104Ru (see Fig. 5), the
same cannot be concluded for the reaction 124Sn +
90Zr [24]. Also, for Th compound nuclei ranging from
214Th to 222Th, no hindrance can be observed for re-
actions including 32S+ 182W [25], 60Ni + 154Sm [25],
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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64Ni + 154Sm [26], and 86Kr + 136Xe [27]. For 86Kr +
136Xe data, the xn cross sections are virtually con-
stant from the 1n to the 6n channel, which is in
conflict with extrapush theory [28]. As in the previous
case, the fission barrier scaling parameter C varied
from 0.6 to 0.67 and emission barriers were 10% lower
than fusion barriers for a given light charged particle.
The widths of the fusion barrier distribution were
consistent with the above prescription. As one can see
fromFigs. 6 and 7, a statistical model calculationwith
fission barriers compliant with formula (5) (giving an
equally good description for nuclei with and without
strong ground-state shell corrections [10]) and with
the fusion cross section calculated using the one-
dimensional WKB approximation with fusion barrier
distribution provides a very consistent description of
the ER cross sections virtually without using free
parameters. No fusion hindrance can be observed for
a wide range of compound nuclei. Thus, one can con-
clude that the fusion hindrance in the Th region takes
place only for the reactions leading to highly fissile
compound nuclei with projectile–target asymmetry
in a narrow region close to zero.

When looking for an explanation of the above be-
havior, one can turn attention to the properties of the
fission fragments in the given region. Recent studies
of low-energy fission in Ac–U region [29, 30] show
that there is a systematic transition from asymmetric
to symmetric fission around the mass 222–226. The
Th compound nuclei studied above all fall into the
region with symmetric fission mode. Thus, one can
assume that an additional fission hindrance appears
when the asymmetry of the fusion channel is close
to the asymmetry of the fission channel. There, one
can assume that immediate fission is highly favored
dynamically over the long evolution toward fusion.
For the heavier nuclei with masses above 226, the
dominant fission mode at low excitation energies is
the mode where one fragment (heavier one for lighter
nuclei and lighter one for very heavy nuclei) is of the
mass approximately 132 and the mass of the other
fragment increases linearly with themass of fissioning
system [16]. The reaction 136Xe + 110Pd studied by
Gäggeler et al. [17] is virtually an inverse fission and a
dynamical fusion hindrance can be understood there.
The reactions 76Ge + 170Kr and 86Kr + 160Gd are
far away from the main fission mode but still match
the superasymmetric mode (with the maximum yields
of light fragments positioned around 82Ge), which
is usually necessary to reproduce the experimental
mass distributions [31]. Thus, the knowledge of fis-
sion modes in the transfermium region seems to be
essential information for the study of fusion prob-
ability. An interesting test for such an assumption
would be a reaction 132Sn + 96Zr leading to com-
pound nucleus 228Th, which fissions asymmetrically,
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
and thus it would be an inverse fission again and
hindrance factors should appear. The nonhindered
cross sections can be expected to be in the millibarn
region, so already a relatively moderate beam of 132Sn
may be sufficient to show discrepancy. The use of a
radioactive beam is essential in this case since no
symmetric combination of a stable beam and target
appears to reach Th isotopes beyond 222.

SUMMARY AND CONCLUSIONS

In summary, the possibilities for synthesis of new
superheavy elements using stable or long-lived pro-
jectiles and targets seem to be rather restricted. The
parametrization of model parameters able to repro-
duce existing experimental results predicts a possi-
bility of synthesizing isotopes of element 118 in hot
fusion reactions at the cross section level of 0.1 pb.
Concerning the nature of the process, the analysis
of the measured cross sections suggests that the
competition of fusion and quasifission is a multistep
dynamical process and that the low fusion probability
is consistent with the fast reseparation of the react-
ing system even at low partial waves. For symmetric
systems where the asymmetry of the projectile–target
combination approaches the asymmetry of the fission
channel, an additional fusion hindrance caused by
dynamical dominance of immediate reseparation into
the fission channel over a long evolution toward com-
plete fusion seems to take place. Such a dynamical
hindrance can strongly reduce the possible pathways
toward superheavy elements. Knowledge of fission
fragment asymmetry seems to be essential for further
studies of synthesis of superheavy elements.
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Abstract—The dependence of the cold driving potential on the deformation of the incoming target and
projectile is investigated in the case of the synthesis of the superheavy nuclei 256No, 286112, 292114,
296116, and 306122. The occurrence of valleys in the driving potential as a function on the interfragment
distance and the mass asymmetry is studied for different fixed orientations of the colliding nuclei such
as the pole–pole, pole–equator, equator–equator, and equator–equator-crossed and compared to the
case when the nuclei are assumed to be spherical or when the potential is averaged over the orientation.
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1. INTRODUCTION

The cold fusion configuration after the capture
took place and before the mass transfer between the
colliding emergent nuclei is initiated can be pictured
as a long- or short-lived dinuclear or quasimolecular
system [1].

It was advocated a long time ago that, in the
collision between a deformed target and a spherical
projectile, the most favorable orientation of the de-
formed nucleus is the one in which its symmetry axis
intersects the center of the spherical partner because
it leads to a substantially lower fusion barrier than
expected for a spherical nucleus of equal mass [2].
Thus, fusion becomes possible at lower bombarding
energies, the probability for producing cold com-
pound nuclei being enhanced.

More recently, it was invoked that fusion of two
well-deformed nuclei in an equatorial–equatorial and
equator–equator twisted orientation has been envi-
sioned because such a configuration could be more
compact than all other orientations of the two de-
formed nuclei [3].

There is no doubt that the way in which the super-
heavy elements are synthesized is also dependent on
particular deformations and orientations, as already
noted in [3]. In analogy to the cold fission of 252Cf, we
investigate the role of the fragment deformations and
orientations on the driving potential of the superheavy
nuclei 256No, 286112, 292114, 296116, and 306122.

∗This article was submitted by the authors in English.
**e-mail: misicu@th.physik.uni-frankfurt.de
1063-7788/03/6606-1095$24.00 c©
2. DEFORMATION-DEPENDENT DRIVING
POTENTIAL

The basic ingredient in the driving potential is
represented by the heavy-ion interaction between the
projectile and the target with densities ρ1 and ρ2 and
center of masses separated by the distance R, which
is computed with the double-folding integral method
(see [4] and references therein),

V (R) =
∫
dr1

∫
dr2ρ1(r1)ρ2(r2)v(s), (1)

where s = R + r2 − r1.
Considering that the orientation of each nucleus

is specified by the Euler angles ωi = (αi, βi, γi) as
shown in Fig. 1 and assuming that the molecular axis
is fixed in space, we arrive at the following expression
of the projectile–target potential [5]:

V (R) =
1
2

∑
λiµ

V µ−µ0
λ1λ2λ3

(R)(1 + (−1)λ1+λ2−λ3) (2)

× cosµ(α2 − α1)dλ1
µ0(β1)dλ2

−µ0(β2)

+
1
2

∑
λiµ

V µ−µ0
λ1λ2λ3

(R)(1− (−1)λ1+λ2−λ3)

× sinµ(α2 − α1)dλ1
µ0(β1)dλ2

−µ0(β2),

where

V µ1µ2µ3

λ1λ2λ3
(R) =

1
(2π)3

iλ1−λ2−λ3 λ̂1λ̂2λ̂
2
3 (3)

×


λ1 λ2 λ3

0 0 0




λ1 λ2 λ3

µ1 µ2 µ3


Fλ1λ2λ3(R)
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and Fλ1λ2λ3(R) is an oscillating integral whose in-
tegrand contains the multipolar components of the
Fourier transforms of the projectile density (multi-
polarity λ1) and target density (multipolarity λ2), a
spherical Bessel function jλ3 , and the Fourier trans-
form of the nucleon–nucleon potential. Due to the 3-
j coefficient occurring in Eq. (3), with all the angular
momentum projections equal to zero, the angular
momenta must fulfill λ1 + λ2 − λ3 = even condition,
otherwise the 3-j coefficient equals zero. Thus, the
last sum in Eq. (2) cancels and the final expression of
the double-folding potential reads

V (R) =
∑
λiµ

V µ−µ0
λ1λ2λ3

(R) cos µ(α2 − α1) (4)

× dλ1
µ0(β1)dλ2

−µ0(β2).

A very frequent way of considering the orientation
of the projectile relative to the target when fusion is
initiated is given by the so-called pole-to-pole (p–p)
P

or nose-to-nose configuration [6]. In this case, α1 =
α2 = 0 and β1 = β2 = 0, and Eq. (4) becomes

V (R) =
∑
λi

V 000
λ1λ2λ3

(R). (5)

This configuration also arises in fission when the frag-
ments are strongly polarized due to the nuclear forces
and, accordingly, their symmetry axes are aligned.
Only fluctuations around this axial symmetry config-
uration are allowed [7]. This is justified experimentally
by the small forward anisotropy of the angular distri-
bution of prompt γ rays.

As discussed in [3], for fusion reactions, there are
also other relevant configurations. In the equator–
equator (e–e) or belly-to-belly orientation, the axi-
ally symmetric fragments are in touching with their
symmetry axis parallel to each other. Then α1 = α2 =
0, β1 = β2 = π/2, and the potential along the radial
coordinate reads
V (R) =
∑
λiµ

(−1)
λ1+λ2

2

√
(λ1 + µ− 1)!!(λ1 − µ− 1)!!

(λ1 + µ)!!(λ1 − µ)!!
(λ2 + µ− 1)!!(λ2 − µ− 1)!!

(λ2 + µ)!!(λ2 − µ)!!
(6)

× δλ1+λ2,evenδµ,evenV
µ−µ0
λ1λ2λ3

(R).

In the pole–equator (p–e) or the nose-to-belly orientation, α1 = α2 = 0, β1 = 0, and β2 = π/2. Hence,

V (R) =
∑
λi

(−1)λ2/2

√
(λ2 − 1)!!
λ2

δλ2,evenV
000
λ1λ2λ3

(R). (7)

In the equator–equator-crossed (e–c) orientation α1 = 0, α2 = π/2, and β1 = β2 = π/2, and the heavy-ion
potential reads

V (R) =
∑

λi−even
µ−even

(−1)
λ1+λ2+µ

2

√
(λ1 + µ− 1)!!(λ1 − µ− 1)!!

(λ1 + µ)!!(λ1 − µ)!!
(λ2 + µ− 1)!!(λ2 − µ− 1)!!

(λ2 + µ)!!(λ2 − µ)!!
(8)

× δλ1+λ2,evenδµ,evenV
µ−µ0
λ1λ2λ3

(R).
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To illustrate in a very simple way the influence of
the orientation in fusion, we consider the projectile–
target system 238U + 48Ca used in the synthesis of
the superheavy nucleus 286112 [8], with the symmetry
axes found in the same plane. In this case, the only
degree of freedom describing the relative orientation is
given by the angle β2 ≡ θ between the molecular axis
and the symmetry axis of the target. As one can see in
Fig. 2, for each orientation of the 238U target, pockets
in the heavy-ion potential are possible. The difference
is that the barrier increases with θ up to approximately
60◦; afterward, the barrier decreases slightly. Cold fis-
sion is a reaction characterized by only one energy for
each given fragmentation, i.e., the decay energy, and
the scission configuration is shown to be of the type
p–p [9]. This configuration minimizes the difference
between the height of the Coulomb barrier and the Q
value and, consequently, the tunneling probability. In
cold fusion, when the projectile and target collide at
different orientations, a certain range of values of the
bombarding energy should be envisaged. For bom-
barding energies that are noticeably higher than the
height of the p–p barrier, the fragments can scatter
without undergoing mutual capture. When collision
takes place for nonaxially symmetric configurations,
the capture probability for higher energy will dom-
inate over the one for lower energy. The essence of
Fig. 2, in our opinion, is that a certain energy can
lead to a hot fusion process for a p–p orientation, but
for another one, say e–e, it can rather lead to a cold
fusion process.

In the middle of the 1970s, one of us (W.G.) and
collaborators proposed a method to determine the
optimal projectile–target combinations for the syn-
thesis of superheavy elements [10–12]. In that ap-
proach, we calculated the potential energy surface of
a given compound nucleus for all possible projectile–
target combinations as a function of the mass and
charge asymmetries, η = (A1 −A2)/(A1 +A2) and
ηZ = (Z1 −Z2)/(Z1 + Z2), at the touching pointRc,
i.e., the point where the assumed spherical fragments
come into contact and they interact only by means
of the Coulomb force. The charges of the target and
the projectile were determined by requiring that, for a
fixed η, the potential V (R, η, ηZ) attains a minimum
in the ηZ direction; i.e., for every fixed mass pair
(A1, A2) a single pair of charges is determined among
all possible combinations. Next, minima of the po-
tential on the two-dimensional (R, η) landscape were
sought. From here, a criterion was inferred for cold
fusion; i.e., the deep minima of the two-dimensional
function V (R, η) correspond to the projectile–target
combinations where the compound nucleus has a
minimum of excitation and deexcites to the ground
state with the emission of a couple of neutrons.
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 2. The heavy-ion potential for the 238U + 48Ca
system in four different orientations of the projectile, i.e.,
θ = 0◦ (pole–pole), 30◦, 60◦, and 90◦(equator–equator).

It is a well-understood fact that the mass-asym-
metry valleys which appear in the fragmentation po-
tential are due to the shell effects. They are responsi-
ble for the maximum of cross sections for the same
compound system obtained by different projectile–
target combinations. It was advocated in [13], using
the framework of fragmentation theory, that, due to
the existence of different mass-asymmetry valleys for
the same compound system, a new, highly asymmet-
ric fission mode appears in which one of the fragments
is close to the doubly magic nucleus 208Pb. In all
these calculations from the mid-1970s, the projectile
and the target are considered to be spherical and
therefore the orientation plays no role.

In what follows, we consider only the s channel
in the fusion reactions; i.e., the orbital angular mo-
mentum is 0, and projectile and target are allowed to
approach each other with various orientations speci-
fied by the Euler angles ωi = (θi, φi), i = 1, 2. In order
to avoid confusion between the second Euler angle
and the deformation, we introduced a new notation
for the angles (α, β), that is, (φ, θ). Then, the driving
potential is defined as [14]

Vdriv (9)

= V (R,Z1, A1, {β(1)}2,3,4, {β(2)}2,3,4, ω1, ω2)
+B1 +B2 −BCN.

Here, B1, B2, and BCN are the binding energies
of the projectile, target, and compound superheavy
nucleus. The driving potential also depends on the
charges, masses, the distance between the centers of
mass of the two nuclei, mutual orientations, and the
quadrupole, octupole, and hexadecapole deformations
through the heavy-ion potential V defined in (4).

In the study of formation of dinuclear molecules,
when the target is deformed and the projectile is
3
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Fig. 3. Surface plot of the driving potential as a function
of the projectile mass A1 and the radius for the ele-
ment 256No. Upper panel corresponds to spherical nuclei,
whereas the lower panel corresponds to deformed frag-
ments in pole–pole orientation.

spherical, the subbarrier fusion cross section is com-
puted by replacing the deformed nucleus with a series
of spherical nuclei of different radii [15, 16]. The po-
tential is then averaged over the angles of orientation
to get an effective potential. In the present case, when
both projectile and target can be deformed, the aver-
aging formula reads

V̄driv =
∫
Vdriv(ω1, ω2)dω1dω2∫

dω1dω2
. (10)

A simple evaluation of the above integral using
the multipolar decomposition of the double-folding
potential (4) leads us to the result that the orien-
tation-averaged driving potential V̄driv coincides with
the monopolar component of the driving potential.
For this reason, we expect similarities between the
orientation-averaged driving potential of two de-
formed nuclei and the driving potential in the approx-
imation of spherical nuclei.

We follow the same procedure as in [10] and search
first for minima of the driving potential in the land-
scape (Z1, Z2) for a fixed mass pair (A1, A2). As a
result, we obtain for each orientation (ω1, ω2) the
driving potential as a function of the center-to-center
distance R and the mass number of the projectile
(target).
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Fig. 4. Contour plot of the driving potential as a func-
tion of the projectile mass A1 and the radius for the
element 256No. Upper panel corresponds to spherical
nuclei, whereas the lower panel corresponds to deformed
fragments in pole–pole orientation.

3. COLD VALLEYS OF SUPERHEAVY
NUCLEI

As a case study, we compute the cold fusion driv-
ing potentials of the superheavy nuclei 256102, 286112,
292114, 296116, and 306122, which were recently in-
vestigated by the group from FLNR, Dubna [17]. The
target nuclei 208Pb, 238U, 244Pu, and 248Cm were
bombarded with 48Ca projectiles for the first four su-
perheavy nuclei mentioned above. For element 122,
the projectile 56Fe was used to bombard 248Cm. For
256102, the mass distribution contains a broad peak
centered on the symmetric region and a very asym-
metric narrow but high peak centered apparently on
48Ca. For the other four investigated superheavy nu-
clei, it was observed that the mass distribution of
fission fragments of compound nuclei is asymmetric
in shape with the light fragment mass on average
being 132–134.

3.1. The Nucleus 256No
As a function ofR andA1, the driving potential (9)

is represented in Fig. 3 as a surface plot and in
Fig. 4 as a contour plot. The upper panel corresponds
to the case with spherical fragments, and the lower
one to deformed nuclei and in p–p orientation. The
differences between the spherical and the deformed
case are noticeable. First of all, switching on the
deformation induces valleys that are not found in the
spherical case. The symmetric valley that occurs for
spherical fragments is replaced by an asymmetric
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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valley. As can be inferred from the contour plot, the
valley corresponding to 48Ca survives in both cases.

In Fig. 5, we represented a cut along the mass-
asymmetry coordinate of the driving potential. In
the upper panel, we compare the spherical, average-
oriented, and p–p cases. The first two cases are
very similar and the main valleys associated to
them are 48Ca + 208Pb and 124Sn + 132Te. In
between, there is a weakly developed valley centered
on 80Ge + 176Yb. In the cluster radioactivity region,
we note the valleys of 14C, 24Ne, and 34Si.

The p–p orientation produces a different structure
of valleys. The symmetric valley vanishes and its place
is taken by a very pronounced valley centered on Mo–
Zr. In a cold compound fission yield mass distribution,
one should see high yields in this region. The fission
mass distribution observed in the recent experiment
from Dubna at excitation energy E∗ ≈ 33 MeV pro-
vides a pattern that better resembles the other two
cases, i.e., spherical and orientation-averaged.

In the lower panel of Fig. 5, we compared the four
deformed cases, i.e., p–p, p–e, e–e, and e–c. The
e–e case bears many similarities to the spherical and
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
orientation averaged cases, the valleys of Pb and Sn
being even more pronounced.

3.2. The Nucleus 286112

From the inspection of the driving potential con-
tour plot of the nucleus 286112 (see Fig. 6), we ob-
serve changes in the structure of minima compared
to 256No. In Fig. 7, we represented a cut along the
mass-asymmetry coordinate of the driving potential.

From the inspection of Fig. 7, we note the differ-
ences in the driving potential when the target and the
projectile are spherical and when they are deformed.
In all the calculations, we included quadrupole, oc-
tupole, and hexadecapole deformations. The Ca valley
(with heavy partner U) is more pronounced when
one takes spherical fragments or when the fragments
come into contact in e–e or e–c orientations. The
valleys corresponding to the cluster radioactivity (su-
perasymmetric valleys) occur with some differences:
for p–p, the most pronounced are 14C, 22Ne, and
28Mg, whereas for e–c we note 24Ne, 30Mg, and 36Si.

For p–p-oriented fragments, the valley centered
on 62Cr is separated by a high barrier from what we
3
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Fig. 6. The same as in Fig. 4, but for the element 286112.

call the Pb valley centered on 76Zn and 80Ge, and
obviously for such configurations, the tendency of the
initial cold strong asymmetric system to move in the
symmetric direction, before undergoing quasifission,
is hindered.

The p–e orientation presents features common to
the p–p but also to the e–e and e–c orientations.
Similar to the p–p case, the valley for Ca is less
pronounced and the Mo valley is broader and the
target 96Sr will give a minimum in the potential for
this orientation.

For the e–c orientation, we notice a valley, coming
after the Pb valley, centered on 86Se, which also con-
tains 90Kr. For this orientation, there is an additional
valley centered on 118Pd, which is connected to the
prolate-to-oblate transition in this mass region of the
target, as can be observed in the top left panel of
Fig. 8, and the region of negative hexadecapole de-
formations (slightly necked shapes) of both projectile
and target (see the top left panel of Fig. 9). This
valley also occurs for the elements 114 and 116 for the
same reasons. For e–e orientations, these two val-
leys disappear. Between the Pb valley and the valley
centered on 134Te, which also contains Sn, a huge
barrier appears, which determines an even stronger
hindrance to symmetric quasifission compared to p–p
orientation.

The orientation-averaged potential follows very
closely the spherical one, the differences in the barrier
height being more sensitive in the weak asymmet-
ric and symmetric regions. This characteristic is the
same for all superheavy nuclei studied in this paper.
PH
 
V

 

driv

 
(

 
R

 

barrier

 
, 

 
A

 

1

 
)

60

40

20

0

–20

60

40

20

0

–20

 

4

 

He

 

14

 

C

 

28

 

Mg

 

40

 

S

 

48

 

Ca

 

62

 

Cr

 

80

 

Ge

 

106

 

Mo

 

122

 

Cd

 

134

 

Te

 

0 20 40 60 80 100 120 140

 

24

 

Ne

 

36

 

Si

 

60

 

Cr

 

86

 

Se

 

118

 

Pd

 

A

 

1

Fig. 7. The same as in Fig. 5, but for the nucleus 286112.

3.3. The Nucleus 292114
For the driving potential of the superheavy nucleus

292114 (see Fig. 10), we note a similar structure of
p–p and e–e valleys as for 286112: a nearly sym-
metric valley with the minimum displaced at 140Xe
for the p–p configuration, a broad asymmetric valley
centered on 106Mo (which also contains Zr isotopes
and arising only for p–p orientations), the deep Cr
valley (in combination with U), a very asymmetric
shallow valley centered on 84Ge + 208Pb for the p–p
orientation, and a deep valley centered on 86Se for
the e–e and e–c orientations. In other calculations,
this valley is assigned to Kr [18]. One should note
that the occurrence of this deep valley is motivated by
the transition to oblate deformations of the target, as
can be observed in the top right panel of Fig. 8. In
the present study, a few of the Kr isotopes occur in
the e–e and e–c valleys. The valley corresponding to
48Ca (in combination with 248Cm) is less pronounced
for the p–p orientations, but when the fragments
are constrained to be spherical or to collide in the
belly-to-belly or crossed-belly orientation, this valley
becomes more pronounced.

As for the p–e orientation, we note the increase in
importance of the 98Sr nucleus simultaneously with
the disapperance of the minimum centered on Mo.
The Cr valley, which occurred for the p–p orientation,
is now shifted to 64Fe such that we deal with the Fe
valley frequently invoked in the literature.

3.4. The Nucleus 296116
For the nucleus 296116, the new features are the

entrance in competition with the Cr–Fe valley of
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003



COLD VALLEYS OF SUPERHEAVY ELEMENTS 1101
 

–0.4

 

β

 

2

 

A

 

1

 

0.4

10020 60 140

0.2

0

–0.2

 

A

 

2

 

196276 236 156

 

A

 

1

 

10020 60 140

 

A

 

2

 

206286 246 166

 

A

 

1

 

10020 60 140

 
A

 

2

 

192272 232 152

–0.4

 

β

 

2

 

A

 

1

 

0.4

10020 60 140

0.2

0

–0.2

 
A

 

2

 

186266 226 146

 

296

 

116

 

306

 

122

 

286

 

112

 

292

 

114

Fig. 8. Quadrupole deformations of the projectile A1 (triangles) and target A2 (circles) for the four superheavy nuclei studied
in the present paper.

 

0.1

60 100 140

0

–0.1

 

296

 

116

 

20

 

A

 

1

 

236 196 156276

 

A

 

2

 

β

 

4

 

0.1

60 100 140

0

–0.1

 

286

 

112

 

20

 

A

 

1

 

226 186 146266

 
A

 

2

 

β

 

4

 

60 100 140

 

306

 

122

 

20

 

A

 

1

 

246 206 166286

 

A

 

2

 

60 100 140

 

292

 

114

 

20

 

A

 

1

 

232 192 152272

 
A

 

2

Fig. 9.Hexadecapole deformations of the projectile A1 (triangles) and target A2 (circles) for the four superheavy nuclei studied
in the present paper.
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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a neighboring valley centered on 74Zn for the p–p
orientation, the entrance of 90Kr in competition with
86Se for the Pb valley in e–e and e–c orientations, and
the occurrence of a second minimum (100Zr) in the
Mo valley for the p–p orientations (see Fig. 11). As
in the previous case, the accentuation of the Pb valley
for the e–e and e–c orientations is a consequence of
the prolate-to-oblate transition of the target (bottom
left panel of Fig. 8) and small negative hexadecapole
deformations of both nuclei.

Contrary to the cases of nuclei 286112 and 292114,
for 296116 an absolute minimum occurs for full-
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P

symmetric fragmentation, i.e., 148Ce + 148Ce in the
p–p configuration.

In the case of the p–e orientation, the Fe valley
gains more stability.

3.5. The Nucleus 306122

We next go six units higher in charge, to the
superheavy nucleus 306122, in order to investigate
possible deviations from the above-observed pattern
of formation of cold fusion valleys.

From Fig. 12, we observe a new arrangement of
valleys and minima compared to 256No and 286112.

For the p–p orientation, we notice two main val-
leys, one corresponding to Mo–Zr, already observed
for the previous superheavy nuclei, and another one
corresponding to Ge (see Fig. 13). This last valley
gains in importance in comparison to the previously
superheavy nuclei due to the occurrence of large de-
formations of the Th target. In this case, the Pb
valley melts with the Mo–Zr valley since Pb comes
in combination with Zr. For the orientations p–e and
e–e, it is only the Pb part of this valley which survives,
whereas for e–c it vanishes.

The tendency observed for 296116 to form a valley
for total symmetry (η = 0) and p–p orientation will
now be even more accentuated, which could lead to a
high quasifission yield for symmetric separation if the
p–p scenario would work for cold fusion.

For the e–c orientation, we obtain a new valley
centered on 112Ru. In this region, both projectile and
targets have negative hexadecapole deformations, as
can be noticed from the bottom right panel of Fig. 8.
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For the p–e orientation, we note the constancy
of the valley centered on 64Fe and the fact that the
leading role in the Mo–Zr valley, specific for the p–p
orientation, will now be taken over by 100Zr, which
comes in combination, with the doubly magic 208Pb.
This valley will be separated from the total symmetric
valley by a broad barrier, contrary to the p–p case.

In the cluster radioactivity region, we notice the
occurrence of a narrow valley for 32Si.

4. CONCLUSIONS

The task of the present study was to understand
the role of mutual orientation of fragments in the
formation of cold fusion valleys. Especially due to the
existence of quadrupole and hexadecapole deforma-
tions, the various orientations will produce different
valley structures in the fusion potential.

According to earlier calculations in which the
fragments are endowed only with quadrupole de-
formations and the barrier is constructed by using
the nuclear proximity potential [19], for the elements
112, 114, and 116, two valleys are substantiated, one
corresponding to Fe and the other one to Pb. The
deformations used in the present study are provided
by recent improved calculations of the macroscopic–
microscopic model [20] that also take into account
octupole and hexadecapole distortions of the nuclear
shape.

The main reason for the importance of the Mo
valley, for all superheavy nuclei studied in this paper,
in the p–p orientation is the existence of noticeable
prolate deformations for both projectile and target.
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
In what concerns the Ge valley, things are differ-
ent. Only the target has not too large a deformation
for the nucleus 286112, and the reason why 80Ge
dominates a very shallow valley can be explained by
the sensitive decrease in the Q value for the reac-
tion 80Ge + 206Hg → 286112. For the synthesis
of 306122, the isotope Ge will enter in combination
with well-prolate deformed isotopes of Th, and there-
fore the corresponding valley will gain in importance.
However, it should be noted that, for spherical projec-
tile target pairs or for e–e and e–c orientations, the
Ge valley disappears.

We also noted the occurrence of Sn isotopes in a
weak asymmetric valley, but not of the doubly magic
132Sn. As for the doubly magic nucleus 208Pb, we ar-
rived at the conclusion that the corresponding valleys
in the driving potential are especially pronounced for
the e–e and e–c orientations and to a lesser extent for
p–e. In contrast to these orientations, the p–p driving
potential exhibits a very shallow Pb valley.

We also showed that the orientation-averaged
driving potential resembles very much the driving
potential with spherical projectile–target pairs.

It is obvious from the inspection of driving po-
tential cuts along the mass-asymmetry coordinate
that the p–p orientation is unlikely to explain the
experimental observation of asymmetric distribution
of fission fragments. Deep cold valleys including the
light fragments with mass 132–134 were found in the
present study for all studied configurations, including
the orientation averaged case, except the p–p case.
This can be understood, according to our opinion,
whether by the realization of the orientation-averaged
scenario for quasifission fragments, not for the fission
fragments, or by the fission of the compound nucleus
along channels other than the p–p one. This last sce-
nario, in contrast to the scenario widely accepted for
the cold fission of 252Cf, when the fragments emerge
in the p–p configuration, may be for the moment jus-
tified only qualitatively by the possibility of populating
the states from the oblate well due to the available
excitation energy in the compound nucleus. The de-
cisive answer to this challenging problem naturally
requires more experimental information.

Although some of the predicted fusion valleys are
not found in previous works, we should note that
several of the neutron-rich isotopes creating these
valleys (100Zr, 106Mo, 112Ru, 148Ce, 140Xe) were re-
cently recorded in the cold binary fission of 252Cf [21].
In the cluster radioactivity region, we note the valleys
for 14C, 24Ne, and 28Mg, clusters which were earlier
observed to be emitted from the parent nuclei 224Ra,
234U, and 238Pu (see [22] and references therein).

As noted in [3], it was Nörenberg who first sug-
gested the use of two well-deformed rare-earth nuclei
3
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in an equator–equator twisted orientation in fusion,
for the simplest reason that such an orientation leads
to the most compact touching configuration out of
all possible orientations of two deformed nuclei. In
this paper, we showed quantitatively the occurrence
of fusion cold valleys for such orientations in all cases.
For the superheavy nuclei 286112, 292114, and 296116,
this valley corresponds to 118Pd, whereas for 306122
the valley is centered on 112Ru .

It should be noted that, according to the relativistic
mean field theory, the nucleus with proton number
Z = 120 and neutron number N = 172 is predicted
to be doubly magic. Nuclei near this value of N and
Z are also expected to be spherical, and therefore
the argument that collisions in the equator–equator
twisted orientation are geometrically more suitable in
the synthesis of a spherical superheavy nucleus than
the pole-to-pole one seems to be justified.
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11. R. K. Gupta, A. Săndulescu, and W. Greiner, Phys.

Lett. B 67B, 257 (1977).
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Abstract—The fusion–fission process for the synthesis of superheavy elements is discussed on the basis
of fluctuation–dissipation dynamics. Recently, experiments at Dubna on fission of superheavy nuclei were
carried out, and the mass and total kinetic energy distributions of fission fragments were measured.
The fusion–fission cross section was derived from the experiments. We analyze the data using a three-
dimensional Langevin calculation. We present a clear understanding of the competition between the fusion
and the quasifission. We emphasize that a one- or two-dimensional model of Langevin calculation is not
sufficient to estimate the fusion cross section in the superheavy mass region. Also, experiments on the
emission of neutrons in correlation with fission fragments were conducted. It is useful to investigate the
fusion–fission dynamics. We take into account the neutron emission with a Langevin calculation and
compare it with experimental data. Finally, we discuss the evaporation residue cross section for superheavy
elements. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Unceasing efforts have been devoted to synthe-
sizing superheavy elements. Recently, a group from
Dubna announced the production of superheavy ele-
ments Z = 114 in the reactions 48Ca + 244Pu and
48Ca + 242Pu [1]. Moreover, they presented the ob-
servation of the first decay events of 292116 in the
reaction 48Ca + 248Cm [2]. Now, they are carrying
out the experiment of synthesizing Z = 118 in the
reaction 48Ca + 249Cf [3].

Also, experiments at Dubna on the fission of su-
perheavy nuclei were carried out [4]. The mass and
total kinetic energy (TKE) distributions of the fis-
sion fragments were measured. The fusion–fission
cross section of compound nuclei was derived from
the mass symmetric fission fragments (A/2± 20),
where A denotes the mass number of the compound
nucleus. They alsomeasured the emission of neutrons
and gamma rays in correlation with fission fragments
in the decay of superheavy compound systems.

In order to understand the mechanism of the
fusion–fission process and synthesizing superheavy
elements, we treat the whole process from touching
of two colliding nuclei to the formation of a compound

∗This article was submitted by the authors in English.
**E-mail: aritomo@jinr.ru
1063-7788/03/6606-1105$24.00 c©
nucleus, and further to their reseparation. We divide
the whole dynamical process into three stages. The
first stage is the approaching process, and the second
stage is the process from the point corresponding to
the touching of two colliding nuclei to the formation of
a compound nucleus. The third stage is decay process
of the compound nucleus under the competition
between fission and neutron evaporation.

In the second stage, the trajectory calculations
with friction are performed [5–7]. In the superheavy
mass region, the mean trajectories cannot overcome
the extra barrier only by adding extra energy due
to strong fusion hindrance [5–7]. Therefore, it is
necessary to solve a full dissipative dynamics or a
fluctuation–dissipation dynamics with the Fokker–
Planck equation or with the Langevin equation [8–
12]. We can describe the competition between the
fusion–fission and quasifission process in the dynam-
ical calculation.

Using the three-dimensional Langevin equation,
we try to reproduce the experimental data. The pur-
pose of the present paper is to elucidate the mech-
anism of the fusion–fission process and present the
fusion–fission cross section and evaporation residue
cross section by theoretical calculation. We also take
into account the neutron emission with the Langevin
calculation and discuss the neutron multiplicity in
2003 MAIK “Nauka/Interperiodica”
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the fusion–fission process, where the reaction mech-
anism should be clarified.

In Section 2, we explain our framework andmodel.
In Section 3, we discuss the mass distribution and
TKE distribution of the fission fragments. We present
our results for the excitation function of the fusion–
fission cross section in the reactions 48Ca + 244Pu
and 48Ca + 249Cf in Section 4.We discuss the fusion
probability and survival probability. In Section 5, we
present the neutron multiplicity in correlation with
fission fragments. Also, we discuss the synthesis of
superheavy elements when one neutron evaporates
on the fusion process. A summary is presented in
Section 6.

2. MODEL

We estimate the fusion–fission cross section
σCN as

σCN =
π�

2

2µ0Ec.m.

∞∑
l=0

(2l + 1)T0(Ec.m., l)PCN(E∗, l),

(1)

where µ0 denotes the reduced mass in the entrance
channel. Ec.m. and E∗ denote the incident energy in
the c.m. frame and the excitation energy of the com-
posite system, respectively. PCN(E∗, l) is the prob-
ability of forming a compound nucleus in competi-
tion with quasifission. T0(Ec.m., l) is the barrier pen-
etration coefficient of the lth partial wave through
the potential barrier. T0(Ec.m., l) is calculated with a
parabolic approximation of the combined Coulomb
potential and proximity potential [13, 14],

T0(Ec.m., l) =
[
1 + exp

(
2π
Bl − Ec.m.

�ωl

)]−1

. (2)

Here, Bl is the fusion barrier height for the partial
wave with angular momentum l, and ωl denotes the
oscillator frequency.

Also, we estimate the evaporation residue cross
section σER as

σER =
π�

2

2µ0Ec.m.

∞∑
l=0

(2l + 1)T0(Ec.m., l) (3)

× PCN(E∗, l)W (E∗, l),

where W is the survival probability of the compound
nuclei during deexcitation.

When we treat the fusion–fission process of
the superheavy mass region, we have to take into
account the competition between quasifission and
fusion [10, 12, 15–17]. In order to treat the pro-
cess precisely, we use the fluctuation–dissipation
model. Fluctuation–dissipation dynamics can be
described with the Langevin equation or with the
PH
Fokker–Planck equation [18]. In this research, we
employ the Langevin equation. We adopt a three-
dimensional nuclear deformation space with two-
center parametrization [19, 20]. The neck parameter
ε is fixed at 1.0 in the present calculation. The three
collective parameters to be described by the Langevin
equation are treated as follows: z0 (distance between
two potential centers), δ (deformation of fragments),
and α (mass asymmetry of the colliding partner);
α = (A1 −A2)/(A1 +A2), where A1 and A2 denote
the mass number of target and projectile, respectively.

The multidimensional Langevin equation is given
in the following form:

dqi
dt

=
(
m−1

)
ij
pj, (4)

dpi

dt
= −∂V

dqi
− 1

2
∂

∂qi

(
m−1

)
jk
pjpk

− γij

(
m−1

)
jk
pk + gijRj(t),

where summation over repeated indices is tacitly as-
sumed; V is the potential energy; andmij and γij are
the shape-dependent collective inertia and dissipation
tensors, respectively. The normalized random force
Ri(t) is assumed to be a white noise, i.e., 〈Ri(t)〉 = 0
and 〈Ri(t1)Rj(t2)〉 = 2δijδ(t1 − t2). The strength of
random force gij is given by γijT =

∑
k gijgjk, where

T is the temperature of the compound nucleus cal-
culated from the intrinsic energy of the composite
system as Eint = aT 2 with a denoting the level den-
sity parameter. The temperature dependent potential
energy is defined as follows:

V (q, l, T ) = VDM(q) +
�

2l(l + 1)
2I(q)

+ Vshell(q)Φ(T ),

(5)

VDM(q) = ES(q) + EC(q), (6)

where I(q) is the moment of inertia of a rigid body
at deformation q, Vshell is the shell correction en-
ergy at T = 0, and VDM is the potential energy of
the finite range droplet model. ES and EC denote a
generalized surface energy [21] and Coulomb energy,
respectively. The centrifugal energy with a moment
of inertia of the rigid body is also considered. The
temperature-dependent factor Φ is parametrized as
Φ = exp{−aT 2/Ed} following the work of Ignatyuk
et al. [22]. The shell-damping energy Ed is chosen
to be 20 MeV. A hydrodynamical inertia tensor is
adopted with the Werner–Wheeler approximation for
the velocity field, and the wall-and-window one-body
dissipation is adopted for the dissipation tensor [23–
25]. Intrinsic energy of the composite system Eint is
calculated for each trajectory as

Eint = E∗ − 1
2
(
m−1

)
ij
pipj − V (q, l, T ), (7)
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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where E∗ is the excitation energy of the composite
system, which is given as E∗ = Ec.m. +Q with Q
denoting the Q value of the reaction. At t = 0, each
trajectory starts from the contact configuration with
the initial velocity in the z0 direction.

3. MASS AND TKE DISTRIBUTION
OF FISSION FRAGMENTS

In this section, we discuss the mass and TKE
distribution of fission fragments in the superheavy
mass region. When we deal with the fusion–fission
process in the superheavy mass region, the com-
petition between the fusion and quasifission is very
important. Such competition has great influence on
the the mass and TKE distribution of fission frag-
ments. We estimate them by the simulation in solving
the Langevin equation. The experimental data of the
mass and TKE distribution of fission fragments are
shown in [26]. These data depend on the incident en-
ergy. In the case of Z = 102, at each incident energy,
the mass-symmetric fission fragments are dominant.
In the case of Z = 110, when the incident energy
is low, mass asymmetric fission and deep inelastic
collision are dominant. When the incident energy is
large, mass symmetric fission is dominant. We try to
estimate the experimental data with our model.

Figure 1 shows mean trajectories at each energy
on the potential energy surface for 256102 and 272110.
The potential energy surface is calculated by the
liquid-drop model in nuclear deformation space with
l = 0, which is calculated using the code from [27,
28]. Here, the excitation energy of the compound
nucleus is found to correspond to the values of the
incident energy.

Nuclear shapes are described with the two-center
potential parametrization. In Fig. 1, the abscissa de-
notes z and the ordinate denotes the mass asymmetry
α. The coordinate z is defined as z = z0/(RCNB),
where z0 and RCN denote the distance between two
potential centers and the radius of the spherical com-
pound nucleus, respectively. The parameter B is de-
fined asB = (3 + δ)/(3− 2δ). By this scaling, we can
save a great deal of computation time. The position
at z = α = 0 corresponds to a spherical compound
nucleus. The cross point (+) denotes the touching
point of the system.We start the Langevin calculation
at the touching point.

In the case of Z = 102, all mean trajectories at
each excitation energy go to mass symmetric fission.
However, in the case of Z = 110, the mean trajectory
at low excitation energy goes to mass asymmetric
fission.

In this model, we have one unknown parameter.
We start the Langeven calculation at the touching
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
point. In fact, during approaching process, the rela-
tive kinetic energy of the colliding system dissipates
through the friction force [29]. We need information
on how much kinetic energy dissipates at the touch-
ing point. For example, in order to get this informa-
tion, we employ the surface friction model. However,
we are not sure about applying the surface friction
model in the superheavy mass region. Therefore, at
this point, we deal with it as a parameter.

The results of the mass distribution of fission frag-
ments in the system 48Ca + 208Pb, 52Cr + 208Pb,
and 64Ni + 208Pb are shown in Fig. 2. When we
assume that 25% of kinetic energy dissipates dur-
ing the process up to the touching point, the results
agree rather well with experimental data. When we
take 100% of kinetic energy dissipation, the mass
distribution shows two sharp peaks around the mass
region of the target and projectile, which means the
DIC process. The calculation with the surface friction
model shows that 100% of kinetic energy dissipates
during the process up to the touching point. This
means that the energy dissipation calculated by the
surface friction model is too strong.

Figure 3 shows the TKE distribution of fission
fragments in the same system as Fig. 2. The tendency
of the results agrees with experimental data.

4. FUSION–FISSION CROSS SECTION AND
EVAPORATION RESIDUE CROSS SECTION

4.1. Fusion–Fission Cross Section

In order to check the validity of our model, we
analyzed the fusion–fission cross section in the re-
action 48Ca + 208Pb. The details of the calculation
are presented in [16]. The excitation function of the
fusion–fission cross section shows good agreement
with experimental data.

Next, we present an analysis of the 48Ca + 244Pu
reaction. Figure 4 shows the samples of the trajectory
at E∗ = 33 MeV in the three-dimensional coordinate
space. Nuclear shapes at each point are denoted in
Fig. 4. The box in Fig. 4 is a fusion box that is
defined as the inside of the fission saddle point. The
probability of the mass asymmetric fission process is
93.12%, which corresponds to the quasifission pro-
cess (QF). The trajectory for the mass-symmetric
fission occupies 6.8% of all trajectories. However,
almost all trajectories of mass symmetric fission do
not enter the fusion box. They move in the direction of
the large deformation of fragments due to the steep
potential slope. We call such a trajectory a “deep
quasifission process” (DQF) [15, 16]. That is to say,
the deep quasifission process contributes to the yield
of the mass-symmetric fission fragments [15, 16, 30].
In fact, atE∗ = 33 MeV, only 0.08% of all trajectories
3
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Fig. 2. The mass distribution of fission fragments in each system. The excitation energies are denoted by figures. Here, we
assume that 25% of kinetic energy dissipates at the touching point.
can enter the spherical region of fusion box, which is
represented by CN in Fig. 4.

When we calculate the trajectories for the fusion–
fission process, we have to pay attention to the dy-
namical deformation of fragments, because a lot of
trajectories go in the +δ direction. We would like to
emphasize that a one- or two-dimensional calcula-
tion is not sufficient to describe the fusion–fission
process in the superheavy mass region. Three- or
higher dimensional models should be used to calcu-
late the fusion–fission probability.

Figure 5a shows the excitation function of the
cross section in the reaction 48Ca + 244Pu. Both our
calculations and the experimental data are presented.
The open and closed diamonds denote the capture
cross section σcap and the cross section σA/2±20
PH
derived by the yield of the mass symmetric fission
fragments with A/2± 20 in the experiments, respec-
tively [4]. The theoretical value of σA/2±20 is denoted
by the solid curve. We can see very good agreement
with the experimental data and our calculations.
The calculated fusion–fission cross section σCN is
denoted by the dashed curve. This cross section σCN
is derived from the trajectory crossing the three-
dimensional fusion box. The calculated fusion–fission
cross section σCN is one or two orders of magnitude
smaller than the cross section σA/2±20 beyond the
Bass barrier region. We see that the cross section
σA/2±20 includes the deep quasifission events. Such
information is very important for estimating the
evaporation residue cross section.

We calculate the fusion–fission cross section in
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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the reaction 48Ca + 249Cf, which is shown in Fig. 5b.
The calculation for the fusion–fission cross section
σCN is also one or two orders of magnitude smaller
than the cross section σA/2±20 beyond the Bass bar-
rier region.

4.2. Evaporation Residue Cross Section

Using the results of the fusion–fission cross sec-
tion, we try to estimate the evaporation residue cross
section in Eq. (3). Survival probability for the com-
pound nucleus is calculated using a theoretical for-
mula based on Γn/Γf [31]. The details of the calcula-
tion are reported in [32, 33].

The excitation functions of the evaporation residue
cross section for 48Ca + 244Pu and 48Ca + 249Cf are
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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shown in Fig. 5. The open square in Fig. 5a denotes
the experimental data at Dubna [1]. The evaporation
residue cross sections from calculations are shown to
be several pb. Our calculations give the same order
of magnitude as the experimental results. However,
this calculation has several ambiguities of parame-
ters, for example, the level density parameter, the shell
correction energy, the shell dumping energy, and the
collective enhancement [30, 33]. We have to continue
to investigate more precisely.

The mass distribution of fission fragments in the
reaction 48Ca + 244Pu at E∗ = 37 MeV is shown in
Fig. 6. Black and gray lines denote the calculation and
3
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experimental data [4], respectively. Our calculation
includes the DIC events.

Here, in the three-dimensional Langevin calcu-
lation, we can see that the parameter of the defor-
mation of fragments is very important. Almost all of
the trajectories go to quasifission due to the large
deformation of fission fragments. It originates in large
Coulomb repulsion for large charge number of su-
perheavy elements. In the superheavy mass region,
we should not ignore the degree of freedom on the
deformation of fragments.

As Abe presented in these proceedings [34], in
the two-dimensional calculation on z–α coordinate
space, the fusion cross section agrees very well with
experimental data. Here, the experimental fusion
cross section is derived from mass symmetric fission
events. However, our three-dimensional calculation
shows that the fusion probability is about two orders
of magnitude smaller than such experimental data,
because a lot of mass symmetric fission events come
from the quasifission process in our calculation. Fig-
ure 7 shows the comparison of our three-dimensional
calculation results with the two-dimensional re-
sults [34, 35]. Gray curves and black curves denote
the calculations by the two- and three-dimensional
models, respectively. The evaporation residue cross
sections are shown in the 3n channel and 4n one. In
P

Fig. 7, the discrepancy in the fusion cross section be-
tween the two-dimensional calculation and the three-
dimensional one is about 1.5 orders of magnitude,
but finally the evaporation residue cross section of
both calculations shows rather good agreement with
the experimental data. It means that the difference
between the two calculations is caused by the survival
probability.

We compare the survival probability of the com-
pound nucleus with another calculation. Our re-
sults show good agreement with Zagrebaev and
Cherepanov [36] when we use the same parame-
ters [30]. The survival probability calculated by Abe
et al. [34, 35] is 1.5 orders of magnitude larger
than in the former three cases, because Abe et al.
manipulate the absolute value of the shell correction
energy [37] diminishing it by a factor of 3. Finally, we
can reproduce the experimental data by both models,
but the ingredients of the formation probability and
the survival probability are very different.

5. DYNAMICS FOR FUSION–FISSION
PROCESS WITH NEUTRON EVAPORATION

The experiment performed at Dubna in the reac-
tion 48Ca + 244Pu at excitation energyE∗ ∼ 33MeV
[1] corresponds to the (HI, 3n) reaction. However, if
one neutron evaporates on the fusion process, that
is to say, if one neutron evaporates before the tra-
jectory enters the fusion box, the situation changes
drastically. In the decay process of the compound nu-
cleus, which is estimated on the basis of the statistical
model, we have to consider the 2n channel instead of
the 3n channel. In this case, the survival probability
is proportional to (Γn/Γf )2 and also Γf decreases
not only due to decreasing excitation energy of the
compound nucleus by the first neutron evaporation
but also due to the recovery of the shell correction
energy. As a result, the survival probability increases.

Emission of neutrons in the correlation with fission
fragments in the fusion–fission process and decay
process of the superheavy mass region at excitation
energies near or below the Coulomb barrier has been
studied at Dubna [4]. Such investigations are useful
for additional identification of the fusion–fission and
the quasifission process. Moreover, the information
about neutronmultiplicity of fission fragments may be
used in the identification of superheavy elements.

Thus, it is very interesting to investigate the effect
of neutron evaporation on the fusion process and
to estimate how to change the survival probability
or evaporation residue cross section. We take into
account the neutron evaporation in the fusion pro-
cess with the Langevin calculation. In the Langevin
calculation with neutron evaporation, we employ the
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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calculation method that was suggested by Fröbrich
et al. [38].

In order to check our code, first we try to estimate
the neutron multiplicity in the fusion–fission process
for the reaction 58Ni + 208Pb which was measured
by the DéMoN group [39]. In the experiment, the
neutron multiplicity has two peaks. It is considered
that the first peak comes from the quasifission process
and the second one comes from the fusion–fission
process. Our calculation results could reproduce two
such peaks of neutron multiplicity. The details are
presented in this conference [40].

We calculate the average of prescission neu-
tron multiplicity in the fusion–fission process for
48Ca + 244Pu at E∗= 33 MeV. Figure 8a shows the
results. The horizontal axis denotes the mass number
of fission fragments. The neutronmultiplicity from the
mass symmetric region is larger than the one from the
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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mass asymmetric region. Figure 8b shows the mean
time that the system needs to reach the scission point.
In the mass symmetric fission region, it takes a long
time for a trajectory to reach the scission point. In this
case, it has more chances that neutrons are emitted
in the the fusion–fission process. On the other hand,
in the mass asymmetric fission region, the trajectory
takes a short time to reach the scission point, and
it does not have as many chances that neutrons are
emitted.

Figure 9 shows a sample trajectory on the z–α
coordinate space, which evaporates the first neutron
on the fusion process and the second neutron in the
fusion box. We prepare 500 000 trajectories in the
Langevin calculation, and the trajectory in Fig. 9 is
one of them. The black curve denotes the trajectory
and the cross points attached by the arrow denote
the position of the first neutron evaporation and the
3
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second one. When we do not take into account the
neutron evaporation in the fusion process, the tra-
jectory is denoted by the gray curve. By the neutron
evaporation, the temperature of the system decreases
and the landscape of the potential energy surface
changes due to the recovery of shell correction energy.
Also, the strength of the random force changes by the
Einstein relation. Therefore, the trajectory with neu-
tron evaporation (black curve) and the one without
neutron evaporation (gray curve) represent different
behaviors after one neutron is emitted.

Figure 10 shows the time dependence of the in-
trinsic energy of the two trajectories in Fig. 9. In the
case of taking into account the neutron emission,
which is denoted by the black curve, after the first
neutron emission, the excitation energy decreases
from about 33 to 26 MeV. Without neutron emission,
the excitation energy, which is denoted by the gray
curve remains around 33 MeV. In this case, we can
see that, when one neutron is emitted, the emitted
neutron removes about 7 MeV from the excitation
energy of the composite system.

We try to estimate the survival probability. At the
excitation energy E∗ = 33 MeV, the survival proba-
bility of the 3n channel is about 7× 10−9 for l = 0.
However, if one neutron evaporates on the fusion pro-
cess, the compound nucleus is 291114 and the excita-
tion energy is about 26 MeV in the sample of Fig. 9.
In this case, due to one neutron emission on the fu-
sion process, the survival probability of the compound
nucleus increases about two orders of magnitude.

We estimate the probability of neutron emission
on the fusion process. In the reaction 48Ca + 244Pu
at E∗ = 33 MeV, we prepare 500 000 trajectories in
the Langevin calculation; 1986 of these trajectories
can enter the fusion box. We can say that they are
the fusion trajectories. And only 13 trajectories of the
fusion trajectories emit a neutron before they enter
the fusion box. That is to say, the probability of one
neutron emission on the fusion process is 0.65%.

We try to estimate this probability in another way.
With the statistical model, we can estimate the life-
time of neutron emission of the fusion process,

τn ∼ 10−18 s.

We can know the required time for a trajectory to
reach the fusion box in the Langevin calculation,

tfus ∼ 6× 10−21 s.

We can estimate the probability of one neutron evap-
oration on the fusion process as follows:

tfus/τn ∼ 6× 10−3 = 0.6%.

Both of the estimates give similar results. We can say
that, for the 3n channel, the probability of one neutron
emission on the fusion process is about 0.6%.
P

6. SUMMARY

The fusion–fission process for synthesis of su-
perheavy elements is studied on the basis of the
fluctuation–dissipation dynamics. We take into ac-
count the competition between the fusion of the com-
pound nucleus and quasifission. The mass and TKE
distribution of fission fragments in the superheavy
mass region are investigated. The fusion–fission
cross section is calculated and compared with the
experimental data.

Using the three-dimensional Langevin calcula-
tion, we found that the substantial quasifission pro-
cess contributes to the yield of the mass symmetric
fission fragments. We call such a trajectory a “deep
quasifission process.” When we calculate the trajec-
tory on the fusion–fission process, we have to pay
attention to the deformation of fragments. In the su-
perheavy mass region, it is important because a lot of
trajectories go in the direction of the large deforma-
tion of the fragment. We remark that a one- or two-
dimensional calculation is not sufficient to describe
the fusion probability.We should estimate the fusion–
fission probability using a three- or higher dimen-
sional model. Actually, the present calculation shows
that the fusion–fission cross section σCN is one or two
orders of magnitude smaller than the cross section
σA/2±20, that is to say, the cross section σA/2±20 may
include a lot of quasifission processes.

Then, we discussed the neutron emission on
the fusion process. We employed the Langevin cal-
culation with a statistical model. In the reaction
48Ca + 244Pu at E∗ = 33 MeV, we estimated the
prescission neutron multiplicity in correlation with
fission fragments. The probability of one neutron
emission on the fusion process is about 0.6%, and
in this case, the survival probability increases by
two orders of magnitude compared with no neutron
emission on the fusion process.

As the next step, we would like to investigate the
fusion process more precisely, before and just touch-
ing of two nuclei especially. We need to take into
account the nuclear-structure and nucleon-transfer
effects. We would like to introduce the friction tensor
calculated by amicroscopic model, for example, linear
response theory [41–43]. Also, we have to estimate
the evaporation residue cross section more precisely.
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Abstract—To investigate basic properties of the fusion reaction dynamics for heavy compound systems, the
partial wave distribution σ� extracted from measured γ multiplicities can be employed as an alternative to
the classically used fusion/fission excitation functions. A variety of reactions leading to compound nuclei in
the Pb region can be used to investigate features like the fusion–fission competition, the role of deformation
in the fusion of heavy systems, and a possible effect of the Z = 82 shell on the enhancement of evaporation
residue production. The measured spin distribution can provide information on the single partial wave
cross sections, which is hidden in the integral fusion cross section. Moreover, it can reveal signatures in
the high-spin region, which could be an indication of a stabilization due to an increase in the potential
hole by shell correction energies Eshell in the vicinity of a closed shell. The systematic investigation and
understanding of the fusion–fission reaction dynamics, together with the understanding of the structure
of transfermium nuclei, which are stabilized only via shell effects, are essential for a successful program
aiming at the synthesis of new elements at GSI, Dubna, or elsewhere.We started a series of experiments to
measure those properties for the reactions at the Laboratori Nazionali di Legnaro, Italy. In order to extract
the compound nucleus spin distribution, γ multiplicities are measured using the γ-detector array GASP
and its inner ball in the multiplicity filter mode. c© 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION
The assumption that shell effects in the compound

nucleus (CN) could favor the survival probability of
the evaporation residue (ER) could not be confirmed
for the N = 126 neutron shell [1]. Nevertheless, in
particular, with respect to the recent results for the
elements 114 [2] and 116 [3] in Dubna, the possibility
is discussed that the shell stabilization close to the
next higher proton shell could favor the survival of
heavy nuclei in its vicinity. Here, various observed de-
cay chains for 48Ca-induced reactions on 244Pu and
248Cm were interpreted as 3n or 4n reactions leading
to isotopes of element 114 and 116. The peculiarity
of these observations is a more or less constant cross
section in the picobarn range, which breaks the trend
of a steep decrease with Z that was observed for all
other reactions leading to ER with Z ≥ 102. One way
to let the excited compound system feel the under-
lying shell structure could be putting a considerable
part of its excitation energy into rotation. A deeper
potential hole due to a shell energy Eshell shifts the
critical angular momentum �crit to higher spins as
shown in Fig. 1. In this case, a clear signature would
be the observation of an enhanced population of high-
spin states or the enhancement of the high-spin part
of the spin distributionmeasured for the surviving ER.
Deformation of one reaction partner could enhance

∗This article was submitted by the author in English.
1063-7788/03/6606-1114$24.00 c©
this effect due to the increased moment of inertia in
the entrance channel. The actinide targets used in
Dubna are well deformed, and the isotopes that have
been interpreted as the observed reaction products by
Yu.Ts. Oganessian and collaborators are close to a
region where, according to theoretical expectations
(see, e.g., [4]), a region of stabilization starts.
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NUCLEAR STRUCTURE EFFECTS

The importance of the nuclear structure of the
participants in fusion reactions on the reaction cross
section has been intensively studied throughout the
last two decades in various laboratories [5–7]. It has
been shown that the vibrational and the rotational
structure have great influence on the fusion excitation
function. The effect of low-lying excitation levels as
well as the deformation could be shown, in particu-
lar, by precisely measured fusion excitation functions
via the fact that experimental access to the fusion
barrier distribution became possible [5]. Particularly
clear signatures are produced by deformed reaction
partners, which in some cases were observed on a
different slope of the fusion excitation function as
early as the late 1970s for reactions with 16O on
various Sm isotopes [8]. It has also been suggested
that the deformation in the entrance channel could
favor the fusion of very heavy systems [9]. On the
other hand, as already mentioned, reactions with a
deformed reaction partner could be expected to favor
the population of high-spin states due to its high
momentum of inertia in the entrance channel.

THE FUSION–FISSION COMPETITION

From fusion reactions for medium and light com-
pound systems, we have learned that nuclear de-
formation strongly affects the near- and subbarrier
fusion dynamics [5]. This aspect of heavy-ion fu-
sion processes has been extensively studied via the
extraction of an experimental representation of the
barrier distribution (ERBD) governing fusion [10].
In a recent experiment C.R. Morton and coworkers
were able to observe the same behavior for the up
to now heaviest system (34S + 168Er), where nuclear
deformation was investigated thus far in terms of the
ERBD [11]. They measured ER and fission yields vs.
bombarding energy as well as the fusion/evaporation
excitation function (Fig. 2a). From the total fusion
excitation function (Fig. 2b), the ERBDwas obtained
as the second energy derivative of the function Eσfus
using the point difference formula [11] (Fig. 2c). It has
the expected shape for the large quadrupole deforma-
tion of 168Er as also shown in Fig. 2c. For modeling
the measured fission anisotropies, the main goal of
that work, they needed the fusion angular momen-
tum distribution as an input for a statistical model
description. That was deduced from the fusion barrier
data. In this context, the direct measurement of the
spin distribution can serve as a cross-check, apart
from yielding information on the fusion process as
described in this section.
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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SPIN DISTRIBUTION

The coupled channels model describes the exper-
imental findings on the effect of the entrance channel
properties on fusion in most cases satisfactorily. The
second derivative of the functionEσfus(E) has proven
to be a useful tool for investigating the barrier distri-
bution which governs the reaction dynamics [5]. One
3
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can show that the same information can be obtained
from the CN-spin distribution [12]. At each energy,
the function σ�(E), in fact, contains information on
the single partial wave cross section, which is other-
wise hidden in the integral σfus:

σfus(E) =
π�

2µE

∑
(2�+ 1)T� =

∑
σ�(E). (1)

For each partial wave, the energy Erot =
�(�+ 1)�2/2µR2 is used by the rotation of the system
up to a critical angular momentum �crit, above which
fusion is energetically forbidden. Thus, the high end
of the spin distribution reflects the region of fusion
barriers. This is also reflected in the distribution of
the ER as a function of spin shown in Fig. 3 [13].
The higher the spin and, accordingly, the energy
dissipation in rotation, the lower the number of
evaporated particles. After dividing the function

σ�(E) =
(2�+ 1)π�

2

2µE
T�(E) (2)

by the geometrical term ((2�+ 1)π�
2)/(2µE) and

after transformation of the transmission function T�,

T�(E) =
1

πR2

d(Eσfus)
dE

, (3)

into TE′ (E′ = E − Erot(�)), one obtains the fusion
barrier distributionDB by differentiation:

DB =
1
πR2

d2(Eσfus)
dE2

=
dTE′

dE′ . (4)

This shows that the first derivative of the spin distri-
bution after the given transformation is equivalent to
P
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Fig. 4. Schematic picture of the partial wave spin distri-
butions with the integral spin distribution of the ER and
the effect of fission at high angular momenta.

the second derivative of the function Eσfus. The latter
is widely used in medium-mass systems [5]. For in-
creasing mass of the compound system, fission comes
into play as a relevant reaction channel. In particu-
lar, for the production of the heaviest elements, the
competition between fission and particle evaporation
is decisive for the survival of the ER. To understand
the two-step process of fusion and deexcitation, the
necessity arises to have a comprehensive description
of both the entrance channel properties of the system
and the role of the fission barrier in the exit chan-
nel. The effect of fission on the spin distribution has
been qualitatively shown in [14]. The spin distribution
at three near- and above-barrier energies has been
measured for the system 64Ni + 100Mo using the
Argonne/Notre Dame BGO array. A clear change of
the slope at high angular momenta has been observed
at energies where fission becomes the main reaction
channel. This is interpreted as fission setting in high
angular momentum. Therefore, the CN-spin distri-
bution can serve as a tool to study the structure of
the fission barrier. It would be particularly interesting
to investigate this as a function of the fissility of
the system in a mass region where fission becomes
important with respect to ER production. In Fig. 4,
a schematic picture of the CN-spin distribution is
drawn showing the distribution of ER channels and
the effect of fission.
The spin distribution itself can be extracted from

measured γ multiplicitiesMγ with a multiplicity filter
like the inner ball of the γ-ray array GASP of the
LNL, consisting of 80 BGO crystals with a total
efficiency of ≈80%, or the Darmstadt–Heidelberg
crystal ball:

�CN = (Mγ −Mγs)∆�γ +Mγs∆�γs

+
∑

i

Mi∆�i + ∆�g.s/m, i = p, n, α. (5)
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Here,Mγ ,∆�γ andMγs,∆�γs denote the multiplicity
and spin taken away by the yrast cascade (γ) and
the statistical γ rays in the early stage of the deex-
citation (γs). The sum

∑
iMi∆�i, i = p, n, α, takes

into account the spin removed by the evaporated
protons, neutrons, and alphas, and ∆�g,s/m is the
spin of the ground state or an isomeric state of the
final nucleus. The number of evaporated particles is
defined by pinning down the ER via characteristic
transmissions with the highly resolving part of the
γ-ray array, consisting of 40-Ge detectors in the
case of GASP. By modeling the deexcitation cascade
with the statistical model and comparing the theoret-
ical and experimental mass distribution, the number
of statistical γ rays and the spin removed by them
and the evaporated particles can be determined. The
ground/isomeric state spin and the spin removed by
the yrast gammas can be taken from the literature.
In the case of 34S + 168Er, the experimental spin
distribution can be used as a direct cross-check with
the data of Morton et al. [11] for the fusion barrier
data, as well as a direct input for the evaluation of
the fission anisotropies. In the context of fission com-
peting with particle evaporation, it is very interesting
to investigate, which partial waves contribute to the
ER production. As mentioned above, for a detailed
understanding of the survival of the CN, higher par-
tial waves could be important. Here, a substantial
part of the excitation energy is stored in the rotation,
and for nuclei that are stabilized only by their shell
structure, shell correction energies of the order of a
few MeV could be felt by the compound system and
lead to higher survival probabilities. The investiga-
tion of ER-spin distributions would reveal such an
effect if present. As mentioned above, a qualitative
effect of the influence of fission on the high-spin
part at higher energies has been observed [14]. This
confirms, on one hand, the feasibility of the method
and provides, on the other hand, information on the
fusion–fission dynamics, which is experimentally not
accessible otherwise.

EXPERIMENTAL PROGRAM

All three aspects, investigation of the Z = 82
shell, the role of deformed reaction partners, and
fusion–fission reaction dynamics, can be combined
by choosing suitable projectile–target combinations.
We started a series of experiments studying the spin
distribution of reactions leading to nuclei in the vicin-
ity of the Z = 82 proton shell as well as fusion/fission
excitation functions in terms of ER production and
fission yields. In this context, a first run has been per-
formed by Sagaidak et al. [15] for the measurement
of ER and fission excitation function for the reactions
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
48Ca + 168,170Er → 216,218Ra∗ using LNL’s elec-
trostatic deflector MAIALE and the fission detector
setup CORSET [16], respectively. The residues of
these reactions cross, as a function of the kinetic
energy, the N = 126 shell at 214Ra. To study the spin
distribution, γ multiplicities will be measured with
the Ge-BGO detector array GASP at the Laboratori
Nazionali di Legnaro using the 80 BGO crystals of
the inner ball as a multiplicity filter. In a first series of
experiments, the reactions 34S + 168,170Er → 202Po
and 48Ca + 144,154Sm → 188,198Pb will be investi-
gated. Future plans are to complete the systematics
by studying a number of reactions scanning the Pb
region.
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Abstract—The process of fusion–fission of heavy and superheavy nuclei (SHE) with Z = 82–122 formed
in the reactions with 48Ca and 58Fe ions at energies near and below the Coulomb barrier has been studied.
The experiments were carried out at the U-400 accelerator of the Flerov Laboratory of Nuclear Reactions
(JINR) and at the XTU Tandem accelerator of the National Laboratory of Legnaro (LNL) using the time-
of-flight spectrometer of fission fragments CORSET and the neutron multidetector DEMON. As a result
of the experiments, mass and energy distributions (MED) of fission fragments; fission, quasifission, and
evaporation residue cross sections; and multiplicities of neutrons and γ-quanta and their dependences on
the mechanism of formation and decay of compound systems have been studied. c© 2003 MAIK “Nau-
ka/Interperiodica”.
1. INTRODUCTION

The interest in the study of the fission process of
superheavy nuclei (SHE) is connected mainly with
the possibility of obtaining information on the cross
section of compound nuclei production at excitation
energies of ≈15–30 MeV (i.e., when the influence of
shell effects on the fusion and the decay characteris-
tics of the composite system is considerable), which is
of basic importance concerning the synthesis of new
heavy nuclides. Thus, it helps to predict the proba-
bility of the SHE composite system surviving after
evaporating one, two, or three neutrons, i.e., in “cold”
or “warm” fusion reactions. However, a much deeper

∗This article was submitted by the authors in English.
**e-mail: itkis@flnr.jinr.ru
1063-7788/03/6606-1118$24.00 c©
insight into the mechanism of the fission process is
needed to be able to so. In particular, better knowl-
edge of the fission–quasifission cross-section ratio
as a function of the reaction entrance channel and
excitation energy, the multiplicities of the pre- and
postfission neutrons, the peculiarities of the mass and
kinetic-energy distributions of the fragments origi-
nated from fission and quasifission could clarify the
situation. Undoubtedly all these aspects are of great
independent interest to nuclear fission physics.
This work presents the results of experiments

aimed at studying the fission process in the reactions
48Ca + 154Sm, 168Er, 208Pb, 238U, 244Pu, 248Cm and
58Fe + 208Pb, 244Pu, 248Cm. The choice of the under-
lined reactions was inspired by the recent experiments
on producing the isotopes 283112, 289114, and 283116
at Dubna [1, 2] using the same reactions, while the
2003 MAIK “Nauka/Interperiodica”



FUSION–FISSION OF HEAVY AND SUPERHEAVY NUCLEI 1119

 

100

150

200

250

100

150

200

250

100

150

200

250

100

50 150 250

150

200

250

8

6

4

2

6

4

2

6

4

2

50 150 250

6

4

2

 

0.4

120

0.2

150 180

120 150 180

0.75
0.50
0.25

120 150 180

0.6
0.4
0.2

 

48

 

Ca + 

 

208

 

Pb 

 

→

 

 

 

256

 

No

 

48

 

Ca + 

 

208

 

U 

 

→

 

 

 

286

 

112

 

48

 

Ca + 

 

244

 

Pu 

 

→

 

 

 

292

 

114

 
TKE, MeV Yield, %

Mass, amu

 

48

 

Ca + 

 

248

 

Cm 

 

→

 

 

 

296

 

116

Fig. 1. Double-differential cross sections ∂2Ω/∂M∂Ek [two-dimensional matrices N(M, Ek)] (left-hand side panels) and
mass yields (right-hand side panels) of fission fragments of 256No, 286112, 292114, and 296116 nuclei produced in the reactions
with 48Ca at the excitation energyE∗ ≈ 33MeV.
58Fe projectile was chosen since the corresponding
projectile–target combinations lead to the synthesis
of even heavier elements.

2. MED CHARACTERISTICS OF FISSION
FRAGMENTS OF SHE

Figure 1 shows the data on mass and energy dis-
tributions (MED) of fission fragments of the 256102,
286112, 292114, and 296116 nuclei produced in the
reactions with 48Ca at one and the same excita-
tion energy E∗ ≈ 33 MeV. The main peculiarity of
the data is the sharp transition from the predomi-
nant compound nucleus fission in the case of 256102
to the quasifission mechanism of decay in the case
of the 286112 and heavier nuclei. It is very impor-
tant to note that, despite the dominating contribu-
tion of the quasifission process in the case of nuclei
with Z = 112–116, in the symmetric region of fission
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
fragment masses (A/2 ± 20), the process of fusion–
fission of compound nuclei, in our opinion, prevails. It
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Fig. 2. Mass spectra of fission fragments of 238U at
the excitation energy E∗ ≈ 30 MeV (solid circles) and
those of the SHE 296116 produced in the reaction
48Ca + 248Cm (open circles).
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TKE as functions of the mass

of fission fragments of 290116, 302120, and 306122 produced in the reactions with 58Fe ions.
is demonstrated in the framings (see the right-hand
panels of Fig. 1), where one can see that the mass
distribution of fission fragments of compound nuclei
is asymmetric in shape with the light fission fragment
mass at about 132–134 amu.

The position of the light-fragment peak of the
mass distribution in the region of ∼132 reflects the
decisive role of shell effects, which is characteristic of
SHE fission. It is worthwhile to draw a phenomeno-
logical analogy between the heavy element fission
and that of SHE. Indeed, nuclear fission fragments
belonging to the region of the spherical neutron shell
N = 82 can be observed in all cases of the synthe-
sized SHE with Z > 110. Here, the fission process
can be understood on the basis of the multimodal
fission concept. The fission fragments belonging to
the so-called standard I [3] channel make the light-
mass group in the case of SHE nuclear fission, in-
stead of the heavy-mass group, as is in the case
with the actinides. In the case of SHE, the number
of nucleons in the heavy-fission fragment may not
be quite sufficient for the subsequent neutron shell
N = 126 to manifest itself substantially. It looks
as if the role of the valley (N = 82, Z = 50–52)
P

is decisive in the formation of the structure of the
potential barrier of heavy nuclei as well as of SHE.
Sticking to such an assumption, one can determine
the reflected fission analog of the 296116 isotope. Sim-
ple calculations show that it should be 240U, where
the light fission fragment peak reflected about 132–
134 yields the heavy fission fragment peak observed
in the fission of 296116. Fortunately, there are detailed
and reliable studies of the fission fragment proper-
ties performed using the reaction 238U+ n in a wide
neutron energy range. Direct comparison of the two
data sets is presented in Fig. 2 [4]. It is worthwhile
mentioning that, in the case of uranium, it was taken
into account that we were dealing with a nucleus
undergoing fission at different excitation energies due
to the multichance character of the process. That is
why from all the available data we chose a spectrum
at En = 50MeV, characterized by a mean excitation
energy of ∼30 MeV. As can be seen from the figure,
the mass spectra in the overlapped region practically
coincide within the error bars. In the case of 238U,
the two-humped fission mass distribution is governed
mainly by the doubly magic heavier fragment 132Sn,
which plays the role of a lighter fragment in the
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003



FUSION–FISSION OF HEAVY AND SUPERHEAVY NUCLEI 1121

 

220 240
80

100

260 280 300 320
Mass of compound nucleus, amu

120

140

160

180
A

ve
ra

ge
 m

as
s 

of
 f

is
si

on
 f

ra
gm

en
ts

, a
m

u

 

A

 

 = 132 (

 

132

 

Sn)

 

224

 

Th

 

286

 

112

 

292

 

114

 

296

 

116

 

306

 

122

 

A

 

H

 

A

 

L

 

A

 

L

 

A

 

H

Fig. 4. The average masses of the light (AL) and heavy
(AH) fission fragments versus the compound nucleus
mass. The asterisks show the data of this work; the solid
circles, the data from [7].

case of fission of a 296116 nucleus at low excitation
energies. This means that the symmetric region of
fission fragment masses seems to originate mainly
from the regular fusion–fission process in the reaction
48Ca + 248Cm [5]. The rigidity q of the potential
connected with the corresponding fission valley is
unknown. That is why any further consideration de-
mands the use of new data.
Figure 3 shows the data for the reactions of 58Fe

projectile on 232Th, 244Pu, and 248Cm targets, leading
to the formation of the compound system 290116 and
the heaviest compound systems 302120 and 306122
(where N = 182–184), i.e., to the formation of a
spherical compound nucleus, predicted by theory [6].
As seen from Fig. 3, in these cases, we observe an
even stronger manifestation of the asymmetric mass
distributions of 306122 and 302120 fission fragments
with the light-fragment mass at about 132. The cor-
responding structures are well seen from the depen-
dence of the mean TKE on the fragment mass. Only
for the reaction 58Fe + 232Th → 290116 (E∗ =
53 MeV) does the valley in the region of M = A/2
in the mean TKE dependence disappears. This fact
is connected with a reduction of the influence of shell
effects at such high excitation. Summing up all that
was said above, one can draw two main regularities in
the characteristics of the mass and energy distribu-
tions of SHE fission fragments:
(i) Figure 4 shows the dependence of the average

light- and heavy-fragment masses on the compound
nucleus mass. One can see that, in the case of SHE,
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the light spherical fragment withmass 132–134 plays
a stabilizing role, in contrast to the region of actinide
nuclei, where the heavy fragment is the spherical one.
(ii) Figure 5 shows the TKE dependence on the

Coulomb parameter Z2/A1/3. One can see that, for
nuclei with Z > 100, the TKE value is much smaller
in the case of fission as compared with the quasifission
process.

3. MED CHARACTERISTICS
OF HEAVY-ELEMENT FISSION

FRAGMENTS

The reactions 48Ca + 154Sm, 168,170Er were in-
vestigated in order to understand the competition
between fission and evaporation residue production
processes depending on the reaction entrance chan-
nel. Thus, the fission cross section was measured
together with the evaporation residue cross section in
a wide energy range of 48Ca [8]. At the same time, the
MED of the fission fragment are of great independent
interest. In recent years, our effort was concentrated
on the investigation of themultimodal structure of the
fission fragment MED in the region of transition nu-
clei 213 < ACN < 226, which so far had been poorly
studied. Thus, MED of the 216,218,220Ra compound
nuclei produced in reactions with 12C were studied. It
was found [9] that the yield of the asymmetric fission
did not exceed the value of 5%. The result obtained for
3
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the reactions 48Ca + 168,170Er, leading to the same
compound nuclei 216,218Ra, turned out to be rather
unexpected.
Figure 6 shows the data for the 48Ca + 168Er

reaction. In the matrix N(M,TKE) shown at the top
of Fig. 6, the reaction products having masses close
to those of the projectiles and target nuclei are iden-
tified as quasi-elastic and deep-inelastic events, and
we shall not consider them. The mass range 55–160
of the reaction products can be identified as totally re-
laxed events, i.e., as fragments, and we shall consider
only the properties of these events. Mass distributions
for this reaction are shown right under the matrices.
The contribution of the asymmetric modemanifesting
itself in the form of wide “shoulders” increases with
decreasing excitation energy. The shapes of the ob-
tained curves of 〈TKE〉(M) and σ2

TKE(M) are far from
being parabolic. The symmetric fission component
was described using the statements of [10] and was
subtracted from the experimental MED. The results
of these subtractions are shown at the bottom of
Fig. 6. One can see that the yield of the asymmetric
component is quite high even at the highest excita-
tions. Let us note that, for the reaction 48Ca + 170Er,
P

the situation is exactly the same. Moreover, in the
48Ca + 154Sm reaction, leading to the compound
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nucleus 202Pb, the relative yield of the asymmetric
component is even higher.We have interpreted such a
sharp increase in the asymmetric yield in the reaction
with 48Ca as a manifestation of the quasifission pro-
cess, where the influence of the shell effects is clearly
seen in the MED of reaction products [11].
Summing up all the data, we plot the dependence

of the quasifission relative yield as a function of the
mass of compound nuclei produced in reactions with
48Ca at the same excitation energy E∗ ∼ 33 MeV
(Fig. 7). Our prediction on the behavior of this curve
is shown with a line. The most probable explanation
of such a nontrivial behavior of the ratio σQF/σtot(A)
is the corresponding probability of formation of the
different spherical shells during the decay of the com-
posite system.

4. NEUTRON AND GAMMA-RAY
MULTIPLICITIES IN THE FISSION OF SHE

Formerly, emission of neutrons and γ rays in cor-
relation with fission fragments in the decay of super-
heavy compound systems at excitation energies near
or below the Coulomb barrier had not been exten-
sively studied. At the same time, such investigations
may be extremely useful for an additional identifica-
tion of the fusion–fission and quasifission processes
and consequently for a more precise determination of
the cross sections of these processes in the total yield
of fragments. On the other hand, the knowledge of the
value of the fission fragment neutron multiplicity can
be used in the identification of SHE in experiments
aimed at their synthesis.
The results of such investigations are presented

in Fig. 8 for the reactions 48Ca + 248Cm, 244Pu at
energies near the Coulomb barrier. As seen from the
figures, in all cases, the total neutron multiplicity
〈νtotn 〉 is considerably lower (by more than a factor
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
of 2) for the region of fragment masses where the
mechanism of quasifission predominates as compared
with the region of fragment masses where, in our
opinion, the process of fusion–fission prevails (in the
symmetric region of fragment masses). Another im-
portant feature of the obtained data is the large values
of 〈νtotn 〉 ≈ 9.2 and 9.9 for the fission of 292114 and
296116 compound nuclei, respectively. Considerable
differences have been observed in the values of γ-ray
multiplicities for different mechanisms of SHE decay
as well as for 〈νtotn 〉.

5. CONCLUSIONS

As a result of the experiments carried out, for the
first time, the properties were studied of the fission of
the compound nuclei 202Pb, 216,218Ra, 256No, 266Hs,
286112, 292114, 296116, 302120, and 306122 produced
in reactions with 48Ca and 58Fe at energies close to
and below the Coulomb barrier.
On the basis of these data, a number of novel

important physics results were obtained:
(i) It was found that the mass distributions of

fission fragments for the compound nuclei 286112,
292114, 296116, 302120, and 306122 are asymmetric
ones, whose nature, in contrast to the asymmetric fis-
sion of actinides, is determined by the shell structure
of the light fragment with an average mass of 132–
134. It was established that TKE and neutron and γ-
ray multiplicities for fission and quasifission of SHE
are significantly different.
(ii) The dependence of the capture (σc) and

fusion–fission (σff) cross sections for the nuclei
202Pb, 216,218Ra, 256No, 266Hs, 286112, 292114, 296116,
and 306122 on excitation energy in the range 15–
60 MeV has been studied. It should be emphasized
3
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that the fusion–fission cross section for the com-
pound nuclei produced in reaction with 48Ca and 58Fe
ions at excitation energy of ∼30 MeV only slightly
depends on the reaction partners; that is, as one
goes from 286112 to 306122, σff changes by no more
than a factor of 4–5. This property seems to be of
considerable importance in planning and carrying out
experiments on the synthesis of SHE with Z > 114
in reaction with 48Ca and 58Fe ions.
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Abstract—Studies of chemistry of the transactinoid elements, which are available only as single atoms, by
gas (thermo)chromatographic techniques can provide the adsorption enthalpies of the atoms or molecules.
These values serve the ultimate goal—to characterize bulk volatility of the species in terms like sublimation
enthalpies. The paper attempts an in-depth discussion of the statistical significance of the adsorption
enthalpies derived in such experiments. Usually, the counting statistics are very poor and one faces
nonstandard problems in evaluating the confidence intervals for the values of parameters. Here, a most
efficient way seems to be the Bayesian approach, realized, when necessary, by Monte Carlo simulations of
the counting results. Necessarily, the adsorption enthalpy is not evaluated based on the second law of ther-
modynamics but through accepting an a priori value of the adsorption entropy. More additional assumptions
about the mechanisms and parameters involved are needed. This may produce systematic errors in the
quantitative conclusions; the analysis of some recent works with elements 106 and 108 corroborates this
concern. Despite such problems, it is possible to reveal qualitative differences in the adsorption behavior of a
transactinoid and its expected known congeners as well as to use chemistry for an independent assignment
of the atomic numbers of transactinoid nuclides. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

When studying chemical properties of transacti-
noids on one-atom(per shift, day or week)-at-a-time
level, experimenters inevitably experience the sub-
conscious temptation to draw more definite and nu-
merous conclusions than such poor statistics allow;
one must be aware of this danger. It is difficult to
evaluate the actual accuracy of the values measured
on the basis of a few counts using the formulas of the
traditional statistics. The Bayesian approach seems
much more appropriate and suitable [1–3]. Also, the
specific conditions of performing the experiments and
radiation measurements often make hardly possible
the analytical evaluation of the required conditional
likelihoods and then confidence intervals (CI). Here
Monte Carlo modeling of the chemical and counting
procedures becomes the leading tool.

We are concerned with some typical results of
the experiments on gas phase chemistry of trans-
actinoids. These aimed at providing values of the
adsorption energies of molecules on some surfaces,
which could serve to judge the bulk properties of the
substances.

∗This article was submitted by the author in English.
**e-mail: zvara@sungraph.jinr.ru
1063-7788/03/6606-1125$24.00 c©
The gas phase techniques are, essentially, two al-
ternatives of gas chromatography [4]:

Isothermal chromatography (IC): the (usually
open) column is kept at constant temperature; at its
exit, one detects the atoms that have not decayed
during the retention time. Measurements must be
done at two or more temperatures!

Thermochromatography (TC): a negative longi-
tudinal temperature gradient is imposed on the col-
umn so that the migration velocity of the adsorbable
molecules strongly decreases downstream; they come
to a practical stop, and the radioactive nuclei decay in
some temperature range that depends on the lifetimes
and the adsorption energy of the molecules. The col-
umn must be made of a material capable of detecting
the radiation!

2. BAYESIAN APPROACH TO STATISTICAL
TREATMENT

With the standard approach, one actually asks:
“Once we have obtained some data, D, what will be
the probability density distribution of the data if the
experiment is repeated many times?” It is difficult to
answer convincingly when, say, just two counts were
detected. With the Bayesian approach, the question
is: “What is, e.g., the 95% CI containing the true
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. Isothermal chromatography experiments with Mo,
W, and Sg isotopes. The curves are the best fit (as to the
enthalpy value) of the data [5] by Eq. (2).

value of the parameter, θ, inferred by the observation
of the data?”

To proceed in this way, one needs, first, the likeli-
hood of observing the data given the parameter value,
L(D|θ). It is known for some simple cases like Pois-
son and binomial distributions or can be evaluated
numerically by Monte Carlo simulations of the model
for the data. Second is the prior probability density
function for the parameter, Fprior(θ). Commonly, it is
suggested that the probability is uniform over some
physically acceptable range (“total ignorance”). Now,
the answer to the original question is to be found from
the posterior probability density function,

Fpost(θ|D) =
L(D|θ)Fprior(θ)∫
L(D|θ)Fprior(θ)dθ

, (1)

with summation rather than integration in the de-
nominator if the parameter is a discrete quantity.

The experimenter often tries to answer the very
serious questions like whether there is a significant
difference in properties of a very heavy element and its
lighter congener(s) and, if so, whether it is a manifes-
tation of the so-called “relativistic effects in chemical
properties.” A 68% or 1σ CI for a measured quantity,
which means to bet only 2 : 1 that the true value
is within it, will hardly be convincing. Meanwhile,
the posterior probability density function is usually
asymmetric and, say, the 95% CI is much wider than
2σ and its limits may even become uncertain (see
below)!

3. ISOTHERMAL CHROMATOGRAPHY

One has to measure the number of atoms sur-
viving at the column exit at several column temper-
atures to find the temperature interval in which the
adsorption retention time increases from practically
zero to a value comparable with the average lifetime
PH
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of the nuclide under study, 1/λ. Then, the ratio of the
normalized yields—N∞ at a “high” temperature, T∞,
and N at a “low” T—is a measure of the retention
time, tR:

r ≡ N/N∞ = exp(−λtR). (2)

In turn,

tR = [l · (s/Q) exp(∆S/R)] exp(−∆H/RT ),

where l is the column length, s is the column surface
area per unit length, Q is the flow rate, ∆S is the
adsorption entropy change, and ∆H is the adsorption
enthalpy change.

Let

A ≡ λl · (s/Q) exp(∆S/R). (3)

Then,

r = exp[−A exp(−∆H/RT )/T ]

and
−∆H = RT ln(−T ln r/A). (4)

The number of the theoretical plates in the utilized
IC columns is usually rather large, so Eq. (2) is ex-
pected to be closely followed. The problem with poor
statistics is the precision of the experimental value of
r. We shall demonstrate this by an analysis of a recent
publication [5] on the oxochloride of Sg—element
106. Figure 1 shows the data as they were pre-
sented in the paper; the curves are those calculated by
Eq. (2). The point at 350◦C for Sg is actually the sum
of the measurements at 300, 350, and 400◦C placed
at 350◦C. For a sound analysis, such a folding seems
hasty. We started with the primary data: the num-
bers of counts detected and the expected background.
Most of them were presented in [6] and are given in
Fig. 2, above the particular temperatures, with the
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003



ACCURACY OF THE CHEMICAL DATA 1127

 

0

0.4

0.8

1.2

1.6

2.0

 

94 < –

 

∆

 

H

 

 < 100
 –

 

∆

 

H

 

 < 103
89 < –

 

∆

 

H

 

 < 99
 –

 

∆

 

H

 

 < 102
68%
95%  –

 

∆

 

H

 

 < 103
 –

 

∆

 

H

 

 < 100

 

Ratio

 
3.05

 

400200
0

8

4
4

13

4

9
8

9

Column temperature, °C
300 400200 300 400200 300

C
ou

nt
s

(b
kg

d.
)

Fig. 3. Evaluation of the PSI data [5] from Fig. 1. Con-
fidence intervals for the N/N∞ values (bars) for different
combinations of experimental points and corresponding
CI for −∆H in kJ/mol (numerical data).

background in parentheses. The beam doses were
different at different temperatures. Figure 2 presents
our evaluation of the yield rates (per unit beam dose)
using the reported [6, 7] counting efficiencies. The
yield rate at 300◦C obtained with a very low dose
was extremely high, so we use a logarithmic scale
to present the data. It is evident that the possibility
of fitting the data using the prescription of Eq. (2) is
questionable. Then, one can try to combine the data
because only two points, N and N∞, are needed. The
possible combinations are schematically shown in the
bottom of Fig. 3.

The authors, when putting their two points in
Fig. 1, argued that the measurements at 300, 350,
and 400◦C “within the error limits yielded about
the same production rate” [5], but it is not true (cf.
Fig. 2)—the huge 95% error bars of the 300◦C
data still do not overlap with those at the other two
temperatures, while even the 68% CIs at 250, 350,
and 400◦C do overlap!

One might prefer just to omit this strange result at
300◦C—see the next combination.

To avoid any prejudice, two pairs of points can be
taken.

For each of the combinations, we evaluated the
“weighted” [7] Bayesian intervals for r, which are
shown in the middle of Fig. 3. One can see that, even
for the “most favorable” case, the 95% CI extends
above r = 1; i.e., the yield rates do not significantly
differ! The other two, more reasonable, choices of
points give even a less significant difference. Now,
using Eq. (1), we can evaluate the CI for the values of
−∆H , which are presented in the top lines of Fig. 3. It
shows that, at a confidence level of 95%, one can set
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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only the upper limit for −∆H but not the lower one.
Moreover, for the first combination (that from [5]),
the “narrowest” 95% CI encompasses both r = 0 and
r = 1, thus yielding just−∆H <∞!

4. THERMOCHROMATOGRAPHY

The theory of “ideal” thermochromatography sug-
gests that, at any point down the column, there exists
thermodynamical (adsorption) equilibrium between
the gas phase and surface concentrations of the ad-
sorbable molecules. The ideal elution TC, like the
ideal IC, of nonradioactive species would yield a nar-
row band at some Tid—a function of ∆H and ∆S, of
the processing time and temperature profile. Figure 4
illustrates different situations. In the ideal frontal
thermochromatography, the high temperature branch
of the TC peak must obviously approach an adsorp-
tion isobar,

N ∼ exp(−∆H/RT ),

and the zone would abruptly terminate at the same
Tid as above. The integral of the isobar from T∞ to Tid
equals the total number of detectable atoms.

If by analogy with the definition (3) for IC

ATC ≡ λ · (T/g)(s/Q) exp(∆S/R),

where g (>0) is the temperature gradient, then

Ei∗(−∆H/RTid) = 1/A,

where Ei∗ is the integral exponential function. After
approximations,

−∆H = RTid ln
[
−∆H/RTid

A(1−RTid/∆H)

]
. (5)
3



1128 ZVÁRA
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The column (silica) surface served as the fission fragment
track detector.

Here, we discuss experiments with short-lived nu-
clides; nominally, they last much longer than the nu-
clide half-lives. In such tests, the “adsorption zone”
is seen as a distribution of coordinates of the de-
tected decay events. In the first approximation, one
can consider it as a result of frontal chromatography
with an effective duration of about 1/λ. Already, the
random lifetimes must broaden the zone. Moreover,
short half-lives require a high linear velocity of the
carrier gas, which prevents reaching equilibrium as
the temperature drops. All this makes it difficult to
calculate the shapes of the TC adsorption zones. The
scatter in behavior of a few molecules having different
concrete lifetimes in rather short TC columns evi-
dently calls for a mathematical model of the migration
histories of molecules and Monte Carlo simulations.
A versatile procedure [8] describes the history as a se-
quence of relatively long (compared with column ra-
dius), exponentially distributed random jumps down
the column, each of which is followed by a random
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PH
number of elementary adsorption—desorption events
at the same coordinate. The latter events realize the
retention time. Though the actual jump length dis-
tribution is much more complicated, the approxi-
mation yields profiles consistent with the analytical
solution of a simple IC problem. The mean “deposi-
tion length” of irreversibly adsorbed molecules from
the established laminar flow in a cylindrical channel
is ≈ 0.1Q/G, where Q is the true (pressure- and
temperature-dependent) flow rate, and G is the true
diffusion coefficient. Thus, the mean length does not
depend on the channel diameter! The effective mean
value of the equivalent jump for Monte Carlo simula-
tions proves to be about 80% of the deposition length.
The simulations provide quite satisfactory fits to real
TC zones [9] like that depicted in Fig. 4. Its right
branch corresponds to the exponentially distributed
deposition lengths for irreversible adsorption.

When the statistics are sufficient, e.g., a total of
40 Sg decays in Fig. 5 from [9], one can do Monte
Carlo simulation of the zones with various ∆H values
and a very large “number of atoms” in the experiment
to obtain an almost smooth profile. If the profiles can
be described by a (semi)empirical formula with ∆H
as the only parameter, one can look for the best ∆H
value to fit the experimental data. It is not yet clear
how to evaluate the rather narrow CIs within this
procedure. With the poor statistics, the experimental
data, i.e., the distribution of counts over sections of
the column (see below), can be simulated a great
number of times and Monte Carlo can be used to
evaluate the L(D|∆H) for use with Eq. (1).

As an example, we consider the recent chemical
identification of element 108—hassium (Hs) [10, 11].
The tetroxide (presumably) of the element was de-
tected in a TC column made of charged particle de-
tectors to register decays occurring at different tem-
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peratures. The experimental data are shown in Fig. 6.
Seven decays were detected but only three of them
were used for evaluation of ∆H because they were
due to 269Hs, while the half-lives of other isotopes
are not yet known. All three counts occurred in the
third section of the column. By using the Monte
Carlo simulations, the authors of [10, 11] arrived at
∆H(HsO4) = (−46± 3) kJ/mol (95% CI); no addi-
tional comments are given.

We performed a similar analysis by following
500 000 histories for each of 15 values of−∆H(HsO4)
in the range 40 to 70 kJ/mol. The relative frequencies
of the success (when all three events decayed within
the third section) are plotted in Fig. 7. A peculiar
feature is the constant “tail” toward high −∆H .
So, the curve cannot be normalized nor can CI
be defined. One may only rely upon some physical
considerations. First, a considerable fraction of the
successes proved to be due to the molecules that
got to the third section by a sole first jump from the
column inlet, i.e., without been chromatographed (see
the dotted curve in Fig. 7). This is why this fraction
becomes independent of−∆H with its higher values.
Second, the column was preceded by a long gas duct
kept at ambient temperature and overly “nonvolatile”
molecules would deposit in the duct not reaching the
inlet of the column. But one does not know ∆H on
various surfaces and their interrelations. Hence, a
quantitative estimate of the upper limit of −∆H on
the column material is impossible. Another ambiguity
stems from the fact that the first section detectors
did not work properly, so one does not know whether
or not some decays of 269Hs happened within it.
Zero would be very informative. Our (still deliberate)
conclusion is that−∆H is hardly less than 42 kJ/mol
but that nothing definite can be said about the upper
limit.

5. SYSTEMATIC ERRORS

We have seen that the extremely low yields force
one to abandon the use of the second law procedures
(plotting equilibrium characteristics against inverse
temperature) for measurement of enthalpies. Then,
what are the possible systematic errors in ∆H when
using Eqs. (4) and (5) due to ambiguities in estimat-
ing entropy and other parameters? The equations can
be rewritten as

−∆H/RT = ln(−T ln r)− lnA (6)

and

−∆H/RTid = ln(−∆H/RTid)− lnA, (7)

respectively, taking into account that −RTid/∆H 

1. Meanwhile, A is proportional to s—the true sur-
face per centimeter of column length—and also to
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exp(∆S/R); the latter, in turn, is proportional to
τ0—the period of vibration of the adsorbed molecule
perpendicular to the surface [12]. One seldom knows
the true specific surface. Using an electron scanning
microscope, we found patterns of 0.05 to 1 µm in size
for most capillaries; the patterns are of quite variable
appearance in different batches of tubes. Figure 8
displays an atomic force microscopy scan of the inner
surface of a fused silica capillary [13] with even better
resolution. Very probably, there is some “roughness”
down to nanometers. It means that the actual surface
per column unit length may be order(s) of magni-
tude larger than that for a smooth cylinder. Also,
τ0 seems to be but an effective value describing the
complex adsorption phenomena and must depend on
the adsorption mechanism, energetics, and dynamics.
Meanwhile, in the transactinoid gas chromatography
studies, it is usually taken as 2× 10−13 or 1× 10−12 s
for any molecule on any surface! But again, one can-
not be certain even with orders of magnitude, and
the possible bias in the ∆H value may be very large.
As can be seen from Eqs. (6) and (7), at temperatures
of 200, 350, and 500 K, a mere error in A by a factor
of 10 changes the evaluated ∆H value by around 2, 3,
and 4 kJ/mol, respectively.

Last but not least, all the evaluations are based on
the assumption that the column surface is homoge-
neous in adsorption properties. But in practice, this
is very seldom true. As for silica, Fig. 8 makes such
an assumption very dubious. To date, in transactinoid
studies, this problem has been left almost untouched.

6. CONCLUSION

We conclude that one cannot pretend to obtain a
“good” value of the adsorption enthalpy in the experi-
ments under discussion not only because of poor pre-
cision but also—or, maybe, mostly—due to possible
large systematic errors. Furthermore, it is question-
able to make any serious conclusions based on the
agreement or disagreement between the “experimen-
tal” and “theoretical” (quantum chemistry) values.
3
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On the other hand, just finding experimentally a dif-
ference in the values for the analogous compounds of
congeners is an important piece of data, if statistically
significant.

Even with poor statistics, the chemical experi-
ments can bring results of crucial importance when
one is searching for a qualitative difference in behavior
of the compared elements, for instance, if it is possible
to produce two chemical fractions and determine into
which of them goes the new element. This has been
accomplished in the work on chemical identification
of element 112 presented at this meeting [14, 15]
when it was asked whether the element behaves like
mercury or rather like radon.
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Abstract—The present status of heavy element nuclear chemistry research at JAERI (Japan Atomic
Energy Research Institute) is reviewed. Production of the transactinide nuclei 261Rf and 262Db via
the reactions of 248Cm(18O,5n) and 248Cm(19F, 5n), respectively, at the JAERI tandem accelerator is
reported. Study of the aqueous chemistry of Rf is being carried out with a newly developed rapid ion-
exchange separation apparatus. Anion-exchange behavior of Rf in acidic solution is briefly discussed.
Recent experimental results on decay studies of neutron-deficient actinide nuclei using the gas-jet coupled
JAERI-ISOL are given. We also discuss characteristics of nuclear deformation properties at scission
in symmetric and asymmetric fission of actinides. Prospects for studies in the near future are briefly
considered. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Nuclear chemistry study of the transactinide ele-
ments in Japan is currently being performed using the
JAERI tandem accelerator. We have developed some
experimental apparatuses: a beam-line safety system
for the usage of the gas-jet coupled radioactive target
and recoil chamber, a rotating wheel catcher appara-
tus for the measurement of α and spontaneous fission
(SF) decay of transactinides, and an automated rapid
ion-exchange separation apparatus based on high-
performance liquid chromatography coupled with an
on-line α-particle detection system [1].

The 78-s 261Rf and 34-s 262Db transactinide nu-
clei, which were commonly used for recent chemical
studies of elements 104 and 105, have been success-
fully produced for the first time in Japan through the
reactions of 248Cm(18O, 5n) and 248Cm(19F, 5n), re-
spectively. The production cross sections for each re-
action have been accurately measured with the newly
developed rotating wheel catcher apparatusMANON
(Measurement system for Alpha particle and sponta-
neous fissioN events ON-line) [2].
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On-line anion-exchange experiments of Rf to-
gether with the group-4 elements Zr and Hf in acidic
solution have been conducted with AIDA (Auto-
mated Ion-exchange separation apparatus coupled
with the Detection system for Alpha spectroscopy).
The results have clearly shown that ion-exchange
behavior of Rf is quite similar to that of Zr and Hf
and is different from that of the tetravalent pseudo-
homologue Th, indicating that Rf is a member of the
group-4 elements [3].
Studies of α/EC(electron capture)-decay prop-

erties of neutron-deficient actinide nuclei have been
carried out using the gas-jet coupled JAERI-ISOL
system, and recently the new isotopes 233,236Am and
237Cm have been unambiguously identified [4–6].
From the systematic study of scission properties

in a wide range of actinide fission [7, 8], it has been
revealed that the bimodal fission observed in SF of the
heavy actinides is interpreted as the result of the pres-
ence of two fission paths, symmetric and asymmetric
fission [9].
In this paper, the present status of nuclear chem-

istry studies of heavy elements and research plans for
the near future at JAERI are summarized.

2. TRANSACTINIDE CHEMISTRY

2.1. Production of 261Rf and 262Db

A 248Cm target of 590 µg/cm2 in thickness pre-
pared by electrodeposition onto a 2.2-mg/cm2-thick
beryllium backing foil was bombarded by 18O and 19F
beams delivered from the JAERI tandem accelerator.
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. Cross sections of the 248Cm(18O, 5n)261Rf reac-
tion as a function of the 18O bombarding energy. The data
taken from the literature are also shown.

The reaction products recoiling out of the target were
stopped in He gas (∼1 bar), attached to KCl aerosols,
and were transported through a Teflon capillary to the
rotating wheel apparatus MANON. The transported
nuclei were deposited on polyethylene terephthalate
foils of 120 µg/cm2 in thickness. The wheel was
periodically rotated to position the foils between six
pairs of Si PIN photodiodes for α-particle detection.
The production cross sections were evaluated from
the mother–daughter correlations of α energies be-
tween 261Rf and 257No, and 262Db and 258Lr. The
experimental details are described in [2].
In Fig. 1, the measured cross sections in the

248Cm(18O, 5n)261Rf reaction are plotted as a func-
tion of the 18O bombarding energy together with
the literature data [10–12], where the relative cross
section values in [11] are normalized to the present
results. The data except for the value <0.9 nb at
94.2 MeV in [12] are smoothly connected with the
maximum cross section of about 13 nb at around
94 MeV.
The production cross section of 262Db was evalu-

ated to be 1.3± 0.4 nb at the 19F energy of
106 MeV [2].

2.2. Aqueous Chemistry of Rf

Study of the chemical properties of the transac-
tinide elements is challenging both experimentally
and theoretically [13]. Due to increasingly strong rel-
ativistic effects in the transactinide elements, increas-
ing deviations from the periodicity of the chemical
properties based on extrapolations from the lighter
homologues in the Periodic Table are predicted [14].
Thus, the experimental approach should involve a
detailed comparison of the chemical properties of the
PH
transactinides with those of their lighter homologues
under identical conditions. We have investigated the
anion-exchange behavior of Rf together with the
lighter homologues Zr and Hf in the same on-line
experiments [3].
To perform fast and repetitive ion-exchange sep-

aration of Rf, we have developed the apparatus
AIDA that consists of a modified ARCA (Automated
Rapid Chemistry Apparatus) which is a minia-
turized computer-controlled liquid chromatography
system [15] and an automated on-line α-particle
detection system. In the modified ARCA as shown
in Fig. 2, there are two different paths to supply
solutions; the first eluent goes through the collection
port to the micro column, while the other one is
directed to the column without going through the
collection port.
In the following, we briefly introduce the experi-

ment and a part of the result on the anion-exchange
behavior of Rf in HCl solution. 78-s 261Rf was pro-
duced in the 94-MeV 18O-induced reaction of 248Cm.
The reaction products recoiling out of the target were
transported by the He/KCl gas-jet system to the col-
lection site of AIDA, where the products were dis-
solved with 170 µl of hot (∼80 ◦C) 11.5 M HCl and
were fed onto the∅ 1.6mm × 7mmchromatographic
column filled with the anion-exchange resin MCl
GEL CA08Y (particle size of about 20 µm) at a flow
rate of 1.0 ml/min. Then, the products were eluted
with 290 µl of 4.0–10.5 MHCl. The effluent collected
on a Ta disk was evaporated to dryness, and the
products remaining in the column were eluted with
250 µl of 4.0 M HCl. The pair of Ta disks were auto-
matically subjected to α spectrometry with eight 600-
mm2 passivated ion-implanted planar silicon (PIPS)
detectors.
Figure 3 shows the adsorption behavior of Rf,

Zr, and Hf as a function of HCl concentration. The
result clearly indicates that the adsorption behavior of
Rf is quite similar to that of the group-4 elements
Zr and Hf, while it was different from that of the
tetravalent pseudo-homologue Th in HCl concen-
tration of >8 M. This means that the anionic chloride
complexes of tetravalent Rf, Zr, and Hf are formed
in concentrated HCl. Another interesting feature is
observed in the adsorption trend on the anionic-
exchange resin among Rf, Zr, and Hf as shown
in Fig. 3. The adsorption order that reflects the
stability of chloride complexation is Rf > Zr > Hf.
Presently, we are conducting relativistic molecular
orbital calculations to understand the present results
and to see whether the anion-exchange behavior of Rf
is affected by relativistic effects.
Non-Th(IV)-like and non-Pu(IV)-like behavior

of Rf was also probed with anion-exchange experi-
ments in 8 M HNO3 with AIDA. Although Th(IV)
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Fig. 2. Schematic of the modified ARCA in AIDA.
and Pu(IV) formed anionic complexes and were ad-
sorbed on the anion-exchange resin, Rf was eluted
from the column with 8 M HNO3 as expected for a
typical group-4 element [3].

3. α/EC-DECAY STUDIES OF NEUTRON
DEFICIENT ACTINIDES

There still remain many unknown isotopes to be
discovered in the region of neutron-deficient actinides
which predominantly decay through EC. Decay prop-
erties of these nuclides lead to considerable advances
in the understanding of proton-excess heavy nuclei:
verification of the proton drip line, nuclear structure of
large deformed nuclei such as hexadecapole deforma-
tion, and fission barrier heights of neutron-deficient
nuclei far from stability.

To search for new isotopes and to study α/EC-
decay properties of neutron-deficient actinides, we
have developed a composite system consisting of a
gas-jet transport apparatus and a thermal ion source
in the on-line isotope separator (JAERI-ISOL) [16,
17]. This gas-jet coupled JAERI-ISOL system en-
ables us to determine mass number simultaneously
via the isotope separator and atomic number by the
measurement of x rays associated with the EC/β±

decay of a nucleus.
The experimental setup is schematically drawn

in Fig. 4. The 6Li beams delivered from the JAERI
tandem accelerator bombarded the 233,235U and
237Np targets set in a multiple target chamber. The
reaction systems used were 233U(6Li, xn)233–235Am,
235U(6Li, 5n)236Am, and 237Np(6Li, xn)237,238Cm.
The reaction products recoiling out of the targets
were thermalized in He gas loaded with PbI2 aerosol
clusters. The products attached to the aerosols were
swept out of the target chamber and transported to
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
the thermal ion source of ISOL through a Teflon
capillary (1.5-mm i.d. and 8 m in length). The
transported nuclides were ionized in the thermal ion
source, and mass-separated atoms were collected on
an aluminum-coated Mylar tape in a tape transport
system or a rotating catcher foil apparatus. In the
tape transport system, we used Ge detectors for
the x/γ-ray measurement, and Si PIN photodiode
detectors set in the rotating catcher foil apparatus
were employed for the measurement of α particles.
In the table, the half-lives, α-decay energies, and

α-decay branching ratios measured with JAERI-
ISOL are summarized.

4. NUCLEAR FISSION STUDIES
OF ACTINIDES

The presence of two kinds of deformation paths
in low-energy fission of actinides has been demon-
strated by examining the correlation among saddle-
point configurations, scission configurations, and

 

HCl concentration, M
4 6 8 10 12

20

0

40

60

80

100
Percent adsorption on CA08Y, %

Rf (Cm/Gd)
Hf (Cm/Gd)
Zr (Ge/Gd)
Hf (Ge/Gd)

Fig. 3.Adsorption behavior of Rf, Zr, and Hf as a function
of HCl concentration [3].
3



1134 NAGAME et al.

 

Multiple target chamber

Thermal ion source

 

HAVAR window

Gas-jet inlet (He/PbI

 

2

 

)

 

6

 

Li beams
Targets

Gas-jet outlet

He cooling gas Detection systems

Magnet

Mass-separated ions

 

M

 

+

 

30 keV
Skimmer

Differential pumping

Fig. 4. Schematic view of the gas-jet coupled JAERI-ISOL [16, 17].

 

1.0
210

Mass number

 

 A

 

f

 
β

 

asym

 

230 250 270

1.2

1.4

1.6

1.8

 

Induced-fission
SF
SF (low-TKE)

 

(

 

a

 

)

1.0
210

 
β

 

sym

 

230 250 270

1.2

1.4

1.6

1.8

 

Low-

 

E

 

* (<30 MeV)

 

(

 

b

 

)

 

High-

 

E

 

* (>60 MeV)
SF
SF (high-TKE)

Fig. 5.Degree of deformation of the scission configurations as a function ofAf , (a) asymmetric fissionmode and (b) symmetric
fission mode [7, 8].
mass-yield distributions [18]. The first path is ini-
tiated at higher threshold energy and ends with an
elongated scission configuration, giving a final mass
yield centered around symmetric mass division, the
symmetric fission path. In the second path, a fis-
sioning nucleus experiences a lower threshold energy.
This results in amore compact scission configuration,
which gives a double-humped mass-yield distribu-
tion always centered around the heavy fragment mass
number A = 140, the asymmetric fission path.
In the following, we discuss the systematic vari-

ation of the elongated and compact scission config-
urations in terms of shape elongation evaluated from
the experimental fragment total kinetic energy (TKE)
values. The shape elongation parameter β [7, 8] re-
flecting the degree of deformation at scission is de-
P

fined as β = D/D0, where D0 indicates the distance
between charge centers of two touching spheres. The
distance D between the two charge centers of the
complementary fragments is evaluated from the aver-
age experimental TKE values by assuming that TKE
originates from Coulomb repulsion energy.

The βasym values for the scission configurations
leading to the asymmetric mass division that produce
the typical heavier fragment mass of AH = 140 are
plotted in Fig. 5a as a function of mass number of
the fissioning nuclei Af [7, 8]. It is found that the
βasym shows nearly the same value of 1.53 for both the
particle-induced fission and SF, indicating that the
degree of deformation at scission for the asymmetric
fission mode is independent of the excitation energy
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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α/EC-decay properties of the neutron-deficient Am and Cm isotopes measured with JAERI-ISOL

Nuclide Half-life, min α energy, MeV α branching ratio, %
233Am 3.2± 0.8 [5] 6.780± 0.017 [5] >3 [5]
234Am <0.04 [17]
235Am 10.3± 0.6 [17] 6.457± 0.014 [17] 0.40± 0.05 [17]
236gAm 3.6± 0.2 [6] 6.150 [17] 0.004 [17]
236mAm 2.9± 0.2 [6]
237Cm 6.660± 0.010 [6]
238Cm 6.560± 0.010 [6]
(E∗) of the fissioning nucleus. It is also interest-
ing to note that the βasym values evaluated from the
low-TKE component in the bimodal fission (closed
squares) [19, 20] are equal to those in the preactinide
and actinide region. This means that the ordinary
asymmetric fission mode passing through the asym-
metric valley is evident even in the heavy actinide
region.
Figure 5b shows the βsym values evaluated from

the TKE data for the symmetric mass division [7, 8].
It is clear that two extreme types of βsym exist. The
first one is for the low-E∗ fission in the region from the
preactinide through the actinide untilAf ∼ 245 (solid
circles) and for the high-E∗ fission (open circles) in
a wide range of Af , where βsym is nearly a constant
of 1.65. It has been reported that the value of βsym =
1.65 corresponds to that expected from the dynam-
ical calculations based on the liquid-drop model [8].
The other type of behavior is for SF in the region of
Af ∼ 260, at which βsym is decreased to a constant
value of 1.33 (open squares), which corresponds to
that evaluated from the high-TKE component in the
bimodal fission [19, 20]. The smaller elongation at the
scission would be related to the effects of spherical
fragment shells of N = 82 and Z = 50 on the mass-
symmetric deformation. Note that βsym in the low-
E∗ fission and SF gradually becomes smaller be-
yond Af ∼ 245, approaching the value of 1.33. Thus,
the feature of the symmetric fission mode with the
liquid-drop-like elongated scission configuration in
the light actinides and preactinides gradually shifts to
that of the narrow symmetric mass distribution with
the compact scission configuration that is strongly
affected by the spherical shell structure of Z = 50 and
N = 82 for both of the complementary fragments. It
is also found that, due to washing out of shell effects
in hot nuclei, βsym in the high-E∗ fission observed in
Af ≥ 245 keeps the value of 1.65.
From the systematic analysis of the deformation

at scission, we can interpret the so-called bimodal
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
fission of the heavy actinides as essentially the two-
mode fission seen in the light actinides. The point of
difference between the two-mode and the bimodal fis-
sion is the liquid-drop-like elongated symmetric scis-
sion configuration in the two-mode and the compact
symmetric scission configuration due to the strong
fragment shell effect in the bimodal fission. The asym-
metric fission mode still competes with the strongly
shell-affected symmetric fission mode even in the bi-
modal fission process.

The above inference is supported by the theoretical
calculations by Ćwiok et al. [21] and Möller et al.
[22]. The detailed description of the characteristics of
the two fission modes has been reported in [8, 9].

5. FUTURE PLANS

In the study of Rf aqueous chemistry, anion-
exchange experiments in HF solution are being
conducted. Plans for additional experiments are also
being made to understand the complex structure of Rf
together with Zr and Hf in HNO3, HCl, and HF so-
lutions. Measurements of XAFS (X-ray Absorption
Fine Structure) spectra of Zr and Hf compounds in
these solutions will be performed at the KEK (High
Energy Accelerator Research Organization) Photon
Factory. Relativistic molecular orbital calculations
are being carried out to gain an understanding of
complex chemistry of Rf and to see whether there are
unexpected differences within the group-4 elements.

In the next stage of aqueous chemistry, we plan
to conduct Db ion-exchange experiments. Improve-
ments to the overall production rates and a possi-
ble multiple target system are being considered to
study the short-lived 34-s 262Db produced in the
248Cm(19F, 5n) reaction with the small cross section
of about 1.5 nb. Development of a new ion-exchange
separation apparatus, an improved AIDA system, is
3
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being performed. Gas phase chemistry of the trans-
actinide elements is also planned. Although some ex-
perimental data on the gas chemistry of the transac-
tinide elements have been reported [13], there are still
conflicting results. An apparatus based on isothermal
gas chromatography is now under construction.
Experiments on α–γ spectroscopy and on SF

and α-decay properties of heavy and transactinide
nuclei will be conducted with the gas-jet coupled
JAERI-ISOL, an α–γ spectrometry apparatus, and
MANON coupled with a gas chemistry separator
system.
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Abstract—A consistent interpretation is given to some previously unexplained phenomena seen in nature
in terms of the recently discovered long-lived high-spin super- and hyperdeformed isomeric states. The Po
halos seen in mica are interpreted as being due to the existence of such isomeric states in corresponding Po
or nearby nuclei that eventually decay by γ or β decay to the ground states of 210Po,214Po, and 218Po nuclei.
The low-energy 4.5-MeV α-particle group observed in several minerals is interpreted as being due to a very
enhanced α transition from the third minimum of the potential-energy surface in a superheavy nucleus with
atomic number Z = 108 (Hs) and atomic mass number around 271 to the corresponding minimum in the
daughter. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The theoretical predictions in the 1960s [1–8] of
the possible existence of very long-lived superheavy
elements aroundZ = 114 andN = 184 stirred a lot of
excitement among the nuclear scientific community
and initiated the search for the possible existence of
superheavy elements in nature. In the present paper,
we concentrate on two independent well-established
experimental results that are impossible to under-
stand under the present common knowledge of nu-
clear physics. These puzzling data are, first, the ob-
servation, in mica minerals, of certain halos that have
been attributed to the α decay of the short-lived
210Po,214Po, and 218Po nuclei [9–11] and, second,
the observation in several minerals of a low-energy
α-particle group with an energy of about 4.5 MeV
[12–15].

Halos in mica, which consist of tiny concentric
rings, have been known for a long time [16, 17]. For
most of them, the measured radii of the rings fit within
the known ranges of the various α-particle groups
from 238Uor 232Th decay chains. Therefore, they were
correctly interpreted back in 1907 [16, 17] as being
due to the existence of very small grains of 238U
or 232Th in the centers of the corresponding halos,

∗This article was submitted by the authors in English.
**e-mail: marinov@vms.huji.ac.il
1063-7788/03/6606-1137$24.00 c©
which have been decaying, through their character-
istic decay chains, since the time of crystallization of
the crust of the Earth. However, other types of halos
were discovered back in 1939 [9] and were thoroughly
studied by Gentry [10]. These are the 210Po, 214Po,
and 218Po halos, which consist of, respectively, one,
two, and three concentric rings, with radii equal to the
ranges of the α-particle groups from the decay chains
of the corresponding Po isotopes.1) These Po isotopes
belong to the 238U decay chain. However, their half-
lives, as well as the half-lives of their β-decay parents,
are short, and since rings belonging to their long-
lived precursors are absent, their appearance in nature
is puzzling [18].

Another puzzling phenomenon is the low-energy
α-particle group, around 4.5 MeV, which has been
seen in molybdenite [12], in thorite [13], in mag-
netite [14], and in OsIr [15]. The cleanest spectrum,
where this group appears without observed residues
from U isotopes decays, was obtained by Cherdyn-
tsev et al. [14]. Based on chemical behavior (having
volatile oxides) of the α emitter, it has been suggested
that it might be due to a decay of an isotope of Eka–
Os, the superheavy element with Z = 108 (Hs).2)

1)Colored pictures of various halos are given in [11].
2)Actually Cherdyntsev suggested naming element 108 ser-
genium, based on part of the great silk road in Kazakhstan
(name Serika) where the studied mineral molybdenite was
found (private communication from Yu. Lobanov).
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. Left, top:α-particle spectrumobtainedwith the Bk source. Right, top:α-particle spectrumobtainedwith the Es source.
Left, center: decay curve obtained with the 5.14-MeV group seen with the Bk source (left, top above). {See Note (a) in Table 2
regarding the growing half-life of 2.0 yr [24].} Right, center: decay curve obtained with the 5.27-MeV group seen with the Es
source (right, top above). Left, bottom: α-particle spectrum obtained with the Lr–No source. Right, bottom: the same as the
previous one but taken about 3 months later. From a comparison of the two spectra a half-life of 26 ± 7 d was deduced for the
5.53-MeV group [24].
Since it was usually found together with 247Cm and
239Pu, it has been suggested [15] that this low-energy
α-particle group is due to an isotope of element 108
which is a precursor of 247Cm and its descendant
239Pu. The half-life of this activity has been estimated
to be around (2.5 ± 0.5) × 108 yr [12].

With the current common knowledge of nuclear
physics, it seemed impossible to understand these
data. The predicted energies of ground-state to
ground-state α transitions for β stable Hs nuclei
with atomic masses of 274 to 286 are between
9.5 and 6.7 MeV [19–21], and the predicted half-
lives for these energies are between 3× 10−2 s and
3× 102 yr [22, 23], as compared to a half-life of about
5× 1016 yr for 4.5 MeV. The question is why the
nucleus decays with such a low-energy α-particle
when a much higher energy, with a penetrability
factor of at least 14 orders of magnitude higher, is
available.

A second question is how the nucleus can decay
with a lifetime that is about eight orders of magnitude
shorter than what is predicted [22, 23] from energy
versus lifetime relationships for a normal 4.5-MeV α-
transition (experimentally estimated at 2.5× 108 yr as
P

compared to the predicted value of 5× 1016 yr). (A
lifetime in the region of 1016 yr is certainly impossible,
since it implies the existence of about 100 mg of
material in the studied samples.)

In the following sections, similar effects seen in the
study of various actinide fractions [24] produced via
secondary reactions [25], and also in the study of the
16O + 197Au [26, 27] and the 28Si + 181Ta [28] heavy
ion reactions, are summarized. Based on the results of
all these experiments, a consistent interpretation for
the puzzling phenomena seen in nature is suggested
(see also [29]).

2. UNIDENTIFIED α-PARTICLE GROUPS
IN ACTINIDES

In a study of actinide fractions from a W tar-
get that had been irradiated with 24-GeV protons,
long-lived isomeric states were found in the neutron-
deficient 236Am and 236Bk nuclei with respective half-
lives of 0.6 yr and ≥30 d [30]. Their character, how-
ever, was not clear, being far from closed shell nu-
clei, where high-spin isomers are known, and liv-
ing much longer than the known fission isomers. In
addition, several unidentified α-particle groups were
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Table 1.The energies and half-lives of several unidentifiedα-particle groups seen in various actinide sources as compared
to theoretical predictions

Source Eexp
α , MeV texp

1/2, yr tcal1/2, yr [23] Enhancement factorc Eα (g.s.→ g.s.), MeVa tcal1/2, s
b

Bk 5.14 3.8 1.7× 105 d 4.5× 104 6–7 2.2× 109

Es 5.27 1.7 2.7× 106 e 1.6× 106 7–8 1.9× 106

No–Lr 5.53 0.07 1.1× 106 f 1.5× 107 8–9 2.4× 102

a Typical values from [33].
b Calculated for the lower energy of column 6 according to formulas given in [23].
c The ratio of column 4 to column 3.
d Calculated for 238Am. See below.
e Calculated for 247Es. See below.
f Calculated for 252No. See below.
found in some actinide sources. Thus, 5.14-MeV
(t1/2 = 3.8 ± 1 yr), 5.27-MeV (t1/2 = 625 ± 84 d),
and 5.53-MeV (t1/2 = 26 ± 7 d) groups were found,
respectively, in the Bk, Es, and Lr–No sources [24,
30] (see Fig. 1 and Table 1). Similar to the situa-
tion with the 4.5-MeV group seen in nature, also
here in the case of the latter unidentified groups,
one cannot understand their relatively low energies
[e.g., 5.53 MeV in Lr–No as compared to typical
ground-state to ground-state transitions of around
8 MeV (column 6 of Table 1), which have penetra-
bility factors about 11 orders of magnitude larger (the
ratio of column 4 to column 7 in Table 1)] and their
very enhanced character, having a factor of 105–107

shorter half-lives than predicted from the systematics
of energy versus the half-life relationship for normal
α decays [22, 23] (see column 5 in Table 1). The
deduced evaporation-residue cross sections [24], in
the mb region, are also several orders of magnitude
larger than expected.

3. STUDY OF THE 16O + 197Au REACTION
AND LONG-LIVED HIGH-SPIN

SUPERDEFORMED ISOMERIC STATES

A possible explanation for the above puzzling data
comes from the study of the 16O + 197Au reaction
at Elab = 80 MeV, which is around the Coulomb
barrier [26, 27], and of the 28Si + 181Ta reaction at
Elab = 125 MeV [28], about 10% below the Coulomb
barrier. In the first reaction, a 5.2-MeV α-particle
group with a half-life of about 90 min has been
found in 210Fr. This group has the same unusual
properties as the abnormal α-particle groups found in
the actinides and produced via secondary reactions,
and of the 4.5-MeV group found in nature. 5.2 MeV
is a low energy as compared to 6.5 MeV, the ground-
state to ground-state transition from 210Fr, and the
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 20
90-min half-life is about 4× 105 enhanced as com-
pared to the prediction [22, 23] for normal α particles
of this energy from 210Fr. However, the
5.2-MeV group has been found in coincidence with
γ rays which fit the energies of superdeformed band
transitions. Therefore, the α decay is through a
barrier of a superdeformed nucleus, and the large
enhancement can quantitatively be understood [26] if
one takes into account typical superdeformed radius
parameters in the penetrability calculations. The
data were consistently interpreted [26] in terms of
production of a long-lived high-spin isomeric state
in the second well of the potential energy surface of
210Fr which decays, by a very enhanced α transition,
to a high-spin state in the second well of 206At.

The predicted [31, 32] excitation energies of the
second minima in 210Fr and nearby nuclei are above
the proton separation energies [33]. Therefore, the
decay of isomeric states from the second minima, by
emitting protons, is in principle possible. In a separate
study of the same 16O + 197Au reaction [27], long-
lived proton radioactivities with half-lives of about
5.8 and 67.3 h have been discovered. They were
interpreted as being due to very retarded decays
from superdeformed isomeric states in the parent
nuclei to normal deformed or to the ground states of
the daughters. In particular, the indicated line with
Ep = 2.19 MeV [27] may be associated with the
predicted [31] (Ep = 2.15 MeV) second minimum
to ground state transition from 198Tl, which can
be produced by three consecutive superdeformed to
superdeformed α-transitions from 210Fr.

4. STUDY OF THE 28Si + 181Ta REACTION
AND LONG-LIVED HIGH-SPIN

HYPERDEFORMED ISOMERIC STATES
The 28Si + 181Ta reaction has been studied at

Elab = 125 MeV, which is about 10% below the
03
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Coulomb barrier, and at Elab = 135 MeV [28]. A
fusion cross section of about 10 mb is predicted
at 125 MeV using a coupled-channel deformation
code [34] with deformation parameters β2 = 0.41 for
28Si and β2 = 0.26 for 181Ta [35] and allowing for 2+

and 3− excitations in 28Si. Only 2µb is predicted
when no deformations are included in the calcu-
lations. For 135 MeV, the corresponding predicted
fusion cross sections are 95 mb with deformations
and 40 mb without.

Figure 2 (left) shows an α–γ two-dimensional
coincidence plot obtained atElab = 125MeV. Quite a
few coincidence events are seen between a relatively
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high energy α-particle group around 8.6 MeV and
various γ rays. The half-life of this coincidence group
has been measured [28] to be 40 d ≤ t1/2 ≤ 2.1 yr.
Figure 2 (right) shows that the γ rays which are in co-
incidence with these high-energy α particles fit nicely
with a J(J + 1) law assuming Ex = 4.42 × J(J +
1) keV and ∆J = 1. On the basis of the observation
of a Pt x ray in coincidence with the 8.6-MeV alphas
and on kinematic arguments, it was suggested [28]
that the α transition is from 195Hg to 191Pt. (195Hg
may be produced via 1p1n evaporation reaction and
three consecutive IIImin → IIImin α decays, see be-
low.) An energy parameter of 4.42 keV is typical to
superdeformed band γ-ray transitions in this region
of nuclei.

An α energy of 8.6 MeV is a very high energy for
195Hg, which does not decay by emitting α particles,
and its ground-state to ground-state Qα value is
2.190 MeV [33]. A half-life of 40 d is about 13 orders
of magnitude too long as compared to the systematics
of energy vs. half-life relationship [23], which predicts
t1/2 ≈ 6× 10−8 s. Since the α particles are in coinci-
dence with superdeformed band γ-ray transitions, the
α decay is to the superdeformed well of the daughter
nucleus. However, it could not be a IImin → IImin
transition, since such a transition is very enhanced
as opposed to the large retardation measured in the
experiment. A consistent interpretation, both from
the point of view of the high energy of the α particles
and their very long lifetime, is that the decay is from
a long-lived high-spin (J ≈ 39/2) isomeric state in
the IIImin, the hyperdeformed minimum [36–39] of
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Table 2. A comparison between the experimental α-particle energies and values deduced from the predictions of [36] for
some superdeformed (SD) to superdeformed and hyperdeformed (HD) to hyperdeformed isomeric transitions. (The last
column shows the corresponding experimental ground-state to ground-state transitions [33].)

Source Eexp
α , MeV Isotope Transition Ecal

α , MeV [36] E
g.s→g.s
α , MeV

Bk 5.14 238Ama SD→ SD 5.13 5.94

Es 5.27 247Es HD→HD 5.27 7.32

No–Lr 5.53 252No HD→HD ≈5.6b 8.42

a Since the intensity of the 5.14-MeV group (Fig. 1) grew at the beginning with time, it was assumed here [24], similar to the situation
with the isomeric states in 236Bk and 236Am [30], that 238Bk decayed by EC or β+ transitions to 238Am.
b Extrapolated value. See [24].

Table 3. Experimental and predicted half-lives for superdeformed (SD) to superdeformed and hyperdeformed (HD) to
hyperdeformed transitions [24]

Mother isotope Eα, MeV Transition β2
a β3

a β4
a tcal1/2, yr

b texp
1/2, yr

238Am 5.14 SD→ SD 0.71 0.0 0.09 10.9 3.8± 1.0
247Es 5.27 HD→HD 1.05 0.19 0.0 1.15 1.7± 0.2
252No 5.53 HD→HD 1.2 0.19 0.0 0.22 0.07± 0.02

a β2 and β4 values were deduced from the ε2 and ε4 values given in [36] using Fig. 2 of [40]. The value of β3 was taken equal to ε3.
b Calculated according to formulas given in [24]. Calculated half-lives for other deformation parameters are given in [24].
195Hg, which decays by strongly retarded transition
to the IImin of the potential in 191Pt [28]. As seen in
Fig. 3 the predicted Qα value for such a transition is
about 8.7 MeV, taking into account an extrapolated
value from [37] for the excitation energy of the IIImin

in 195Hg and the predictions of [31, 32] for the ex-
citation energy of the IImin in 191Pt. This value fits
rather nicely with the measured Qα value of about
8.8 MeV. (The excitation energy of the state in the
third minimum of 195Hg was assumed to be around
the rotational 39/2 state with estimated energy of
Ex = 2.2× J(J + 1) keV [39].)

5. SUPER- AND HYPERDEFORMED
ISOMERIC STATES IN THE ACTINIDE

REGION

Based on the discovery of the long-lived super-
and hyperdeformed isomeric states (Sections 3 and
4), a consistent interpretation has been given [24]
to the unidentified α-particle groups seen in the
actinide sources and described in Section 2 above.
IImin → IImin and IIImin → IIImin α-particle tran-
sition energies have been deduced from the pre-
dicted [36] excitation energies. Table 2 shows that
the low-energy 5.14-, 5.27-, and 5.53-MeV groups,
seen in the Bk, Es, and No–Lr sources can con-
sistently be interpreted as being due to the low-
energy IImin → IImin transition from 238Am and
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
IIImin → IIImin transitions from 247Es and 252No,
respectively. Their energies are considerably lower
than the corresponding ground-state to ground-state
transitions (column 6 in Table 2).

Table 3 shows that the very enhanced measured
half-lives of the low-energy α-particle groups seen
in the various actinide sources are consistent with
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Fig. 5. Calculated shapes of two compound nuclei at
various configurations together with the shapes of the
corresponding projectile and target nuclei. Top, left:
ACN = 239 in the normal ground state; β2 = 0.2; β4 =
0.08 [36]. Top, right:ACN = 239 in the second minimum;
β2 = 0.77; β4 = 0.1 [36]. In both figures, Aheavy = 186;
β2 = 0.22 [35]. Alight = 53; β2, β3, β4 = 0. Bottom, left:
ACN = 253 in the normal ground state; β2 = 0.28; β4 =
0.01 [36]. Bottom, center: ACN = 253 in the third mini-
mum; β2 = 1.2; β4 = 0 [36]. Bottom, right: ACN = 253

with parameters of the third minimum of 232Th; β2 =
0.85; β3 = 0.35; β4 = 0.18 [38]. In the three figures at the
bottom,Aheavy = 186; β2 = 0.22 [35]. Alight = 67; β2, β3,
β4 = 0.

calculated values [24], taking into account in the
penetrability calculations the deformation parameters
of the superdeformed and hyperdeformed isomeric
states.

The potential energies as function of quadrupole
deformations, taken from [36], are shown in Fig. 4 for
the 238Am, 238Cm, 247Es, and 248Fm nuclei. It is seen
that, in 238Am, the inner and the outer barriers of the
second minimum are quite large, while in 247Es and
248Fm the outer barriers of the second minima are
small, and the inner barriers of the third minima are
large. In fact, the third minima in 247Es and 248Fm
are predicted to be the ground states of these nuclei,
being 0.61 and 1.76 MeV below the normal, slightly
deformed, ground states. Unfortunately there are no
predictions in these cases for the potential at even
larger deformations, beyond the third minimum. (In
the case of 232Th [38], the outer barrier in the third
minimum is quite high.)

In [24], detailed estimates for the various produc-
tion cross sections of the actinide nuclei, as well as of
the superheavy element with Z = 112 and N � 160,
are given. It is argued that the relatively large fusion
cross sections, in the millibarn region, are due to two
effects. First, the compound nucleus is produced in
an isomeric state in the second or third minimum
of the potential, rather than in the normal ground
state. As shown in Fig. 5, much less overlapping and
penetration are needed under these conditions, and
therefore the compound nucleus formation probability
increases drastically. Secondly, in the secondary reac-
tion experiment, the projectile is a fragment that has
been produced within 2× 10−14 s before interacting
with another W nucleus in the target. During this
P
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Fig. 6. Calculated fusion cross sections using the code
CCDEF [34] for the 70Zn + 186W reaction assuming
various quadrupole deformations of the projectile and tar-
get nuclei (see text, Section 5).

short time, it is at high excitation energy and quite de-
formed. Figure 6 gives the results of couple-channel
calculations [34] for the fusion cross section as a
function of bombarding energy for the 70Zn + 186W
reaction, taking into account the known deformation
of 186W and various deformations of the projectile.
In Fig. 6, curve d shows the results when the pro-
jectile has a deformation that is typical for the sec-
ond minimum of the potential. It is seen that, due
to the reduced Coulomb repulsion between the two
nuclei for the tip to tip configuration, the cross section
decreases very slowly with decreasing bombarding
energy.

An idea about the relative importance of the above
two effects can be deduced from the following argu-
ments: the difference from a typical cross section of
about 1 pb [41] obtained in the 70Zn + 208Pb reaction
producing the nucleus 277112 in its ground state to a
cross section of about 20 nb producing 271(2)112 in
an isomeric state via the 88Sr + 184W reaction [42]
is due to the first effect. The additional difference from
20 nb to about 3.8 mb [24] of producing element 112
in an isomeric state via secondary reactions is due to
the second effect.

6. SUMMARY OF THE PROPERTIES
OF THE SUPER- AND HYPERDEFORMED

ISOMERIC STATES

Figure 7 summarizes the results obtained about
the super- and hyperdeformed isomeric states. The
nucleus may have a long lifetime in its ground state,
but also in long-lived isomeric states in the second
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Fig. 7. Summary of abnormal particle decays seen in various experiments.
and third minima of the potential-energy surfaces.
Long-lived superdeformed isomeric states may de-
cay by very enhanced α particles to superdeformed
states in the daughter nuclei or by strongly retarded
α particles to the normal deformed states in the cor-
responding nuclei. It also may decay by very re-
tarded proton radioactivity. Similarly, hyperdeformed
isomeric states may decay by strongly enhanced α-
particle decay to the hyperdeformed potential well
in the daughter or by very retarded α decay to the
superdeformed minimum in the same nucleus. All
these extremely unusual decay properties have been
discovered experimentally as summarized in Fig. 7.

It should be mentioned that the half-lives of the
newly discovered isomeric states are longer than
those of their corresponding ground states. Such a
comparison for the isomeric states in the actinide
region is presented in Table 4.

It should be mentioned that, back in 1969 [44], a
new type of fission isomeric state was predicted for
nuclei with N ≈ 144–150. A specialization energy in
excess of 4 MeV for the second barrier was predicted

for a [505]
11
2

−
state, which is associated with a factor

of about 1015 increase in the half-life of a normal
fission shape isomer.

7. SUPER- AND HYPERDEFORMED
ISOMERIC STATES AND THE PUZZLING

PHENOMENA SEEN IN NATURE

The discovered super- and hyperdeformed long-
lived isomeric states enable one to understand the
previously puzzling phenomena seen in nature (see
the Introduction).
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
The source for the Po halos [9, 10] may be such
isomeric states in isotopes with Z � 84 that decayed,
by β or γ decays, to the ground states of 210Po, 214Po,
and 218Po.

The low-energy α particles around 4.5 MeV [12–
15] can consistently be interpreted as being due to a
very enhanced IIImin → IIImin transition in Z ∼ 108
and A ∼ 271. The predicted [24, 26] half-life in this
case is around 109 yr, as seen in Table 5. This resolves
the first difficulty in understanding these data, namely,
the lifetime about eight orders of magnitude shorter

Table 4.Half-lives of some isomeric states and their ratios
to the half-lives of their corresponding normal-deformed
ground states

Isotope t
g.s
1/2 ti.s1/2 ti.s1/2/t

g.s
1/2

236Bk 42.4 sa ≥ 30 db ≥ 6.1× 104

236Am 3.6minc 219 db 8.8× 104

238Amd 98mine 3.8 yr 2.0× 104

247Esf 4.55mine 625 d 2.0× 105

252Nog 2.3 se 26 d 9.8× 105

a Predicted by Möller et al. [19].
b Ref. [30].
c Nagame et al., these Proceedings.
d Assuming that the 5.14-MeV group is from 238Am (see Ta-
bles 1 and 3).
e Ref. [43].
f Assuming that the 5.27-MeV group is from 247Es (see Tables 1
and 3).
g Assuming that the 5.53-MeV group is from 252No (see text).
3
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than what is predicted [22, 23] from the energy versus
lifetime relationship for a normal α transition. (About
2.5× 108 yr estimated experimentally as compared to
5× 1016 yr. See the Introduction.)

In addition, an extrapolation of the deduced α
energies for IIImin → IIImin transitions from the pre-
dictions of [36] shows that, for Z = 108, Eα of about
4.5 MeV corresponds to N ∼ 162 (see Fig. 8). This
is consistent with the suggestion [15] that 247Cm
may be a descendent of the superheavy element with
Z = 108 which decays by 4.5-MeV α particles, since
247Cm can be obtained from 271

108Hs163 by six succes-
sive α decays. Another possibility is that the long-
lived isotope is 267Hs, which decays by two β+ or
electron capture decays to 267Sg, which is then fol-

Table 5. Calculated half-lives for hyperdeformed to hy-
perdeformed α-particle transition of 4.5 MeV from 271Hs
assuming various deformation parameters [24]

β2 β3 β4 t1/2, yr

1.2a 0.0b 0.0a 1.8× 1011

1.2a 0.19c 0.0 4.6× 109

0.85d 0.35d 0.18d 1.3× 108

a ε2 and ε4 values for 248Fm were taken from [36] and converted
to β2 and β4 values according to [40].
b Assuming β3 = 0.
c Assuming β3 = ε3 of [36].
d Parameters given in [38] for 232Th.
PH
lowed by five successive α decays to 247Cm. It should,
however, be mentioned that, in principle, the above
4.5-MeV α particles may also be due to a strongly
retarded IImin → Imin or IIImin → IImin transition in the
region of Os itself. (For normal 4.5-MeV α particles
in Os, the expected [22, 23] half-life is about 1 yr.
Such a short-lived nuclide cannot exist in nature.)

8. SUMMARY

It was shown that the newly discovered long-
lived super- and hyperdeformed isomeric states can
provide consistent interpretations to two previously
unexplained phenomena seen in nature. Thus, the Po
halos can be understood as being due to the existence
of such isomeric states in nuclei withZ values around
84 and atomic masses in the region of 210–218.
The observed 4.5-MeV α-particle group can be un-
derstood as being due to a low-energy and strongly
enhanced hyperdeformed to hyperdeformed transition
in a nucleus with Z = 108 and A � 271.

It seems to us that the existence of superheavy
elements in nature is not impossible.
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30. A. Marinov, S. Eshhar, and D. Kolb, Phys. Lett. B
191, 36 (1987).
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Abstract—We present here results of thermochromatographic model studies with Rn and Hg, conducted
in order to prepare future gas-adsorption chromatographic investigations of element 112. The adsorption
properties of Rn on various transition metals were investigated by vacuum thermochromatography. From
the results of these experiments, predictions have been deduced for the adsorption behavior of hypothetically
noble-gas-like elements 112 and 114. Empirical predictions of the adsorption interaction of a noble metallic
element 112 and its lighter homologues with transition metal surfaces are given in the literature. The
results of these calculations are compared with experimental data obtained in thermochromatographic
model experiments with Hg. The most efficient way to chemically identify element 112 is the use of a cryo-
on-line detector (COLD)-like setup, which was already successfully applied in the chemical investigation
of hassium. Modifications of this device needed for the on-line thermochromatographic investigation of
element 112 are presented together with results of test experiments with short-lived isotopes of Rn and Hg.
c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

From the systematics given by the periodic table,
the elements with the atomic numbers 112 (E112)
and 114 (E114) have their outermost valence elec-
trons in the 7s and 7s7p1/2 orbitals, respectively. In-
creasing nuclear charges causes progressively grow-

∗This article was submitted by the authors in English.
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China).
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ing relativistic effects in the electron shells influenc-
ing the chemical behavior of the heaviest elements
[1, 2]. The primarily occurring stronger binding of
the electrons in the spherical relativistic orbitals s
and p1/2 is predicted to have a strong impact on
the properties of heavy elements that have valence
electrons in these orbitals. In 1973, Pitzer [3] sug-
gested that the element 112 should behave as a noble
gas. Noble-gas-like behavior would give evidence of
chemically inert E112 and E114 related to strong
relativistic shell stabilizations in the 7s and 7s7p1/2

orbitals, respectively. However, a metallic behavior
due to relativistically destabilized 6d electron orbitals
as the outermost is also possible. In 1976, Eichler
[4] predicted a noble metallic behavior of element 112
closer to Hg. Thus, the primary scientific goal of the
chemical investigation of E112 and E114 must be
the differentiation between a noble metallic character
and a noble-gas-like behavior. This differentiation is
the matter of recent experiments, which endeavor to
study the gas adsorption properties of these elements
on metal surfaces. In preparation of the challenging
experimental studies of E112 and E114, model ex-
periments with Hg and Rn are essential. Ranges of
experimental parameters are deduced, which have to
be covered by experiments with the transactinides.
These model studies are the topic of this work.
2003 MAIK “Nauka/Interperiodica”
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2. NOBLE-GAS-LIKE BEHAVIOR
OF TRANSACTINIDE ELEMENTS E112
AND E114: MODEL STUDIES WITH Rn*

Adsorption properties of Rn on transition metal
surfaces have been determined using vacuum ther-
mochromatography. The method of vacuum ther-
mochromatography was already successfully applied
for the separation of volatile elements and compounds
at the on-line mass separator OSIRIS [5–7] and for
adsorption studies of various elements on metallic
surfaces [8–11]. Figure 1 shows a schematic view
of the vacuum thermochromatography setup used in
this work.

The vacuum chamber (1) was evacuated by a
turbo molecular pump setup (2) and by a modified
double-stage cryogenic pump (3) to a pressure of
about 3× 10−5 Pa. The pressure was monitored us-
ing an ionization gauge (4). A copper tube (5) was
mounted on top of the cold head of the cryogenic
pump. The thermochromatography experiments were
carried out in quartz tubes (6), which were covered
inside by thin metal foils (7). The quartz tube was
then placed into the copper tube. A temperature gra-
dient from T1 = 273 K to T4 = 20 K was obtained
outside along the copper tube. The upper temper-
ature (T1) was forced by an oven (8). The stability
of this temperature gradient was monitored by sta-
tionary thermocouples (T1, T2, T4). The temperature
gradient from 230 to 60 K obtained inside of the
chromatography columns was monitored by a mov-
able Teflon� insulated thermocouple (T3). Temper-
ature equilibrium conditions were established along
the chromatographic column over about 15 h. By
opening the valve (12) to the emanation source (11),
the experiment was started.

Either nat.228/232ThO2 (2 g as powder), emanat-
ing 220Rn (T1/2 = 55.6 s), or 227Ac2O3 (about 2×
10−3 µg, deposited on a Pt-foil), emanating 219Rn
(T1/2 = 3.96 s), was used as the Rn source. The
emanating Rn isotopes entered the chromatographic
column. During the experiments 220Rn and 219Rn de-
cayed to much less volatile daughter nuclides. These
decay products were instantly deposited or kept ad-
sorbed on the chromatographic surface. Hence, the
distribution of the Rn isotopes along the temperature
gradient was “frozen.” Afterward, the chromatogra-
phy column was removed from the vacuum cham-
ber and the γ emission of the nuclides 212Pb (Eγ =
238 keV) or 211Bi (T1/2 = 2.17 min, Eγ = 351 keV,
the equilibrium daughter activity of 211Pb) was mea-
sured using an HPGe (high-purity germanium) γ
detector through a 1-cm lead collimator. The original
result of each thermochromatography experiment is
an internal thermochromatogram (e.g., black bars in
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 1.Schematic view of the vacuum thermochromatog-
raphy setup and the temperature gradient.

Fig. 2) representing the distribution of the adsorbate
along the chromatographic column.

From deposition temperatures, Tdep, observed
in the experiment and from the selected experi-
mental parameters, the adsorption enthalpy of Rn
on the metal surfaces at zero surface coverage,
∆Hads(ther.), was evaluated, using a thermodynamic
equilibrium model of vacuum thermochromatogra-
phy, based on principles of ideal linear gas chro-
matography [10]. Furthermore, similar to the Monte
Carlo simulation of gas thermochromatography [12],
a Monte Carlo simulation of idealized microscopic
adsorption and desorption processes of single atoms
in an evacuated cylindrical tube [13] was used to
determine independently the adsorption enthalpy of
Rn on the metal surfaces, ∆Hads(kin.). The resulting

Table 1. The enthalpies of adsorption of Rn on polycrys-
talline metal surfaces

Metal

Rn Xe

−∆Hads
(ther.),
kJ/mol

−∆Hads
(kin.),
kJ/mol

−∆HM
ads,

kJ/mol
−∆HM

ads,
kJ/mol

Cu 37± 2 40± 2 25± 2 21

Ag 20± 2 23± 2 26± 2 21.5

Au 29± 2 33± 2 33± 2 27.5

Pd 37± 2 41± 2 35± 2 29

Ni 39± 2 43± 2 37± 2 31
3
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simulated thermochromatograms are shown in Fig. 2
(stepped lines).

The adsorption enthalpies of Rn on the transition
metal surfaces are compiled in Table 1 (∆Hads(kin.)
and ∆Hads(ther.)). Both adsorption models applied
in this analysis yield similar results for ∆Hads. The
adsorption enthalpies of Rn on the polycrystalline
surfaces of the metals Cu, Ag, Au, and Ni were deter-
mined experimentally for the first time. The evaluated
adsorption enthalpy of Rn on Pd agrees very well
with the data obtained by gas thermochromatogra-
phy (−37± 4 kJ/mol) [14]. Similar deposition tem-
peratures measured on the same metal for different
experimental durations indicate the metallic surfaces
to be stable at the given vacuum conditions, which
is a crucial point for the scientific and experimental
concept of the investigation of E112 and E114.

Exact calculations exist only for the interaction of
closed shell atoms with hypothetical metal surfaces
(e.g., [15–18]). Miedema and Nieuwenhuys [19] pre-
sented an empirical model used to estimate theoret-
ical adsorption enthalpies of Rn on transition metal
PH
surfaces. They assumed the adsorption enthalpy of
noble gases on metal surfaces as being proportional
to the energy of adhesion. The calculated adsorption
enthalpies of Xe on metal surfaces agree with litera-
ture data within an error range of about± 5%.On the
basis of the calculations for the lighter noble gases,
the authors suggest a linear dependence between the
adsorption enthalpies of Ne, Ar, and Kr on metal
surfaces and the empirically calculated adsorption
enthalpies of Xe on the same metal surfaces:

∆HM
ads(Z) = C(Z,Xe)∆HM

ads(Xe). (1)

We found empirically correlations between the
factors C(Z, Xe) for Z = Ne, Ar, Kr, and Xe and
the enthalpies of sublimation, polarizabilities, and the
ionization potentials (see, e.g., Fig. 3) [13]. Subse-
quently, the factors C(Z,Xe) for the calculation of the
adsorption enthalpies (∆HM

ads) of closed shell atoms
Z (Z = He, Rn, E112, and E114) on different metal
surfaces have been obtained by extrapolation (Fig. 3).
The∆HM

ads of Rn on themetal surfaces of Cu, Ag, Au,
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Pd, and Ni were calculated using Eq. (1). The results
are included in Table 1 (Rn,−∆HM

ads).
With exception of Cu, the results for the Rn ad-

sorption from this extended empirical model are ob-
viously in very good agreement with our experimen-
tal results. This encouraged us to use this model
for a prediction of the adsorption enthalpies of E112
and E114 on different metal surfaces, assuming hy-
pothetically a noble-gas-like behavior of these ele-
ments. For the empirical deduction of C(E112, Xe)
andC(E114, Xe), predicted properties of the elements
E112 and E114 have been used, e.g., the polarizabil-
ities (α) [20] and the ionization potentials (IP) [21,
22] (Fig. 3). The predicted values for the adsorption
enthalpies of E112G and E114G on Cu, Ag, Au, Pd,
and Ni are presented in Fig. 4.

These values have to be distinguished from the
adsorption enthalpies calculated with the Miedema
model for metal–metal interactions [23], which was
applied to transactinide elements assuming ametallic
behavior of E112M and E114M [24]. The predicted
values have been inserted into Fig. 4 for comparison.
The metallic interaction of the elements E112 and
E114 with transition metal surfaces are expected to
be much stronger and much more dependent on the
nature of the metal surface (see Section 3).

3. METALLIC BEHAVIOR
OF TRANSACTINIDE ELEMENTS E112
AND E114: MODEL STUDIES WITH Hg
A high volatility of element 112 has been predicted

by Eichler [4], using extrapolations of the sublima-
tion enthalpies along the groups of the periodic table.
The metallic character was quantified from the sub-
limation enthalpies and the dissociation enthalpies of
homonuclear dimers. These empirical extrapolations
led to the assumption of a noble metallic behavior
for element 112 even closer to Hg than to Rn. In
order to cover also these predicted chemical prop-
erties of E112, gas thermochromatography experi-
ments with tracer nuclides of Hg were carried out.
192,193Hg were produced at the PSI SINQ spalla-
tion neutron source at PSI applying the NAA “rab-
bit” system and using the fast-neutron-induced ac-
tivation reaction natPb(n, xn)192,193Pb→192,193mHg.
We prepared 192,193mHg samples using a one-step
volatilization-adsorption sequence in a 50-ml/min
H2/Ar gas flow (Fig. 5a), which allowed us to sep-
arate carrier-free 192,193mHg at 600◦C from the bulk
of lead. The volatile mercury was adsorbed in a cooled
trap on Au foils, which served afterward in the ther-
mochromatography experiments as Hg sources.

A thermochromatography setup (Fig. 5b) was
used to study adsorption properties of Hg on dif-
ferent metals. The chromatography columns were
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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prepared in the same way as for the vacuum ther-
mochromatography experiments with radon. A tem-
perature gradient was established along the ther-
mochromatography column between 600 and –10◦C
(Fig. 6). The adsorption properties of Hg on Au,
Pt, and Pd have been investigated. The resulting
thermochromatograms of Hg on Au and Pd are
shown in Fig. 6. From the distribution of Hg along the
chromatography column, the adsorption enthalpies
of Hg on Au, Pd, and Pt have been determined by
a Monte Carlo simulation based on a microscopic
description of adsorption chromatography [12].

Interestingly, all thermochromatograms of Hg on
themetals showed two depositionmaxima. Therefore,
two adsorption enthalpies of Hg on the metals were
determined (Table 2).

The ∆Hads were compared with results calculated
using the Eichler–Miedema model (Table 2, ∆HM

ads)
from [25]. We note better agreement of the calculated
adsorption enthalpies of Hg on the metals evalu-
ated from the higher deposition temperature. But still
these values are smaller than predicted. The deposi-
tion in two peaks is still under discussion. Further
experiments are envisaged.

4. SIMULTANEOUS STUDIES
OF Hg AND Rn

On-line experiments with short-lived Hg and Rn
isotopes have been conducted at PSI. The Hg iso-
topes were produced in the nuclear fusion reaction

Table 2.Adsorption enthalpies (in kJ/mol) of Hg on metal
surfaces

Metal −∆Hads(1) −∆Hads(2) −∆HM
ads

Au 100 86 114

Pt 133 108 167

Pd 148 128 206
3
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168Yb(20Ne, (6–8)n)180–182Hg. The recoiling reac-
tion products were thermalized in a 500-ml/min He
gas flow. The volatile reaction products, mainly the
Hg isotopes, remained in the gas phase and were
thus continuously swept out of the target chamber.
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P

An emanation source containing 227Ac was con-
nected to the carrier gas stream emanating the 219Rn
(T1/2 = 3.9 s). The target chamber was connected di-
rectly to the cryo-on-line detector (COLD) through a
2-mm Teflon capillary. A new 2π-COLD device was
built. This thermochromatography device (COLD II)
consists of a special arrangement of 3× 1 cm2 PIN
diodes and glass plates facing each other and forming
a rectangular channel. The surfaces of the glass plates
were covered with gold, which was deposited using
a sputtering technique. Hence, the spontaneous de-
position of Hg and the adsorption properties of Rn
on Au could be studied simultaneously. 219Rn and its
α-decaying daughter nuclides were used for an on-
line α-spectroscopic calibration. A resulting chro-
matogram of one experiment is presented in Fig. 7.

It represents a typical picture of a diffusion-driven
deposition of Hg on the Au surface. The beginning
deposition of Rn onAu at–70◦Ccan be observed. For
further on-line experiments, we improved the COLD
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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II setup. A better coupling of the cryo-unit to the
detector array was developed in order to obtain a
temperature gradient from 25◦C to –190◦C, which is
needed to cover the whole prediction interval of the
expected E112 deposition on Au. A direct coverage
of the copper channel opposite to the PIN diodes
with Au will provide a more reproducible, stable, and
directly measurable temperature gradient.

5. CONCLUSIONS

The low-temperature vacuum thermochromatog-
raphy technique is shown to be usable for the in-
vestigation of adsorption interactions of very volatile
atoms and molecules on a wide variety of surfaces.

The gas thermochromatographic experiments
with Hg yielded a less strong adsorption interaction
of Hg with noble metal surfaces than expected and a
two-peak deposition. Further experiments are envis-
aged to clarify this phenomenon.

The predicted adsorption enthalpies of E112 on
transition metals, if it behaves as a noble gas element
or as a noble metal E112, allow us to select the best-
suited experimental conditions for on-line gas phase
chemical studies. If E112 behaves as a noble gas,
it could not be separated from Rn. If E112 behaves
as a noble metal, it can clearly be separated chro-
matographically from the bulk of Rn using the COLD
device. However, the α background of decaying Rn
daughters in the detectors will obstruct the unam-
biguous detection of E112 by genetically linked α-
decay chains. Therefore, physical separation methods
such as a gas-filled recoil separator or a velocity filter
should assist in effectively preseparating E112 from
Rn. The vacuum thermochromatography technique
will then provide an excellent choice when coupled
to such physical separators, which work at low gas
pressures or even under vacuum conditions.

Using the presented COLD II setup, without
physical preseparation, investigations of the sponta-
neously fissioning isotope 283112, for which the decay
modes of the Rn daughter isotopes do not interfere,
are envisaged.
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Abstract—The methods that are actively used for electronic structure calculations of low-lying states of
heavy- and superheavy-element compounds are briefly described. The advantages and disadvantages of
the Dirac–Coulomb–Breit Hamiltonian, Huzinaga-type potential, shape-consistent Relativistic Effective
Core Potential (RECP), and Generalized RECP are discussed. The nonvariational technique of the
electron-structure restoration in atomic cores after the RECP calculation of a molecule is presented. The
features of the approaches accounting for electron correlation, the configuration interaction and coupled
cluster methods, are also described. The results of calculations on E113, E114, U, and other heavy-atom
systems are presented. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

High-precision calculations of molecules with
heavy and superheavy atoms that provide “chemical
accuracy” (1 kcal/mol or 350 cm−1) for excitation
and dissociation energies of low-lying states are
extremely time-consuming. Employing the latest
theoretical and program developments is necessary
at the following stages:

(A) selection of an effective spin-dependent Ha-
miltonian;

(B) basis set optimization;

(C) appropriate way of accounting for correlation.

In order to minimize the computational efforts
necessary to provide a given accuracy in calculation
of properties, it is important to achieve the equivalent
(balanced) level of accuracy in each of these stages
in the most economical way. Moreover, too high an
accuracy which can be formally attained at the first
two stages by, e.g., (a) employing an effective Hamil-
tonian, in which inactive core electrons are treated
explicitly, or/and (b) using a too large a basis set can
result in abnormal requirements on computers at the
last stage.

In the present paper, the main attention is paid
on items (A) and (C). The Dirac–Coulomb–Breit
(DCB) Hamiltonian and the Relativistic Effective
Core Potential (RECP) method, which are widely
employed [at stage (A)], are described in Sections 2

∗This article was submitted by the authors in English.
**e-mail: Titov@pnpi.spb.ru; url: http://qchem.pnpi.
spb.ru
1063-7788/03/6606-1152$24.00 c©
and 3. The Configuration Interaction (CI) and Cou-
pled Cluster (CC) methods, which are most popular
in correlation calculations [at stage (C)], are pre-
sented in Sections 4 and 5. In contrast to the density
functional approaches, the CI and CC methods allow
one to study excited electronic states of a given
symmetry with high level of accuracy.

2. DIRAC–COULOMB–BREIT
HAMILTONIAN

It is well known that the Dirac–Coulomb (DC)
Hamiltonian with the Breit interaction and other
Quantum ElectroDynamic (QED) corrections taken
into account provides a very high accuracy of calcula-
tions of heavy atoms and heavy-atom molecules. The
DC Hamiltonian has the form (in atomic units, e =
m = � = 1, where e and m are the electron charge
and mass, and � is Planck constant)

HDC =
∑

p

hD(p) +
∑
p>q

1
rpq

, (1)

where indices p, q run over all the electrons in an atom
or molecule; rpq is the distance between electrons p
and q; and the one-electron Dirac operator hD is

hD = c(α · p) +mc2(β − 1) + V nucl, (2)

where c is the speed of light; V nucl is the nuclear
potential including the effect of finite nuclear size,
etc.; p=−i∇ is the electronmomentum operator; and
α and β are the 4× 4Dirac matrices.
The lowest order QED correction includes the

interelectronic exchange by one transverse photon
2003 MAIK “Nauka/Interperiodica”



ACCURACY AND EFFICIENCY OF MODERN METHODS 1153
Table 1. Transition energies of the tin (Z = 50), lead (Z = 82), and eka-lead (Z = 114) atoms calculated by the DHF
method with Coulomb and Coulomb–Gaunt two-electron interaction for states with the ns2np2 configuration (in cm−1)

Configuration J DC DCG Absolute difference Relative difference, %

Tin

(5s21/25p
2
1/2) 0 3113 3153 40 1.3

(5s21/25p
1
1/25p

1
3/2) 1 0 0 0 0

(5s21/25p
1
1/25p

1
3/2) 2 5143 5139 −4 −0.1

(5s21/25p
2
3/2) 2 5941 5893 −48 −0.8

(5s21/25p
2
3/2) 0 15 873 15 820 −53 −0.3

Lead

(6s21/26p
2
1/2) 0 0 0 0 0

(6s21/26p
1
1/26p

1
3/2) 1 4752 4644 −108 −2.3

(6s21/26p
1
1/26p

1
3/2) 2 9625 9514 −111 −1.2

(6s21/26p
2
3/2) 2 18 826 18 592 −234 −1.2

(6s21/26p
2
3/2) 0 28 239 27 995 −244 −0.9

Eka-lead

(7s21/27p
2
1/2) 0 0 0 0 0

(7s21/27p
1
1/27p

1
3/2) 1 27 198 26 806 −392 −1.4

(7s21/27p
1
1/27p

1
3/2) 2 30 775 30 391 −384 −1.2

(7s21/27p
2
3/2) 2 66 068 65 225 −843 −1.3

(7s21/27p
2
3/2) 0 74 527 73 674 −853 −1.1
in the Coulomb gauge and leads to the so-called
Dirac–Coulomb–Breit Hamiltonian

HDCB = HDC +
∑
p>q

Bpq, (3)

where

Bpq(ωpq) = −(αp·αq)
cos(ωpqrpq)

rpq
(4)

+ (αp·∇p)(αq·∇q)
cos(ωpqrpq)− 1

ω2
pqrpq

,

ωpq designating the frequency of the photon ex-
changed between electrons p and q. A low-frequency
expansion of the cosines yields the incomplete Breit
interaction Bpq(0):

Bpq(0) = −(αp ·αq)/rpq (5)

+
1
2
[
αp ·αq − (αp · rpq)(αq · rpq)/r2pq

]
/rpq.

These terms describe the instantaneous magneto-
static interaction and classical retardation of the elec-
tric interaction between electrons. The contribution
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
from the first term (called Gaunt interaction) to tran-
sition energies and hyperfine structure (HFS) con-
stants can be observed in atomic Dirac–Hartree–
Fock (DHF) calculations [1] (Tables 1 and 2).

The one-electron basis functions in calculations
with the DC(B) Hamiltonian are the four-component
Dirac spinors. The DC(B)-based calculations have
the following disadvantages:

Too many electrons are treated explicitly in heavy-
atom systems and too large a basis set of Gaussians is
required for accurate description of the large number
of radial oscillations that valence spinors have in the
case of a heavy atom.

The need for working with the four-component
Dirac spinors leads to a serious complication of cal-
culations as compared to the nonrelativistic case.

3. RELATIVISTIC EFFECTIVE CORE
POTENTIALS

In calculations on heavy-atom molecules, the DC
and DCB Hamiltonians are usually replaced by an
3
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Table 2.HFS constants in the indium (Z = 49), thallium (Z = 81), and eka-thallium (Z = 113) atoms calculated by the
DHF method with Coulomb and Coulomb–Gaunt interaction for different configurations (in MHz)

Configuration DC DCG Absolute difference Relative difference, %

Indium

(5s21/25p
1
1/2) 1913 1900 −13 −0.7

(5s21/25p
1
3/2) 288 287 −1 −0.3

(5s21/25d
1
3/2) 4.41 4.40 −0.01 −0.2

(5s21/25d
1
5/2) 1.88 1.88 0 0

(5s21/26s
1
1/2) 1013 1011 −2 −0.2

Thallium

(6s21/26p
1
1/2) 18 918 18 691 −227 −1.2

(6s21/26p
1
3/2) 1403 1391 −12 −0.9

(6s21/26d
1
3/2) 20.8 20.8 0 0

(6s21/26d
1
5/2) 8.72 8.70 −0.02 −0.2

(6s21/27s
1
1/2) 7826 7807 −19 −0.2

Eka-thallium∗

(7s21/27p
1
1/2) 150 168 147 538 −2630 −1.8

(7s21/27p
1
3/2) 2007 1983 −24 −1.2

(7s21/27d
1
3/2) 34.3 34.2 −0.1 −0.3

(7s21/27d
1
5/2) 13.5 13.5 0 0

(7s21/28s
1
1/2) 28 580 28 473 −107 −0.4

∗ The magnetic moment µN and spin I for the eka-thallium nucleus were taken as those for thallium. The presented results can be
easily recalculated as only the proper values of µN and I are known because they just include the µN/I coefficient.
effective Hamiltonian

Heff =
∑
pv

[hSchr(pv) + Ueff(pv)] +
∑

pv>qv

1
rpvqv

(6)

written only for valence or “valence-extended” (when
some outermost core shells are treated explicitly)
subspace of electrons denoted by indices pv and qv;
Ueff is an RECP operator simulating, in particular,
interactions of the explicitly treated electrons with
those which are excluded from the RECP calculation.
In Eq. (6)

hSchr = −1
2
∇2 + V nucl (7)

is the one-electron operator of the nonrelativistic
Schrödinger Hamiltonian. Contrary to the four-
component wave function used in DC(B) calcula-
tions, the pseudowave function in the RECP case can
be both two- and one-component.
P

3.1. Huzinaga-Type Potential

When forming chemical bonds in heavy-atom
molecules, states of core electrons are practically
unchanged. To reduce computational efforts in ex-
pensive molecular calculations, the "frozen core"
approximation is often employed.

In order to “freeze” core (c) spinors, the energy
level shift technique can be applied. Following Huz-
inaga et al. [2], one should add the effective core
operator Ueff

Huz containing the Hartree–Fock (HF)
field operators, the Coulomb (J) and spin-dependent
exchange (K) terms, over these core spinors together
with the level shift terms to the one-electron part of
the Hamiltonian:

Ueff
Huz = (J−K)[ϕnclj] +

∑
nc,l,j

Bnclj |ϕnclj〉〈ϕnclj|

(8)

(i.e., εnclj → εnclj +Bnclj),
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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where nc, l, and j are the principal, orbital-angular
momentum, and total-angular momentum quantum
numbers; the Bnclj parameters are at least of order
|2εnclj |; and εnclj is the one-electron energy of the
core spinor ϕnclj that is frozen. Such nonlocal terms
are needed in order to prevent collapse of the valence
electrons to the frozen core states. As will be shown
below, all the terms with the frozen core spinors (the
level shift operator and exchange interactions) can
be transformed to the spin–orbit representation in
addition to the spin-independent Coulomb term.

3.2. Shape-Consistent Radially Local RECPs
In other RECP versions, the valence spinors are

smoothed in the core regions. Consider the shape-
consistent radially local (or semilocal) RECP devel-
oped by Pitzer’s group [3, 4]. The nodeless numerical
pseudospinors ϕ̃nvlj(r) are constructed of the large
components fnvlj(r) of the valence (v) DHF spinors
(one pseudospinor for each l and j):

ϕ̃nv lj(r) =



fnvlj(r), r ≥ Rc,

rγ
5∑

i=0
air

i, r < Rc,
(9)

where r is the distance between the nucleus and
electron. The matching (or core) radius,Rc, is chosen
near the outermost extremum for the large compo-
nent, and the ai coefficients are taken such that the
pseudospinors are normalized, smooth, and nodeless.
The power γ is typically chosen higher than l + 1 to
ensure an efficient ejection of the valence electrons
from the core region.
To derive the RECP components Ulj , the HF

equations are inverted for the valence pseudospinors
so that ϕ̃nv lj become solutions to the nonrelativistic-
type HF equations (but with j-dependent potentials)
for a “pseudoatom” with removed core electrons [5]:

Ulj(r) = ϕ̃−1
nv lj(r)

(
1
2
d2

dr2
− l(l+1)

2r2
(10)

+
Z∗

r
− J̃(r) + K̃(r) + εnv lj

)
ϕ̃nvlj(r),

where Z∗ = Z −Nc, Z is the nuclear charge, Nc is
the number of excluded core electrons, J̃ and K̃ are
the Coulomb and exchange operators on the pseu-
dospinors ϕ̃nvlj , and εnvlj are their one-electron ener-
gies (the same as for the original spinors). The radially
local RECP operatorUeff

rloc can be written in the form

Ueff
rloc =

Nc

r
+ ULJ(r) (11)

+
L∑

l=0

l+1/2∑
j=|l−1/2|

[
Ulj(r)− ULJ(r)

]
Plj,
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Plj =
j∑

mj=−j

∣∣ljmj

〉〈
ljmj

∣∣,

where J = L+ 1/2, L = lmaxc + 1, and lmaxc is the
highest orbital-angularmomentum of the core spinors,
andmj is the projection of the total momentum.
Using the identities for thePlj projectors [6]

Pl,j=l±1/2 =
1

2l+1

[(
l +

1
2
± 1

2

)
Pl ± 2Pll·sPl

]
,

Pl =
l∑

ml=−l

∣∣lml

〉〈
lml

∣∣, (12)

the RECP operator can be rewritten in the spin–
orbit representation, where l and s are operators of
the orbital-angular and spin momenta, and ml is the
projection of the orbital-angular momentum. Similar
to Huzinaga-type potentials, the shape-consistent
radially local RECPs already allow one to exclude
chemically inactive electrons from the RECP/SCF
stage of calculations. Moreover, they have the follow-
ing advantages:
(1) The oscillations of the explicitly treated spinors

are smoothed in the core regions of heavy atoms
when generating nodeless pseudospinors. Therefore,
the number of one-electron Gaussian basis functions
may be minimized, thus reducing dramatically both
the number of two-electron integrals and the compu-
tational time.
(2) The small components of the four-component

spinors are eliminated and the nonrelativistic kinetic
energy operator is used. The RECP method allows
one to use a well-developed nonrelativistic technique
of calculation and relativistic effects are taken into
account with the help of spin-dependent semilocal
potentials. Breit and other two-electron QED in-
teractions can be efficiently treated within the one-
electron RECPs.
(3) In principle, correlations of the explicitly

treated electrons with those which are excluded from
the RECP calculation can be considered within
“correlated” RECP versions. Reducing the number
of explicitly correlated electrons with the help of
the correlated RECPs is a very promising way to
minimize efforts when performing high-precision
molecular calculations.
The disadvantages of the semilocal RECPs are as

follows:
(1) At present, different versions of the radially

local RECPs provide a comparable level of accuracy
for the same number of explicitly treated electrons. It
is clear that the explicit inclusion of the outer core
electrons into the RECP calculation is the way to
increase the accuracy. However, the extension of the
space of these electrons beyond some limit does not
3
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improve the accuracy, as is obtained in all our calcula-
tions with RECPs. The RECP errors still range up to
1000–3000 cm−1 and more even for the dissociation
of the lowest lying states and for energies of transition
between them.
(2) The reliability of the radially local RECP ver-

sions is not high for transitions with the excitations
in d and f shells in transition metals, lanthanides,
actinides, etc.
(3) Moreover, the direct calculation of such prop-

erties as electron densities near heavy nuclei, HFS,
and matrix elements of other operators singular on
heavy nuclei is impossible as a result of smoothing the
spinors in the core regions of heavy elements.
To overcome the above disadvantages, the Gener-

alized RECP (GRECP) method (see Subsection 3.3)
and the One-Center Restoration (OCR) procedures
(see Subsection 3.4) were developed.

3.3. Generalized RECP
It was shown in [7] that a requirement for pseu-

dospinors to be nodeless is not necessary to gener-
ate the shape-consistent RECP components. In the
case of pseudospinors with nodes, the RECP compo-
nents are singular because division by zero appears
in Eq. (10). This problem is overcome in the GRECP
method by interpolating the potentials in the vicin-
ity of these nodes. It was shown both theoretically
and computationally that the interpolation errors are
small enough. This allows one to generate different
potentials, Unclj and Unvlj , for outer core and va-
lence pseudospinors, unlike the conventional RECP
approach.
The GRECP operator is written in the form [8]

UGRECP =
Nc

r
+ UnvLJ(r) (13)

+
L∑

l=0

l+1/2∑
j=|l−1/2|

[
Unvlj(r)− UnvLJ(r)

]
Plj

+
∑
nc

L∑
l=0

l+1/2∑
j=|l−1/2|

{[
Unclj(r)− Unvlj(r)

]
P̃nclj

+ P̃nclj

[
Unclj(r)− Unvlj(r)

]}

−
∑
nc,n′

c

L∑
l=0

l+1/2∑
j=|l−1/2|

P̃nclj

×
[
Unclj(r) + Un′

clj(r)
2

− Unvlj(r)
]
P̃n′

clj,

P̃nclj =
j∑

mj=−j

|ñcljmj〉〈ñcljmj |.
P

The new nonlocal terms (3–6 lines in the above equa-
tion) were added to the conventional semilocal RECP
operator. These terms take into account the difference
between the effective potentials acting on the outer
core and valence electrons with the same l and j
quantum numbers.
The GRECP method allows one to improve the

accuracy of calculations in a regular manner when
including more outer core shells explicitly in the
GRECP calculations. More details on the GRECP
method can be found in [9, 10]. To compare dif-
ferent effective potential versions by accuracy, we
carried out both all-electron calculations with the
DC Hamiltonian and calculations with RECPs of
different groups. The RECP errors in reproducing the
DHF all-electron results are studied in [9, 10], etc.
One can see from our atomicHF calculations [11] and
correlation calculations on the Hg [12] and Pb [13]
atoms that the accuracy of the GRECP is up to an
order of magnitude higher than that of the other tested
RECPs even for the cases when the same number of
outermost core shells is treated explicitly.
Results for the eka-thallium atom (E113) are pre-

sented in Table 3. The GRECP errors are collected
into two groups. The errors for transitions without
change in the occupation number of the 6d shell are
rather small. The errors for transitions with change
in the occupation number of the 6d shell are about
400 cm−1. The latter errors have a systematic nature
and are connected with the fact that the 6d shell in the
present GRECP version is described with the help of
nodeless pseudospinors. Of course, these errors can
be reduced significantly if one includes the 5d elec-
trons explicitly in the GRECP calculations. The Self-
Consistent (SfC) RECPmethod was suggested in [9,
15]; it allows one to minimize the above-mentioned
errors without extension of space of explicitly treated
electrons. New terms with an operator of the occu-
pation number of the outermost d (or f ) shell are
added to the RECP operator. This method is most
optimal for studying compounds of transition metals,
lanthanides, and actinides. The comparison of accu-
racy of different RECP versions in calculations on the
uranium atom can be found in Table 4 and in [9, 15].
A technique for the “Correlated” GRECP

(CGRECP) generation was proposed in [9] and
essential improvements in this technique were made
in [10]. The CGRECP for mercury was gener-
ated in the framework of the relativistic CC (RCC)
method [19]. The GRECP components were con-
structed for 5s, 5p, 5d, 6s, 6p, 6d, 5f , 5g electrons of
the Hg atom. The 5s, 5p pseudospinors are “frozen”
in calculations with this CGRECP {in fact, they are
completely excluded from the calculations with the
help of the level shift technique (see Section 3.1
and [9, 20])}, and only 12 external electrons of the
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Table 3. Transition energies between low-lying configurations of the eka-thallium (E113) atom derived from all-electron
calculations and the errors of their reproduction in calculations with different RECP versions (all values are in cm−1)

Configuration
All-el. DHFG∗ Gaunt contrib. 21e-GRECP∗∗ 21e-RECP

of Nash et al.∗∗∗

transition energies DHFG–DHF absolute errors

6d4
3/26d

6
5/27s

2
1/27p

1
1/2(J = 1/2)→

6d4
3/26d

6
5/27s

2
1/27p

1
3/2(J = 3/2) 25 098 347 −23 282

6d4
3/26d

6
5/27s

2
1/28s

1
1/2(J = 1/2) 34 962 374 0 −186

6d4
3/26d

6
5/27s

2
1/26f

1 (nonrel. av.) 50 316 395 6 148

6d4
3/26d

6
5/27s

2
1/25g

1 (nonrel. av.) 52 790 395 6 148

6d4
3/26d

6
5/27s

2
1/27d

1 (nonrel. av.) 45 215 395 6 161

6d4
3/26d

6
5/27s

2
1/2(J = 0) 57 180 395 6 148

6d4
3/26d

6
5/27s

1
1/27p

2
1/2(J = 1/2) 61 499 −60 32 4830

6d4
3/26d

6
5/27s

1
1/27p

1
1/27p

1
3/2 (rel. av.) 83 177 248 −4 5177

6d4
3/26d

6
5/27s

1
1/27p

2
3/2 (rel. av.) 112 666 624 −9 5729

6d4
3/26d

6
5/27s

1
1/27p

1
1/2 (rel. av.) 115 740 268 −2 5161

6d4
3/26d

6
5/27s

1
1/27p

1
3/2 (rel. av.) 149 526 678 −10 5811

6d4
3/26d

6
5/27s

1
1/2(J = 1/2) 234 385 796 −4 6151

6d4
3/26d

5
5/27s

2
1/27p

2
1/2(J = 5/2) 47 410 −778 403 −2389

6d4
3/26d

5
5/27s

2
1/27p

1
1/27p

1
3/2 (rel. av.) 74 932 −424 341 −2089

6d4
3/26d

5
5/27s

2
1/27p

2
3/2 (rel. av.) 110 435 −6 306 −1556

6d3
3/26d

6
5/27s

2
1/27p

2
1/2(J = 3/2) 78 862 −416 375 −2272

6d3
3/26d

6
5/27s

2
1/27p

1
1/27p

1
3/2 (rel. av.) 104 097 −86 405 −1968

6d3
3/26d

6
5/27s

2
1/27p

2
3/2 (rel. av.) 137 083 306 473 −1436

6d4
3/26d

5
5/27s

2
1/27p

1
1/2 (rel. av.) 110 139 −407 380 −2317

6d4
3/26d

5
5/27s

2
1/27p

1
3/2 (rel. av.) 150 116 45 338 −1679

6d3
3/26d

6
5/27s

2
1/27p

1
1/2 (rel. av.) 139 841 −65 439 −2184

6d3
3/26d

6
5/27s

2
1/27p

1
3/2 (rel. av.) 177 157 361 506 −1541

6d4
3/26d

5
5/27s

2
1/2(J = 5/2) 239 509 158 408 −1603

6d3
3/26d

6
5/27s

2
1/2(J = 3/2) 267 208 481 579 −1431

∗ All-electron Dirac–Hartree–Fock–Gaunt (DHFG) calculation with Fermi nuclear charge distribution forA = 297.
∗∗ GRECP generated in the present work from DHFG calculation.
∗∗∗ RECP from [14] (generated from DHF calculation without Gaunt iteration).
Hg atom should be explicitly correlated instead of
34 in the case of the DC calculations because the
correlations for the 4f , 5s, 5p electrons and between
the 4f , 5s, 5p and 5d, 6s, 6p electrons are taken into
account by the CGRECP. It allows one to reduce
drastically the computational efforts necessary for the
“chemical” accuracy in calculations of mercury com-
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
pounds. Results of our test calculations are presented
in Table 5. One can see that energies of the one-
electron excitations in calculations of the Hg atom
with the all-electron DC Hamiltonian for 34 external
electrons correlated explicitly by the RCC method
(DC/34e-RCC) can be reproduced with the accuracy
within 270 cm−1 in the 12e-RCC calculations when
3
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Table 4. Transition energies between states of U (averaged over nonrelativistic configurations) derived from all-electron
DHF calculations and the errors of their reproduction in calculations with different RECP versions (all values are in
cm−1)

DHF RECP of Ermler
et al. [16]

Energy-
adjusted PP∗ SfC GRECP Quadratic

SfC GRECP
“Frozen core”

(f3) (f2)

Num. of electrons all 14 32 24 24 24 24

Configuration tr. energy absolute error

5f37s26d1 →
5f37s27p1 7383 387 −498 −35 −33 2 14

5f37s2 36 159 332 130 4 6 3 16

5f37s16d2 13 299 −192 −154 −3 −5 −1 −16

5f37s16d17p1 17 289 144 −621 −31 −31 −1 −5

5f36d2 54 892 −121 −398 −14 −15 1 −21

5f37s26d1 →
5f47s2 16 483 176 788 −723 0 54 187

5f47s2 →
5f47s16d1 15 132 −738 −87 11 −11 −16 −35

5f47s17p1 15 016 90 −443 −37 −26 −1 −2

5f46d2 34 022 −1287 −153 28 −13 −26 −62

5f46d17p1 32 341 −794 −457 −11 −23 −17 −39

5f37s26d1 →
5f27s26d2 3774 3096 −748 −17 −17 90 −96

5f27s26d2 →
5f27s26d17p1 12 646 −441 −626 −16 −15 −5 0

5f27s26d1 42 638 −498 155 24 25 −5 1

5f27s16d3 10 697 608 −240 −10 −10 13 1

5f27s16d27p1 19 319 390 −826 −26 −26 6 0

5f37s26d1 →
5f17s26d3 29 597 11 666 −1526 −896 −104 466 48

5f17s26d3 →
5f17s26d27p1 18 141 −1367 −778 46 49 −2 −2

5f17s26d2 49 158 −1355 173 70 73 −3 −2

5f17s16d4 7584 1655 −331 −39 −40 22 14

5f17s16d37p1 21 154 779 −1055 −11 −11 16 10

5f37s26d1 → 5f5 100 840 430 1453 −1860 22 105 291
∗ Pseudopotential (PP) from [17] (generated from all-electron calculation in the framework of Wood–Boring [18] approximation).
using the present CGRECP. Contribution of the core

correlation effects can be seen from comparison of the

DC/12e-RCC and DC/34e-RCC results or of the

GRECP and CGRECP results. Further development

of this technique is in progress.
P

3.4. Nonvariational One-Center Restoration
of Electronic Structure in Cores of Heavy-Atoms

in a Molecule (NOCR)

In the valence region, the electronic density ob-
tained from the two-component GRECP (pseu-
do)wave function very accurately reproduces the
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Table 5. Transition energies from all-electron DC and different GRECP calculations of the lowest lying states of the
mercury atom and its ions in the [7, 9, 8, 6, 7, 7] correlation basis set from [12] for the 12 and 34 correlated electrons* by
the RCC method (all values are in cm−1)

State (leading conf., term) DC 34e-RCC DC 12e-RCC GRECP 12e-RCC CGRECP 12e-RCC

5d106s2(1S0)→
5d106s16p1(3P0) 37 471 37 208 37 244 37 742

5d106s16p1(3P1) 39 318 38 992 39 025 39 573

5d106s16p1(3P2) 44 209 43 675 43 710 44 453

5d106s16p1(1P1) 55 419 54 769 54 780 55 466

5d106s1(2S1/2) 84 550 83 885 83 919 84 744

5d106s1(2S1/2)→
5d106p1(2P1/2) 52 025 51 515 51 559 52 059

5d106p1(2P3/2) 61 269 60 476 60 532 61 320

5d10(1S0) 151 219 150 132 150 202 151 262
∗ This number is smaller by one or two for Hg+ or Hg2+ ions, respectively.
corresponding all-electron four-component density.
In the core region, the pseudospinors are smoothed,
so that the electron density with the (pseudo)wave
function is not correct.
The following restoration scheme was developed

(see [21, 22] and references):

Generation of equivalent basis sets of atomic (one-
center) four-component spinors





fnlj(r)χljmj

gnlj(r)χl′jmj







(where fnlj , gnlj are the radial parts, χljmj
are

the spin-angular parts of the atomic Dirac spinors,
and l′ = 2j − l) and two-component pseudospinors
{f̃nlj(r)χljmj

} by atomic finite-difference (numeri-
cal) all-electron DHF and two-component
GRECP/HF calculations of the same valence con-
figurations of the atom and its ions.

The molecular pseudospin orbitals φ̃i are then
expanded in the basis set of the one-center two-
component atomic pseudospinors (for r ≤ Rrestc ,
where Rrestc ≥ Rc),

φ̃i(x) ≈
Lmax∑
l=0

l+1/2∑
j=|l−1/2|

∑
n,mj

cinljmj
f̃nlj(r)χljmj

, (14)

where x denotes spatial and spin variables.
Finally, the atomic two-component pseudospinors

are replaced by the equivalent four-component spi-
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nors in the molecular basis and the expansion coeffi-
cients cinljmj

from Eq. (14) are preserved:

φi(x) ≈
Lmax∑
l=0

l+1/2∑
j=|l−1/2|

∑
n,mj

cinljmj


fnlj(r)χljmj

gnlj(r)χl′jmj


 .

(15)

The molecular four-component spinors construc-
ted in this way are orthogonal to the inner core spinors
of the heavy atom, as the atomic basis functions used
in Eq. (15) are generated with the inner core electrons
treated as frozen. The properties described by the
operators singular close to (heavy) nuclei are calcu-
lated with the restored bispinors φi. A more advanced
technique of the variational restoration is proposed
in [22].

4. CONFIGURATION INTERACTION

The many-electron wave function ΨCI in the CI
method is presented by a linear combination of deter-
minants DI ,

ΨCI =
∑

I

CCII DI , (16)

where CCII are some numbers (CI coefficients). In
turn, each determinant is an anti-symmetric produc-
tion ofN one-electron basis functions, whereN is the
number of electrons in the considered system. The CI
equations are written as∑

J

HIJC
CI
J = ECICCII , (17)
3
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where HIJ are Hamiltonian matrix elements in the
basis set of the determinants and ECI is the CI en-
ergy. To find the coefficients and the energy in the
CI method, one should diagonalize the Hamiltonian
matrix.

If all possible determinants are considered, then
the method (called Full-CI) will provide the “exact”
solution in the framework of a given one-electron
basis set and an employed Hamiltonian. However,
requirements on the computational resources in the
Full-CI case are usually so huge that such calcula-
tions are practically impossible for systems of interest
except for cases of very small numbers of correlated
electrons and basis functions. In almost all the CI
calculations, only some selected (the most important)
determinants are explicitly considered. To take into
account the effect of the unselected determinants,
various semiempirical corrections (e.g., the Davidson
correction [23]) can be employed. In precise calcula-
tions, the number of selected determinants reaches
a few million or more; therefore, a very large Hamil-
tonian matrix should be diagonalized. The iterative
diagonalization (Davidson) method is then used to
obtain a few low-lying roots of this matrix.

There are two main categories of the CI method
[24]:

“Conventional CI”: the Hamiltonian matrix ele-
ments are calculated once and saved in memory.

“Direct CI”: only those Hamiltonian matrix ele-
ments are calculated at each step of the diagonaliza-
tion procedure which are required at the moment.

The CI method has the following advantages:

(1) The method is simple; solutions always exist
independently of the number of open shells.

(2) It describes well “static” (avoided crossing of
terms) and “nondynamical” electron correlations.

The disadvantages of the CI method are the fol-
lowing:

(1) It works poorly for a large number of correlated
electrons (when semiempirical corrections on unse-
lected determinants are large).

(2) Unsmoothness of potential curves is a result of
selection of determinants by some thresholds.

(3) The above semiempirical energy corrections
cannot be used when calculating other than spectro-
scopic properties.
P

5. THE COUPLED-CLUSTER APPROACHES

The complete space of {DI} is divided into two
subspaces:
M0, model space, consists of small number (M )

of the most important determinants {Dm}Mm=1 to de-
scribe static and nondynamical correlations, which
are taken into account exactly onM0;
M⊥

0 , rest of space (usually very large), is included
approximately to account for dynamical correlations
(i.e., correlations at small interelectron distances,
“Coulomb holes”).
The eigenstates of interest are represented as

|ΨCC〉 =
M∑

m=1

Cm exp[T (m)]|Dm〉, (18)

where T (m) ≡ T (m)
1 + T

(m)
2 + . . . is the cluster oper-

ator: 


T
(m)
1 =

∑
i,a
{a+

a ai} t(m)
i,a ,

T
(m)
2 =

1
2
∑
ij,ab

{
a+

b a+
a ajai

}
t
(m)
ij,ab,

. . . ,

(19)

where a+
a and ai are the creation and annihilation

operators (their combination a+
a ai will replace the

ith one-electron state in the determinant by the ath

one). The coefficients {t(m)
i,a , t

(m)
ij,ab}, etc., are called

the cluster amplitudes and are calculated by solving
Bloch equations:

UHU = HU, (20)

U ≡
M∑

m=1

exp[T (m)]|Dm〉〈Dm|.

The coefficientsCm and final energyECC are obtained
from diagonalization of some effective Hamiltonian
Heff on the model space:

Heff
M∑

m=1

Cm|Dm〉 = ECC
M∑

m=1

Cm|Dm〉 (21)

(Heff
nm ≡ 〈Dn|(exp[−T (m)]H exp[T (m)])|Dm〉).

If all the T (m)
k are considered in the T (m) operator,

then the CC method is equivalent to the Full-CI
one. However, in practical calculations, the third and
following terms in T (m) (three-body and higher order
cluster amplitudes) are usually neglected. Such a CC
version is called CC–SD. There are three basic CC
categories [25]:
One-state or state-selective;
Fock-space or valence universal methods;
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Hilbert-space or state-universal approaches.
The CC method has the following advantages:
(1) It is a size-extensive method; i.e., the energy of

the system is scaled properly with an increase in the
number of electrons (whereas the CI method is not
size-extensive in a general case).
(2) The CC–SD method takes into account the

contributions not only from the determinants ob-
tained from the model space by applying the (1 +
T

(m)
1 +T

(m)
2 ) operator but also approximately from all

the rest of the determinants (whereas the CI method
with the same number of unknown coefficients does
not).
(3) The CC method is one of the best methods for

accounting for the dynamical correlation.
The disadvantages of the CC method are the fol-

lowing:
(1) This is a nonvariational method; i.e., the CC

energy is not an upper bound to the exact energy of
the system (whereas the CI energy is).
(2) The CC equations are nonlinear and the effec-

tive Hamiltonian is non-Hermitian.
(3) Intruder states (i.e., such states from theM⊥

0
subspace, which are lying within theM0 subspace
energy span) destroy the convergence of the CC it-
erations. Alleviation of the problem is in using in-
complete model space procedures; energy shifting,
RLE [26], DIIS [27, 28], and IPM [29] procedures.

6. SOME PRACTICAL CALCULATIONS

Calculations of the spectroscopic constants for
the ground and lowest excited states of the HgH
molecule and for the ground state of the HgH+ ion
were carried out with the help of the GRECP and
RCC [19] methods in [30]. The results are within a few
mbohr from the experimental data for bond lengths
and tens of wave numbers for excitation energies
and vibrational frequencies. It is demonstrated that
the triple cluster amplitudes for the 13 outermost
electrons and corrections for the Basis Set Super-
position Errors (BSSE) [31, 32] are necessary to
obtain accurate results for this molecule. The ac-
curate GRECP/CI calculations of the spectroscopic
constants for the ground state of the TlH molecule
are presented in [20], in which the reliability of the
semiempirical energy corrections is, in particular, in-
vestigated.
The NOCR scheme was applied in the

GRECP/RCC calculations of the P, T -odd prop-
erties for the TlF molecule [21]. The corresponding
GRECP/HF/NOCR results are in good agreement
with the all-electron DHF results of other groups.
Inclusion of electron correlation has changed the
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
values by 20%. The previous NOCR version was
employed in the GRECP calculations of the P, T -
odd parameters and HFS constants for the YbF [33,
34] and BaF [35] molecules. A reasonable agreement
with the experimental data for the HFS constants
was attained. It was demonstrated that the spin-
correlation effects of the unpaired electron with the
deeply lying outer core 5s and 5p shells should be
taken into account in order to perform accurate
calculations of the HFS and P, T -odd constants.
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Abstract—The time scales for nuclear fission have been explored using both pre- and postfission neutrons
and GDR gamma rays. Four systems were investigated: 133-MeV 16O + 176Yb and 208Pb and 104-MeV
4He + 188Os and 209Bi. Fission fragments were measured in coincidence with PPACs. The neutrons were
detected using eight detectors from the DEMON array, while gamma rays were measured using the US
BaF2 array. The pre- and postfission gamma rays were determined using moving source fits parallel and
perpendicular to the fission fragment emission directions. The time scales for fission for the neutrons were
determined using the neutron clock technique. The gamma-ray data were fitted using a statistical model
calculation based on the code CASCADE. The results of the fits from both data types were used to extract
nuclear friction coefficients, γ, and fission time scales. The γ values ranged from 7 to 20, while the fission
times were (31–105)× 10−21 s. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The question of fission time scales has been ac-
tively explored for a number of years using a variety
of techniques including pre- and postfission neutron
[1, 2] and light charged particle emission [3] and
GDR γ-ray emission [2, 4]. Some newer studies have
utilized crystal blocking techniques [5]. Using the
various decay modes has met with limited success.
In particular, the time scales obtained by the various
methods have differed by an order of magnitude or
more [2]. This situation indicates that further work is
needed to reconcile these differences. The motivation
for the current work is intended to distinguish effects
attributable to experimental techniques, the under-
lying physics, and systematic model analysis. Two
of the major tools for determining the time scale for
the fission process have been employed here: neutron
emission and GDR γ-ray emission.

∗This article was submitted by the authors in English.
**e-mail: schmitt@tamu.edu
1063-7788/03/6606-1163$24.00 c©
In the case of neutron measurements, the time
scale for fission, τ , can be approximated by

τ = τform + τsadd + τsci + τacc,

where τform represents the formation time of the fis-
sioning species, τsadd is the time to achieve quasi-
static equilibration at the saddle point, τsci is the time
to evolve from saddle to scission, and τacc is the time
required for the fragments to achieve their asymptotic
velocities. Analogously, for GDR emission the fission
time can be expected to follow

τ = τform + τsadd + τsci,

where the latter term is absent.
The quantity τsadd is of particular interest as it

is the so-called fission time delay or transient time.
Determination of this quantity is expected to provide
the value of the nuclear friction coefficient. Following
Kramer’s work in 1940 [6], the effective fission decay
width including dissipative effects is expected to be
smaller than the standard Bohr–Wheeler decay width
according to the viscosity of the system according to

Γeff = ΓBW((γ2 − 1)1/2 − γ),
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. Schematics of the experimental apparatus.

where Γeff is the effective fission decay width, ΓBW
is the Bohr–Wheeler decay width [7], and γ is the
nuclear friction coefficient. In the past, γ has been as-
sociated with a fission time delay. However, this inter-
pretation is not so clear. Values of γ vary considerably
depending on the system, experimental technique,
and analysis, yielding a range of fission time scales.
For example, neutron clock measurements have given
values of fission times as small as 5–100 zs. Studies
involving GDR γ rays have given times as low as
30 zs and as large as 290 zs. For a summary of these
various results, see [2].

The motivation for the present work is to com-
pare the two above-mentioned methods using the
same apparatus and same statistical model code to
check the consistency of the two approaches. We find
that the extracted γ values range from about 7–20,
while the fission ranges from about 30 to 105 zs.
The neutron clock method analysis yields somewhat
higher values than the GDR technique. However, the
difference is not large given the errors in the data and
the associated errors. Thus, we find fission times that
are consistent within a factor of 2.

2. EXPERIMENTAL PROCEDURE

A diagram of the experimental setup is shown
in Fig. 1. As depicted, the beam from the Texas
A&M K = 500 cyclotron impinged on the target
in a thin walled chamber, constructed in Dubna.
Neutrons were detected with two arrays from the
DEMON array. As indicated in the diagram, five
of the counters were placed in the reaction plane,
while three more were located approximately 90◦

out of plane. Gamma rays where detected using two
clusters of BaF2 each consisting of 72 hexagonal
counters of the US BaF2 gamma array positioned
at about 130◦. The fission counters consisted of two
thin start detectors placed 2 cm from the target and
P
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Fig. 2. Neutron energy spectra for parallel (top) and
perpendicular (bottom) neutron counters with respect to
the fission axis for the 4He + 209Bi reaction. The data are
represented by histograms, while the solid lines reflect fits
from the compound system, the fragments, and the total
yield from moving source fits.

two position sensitive PPACs about 8 cm from the
target, allowing for the kinematical reconstruction of
the fission fragment masses via time of flight.

The response of the neutron counters was deter-
mined using standard γ-ray sources. The dynamic
ranges of the γ-ray detectors were set using cosmic
rays. The energy calibrations were established using
an Am–Be source. The energy thresholds were set at
about 1 MeV. The fission detectors were tested using
a 252Cf source.

3. DATA ANALYSIS

The neutron data were analyzed using the usual
technique of moving source fits [8]. Unfortunately,
because of the long cable delays needed to make
the coincidence with the γ array, the neutron energy
thresholds were about 2 MeV. Nevertheless, good fits
were obtained for the neutron energy spectra. An ex-
ample is shown in Fig. 2. One clearly sees that the
spectra can be decomposed in two components: one
component is strongly focused along the fragment
direction, while the second component from the com-
pound nucleus is essentially isotropic. The results of
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003



PROBING FISSION TIME SCALES WITH NEUTRONS AND GDR GAMMA RAYS 1165

 

2 6

10

 

–5

 

10 14 18

 

E

 

γ

 

, MeV

10

 

–3

 

10

 

–1

 

10

 

1

 
dM

 

γ

 
/

 
dE

 

γ

 
 

 
× ε

 

γ

 
, MeV

 
–1

O + Pb (

 

×

 

100)

O + Yb

He + Bi (

 

×

 

10)

Fig. 3.Gamma-ray spectra for the indicated reactions.

the fits were used to extract the pre- and postfission
neutron multiplicities using the code TIMCASC [9].

Because of the long delays used in the trigger, it
was not possible to use pulse-height discrimination
to separate neutrons and gammas in the BaF2 coun-
ters. However, because of their excellent timing prop-
erties, the time of flight proved sufficient to perform
the separation. In analyzing the gamma data, only
central hits were considered. In other words, events
in which deposited energy in the other most crystals
were rejected. This made a significant difference in
the energy spectra in the GDR region of the spectra.
Figure 3 shows the random corrected spectra for three
of the systems. The GDR bump is clearly visible in
these three cases. Unfortunately, it was not possible
to obtain a statistically significant spectrum for the
4He + 188Os system because of the low fission yield.
The γ-ray energy spectra were also analyzed using
TIMCASC coupled with fitting code MINUIT [9].

In order to restrict the decay of the compound
nucleus to the fission channel, the code TIMCASC
follows the decay in time-reversed fashion. This ap-
proach allows one to follow the decay of both the
fragments and the fissioning compound system. In
contrast, ordinary versions of CASCADE terminate
the decay chain at the fission point. Another feature of
the code is that it incorporates a time-dependent fis-
sion decay width following the work of Weidenmüller
and Zhang [10]. The details of the calculation are
described extensively in [9] and will not be given here.
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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4. RESULTS

Extraction of the friction coefficient and the asso-
ciated fission times from the neutron data is relatively
straight forward. The code TIMCASC was run for
various values of the nuclear friction coefficient and
the prefission neutron multiplicities were extracted.
When the calculated values agreed with the ex-
perimental values, the corresponding times were
extracted. Because the calculated values varied only
slightly with the GDR parameters (see below), the
calculations were run assuming a spherical com-
pound nucleus with ground-state GDR behavior.
Figure 4 shows the results of this procedure for the
various systems. The points reflect the experimental
values, while the lines represent the calculated values.
The shaded region reflects the use of different level
density parameters (a = A/7−A/10). The times

Table 1. Summary of the neutron data

Reaction γ τ , zs
16O + 208Pb 20 105± 10
4He + 209Bi 10 72± 7
16O + 176Yb 20 112± 12
4He + 188Os 10 31± 4
3
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given in the lower left panel.

taken for fission used a = A/8. The results of the
procedure are summarized in Table 1.

Fitting the GDR data proved much more chal-
lenging due to the existence of many parameters used
to describe the GDR. In the calculations, the GDR
was described by two Lorentzian components with
centroids E⊥ and E||, which can describe prolate,
oblate, and spherical shapes. The average energyEcen
of the two components was taken as an average of the
energies weighted by their fractional strengths, S⊥
and S||. Initially, the total strength was taken to be
100% of the TRK sum rule. However, this proved to
be inadequate for the less fissile systems. In this case,
the total strength was taken as a fitting parameter.
The widths Γi of the components were taken to be a

Table 2. Summary of the GDR results

Reaction γ τ , zs
16O + 208Pb 7 67± 10
4He + 209Bi 20 45± 9
16O + 176Yb 20 84± 16
PH
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fraction c of the square of the energy centroids:

Γi = cE2
i .

The deformation, β, which is related to the energy
centroids of the two components [9], was treated as
a free parameter.

Given the above constraints, there are a total of
four fitting parameters: Ecen, S⊥, c, and β. Early in
the analysis, it was found that the fits converged to
constant values of Ecen and c; these were held fixed
in the fits. The value of c was taken to be 0.03 for all
the reactions, whileEcen was initially taken to be 12.0,
12.1, and 12.7 for the reactions 16O + 208Pb, 4He +
209Bi, and 16O + 176Yb, respectively.

Fits to the 16O + 208Pb data are shown in Fig. 5.
The agreement is excellent. The best χ2/N value is
obtained with a friction coefficient of 7 and a β value
of 0.554. In this case, 100% of the TRK sum rule was
used. The other fits seem about of equal quality, but
they require much more deformed shapes. For exam-
ple, using a friction coefficient γ = 2.0 requires a β
value of –1.257, which seems unreasonable. Results
for the other two systems are less satisfactory. It was
found that it was not possible to fit the data in the
GDR region using 100% of the sum rule and theEcen
values quoted above. Increasing the sum rule value to
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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150% was necessary to obtain any kind of reasonable
fits to the data.

Figure 6 shows some fits to the 4He + 209Bi
reaction. The agreement is reasonable up to about
12 MeV. However, at this point, the data shows an
enhancement with respect to the fitted spectrum. The
reason for this behavior is unclear. Possibly this is
due to the presence of an internuclear bremsstrahlung
component. Alternately, the deviation could also re-
flect quasideuteron formation. Both could explain the
deviation from the sum rule. Neither of these effects is
considered in the statistical model calculations.

Some fits for the 16O + 176Yb system are shown in
Fig. 7. Again, the fits are less than satisfactory but for
a different reason. Using 150% of the sum rule gives
reasonable agreement in the GDR region of the spec-
trum. However, the calculation underestimates the
yield from about 6 to 10 MeV. Since the fragment’s γ
rays have a significant contribution in this region, this
discrepancy could be due to a poor description of the
fragment’s decay. As shown in previous works, the γ-
ray spectra are quite sensitive to the exit channel mass
asymmetry.

Tables 1 and 2 summarize the results of both
the neutron and the γ-ray measurements. Several
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
trends are observed. The extracted friction coeffi-
cients are consistent to within about a factor of three,
which seems reasonable considering the uncertain-
ties in the analysis. The time scales vary from 31
to 112 zs. The shortest fission time is observed for
the least fissile system, namely, 4He + 188Os. This
could be expected due to the high chance for first
chance fission. The longest times are seen for the
16O-induced reactions. This is not unexpected since
the 16O + 208Pb system continues to be fissile even
after the emission of several neutrons. The less fis-
sile 16O + 176Yb presumably involves high partial
waves and does not fission until several neutrons are
emitted. The 4He + 209Bi reaction corresponds to an
intermediate situation. There is an overall tendency
for the GDR measurements to give shorter times than
the neutron measurements. This suggests that the
two methods sample different stages in the fission
process. Of course, this difference could reflect the
model dependence of the analysis.

5. SUMMARY

In conclusion, fission time scales have been in-
vestigated for a number of systems using both neu-
trons and GDR γ rays. The results have been an-
alyzed using a code that incorporates both the nu-
clear friction coefficient and the time-dependent fis-
sion widths. The results give friction coefficients in
the range of 7–20. The extracted fission times vary
from 31 to 112 zs. The shortest times are associated
with the least fissile system, while the longest times
are observed for the more fissile systems. The neutron
measurements tend to give somewhat longer times
than the GDR results. Possibly, this is due to sam-
pling different stages of the fission process.
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Abstract—Nuclear dissipation in capture reactions is investigated using backtracing, a new analysis
protocol. Combining analysis procedure with dynamical models, the difficult and long-standing problem
of competition and mixing between quasifission and fusion–fission is solved for the first time. The nature of
the relevant dissipation is determined as one-body dissipation. At low excitation energy where shell effects
are strongly effective, the shape of the mass distribution could be a powerful check of the nature and the
magnitude of the dissipation. c© 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Introduced by Kramers [1] very early after the dis-
covery of nuclear fission, the role of dissipation was
only recognized in the 1970s with the emergence of
deep inelastic collisions. Its nature, one-body dissi-
pation (OBD) or two-body dissipation (TBD) and
its magnitude and evolution with different parameters
like shape or temperature, is still a matter of contro-
versy.

A lot of experimental data obtained in most of
the cases by the observation of pre- and postscis-
sion emission of particles or gamma rays have been
devoted to the determination of the dissipation. But
still recently, depending on the experiments but also
deeply on the models used to extract the dissipation
coefficient (Kramers γ coefficient), a dispersion of the
results covering at least two orders of magnitude is
observed. Different behaviors are extracted for the
evolution with the temperature and no definite con-
clusions can be drawn.

Even if coherent experimental data [2] are selected
and analyzed by the same dynamical model [3], a

∗This article was submitted by the authors in English.
**e-mail: tmaterna@ulb.ac.be;aspirantFNRS.
1063-7788/03/6606-1168$24.00 c©
large spreading of values for the dissipation coefficient
is observed. For example, in Fig. 1, adapted from
[4], the evolution with the temperature of the dissi-
pation coefficient is presented for different reactions
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Fig. 2. Pre- and postscission neutron multiplicity distri-
butions for 126Ba obtained by backtracing.

channels leading to very different fissioning systems.
As pointed out by the authors, on one had, for true
fusion–fission systems (Z1Z2 � 1600), the deduced
γ coefficient ranges from 2 to 10 and is clearly com-
patible with OBD. No particular evolution with the
temperature is observed. On the other hand, for sys-
tems withZ1Z2 > 1600, the γ values are considerably
larger and clearly not compatible with OBD. This
puzzling behavior for these systems is assumed to
be due to TBD or to the expected mixing of mass-
symmetric fragments coming from the different re-
action mechanisms of capture reactions: quasifission
and fusion–fission. Indeed, no separation between the
two mechanisms was available and only the mean
value of the multiplicity for neutron pre- and postscis-
sion emission could be obtained using the classical χ2

minimization.
In this report, we will show how a more powerful

analysis protocol, backtracing [5], which is able to
provide not only mean values but also correlations
and distributions, can help us to solve this long-
standing problem.

Recently applied to the Ni + Pb [6] and Ca +
Th [7] reactions leading to isotopes of Z = 110, the
backtracing procedure allowed one for the first time
to clearly disentangle, at least intuitively, the con-
tributions of quasifission and fusion–fission in the
neutron prescission multiplicity distribution. A com-
plete description of the backtracing procedure and its
application to our cases is described in [6–8].

A SIMPLE CASE: FUSION–FISSION
REACTION LEADING TO 126Ba

In order to validate the backtracing application
to the determination of the distribution of pre- and
postscission neutron multiplicity, we will first present
results obtained for the 28Si + 98Mo reaction at
204 MeV.

This system has been investigated [8] at the
VIVITRON, IReS, Strasbourg, using, as for all the
data presented here, the DEMON neutron detector
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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diction of the model of Pomorski [8].

associated to parallel plates or CORSET setups for
the observation of the reaction fragments.

In such a low-mass system, obtained in a reaction
with such a lowZ1Z2 product, only the fusion–fission
mechanism is expected to contribute to the mass-
symmetric fragment distribution.

Figure 2 shows the distributions of the pre- and
postscission neutron multiplicity as obtained by the
backtracing. It must be noted that the mean values
obtained here are in complete agreement with the
ones deduced from the conventional χ2 minimization.
For instance, the mean values for the neutron prescis-
sion multiplicity are 2.52 and 2.54 for χ2 and back-
tracing, respectively (see Fig. 3). Figure 3 presents,
in addition to the backtraced distribution, the theo-
retical results obtained using the dynamical model of
Pomorski et al. [9]. This model, based on the reso-
lution of the one-dimensional Langevin equation, is
able to describe only the fusion–fission process and is
thus well adapted to this 126Ba system. The excellent
observed agreement between experimental data and
model calculations is obvious; in particular, one notes
that the zero-neutron multiplicity channel is well re-
produced. The model uses OBD (wall and window
formula) and the agreement confirms that, at least
when only the fusion–fission reaction is concerned
and even if the model is not perfect, for instance, no
dependence on temperature is included, there is no
need to introduce TBD to reproduce the experimental
data.

To our knowledge, this is the first time that the
neutron prescission multiplicity distribution has been
experimentally observed and compared with such
good agreement with dynamical calculations.
3
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A MORE COMPLEX CASE: Z = 110

In this case, the fusedZ = 110 nucleus is obtained
by two different entrance channels (40Ca or 58Ni pro-
jectiles on 232Th or 208Pb targets) leading to the same
high excitation energy ranges, from around 60 MeV
to more than 160 MeV. For such (super)heavy sys-
tems, competition between quasifission and fusion–
fission is expected to populate the symmetric part of
the fragment mass distribution, and until now there
was no real way to disentangle these two contribu-
tions at these excitation energies. The experiments
have been carried out at SARA, Grenoble [6, 7].

Neutron pre- and postscission multiplicities
(mean values) were first obtained by χ2 minimization
and, as usual, led to the same difficulties as before:
large values for γ are deduced using dynamical
models. It must be noted that, when it was possible,
our experimental results were compared to and found
to be in complete agreement with those of Hinde et al.
[2].

In a second step, backtracing was applied and
provided us with neutron pre- and postscission multi-
plicity distributions at least for the highest excitation
energy for both systems. Indeed, backtracing requires
very high statistics and has been applied only in these
two cases.
P
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Fig. 5. Pre- and postscission neutron multiplicity cor-
relation for the system 40Ca + 232Th at 166 MeV of
excitation energy. Results of calculations using HICOL
+ DYNSEQ from Siwek-Wilczynska et al. [3] are also
shown. The rectangle to the left represents quasifission
(36 < l < 110) with only one-body dissipation. The two
squares stand for fusion–fission (0 < l < 36) with OBD
(left) and two times OBD (right).

Figures 4 and 5 presents the backtracing results
for Ni + Pb and Ca + Th, respectively. In both cases,
the neutron pre- and postscission correlations exhibit
two well-defined regions corresponding essentially to
two different distributions for the pre-scission neu-
trons. Intuitively, we can think that each separated
distribution can be attributed to each of the capture
reactions. As expected, a low mean value (of the order
of 4) of the neutron prescission multiplicity distribu-
tion can be associated to quasifission (faster mech-
anism), a larger mean value (around 7) to fusion–
fission (slower mechanism).

Now, using the same HICOL + DYNSEQ code
as the one used by K. Siwek-Wilczynska to deduce
the dissipation coefficient for the Hinde et al. data,
we can reproduce our experimental backtraced cor-
relations by two different scenarios: quasifission and
fusion–fission (see rectangles and squares in Figs. 4
and 5). They correspond to different angular momen-
tum ranges obtained in HICOL by comparison with
the experimental mass distribution. In both systems,
the same dissipation coefficients are needed to repro-
duce the experimental distributions (γ = 5 for quasi-
fission and ranges from 5 to 11 for fusion–fission).
This spectacular and first-time agreement with OBD
(or with a value between OBD and 2 OBD) reconciles
completely these data with the ones corresponding to
fusion–fission only and clearly supports the conclu-
sion that, as soon as one is able to distinguish be-
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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tween quasifission and fusion–fission, no discrepancy
remains and OBD is large enough to reproduce the
experimental data.

COMPARISON WITH LANGEVIN EQUATION
MODELS

Figure 6 shows the distribution of prescission
multiplicity for the Ni + Pb system. Two free Gaus-
sian curves have been fitted on the experimental
backtraced distribution (full curves) and are now
considered to represent the distribution to be at-
tributed to quasifission and fusion–fission reactions.
Calculations for the fusion–fission part, performed
by Schmitt [10] using the Pomorski model, are also
given in this figure (dotted curve). One can note
that the mean value and the width obtained in this
model are a little bit too high, but the agreement
can be considered satisfactory with this OBD (only)
symmetric fission model if one takes into account
that it does not contain dissipation in the entrance
channel and that no dependence of friction on shape
or temperature is considered. These points are under
consideration.

Recently, a three-dimensional Langevin equation
model has been developed and applied to the dynam-
ics of capture reactions, in particular, in the super-
heavy region [11]. A first comparison of these calcu-
lations with our experimental result for the Ni + Pb
reaction is presented in Fig. 7 [12].
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and fusion–fission for the whole mass range of deep-
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If one takes into account that these preliminary
calculations include all the events associated not
only with quasifission and fusion–fission but also
with deep-inelastic processes, the overall agreement
is satisfactory. It seems obvious that, as soon as
the experimental mass and TKE cuts are included
in the calculations, the agreement will be better.
Indeed, deep-inelastic processes are known to be low
prescission multiplicity events, and the symmetric
fusion–fission process corresponds to the largest
multiplicity.

AT LOW EXCITATION ENERGY
Low excitation energies, which mean the ones

required for superheavy synthesis, represent a very
serious problem in the determination of the dynamical
aspects of capture reactions. Indeed, regardless of
the decreasing the cross section, which is already a
severe limitation, the prescission multiplicity will also
drop and can represent a real difficulty for backtracing
since it requires very high statistics in the neutron
experimental observables.

But low excitation energies also mean shell effects
that will strongly determine the shape of the mass
distributions in capture reactions.

From the work of the DEMON–CORSET team
in Dubna [13], we know that quasifission and fusion–
fission can presumably be sorted by a careful exami-
nation of the mass distributions of the so-called sym-
metric fragments in a lot of different 48Ca-induced
3



1172 MATERNA et al.

 

0.4

0.2

0

Probability

0.6

0.4

0.2

0
80 100 120 140

Mass, u
80 100 120 140

Mass, u

0.6

 

w

 

&

 

w

 

0.5

 

 w

 

&

 

w

 

0.4

 

 w

 

&

 

w

 

0.25

 

 w

 

&

 

w

Fig. 8.Evolution of the mass distribution of the fragments
in the system 18O + 209Bi at 26 MeV of excitation
energy as a function of the one-body dissipation (1.0,
0.5, 0.4, and 0.25 times the wall and window formula,
respectively).

 

200

100

0
60 100 140

3

2

1

0

MnNumber of events

Mass, u

Fig. 9. Experimental fission fragment mass distribution
for the system 18O + 209Bi at 26 MeV of excitation
energy (black curve) with the mean prescission neutron
multiplicity Mn.

reactions at energies close to the barrier. In such a
case, where statistical errors could inhibit the use
of the backtracing protocol, if the quasifission and
fusion–fission mechanisms are already identified, the
χ2 minimization procedure remains valid for obtain-
ing the dynamical properties by looking at the mean
values of the prescission multiplicities. Of course, it
P

would be nice to obtain at least for a selected case, a
complete backtracing analysis that could remove any
ambiguity.

Shell effects are also responsible for the occur-
rence of bimodal fission in the transition region.
Arguments based on the evolution of the neutron
prescission multiplicity (obtained by χ2 minimiza-
tion) as a function of the mass of the fission fragments
have already been used to confirm the bimodal char-
acter of the induced fission of 226Th at low excitation
energy [13, 14]. At the present time, such a low
value of the neutron prescission multiplicity cannot
be reproduced by a dynamical model that includes
assumptions for the emission that are valid at only
high excitation energy. But, as has been pointed out
recently [10] (see Fig. 8), the shape of the mass
distribution obtained in a Langevin bidimensional
model strongly depends on the magnitude of the
dissipation and could thus also be used to deduce the
magnitude and the nature of the dissipation. In Fig. 9,
the experimental mass distribution corresponding
to the calculation in Fig. 7 is shown. The mean
prescission neutron multiplicity is also displayed.

Combining the different approaches, it would be
possible to obtain here clear evidence for the origin of
the nuclear dissipation.
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Abstract—The sensitivity of the muon attachment probabilities to the light fragments of prompt fission
Wl on the fission dynamics is discussed. It is shown that the finalWl value consists of two contributions:
one from the point of scission and a second from avoided crossing of the levels. The relative contribution
from the prescission phase turns out to be higher for more asymmetric fission. c© 2003 MAIK “Nau-
ka/Interperiodica”.
1. DISSIPATION IN FISSION

A feature of fundamental interest of nuclear mat-
ter is dissipation of the collective energy. This fea-
ture is manifested in nuclear fission. From the ex-
perimental viewpoint, the dissipation is studied in
the fusion–fission reaction, where emitted prefission
gammas and neutrons and, sometimes, light charged
particles play a role of a natural time scale.

Another situation is in low-energy fission, e.g., in-
duced by thermal neutrons. In this case, no prefission
gammas or neutrons have been positively observed. It
is known that neutrons are emitted from fully acceler-
ated fragments. And it can be concluded from this fact
that prefission time tsc � 10−19 s [1]. This upper limit
still remains two orders of magnitude higher than the
concluded duration of around a few units of 10−21 s
for the saddle-to-scission descent found in the case
of heavy-ion collisions [2].

Some hopes had been related to ternary fission,
accompanied by emission of light charged particles,
but they were also not quite realized [3].

Usually, one considers two mechanisms of dissi-
pation: one-body dissipation and two-body viscosity.
The former comes from collisions of the nucleons with
the moving walls of the fissile nucleus. The other
is due to collisions between the nucleons. The one-
body mechanism is generally characterized with a
more compact scission configuration and, as a con-
sequence, with less primary kinetic energy of the
nascent fragments, smaller deformation energy, and
larger Coulomb potential energy (Fig. 1). At first
sight, all these features could be immediately revealed
in the total kinetic energy (TKE) of the fragments,

∗This article was submitted by the author in English.
**e-mail: karpesh@snoopy.phys.spbu.ru
1063-7788/03/6606-1173$24.00 c©
their excitation energy, and the number of emitted
neutrons and the radiated energy leaving with gamma
quanta. However, all these three characteristic quan-
tities are not independent, being mutually related by
the conservation of energy. Thus, less primary kinetic
energy is compensated by larger Coulomb potential
energy, so that at infinity the TKE becomes the same
for both scission configurations. Analogously, smaller
deformation energy is balanced by higher intrinsic
energy (that is, higher temperature) at the scission
point. Therefore, measuring the TKE provides us with
limited information about the scission configuration
of the fragments. Furthermore, measuring the energy
carried off by the neutrons, gammas, or light charged
particles, in correlation with the TKE of the same
fragments, provides the most of any conceivable in-
formation about the scission characteristics. How-
ever, again, only the sum of the deformation plus in-
trinsic energy of the fragment energy can be extracted
in this way—in view of the conservation of their total
value. There always remains a corridor of uncertainty
for the Rsc value. An independent source of infor-
mation is therefore needed if one wants to know the
scission configuration more precisely. Muon-induced
prompt fission can serve as a tool capable of providing
unique information about the scission configuration
versus its TKE.

Prompt fission occurs as a result of a radiationless
transition to the 1s state in a muonic atom [4–7]. Its
study also offers a way of probing the fission dynam-
ics.

As a result of prompt fission, the muon is usually
entrained on the heavy fragment, forming a muonic
atom. This gives rise to different processes and
effects, such as muonic conversion of the γ rays of
the fragment, muon capture by the fragment, muonic
x-ray of the fragment, augmentation of the fission
barrier due to the presence of the muon, and many
2003 MAIK “Nauka/Interperiodica”
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others ([4–21] and references therein). Of these top-
ics, the problem of the muon attachment probability
to the light fragment WL has been considered in
many papers ([8–21] and references therein). Some
calculations (e.g., [10, 21]) lead to a conclusion that
is of great interest from the viewpoint of studying
the fission dynamics, namely, that the WL value
may be sensitive to the amount of dissipated energy.
At first sight, this conclusion contradicts results
of other calculations performed within the more
traditional quasimolecular method by making use of
the Born–Oppenheimer expansion in the adiabatic
basis [8, 11–13, 15, 16]. Below, we show a way to
overcome it.

The way is offered by the Landau method of com-
plex trajectories. It is shown that the final muon at-
tachment amplitude is a result of the interplay of the
contributions from the point of scission and avoided
crossing of the terms. This presents a unique possibil-
ity of rather definitely localizing, at least in principle,
the scission point and knowing the primary velocity
of the nascent fragments at scission in experiment.
This becomes possible because the scission point
may be treated as a point with violated analyticity of
the Hamiltonian (e.g., [22]) with respect to the time
variable. We recall that, in [23], it has been shown
that scission is accompanied with a density reorga-
nization, specifically resulting in the appearance of a
thin external barrier.

2. SEMICLASSICAL CHARACTER
OF THE COLLECTIVE MOTION

Separation of the fragments generally occurs with
a large Massey parameter of adiabaticity, which is
only broken at the point of avoided crossing of the
1sσ and 2pσ levels [24]. The transition amplitude
can be found by means of the Born–Oppenheimer
P

expansion in the adiabatic basis of the two quasi-
molecular states and solving the resulting set of dif-
ferential equations {like Eq. (1) in [16]} for the popula-
tion amplitudes C1 and C2. The equations are solved
with the initial condition

Ci = δi1 for R = Ri, (1)

denoting that the muon is in the ground state at the
starting point Ri. Note that, due to adiabaticity, we
can set in the equations C1 = 1 for a first approxima-
tion, which results in virtually identical final muon at-
tachment probabilities in the cases considered below.
C2 is then found by simple quadrature

C2(R→∞) ≈
∞∫

Rs

F21(R′)dR′. (2)

Equation (2) facilitates the analytical continuation
into the complex plane. It is used in the calculations
of C2(R) in the complex plane.

3. THE COMPLEX TRAJECTORY METHOD
This method can be used to better understand the

real influence of fission dynamics on the attachment
probability by means of the Landau method of com-
plex trajectories of the transition [25]. According to
this method, the path R(t) corresponding to the tra-
jectory of relative motion of the fragments fromR = 0
to R→∞ can be deformed and shifted to the upper
half-plane of complex R values, with the exception of
irregular points. Among the latter ones, the point of
avoided crossing of the 1sσ and 2pσ levels is of most
importance. Another one is the initial point (1), for
which we assume a value corresponding to the outer
saddle: Ri = Rs. At this point, the mass asymmetry
of the fragments starts to develop, which gives rise to
the onset of the nonadiabatic coupling.

The third point is the point of scission Rsc. The
region of necking is usually small in comparison with
the characteristic size of the fission path. This allows
one to idealize the picture of scission convention-
ally, contracting the area to the scission point. At
this point, the dependence of the velocity on time
changes, which also breaks the analytical dependence
of the Hamiltonian on time (e.g., [22]). Explicitly, we
suppose for the relative velocity of the fragments the
following expression:

V (R) =





√
2
µ

(
TKE− Z1Z2

R

)
forR ≥ Rsc,

V (Rsc)

√
1− (Rs/R)2

1− (Rs/Rsc)2
for R < Rsc,

(3)

where TKE is the total kinetic energy of both frag-
ments and µ is their reduced mass.
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Therefore, V (R = Rs) = 0. This rules out shaking
effects of sudden switching on a perturbation related
to beginning of motion. Furthermore, V (R) has a
point R = Rsc where its derivative is discontinuous,
and, therefore, analyticity is violated. This discontinu-
ity thus turns out to be an inherent physical property
of any realistic scenario of fission. Below, we discuss
consequences of this conclusion for the muon distri-
bution of fragments in finer detail.

The two vertical cuts in Fig. 2 fix the trajectory at
the scission point, not allowing one to move it from
the real axis of R.

We note that nonanaliticity of the trajectory R(t)
as a function of time can be concluded from a very
simple consideration. At large distances, R(t) can
be considered to be unambiguously defined by the
Coulomb repulsion and, therefore, the same for every
couple of fragments if they have the same TKE for
R→∞. WereR(t) an analytical function, that would
also uniquely define the whole trajectoryR(t), includ-
ing the position of Rsc and the prefission scenario.
This is not the case, however. First, we know that
the position of Rsc is determined randomly. Second,
the prefission scenario, as we saw in the introduction,
may also be very different, depending on the friction,
which is obviously not the case for R > Rsc. The
obtained contradiction proves that R(t) appears not
to be an analytical function in the entire trajectory.

An advantage of the method is that the contribu-
tions from the line segments 2 and 5 are expected to
vanish forR→∞ [25]. As a result, the resulting tran-
sition amplitude becomes a sum of several terms. The
contribution from the line segment 1 in Fig. 2 may
be naturally interpreted as coming from the beginning
of the collective motion [13]. That is not expected
to be significant, being proportional to |V (Ri)|2. In
turn, the combined contribution from segments 3 and
4 may be attributed to the point of scission. Fur-
thermore, the contributions from segments 6 and 7
may be ascribed to the pseudocrossing point. Further
details of the complex trajectory calculation are pre-
sented elsewhere [26].

Contributions from segments 3 and 4 partly cancel
one another, being of the opposite sign. Were the
scission point a regular point of the trajectory, the
cancellation would be complete, and this point would
give no contribution to the transition amplitude.

Relative contributions of the scission and pseu-
docrossing points turn out to be different, depending
on the mass split of the fragments. The first con-
tribution is several times smaller than the second
one in the case of the most probable mass split. In
the case of larger asymmetry, the contribution from
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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scission holds approximately. In contrast, the con-
tribution from the avoided crossing decreases expo-
nentially. For this reason, the attachment probability
becomes relatively more sensitive to the prefission
scenario for more asymmetric fission, though its ab-
solute value decreases. This circumstance was noted
in [18, 22], where a higher sensitivity for larger asym-
metry was predicted as a consequence of approaching
the pseudocrossing point to the prefission area.

The seeming contradiction of the results noted
above concerning sensitivity to the fission dynamics
also finds a simple explanation in the complex tra-
jectory approach. The only point that rules the dis-
sipation is the position of Rsc in Eq. (3) for the ve-
locity. In [16, 17], all the variations of the prescission
time were made with a fixed Rsc value and, therefore,
with the same velocity at this point. Moreover, this
variation was performed for the fragments with usual
mass split. In view of what was said previously, no
considerable effect should be expected in this case, in
agreement with the results obtained.

4. NUMERICAL RESULTS FOR THE FINAL
MUON ATTACHMENT PROBABILITIES

The final muon attachment probabilities for var-
ious values of the scission point Rsc and the TKE
of the fragments have been obtained by solving nu-
merically the set of differential Eqs. (1) of [16] in the
two-state basis |1sσ〉 and |2pσ〉, with the initial con-
dition (1) at the outer saddle point. Some results of
the calculation are listed in the table for representative
fission fragments with the most probable charge split,
Z = 52 + 40, and with a high charge asymmetry, Z =
57 + 35. One can see that, as the fission becomes
more asymmetric, the related variation of the calcu-
lated attachment probability against the position of
3
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Calculated attachment probabilities to the light fragments,
WL (%), for the fragments with the charge numbers Z1 =
52, Z2 = 40

TKE, MeV
Rsc, fm Experiment

[19, 20]
20 22 24 26

Z = 52 + 40 5.11 4.58 4.11 3.94 6.8

Z = 57 + 35 0.42 0.25 0.15 0.13 0.56

T0, MeV 20

Rsc reaches an order of magnitude. The sensitivity to
the dynamics thus increases, as expected on the basis
of the previous discussion.

Were the values of V (R) = const used forR < Rsc
instead of Eq. (3) [24], the variations of WL against
Rsc would be still 2–3 times stronger than those in
the table. In contrast, the values in the table would
remain practically unchanged in the case of usual
mass asymmetry Z1 = 52, Z2 = 40. This agrees with
the relative contributions of the starting point Rs to
the final amplitude, found in the previous section,
which turns out to be substantial in the first case and
negligible in the second one. This also gives, as noted
above, an explanation of the results of [16, 17] where
the final transition amplitude has been found to be
independent of the fission time tsc. The explanation
that the velocity at the scission point in those papers
(together with the position of Rsc) was not varied.
Finally, this is also in accordance with a strong de-
pendence of WL on the position of the starting point
in an example discussed in [16] (see Fig. 3 therein).

5. CONCLUSION

The main results of the present consideration and
prospects for further investigation can be formulated
as follows.

The muon attachment probability to the light
fragments depends on the velocity of the saddle-
to-scission descent. This dependence turns out to
be relatively more prominent in the case of strongly
asymmetric fission. The above arguments founded
on the analytical properties of the population am-
plitudes provide a physical basis for this conclusion.
Therefore, a challenging task for experiment is to
concentrate efforts on this point and to measure the
muon distribution with good accuracy as a function
of the atomic number and the TKE of the fragments,
paying particular attention to fissionwith strongmass
asymmetry.
PH
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Abstract—The fission barriers of the nuclei 256Fm and 258Fm are investigated in a fully microscopic
way up to the scission point. The analysis is based on the constrained Hartree–Fock–Bogolyubov theory
and Gogny’s D1S force. The quadrupole, octupole, and hexadecapole moments, as well as the number
of nucleons in the neck region, are used as constraints. Two fission paths, corresponding to bimodal
fission, are found. The difference between fission of 256Fm and 258Fm is explained. c© 2003 MAIK “Nau-
ka/Interperiodica”.
1. INTRODUCTION

The spontaneous fission of nuclei in the Fm region
shows some very interesting features. There is an
abrupt transition that occurs from 254Fm to 258Fm
in the mass and kinetic energy distributions of the
fission fragments as well as in the spontaneous fis-
sion half-lives of Fm isotopes (see, e.g., the review
articles [1, 2]). The spontaneous fission half-lives
of the 258Fm and heavier isotopes decrease relative
to 256Fm by several orders of magnitude. Also, the
fission-fragment mass distribution changes rapidly
from asymmetric for 256Fm to symmetric for 258Fm.
It was found experimentally by Hulet et al. [3, 4]

that the nucleus 258Fm exhibits bimodal fission with
high (230 MeV) and low (205 MeV) components in
the total kinetic energy (TKE) yield of the fission frag-
ments. In the both fission modes, the mass distribu-
tion is symmetric with a single peak aroundA = 128.
On the other hand, the 256Fm isotope exhibits rather
strong asymmetry in the fission fragment masses
(AL/AH = 112/141), and only the low energy peak
is observed in the TKE distribution.
There is a number of theoretical papers devoted to

the bimodal fission of 258Fm (see references in [5]).
The majority of them are based on the mean-field
single-particle potential and the Strutinsky shell-
correction method. Two fission valleys were found
on the potential energy surface: one leading to the
elongated forms of fission fragments (EF) and the
second one corresponding to two nearly spherical
fragments, which is usually referred to as the compact
fission (CF) valley. These two valleys were identified

∗This article was submitted by the authors in English.
1063-7788/03/6606-1178$24.00 c©
as the paths leading to the low and to the high TKE
modes, respectively.

The fission barrier shapes of the isotopes 256Fm
and 258Fm are analyzed in this paper. The re-
sults are based on the constrained Hartree–Fock–
Bogolyubov (HFB) calculations with the Gogny D1S
force.

2. THEORY

The Gogny density-dependent effective nucleon–
nucleon forces have been taken in the following
form [6]:

V12 =
2∑

i=1

(Wi +BiP̂σ −HiP̂τ (1)

−MiP̂σP̂τ )e
− (r1−r2)2

µ2
i + iWLS(

←−−−−−∇1 −∇2)

× δ(r1 − r2)(
−−−−−→∇1 −∇2)(σ1 + σ2) + t0(1 + x0P̂σ)

× δ(r1 − r2)
[
ρ

(
r1 + r2

2

)]γ

+ VC.

Wehave used theD1S [7, 8] parametrization of the
Gogny interaction. The microscopic self-consistent
HFB equations have been solved [9] by expanding
the quasiparticle creation and annihilation operators
in a finite basis of the axially symmetric deformed har-
monic oscillator eigenfunctions. The N0 = 15 shells
in the direction perpendicular to the symmetry axis
and the Nz = 22 shells in the z direction were used.
This ensures that very elongated shapes which appear
during the fission process of the considered nuclei are
described with a sufficient accuracy.
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. (a) The fission barrier of 256Fm as a function of
the axial quadrupole moment Q2. The solid curve corre-
sponds to the CF path and the dashed curve to the elon-
gated one (EF). The dotted curve shows the reduction of
the first barrier due to the nonaxial degrees of freedom.
The shapes of the nucleus at density of ρ0 = 0.08 fm−3

are depicted for several values of Q2 for both the CF
and the EF path (note that the EF path leads to shapes
with octupole deformation). Additionally, in (b)–(d), the
octupole and the hexadecapole moment and the neck
parameterQN are plotted, respectively.

In order to study different paths to fission, we
have used the following constraints: axial (Q2) and
nonaxial (Q22) quadrupole, octupole (Q3), and hex-
adecapole (Q4) moments as well as the number of
nucleons in the neck region (QN ). The corresponding
operators are given by

Q̂λ = rλPλ(cos(θ)), Q̂N = exp
(
−z2

a2
N

)
, (2)

with aN = 1 fm.

3. RESULTS

The ground states of nuclei in the Fm region
are well deformed with the deformation parameter
β2 ≈ 0.25 [5]. Typically the ground-state minimum
is separated from the scission point by a barrier that
is around 10 MeV high. The fission barriers are de-
creased by a few MeV as far as triaxial shapes are
concerned. It seems that the last effect plays rather
a minor role in the spontaneous fission of the nuclei
considered; namely, it was found in [10] that the least
action trajectory, or, in other words, the dynamical
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 20
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Fig. 2. The cross section of the potential energy surface of
256Fm for different values of Q2 as a function of the neck
parameterQN .

path to fission, leads only through the axially sym-
metric shapes of the fissioning nucleus. It is due to
the increase in the collective inertia with growing
nonaxiality that significantly reduces the effect of tri-
axiality on the fission half-lives. At Q2 ≈ 50 b, one
can find in Fm nuclei a superdeformed minimum with
energy similar to the ground state. This minimum is
separated from the scission point by a small second
barrier. The shape of this barrier, as will be shown in
the following subsections, plays a fundamental role
when one evaluates the fission half-lives.

3.1. 256Fm
The potential energy obtained for 256Fm [5] is plot-

ted in Fig. 1a as a function of the quadrupolemoment.
The solid curve represents the CF path, whereas
the dashed curve shows the EF path. The shapes
of the nucleus at some quadrupole deformations are
also plotted in this panel. The dotted curve shows
the reduction of the first barrier due to the triaxial
degrees of freedom (typically, γ does not exceed 8◦).
This nucleus has two superdeformed minima: one at
Q2 = 50 b and another one, separated by a tiny hill, at
70 b. The deeper minimum at Q2 = 70 b is situated
2 MeV below the ground-state energy. The second
hump of the barrier is only 2 MeV high in this case.
The fission products corresponding to this path are
two identical and spherical 128Sn nuclei. In [11], this
path was called the CF path. The octupole moment
along this path is equal to zero, which can be seen in
Fig. 1b. It is in contrast to the second path, on which
the nucleus has pearlike shapes with nonzero oc-
tupole moment. This path, called in [11] the EF path,
03
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Fig. 3. The same as in Fig. 1, but for the 258Fm nucleus.

begins at Q2 = 70 b and goes with a gentle slope
to very high deformations. Both fission paths differ
significantly in the hexadecapole moments (Fig. 1c)
and in the number of nucleons in the neck region
(Fig. 1d). Apart from the two valleys described above,
a few other paths were found. All of them are located
much higher in energy than the CF and EF paths, and
it is rather improbable that the fissioning nucleus will
follow one of them.
The cross sections of the potential energy surface

for various quadrupole moments are plotted in Fig. 2
as a function of the neck parameter QN . One can
see there that the transition from the CF to the EF
path cannot take place at Q2 < 90 b because the EF
path begins first at Q2 = 70 b on a shoulder 5 MeV
above the CF valley. AtQ2 = 90 b, the depths of both
paths are already comparable and the transition to the
EF path can take place here or at higher quadrupole
moments, where the minimum corresponding to the
CF valley becomes only a shoulder. This means that
256Fm cannot continue fission in the CF mode and
it will proceed along the EF path. This effect ex-
plains the low TKE of the fission fragments born
from this nucleus. Theminimum corresponding to the
CF valley appears again at Q2 = 140 b, where two
fragments are already separated.

At higher elongations, the 256Fm nucleus fission-
ing along the EF path consists of two parts: one
nearly spherical and the other one with a big deforma-
tion. Both parts correspond to nearly equal masses.
This result is inconsistent with the experimental mass
distribution, which shows a significant mass asym-
metry: AH/AL ∼ 141/112 [12]. This disagreement
may partially originate from the fact that the dynam-
ical effects, which play a certain role in the fission
P
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Fig. 4. The same as in Fig. 2, but for the 258Fm nucleus.

process, are neglected in our static calculations. The
other problem is that the neck of the 256Fm nucleus
at the EF path is quite long and one cannot determine
exactly the point of splitting into two fragments.

3.2. 258Fm

The nucleus 258Fm exhibits the bimodal fission [3,
4]. In contrast to 256Fm, mass distributions in both
modes are symmetric and both fission paths have
similar abundance. In Fig. 3a, the CF (solid curve)
and the EF (dashed curve) fission barriers are dis-
played [5]. Figures 3b, 3c, and 3d present the octupole
and hexadecapole moments, and the number of nu-
cleons in the neck region QN for the two paths. At
first glance, this figure is very similar to Fig. 1 for
256Fm, but there are some important differences that
change the fission features of these nuclei.

First, the second hump of the fission barrier on the
CF path is only 0.5 MeV above the superdeformed
minimum and the whole second barrier is placed
below the ground-state energy. The next distinction
between 258Fm and 256Fm can be observed in Fig. 4.
One can see there that both minima corresponding
to the CF and to the EF coexist along the fission
path. The ridge that separates them is at the most
1.5 MeV high. This means that the nucleus 258Fm
could continue fission via the CF valley or change its
path and proceed with elongated fission. The transfer
to the EF path can take place between Q2 = 90 and
120 b. Such a configuration of the EF and CF paths
seems to ensure (because we do not include here the
dynamical effects) that both modes can be intensified
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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similarly. This result is in agreement with the conclu-
sions of [3, 4], where the comparable abundance of the
two modes was found.
The shapes of the 258Fm nucleus on both paths are

similar to those in Fig. 1 for 256Fm, which explains the
symmetric mass distribution observed in both modes.
The CF path can be identified as the one leading to the
high TKE mode. On this path, the distance between
the centers of masses of the spherical fragments at
the scission point is relatively small. This means that
the Coulomb repulsion is strong and it gives the high
value of TKE of fragments. On the EF path, the dis-
tance between the centers of charges of the spherical
and elongated parts is larger than on the CF path. It
means that the energy of Coulomb repulsion at the
scission point is weaker and the fragments can have
smaller TKE.

4. CONCLUSIONS

In conclusion, one can say that the potential en-
ergy surfaces of fissioning even–even nuclei in the
258Fm region are characterized by a two-humped
barrier. The first hump is similar for all the nuclei
considered, whereas the differences in the second one
have a big influence on the fission properties. There
are two paths leading to fission. The first one goes
through compact shapes and is responsible for the
high total kinetic energy mode in fission. The other
path, going through elongated shapes, gives the low
total kinetic energy mode.
In 256Fm, fission follows only the elongated fission

path. The mass asymmetry in this nucleus is not
explained by our static calculation. The mechanism
of bimodal fission in 258Fm has been described prop-
erly: we have found that fission can take place along
both elongated and compact fission paths. Contrary
to the majority of papers describing the bimodal fis-
sion, we have simultaneously reproduced the right
distributions of the TKE and the masses of the fission
fragments born from 258Fm. We have shown that, in
spite of the large asymmetry of shapes of fragments
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
on the EF path, they have the same masses. This is
a new feature that could be discovered only in the
HFB type of calculations with the Gogny or δ-pairing
forces which distinguish between orbitals in different
fragments.
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Abstract—A 4π light charged particle spectrometer, named 8πLP, is in operation at the Laboratori
Nazionali di Legnaro (Italy) for the study of the reaction mechanisms produced in low-energy heavy-ion
reactions. The spectrometer has recently been used in a study of fission dynamics that involves the detection
of light charged particles in the fission and evaporation residue channel in a system of intermediate fissility,
as well as in a study of multinucleon transfer to heavy target. Data on the system 240 MeV 32S + 100Mo
are presented. Dynamical effects extracted as a consequence of the comparison of the data to the statistical
model calculations are discussed. c© 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Fission dynamics has been the subject of a large
variety of studies in the last two decades [1–16].
As the time scale of fission is thought to be affected by
nuclear dissipation [17], themain goal of these studies
has been the use of GDR γ rays and light-particle
emissions as probes for the dynamical evolution of
the composite nuclear system from the equilibrium
to the scission point. The presence of dynamical ef-
fects in the fission decay is inferred on the basis of
the standard statistical model [2]. It is widely found
that there exists an energy domain [16] above which
multiplicities of neutrons, protons, alpha particles,
and GDR γ-rays yields associated to the prescission
are underpredicted by the statistical model, and the
extent of the gap usually grows with increasing exci-
tation energy.

The overall picture, suggested at first in studies
involving only neutron emission [2], is that the col-
lective flow of mass from equilibrium to scission is
slowed down by nuclear viscosity in such a way that
fission cannot compete effectively in the early stages
of the decay with the other open decay channels.
Consequently, fission is hindered and particles and
GDR γ-ray emissions are more favored than what it
is expected from statistical considerations only.

∗This article was submitted by the authors in English.
**e-mail: Emanuele.Vardaci@na.infn.it
1063-7788/03/6606-1182$24.00 c©
To account for such a delayed fission, several in-
teresting modifications of the statistical model have
been proposed in the literature [4, 5, 9, 12, 18, 19].
Following the initial idea of the “neutron clock,” the
path from equilibrium to the scission point is usually
split into two regions, the pre- and the postsaddle.
The total fission time is defined as τf = τd + τssc,
where τd is the presaddle delay, namely, the charac-
teristic time necessary for the buildup of the collective
motion toward the saddle point, and τssc is the time to
travel the path from saddle to scission. The relevant
observables are computed using τd and τssc as free
parameters, along with the other input parameters
relative to the specific ingredients of the model (i.e.,
level density, shell corrections, fission barriers, etc.),
and fit to the experimental data. On the basis of sys-
tematics [5], it is expected that τd is almost constant
(≈ 10× 10−21 s) for a large range of fissility values,
while τssc increases linearly from about 3× 10−21 to
50× 10−21 s for systems with fissility in the range
0.70–0.85.

Estimates of the fission time scales are, however,
still quite controversial, not easily comparable on a
common physical ground, and weakened by the fact
that different sets of input parameters can result in
equally good fits within the samemodel. Other impor-
tant open questions remain the delicate and blurred
separation between pre- and postsaddle emissions,
the change in the strength of the viscosity in the pre-
2003 MAIK “Nauka/Interperiodica”



FISSION DYNAMICS WITH THE 4π DETECTOR 8πLP 1183
and postsaddle, and its dependence on the tempera-
ture and deformation [12, 13].

A more complete understanding of the aspects
related to the time scale in the fission decay requires
the consideration of systems spanning a wide range of
fissilities and the use of complementary observables
and probes. We have started a research program at
LNL with the apparatus 8πLP aimed at studying the
fission dynamics in systems of intermediate fissility
using light charged particles as probes and the fission
dynamics on heavier systems by means of transfer
reactions on heavy targets [15]. Since through mult-
inucleon transfer reactions it is possible to populate
heavy target-like fragments (TLF) of a wide range
of fissility, excitation energy, and angular momentum,
the study of the fission probability of the TLF is in-
teresting because it provides a direct measure of the
probability of survival of the populated TLF, which is
strongly affected by nuclear viscosity. Results on a
study of this kind have been published previously in
[15].

This paper is organized as follows. First, a short
review of the 8πLP apparatus is given. Second, we
present the study of the fission time scale in the sys-
tem 32S + 100Mo at 240 MeV.

THE 8πLP APPARATUS

The 8πLP apparatus [20], shown schematically in
Fig. 1, is a light charged particle detector assembly
that fulfills the following requirements:

(a) angular coverage close to 4π;
(b) compact and flexible arrangement to accom-

modate different trigger detectors;
(c) low identification energy thresholds;
(d) high granularity;
(e) measurement of energy of light charged par-

ticles from heavy ion reactions up to 20 A MeV of
incident energy.

8πLP consists of two detector subsystems, each
made of two-stage telescopes: the WALL and the
BALL. The WALL contains 116 telescopes and is
placed 60 cm from the target. Each of the WALL
telescopes consists of a 300-µm Si detector backed
by a 15-mm CsI(Tl) crystal and has an active area of
25 cm2, which corresponds to an angular opening of
about 4◦. The WALL covers the angular range from
2◦ to 24◦. The BALL has a diameter of 30 cm and
consists of seven rings placed coaxially around the
beam axis. Each ring contains 18 telescopes and cov-
ers an angular opening of about 17◦. The telescopes of
the BALL are made of a 300-µmSi detector mounted
in the flipped configuration (particle entering from the
ohmic side) backed by a 5-mm CsI(Tl) crystal. The
BALL has a total of 126 telescopes and covers the
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 1. Schematic layout of the 8πLP apparatus.

angular range from 34◦ to 177◦. The rings are labeled
from A to G going from backward to forward angles.

Particle identification is carried out by the ∆E–
E method for the ions that are not stopped in the
∆E stage. The particles stopping in the first stage
are identified by the TOF method in the case of the
WALL telescopes and by the pulse shape discrimina-
tion (PSD) technique in the case of the BALL tele-
scopes. In this configuration, we are able to measure
energies up to 64AMeV in theWALL and 34AMeV
in the BALL with energy thresholds of 0.5 MeV for
protons and 2 MeV for alpha particles.

Heavy fragments can be detected in the telescopes
of the BALL. The PSD technique allows the sepa-
ration between heavy fragments and light particles
stopping in the same detector but does not provide
any information about the mass or charge of the frag-
ments. The selection between symmetric and asym-
metric mass splitting can nevertheless be achieved
on a kinematics ground, as will be shown later. A
more selective trigger detector based on a MWPC is
presently under test and will be installed in the near
future.

In the 8πLP setup, it is also possible to detect
evaporation residues (ER). The WALL detectors be-
tween 2.5◦ and 7.5◦ around the beam axis are in
fact replaced by four parallel plate avalanche counter
(PPAC) modules, each one subtending a solid an-
gle of about 0.3 msr. Each module consists of two
coaxial PPACs mounted and operating in the same
gas volume at a distance of 15 cm from each other.
By adjusting the gas pressure, it is possible to stop
the ER between the two PPACs and let the fission
fragments and elastic scattered ions impinge on the
second PPAC. Consequently, ER are sorted out from
the first PPAC signals using the signals from the
second PPAC as a veto.
3
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Fig. 2.Energy–energy correlationmatrix of themeasured
fragments: (a) both fragments in ringG; (b) one fragment
in ring F and the other in ring G.

The acquisition system is based on a newly de-
signed readout FAIR bus [21] and is capable of han-
dling the whole set of input signals (about 1000 be-
tween energy and time). The on-line analysis of all the
default 1D histograms and of about 800 2D matrices
is handled by commercial VME CPUs. The whole
acquisition system is accessible via Ethernet since is
designed on a client/server architecture.

DYNAMICAL EFFECTS IN THE SYSTEM
32S + 100Mo AT 240 MeV

At the moment, there are not many studies on
systems of intermediate fissility (χ = 0.5–0.6), al-
though they offer some advantages. These systems
are characterized by an ER cross section compara-
ble to or larger than the fission cross section and
by a relatively higher probability for charged particle
P

emission in the prescission channel. In a theoreti-
cal framework in which time scale estimates rely on
statistical model calculations, the additional analysis
of particle emission in the ER channel allows one to
put more constraints on the statistical model input
parameters. Furthermore, light charged particles and,
especially, alpha particles are sensitive to the emit-
ter deformation as well as to the yrast line at high-
angular momentum. Therefore, clues on the system
deformation can be conveniently cumulated with the
ones extracted by GDR γ-rays studies [12, 13].

An additional advantage comes from the fact that
the potential energy surface is characterized by a
shorter path from the saddle to scission [22]. This
means that the role of the presaddle dynamics relative
to the saddle to scission one is enhanced, and con-
sequently, some of the ambiguities on the not-well-
identified separation and interplay between pre- and
postsaddle might be reduced in the interpretation of
the data.

Recently, the charged particle emission in both
evaporation residue and prescission channels has
been used to extract the fission delay [23] for the
systems 180 MeV 32S + 109Ag [14], 905 MeV
121Sb + 27Al [6], and 247, 337 MeV 40Ar + natAg
[1]. A wide interval of time delays was obtained with
values ranging from 4 to 27 × 10−21 s.

The experiment on the system 32S + 100Mo
at 240 MeV was performed at the XTU Tandem–
ALPI Superconducting LINAC accelerator complex
of the Laboratori Nazionali di Legnaro. A 240-MeV
pulsed beam of 32S of about 1 p nA intensity was
used to bombard a self-supporting 100Mo target,
300 µg/cm2 thick. A beam burst with frequency of
about 1.25 MHz and duration of about 2 ns was
used.We took full advantage of the performance of the
8πLP apparatus. Energy spectra of protons and alpha
particles, in coincidence with evaporation residues
and fission fragments, were measured with low-
energy thresholds and with an almost 4π geometry.
Heavy fragments were detected in the telescopes of
the ring F and G of the BALL, and the ER were
detected by the four PPACmodulesmentioned earlier.

Data were collected requiring the OR mode be-
tween the following conditions: (a) coincidence be-
tween any PPAC and any particle detector, to select
events corresponding to light particles emitted in the
ER channel; (b) twofold event in the F and G ring
detectors, to select events with two fission fragments;
and (c) coincidence between one detector of the F
or G ring and all other particle detectors. During
the data taking, the acquisition rate was about 1.5k
events per second with dead time of ∼15% mainly
due to the conversion time and the storage of events
on tape. The replay of the data tape, data sorting, and
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003



FISSION DYNAMICS WITH THE 4π DETECTOR 8πLP 1185

 

10

 

–3

 

10 30 50 10 30 50 10 30 50 10 30 50

 

α

 

 = 43° 78° 102° 120°

137° 156° 204° 223°

241° 258° 282° 299°

 

10

 

–4

 

10

 

–5

 

10

 

–4

 

10

 

–3

 

10

 

–4

 

10

 

–3

 
d

 
2

 
M

 
/

 
d

 
Ω

 

α

 
dE

 

α

 
, sr
 

–1
 

 MeV
 

–1
 

E

 

α

 

(lab), MeV

Fig. 3. In-plane (β = 0) multiplicity spectra of the alpha
particles in the fission channel.

analysis were handled by the software package VISM
[24].

DATA ANALYSIS

The main goal of the data analysis presented is the
extraction of the prescission multiplicity of the alpha
particles from which we estimate the fission time
scale. Data on proton and alpha particles in the ER
channel have also been obtained in order to further
constrain the statistical model parameters. Results
reported here refer to the data collected by the BALL
section of the 8πLP apparatus.

Selection of the Fission Fragments

Fission fragments have been sorted out from the
possible binary reaction products by means of the
fragment–fragment coincidences. In Figs. 2a and 2b,
we show the fragment–fragment energy correlation
of the two fragments detected by two different tele-
scopes in the same ring G and in the rings F–G,
respectively. Due to the detector openings, in the first
case (ring G only), the measurable folding angle of
two fragments can span the range 68◦–104◦, where-
as, in the second case (one fragment in ring F and
one in ring G), the range of the possible folding angle
can be 87◦–123◦. The data have been summed over
all the combinations of detectors belonging to the ring
G (Fig. 2a) and to the rings F and G (Fig. 2b).

The energy distribution in Fig. 2a is compatible
with the presence of deep inelastic collisions (DIC),
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 4. Out-of-plane multiplicity spectra of the alpha
particles in the fission channel (ring D).

which produces target-like and projectile-like frag-
ments. A simulation of the DIC, performed by the
code GANES [25, 26], gives for the folding angle
distribution a bell shape centered around 88◦, ranging
from 75◦ to 100◦. As regards the fission process,
the code predicts a bell-shaped distribution centered
around 100◦, ranging from 90◦ to 110◦. From this
simulation and from the pattern observed in Fig. 2,
it is clear that the combination of the rings F and G
favors the selection of fragments from the symmetric
splitting of the intermediate composite system. The
events of Fig. 2b correspond to an angular range
centered around the most probable folding angle for
fission, and one can be confident that most of these
events are associated with fission fragments. This
conclusion is supported by the fact that the multiplic-
ity of pre- and postscission alpha particles, extracted
by the procedure described in the following, does not
change significantly when the event selection is re-
stricted to the region in which the two fragments have
nearly the same energy.

Alpha-Particle Emission in the Fission Channel

Laboratory energy spectra of the alpha particles
in triple coincidence (fragment–fragment–particle)
were extracted for all the correlation angles allowed by
the geometry (12 in plane and 56 out of plane). Some
of the multiplicity spectra are shown as histograms
in Figs. 3–6. Figure 3 refers to the 12 in-plane angle
correlations, while Figs. 4–6 refer to the out-of-plane
multiplicity distributions.

The position of each particle detector with respect
to the beam has been translated to a position rela-
tive to a trigger plane (defined by the position of the
3



1186 VARDACI et al.

 

10

 

–3

 

10 30 50 10 30 50 10 30 50 10 30 50

 

α

 

 = 77.0° 74.2° 66.6° 38.8°

 

10

 

–4

 

10

 

–5

 

10

 

–4

 

10

 

–3

 
d

 
2

 
M

 
/

 
d

 
Ω

 

α

 
dE

 

α

 
, sr

 
– 1

 
 MeV

 
–1

 

E

 

α

 

(lab), MeV

 

β

 

 = 19.5° 39.0° 57.9° 74.4°

321.2° 293.4° 285.8° 283.0°
74.4° 57.9° 39.0° 19.5°

Fig. 5. Out-of-plane multiplicity spectra of the alpha
particles in the fission channel (ring E).

two fired fragment detectors) using the in-plane α
and the out-of-plane β angles. The values of these
angles, ranging from 0◦ to 360◦ and from 0◦ to 90◦,
respectively, are shown in Figs. 3–6. Rings D and E
cover the same out-of-plane angular range, which is
the largest with respect to the other rings, and ring
G is positioned at the most forward in-plane angles.
Each alpha-particle spectrum has been obtained as
the sum of the alpha-particle spectra corresponding
to the same in-plane and out-of-plane angles and
normalized to the number of its corresponding trigger
fragment–fragment events.

To extract the pre- and postscission integrated
multiplicities, alpha-particle spectra have been an-
alyzed considering three evaporative sources: the
composite nucleus prior to scission (CE—composite
emission) and the two fully accelerated fission frag-
ments F1 and F2 (FE—fragment emission). We
have used a well-established procedure that employs
the Monte Carlo statistical code GANES [1, 6, 25,
26]. Alpha-particle evaporative spectra are computed
separately for each source of emission in the trigger
configuration defined in the experiment, taking into
account the detection geometry. Afterward, the cal-
culated spectra are normalized to the experimental
ones, and the integrated multiplicities are evaluated
for each emitting source.

The curves superimposed on the histograms in
Figs. 3–6 represent calculated multiplicity spectra for
CE (dash-dotted curves), F1 (thin solid line), and
F2 (dashed line) components, along with their sum
(thick solid line). A large deformation of the compos-
ite system prior to scission was necessary to fit si-
multaneously the energy spectra and the angular dis-
tribution. The deformation of the emitter affects both
P
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the mean energy of the evaporated charged particles
(because of the change in the evaporation barriers)
and the out-of-plane angular distribution (because of
the increase in the moment of inertia). In our data,
the best fit to the energy spectra provides for the CE
component a prolate shape with axis ratio b/a = 3.
This emitter deformation results in mean energies of
the alpha particles that are ≈2 MeV lower than those
expected for the case of a spherical emitter.

Although the bulk of the experimental spectra is
very well reproduced, also considering the wide an-
gular coverage of the detecting array, there are some
important deviations that indicate contributions not
accounted for by the CE and FE components, which
are mainly of two kinds: an excess of high-energy al-
pha particles at themost forward angles and a surplus
of particles with energies intermediate between those
corresponding to CE and FE components. These two
types of contributions have already been observed in
other experiments of the same kind as presented here
[1, 6, 14] and have been ascribed to preequilibrium
and near-scission emission [27–29], respectively. It is
interesting to take advantage of the detailed angular
coverage of our data to discuss briefly these observa-
tions and give support to the above conclusions.

The in-plane angular distribution in Fig. 3 and the
out-of-plane one in ring G (Fig. 6) are most suited
to clarify the pattern of the excess at higher energies.
In the in-plane spectra (Fig. 3), this excess disap-
pears when going from forward to backward angles;
in Fig. 6, the top and bottom rows show clearly the
gradual disappearance of the higher energy compo-
nent when the detection positionmoves to larger out-
of-plane angles. The angular patterns observed in-
plane and, more noticeably, out-of-plane are com-
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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patible with a preequilibrium mechanism of emission
strongly related to the entrance channel.

In some of the spectra of ring G (Fig. 6), an excess
of particles with energies in between the mean ener-
gies corresponding to the CE and FE components is
also quite evident. A similar excess is also found in
the spectra of ring C (not shown), but not in rings D
and E (Figs. 4 and 5), and is partially visible at some
angles in the in-plane spectra (Fig. 3).

The angular and energy dependence of such a
component is consistent with the well-established
pattern for the near-scission emission: enhanced
emission at angles perpendicular to the scission axis
[27] with energies characteristic of emission barriers
lower than those measured in the CE component.
This correlation with the scission axis is remark-
ably evident when we compare the spectrum of
ring D (Fig. 4) at α = 105.5◦ and β = 39.0◦ with
the spectrum in ring G (Fig. 6) at α = 9.2◦ and
β = 42.1◦. The first position favors the detection of
particles emitted out-of-plane along the direction of
the scission axis; the second one favors the detections
of particles emitted perpendicularly to the scission
axis. In spite of the almost equal out-of-plane angles,
we notice a dramatic difference in the intermediate
energy component.

From the fit to experimental spectra, alpha-
particle multiplicities of 0.040 ± 0.006 and 0.014 ±
0.002, for prescission and postscission emissions,
respectively, have been deduced.

Evaporation Residue Channel

Evaporation residues were detected by four PPAC
modules of the type described earlier. In Fig. 7, we
show, as points, the number of protons and alpha
particles detected in coincidence with one of the
PPAC vs. the identification number of the BALL
detectors. The result of the simulation performed with
the code PACE 2, in which the detailed geometry of
the detecting system has been properly included, is
shown as solid lines. For each ring, we observe a
strong dependence of the intensity on the detector
position resulting from the different correlation angles
with respect to the trigger detector, both for protons
and alpha particles. The same pattern of Fig. 7 is
also observed in the case of the other three trigger
positions. The code PACE 2 reproduces very well the
observed pattern, independently of the ratio af/aν

parameter, where af and aν are the level density
parameters governing fission and particle evapora-
tion, respectively. This ratio is an input parameter
of the statistical model which strongly affects the
competition between fusion–fission and fusion–
evaporation. Consequently, it is expected that the
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 20
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particle multiplicities in the ER channel show a
dependence on the value of the ratio af/aν .

We have extracted an estimate of the proton-
to-alpha particle multiplicity ratio, with the help of
statistical model calculations. This also allowed us
to optimize the ratio af/aν needed to analyze the
prescission multiplicity. Since the calculations repro-
duce very well the shape of the angular distributions in
Fig. 7, independently of the ratio af/aν , an estimate
of the above multiplicity ratio can be obtained by
the code PACE 2, provided that the model is also
able to reproduce the absolute values of the mea-
sured angular distribution of the two particles with a
unique normalizing factor. Such a condition depends
strongly upon the ratio af/aν . It was found that the
value af/aν = 1.08 provides the same normalizing
factor within 30% and a multiplicity ratio equal to
1.48. The implications of the use of such a value of
af/aν in the model are discussed in the next section.
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Table 1.Calculated alpha particle prescissionmultiplicities (MPRE
α ) for different values of the af/aν parameter and delay

time τd

τd, 10−21 s
af/aν

1.00 1.02 1.04 1.06 1.08 1.10

0 0.049 0.035 0.026 0.019 0.015 0.010

2 0.049 0.043 0.035 0.030 0.030 0.031

4 0.088 0.090 0.096 0.100 0.100 0.110
STATISTICAL MODEL ANALYSIS
AND CONCLUSIONS

We have analyzed the prescission alpha-particle
multiplicityMPRE

α on the basis of the statistical model
as implemented in the code PACE 2. A fission delay
time parameter τd has been included in the code,
so that the fission probability is zero up to the time
τd and has full statistical value subsequently. Since
we expect that the particle multiplicities are sensi-
tive to the value of the ratio af/aν and to the de-
lay time τd, we performed a grid of calculations for
1.00 ≤ af/aν ≤ 1.10 and 0 ≤ τd ≤ 4× 10−21 s. The
results for MPRE

α are given in Table 1. The calcula-
tions show that the measured MPRE

α value of 0.040
can be reproduced with τd = 0 and af/aν = 1.0. If we
take into account the result of the analysis in the ER
channel, we should consider af/aν = 1.08 and τd ≈
(2–3)× 10−21 s as our optimal delay time. A further
increase in τd is not compatible with our data because
it would produce a rapid increase inMPRE

α .

On the basis of our simple static calculation, we
should conclude that there is no evidence of signifi-
cant dynamical effects in the alpha particle prescis-
sion emission in the 240-MeV 32S + 100Mo system.
However, from the systematics on the threshold exci-
tation energy for the onset of a nonstatistical behavior
of the fission decay [16], we would expect a sizable de-
viation from the statistical description in the prescis-
sion particle multiplicities. The extrapolation of the
data of [16] to lower composite system masses would

Table 2. Calculated cross sections (in mb) for the
32S + 100Mo

Elab, MeV Evaporation Fission Fast fission

160 994 32

170 1010 130

200 904 353 47

240 779 268 410
P

give a value of 80 MeV as the threshold energy for
our system, to be compared to the excitation energy
of 152 MeV in the present experiment.

The same conclusion has been withdrawn for the
system of similar fissility Ar + Ag [23], for which
measurements exist at two excitation energies, Ex =
128, 194 MeV [1]. Even though these energies are
well above the threshold expected on the basis of the
predictions in [16], short delay times have been found:
τd = 4 and 5× 10−21 s for the two excitation energies,
respectively, [23]. It has been argued [1, 23] that,
since, in the system Ar + Ag at both energies, the
critical angular momentum for fusion is larger than
angular momentum lBf for which the fission barrier
vanishes, the presence of fast fission [30] might be
responsible for the overall lowering of the measured
fission time.

To find out about the presence of fast fission in
the system 240 MeV 32S + 100Mo, we performed
calculations of the cross sections for the production of
ER, for the fission and fast fission decays, at different
incident energies, using the code PACE2. We used
the critical angular momentum for fusion deduced by
the Bass model [31] and the value of lBf from the
FRLD model [32]. Results are reported in Table 2.

Taking the values in Table 2 as a guide for our
speculation, it seems that, at 240 MeV, fast fission
may play a significant role. In fact, the calculated
critical angular momentum for fusion is 90�, which
is greater than the angular momentum at which the
fission barrier vanishes (83�). On the contrary, at
200 MeV, we find the drastic reduction of the fast
fission cross section and the increase in the fission
and evaporation cross sections. On the basis of these
considerations, we have planned an experiment at
200 MeV.
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Abstract—The fragment mass and energy distributions from the proton-induced fission of compound
nuclei 233Pa, 234,236,237,239Np, 239,240,241,243Am, and 245Bk at proton energyEp = 10.3 and 22.0MeVhave
been experimentally studied. It was revealed that the shapes of the asymmetric fission mass distributions
are mainly defined by the proton numbers of compound nuclei and demonstrate only a weak dependence on
the neutron ones. The detailed study of the fission fragment mass yields for compound nuclei Np and Am
isotopic chains has shown that the asymmetric fission fragment charge distributions calculated within the
unchanged charge density hypothesis for nuclei with equal ZC practically coincide. c© 2003 MAIK “Nau-
ka/Interperiodica”.
1. INTRODUCTION

It is common knowledge that the fragment mass
yields from the low-energy-particle-induced fission
of actinide nuclei are asymmetric due to the shell
properties of fissile nuclei. Numerous experimental
investigations of actinide nuclei fission showed that
shapes of the fragment mass yield curves can change
drastically as a function of the nucleonic composition
and excitation energy of fissioning nuclei. A wide
variety of mass yield shapes can be explained within
a multimodal approach to describing the fragment
mass and energy distributions (MEDs) [1–5]. In the
framework of this approach, it is usually assumed that
an experimentally observed MED consists of different
MEDs of four independent fission modes: one sym-
metric (S) and three asymmetric—Standard 1 (S1),
Standard 2 (S2), and Standard 3 (S3). Mode S is
mainly formed by liquid drop properties of nuclear
matter, and, therefore, its most probable values of
fragment masses M are close to A/2. Asymmetric
mode S1 with average masses of heavy fragments
MH ≈ 134 and high kinetic energies is conditioned
by the formation of spherical heavy fragments with
ZFH and NFH close to magic numbers 50 and 82,
accordingly. Mode S3 is also due to the spherical
shell closures Z = 28 andN = 50 but formed in light
fragments.

The origin of predominant asymmetric mode S2
is usually associated with the deformed neutron shell
closure N ≈ 88 [6] in heavy fragments. However, the

∗This article was submitted by the authors in English.
**e-mail: zhdanov@inp.kz
1063-7788/03/6606-1190$24.00 c©
attempts (for example, [6, 7]) to describe the experi-
mental fragment mass yields for actinide nuclei in a
large range of their nucleonic composition by using
the shellN ≈ 88 properties did not remove all doubts
about the validity of such an explanation of the origin
of this predominant part of the asymmetric fission.

We supposed that a comparative analysis of frag-
ment mass yields from fission of nuclei with equal
ZC , but different NC , and vice versa, i.e., for isotopic
and isotonic nuclear chains, could help to answer the
question about the origin of the asymmetric modes.

2. EXPERIMENT

The fragment MEDs from the proton-induced
fission of compound nuclei 233Pa, 234,236,237,239Np,
239,240,241,243Am, and 245Bk at proton energy Ep =
10.3 and 22.0 MeV have been measured with the
external proton beams from the Almaty isochronous
cyclotron. Targets from chlorides of enriched isotopes
with thickness of working layers 20–40 µg/cm2

evaporated on backings from Al2O3 with thickness
60 µg/cm2 have been used. The measurements
were fulfilled by fast spectrometry and timing of the
pulses from a pair of Si–Au surface-barrier detectors
with the subsequent “time-of-flight” selection of
fragments belonging to one fission event [8, 9]. The
detectors were calibrated with the 252Cf spontaneous
fission fragment spectra [10], and the MEDs were
calculated from the measured pulse distributions
according to a standard procedure [11]. Since ex-
perimental information on the pre- and postfission
neutron emission numbers for the majority of the
reactions studied here is absent, corrections for the
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. The fragment mass yields Y (M) measured at Ep = 10.3 MeV.
neutron emission have not been introduced. However,
as will be shown below, this does not influence the
effects being discussed, since, for our comparative
analysis, only the differences in the neutron emission
numbers are significant, but not their absolute values.

Thus, in the present work, the desired set ofMEDs
for ten actinide compound nuclei including two
isotopic chains with ZC = 93, 95 (234,236,237,239Np
and 239,240,241,243Am), three isotonic pairs withNC =
144, 146, 148 (237Np–239Am, 239Np–241Am,
243Am–245Bk), and 233Pa, as well, has been obtained.

3. RESULTS AND DISCUSSION
The experimental fragment mass yields Y (M)

measured at a proton energy of 10.3 MeV are shown
in Fig. 1 on linear (upper part) and logarithmic
(lower part) scales. One can see that, for all studied
compound nuclei, the contribution of symmetric
fission is rather small, and the shapes of the MEDs
are mainly defined by shell effects responsible for the
formation of asymmetric fission. The heavy fragment
mass yield curves, in accordance with well-known
fact, are similar for all studied nuclei, and the maximal
yield values are achieved at MH ≈ 140. For nuclei
with higher asymmetric peaks, the contributions of
symmetric fission are lower.
F ATOMIC NUCLEI Vol. 66 No. 6 200
From Fig. 1, one can note that, whereas on the
right wings of heavy fragments the mass yields di-
verge, on the left wings of light fragments all mea-
sured yields virtually converge at masses ML ≈ 80.
The character of the yield curve divergence at masses
MH > 155 is also of interest. One can see that, for
nuclei from the Np and Am isotopic chains, the differ-
ence in the compound neutron numbers NC (4–5 u)
results in the shifts of equal yields along the fragment
mass axis less than the difference in the compound
atomic numbers ZC (2 u). Almost the same situation
could be observed in the light fragment asymmetric
peak positions. The ZC dependence of the peak posi-
tions is stronger than the dependence on NC . Some
effect of grouping of the yield curves could be seen on
the left and right slopes of the light fragment yields for
the Np and Am isotopic chains. These findings allow
one to conclude that, at excitation energies above
10 MeV, the ZC dependence of the fragment mass
distributions is stronger than theNC dependence.

In order to study both of these dependences in
more detail, we converted the experimental mass
yields Y (M) into the yields of the fragment proton
Y (ZF ) and neutron Y (NF ) numbers. We used the
unchanged charge density (UCD) hypothesis within
which the proton and neutron numbers of fragments
3
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Fig. 2. The UCD fragment neutron Y (NF ) and proton Y (ZF ) number distributions at Ep = 10.3 MeV.
are defined by the relations ZF = M∗(ZC/AC) and
NF = M∗(NC/AC).

The yields of the fragment proton Y (ZF ) and neu-
tron Y (NF ) numbers for the 10.3-MeV reactions
are presented in Fig. 2 on linear (upper parts) and
logarithmic (lower parts) scales. One can see that, at
the transition from Y (M) to Y (NF ) (left parts), the
grouping effect of fragment yields from fission of iso-
topes belonging to either Np or Am chains practically
disappears. A radically different situation takes place
at the transition to Y (ZF ) (right parts), for which this
grouping effect becomes definite.

This interesting finding can be confirmed by
comparing our calculated Y (ZF ) for the Np and
Am isotopic chains to the results of direct measure-
ments of fragment charge distributions from fission
of 229,230,231,232Pa, for which the numerical data have
been taken from [12]. This comparison has been done
in Fig. 3. One can see that the behavior of these
three isotopic groups of yields is very similar, and
the small divergences in Y (ZF ) for the isotopes at
ZF ≈ ZC/2 and on tops of the asymmetric peaks
seem to be due to the differences in the symmetric
fission contributions and do not change the picture
as a whole. Incidentally, we may conclude that, in the
present work, the use of both the experimental data
on yields of the provisional fragment masses without
corrections for postfission neutron emission and the
P

UCD hypothesis for calculating fragment proton and
neutron numbers is quite acceptable.

In order to study the yield grouping effect found
in asymmetric fission in more detail, we subtracted
the contributions of the symmetric fission from the
experimental mass yields. This was done on the basis
of decomposing the experimental matrices of mass
and total kinetic energies of coincident fragments
N(M,Ek) on the matrices for independent modes S1,
S2, S3, and S in the framework of the multimodal
analysis method proposed in [13]. After the decom-
position, the matrix for symmetric mode S was sub-
tracted from the experimental one, and the fragment
mass, charge, and neutron number distributions for
the “pure” asymmetric fission were calculated.

In Fig. 4, the widths of the asymmetric mass peaks
from fission of all nuclei studied in reactions with
10.3-MeV protons are shown as a function of the
compound nuclei masses AC . Lines represent values
of σ2

M,a averaged over the nuclei from one (Np or Am)
isotopic chain. It can easily be seen that the increase
in ZC by 2 u results in rather significant (∼10 amu2)
growth of σ2

M,a, whereas, for the increase inNC by 4–
5 u, the values of σ2

M,a for the Np and Am nuclei stay
approximately constant. In other words, the widths of
the asymmetric peaks strongly depend on ZC and are
practically independent ofNC .
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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and Am isotopic chains and the experimental fragment charge distributions from the electromagnetic-induced fission of
229,230,231,232Pa taken from [12].
In Figs. 5 and 6, the fragment neutron Ya(NF ) and
proton Ya(ZF ) number distributions for the “pure”
asymmetric fission at Ep = 10.3 and 22.0 MeV are
given on linear (upper part) and logarithmic scales.
It is clearly seen that the Ya(ZF ) curves for all stud-
ied nuclei virtually coincide both for light fragments
with ZF ≈ 30, which is rather close to magic number
N = 28, and for heavy fragments with ZF ≈ 50 (see
arrows). Roughly speaking, themass distributions for
actinide nuclei are packed between fragments with
ZFL ≈ 28 and ZFH ≈ 50, and, therefore, the widths
of these distributions are mainly defined by the value
∆Z ∼ ZC (28–50), almost independently ofNC . Re-
cently, this global yield grouping effect was revealed
in [14, 15] in thermal-neutron-induced fission of ac-
tinide nuclei. In those works, this effect was inter-
preted as a manifestation of the determinative influ-
ence of spherical shell closures formed in light and
heavy fragments on the wings of the fragment mass
yields.

In addition, in both Figs. 5 and 6, the Ya(ZF )
curves for isotopes from the Np and Am chains co-
incide with good accuracy in the whole range of ZF .
Contrary to the global and isotopic grouping effects
clearly seen in Ya(ZF ), the Ya(NF ) curves do not
demonstrate any visible coincidences of the yield val-
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
ues, including in the vicinities of magic neutron num-
bers 50 and 82 marked in these figures with arrows.

The difference in the influence of fragment proton
and neutron numbers on the shapes of Ya(ZF ) and
Ya(NF ) is shown in more detail in Fig. 7, where
these yields from fission of 237,239Np and 239,241Am at
Ep = 10.3 MeV are presented. This set of compound
nuclei consists of two isotopic (ZC = 93, 95) and two
isotonic (NC = 144, 146) pairs. Whereas the charge
yields inside both isotopic pairs practically coincide
in the whole range of fragment proton numbers, the
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Ya(NF ) curves for both these isotonic pairs coincide
only in narrow vicinities of neutron numbers 52 and
82. In other areas of fragment neutron numbers, the
difference in the yields is rather substantial, including
in the vicinity of N = 88 (dashed arrows). As was
mentioned above, the deformed neutron shell 88 is
usually involved in attempts to explain the properties
of predominant asymmetric mode S2. But if that is
the case, one could expect to see some stabilizing
influence of this shell on the positions and/or shapes
of the heavy fragment asymmetric distributions, at
least for nuclei with equal NC . Instead, we observe
very strong stabilizing effects in Ya(ZF ) for nuclei
with equal ZC .

Thus, resuming all considerations mentioned
above, one may conclude that, at excitation energies
above 10 MeV, the asymmetric fission mass distribu-
tions are governed by proton shell closures.

In our opinion, both revealed grouping effects,
namely, the virtual coincidence of the charge yields at
their left light and heavy wings for all studied nuclei
as well as the isotopic invariance in the asymmetric
fission fragment yields, would agree to the dumbbell
prescission configuration concept discussed in [16,
17] if one supposes that this configuration is con-
ditioned by two proton spherical clusters with Z =
28, 50 and the corresponding number of neutrons
joined by an elongated variable cross section neck
formed by the remaining nucleons. Then, the prescis-
sion configurations of all nuclides from the actinide
region differ, in principle, only in the neck volume. For
all compound nuclei, the appearance of light fission
fragments with ZF < 28 and heavy ones with ZF <
50 requires one to destroy these very stable spherical
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
shell closures that must lead to common limitations
for all nuclei of the ZF region available for asym-
metric fission. For nuclei from one isotopic chain,
the spatial distributions of protons in the prescission
configuration should be similar, and, therefore, one
can expect the similarity in the distributions of the
neck rupture probability along the nucleus elonga-
tion axis that leads to the observed grouping effect
in the fragment charge yields of isotopes. Thus, this
dumbbell prescission configuration concept could be
useful for qualitative explanation of some features of
asymmetric fission. However, we should note that
these notions do not explain the experimental fact
that, in the asymmetric fission of actinides, the most
probable ZFH approximately equals 54 [18].

We would like to note that all effects discussed
above reflect the commonality in properties of frag-
ment yields from asymmetric fission as a whole. At
the same time, as was mentioned above, the MEDs
of asymmetric fission can be performed as a super-
position of several independent fission modes (S1,
S2, and S3). At first sight, these two notions about
asymmetric fission formation are hardly compatible.
Indeed, if the origin of high-energy mode S1 with
heavy fragment masses close to MH = 132 is ob-
viously associated with the formation of fragments
close to doubly magic 132Sn, the assumption that
predominant mode S2 is also due to the same heavy
cluster is not so clear.

Some indications in favor of this assumption can
be obtained from [13, 19], where it was shown that,
at excitation energies of compound nuclei above
10 MeV, the contribution of mode S1 is not too
big (∼10%), and YS1(M), even at its maximum at
3
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MH ≈ 134, does not exceed 30% of Ya(M). This
means that the grouping of Ya(MH) at ZFH = 50 is
mainly due to mode S2.

Additional arguments in favor of both S1 and S2
being generated by the same shell closures can be
obtained from new results of our multicomponent
analysis of these MEDs [20]. According to these re-
sults, there are strong correlations in the behavior of
the basic characteristics of modes S1 and S2 (contri-
butions, average masses, and mass yield widths) as a
function of the nucleonic composition and excitation
energies of fissioning nuclei.

For large mass asymmetry, according to [13], in
mass yields of light fragments withML ≈ 83, one also
can observe the appearance of high-energy mode S3
associated with the closeness of these light fragments
to doubly magic nucleus 78Ni.

Hence, one can suppose that, in actinide nucleus
fission, two main types of nucleus configurations are
realized: a strongly deformed one inherent in mode S
and the dumbbell configuration responsible for asym-
metric fission as a whole. The maximal probability
of this asymmetric configuration rupture corresponds
to ZFH ≈ 54 (due to some not quite clear reasons)
and the relatively late descent stage of the fissioning
nucleus (mode S2). At earlier stages, there is some
probability of the neck rupture close to either heavy
or light clusters that could explain the appearance of
high-energy modes S1 and S3.
P

We should especially note that the conclusions
discussed above have been made from the data ob-
tained at excitation energies E ≥ 10 MeV. In the
spontaneous fission of Pu isotopes at the transition
from 236Pu to 244Pu [21], strong alterations of shapes
of the mass yields have been observed, and, therefore,
corresponding charge distributions also strongly de-
pend onNC . Our analysis of the data on the thermal-
neutron-induced fission of 232,233,235U borrowed from
[8, 22] (see Fig. 8) has shown that the UCD charge
distributions Y (ZF ) for these nuclei coincide only on
their wings, but in the yield maxima, significant devi-
ations are observed. At the same time, the UCD frag-
ment neutron number distributions diverge on their
wings, but the distinctions of Y (NF ) in the vicinities
of their tops are smaller than that of Y (ZF ). Thus, one
can suppose that, in the cold and low-energy fission of
actinides, the shapes of the asymmetric fission frag-
ment distributions are governed by both proton and
neutron shell closures. But why does even a modest
increase in excitation energy of the fissioning nucleus
from 6 to about 10 MeV lead to such a significant de-
crease in the neutron shell influence, whereas that of
proton ones remains visible at much higher energies?
In our opinion, it is worth additional experimental and
theoretical efforts to answer this question.

4. CONCLUSIONS

(i) At excitation energies above 10 MeV, the
widths of the asymmetric fission mass distributions
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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are strongly dependent on the proton numbers of
compound actinide nuclei and practically indepen-
dent of the neutron ones.

(ii) The asymmetric fission fragment charge dis-
tributions for nuclei with equal ZC practically coin-
cide, which is conditioned by the determinative role of
proton shell closures in the formation of asymmetric
fission fragment yields.

(iii) A sharply expressed grouping of the asym-
metric fission charge yields at ZFH ≈ 50 in heavy
fragments and at ZFL ≈ 30 in light ones has been
observed.

(iv) The observed features agree with the well-
known “dumbbell” scission configuration concept if
one assumes the spherical proton clusters with Z =
28, 50 joined by an elongate neck.

(v) An unexpected sharp decrease in the influence
of neutron shells on the shapes of asymmetric fission
fragment yields with a growth of excitation energy
from 6 to about 10 MeV has been revealed.
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1)Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research,
Dubna, Moscow oblast, 141980 Russia

2)Laboratori Nazionali di Legnaro, Istituto Nazionale di Fisica Nucleare, Legnaro (Padova), Italy
3)Dipartimento di Fisica, Universita di Padova, Padova, Italy

4)Institute of Nuclear Physics, National Nuclear Center, Almaty, 480082 Kazakhstan
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Abstract—We have studied mass-energy distributions (MED) of fission fragments using two projectile–
target combinations, 12C + 204Pb and 48Ca + 168Er, leading to the same compound nucleus 216Ra at the
excitation energy E∗ ∼ 40 MeV. It has been found that the contribution of the asymmetric mode in the
case of the former reaction is 1.5%, and it is 30% in the case of the latter one. We connect such a sharp
increase in the yield of asymmetric products in the 48Ca + 168Er reaction with the quasifission process, the
MED of which have a clearly expressed shell structure. The characteristics of the fission fragment MED
are of such a kind that they can be interpreted by analogy with the low-energy fission of heavy nuclei as a
manifestation of an independent mode of nuclear decay which competes with the classical fusion–fission
process. c© 2003 MAIK “Nauka/Interperiodica”.
The fact that the mass-energy distributions
(MED) of fission fragments (FF) in low-energy and
spontaneous fission of heavy nuclei have amultimodal
nature has been widely recognized today [1–4]. In
the recent years, our effort has been concentrated
on the investigation of the multimodal structure of
the fission fragment MED in the region of transition
nuclei 213 < ACN < 226, which so far has been
poorly studied. In [5–7], we studied the properties
of the 220Ra∗ [5], 219Ac∗, and 220,224,226Th∗ [6, 7]
fission fragment MED. In this work, we report on the
properties of MED of 216Ra∗ fission fragments, which
were investigated, in contrast to previous experiments
[5–7], in two projectile–target combinations, namely,
12C + 204Pb and 48Ca + 168Er. The result has turned
out to be rather unexpected.

The experiment was carried out using the ion
beams of the Tandem + ALPI accelerator complex
of the Laboratori Nazionali di Legnaro in the beam

∗This article was submitted by the authors in English.
**e-mail: pokrovsk@cv.jinr.ru
1063-7788/03/6606-1198$24.00 c©
energy range Elab = 56–90 MeV in the case of
12C ions and Elab = 180–208 MeV in the case of
48Ca ions. Both fission and evaporation residues
cross sections have been measured. In this work,
we present only results on the fission fragment MED
measurements for the energies Elab = 73 MeV (12C)
and Elab = 194 MeV (48Ca), which lead to about the
same initial excitation energy E∗ = 40.5 MeV of the
216Ra compound nucleus (CN).
Reaction products were detected with the use of

the double-arm time-of-flight spectrometer CORSET
[5, 7, 8], each arm of which consisted of a compact
start detector, composed of microchannel plates, and
a stop position-sensitive (x, y-sensitivity) detector,
6× 4 cm in size, also composed of microchannel
plates. The minimal flight path was 14 cm. The mass
resolution of the spectrometer was estimated at 3–
5 amu [5, 8]. Targets of highly enriched isotopes 204Pb
and 168Er, about 170 µg/cm2 in thickness, were
fabricated by means of evaporation of these elements
onto carbon backings, 15–20 µg/cm2 in thickness.
A standard method presupposing the selection of a
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. (a, e) Two-dimensional matrices N(M, Ek) of the fragments for both studied reactions. (b, f) Mass distributions
for both reactions. Solid curves are the descriptions of the symmetric component with Gaussians. Open symbols denote the
extracted asymmetric component. (c, g) Mean total kinetic energy (〈Ek〉) as a function of fragment mass. Solid curves are
the descriptions of the symmetric component with the parabola Ek,s [7]. (d, h) Variance of the total kinetic energy (σ2

Ek
) as a

function of fragment mass. Solid curves are the descriptions of the symmetric component with the dependence following from
the expressionE2

k,s(M)/σ2
Ek,s

(M) = const [7].
two-body process by using the folding angle correla-
tions was employed in the data processing.
Figure 1 shows the main characteristics of the

fission fragment MED for both reactions. Figure 1a
demonstrates a two-dimensional matrix of the total
kinetic energy (Ek) vs. the fragment mass (M ) for
the reaction 12C + 204Pb. Figure 1b shows a corre-
sponding fission fragment mass distribution (MD).
A nearly triangular shape of the matrix and a prac-
tically Gaussian shape of the MD indicate that the
influence of shell effects is rather small in this case.
It is precisely these MDs that can be predicted by
the liquid-drop model [9] or the diffusion model [10]
in the case of a rather heated nucleus. The average
total kinetic energy (〈Ek〉) and its variance (σ2

Ek
) are

shown in Figs. 1c and 1d, respectively, as a function
of the mass of the fission fragment. One can see that
〈Ek〉 for the heavy (and complementary light) fission
fragment masses, starting from MH ∼ 128, slightly
deviates from a parabola (becomes higher than the
latter), describing well the symmetric part of the de-
pendence (Fig. 1c). In the dependence σ2

Ek
(M), there

are slight peaks in these mass regions. Since the
energy characteristics of fission fragments are quite
strongly sensitive to the presence of the asymmetric
fission mode [1, 4, 5, 7], the observed irregularities
point to an insignificant contribution of this mode
estimated at ∼1.5%. It is exactly this contribution
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
that was predicted for the nucleus under discussion
proceeding from the systematics of the asymmetric
fission yields as a function of the nucleon composition
[1, 5]. Thus, in the reaction 12C+ 204Pb, we observed
the symmetric fission of 216Ra∗, which is in agree-
ment with our expectations.

Note that the fission of this nucleus was investi-
gated in [11] using the giant dipole resonance at the
near-barrier excitation energies E∗ ∼ 11–15 MeV.
Similar to our case, any substantial contribution of
the asymmetric fission to the total yield was not ob-
served.
Figures 1e–1h show the same characteristics of

the fission fragment MED as in Figs. 1a–1d, but for
the reaction 48Ca + 168Er. One can see that all the
distributions discussed above differ rather strongly
from those observed in the 12C + 204Pb reaction.
Let us discuss in more detail the results shown in
Figs. 1e–1h. In the matrix N(M,Ek) of Fig. 1e,
the reaction products having masses close to those
of the projectile and target nuclei are identified as
quasielastic and deep-inelastic events, and we will
not consider those. The mass range 55–160 of the
reaction products can be identified as totally relaxed
events, i.e., as fragments. We have outlined them,
and we shall be considering only the properties of
these events. Mass distribution for this reaction is
shown in Fig. 1f . The great contribution (∼30%)
3
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of the asymmetric fission mode manifesting itself in
the form of wide “shoulders” draws attention immedi-
ately. The symmetric fission component described by
aGaussian is wider than that for the reaction with 12C
(compare the variance values for the symmetric mass
distribution σ2

M = 132 amu2 and σ2
M = 156 amu2 for

the 12C and 48Ca induced reactions, respectively).
This increase in the variance value is in conformity
with the results of [12], where it has been shown
that an increase in the angular momentum of the
fissioning nucleus leads to an increase in σ2

M of the
symmetric fission nearly proportionally to 〈l2〉. Since
the critical angular momentum calculated according
to [13] is lcr = 31� for the 12C + 204Pb reaction and
lcr = 54� for the 48Ca + 168Er reaction, the revealed
increase in the σ2

M value is quite an expected effect
in the case of the classical symmetric fission of the
excited CN. The shape of the obtained curve 〈Ek〉(M)
(Fig. 1g) is far from being parabolic, and it is much
higher than the parabola presented in Fig. 1c. As for
the σ2

Ek
(M) curve, the peaks in the region of masses

130–140 are more distinguished. Thus, in the case
of the reaction with 48Ca ions, we experimentally
observed a sharp increase (by ∼20 times) in the con-
tribution of the asymmetric component to the yields
of fission fragment masses as compared to the 12C
induced reaction, and it is reflected in the energy
distributions of the fission fragments. We would like
to put an emphasis on the fact that this effect has been
observed at all energies of the 48Ca projectiles studied
in this work (these cases are not considered here).
Let us try to analyze the obtained results. In the

case of classical fission proceeding through the stage
of CN formation, it is quite problematic to explain
the results; considering only a change in the angu-
lar momentum—when l� lcr (Bf = 0), where Bf is
the fission barrier—cannot lead to such a dramatic
change in the shell structure of the potential en-
ergy surface (fission valleys) of the fissioning nucleus.
In our opinion, in the case of such a massive ion
as 48Ca, the most acceptable explanation of the ob-
served effects, as opposed to the case of the reactions
with 12C, is the contribution of quasifission (QF)—
the process proceeding without the stage of classical
CN formation. This conclusion can be supported by
the results of [14, 15], where it was found that there
was a clearly expressed asymmetry in the backward
and forward direction in different ranges of fission
fragment masses in the reactions 58Ni + 165Ho [14]
and 48Ti+ 166Er and 60Ni+ 154Sm [15], which points
to the nonequilibrium nature of the process, i.e., to
the QF. A decomposition of the integral mass yields
into the compound and QF components was also
performed in the above-mentioned works. In our case,
PH
the processes of classical FF (the symmetric compo-
nent of the yield) and QF (the asymmetric component
of the yield) also compete with each other, and in the
experiment, we observe a combined effect of the two
reaction channels. Thus,

Yexp = YFF + YQF, (1)

where Yexp is the total (experimental) MD and YFF
and YQF are the MD of the classical fission and
QF processes, respectively. YFF was described with
a Gaussian and is shown in Fig. 1f by the solid
curve. YQF obtained fromEq. (1) is shown by the open
symbols in Fig. 1f .
As we see in Fig. 1f , the QF fragment MD has

two humps, and as surprising as it may be, its shape
reminds one of a standard picture of mass yields
in the low-energy fission of actinide nuclei (only a
slightly wider one), since the average mass of the
heavy fragment MH

∼= 140. It is well known that, in
the classical low-energy fission of heavy nuclei, two
principal modes (components)—symmetric (s) and
asymmetric (a) ones—are realized with typical yields
(Yi) and energy characteristics for each of the modes
〈Ek〉i and σ2

Ek, i (i = s or a). In our case, in a first ap-
proximation, one can speak about twomodes, i.e., QF
and FF. Thus, there is a formal analogy with the low-
energy fission—the modes are different, but note that
their nature is absolutely different too. If we follow
this logic, we have to admit that the experimentally
observed fragments in the region where the FF and
QF modes overlap may have the same mass, as well
as the same Ek, but they must be born in those two
competing processes. In this case, a standard pro-
cedure of MED decomposition into two independent
modes [1] can be applied. Apart from Eq. (1), we add
the following ones:

Ek(exp) = Ek(FF)(YFF/Yexp) + Ek(QF)(YQF/Yexp),
(2)

(σ2
Ek

)exp = (σ2
Ek

)FF(YFF/Yexp)
+ (σ2

Ek
)QF(YQF/Yexp) (3)

+ (Ek(FF) − Ek(QF))
2(YFFYQF/Y 2

exp).

In Eqs. (1)–(3), it is the dependence on M that
is naturally assumed in all the cases. The maximum
in the σ2

Ek
value is achieved at YFF ∼= YQF. As can be

seen in Fig. 1f , for the heavy fragments, the extracted
QF component has a yield equal to that of the FF
process (a Gaussian) near MH ≈ 132, i.e., exactly
where the value of the variance (σ2

Ek
)exp is maximal.

Thus, our assumption on the superposition of two
modes (FF and QF) formed independently is quite
justified, and proceeding from what was said above,
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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let us decompose the experimental distributions into
two components.
Figure 2 show the results of such a decomposition

for the 12C + 204Pb reaction (left panels) and the
48Ca+ 168Er reaction (right panels). The solid curves
show the characteristics of the symmetric component
(same as in Fig. 1), and the filled circles denote the
extracted asymmetric component. In the first case, it
is a classical asymmetric fission, i.e., the FF process;
in the second case, an overwhelming contribution of
the QF process to the asymmetric component. The
QF characteristics slightly differ from those of the FF
process—the (σ2

Ek
)QF value increases in the direction

torward symmetry, and the curveEk(QF)(M) is about
equidistant from the Ek(FF) curve and is parabolic;
the yield of the QF component (YQF) has a much
broader distribution than those for the FF component.
However, now we will not dwell on all the differences
between the characteristics in question, but will point
out the most essential things. A hypothesis explain-
ing the main properties of the QF process is the sup-
position of quite a strong manifestation of shell effects
in this process. The arrows in Fig. 2 show positions
of closed spherical shells with Z = 28, 50 and N =
50, 82 and complimentary masses, derived from a
simple assumption on the proportionality of charge to
mass (the reaction with 48Ca). As we have seen, the
major part of the QF component fits into the region
of the above-mentioned shells, and the maximum of
YQF is a “compromise” between Z = 28,N = 50 and
N = 82. Thus, it is clear that the shell structure of
the formed fragments in the mass rangesML = 65–
68 and MH = 130–150 strongly influences the QF
process, the shells of the light as well as the heavy
fragments playing their important roles.
Let us recall that the problem of the shell effect

manifestation in the QF process has long been dis-
cussed in a number of experimental and theoreti-
cal papers [16–22], but typically the cases in which
massive projectiles interacted with actinide targets
(or U ions in the reactions in inverse kinematics)
have been considered. In this kind of reactions, the
manifestation of doubly magic lead with MH ∼ 208
(Z ∼ 82, N ∼ 126) has been observed in the MD of
fission fragments; however, the interpretation of such
MD is not unambiguous. For example, the authors
of [17, 18] studied the 40Ar, 48Ca + 238U reactions
and came to the conclusion that the “lead” peak
appearing due to the “washing out” of events in the
mass region MH = 215–230 was the result of se-
quential fission. At the same time, the authors of
[19], having studied the 40Ar + 232Th reaction, stick
to the opinion that it is still a manifestation of the
strong lead shell. Reverting to our results obtained
from the 48Ca + 168Er reaction proceeding at E∗ ∼
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 2. The characteristics of the extracted asymmetric
components for both studied reactions. From top to bot-
tom, the mass distributions and 〈Ek〉(M), σ2

Ek
(M) as a

function of fragment mass are shown. The solid curves
denote the symmetric components (the same as in Fig. 1).
For the reaction 48Ca + 168Er, downward arrows show
the positions of the close spherical shells. Upward arrows
shows the positions of the fragments complementary to
the above-mentioned spherical ones.

40.5 MeV, one can say that, in this case, sequential
fission is scarcely probable since the fission probabil-
ity of fission fragments of any masses approaches zero
[23]. An interesting situation occurs in the 164Ho +
58Ni → 223Am∗ reaction [14]. In the yield of the re-
action products at the forward and backward angles,
some maxima in the yields of fission fragment masses
in the range MH = 120–140 and the complimentary
ones are clearly seen, but at higher excitation ener-
gies.

Recently, in the 48Ca+ 208Pb, 238U, 244Pu, 248Cm
reactions [24–27], we have observed the effect of
magic shells on the properties of QF atE∗ ∼ 30MeV.
It was found that the shell structure of heavy fission
fragments (nuclei in the vicinity of 208Pb), as well as
of the light ones (nuclei in the vicinity of 78Ni), played
an important role. It is interesting to note that, in the
48Ca+ 208Pb reaction, the main decay channel is the
classical symmetric fission, and the QF process man-
ifests itself in the form of asymmetric “shoulders,”
whose relative yield is much lower [25, 26] than what
has been found in this work.We connect this fact with
the circumstance that, in the fission of 256No, only the
light fragment in the “quasifission shoulders” is in the
vicinity of magic numbers.
A question arises—Why do shell effects in the case

of one and the same nucleus (for example, 216Ra∗ in
this work) powerfully manifest themselves in the QF
process and quite weakly in the FF process? This
3
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phenomenon can be explained using the dinuclear
system (DNS) concept [21], originally elaborated for
deep-inelastic reactions and then applied to QF, or
using the “hybrid” model [22], based on the same
DNS concept. In these models, the DNS potential
energy plays an important role and depends on the
fragment masses formed in the QF process. The po-
tential energy surface (PES) of a DNS is strongly
modulated by shell effects. The minima of the PES
lie near the doubly magic numbers, which play an
important role in fission. The DNS excitation energy
is counted from the valley in the PES for each par-
ticular mass instead of the ground state of the CN.
Since it is usually slightly higher than the ground
state of the CN, the excitation energy of separate
fission fragments is lower on the average. Thus, in
these models, the QF process is much “colder” than
the classical fission, and the sensitivity to the shell
structure is higher. It is most likely that this circum-
stance explains the observed effect.
Summing up, we have studied mass-energy dis-

tributions of fission fragments in two projectile–
target combinations—12C + 204Pb and 48Ca +
168Er—leading to the same compound nucleus
216Ra∗ at the initial excitation energy E∗ ∼ 40 MeV.
We have found that the contribution of the asym-
metric fission mode in the former reaction is 1.5%,
and it is ∼30% in the case of the latter one. We
have interpreted such a sharp increase in the yield
of asymmetry in the reaction with 48Ca as a mani-
festation of the QF process, where the influence of
the shell effects is clearly seen in the MED of the
reaction products. We have interpreted the properties
of quasifission fragments by analogy with the low-
energy fission of heavy nuclei as a manifestation of an
independent mode of nuclear decay, competing with
the classical FF process. It is possible to explain this
phenomenon using the dinuclear system concept.
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Abstract—A stochastic approach based on three-dimensional Langevin equations was applied to detailed
study of fission dynamics in fusion–fission reactions. The reduction coefficient in surface-plus-window
dissipation is deduced by analyzing the available experimental data on various observable quantities in
fusion–fission reactions. Analysis of the results shows that not only characteristics of the mass-energy
distribution of fission fragments but also the mass and kinetic-energy dependence of the prescission and
postscission neutron multiplicities, the angular anisotropy, and fission probability can be reproduced using
surface-plus-window dissipation with the reduction coefficient from a wall formula ks = 0.25–0.5 for com-
pound nuclei lighter than 224Th. The analysis performed reveals that the coordinate-independent reduction
coefficient ks is not compatible with the simultaneous description of the main fission characteristics for
fissioning systems heavier than 224Th. c© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The most detailed and systematic information
on large-scale collective nuclear motion presently
available from heavy-ion reactions has been accumu-
lated from measuring the multiplicities of evaporated
particles, especially neutrons, in fusion–fission reac-
tions in coincidence with mass and kinetic-energy
distributions of fission fragments [1–3]. Analysis of
these data and further references are presented in the
review [4]. Three-dimensional Langevin calculations
of the fission fragment mass-energy distributions
(MED) have been carried out quite recently [5–
7]. In the elaborated dynamical model [5–7], the
evolution of the three most important shape parame-
ters, elongation, constriction, and mass asymmetry,
is described by the coupled Langevin equations.
Along each stochastic Langevin trajectory, evapo-
ration of light particles is considered. The results of
these calculations show that the three-dimensional
Langevin dynamics makes it possible to describe
comprehensively characteristics of the MED and the
mean prescission neutron multiplicity. The above-
mentioned results can be considered as promising
and encouraging for further development and exten-

∗This article was submitted by the authors in English.
**e-mail: vanin@nrsun.jinr.ru
1063-7788/03/6606-1203$24.00 c©
sion of the stochastic approach to fission dynamics
based on the three-dimensional Langevin equations.

The mass and kinetic-energy dependence of the
prescission and postscission neutron multiplicities
have been studied in experiments [1–4] in addition
to the parameters of the MED. On the other hand,
descriptions and explanations of such exclusive da-
ta as the mass and kinetic-energy dependence of
the prescission neutron multiplicities have not been
undertaken in full extent so far. It is a crucial test
for theoretical models including the stochastic ap-
proach based on the Langevin equations. Thus, the
available experimental data on the prescission and
postscission neutron multiplicities as functions of the
fragment mass asymmetry and kinetic energy have
to be compared more closely with theoretical findings
by means of three-dimensional Langevin dynamical
calculations. In the present paper, we extend the in-
vestigations recently carried out in [5–7] to calcu-
late the mass and kinetic-energy dependence of the
prescission and postscission neutron multiplicities
and the dependences of the mean prescission neutron
multiplicity 〈npre〉, fission probability Pf , and some
other observables on excitation energy.

The aim of our study is twofold. First, we would
like to analyze and elucidate correlations between the
prescission and postscission neutron multiplicities
and the fission fragment MED, and, second, to in-
vestigate the mean prescission neutron multiplicities
2003 MAIK “Nauka/Interperiodica”
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〈npre〉, the fission probability Pf (or survival probabil-
ity), and the fission fragment angular anisotropy in a
broad range of excitation energy.

Although the influence of dissipation on the fis-
sion process is now well established [4, 8, 9], con-
clusions about its deformation and/or temperature
dependence are still controversial [4, 10–12]. It is
symbolic that compilations of available estimates for
the friction coefficient obtained both frommore or less
a priori theories and from analysis of different exper-
imental data are presented in [13] on a logarithmic
scale. The elucidation of the mechanism of nuclear
dissipation in fission and reliable estimation of its
value continue being essentially open problems. The
systematics of the parameters of fission fragment ki-
netic energy (mean value of the kinetic energy and its
variance) were fairly well reproduced [8, 9, 11] using
both the two-body and the one-body mechanisms of
nuclear viscosity. However, it was shown [4, 11] that
one-body dissipation is preferable in order to describe
the prescission neutron multiplicity data. The as-
sumption that the mechanism of nuclear viscosity has
the nature of one-body dissipation is physically better
justified. Making some simplifications to the mecha-
nism of collision of nucleons with the surface of the
nucleus, Blocki, Swiatecki, and others [8, 9] derived
simple expressions for the one-body dissipation (so
called wall and wall-and-window formulas). A quan-
tum treatment of the one-body dissipation showed
that the wall formula strongly overestimates nuclear
viscosity, reproducing correctly the dependence of
the one-body dissipation on a change in the shape
of the nucleus. Therefore, in the modified surface-
plus-window dissipation mechanism, the contribu-
tion from the wall formula was appreciably reduced
by the reduction coefficient ks = 0.2–0.3 [12]. The
reduction coefficient value changes in the limits from
0 to 1. The value of ks could depend upon both the
excitation energy and the type of collective motion.
Therefore, one of the main goals of the present anal-
ysis that applied to many observable quantities in
fusion–fission reactions is to determine the value of
the reduction factor ks of surface-plus-window dissi-
pation by comparing the experimental data with our
calculated results.

2. RESULTS AND DISCUSSIONS

The dynamical model used in the calculations has
been described in detail in our previous papers [5–
7]. Since the details of the model have already been
published (see, in particular, [5, 7]), we do not give
any equations here, but only discuss the sensitiv-
ity of various observable quantities on the reduction
coefficient ks. We also discuss some related works
from the literature in comparison with our findings.
PH
In this paper, we use the same notation and all input
parameters of our dynamical model as in [5, 7].

We have carried out calculations of the mass-
energy distributions of fission fragments; the aniso-
tropy of the fission fragment angular distribution;
the prescission, postscission, and total neutron mul-
tiplicities; and fission probabilities for the following
fusion–fission reactions:
18O + 154Sm → 172Yb (Elab = 158.8 MeV) [2],
18O + 144Sm → 162Yb (Elab = 158.8 MeV) [2],
16O + 170Er → 186Os (Elab = 102–165MeV)

[14–17],
16O + 182W → 198Pb (Elab = 102–165MeV)

[14, 16],
12C + 194Pt → 206Po (Elab = 99MeV) [18],

36Ar + 169Tm → 205Fr (Elab = 205MeV) [3],
4He + 209Be → 213At (Elab = 100 MeV) [14],
18O + 197Au → 215Fr (Elab = 158.8 MeV) [2],
16O + 208Pb → 224Th (Elab = 82.8–215 MeV)

[19–27],
12C + 232Th → 244Cm (Elab = 97MeV) [28],
16O + 232Th → 248Cf (Elab = 90–160MeV)

[23, 28],
18O + 238U → 256Fm (Elab = 158.8 MeV) [2],
20Ne + 232Th → 252Fm (Elab = 215MeV) [29],
20Ne + 240Pu → 260Rf (Elab = 174 MeV) [18].

In these calculations, we have varied the value of
ks from 0.1 to 1. The value ks = 1 corresponds to the
classic wall-and-window formula [8] that has been
used in numerous studies [11, 30].

The standard transition state model [31] has been
used to analyze the fission fragment angular distribu-
tion. It is assumed that the equilibrium distribution
on theK degree of freedom (K is the projection of the
compound nucleus spin I on the symmetry axis) is
established at the transition state that is usually as-
sumed to be the saddle point. The classical Halpern–
Strutinsky expression has been applied to calculate
the angular distribution of fission fragments.

It should be mentioned that the main difference of
our three-dimensional model from the usually used
one-dimensional models consists in the following:
there is only one transition state for each angular
momentum in the one-dimensional model, whereas
a set of conditional saddle points forms an ensemble
of transition states in the three-dimensional one. The
volume of the phase space available for the system
YSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Fig. 1. The anisotropy of the fission fragment angular
distribution (a) and the mean prescission neutron multi-
plicity (b) as functions of the projectile laboratory energy
for the reaction 16O + 208Pb → 224Th. The calculations
have been carried out with different values of the reduction
coefficient: ks = 0.25 (inverted filled triangles), ks = 0.5
(filled squares), and ks = 1 (filled triangles). The calcu-
lated points are connected by dotted lines to guide the
eye. The open symbols are the experimental data: a—[19]
(circle), [20] (triangles), [23] (squares), and [24] (inverted
triangle); b—[25].

on the ridge grows with increasing excitation energy
and/or fissility of the compound nucleus. Therefore,
the influence of the model dimension has to be most
significant in the region of heavy nuclei and/or high
excitation energies.

There are three factors determining the anisotropy
of the angular distribution: the initial spin distri-
bution, the nuclear temperature, and the nuclear
deformation at the transition state. The last two
can be taken into account correctly only within the
dynamical approach. We have used the reaction
16O + 208Pb → 224Th as a representative example
to investigate the influence of the neutron emission
on the anisotropy of the fragment angular distribu-
tion. The calculated results of the mean prescission
neutron multiplicity 〈npre〉 and the anisotropy of the
fragment angular distribution are shown in Fig. 1.
One can see from Fig. 1a that the values of the
anisotropy of the angular distribution obtained with
ks = 0.5–1.0 are in a good qualitative agreement with
the experimental data. It is also seen from Fig. 1b that
the experimental data on 〈npre〉 can be reproduced
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
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Fig. 2. The anisotropy of the fission fragment angular dis-
tribution as a function of the projectile laboratory energy
for the reaction 16O + 232Th → 248Cf. The calculations
have been carried out with ks = 0.5 (filled squares) and
ks = 2 (filled triangles). The open symbols are the exper-
imental data from [23].

with ks = 0.5–1.0 too. It indicates a correlation
between the neutron evaporation and the values of the
anisotropy of the angular distribution. We can assert
that the reproduction of the experimental data on
〈npre〉 is one of the necessary conditions to reproduce
the data on the angular anisotropy.

The calculation of the angular anisotropy has been
carried out for the reaction 16O + 232Th → 248Cf
in order to analyze the effect of inclusion into the
model of three collective coordinates. We have chosen
this reaction because the compound nucleus 248Cf
is a heavy nucleus and, according to our supposi-
tion, the influence of the model dimension would be
considerable. The experimental data on 〈npre〉 can be
reproduced for this reaction with ks = 1.5–2. It is
well known that the value of the reduction coefficient
ks cannot exceed 1 [32]. Nevertheless, we have used
ks > 1 because it has been shown above that the
reproduction of the anisotropy of the angular distribu-
tion demands the reproduction of the mean prescis-
sion neutron multiplicity. Therefore, in this case, we
treated the coefficient ks only as a free parameter
determining the strength of nuclear dissipation (see
the similar analysis [33]).

It is clearly seen from Fig. 2 that, in the energy re-
gionElab < 100MeV, the calculated values of the an-
gular anisotropy with ks = 2 are significantly smaller
than the experimental ones. On the contrary, the de-
viation of the calculated values from the experimental
data decreases with increasing of the excitation en-
ergy, and in the regionElab > 120MeV, a good quan-
titative agreement with the data on the anisotropy of
the angular distribution has been obtained.

It should be mentioned that, in the recent work
[34], the evaporation of the presaddle neutrons was
3
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Fig. 3. The fission probability as a function of
the projectile laboratory energy for the reactions
16O + 170Er → 186Os, 16O + 182W → 198Pb, and
16O + 208Pb → 224Th. The results obtained with
different values of ks are marked at the same order as in
Fig. 1. The calculated points are connectedby dotted lines
to guide the eye. The open symbols are the experimental
data: for the compound nucleus 186Os—[16] (squares)
and [17] (circles); for the compound nucleus 198Pb—[16];
for the compound nucleus 224Th—see the text.

taken into account to calculate the anisotropy of the
angular distribution. Good agreement with the ex-
perimental data has been achieved for systems like
16O + 208Pb within the one-dimensional model. At
the same time, for the system 16O + 232Th, an appre-
ciable deviation of the theoretical predictions from the
experiment has been obtained in the whole energy in-
terval. Moreover, the difference between the theoreti-
cal and experimental values of the angular anisotropy
increases with decreasing excitation energy, which is
in qualitative agreement with the results of our calcu-
lation. The three-dimensional approach allows one to
describe the experimental anisotropy of the fragment
angular distributions better than in the framework of
the one-dimensional model. In our three-dimensional
model, the difference between the calculated and ex-
perimental values of the anisotropy of the angular
distribution decreases more rapidly than in the one-
P

dimensional model, due to taking into account the
ensemble of the transition states.

Our model allows us to study another important
characteristic of the fission process—the fission prob-
ability Pf . The calculated results for Pf are shown
in Fig. 3 for the reactions 16O + 170Er → 186Os,
16O + 182W → 198Pb, and 16O + 208Pb →
224Th. The experimental values of the fission prob-
abilities for the last reaction have been obtained by
the relation Pf = σfis/(σfis + σER), where the data
on σER are taken from [19, 21] and the data on
σfis are taken from [19, 22, 23]. Some values of Pf

have been estimated for σER and σfis measured at
unequal projectile energies due to the experimental
data taken from different works. The difference in
energy is 3.6 MeV for the point at Elab = 133.6 MeV,
and it does not exceed 1 MeV for the other points.
The energy dependence of the evaporation residue
cross section for the last reaction has been studied
in detail in [35]. It has been shown there that the
evaporation residue cross section (fission probability)
is a very sensitive characteristic to nuclear dissipa-
tion. One can see from Fig. 3 that the results of our
calculations with ks = 0.25–0.5 are in a quantitative
agreement with the experimental data in the entire
energy interval and also that the fission probability
is in fact strongly influenced by the magnitudes of
nuclear dissipation especially at low energies.

We have carried out calculations of the prescis-
sion, postscission, and total neutron multiplicities
and their dependences on the mass and kinetic en-
ergies of fission fragments. Very detailed and system-
atized data [2] show a parabolic mass dependence of
the prescission neutron multiplicities 〈npre(M)〉 with
a maximum value 〈ns〉 for symmetric fission and a
decrease for asymmetric fission. The dependence of
〈npre(M)〉 can be parametrized by [4]

〈npre(M)〉 = 〈ns〉 − cpre (Ms −M)2 , (1)

where Ms is the fission fragment mass for the sym-
metric mass division.

The calculated dependences 〈npre(M)〉 were ap-
proximated by a parabolic polynomial expression
given by Eq. (1) using the least-squares method. The
calculated values of cpre are presented in the table. The
reasons for one decrease in the prescission neutron
multiplicities with the fragment mass asymmetry was
considered in our previous paper [7] and they are not
discussed here.

H. Rossner et al. [3] found an unexpected increase
in 〈npre〉 with EK . However, it soon turned out [1]
that the deduced unexpected dependence 〈npre(EK)〉
was an artifact due to the recoil effect imparted by
the emitted neutrons to the fission fragments. Af-
ter the correction of this effect, it was found [1, 2]
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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Table

Compound nucleus E∗, MeV ks cpre, 10−4 ctot, 10−4 dnpost/dM ,
10−2

−dntot/dEK ,
MeV−1

〈npre〉 〈npost〉 〈ntot〉

162Yb 114 0.25 8 −1 3.2 0.054 1.8 2.6 7

0.5 11 −3 2.7 0.058 2.4 2.3 7

Expt. [2] 12 1 3.5 − 2.45 1.7 5.85
172Yb 121 0.25 20 12 3.6 0.038 3.4 3 9.4

0.5 32 8 2.7 0.052 4.5 2.4 9.3

Expt. [2] 14 10 3.6 0.056 4.4 2 8.4
205Fr 77 0.25 1.3 8 2.6 0.039 0.4 3.4 7.2

0.5 1.9 11 2.7 0.041 0.9 3.2 7.3

Expt. [3] 0 9.5 1.8 0.046 1.2 – –
215Fr 111 0.25 5.1 4.8 4.3 0.037 3 3.2 9.4

0.5 7.1 6 4.1 0.041 4.3 3 10.3

Expt. [2] 6.5 4.4 3.8 0.047 4.1 2.7 9.5
256Fm 101 0.25 1.6 6.6 4.3 0.046 2 6.2 15.5

0.5 3.6 6.5 4.1 0.066 3.1 5.8 14.7

Expt. [2] 8.2 5.4 4.1 − 5.1 4.25 13.6
252Fm 140 0.25 2.7 2.2 5.4 0.052 2.7 7 16.7

0.5 3.6 4 4.8 0.061 4.0 6.5 17

Expt. [29] 0 2.4 5 − 6.95 3.83 14.6

Note. The columns contain (from left to right) the compound nucleus; the excitation energy (E∗); the reduction coefficient of surface-
plus-window dissipation ks; the coefficients (cpre, ctot, dnpost/dM , and −dntot/dEK ); and the mean prescission (〈npre〉), postscission
(〈npost〉), and total (〈ntot〉) neutron multiplicities.
that 〈npre(EK)〉 is independent of EK . In our cal-
culations, the mean fission time 〈tf (EK)〉 and, as a
result, 〈npre(EK)〉 are nearly independent of EK and
slightly decrease only in the region of small EK for all
compound nuclei considered in this paper.

The postscission neutron multiplicity is deter-
mined by the excitation energy of fission fragments
that was calculated using the energy conservation law

Qf + Ecoll(tsc)− V (qsc)− EK = E
(1)
def +E

(2)
def , (2)

where Ecoll is the kinetic energy of the collective
degrees of freedom at the instant of scission, V (q)
is the potential energy, EK is the kinetic energy of

fission fragments, and E(1)
def and E

(2)
def are the defor-

mation energies of fission fragments. The excitation
energies of fission fragments are calculated as a sum
of the thermal excitation energies and deformation
energies. It was assumed that the thermal excitation
energy of the compound nucleus at scission is divided
between the fission fragments proportional to their
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
masses. The shapes of the fission fragments were
parametrized using the prescission shape of the com-
pound nucleus that was divided into two parts by the
plane z = zneck, where zneck is the coordinate of the
minimal neck thickness. The calculated deformation
energies for such shapes do not satisfy the energy
conservation law (2) due to the crude approxima-
tion of the fission fragment shapes. The values of

E
(1)
def and E

(2)
def were reduced according to the rela-

tion E(1)
def /E

(2)
def = E

(1′)
def /E

(2′)
def , where E

(1′)
def and E(2′)

def
are the deformation energies that satisfied the energy
conservation law (2). The calculated dependences of
the postscission neutron multiplicities on the mass
and kinetic energy of fission fragments are presented
in Figs. 4 and 5 for the compound nucleus 205Fr.
Here, we also have calculated the total neutron mul-
tiplicity and its dependence on the mass and kinetic
energy of the fission fragments. Themass dependence
of the total neutron multiplicity was calculated using
3
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the following relation:

〈ntot(M)〉 = 〈npre(M)〉 + 〈npost(M)〉
+ 〈npost(ACN −M)〉.

The mass dependence of the total neutron multi-
plicity was approximated by the parabolic expression
with the coefficient ctot as in the case of the mass
dependence of the prescission neutron multiplicity.
The dependences 〈npre(M)〉 and 〈ntot(M)〉 could dif-
fer from each other due to the postscission neutron
multiplicity. Our calculations show that the mass de-
pendence of the postscission neutron multiplicity is
determined mainly by the Qf values, as was noted
P
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Fig. 7. The variance of the kinetic-energy distribution as
a function of the parameter Z2/A. The notation is the
same as in Fig. 6.

early in [36]. The Qf values are maximal for the frag-
ments with neutron and/or proton numbers close to
the magic numbers, and this fact provides the nonlin-
ear dependence of the postscission neutron multiplic-
ity on M (see Fig. 4). The calculated coefficients of
the mass dependence of the prescission, postscission,
and total neutron multiplicities, cpre, dnpost/dM , and
ctot, are presented in the table.

The dependence of the postscission neutron mul-
HYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 2003
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tiplicity on the kinetic energy of fission fragments
is mainly determined by the EK value according to
the energy conservation law (2). The increase in EK

leads to a decrease in the deformation energies of
fission fragments. The kinetic-energy dependence of
the total neutron multiplicity is mainly determined
by the postscission neutron multiplicity, because the
prescission neutron multiplicity is approximately in-
dependent of EK . As can be seen from the table,

the experimental coefficients
(
−dntot
dEK

)
are repro-

duced in our calculations with the reduction coef-
ficient ks = 0.25–0.5. Also, the experimental mean
prescission, postscission, and total neutronmultiplic-
ities are reproduced with ks = 0.25–0.5 for all fis-
sioning nuclei considered here except for 256,252Fm.
Our calculations underestimate the mean prescission
neutron multiplicity and overestimate the postscis-
sion one for these nuclei.

We have calculated the two-dimensional fission
fragment MED in the three-dimensional Langevin
dynamics. The calculated parameters of the fission
fragment MED are presented in Figs. 6–8. It is ev-
ident from Fig. 8 that the calculated values of 〈EK〉
are in good quantitative agreement with the experi-
mental data and the well-known systematics [27, 37].
This quantity hardly depends on the value of the re-
duction coefficient of the contribution from the wall
formula [32], ks. On the contrary, the variances of
the mass and energy distributions are sensitive to the
strength of the nuclear dissipation. We have found
that good quantitative agreement of the calculated
results with the experimental data on the variances
PHYSICS OF ATOMIC NUCLEI Vol. 66 No. 6 200
of the mass (σ2
M ) and kinetic-energy (σ2

EK
) distribu-

tions could be obtained at the values of the reduc-
tion coefficient ks = 0.25–0.5 for the light fissioning
compound systems with the parameter Z2/A < 35.
For the heavier compound nuclei, the simultaneous
description of the mean prescission neutron multi-
plicities and the variances of the mass and kinetic
energy distributions is impossible with a constant
value of the reduction coefficient ks. The experimental
data on the variances σ2

M and σ2
EK

could be repro-
duced at the value of ks � 0.1, whereas one should
use ks > 1 for the quantitative description of themean
prescission neutron multiplicities. The results of our
calculations prove the need for further investigating
of the mechanism of nuclear dissipation.

3. CONCLUSIONS AND OUTLOOK

The three-dimensional stochastic approach to
fission dynamics that has been successfully ap-
plied [5–7] for studying the parameters of the MED,
the mean prescission neutron multiplicity, fission
probability, and anisotropy of angular distributions
has been developed and extended to calculations
of the mass and kinetic-energy dependences of the
postscission and total neutron multiplicities. The
modified one-body mechanism of nuclear dissipa-
tion (the so-called surface-plus-window dissipation)
was used to determine the dissipative forces of the
Langevin equations. Under the assumption of the
surface-plus-window dissipation mechanism of nu-
clear viscosity, the only variable parameter is the
reduction coefficient of the contribution from the wall
formula, ks.

The calculated parameters of theMEDand the de-
pendences of the prescission, postscission, and total
neutron multiplicities on the mass and kinetic energy
of fission fragments have been found to be in good
quantitative agreement with the available experimen-
tal data at values of the reduction coefficient of the
contribution from the wall formula ks = 0.25–0.5 for
the fissioning compound nuclei lighter than 224Th.
For the compound nuclei heavier than 224Th, a simul-
taneous description of the main fission characteristics
with coordinate-independent reduction coefficient ks

is impossible.
In summary, we have applied the surface-plus-

window dissipation to detailed and systematic anal-
ysis of the data from fusion–fission reactions and
have come to the following conclusions: (i) the
strength of the wall formula has to be reduced by
the coefficient ks = 0.5 for lighter fissioning systems,
(ii) ks = 0.1–0.2 for the heaviest ones in order to get
a good fit of the parameters of the fission fragment
MED, and (iii) a good quantitative description of the
3
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mean prescission neutron multiplicities and angular
anisotropy could be achieved for such systems at the
values ks = 0.5–1.0. Probably, this is an indication
that the reduction coefficient ks might depend not
only on the fissility parameter, as was noted in our
previous publications [5, 7], but also on the collective
coordinates and excitation energy. The wall formula
applies to the high temperature (chaotic) regime,
while the low temperature (ordered) regime is dom-
inated by effects of symmetries. Neither this nor the
intermediate regime has been properly addressed and
they remain challenging problems for future studies.
It is extremely interesting to derive the coordinate
and/or temperature dependences of the reduction
coefficient ks from the microscopic approaches [38–
41] and to use them in an analysis as presented in our
study.
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