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Abstract: In the dinuclear system conception, the master equation is solved numerically to calcu-
late the fusion probabilities of super-heavy nuclei. The relative motion concerning the energy, the
angular momentum and the fragment deformation relaxations is explicitly treated to couple with
the diffusion process. The nucleon transition probabilities, which are derived microscopically, are
related with the energy dissipation of the relative motion, thus they are time-dependent. The for-
mation cross sections of the super-heavy nuclei from Pb-based cold fusion and excitation functions
from **Ca induced hot fusion are reasonably consistent with known experimental data.
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1 Introduction (DNS) is one of a few models so far which gives no

contradiction to the available experimental data.
The great success on the synthesizing super- )
Based on the DNS conception, and on the for-
heavy nuclei(tSHN) is very intriguing, and has re-

o mer transport theory of deeply inelastic colli-

[10.11]

The theoretical predic- .
sions

ceived much attention . . .
. , a master equation (ME) is obtained,
tion has shown that there exists a next doubly ) )
. ) and is solved numerically to treat the nucleon
magic shell closure beyond *®Pb. However the o ) )
o transfer between the colliding nuclei, and to obtain
further progress becomes more and more difficult ) .
_ _ the fusion probability. In the ME, the nucleon
because the formation cross sections are very o ) ) )
o . transition probabilities, which are derived micro-
small, and the excitation functions are very nar- ) ) o
. . scopically, are related with the energy dissipation
row. A better understanding of the physical con- ) ) )
. . . of the relative motion, thus they are time-depend-
ception on the SHN is needed, and the mechanism . .
ent. Different from the treatment by Adamian et
of the fusion dynamics of heavy nuclei is not yet

[6,12—14]
b

al the harmonic oscillator approximation

completely clear. Several models are developed to

9]

, of the potential energy surface which contains shell
explore the mechanism leading to SHEM %/, a-

. structure and even-odd corrections, has been avoi-
mong them the concept of the dinuclear system
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ded by solving the ME numerically in our treat-
ment. And the diffusion process is coupled with

L5-17]  Based on the fusion

the relative motion
probability obtained from the numerical solution of
the ME, together with the calculated survival
probabilities, the evaporation residue cross sec-
tions are obtained. By introducing the barrier dis-
tribution function method in the DNS model, the
fusion-evaporation excitation functions of some
SHN produced by the '"Ca induced reactions can
well reproduce the data.

In section 2 the basic theory is introduced. In
section 3, the formation cross sections of SHN
from Pb-based cold fusion and the excitation func-

tion from **Ca induced hot fusion are shown. Our

summary is given in section 4.

2 The DNS Conception

In the DNS concept the evaporation residue
cross section can be written as a sum over all par-
tial waves JH%

J=1J;

i (E) = 216.(EesJ) Pex(Eop )

J=0

Wsur(Ecm7J) ’ (1)
where o, is the capture cross section, Pcy is the
fussion probability and W, is the survival proba-
bility.
2.1 The partial capture cross section

In Eq. (1) the partial capture cross section for
the transition of the colliding nuclei over the en-
trance barrier with the transmission probability
T(E..,,J) at the incident energy of center of mass

E.. to form the DNS is given by
0 (Es]) =mX* Q2] + DT(E,]) » (2)

in which X is the reduced de Broglie wavelength, X*
=h*/(2puE., ), with g the reduced mass. The

transmission probability is given by

T(Emn 9_]) :J f(B) *

1

27 JJ + D#H?
B —E
mm[ TR ]}

dB ,

1+ exp {
3

where B represents the Coulomb barrier, Ry the
position of the barrier, and hwp is defined by the
width of the parabolic barrier. The barrier distri-
bution function is taken as asymmetric Gaussian

B—B,
A,

form f(B) = % exp[*( j} (B<B,) and

_l _ B_Bm
f(B) =N exp[ (7A2

(B, +B,) as in Ref. [7]. B, and B, are the height

of the Coulomb barrier at waist-to-waist orienta-

j“](B>Bm) with B, =

tion and the height of the minimum barrier with
variance of dynamical deformation 8, and f.. re-
spectively. N is the normalization constant, A, =
(B,—B.)/2. The value of A, is several MeV less
than the value of A,, usually it is taken as 2—4
MeV.

The nucleus-nucleus interaction potential with
quadrupole deformations in the calculation is taken

as the form
V("sﬁl "82 961 a@z) :V(j(r"Bl 9,82 ’61 ’62) +
VN(ryﬁl 732 9(91 9(92) + %Cl (51 7520) _'_

%cg B — B . (4)

Here the sign 1 and 2 stand for the projectile and
target, fi,, are the parameters of dynamical de-
formation, f!,, are the parameters of static deform-
ation, 0,, are the angles between radius vector r
and the symmetry axes of statically deformed nu-
clei, and C,, are the stiffness parameters, which
are calculated within the liquid drop model. V. y
will be given afterwards. For cold fusion, the ener-
gies E., is near above the Coulomb barrier,
T(E.,,»J)== 0.5 are chosen for partial waves con-

sidered.
2.2 The fusion probability

The probability Pey (E. s J) of the complete

fusion is evaluated by considering the fusion
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process as a diffusion of DNS in the mass asymme-
try p=(A, —A,)/A, with A,,A, the mass num-
bers of the DNS nuclei, and A=A, + A,. Let
P(A,.E,.t) be the distribution function to find A,
nucleons with excitation energy E, in fragment 1 at
time ¢, where E,| is not considered as an independ-
ent variable but a parameter supplied by the initial
relative motion. P(A,,E,,t) obeys the following
ME:

dP(A,,E, )

ds = ZWAI.A'] [dAl P(A,E,.t) —

A

dA/l P(A1 ,E1 9t)] -
AY o (@PALE D, (5

where Wi a =Wy is the mean transition prob-
ability from a channel (A,, E;) to (A;, E}), da,
denotes the microscopic dimension for the corre-
sponding macroscopic variables. The coefficient
Afl‘{rEw’(@) is the rate of decay probability in R,
and will be described later. The sum is taken over
all possible mass numbers that fragment 1 may
take(from 0 to A=A, +A,). The motion of the

nucleons in the interacting nuclei is considered to

be described by the single-particle Hamiltoni-

anﬁo.lﬂ

H) =H,(t) + V) (6)
with

Ho() =2 > e, (Dal (Da,, (1) (M

k vy
V(D) = D] Duns, (Dal, (Day, (O

kb a
LBy

DWW (D, kE=1.2.  (®
IN3

The quantities €, (¢) and u,, () denote the single-
particle energies and the interaction matrix ele-
ments, respectively. The single-particle states are
defined with respect to the moving centers of nuclei
and are assumed to be orthogonalized in the overlap
region. Therefore, the annihilation and creation
operators depend on time. The single-particle in-

teraction matrix element is parameterized by

uakﬁk' () =Up (1) »

1 (& (t)—eﬁ,(t)]2:|
2T o — 8,51 » 9
{exp|: 2[ Ay (1) “Mfk'} 9

which contain some fixed independent parameters
Uy (1) and Ay (¢). These parameters, the calcula-
tion of the mean transition probabilities, as well as
the procedure to solve the ME were described in
Refs. [10,11,15] and references therein except
that the quasi-fission effects were not considered
there.

The local excitation energy, which provides
the excitation energy for the mean transition prob-
ability, i. e. , for the nucleon transfer, is defined

as:
Ex :E*U(AlyAz) ’ (10)

where E is the intrinsic excitation energy of the
composite system converted from the relative ki-
netic energy loss, which is determined for each ini-
tial relative angular momentum J by the parame-
trization method of the classical deflection func-
tion®,

The potential energy of the DNS, i. e., the

driving potential energy for the nucleon transfer of

the DNS is:

U(A,.A,) =B(A,) +B(A,) —
[B(A) + V. (D] +U(A,,A,) +
Un(A,,A) +V. (], an

where B(A,), B(A;), and B(A) are the binding
energies of the fragments and compound nucleus,
respectively, and are taken from Ref. [19], so that
the shell and paring corrections are included in
them. Uc(A,;,A;), Ux(A,A,), and V,, (J) are
the Coulomb, nuclear, and centrifugal parts of the
nucleus-nucleus potential, respectively.

If the ground state deformations of the two
touching nuclei are taken into account, and if the
symmetry axis of the two nuclei are in the same

plane, the Coulomb interaction of the deformed
DNS, U-(A,, A,), can be expressed by an analy-

tical formula*

7212262 i 1z 212262

20]
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: 0p2 D i 1/2 Z]ZQEZ .
;JZ,-IBZ P, (cost;) + (7nj ( R’
2

DVH B P, (cosb) T (12)

i=1

where 0; is the angle measured between the radius
vector R and the symmetry axis of the i-th nucle-
us. % is the radius of the deformed nucleus i. In
the case of the pole to pole orientation, 8, =0.

By adopting a Skyrme-type interaction without
considering the momentum and spin dependence,
the nuclear potential energy is formulated as fol-

lows:
Ux(R) =C, {F’%F Up% (Mo, (r—R)dr +
00
Jp1 (rps (r —R)dr] +

chjpl <r>p2<r—R>dr} (13)

with

lezl NQ*ZZ

A, A, 14

. .
Fin.ex fin-,ex fin.ex

where a zero-range treatment of the effective inter-
action 6(r; —r,) is assumed. The nuclear potential
is obtained in the sudden approximation®’. N,
and Z,,, are the neutron and proton numbers of the
two nuclei, respectively. The parameters C, =300
MeV « [fm’, f,,=0.09, fo=—2.59, f,=0.42,
f..=0.54, and oo = 0. 17 fm° are used. The
functions p, and p, are two-parameter (the deform-
ation parameter and the diffuseness) Woods-Saxon
density distributions.

The evolution of the DNS in the variable R of
the relative distance between the centers of the in-
teracting nuclei will lead to quasi-fission of the
DNS. For a given mass asymmetry 75, the nucleus-

nucleus interaction potential as a function of R is:

V(A] 7A2 7R) :Uc<A] 9A2 9R) +
Ux(A1LAR) + U (ALA R, (15)

where U¢ and Uy is calculated by Eq. (12) and Eq.
(13), respectively, as a function of R at each com-
bination of the DNS. U, is the centrifugal poten-
tial.  The

nucleus-nucleus interaction potential

V(A,,A;,R) has a pocket as a function of the rela-
tive distance R with a small depth which results
from the attractive nuclear and repulsive Coulomb
interactions. The probability P(A,,E, ,t) distribu-
ted in the pocket will have the chance to decay out
of the pocket with a decay rate A:\fl’El'l (@) in Eq.
(5), which can be treated with the one dimensional

Kramers rate as in Refs. [22,23]:

AE\II'EI"(@) :27[2))”(” |:\/(21;1j ) + (wPa)? — 21;1:| .

o [_ By (A }
Pl7 e L E .o’

(16)

which depends exponentially on the quasi fission
barrier B, (A;) for a given mass asymmetry 7, and
the By (A;) measures the depth of this pocket.
The temperature @(A, ,E, ,¢) is calculated by using

the Fermi-gas expression @=./¢, /a corresponding
to the excitation energy of Eq. (10), and a=A/12
MeV ™', " in Eq. (16) is the frequency of the in-
verted harmonic oscillator approximating the po-
tential V in R around the top of the quasi fission
barrier. And w is the frequency of the harmonic os-
cillator approximating the potential in R at the bot-
tom of the pocket. They are determined by the lo-
cal oscillator approximation of the nucleus-nucleus
potential energy. From our calculation, the extrac-
ted average values are hiow®i = 2.0 MeV, and ko =
4.0 MeV. The quantity I" denotes a double average
width of the contributing single-particle states,
which determines the friction coefficients:

Y :E !
ii h#ii ’

with g the mass parameters. And I' & 2 MeV.
The calculated driving potentials for the sys-
tems % Ge +2Pb—> #"*°114 are shown in Fig. 1
as a function of the mass asymmetry variable =
(A, —A,;) /(A +A,) with thick line and thin doted
line, respectively. In the figure the arrow (%)
points to the incident channel. One nucleon trans-
fers from 7 to both sides, whether it is a neutron
or a proton, depending on which would make the

potential energy lower. Consequently, the driving
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potential of Eq. (11) is an explicit function of neu-
tron and proton numbers of the fragments. One
may find out that in order to form a compound nu-
cleus, a barrier Bj, shown in the figure must be
overcome, and the energy needed to pass over the
barrier must be supplied by the incident energy.
The survival probability of the compound nucleus
demands the lowest excitation energy, so the opti-
mal excitation energy indicated in the figure is Ely
=U (%) + By, where U(y,) is the potential energy
of the initial DNS. In the figure the ground state
deformation 3, of the nuclei of the DNS is taken
from Ref. [19]. The orientation of the deformed
nuclei and the distance between the centers of the
two nuclei are taken in a way which gives the low-

est nucleus-nucleus interaction energy.

U/ MeV
2
IS
T

— 7(:Ge+208Pb |
------- “Ge+%Ph

-1.0 -0.5 0.0 0.5 1.0

Fig. 1 The driving potential of the DNS for the system
682 Ge + 8 Pb— #%°114 as a function of the mass a-
symmetry variable 7. Ay marks the top point of the

potential energy.

Solving the Master equation Eq. (5) numeri-
cally, the time evolution of P(A,, E,,t) to find
fragment £ (mass number A,) with excitation en-
ergy E, at time ¢ is obtained. All the components
on the left side of the inner fusion barrier in Fig. 1
contribute to the compound nuclear formation.
The fusion probability Pcy is the summation from
A, =0 to Ag; :

Pey(D :J:“‘iopml EL(D st (D) dA,

-

7

Fig. 2(a) shows the calculated values of Pcy
for Pb-based reactions at nearly central collisions
(J= 0) and with the reaction energies according to
those optimal excitation energies for one neutron
emission of cold fusion. Full dots are calculated re-
sults by Eq. (5) without considering the quasi fis-
sion. Open triangles are those including the quasi
fission. One may find that P¢y with the considera-
tion of the quasi fission decreases by about four or-
ders of magnitude with Z increasing from 106 to
118. Because the inner fusion barrier By, increases

A
262 266 272 278 284 290 294

(a)

.

P, (J=07)

10¢

10-7 1 1 1 1 1 1 1
106 108 110 112 114 116 118

VA

Fig. 2 (a) the calculated values of the fusion probability Pex
for one-neutron emission Pb-based reactions at nearly
central collisions and with the optimal reaction energies
as a function of the charge number of the compound
nuclei. The open triangles and solid dots stand for the
fusion probability Pcy with and without considering the
effect of the quasi fission, respectively. The corre-
sponding mass number are listed on the top row. (b)

the corresponding calculated survival probability.

with decreasing mass asymmetry of the initial
DNS, i.e., with increasing Z for the Pb-based re-
actions, the fusion probabilities decrease rapidly
with increasing Z. The straight line in the figure is
used to guide the eye. The consideration of the
quasi fission process in the ME diminishes the fu-

sion probability by one order of magnitude for Kr
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+Pb— 118. The decreasing magnitude of the fu-
sion probability becomes less and less as increasing
the asymmetry of the incident reaction system,
since the inner fusion barrier is getting decreasing,
and the distribution probability gets less chance to
go to mass symmetrical direction, to which the

quasi fission barrier is getting smaller.

2.3 The survival probability of excited compound
nucleus

The super-heavy compound nuclei are formed
in the excited states, and will lose excitation ener-
gy mainly by emission of particles and ¥ quanta,
and by fission. The survival probability estimates
the competition between fission and particle emis-
sion in the excited compound nucleus by a statisti-
cal model. In this case the width for the emission
of a charged particle is much less than that for the
emission of a neutron, and the Y ray emission is
important only when the excitation energy is smal-
ler than the one-neutron separation energy. The
survival probability of emitting x neutrons can be

written as:

Wsur(E(j\l als.]) :P(E(%N ,l"]) *

z [L(E; .
H[FH(ELJ)+F{(E,*,J)}’ (e

i

where El’y, and J are the excitation energy and the
angular momentum of the compound nucleus, re-
spectively. E; is the excitation energy before eva-
porating the i-th neutron, which satisfies the rela-
tion:

E’,=E' —B!—2T, 19

with the initial excitation energy E; = E(ly, B! is
the separation energy of the i-th neutron. T, is the
nuclear temperature before evaporating the i-th
neutron and obtained from E; = aT? —T. Within
the framework of the evaporation model and the
Bohr-Wheeler formula™’, the widths of the i-th
neutron evaporation and fission are obtained re-
spectively by

2s+1 2M,R’ .

LED =5 ET D #

%23 %
E; —B!—1/a,
J SIO(E,-* *B?*€7J>d€ ’ (20)
0
and
I''(E" , ) :; .
e 2np(E" ,])
E] —Bl-1/4
J ! [O(E* _Bf_€9.])d€ ’ (21)
0
where

1 . JU A+ D#
El,J)=—— -
PR ) VASE" eXp{Zﬁ/a [E 2f ] }

is the level density, M, and s are the mass and spin
of the neutron. R, B!, are the radius of the nucle-
us A,—, before evaporating i-th neutron, respec-
tively. a is the level density parameter which is
taken to be a=A/12. In Ref. [25] the fission bar-
rier for SHE is divided into two parts: the macro-
scopic part B{”, determined by the liquid-drop

17, and the microscopic part BM¢, deter-

mode
mined by shell correction. The microscopic energy
will be damped due to the dependence of the shell
effects on the nuclear excitation. Thus, the fission

barrier can be written as:

By =B + BY'*(E* =0)exp [— L } -
D

hZ - hZ
(ngs 2]Sd)](fﬂtl) ) (22)

where E}, is the damping factor describing the de-
crease of the influence of the shell effects on the
level density as the excitation energy of the nucleus

increases, which is taken as
D — : ’ (23)

where A is the mass number of the nucleus. [,
=t %MRZ(IJF,B;”(’/S) are the moment of inertia

of the fissioning nucleus at its ground state and the
saddle state, respectively. Here & & 0. 42", Since
there are no data available, the quadrupole deform-
ation parameters 8, at the saddle point are taken
from the microscopic calculation of the relativistic

mean field (RMF) theory®’, which has been

proven to be quite successful for the description of
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exotic nuclei and SHN. In the case of the emission
of x neutrons (x>>1), the realization probability is
given by the formula of neutron evaporation pro-

posed by Jackson* as

P(Elysxs])=IA, 20 —3) —
IA 22— 1) , (24)

where

I(z,m) = f:u”’ef“du ,

m! Jo

and
A, = (Es— DB,
T 2.
T is the nuclear temperature. For the 1n evapora-
tion channel, we use the expression of Eq. (7)
from Ref. [25].

Taking the neutron separation energy and B
from Ref. [9], the calculated survival probabilities
for one-neutron emission of Pb-based reactions at
nearly central collisions with the optimal excitation
energies are shown in Fig. 2(b). The tendency of
the results is basically consistent with that shown
in Fig. 4 of Ref. [25].

In Fig. 3 we show the comparison of survival
probabilities as a function of excitation energy for
the reactions **Ca—+**Pb and *Ca+**U at angular
momentum J =0 #%. The *Ca+**Pb system has
larger survival probabilities in the 1-—5n evapora-
tion channels, especially at higher excitation ener-
gies since it has non-zero macroscopic fission barri-

er as shown in the first part in Eq. (22).

Fig. 3 The survival probabilities of the reactions "*Ca +**Ph
and *Ca + **U at angular momentum J =0 k as a

function of the excitation energies.

3 The Formation Probability of SHN

3.1 The evaporation residue cross section

Based on the above theory we calculated the
evaporation residue cross sections. For cold fusion
reactions with the optimal excitation energies, a
set of evaporation residue cross sections for Pb-
based reactions are shown in Fig. 4 with stars, the
solid dots are experimental data quoted in Ref.
[30], and some estimated data for element 114,
116, and 118 by different groups are indicated in

%1 The upper limit for element 118

the figure™!™
was estimated by LBNL recently"** and also shown
in this figure. Our results are in principle in agree-

ment with the data within one order of magnitude.

10~ E v 1 T ' 1 T T ' 1T
i @ Exp. ]
10° k % This work -
E & A Densiov/Hofmann
* VY Smolanczuk
107 F ° X Adamian et al. 3
3 = Exp. upper limit
o
10 *
g ] v 3
T i ° A ]
S 10° F 3
* A T
10 f * Y 3
[ *
X
10 v *
3 X ]
10-'2 1 1 1 1 1 1 1

106 108 110 112 114 116 118

Z

Fig. 4 The evaporation residue cross sections for one-neutron
emission Pb-based reactions with the excitation ener-
gies from Fig. 2 as a function of the charge number of
compound nuclei. Our calculated results are indicated
by solid stars., the experimental data by solid dots.
And some estimated data for element 114, 116, and
118 by different groups are indicated with different

symbols.

3.2 The SHN production excitation functions from
*Ca induced reactions

By introducing the barrier distribution func-
tion method in the DNS model the calculated fusion
evaporation excitation functions of SHN 114 in the

¥ Ca+*Pu and **Ca+***Pu reactions are shown in
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Fig. 5. It indicates that it is easier to produce SHN
in the 4n evaporation channel in the two reaction
systems due to larger production cross sections.
The experimental data taken from Ref. [35] are
shown by the solid squares, open circles and solid
diamonds for 3n, 4n and 5n evaporation channels,
respectively. At the considered excitation energies
E* >>25 MeV, since the capture cross section o. de-

pends weakly on E*, the properties of the excita-

tion functions for the 3—5n evaporation channels
are mainly determined by the function P¢y and the
distribution of the survival probability. There are
small difference of the positions of the maximal of
the excitation functions between the calculated re-
sults and the experimental data, which perhaps
energy loss since the bloc-

comes from the beam

king

T T T T T T T T T T T T T T T T
1 42 -
10°F *py H 3n
% Q 4n
) I 4n
'Q ]0 E = 31']
o
=
o
10"
10° 107
25 30 35 40 45 50 55 60 65 70 25
E'/ MeV

Fig. 5 Production cross sections for 2—5n evaporation channels in the reactions **Ca + **Pu and "*Ca +

perimental data from Dubna*’,

of the target thickness. However, the values of the
maximum production cross sections are in good
agreement with the experimental data. The excita-
tion functions for the 3—5n evaporation channels
of SHE 116 in the *Ca + ***Cm reaction are shown
in Fig. 6. One can see that the 4n evaporation

channel has larger production cross sections. The

element 115 was synthesized at Dubna in the ®*Ca

10' g r T T T

E'/MeV

18,

i £ (Caleilated mnvradiietinmn crrace comrtfimme 111 tha

2Py versus the ex-

“8Cm reaction versus experimental data from Ref.

[35].

+ ¥ Am reaction by 3n and 4n evaporation chan-

L2359 We have calculated the evaporation resi-

nels
due excitation functions for the 3n and 4n evapora-
tion channels as shown in Fig. 7. The correspond-
ing maximum production cross sections are 4. 3 and
6.8 pb for the 3n and 4n evaporation channels at
excitation energies 41 and 58 MeV, respectively.

Within error bars the experimental data can be re-

produced very well.

10 T T T T
243
Am = 3n
o 4n
100 -
SO
S
V)
10"
107
20 30 40 , 50 60 70
E/MeV
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Fig. 7 The same as in Fig. 6, but for the *Ca+** Am reac-
tion leading to the formation of superheavy element 115

in 3n and 4n evaporation channels.
4 Summary

The fusion probability is calculated in very
strongly damped reaction processes, where large
amounts of the relative kinetic energy are changed
into intrinsic excitation energy and nucleons trans-
fer from the lighter fragment to the heavier one to
produce the SHN in the tail of the heavy-fragment
mass distribution. Within the DNS conception, in-
stead of solving FPE analytically, the ME is solved
numerically in order to calculate the fusion proba-
bility, so that the harmonic oscillator approxima-
tion to the potential energy of the DNS, which is
the very essence of the nuclear structure of the
model® ', is avoided. The nucleon transition
probabilities, which are derived microscopically,
are coupled with the relative motion and thus are

time-dependent. Comparing with the analytical (or
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um, our time dependent results preserve more dy-
namical effects. Our calculated evaporation residue
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