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Abstract: In heavy ion fusion reactions, the quasifission(QF) is competing with fusion, and which is often

described by incorporating the Kramers formula(KRA-F) into the master equation(ME) within the Di-Nuclear

System(DNS) model. However the KRA-F works well only if the QF barrier is high enough. Presently by taking

the relative distance of nuclei as an independent dynamical variable, the evolution of the DNS towards fusion and

QF are both treated as a diffusion process in a consistent way by solving MEs. The validity of the KRA-F is thus

checked. Furthermore, the dynamical deformation and the nucleon transfer in heavy ion fusion reaction process

are viewed simultaneously as a diffusion process, and are treated by solving a set of MEs with the variables of the

quadrupole deformation of each nucleus and the mass asymmetry variable in the potential energy surface(PES)

of the system. The distinct influence of the dynamical deformation on the QF mass yield distribution is discussed,

and the experimental observations can be well reproduced by the calculation.
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1 Introduction

The heaviest nuclei currently are produced by fusion-

[1_9], but the reaction mechanism is

evaporation reactions
still not yet very clear. It is important to study the reac-
tion mechanism for localizing the island of stability of the
superheavy nucleus(SHN) experimentally. The compound
nucleus does not provide any information about the reac-
tion mechanism, while the quasifission(QF), which hap-
pens in the intermediate reaction stage, is closely related
with the shell structure, deformation of the interacting nu-
clei, carries the information.

In the Di-Nuclear System(DNS) conception it is as-
sumed that in heavy ion reactions the projectile overcomes
the coulomb barrier, and the DNS is formed. The two nu-

clei are in touching configuration and will transfer nucle-
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ons between the nuclei to form a compound nucleus, or
evolve along the internuclear distance and decay into two
fragments without forming the compound nucleus. The
nucleon transfer is described by the master equation(ME),
and the fragment decay is usually described by incor-
porating a Kramers formula(KRA-F) into the ME!*-131,
Since the KRA-F is an approximate solution under
the quasi-stationary condition of Fokker-Planck equation,
which demands certain amount of QF barrier as comparing
with the nuclear temperature, and it is not always fulfilled
during the fusion process, and the validity of the KRA-F
is checked. Furthermore, our study by taking the dynam-
ical deformations of nuclei into account revealed that the
dynamical deformation results are very agreeable QF mass

yield with the data.
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The paper is organized as follows: first we introduce
the formalism of the DNS in Section 2, then the treatment
of QF by KRA-F is described in Section 3. The validity of
the KRA-F to treat the QF is checked by two variable ME
in Section 4. The effect of the dynamical deformation on
the QF mass yield distribution is described in Section 5. In

Section 6 we present our summary.

2 The DNS conception

In the DNS concept the evaporation residue cross sec-
tion to produce SHN can be written as a sum over all partial

waves JU4:

OfR (Ecm.) =

J=J;

Y oc(Ecm., J)PeN(Ecn, J)Wour(Eem, J) , (D)

J=0
which consists of three factors: oc(Eem.,J) is the cap-
ture cross-section to describe the projectile overcomes the
Coulomb barrier to form a DNS with the target. The fu-
sion probability PoN(Ec.m.,J) is evaluated by considering

the fusion process as a diffusion of DNS in the mass asym-
Al —As

metry N = , with Aj, A, the mass numbers of
the DNS nuclei, and A = A; + Aj.

fer is coupled with the dissipation of the relative kinet-

The nucleon trans-

ic energy and the angular momentum, and the relaxation
of colliding nuclear deformations. The survival probabili-
ty Waur(Ec.m., J) estimates the competition between fission
and neutron evaporation of the excited compound nucleus
by the statistical model and decreases much with increas-

ing J, which determines the maximal contributing Js.

3 The QF mass yield distribution de-
scribed by the KRA-F

Let P(A1, E1,t) be the distribution function to find
A1 nucleons with excitation energy E; in fragment 1 at
time ¢, where E; is not considered as an independent vari-
able but a parameter supplied by the initial relative motion.
P(Ay, Ey, t) obeys the following ME:

AP(AL L)

dt N
ZWA],A |:dA1P(Al’E17t)_dA/1P(A17El7t):| -
Al

!
1

AL 5 (O)P(A Ey 1) @

where WAI’ A= WA/1 A is the mean transition probability
from a channel (Aj, E) to (A,17 E;), ds, denotes the mi-
croscopic dimension for the corresponding macroscopic
variables. The coefficient A/?I}jEI (@) 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} + A2). The excitation ener-
gy Ej is determined by the dissipation energy from the
relative motion and the PES of the DNS, which is given
by €* in the following text. The motion of nucleons in
the interacting potential is governed by the single-particle
Hamiltonian!!5-16],

In the relaxation process of the relative motion, the
DNS will be excited by the dissipation of the relative ki-
netic energy. The local excitation energy is determined by
the excitation energy of the composite system and the PES
of the DNS. The PES of the DNS, i.e. the driving potential

of the nucleon transfer is given by
U(A1, Ay, J) =B(A1)+B(A2) + Ven(Ar, A, J)—
[B(Acn) + Vit (1)] 3)

where AcN = A1 + A is the mass number of the compound
nucleus, B(A;), (i =1, 2) and B(Acn) are the negative bin-
ding energies of the fragment i and the compound nucleus,
respectively, in which the shell and the pairing corrections
are included. The VSN is the rotation energy of the com-
pound nucleus. The interaction potential Ven(Ay, Az, J)
between fragments includes the nuclear, Coulomb and cen-
trifugal parts, the details are given in Ref.[16]. The dis-
tance between the nuclei is taken to be the value which
gives the minimum potential energy. The excited system
opens a valence space Agg in each fragment K(K = 1,2),
which has a symmetrical distribution around the Fermi sur-
face. Only the particles in the states within this valence

space are actively involved in excitation and transfer.

4z Ak Ak
Agg =K, ep=e"— == 4
K oK y €K A , 8K 12’ ( )

where the €* is the local excitation energy of the DNS,
which provides the excitation energy for the mean tran-
sition probability. There are Ny = gxAé€k valence states
and mg = % valence nucleons in the valence space Agg,
which gives the dimension

Ny Ny
d(my,my) =
nj ny

http://www.npr.ac.cn
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The local excitation energy is defined as
e =Ex—U(A,A2,J). ®))

The detailed calculation of the driving potentials can be
seen in Ref. [16-18]. The excitation energy Ex of the com-
posite system is converted from the relative kinetic ener-

161 and

gy loss, which is related to the Coulomb barrier Bl
determined for each initial relative angular momentum J
by the parametrization method of the classical deflection

function!19—20]

. So, Ey is coupled with the relative angular
momentum.

In Fig. 1(a) we show the interaction potential as
a function of the relative distance, for the channel
#8Ca+2%Pu. Due to the attractive nuclear and repulsive
Coulomb forces, there is a pocket and a QF barrier in the
Fig. 1(b) shows the

PES (the driving potential for nucleon transfer) in the re-

potential. QF happens when r > ry,.

(a)
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Fig. 1 The interaction potential and PES for the reaction
BCa+2*Ppu.

(a) The interaction potential between colliding nuclei as a
function of the relative distance variable between the nuclei.
(b) The PES(solid line with dotes) as a function of mass
asymmetry, the dashed line indicates the QF barrier, and the

horizontal line stands for the line with temperature 0.5@ for

a local excitation energy being 30 MeV.

action “8Ca+?**Pu as a function of the mass asymmetry
= %, the two nuclei of each DNS are located at
the bottom of the pocket. The driving potential has been
calculated to cover n = —1 to 1. The arrow in Fig. 1(b) in-
dicates the entrance channel 1);. One nucleon transfer from
n; to both sides, whether it is a neutron or a proton, de-
pends on in which direction the potential energy is lower.
It turns out that the isotopic composition of the nuclei form-
ing the DNS determined in this way does not deviate much
from that following the condition of g equilibrium in the
system. Consequently, the driving potential is an explicit
function of neutron and proton numbers of fragments. This
is the reason that the driving potential is not symmetric to
1 = 0. One may find that in order to form a compound
nucleus, a certain amount of energy is needed to pass over
the inner fusion barrier at Agg, and this is supplied by the
incident energy.
The QF rate AQF was estimated with the one-
dimensional KRA-F2!-22]

r\’ r
AQF(®(I))=727TZ))BQF \/<2h> +(wBQF)2_Th X
Bor(A1, As)
exp (—QF®(i) 2 > . (6)

Here the QF barrier is counted from the depth of the poc-
ket of the interaction potential(see Fig. 1(a)). The local

temperature is given by the Fermi-gas expression @ =

| € . o
— corresponding to the local excitation energy €* and
a

with the level density parameter a = % MeV~!. The
frequency wBQF is the frequency of the inverted harmon-
ic oscillator approximating the interaction potential of t-
wo nuclei in R around the top of the QF barrier, and @
is the frequency of the harmonic oscillator approximating
the potential in R around the bottom of the pocket. The
quantity I", which denotes the double average width of the
contributing single-particle states, determines the friction
coefficients: ¥y = % Wiz, with LL;» being the inertia tensor.
Here constant values I’ = 2.8 MeV, h®BeF = 2.0 MeV and
hw = 3.0 MeV were used. The QF mass yields finally:

Jmax Tint

YA =Y, | P EL DAY (@@ (7)
J=0

The interaction time Tj,; in the dissipative process of two

colliding nuclei is dependent on the incident energy Ec m.

http://www.npr.ac.cn
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and the incident angular momentum J, which is deter-
mined by using the deflection function method?”), and has
the value of the magnitude from a few to several hundred
10722 s,

4 The diffusion along the distance be-
tween nuclei

In order to check the validity of the KRA-F in treating
the QF, the relative distance between the centers of nuclei
of DNS is taken as an independent dynamical variable in
addition to the mass number A; of the project-like frag-
ment. In this way, the evolutions of DNS towards the mass
asymmetry (the nucleon transfer) to form the compound
nucleus, and along the relative distance leads to the QF,
both are governed by the same ME.

The ME is set as:

dP(A, R,Effl ,t)
dt N
ZWAhR; A’I,R(t)[dAhRP(A/h R, Ef’l ’ t)_
A/

dy gP(ALR, Ef 0]+

Ry ,
WA17R;A1,R’ (t)[dAlaRP(Ala R/a Efl ’ t)_
0

da, wP(A1, R EX ,1)]p(R)dR —

A WA],R;AI,R/ ([)dAthP(Alﬂ R? Efl Y t)p (R/)dR/ ) (8)
b

where P(A1, R, Effl , 1) denotes the probability distribution
function to find fragment 1 with A; nucleons, at the rel-
ative distance being R with the corresponding local ex-
citation energy E§1 at time ¢, and here R is taken as a
discrete variable. It is taken as a continuous variable
in the second and third line of Eq. (2). p(R') = % is
the density of the discrete dots with the step length A.
As mentioned before, the local excitation energy is deter-
mined by the dissipated energy from the relative motion
and the PES of the corresponding DNS, which is shown
in Egs. (4) and (5). Wy, goar r(t) = W g & (1) (or
Wa, roa, v ()= WAI’R/;AI_’R(I)) is the mean transition prob-
ability from the channel (A;, R, Efl) to (A}, R, Efl) (or
from (A1, R, Ef ) to (A, R, Ef;)), and dy, g denotes the
microscopic dimension corresponding to the macroscopic
state (A1, R, E}fl ). The sum is taken over all possible mass
numbers that a fragment A} may take. The integration goes

along the distance between the centers of nuclei. To solve

the two variable-partial differential equations numerically,
a two-step-difference-scheme is adopted, and the simulta-
neous transition for Ay and R is not taken. Here we used

the notation:

ropb =Ropb— [Rﬂ)(l + \/Elﬁ) +Rg(l + \/Eﬁz)],

where R(l), Rg are the spherical radii of the two fragments.
Ip, I'v stand for the relative distance between nuclei where
the interaction potential is at the bottom of the interac-
tion pocket and at the top of the barrier, respectively. ry
is the distance between nuclei at which the potential is
high enough that the probability distribution function to
find fragment 1 with A; nucleons with the corresponding
local excitation energy E}fl at time 7 is essentially zero(See
Fig. 1(a)). Ro, Rp, Ry, correspond to rg, rp, 1, With above
relation. The motion of nucleons in the potential energy
surface is governed by a single-particle Hamiltonian!"> 13,
The initial condition is: P(Ap, Rp, Ef}f ,t =0) =1, where
Ap is the mass number of the projectile.
The PES of the DNS is given by

U(A17A2? R7 J) = B(Al) +B(‘A2) +VCN(A15A27 Ra ‘,)_
[B(AcN) + Vit ()] ©)

where all the notations are the same with those from Eq.
(7). The PES of the reaction *3Ca+2**Pu is shown in Fig.2

in two dimensions.

BG point

—06 0.0

Fig. 2 The PES for the reaction *8Ca+>**Pu as a function
of mass asymmetry and relative distance variable.

The QF yield is calculated by :

Tint

Y () = / P(A1, ray, By (1), )p(ra, )dra, dr.
b

(10)

t=0
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The QF mass yields of the reaction “8Ca+>*Pu are
shown in Fig. 3(a). The dotted line plus circles is calcu-
lated by KRA-F, and the solid line with dots is obtained
by diffusion calculations(DIFF) with MEs. The QF yields
by dissusion calculations are larger than those by KRA-
F in the range of A; < 62, and smaller in the range of
62 <A < (A% = 146). Comparing with the results
by KRA-F, the results from diffusion calculations show s-
maller fluctuations in the range of (A% —80 = 66) <
(Aﬂ —30 = 116), and show a little better agreemen-

2
t with the experimental datal?! 2!

The KRA-F is a solution of a Fokker-Planck

equation under a stationary condition, i.e. under the con-

, which are denoted by

squares.

dition that the probability distribution does not change
with time. This condition can not be fulfilled if the bar-
rier is not high enough. In Ref. [10] the application of
the Kramers-type expression to relatively small barriers
% > 0.5 is mentioned. In Fig. 1(b) the dotted line s-
tands for the QF barrier. It is seen, however, that in the
mass symmetric region —0.48 < 1 < 0.48, which is the

A A
region (%—70:76) <A < (%—1—70:216)

(a)

s0-- Kramers
—e— R
—&— Exp, data

60 80 100

yo
4,
=
(=]

w=Qee Kramers
—e— R

Fig. 3 Mass yields of the reaction “8Ca+2** Pu calculated
with dissusion and KRA-F, respectively.

for the coordinate A1, the condition is not fulfilled. While
in the mass asymmetric region, where the QF barrier is
high, the two calculations with KRA-F and Diffusion are
very agreeable. This can be seen in Fig. 3(b). Let us con-
sider the QF barrier with increasing A; in Fig. 1(b) from
left to right. When the QF barrier is very large, the agree-
ment between the two results is quite good. With decreas-
ing QF barrier, the discrepancies get larger, but the ten-
dencies are still agreeable, which is quite different from
their behavior in the mass symmetrical region. This sheds
the light on that the KRA-F works well if the barrier is
sufficiently high. In the domain of the medium-mass frag-
ments (A% ~30=116) <A < (A% +30 =176,
the experimental data are higher than the calculated val-
ues, because the experimental data contain various contri-
butions: QF fragments, fusion-fission fragments, evapora-
tion residue of heavy excited fragments, fission of heavy
fragments, and so on.

The time evolution of the QF mass yields for the reac-
tion “8Ca+2*Pu at E, ,, = 203.32 MeV (excitation energy
of the compound nucleus is 42 MeV) is shown in Fig.4. It
is indicated that the QF mass fragments initially are dis-
tributed around the entrance channel, then diffuse gradu-
ally wider, mainly to the side of heavier mass fragments,
since the driven potential favors this way. The equilibrium
is reached at about r = 100 x 10722 s,

Fig. 4 The time evolution of the mass yields of the reaction
48Ca+2%Pu calculated with diffusion with fo = 10722 s.

From Figs. 3 and 4 one may find that from A} =112 to
A = 113 the QF mass yield calculated drops down about
3 orders of magnitude. This is due to the structure of
the driven potential. The quadrupole deformation param-
eter of nucleus A} = 112(N; = 70) is 0.327, and with one
proton more for nucleus A; = 113(N; = 70) the deforma-

tion abruptly changes to —0.258. The Coulomb interaction

http://www.npr.ac.cn
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changes from 266.1 MeV into 278.5 MeV. Thus a peak is
formed in the potential at A = 113, and accordingly the
mass yields decrease. This is shown in Fig. 5(a) and (b)
respectively. This reveals the importance of the structure
of the driving potential, in which the nuclear deformation,
shell and pairing play important roles. By taking the rel-
ative distance of nuclei as an independent dynamical vari-
able, the evolution of the DNS towards fusion and QF are
both treated as a diffusion process in a consistent way by
solving MEs. It is concluded that the KRA-F gives agree-
able results with those by the diffusion treatment, if the QF
barrier is high enough. Otherwise some large discrepan-
cies occur. Since at the incident fragmentation either for
the cold fusion or for the hot fusion, the QF barrier is usu-
ally high, and the evolution of the DNS at the incident frag-
mentation is most important, the KRA-F thus can basically

describe the QF in the fusion process.

—m—PES in Fig.1(b)
—o— Peak moved

U/ MeV
[

}’ffl‘"
Ix
%

-0 ‘/*
4 ||
> 1
& 55%
-4 %
7 i

—s—R

90 95 100 105 110 115 120 125 130 135 140 145
Fig. 5 The driving potential and the QF mass yied of the re-
action *8Ca 424 Pu as a function of the fragment A,
respectively.
(a) The driving potential of the system, here it is denoted by
black squares. The open circles stand for the driving poten-
tial, in which the potential value at A} = 113 is artificially
substituted by that of A; = 112. (b) The mass yields shown
by black squares and stars under the driving potential given
by black squares in (a) (except at A = 113, at all other place
the open circles are located on the black squares), calculated
by diffusion and KRA-F, respectively. Open circles are the
yields distribution under the driving potential by open circles

in Fig. 5(a).
S The effect of the dynamical deforma-
tion

In the DNS conception it is assumed that each of the

two touching nuclei always keep their own identities with

their ground state deformation. However, in the touching
configuration, there are nuclear and Coulomb interactions
between the nuclei. The nuclei get deformed gradually due
to the strong interactions. This dynamical deformation is
difficult to describe, and no theory succeeds to describe
it so far, since the thorough coupling between the col-
lective and intrinsic variables is impossible for heavy ion
reactions. We take the quadrupole deformations of the nu-
clei in the DNS as dynamical variables in addition to the
mass asymmetry variable and construct a new three vari-
able ME so that the deformations as well as the nucleon
transfer are viewed as a diffusion process governed by MEs
in the PES of the systemm]. The ME is set as:

dpP A1>ﬁ17B27t
( dr ) :ZWAhﬁlwﬁZ;Alpﬁl-ﬁZ(Z)X
Al

(s, 8, P(AY Brs Ba.t) = dyg g, g, P(AL, Br, Bost) |+
/10 /20 WA]aﬁhﬁz;Al:ﬁf»ﬁﬁ(t) [dAhﬁl-ﬁzP(Al’ﬁl/’ ﬁZl’t)_

da, gy pP(A1 Br. Boot)| p(BI)P (BE)dBIABs—
AL g5, (OW)P(AL 1. Bo.t) - (1)

One can understand the formula by following the
understanding to Eqgs. (2) and (12). To solve the three
variable-partial differential equations numerically, a three-
step-difference-scheme is adopted. The lower limit of de-
formations is B19,20 = 0 if the initial deformations Bp 1 > 0,
else B1o,20 = —0.6. The tip-to-tip relative orientation is as-
sumed and the nuclei stay in the bottom of the pocket and
keep the lowest potential. The KRA-F is used to describe
the QF. As mentioned that the KRA-F works well in the
mass asymmetry region where the QF barriers are high[25 1,
The QF yields are finally obtained with

Tml
W= ~
A . 0B Alvﬁl ﬁz o(r )>

P(A1, Br, B2, 1)p(B1)p(B2)dBrdBardr . (12)
The potential energy of the DNS reads:
U(Al’A%Raﬁla ﬁ27 J) =
E(A1, Bi) +E(A2, B2) +Ven (AL, A2, R, i, Bo, J) —
|EAcx, Bon) + VN ()] - (13)

where AcN = A1 + A3 is the mass number of the compound

nucleus, f; represents the quadrupole deformation of the

http://www.npr.ac.cn
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two fragments. E(A;, B;), (i = 1,2) and E(Acn, Ben) are
the total energies of the ith nucleus and the compound nu-
cleus, respectively, in which the shell and the pairing cor-
rections are included. They can be calculated as a sum of
the liquid drop energy and the Strutinsky shell correction.
We use the formula and parameters of Ref. [26]:

E(Ai, Bi2) = ELp(A) x
[T [(+buBd)+eiEgan(ai Bu)] »  (14)

k=2 and 4
where, only axially deformed cases B;; and B4 are consid-
ered. The energy of a nucleus with respect to the axial
deformations is calculated with a Skyrme energy-density
functional together with the extended Thomas-Fermi ap-
proximation, which gives the minimum total energies of
the ith nucleus with the optimum fj, Bis. The binding
energy and the ground state deformation obtained with this
formula are very close to the results in Moller’s table",

The VSN is the rotation energy of the compound nuc-

Ven(Ar, Az, R, Bi, B2, J) includes the nuclear, Coulomb in-
teraction and centrifugal parts, the details are given in Ref.
[16].

The QF mass yields of the reaction “3Ca+>**Pu with
E* =33 MeV are showed by solid lines in Fig. 6(c) and
(d), obtained by using the one variable ME UL 181 ith the
deformation at ground state and by using the current ME
with DET, respectively. In Fig. 6(c), there are two high
peaks at mass numbers 61 and 106, corresponding to two
minima of the PES in Fig. 6(a). This is not consistent with
the experimental data. Furthermore, the QF yield falls
down about three orders of magnitude at mass number 113
because a high peak appears in the PES in Fig. 6(a) for
this mass asymmetry. The reason is that the ground state
deformation of the heavy nucleus abruptly changes from
0.328(at A; = 112) to —0.258(at A; = 113)**!. By con-
sidering the deformations of the nuclei as dynamical vari-
ables, the variation of the deformations is governed by the
Eq. (11) in the PES of the system, and the PES is depend-

leus. The interaction potential between the two nuclei ing on the deformations. Thus we get reasonable deforma-
(a) (b)
>
L
=
@
=
2
P
. 2 o
() it salanfi* =gl =

40 60 80 100 120 140

ﬂ = L
40 60 80 100 120 140

/i!

Fig. 6 The PES and QF yields in different conditions for the *8Ca +2** Pu at E* = 33 MeV along the mass asymmetry degree of

freedom.

(a) and (c) The PES and QF yields with ground state deformation obtained from the Moller’s table, respectively. (b) the PES with the
equilibrium deformations (at a large interaction time when the deformations in each mass asymmetry channel have already reached their
equilibrium). (d) QF yield with the method of deformations evolving with time(DET). In (c) and (d), the experimental data are denoted by

circle.

tions. When the deformations reached the equilibrium the
PES and QF yields obtained with the current method are
shown in Fig. 6(b) and (d), respectively. In the Fig. 6(d) it

is seen that the highest peak is at mass number 86 with the
heavy fragment close to 293Pb, reflecting the shell effect.

It corresponds to a minimum of the PES in Fig. 6(b) and

http://www.npr.ac.cn
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agrees rather well with the experimental data, although the
peak is a little lower than the experimental one. Howev-
er, in the range of the rectangle, the mass intervals of the
experimental points are about 2, and those of our calculat-
ed ones are equal 1. On the other hand, the error bars of
the data are greater than 283281 One should note that the
total yields of the data and of our calculation in the rectan-
gle area(mass number from 67 to 104) are 0.612 and 0.656,
respectively. The two values are very close.

We also calculated the QF yields of reactions
#8Ca+2* Cm and *¥Ca+2*% U with E* = 33 MeV, which

are displayed by black squares in Fig. 7(a) and (b), respec-

6

tively. The highest peaks of the two distributions are at
the mass numbers A; = 88 and A| = 84, respectively, and
fit the data quite well. It is worth to mention that the au-
thors of Ref. [21] found a sharp QF yield peak at A} =43
for each of the above mentioned three reactions. This phe-
nomenon does not exist in our results. The dynamical treat-
ment of the system populates the considered dynamical
variables correctly. The dynamical deformation of nuclei
of the DNS instead of the consideration of the deformation
on their ground state can better describe the distribution
of the QF yields. This demonstrates the necessity of the

consideration of the time-dependent deformation.
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Fig. 7 Mass yields of the reaction *8Ca 428 Cm (a) and *3Ca +238 U (b) at E* = 33 MeV compared with the experimental data,

respectively.
6 Summary and discussion

The QF in heavy fusing reaction systems is studied
within the DNS conception to reveal the reaction mecha-
nism. A two variable ME which include the coupling of
the mass asymmetry and the distance between the centers
of the nuclei is used to describe the QF mass yield distri-
bution, the shell effect is found, and the agreement with
the data is improved. The KRA-F has been used ever since
20017, so this is a large step forward, and the validity
of the KRA-F is thus checked. It turns out that KRA-F
works well if the QF barrier is high enough. Otherwise
some large discrepancies occur. In addition to the mass
asymmetry variable we treat the quadrupole deformations

of the nuclei in the DNS as dynamical variables, and have

constructed a new three-variable ME so that the deforma-
tions as well as the nucleon transfer are viewed as diffusion
processes consistently governed by MEs in the PES. Due
to the dynamical treatment the distribution probability of
the system is populated reasonably with respect to the con-
sidered variables. The calculated QF yield distribution is
greatly improved to fit the data.
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