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Characteristics of quasifission products within the dinuclear system model
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A new procedure is developed for calculating the charge, mass, and kinetic energy distributions of quasifis-
sion products. The quasifission is treated within a transport model which describes a master equation for the
evolution of the dinuclear system in charge and mass asymmetries and its decay along the internuclear
distance. The calculated yields of quasifission products and their distributions in kinetic energy are in agree-
ment with recent experimental data of hot fusion reactions leading to superheavy nuclei. The importance of
shell and deformation effects in quasifission is noted. The preneutron and postneutron emissions as well as the
fission of a heavy nucleus in the dinuclear system are considered.
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[. INTRODUCTION for heavy and superheavy nuclei, one assumes that the nuclei
exchange nucleons or clusters in a touching position without
Recent experiments on quasifission in fusion reactiong@malgamating to a compound nucleus. The basic condition
leading to superheavy nuclél] extended the number of for this process is the conservation of individuality of the
reactions investigated previousfg—6]. In the quasifission Nuclei[19]. The main ingredients of the DNS model are the
process, one finds large mass rearrangements between I'ﬁ@er fusion barrier in mass asymmetry coordinate, which
interacting heavy ions occurring in a short tifie-6]. The inders the fusion and the quasifission barrier in the relative
) . . . istance. Due to the quasifission barrier, the DNS lives for
expermen;al signatures of this process are Iargg widths .Ognough time for the development of the diffusion process in
mass d_|str|but_|ons and an enhanced af‘gl."ar anisotropy, Ifpe mags asymmetry coordinate. Quasifission distributions
compatible with compound nucleus fission. Quasifissioryg, a4 sensitive signatures of the dynamical behavior of the
means the fission of a dinuclear configuration without form-pNs ang, therefore, are important for a deeper foundation of
ing the compound nucleus. It conceptually bridges the gaghe DNS model, in addition to the agreement of calculated
[7] between deep-inelastic collisions, where the reactionsyaporation cross sections for superheavy nuclei with experi-
partners come into close contact and exchange many pamental data.
ticles without altering their average mass and chafigel 1], The quasifission process was already treated with the
and the complete fusion process where the reaction partnegiys model in a microscopical transport approdts,17.
lose their identity after forming the compound nucleus. Thethjs approach allowed us to describe the charge and mass
most important result of the new experimefit$is the clear  gistributions of the quasifission products for the first time by
evidence of the influence of shell effects in the mass, charggonsidering the mass asymmetry degree of freedom only. In
and kinetic energy distributions of quasifission products.  the present paper, we essentially extend the transport model
As shown in Refs[12-18, quasifission and fusion pro- py taking more degrees of freedom in the DNS into account,
cesses can be described as an evolution of a dinuclear systgfamely, the neutron and proton asymmetry degrees of free-
(DNS), which is formed in the entrance channel during theqom jointly, and the deformation and angular momentum
capture stage of the reaction after dissipation of the kineligiegrees of freedom effectively. The characteristics of mass,
energy of the collision. We assume that the decay of thgnarge and kinetic energy distributions of quasifission prod-
DNS, which evolves in the mass and charge asymmetry cQcts will be calculated and compared with available experi-
ordinates, gives an adequate description of the charge, masfent data.
and kinetic energy distributions of the quasifission products. | spite of an intensive experimental study of the quasifis-
The basic assumptions of the DNS model have been micrasion process, no microscopical model besides the one in
scopically proved in Ref419]. The DNS model calculations Refs.[15-17 was elaborated to our knowledge for calculat-
[13] of evaporation residue cross sections for the cold anghg the characteristics of quasifission products. In Sec. Il of
hot fusion reactions leading to heavy and superheavy nuclghis paper, we extend our moddl6,17] to more degrees of
are in a good agreement with the experimental f26-23.  freedom. The results of the calculations in comparison with

i P i 24 . . . .
Our first estimate of cross section for t€Ca+>*Pu  experimental data are shown in Sec. lll. A summary is given
—292114 reaction was performed before the experiments, Sec. |V,

were conducted and was in perfect agreement with the latter
data[21]. The latest experimental data on the production of Il. MODEL
the nucleus witlz =118 in the®Kr -+ 2%%pb reaction are con-
sistent with our early predictions.

The quasifission process in heavy nuclear systems gives
detailed information about the dynamics of the DNS. In the The DNS model[12—-14 assumes that the compound
DNS model, which is used to calculate fusion cross sectionsucleus is reached by a series of transfers of nucleons or

A. Evolution of the DNS in charge and mass asymmetry
coordinates
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small clusters from the light nucleus to the heavier one in ala;, corresponding to the particle-hole transitions between
touching configuration of the nuclei. The dynamics of fusionlevels in one nucleus under the influence of the mean field of
is considered as a diffusion of the DNS in the charge andhe partner nucleus.
mass asymmetry coordinates, which are here fixed by the The DNS is characterized by its total enerﬁﬁ*”, the
charge and mass numbetsaandAp of the light fragment of  charge and neutron numbeZsand N of the light fragment
the DNS. The inner barrieBf, of the potential in the coor- and the corresponding numbers of the heavy fragments. The
dinatesZ or Ap supplies a hindrance for the fusion in the additional quantum number distinguishes the states of the
DNS model. DNS with the same energy, charge, and mass asymmetries.
The DNS model suggested in Ref43,14 allowed us to  We denoteP; \(n,t) as the probability of finding the DNS at
describe the fusion probability - and the total quasifission timet in state ,N,n). In the transport approach, this prob-
cross sectionr,;, and to calculate the charge and mass dis-ability can be found by means of the equation
tributions of the quasifission produdtk6,17]. Here, we sug-
gest a new variant of the DNS model for the quasifission
process which describes both degrees of freedom, the charge gt Pzn(n,t)=
and mass degrees of freedom, i.e., explicitly. This is a step
forward with respect to the former DNS model which con- X[Pz ni(N', 1) =Pz n(N,1)]
nected the mass and charge asymmetry coordinates and qf fis
treated the mass or charge coordinate only. In the new model, ~[AZNMFAZNM Pz, (5)
the DNS simultaneously evolves ihandAp by a transfer of
protons and neutrons between the nuclei an® ioy decay
into the direction of an increasing internuclear distance.
In order to derive master equations for the dynamics o
the mass and charge transfer, we start with the single-particl

> NZN,n|Z'.N’.n")
Z'" N',n’

WhereAng(n) andAfZi’SN(n) are the rates for quasifission in
the coordinatdR and for fission of heavy nucleus in the DNS
with the massAp=Z+N of the light nucleus, respectively.
I'—Elere,)\(Z,N,n|Z’,N’,n’) is the rate for the transition from

Hamiltonian of the DNS: the state |Z',N’,n’) to the state |Z,N,n) with
MZ,N,n|Z’,N",n")=X\(Z',N’,n"|Z,N,n). These states are
Aot | p2 eigenfunctions oH;, with the eigenvalueg&>":

HR)=2 | =5 A+ Up(i—R)+Ur(r) |, ()
=1 HinlZ,N,n)=EZN|Z,N,n).

wherem Is the nucleon mass andwt:A.PJrAT th(_a total The transition rate can be expressed in the time-dependent
mass number of the DNS. The mean single-particle pOte”perturbation theory as

tials Up andU+ of the light and heavy nucleus, respectively,
include both nuclear and Coulomb fields. Then, we can apy (z,N,n|z’,N’,n’)

proximately write in the second-quantization representation )

of Eqg. (1 1 i rt+at

g. (1) =11 (Z,N,n|Texp(—%f V!m(r)d7>|z',Nr,n,>
t
H=Hi,+ Vint, 2
1
where =A—t|<Z,N,n|Vim|Z’,N',n’>|2
Hm:; ePaLaPJrZ eralar 3 Xsinz[At(Eﬁ'N—Eﬁ,/’N,)IZh] o
(E2N-EZ N4
and

Here, V!.,(7) = exp(H,#%)V,nexp(—iHi,7%) and 7T is the
o T time-ordering operator. The time intervalt=10 %5 is
Vint PE,T [ger(R)apar+H.c @ larger than the relaxation time of the mean field, but consid-
erably smaller than 2A/AE, whereAE is the energy spread
describe the internal states of the DNS nuclei and the transbf the states belonging to one macroscopic cell.
tions of nucleons between the DNS nuclei due to the action |t follows from the single-particle nature o, that
of the mean field, respectively. Here, the indi€eandT are  \(Z,N,n|Z’,N’,n’) is nonzero only if the states andn’
quantum numbers characterizing the proton and neutrodiffer by one particle-hole pair. The energy difference of the
single-particle states with energies andey in the light and  configurations in this case is reduced to the difference of
heavy nuclei, respectively. THe dependence of the transi- single-particle energies as explained in Régfsl,23. The
tion matrix elementgpr(R)=3(P|Up+U+|T) is replaced mutual influence of the mean fields of the reaction partners
by R=R,, in the following whereR,(Z,N) is theR distance leads to a change of the single-particle energies with respect
of the dinuclear potential minimum and is defined below.to those of noninteracting nuclei. Due to the long-range char-
Since for the reaction times considered here the thermadcter, the Coulomb interaction gives the main contribution to
equilibrium is established in the DNS, we ignore in E2).  this energy change. Thus, for the protons we shift the differ-
the terms Sp.p/(P|Uq|P")atap, and S1.1(T|Up|T’)  ence between single-particle energies in the following way:
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€Ep— €ET—€p— ET+ eZZ(ZtOt_Z)/(ZRm), Where ZtOt |S the
total charge number of the DNS. It follows from Eg4) and
(6) that

)\(Z,N,n|Zi1,N,n’)
1 z 2.Z=1n’ Z+1n'\nZ.n Z.n
:A_IE |gPT| ng=" (L—ny=>" )ny(1—np")
P.T T P P T

 SIPLAt(ep— er)/2n]
(Ep_ €T)2/4

NZ,N,n|Z,N*1n")
1 N 2,N+1n’ N=1n"y,N.n N,n
=57 2 |gerl® N M (1= nf= )Nt (L — i)
P.T T P P T

| SITIAN(ep— er)/2A]
(Ep_fT)2/4 )

()

The quantities with the subindicd® and T are the corre-

sponding occupation numbers and single-particle energies in

the light and heavier nuclei, respectively. The notaﬁiﬁ"nT
(E'S’T) means the summation over the proténeutron)
single-particle states of both nuclei of the DNS. Hené,”

and ng'” are the occupation numbers of the proton and neu-

tron single-particle states in the staten the light nucleus

with Z protons andN neutrons, respectively. The occupation
numbers are assumed to be zero or unity. The upper and

lower subindices? or T correspond to the +” and “ —"
signs in Eq.(7), respectively. Sinc¥;,; in Eq. (4) consists of

single-particle operators only, the following restricted sums

over the states, which can be reached from state’s yield
unity:

S, (g =1,

> nZMNng —nZNmy =g
n

Therefore, summing Ed7) overn eliminates the above fac-
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(heavy nucleus according to a Fermi distribution as a func-
tion of the DNS temperatur® (Z,N). Summing Eq(5) over
n, we finally obtain the equations

d _
at Pzn(t)= A(ZJr'g,)NPB in()+ A(zJ:'g,)N Pz 1n(t)
+ A(Z(,)’l\l_-%)—lpz,N-%-l(t) +A(z(?i\T_)1Pz,N—1(t)
-0 0 0— 0,
—(AGQO+AGO+ AP+ A%
+A%TN+AfZi,SN)PZ,N(t)a 9

with initial condition P \(0)= 872.2,0NN, and the transport
coefficients

. 1
AL(0)= 57 27 |gerl"nT(©)[1-nF(O)]

| SIT{At(ep—er)/2h]
(é'p_ ET)2/4

. 1
ADD(0)= 57 22 19pr*n(O)[1-n2(0)]

SIF[At(ep— er)/2h]
X
(Ep_ €T)2/4

A%TN(@)) = ; Ang(n)q)z,N(n,@),

A2,5N<®>=; AN @2\ (n,0). (10)

The rates characterize the proton and neutron transfers from
a heavy to a light nucleusAb'y?,A%5)) or in opposite
direction A5 ¥ ,A%)). Averaging the rates of decay prob-
ability in R and of fission of the heavy nucleus over internal
states, we get the coefficientsd’(®) and AY3,(®) de-
pending on®. The expressions chosen for these rates will be
discussed below. The solution of the master equat®n

with the decay term and the microscopically calculated trans-

tors. Assuming that the thermal equilibrium is established irbort coefficients, yields a realistic description of the DNS

the DNS, we factorizé®; \(n,t) in the form[11,23

Pzn(nt)=Pz (D) Pz N(N,0),

where®, \(n,®) is the probability of finding the DNS with

evolution in charge and mass asymmetries. In &4, we
take only transition€—=2Z=*1 andN=N=1 into account in
the spirit of the independent-particle model.

In order to simplify the calculation of the transport coef-

givenZ andN in staten. These probabilities are normalized ficients(10) for eachZ andN, we used single-particle levels

to unity: 2,®, y(n,®)=1. Then, we assume

2 ML D, \(n,0)
n P T

=n§<N)(®)[1—n§(N)(®)], €S)

wherenZ™(@) [n2N(@)] are the Fermi occupation num-

bers of the single-particle protgneutron states in the light

obtained with spherical Woods-Saxon potentials, spin-orbit
and Coulomb interactiongl1,24. Examples of these level
schemes are given in RdR5]. The energies of the last oc-
cupied levels are normalized to describe the nucleon separa-
tion energies known from the experiment or self-consistent
calculationg11,24). As was shown 17,24, this simplified
procedure takes the peculiarities of the structure of the DNS
nuclei effectively into account. Indeed, the vaIuesAéf,\',o)
andA(Z(?Ni) depend on sums over single-particle states which
is not crucial for the level splitting due
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to deformation. The nucleon transfer mainly occurs between
the single-particle states near the Fermi levels of the DNS

PHYSICAL REVIEW C68, 034601 (2003

V(R!Z!NlBP 1BT iJ):VC(RIZ!BP 1BT)

nuclei due to the action of the Pauli blocking factorg 1
P

—np) and the selection rules in the matrix elemegys. For
T

the calculation of the matrix elemergs+ we used the ana-

lytical method given in Ref{26]. We did not fit any param-

+Vn(R,Z,N, Bp, B1)
+Vr0t(RIZ!N1BP 1ﬁT 1‘])1 (14)

is the sum of the centrifugal potenti#,,;, the Coulomb
potentialV-, and the nuclear potentiady . For the nuclear

eters, they were taken the same for all reactions consideregart of vV, we use a double folding formalism with the effec-

If at someZ andN, the rates\ S’ andA %y are close to
AG? and ADy?, respectively, and the inequalities,’y”
>AGO and AGI<ASOALD>ALY and AP
<A(Z°i\])) hold for smaller and largez (N), respectively, or

AGY and ALY are minimal with respect to those for

neighboringZ andN, the distributionP; \y may have a maxi-
mum in accordance with Eq€9).

tive density-dependent nucleon-nucleon interactidiB]
which is known from the theory of finite Fermi systems. As
a result of various calculations, the simple approximate ex-
pression is obtained:

VN(R,Z,N, Bp , B1) =Volexd —2(R—Rpr) a/Rp1]
—2exfl —(R—Rpr)a/Rprl},

In our treatment, the effects of deformation are effectively

taken into account in Eq$9) through the dependence of the

excitation energye* or ® of the DNS onZ, N, and defor-
mations of the DNS nuclei. The changeEf is opposite in

sign to the change of the DNS potential energy which is

discussed below.
The rotational energy of the DNS is defined as

723(J+1)
2(Jp+Jr+ puprR?)

Vrot(RvaNvBPuBTv\]): (11)

where Jp and J1 are the moments of inertia of the DNS

nuclei, upt=mMApAT/A, and Bp and Bt the deformation

parameters of the DNS nuclei. In order to take the DNS

rotation phenomenologically into consideration in Ef0),
one can renormalizep and et as

jp“l‘ ILLPTRZAT /A
Ap(Jp+ T+ uptR?)

€p—e€pt rot s

jT+ ILLPTRZAP /A
Ar(Jp+T7+ uprR?)

er—ert Viot, (12

(15

Vo=2maparR(11.3-0.8R,)

0.168p+ B7) )

N Trexd— 17— 05)]

1+

a=(11.47-17.32pa;+2.0MRy)[1+0.25 Bp+ B1)],

ﬁOZRpRT/(Rp'FRT)y RpT:Dp+DT+O.1 fm,

Dpm)=Rep(m)

1/2
1+ i B _ iﬂ2
A1 P 44 PP

ﬁ: EPET /(ﬁp + ET) y

5 | 12 1
B 1+ E) Be) _EIBIZD(T)
Rem=Dp) 5\ 12 1
1+4 E) IBP(T)_EﬁIZD(T)

Here, a;=0.56 fm andap=a;—0.015#| are the diffuse-

i.e., the rotational energy is distributed between the DN&esses of the DNS heavy and light nuclei, respectidiet

nuclei proportionally to their moments of inertia with respectpycleus has small diffusengssand RP(T):foAy(BT) (ro
to the center of mass of the DNS. It will be shown below that— 1 16 fm) is the radius of nucleusP” (** T”). Deformed

the dependence of our results on angular momentum is rath@f,clei are treated in the pole-to-pole orientation.

weak.

B. Potential energy of the DNS

C. Decay rate of the DNS
The decaying DNS has to overcome the potential barrier

The DNS potential energy is calculated as in Refs.qu [13]. The value ofBy coincides with the depth of

(13,17,

U(R,Z,N,,Bp !BT!J):BP(B}%S)+ BT( '?'S)—’_Bdef(ﬁp 1BT)
+V(R,Z,N,Bp,B7,J), (13

whereBp andB; are the mass excesd&¥,28 of the frag-
ments at their ground statég.s) with deformation param-

etersBp® and 89°, andB,¢ the energy of the deformation of

the DNS nuclei with By{(B3°,8%)=0. The nucleus-
nucleus potentiall3,17] in Eq. (13),

the pocket in the nucleus-nucleus potential which is
situated at the distanc®,,=Rp[1+ Bp\5/(47)]+Rq[1

+ B1V5/(47)]+ 0.5 fm and keeps the DNS nuclei in contact
[13,14,18. The values 0B, depending orZ, mainly de-
termine the lifetimety of the DNS. Since we consider reac-
tions with heavy nuclei which occur slightly above the Cou-
lomb barrier, which is aRy,~Rp[1+ Bpy5/(47)]+R+[1

+ BrV5/(4m)]+2 fm, the quasifission barrieB,; depends
weakly on angular momentum far<70 because the DNS
has a large moment of inertia.
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Thus, the value 0B is calculated with Eq(14). In the  surfaces as a function o have fusion barriers aZgg
considered heavy DN$; is about 4.5 MeV aZ=20 and =8-12 in the cold and hot fusion reactions considered. In
less than 0.5 MeV foiZ=2Z,,/2+10. From a qualitative EQq. (16), the frequencyw®af of the inverted harmonic oscil-
point of view it is clear that in the approaching or disinte- lator approximates the potentilin R around the top of the
grating stage of two nuclei, the barrier appears because thasifission barrier, ana is the frequency of the harmonic
nuclear forces become smaller than the Coulomb forces ougscillator approximating the potential R at the bottom of
side some distance. For the asymmetric DNS, a large value pocket. Here, we can use constant valdas®f
of By is evident becausR,> R, and theQ value in fusion ~=1.0 MeV andfiw=2.0 MeV|[35] for the reactions consid-
channel is positive. For the nearly symmetric DNS consid-€€d in the following. Further, we set the width

ered, the quasifission barrier resulting from our calculations- 2-8 MeV in Eq.(16) which means that the friction coeffi-

is consistent with the existence of a reflection-asymmetri¢€nt iNR has the same order of magnitude as the one calcu-
third minima found experimentallj29] in some heavy nu- ated within the one-body dissipation modd#,13]. The

. : I . possibility to apply the Kramers expression to relatively
g!’;\(alltéu?gt(ijo\;nvg[g(;? elts\r/]vi; rgggiilramngnrggﬁ(ra%sicnoplgcgﬁgnll]c rtzzct:Op'égmall barriers was demonstrated in Rgf6]. The transient
h litati ) ; h a third well is th let times are quite short for the considered excitation energies
€ qualitative reason Tor such a third Well 1S In€ COmpleteg+« 5, quasifission barriel8,; and, therefore, the use of

fOfma“O’.‘ of the _fragme_nts at_the_ scission point. Inqeed_, E?expressior(lG) is justified. As in fission where more chan-
nucleus in the third minimum is similar to a DNS which is a5 are involved, the Kramers formula is suitable here

kept against the decay by the barrier. Our calculations of thgyithin the accuracy of the calculation of the potential barri-
potential energy of touchingscission-point configurations  grs.

are more appropriate than the liquid drop calculations for the The diffusion in mass asymmetry is quite fast and the
fission in which various phenomenological criteria of SCiSS-temperatureG) for a nearly symmetric DNS is about 1.5
ion are used instead of the dynamical treatment of the scissyjev in the reactions considered. Therefore, we find
ion stage and of the transition to separate nuclei with diffel’-exp(—qu/®)%O_7 in Eq. (16) for a quasifission barrier of
entN/Z ratios. 0.5 MeV and the calculated yields of nearly symmetric prod-

In Eq. (14), only the neck degree of freedom is assumedycts are not crucial to the value Bf; in the interval 0~0.8
to be frozen. Within the two-center shell mod29] the DNS eV for z=Z,,/2+ 10.

has a neck parameter=0.8, which corresponds to the neck
formed due to the overlap of the diffused tails of two nuclei. D. Charge and mass yields for quasifission

In Ref.[19], we found_ b n_eck Size remains prqctlcally The measurable charge and mass yields for quasifission
constant during the time of fusion or quasifission, since we

can be expressed by the product of the formation probability

obtained very large inertia in the microscopical treatment. | . . ,
the calculations with the two-center shell model, the quasli’IPZ'N(t) of the DNS configuration with charge and mass

o . . X asymmetries given b¥ andN, and of the decay probability
fission barrier exists even for a large neck size, and the APk represented by the quasifission ra@f :
pearance of this barrier is not related to the frozen neck in P y q N
Eq. (14). [t
The decay of the DNS iR can be treated with the one- YZ,N(to)zA%NJ P2 n(t)dt. a7
0

dimensional Kramers rat82—-34 A%f,\,(@),
Here,t, is the time of reaction which is determined by solv-

[[T\2 r : :
qf - - Bgf\2_ ing the equation
AZN(O) 2 moBar <2ﬁ + (w=af) Zh) t
: 0
Bai(ZN) ;\1 [A%TN"'Afzit—z,Nmt—N] fo Pzn(D)dt=1—Pcy,
X ex “eEN (16)

whereNo= Ao~ Ztor aNdPen=27<7, . n<Ng Pz N(t0) IS
which exponentially depends on the quasifission barriethe fusion probability, defined by the fraction of probability
Bqi(Z,N) for a given charge and mass asymmgt$]. The  existing at timet, for Z<Zggs andN<Ngg. With this defi-
heightB; of this barrier uniformly decreases with increasing nition, the calculated values &y practically coincide with

Z up to the symmetric DNS because the increasing Coulomkhose obtained in Ref14] with another method. Mainly, the
repulsion leads to very shallow pockets in the nucleusdecay of the DNS wittZ>Zgq contributes to the quasifis-
nucleus potential for near symmetric configurations. Thesion yield. The DNS witiz <Zgs are assumed to evolve to
temperature®(Z,N) is calculated by using the Fermi-gas the compound nucleus with a high probability. In general, the
expression® = \E*/a with the excitation energ¥* (Z,N) characteristic timéa few units of 102* s) of this evolution

of the DNS and with the level-density parameter s shorter than the decay time of the unstable superheavy
=A,/12 MeV 1. If the fusion barrier in th& coordinate is compound nucleus or unstable superheavy nucleus in the
located atZ=Zzs (Businaro-Gallone pointNgg is chosen  very asymmetric DNS.

from the minimization of the potential energy with respectto  The mass yield of quasifission products is defined as fol-
N at fixedZ=Zgg), the excitation energ¥* (Z,N) of the  lows:

DNS increases with decreasifgfor Z<Zgg and with in- _

creasingZ for Z>Zzg. The calculated DNS potential energy Y(Ae) ; Vz.ap-zlto)- (18
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For the energies above the Coulomb barkigr, the cap- larger than the deformations of the nuclei in their ground
ture cross section is estimated as states. These large deformations of the DNS nuclei have to
be considered to explain the experimental data of the TKE of
the quasifission fragments. However, the increasB Qf in
Eq. (13) with Bp— B3° and Br— BY° is compensated within
0.5-3 MeV by the decrease of the nucleus-nucleus interac-
wherefJap= V2uRE(Ecm—Vy) and must be smaller than  tion, Therefore, foBp> % and B> B2° the DNS potential
the critical angular momenturd,;; . The trajectories with energy as a function & andN atR=R,, (driving potentia)
J=Jcrit contribute to deep-inelastic collisions. In the DNS \yeakly depends on the deformation parameters and
model[13,14,18, the total quasifission cross section U(Rm.Z.N,Bp,B7,)~U(Rpy,Z,N, 5%, 8%° J). The same

Tai(Eem) ~[ 1~ Pen(Ecm) = Pi(Ecm)10cap( Eom) ) g?)?ntb%gggl([:gg?d from the calculations within the scission

The distribution of the fragments in charge, mass, and
depends on the capture cross sectigp,, for the tran-  deformation can be written as
sition of the colliding nuclei over the entran¢€oulomb
barrier and on the probabilityP-y of the compound W=W(Z,N,Bp,Br)
nucleusﬁsformatlont after the capture. HereP; =Y N (to)Wp (ZN)Wg (Zi—ZNig—N).  (22)
=37n8A7 Z,NtothIOOPZ,N(t)dt' In the DNS model, the

tot ™
projectile is captured by the target and a DNS is formedHere,wg(Z,N) is taken as a Gaussian probability distribu-

which either evolves into the compound nucleus or decaysion in deformation at fixed values @& andN:

by quasifission. Since in this paper we are mainly interested

in reactions with heavy ions which occur near the Coulomb 1

barrier and have quite small values By, only partial Wg(Z,N)= \/Z—ZGXF{—(,B—<,3>)2/(202)], (23
waves with angular momenthless than the critical angular Top

momentum contribute tory;, andog~oc,, S€EMS to be a 2
good approximation. Larger values dtontributing to deep- with 0= w,ip/ (2C,ip) cot 7w, /(2kO)], Where
inelastic collisions are not treated here. The total quasifissioffvin(Z,N) and C,j,(Z,N) are the frequency and stiffness
Cross SECtiOqu(EC_m)=2Apaqf(Ec_m_,Ap) can be split into parameter of quadrupole vibrations, respectively. The stiff-

the cross sections,(Ecm.,Ap) of the quasifission products ness parameter is determined|as]

wh?
Ucap( Ecm)= chap(Jcap"' 1), (19

with certain mass number&, of the light fragment. The 2 2/3 2
cross section of the yield of quasifission products with mass C.u(ZN)= hw,ip[3Zro(Z+N)=/(4m)] (24
Ap is thus defined as ’ 2B(E2),ip
4i(Ecm. Ap) =Y(Ap)ocap(Ecm) (21)  Since not in all nuclei the first vibrational levels are well
_ defined, we take 2 states presented in Ref40] as
with 2 Y(Ap)=1—Pcn(Ecm) = Pi(Ecm)- vibrational ones if B(E2)®*P<0.55e?b?. If B(E2)%*P
>0.55e?b?, the 2" states with the energi;’" presented
E. Total kinetic energy distribution in Ref. [40] are considered as rotational ones. In this

In order to calculate the average total kinetic energyc@Se€ fiw,ip and B(E2),j, can be estimated a#w,i,
(TKE) of the quasifission products and its dispersion, one~E5+ B(E2)®*P0.55€?b” and B(E2),i,~E;:"B(E2)**¥
has to regard the deformation of the fragments in addition(% w,;,) =0.55€?b?. For known vibrational states in nuclei
Calculating the nucleus-nucleus potential with Etd) and ~ with fw,;,>E,+, this estimation seems to be quite good.
the binding energies with the two-center shell model, weSince (8) is larger than theB value in the ground state
found that the equilibrium deformations of the DNS nuclei because of the polarization effects, we assume here that the
deviate from their values in the ground states due to polar8 vibration around(8) has the same properties as tBe
ization effects. The polarization is quite strong for nearlyvibration near the ground state.
symmetric DNS because of the strong Coulomb interaction Applying distribution(22) we calculate the average total
[37]. For the nuclei withA=A,,/2+20 in the DNS, we Kkinetic energy as a function of the mass numbBgr=2Z+N
found deformations which are about three to four timesof the light fragment:

(TkEan) = [ [ dpeasr 3 TREW / ( | [ageas: 3, W)

Z+N=Ap Z+N=Ap

“22‘4 TKE|BP—<BP>YZ,APZ(IO)/ ; Yz,a,-2(t0), (25

Br= <,BT>
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with TKE=V,c((Rp) + Veoul(Rp), Where the radiu®k,=Ry(Z,N,Bp,B7) is the position of the Coulomb barrier.
The variance of TKE can be written as a sum of the contributions of variances of the exchange of nucleons and of the
deformations:

U'%KE(AP) ~ EZ: TKE2| gpfé‘gP;Yz,AP*Z(to) / EZ: YZ,Apfz(tO) - <TKE(AP)>2 + [U'T'erE(AP)]ﬁght nucleus ‘P”
T \PT

def
+[UT2E(AP)]ﬁeavy nucleus T” » (26)
where
ITKE)?
def 2_ 2
[oTRE(Ap)]f =2 (ﬁ—ﬂj) po— (o0 5 Y2, 2(t0) / 2 Yza,-2(t) 27)
Br=(B1)
with j= “P"or “ T.”
|
lll. RESULTS AND DISCUSSION to be larger for larger beam energies. In Fig. 1, the value of

- * ;
The decay rate of the DNS is calculated by using theexcnatlon energyEcy of the corresponding compound

. . s
value of B4¢(Z,N) determined with potentiall4). The de- nucleus is related to the bombarding ener§y,, =Ecy
crease ofBy; with increasingZ was demonstrated in Ref. —Q, which exceeds the Coulomb barrier by the value
[16]. In all reactions considered here, the lifetimeof the % _ _ _ _
DNS is about (3—4X 10 2° s, which is in agreement with cn~[U(2=20N=28)+Bqi(2=20N=28)]
the time extracted from experimental d@dd]. The presence =E*(Z; ,N;)—Bq((Z=20N=29),
of AQTN;&O in Eq.(9) decreases the yield of symmetric DNS.
Thus, this decay term is very important for the correct de-whereZz; andN; are the initial values.
scription of the yield of quasifission products which are Figure 2 shows the mass yie¥{Ap) and the variance of
formed during the reaction timig. This time is at least ten the TKE of the fragments as functions of the mass number of
times larger than the characteristic time of deep inelastic colthe light fragment for the hot fusion reactiotfCa+ 23U
lisions. —286112 in comparison with experimental dafa,6]. It
The calculated mean values of the TKE for the productshould be noted that the small oscillations in experimental
of nearly symmetric quasifission in all reactions consideredlata are comparable with accuracy of the measurenights
follow the experimental Viola systematic:(TKE)
=0.13172 /A3 [42]. This systematic is close to the experi- 5L PO S R B B N
mental one(TKE)=0.133 2Z2 /AX3—11.64 given in Ref. F
[43] for nuclei in the mass region 230A,,,<256. It should
be mentioned that the experimental determination of the
TKE has large systematic and statistical uncertainties. For
example, forAp=A/2+20 in the *Ca+2%U reaction,
Refs. [6] and [5] give (TKE)=246+4 MeV and 237
+4 MeV, respectively. The calculat§@KE) is 248 MeV
and close to the results 249 MeV of R¢A2] and of 242
MeV of Ref.[43].

A. Hot fusion reactions

1. Reactions with*Ca beam

The quasifission barrier increases farvalues smaller

than the atomic number of projectile, which hinders the de- ST
. . . . 10 | ! | ! | ! | ! | ! | ! |

cay of asymmetric DNS. However, as is shown in Fig. 1 for 20 40 60 80 100 120 140
the *®Cat 2*Pu— 292114 fusion reactioi21,22, also small A
yields of nuclei down to Ne can be seen in the quasi-
fission distribution which are presently possible to measure. FIG. 1. Mass yield of the quasifission products as a function of
The measurement of the products witlp=~20 and 28 in  the mass number of the light fragment for the hot fusion reaction
collisions near the Coulomb barrier would confirm the evo-*Ca+2*Pu—2°?114 at a bombarding energy corresponding to an
lution of the DNS to the compound nucleus in the massexcitation energy of the compound nucleus of 42 MeV. The avail-
asymmetry coordinate. The yield of light products is knownable experimental dafd] are shown by solid points.

P
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FIG. 3. Calculated dependence of the potential energy of the
DNS as a function of the mass number of the light fragment for the
_ 4Ca+ 2% reaction atl=0. The deformation parameters are taken
D0 o) IRV E T N R B B T from Ref.[40] for the nuclei of the DNS. The potential energy is

70 80 90 100 110 120 130 140 minimized with respect to thbl/Z ratio, Ap=Z+N.

A

p

present results reveal more structure. Bgr>48, the maxi-
mum yield of the quasifission fragments occurs around the

function of the mass number of the light fragment for the hot fusionr?UCIE"USZOSPb for the heavy fragment where Fhe DNS poten-
reaction “®Ca+2%%J—2%6112 at a bombarding energy correspond- tial energy has a mlnlmurﬁl?]. Together with the decay
ing to an excitation energy of the compound nucleus of 33.4 Meyverm in Eq.(9) the evolution of the DNS is hln_dered to go to
The experimental dafidl] are shown by solid points. Sma”er. _mass asymmet_ry an.d, cqrrespond[ngly, the decay
probability from the configuration witR%Pb is increased. In
As was experimentally found in Ref44], near the initial the reaction“Cat+*% (**Cat?*Pu), the height of the
masses the maximum of mass distribution near=A;=48  peak arounchp=80 is 4.5(3.5) times larger than the height
is slightly shifted towards smallehp=42—44, while the ©f peaks in the symmetric mass region.
maximum of charge distribution correspondsze Z;= 20. The minima in the dependence o on Ap are related
The same is obtained in our calculations. We note that nedp stiff nuclei in the DNS such as Zr, Sn, and Pb. In the DNS
the initial masses, the quasifission events overlap with thavith soft nuclei, larger values ofo§§)? contribute to the
products of deep-inelastic collisions and were taken out iraxima in o2, £(Ap). Considering the fluctuations of the
the experimental analysis, since they are difficult to discrimi-DNS charge asymmetighe fluctuations due to the Coulomb
nate from the deep-inelastic events. Since the calculationsiteraction at the fixed mass asymmetry, the fluctuations of
were performed with angular momenta less than the criticalhe quadrupole deformation parameters of the DNS nuclei,
angular momentum and deep-inelastic or quasielastic colliand the fluctuations of the bending mode in the DNS, it is
sions were not considered, the calculated peak near the initiplossible to explain the large variance of the TKE distribution
masses corresponds to quasifission only. The quasifissias a function of the mass numbers of the fragments.
barriers are rather small in the entrance channel of the reac- The calculated data in Fig. 2 are related to the primary
tions considered. If the quasifission barrier for the initial (before neutron emissioriragments. Therefore, the maxima
mass asymmetry would be larger, this peak would not be sand minima in the calculated functioN§Ap) andaiKE(Ap)
pronounced and could even vanish. are more pronounced. The postneutron evaporation washes
Maxima in the mass and charge yields arise from minimaut some peculiarities of these functions. Taking into account
in the driving potentialU(R,,Z,N, 8%°,8°,J=0) (see Fig. the experimental uncertainties in the identification of quasi-
3) and are caused by shell effects in the dinuclear system. Ifission and fusion-fission productfor the calculated ratio
Fig. 3, we present the driving potential as a functionA@f  between the quasifission and fusion-fission see Tablend
after minimization ofU with respect to thé\/Z ratio at each the measurement of mass and eneffjy6], the agreement
Ap. In comparison to our previous calculations of the mas$etween the calculated and experimental data is quite good.
yield of the quasifission producfd6], where only the DNS In the experiment besides the quasifission and fusion-fission,
evolution in Z was treated andN strictly followed Z, the the fission of the heavy nucleus in the DNS with a following

FIG. 2. The calculategsolid lines mass yieldlupper parn and
variance of the TKElower par} of the quasifission products as a
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TABLE |. The calculated average variance:?,,KE of the TKE for the nearly symmetric quasifission products wAth/2—20<Ap
<A/2, fraction PCN/Eﬁfﬁm,z,on(Ap) of the fusion-fission events with respect to the quasifission events in the mass Aggi@n
—20<Ap=<A/2, the calculated average total numbers of emitted neutrons for nearly symmetric quasifission spitffig¢™) with
Aioi/2— 20<Ap<A,,/2 and for the quasifission splitting N1 '~ 2%Y™) with Ap<A,,/2— 20. The reactions and the energies of correspond-

ing compound nuclei are indicated.

Reactions 2,7, E&n o2e PCN/Ef\:J;’it 12 20Y(Ae) (Mtot-sym, (Mtot-asymy
(MeV) (MeV?) °
4OAr + 1%%Ho 1206 89 119 1.1 5.5 3.7
120 143 0.7 7.3 5.0
S6Fe+ 192%Ke 1404 105 348 9410 2 5.7 3.0
120 379 1.%x10°?! 6.5 3.4
“8Cat 23y 1840 33.4 756 58102 7.0 5.4
50 840 2.410°1 8.1 6.4
“8Cat 2>Np 1860 33.2 728 28102 6.5 4.9
50 812 1.6¢10°* 7.7 6.1
48Cat 2*4Pu 1880 34.8 805 14102 7.5 5.4
42 846 4.%10°? 8.2 6.2
50 893 1.1x10°* 8.5 6.4
“8Cat 243Am 1900 33.7 807 60103 7.4 5.2
50 893 3.%10°? 8.4 6.3
“BCat2Cm 1920 37 889 4R10°3 8.2 5.9
50 949 1.0< 1072 9.2 6.9
48Cat 2Bk 1940 324 865 15103 8.0 5.6
50 933 9.x10°° 9.1 6.7
4BCat 24Ct 1960 30.6 808 18103 7.7 5.4
50 949 3.%10°? 9.0 6.8
S0Tj +248Cm 2112 50 932 88103 9.0 6.8
S4Cr+248Cm 2304 50 995 3810°* 9.4 7.2
64N + 24Py 2632 50 1021 9%10 6 10.0 7.8
64N+ 24Cm 2688 50 1073 701076 10.4 8.2
58Fe+ 20%pp 2132 14.5 420 4010°° 3.5 2.1
30 484 5.%10 2 4.8 3.2
S8Fe+232Th 2340 53 878 6.210°4 8.3 6.2
S8Fet249py 2444 44 941 5%10°° 8.9 6.7
50 971 24104 9.4 7.3
S8Fe+ 248 Cm 2496 33 900 7R10°6 8.3 6.2
50 984 6.x10°° 9.7 7.4
S8re+ 249t 2548 33 841 6.210°6 8.3 5.9
50 918 6.%10°° 9.6 7.4
64N+ 298pp 2296 125 499 1210°° 3.5 2.1
20 549 1.&10°3 4.1 2.8
30 609 8.5 1073 4.9 35
"ONij +29%pp 2296 20 565 4210°° 4.8 2.8
30 625 3.5%104 5.6 3.4
86K r + 198pt 2808 25 692 4R10°7 4.8 2.8
50 827 3.X10°° 8.2 5.5
86Kr +2%8pp 2952 17 738 241077 4.8 2.8
30 813 2.x10°° 7.0 4.7

fusion of one of the fission fragments with the light nucleusdata in Fig. 4. Since the DNS has a large moment of inertia,
of the DNS and ternary processes with the emission of a lighthe data calculated far=0 and 70 are very similar. There-
particle are identified as two-body processes of completéore, the dependence of(Ap) and o2, c(Ap) on angular
momentum transfer. momentum is rather weak that confirms the applicability of
For the “Cat+2%Cm reaction, the calculated data of Egs.(20) and(21). For Ap>100, [ 02" (Ap)]? mainly con-
Y(Ap) and a%KE(Ap) are compared with the experimental tributes tOO’%—KE(Ap) (Fig. 5); the same is for all the reac-
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FIG. 4. The same as in Fig. 2, but for the hot fusion reaction
“8Cat 24Cm—2%%116 at the bombarding energy corresponding to
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FIG. 6. Calculated variance of the TKE of quasifission products
as a function of the excitation energy of the resulting compound
nucleus in the hot fusion reactidfiCa+ 24Cm.

tions considered. The contribution to the variance of TKE
due to the nucleon exchange is more important in the decay
of more asymmetric DNS. With increasing excitation energy,
the variance of the TKE of quasifission products wib

an excitation energy of the compound nucleus of 37 MeV. The

results calculated fo¥=0 and 70 are presented by solid and dotted
curves, respectively.
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FIG. 5. The fluctuations in deformatiofsolid line) and in
nucleon exchangglotted ling to the variance of the TKE of quasi-

fission products as a function of the mass number of the light frag-

ment for the hot fusion reactioffCa+2**Cm at a bombarding en-
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FIG. 7. The same as in Fig. 2, but for the hot fusion reaction

ergy corresponding to an excitation energy of the compound®Cat ?4%Cf—2%7118 at the bombarding energy corresponding to an

nucleus of 37 MeV.

excitation energy of the compound nucleus of 30.6 MeV.
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¥Ni+*Ccm-

60 80 100 120 140 160

FIG. 8. The same as in Fig. 2, but for the hot fusion reaction
64N 1 24 312 : .
Ni+2#Cm— %124 at the bombarding energy corresponding t0 £ 9 The same as in Fig. 2, but for the hot fusion reaction
an excitation energy of the compound nucleus of 50 MeV. S8Fe+ 232Th—.2%01 16 at the bombarding energy corresponding to an
) ) ) excitation energy of the compound nucleus of 53 MeV.
=A/2=20 smoothly increase@-ig. 6), mainly due to the
increase ofr; with © in Eq. (27). ber of the target. The symmetric quasifission in ttfEe
Besides the maximum iM(Ap) corresponding to Pb as a +24%Cf reaction is minimal among all considered reactions
heavy fragment, the maximum corresponding to the neutrowith >8Fe.
numberN=50 in the light fragment is also pronounced in
the calculations for the reactiorf§Ca+ 2*%Cm (Fig. 4) and B. Cold fusion reactions

48 24 ;
Cat**Cf (Fig. 7. The calculations of quasifission products for the cold fu-

i 2 64N
+2|£C'219'r 8, ;/iven s:O\;VY(tﬁP) IaTg UfTKEE:r;) t];?r ftrhem Nr:t i sion reactions are important for the planned quasifission ex-
eaction. Here, the yield ot symmetric fragments Sgeriments in many laboratories. Figures 14—17 show the

smallerthgn in Fig. 4,_becaL_Jse the probability of the decay o uasifission distributions of mass and the variance of the
asymmetric DNS configurations is larger due to a larger COUTKE for the cold fusion reactions®ce 47N and 8Kr

lomb repulsion and smaller values of quasifission barriers. In, 5 2 .
. . . + .
Fig. 8, the value ofr2, for symmetric products is smaller "Pb[20]. The dependenced(Ap) and oe(Ap) are in

A o . uite good agreement with available experimental data
than in Fig. 4, because of the smaller excitation energies #he maxima ofY(Ap) at Ap=118-130 are related to Sn
the DNS at symmetric splitting.

isotopes in the DNS and correspond to the minima of the
potential energy as a function éf, .

Since the quasifission barriBg(Z,N) increases with de-

Figures 9-13 show the calculated results for the reactionsreasingZ and increasing number of neutrons in the system,
8Fe+ 232Th, 24pu, 2%Cm, and #°Cf which agree quite the difference between the quasifission distributions in cold
well with the available experimental d4th]. As in the reac- and hot fusion reactions is related to different choices of the
tions with “Ca, the calculated curves have more pronouncedolliding nuclei. We found for the reactiorf®Kr+2°%h
structures than the experimental data. In Fig. 11, one can see?®*118 that the quasifission products are practically asso-
that the decay of the DNS consisting of stiff nuclei such asciated with fragmentations near the initial DNS due to small
Ni, Sn, and Pb lead to minimal variances of the TKE. Thevalues of the quasifission barrieBg . In the Pb-based reac-
average values of the variances of the TKE of quasifissiomions, the relative yield of nearly symmetric quasifission
products withA/2—20<Ap<A,/2 are listed in Table | fragments decreases with increasing atomic number of the
for various reactions. The relative yield of the quasifissionprojectile and is, in general, smaller than in the actinide-
products withAp>80 decreases with increasing charge num-based reactions withéCa.

2. Reactions with*®Fe beam
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A FIG. 11. Calculated charge yieldpper partand variance of the

P
TKE (lower par} of the quasifission products as a function of the

FIG. 10. The same as in Fig. 2, but for the hot fusion reactionatomic number of the light fragment for the hot fusion reaction
8t 244py 302120 at the bombarding energy corresponding to an>®Fe+2*4Pu— 302120 at the bombarding energy corresponding to an
excitation energy of the compound nucleus of 44 MeV. excitation energy of the compound nucleus of 44 MeV.

The yield of symmetric products of quasifission increasesn good agreement with the experimental data presented in
with increasing number of neutrons in the system due tdRef.[2], especially neaZ=40. For example, the calculated
larger values oBy;. The dependence af2,.(Ap) on the  0q(Z=38-40)~82 mb and the experiment gives about 90
neutron number of the projectile is, in general, rather weaknb. The cross section of fusion fission is estimatedoas
(see Figs. 15 and 16With increasing number of neutrons, =0¢a,Pcn=40 mb that contributes o(Ap~Ay/2)
the variance of TKE can be changed due to the change i o-/\/27ro-A2=1.3 mb to the symmetric splitting at the vari-
stiffness of the nuclei in the DNS and due to the dependencences3= 150 of mass distribution. Thus, in this reaction the
of DNS excitation energy omp. In the ®Ni+2%Pb reac-  quasifission mainly leads to products with-36-40. We
tion, the value ofo2(Ap~A,/2) is smaller than in the should note that experimental data were not shown in Fig. 19
"ONi+2%%Db reaction, which is explained by a larger fractionfor Z<36, because it was difficult to discriminate the quas-
of the DNS with the stiff nucleus*®Xe. Indeed, the nucleus (ifission events from the deep-inelastic events near the initial
138xe is two times stiffer thant*®Xe appearing the reaction masses in the entrance channel.
with "ONi. In the *°Ar+1%*Ho reaction aE, , =155 MeV, we found

For the 8Kr+ 9%t reaction, we demonstrate in Fig. 18 good agreement between the calculated and experimental
that the calculated mass distribution of quasifission productsalues of the full width half maximum of the symmetric
with maxima atAp=70-90 and 100-110 well correspond to mass distribution, namely, 30 and experimentai-33[ 3],
the minima or flat regions of the driving potential. The bar-respectively.
rier of 22 MeV prohibits the motion of the initial DNS in
mass asymmetry towards the compound nucleus. Due to this p. Competition between fusion-fission and quasifission
barrier, the probability to find the DNS witAp<<60 is very processes in the yield of symmetric fragments
small and quasifission mainly results with products of 60

<Ap<130. The relative contributions of the fusion fission with re-

spect to the quasifission to the yield of symmetric products
are listed in Table | for various reactions. The contribution of
fusion fission is mainly determined by the fusion probability
ForE. =225 MeV in the**Xe+ %Fe reaction, one can Pcy, since the survival probability of excited compound
takeJ,p=110 and estimate,, as 900 mb. The calculated nucleus is much less than unity. Although this contribution
quasifission cross sectiong s as a function o (Fig. 19 is  increases with bombarding energy, it remains quite small in

C. Quasifission in lighter systems
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FIG. 12. The same as in Fig. 2, but for the hot fusion reaction
$8Fe+ 248Cm— 39122 at the bombarding energy corresponding to  FIG. 13. The same as in Fig. 2, but for the hot fusion reaction
an excitation energy of the compound nucleus of 33 MeV. *%Fe+ 249Cf— %7124 at the bombarding energy corresponding to an
excitation energy of the compound nucleus of 33 MeV.

the reactions considered. Therefore, in these reactions the . fthe h | i th - h .
quasifission mainly gives the yield of nearly symmetric prod- Ission of the heavy nucleus in the DNS can effect the quasi-
ucts. The small contribution of fusion fission to nearly sym-fISSIOn and fusion when the DNS Moves towards 'argef mass
metric products was also obtained in Rgf5] for few reac- asymmetry (smgllgr Ap). We egtlmate the probability
tions without the description of the observable characteristicj”s(AP_) of the fission of the heavier nucleus of the DNS as
of quasifission. The ratio between the motions of the DNS t ollows:
more asymmetric and more symmetric configurations de- to A
pends on the initial mass asymmetry in the entrance channel Y;i(Ap)= >, f Pza ,z(t)Afz'S 7N A 1z(D)dL
and decreases exponentially with increasing charge number 2 Jo ) for et TP
of the superheavy compound nucleus. (28)

For example, for the reactiorfCa(E, =193 MeV)
+233 (Fig. 2), the calculated cross section of the yield of Assuming the transient time to be small, the fission rate is
quasifission fragments with mass numbeks, /220 is changed by its quasistationary value estimated with the
about 4.5 mb af;,,= 25, in good agreement with the mea- Kramers formula
sured value of about 5 mBb5]. For larger energyE.

=216 MeV, at J.,,=80 we have oyi(Ap~A/2) _ 1 o T2 r

=2.9 mb. At this energy we findcy=1.35<10 2 and, AfZ'SN(@)):——gS( (—O) +wf2——0)
therefore, the contribution of the fusion-fission mechanism to ’ 2m wf 2h 2h

the fusion-fission cross section of symmetric fragments is Xexd —B:(Z,N)/®(Z,N)], (29

011(Ap~A/2) = 0capPcn/V2mop~0.1 mb at the mass

: 2
varianceo; =1000. . .
TA where wys and ¢ are the frequencies of the oscillators ap-

proximating the fission-path potential at the ground state and
on top of the fission barrier, respectively, in a nucleus \ith
and N. For our estimates, we takewys=hw;=0.5 MeV,

In actinide-based hot fusion reactions, there is the possiF,=2 MeV, and the fission barrié;(Z,N) is calculated as
bility of fission of heavy nucleus in the DNS. Since the fis- a sum of a liquid drop paf&46] and shell corrections used in
sility increases with the charge number of the nucleus, th&ef.[47].

E. Fission of the heavy nucleus in the DNS
in hot fusion reactions
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FIG. 14. The same as in Fig. 2, but for the cold fusion reaction P

S8Fe+ 20%p 266108 at the bombarding energy corresponding to an

o FIG. 15. Th in Fig. 2, but for th Id fusi ti
excitation energy of the compound nucleus of 14.5 MeV. G IS € same as in Fig. 2, but for the cold fusion reaction

64Ni +20%b— 272110 at the bombarding energy corresponding to an
excitation energy of the compound nucleus of 20 MeV.

The probability of fission of a heavy nucleus increases

with its charge number and excitation energy. Since in all theission fragment™ “projectile-like nucleus”) is about 25

considered reactions the DNS excitation energy &3d,  MeV smaller than the average TKE of quasifission products.
decrease with increasing mass asymmetry with respect to the

initial DNS, the fission in the DNS is mainly visible near the
initial configuration. More symmetric DNS configurations . )
consist of nuclei with quite large fission barriers, which pro- _ASsuming a small number of neutrons emitted from the
hibits the fission at the excitation energies considered. DNS before it decays, we estimate this number as follows:

While in the “*Cat-***Cm reactionS _Yiis(Ap)~0.012

at the bombarding energy corresponding tBgy
=50 MeV, =, _Yiis(Ap)=0.035 in the*®Cat+ ***Cf reaction

at the same excitation ener@gf, (Fig. 20. Therefore, the
fission in the DNS is perceptible in the reactions where one
of the partners hag&>96 andEg,>30 MeV. ForE,,, cor- Where we use the quasistationary rate of neutron emission
responding t€gy=33 MeV, =4 Yis(Ap)~0.007 and 0.03  from the wo DNS nuclei:

in the reactions®Cart+ 245Cm and“éCa+ 2*°Cf, respectively. [0(Z,N)]X(Z+N)2?
In these reactions we havBa__a _/+20Y(Ap)=0.08 and AZN= ' O exd —Bn(Z,N)/O(Z,N)].

0.02, respectively. Therefore, in the reactions with targets (31)
with Z>96, the fission of the heavy nucleus in the DNS with

a consequent fusion of one of the fission fragments with thélere,B,,(Z,N) is the binding energy of a neutron in the DNS
projectilelike DNS nucleus can sufficiently contribute to the nucleus with mass numbe&k,=Z+N and we assume that
yield of symmetric products, resulting from two-body pro- the excitation energy of the DNS is distributed between nu-
cesses of complete momentum transfer. For example, iflei proportionally to their masseg®(Z,N)=0(Z
248Cm is split up into'%Mo and *%Xe, %Mo+ %8Ca forms  —Z,N;;;—N)].

156s5m, which we observe together witi%e. The TKE of After the decay of the DNS, the number of neutrons emit-
one of the fission fragments and the other nucleasdather  ted from the nuclei is calculated as

F. Preneutron and postneutron emission

t
(M) (Ap)= ; foopz,AP—z(t)D\E,Ap—z(t)

+)\Qtotizthothpﬁ’z(t)]dty (30)
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MPROSY (A Ap > Yzpp-2(1)ET(ZN) Atot—Ap Yz,ap-2z(t0) E* (Z,Ap—2)
M Ae) = R % (BaZ A2 7 20(ZA0-2)) | Aot % (BuZwr ZNow At 2)720(Z A0 2))
(32

where the DNS total excitation energyE*(Z,N) tions indicated.The theoretical data practically agree with the
=E*(Z;,N;))+[U(Z;,N;)—U(Z,N)] is obtained from the experimental datfl]. The calculated results ofi{1°'sY™)
excitation energy* (Z;,N;) of the initial DNS, and the dif- and (MP'"2%Y™) are summarized in Table I.

ference of the potential energies of the initial DNS and of the

DNS with Ap. Here,(B,(Z,N)+20(Z,N)) is the average IV. SUMMARY

excitation energy carried by an emitted neutron from the The main conclusions are the following:

light nucleus. . (1) The diffusion in chargémas$ asymmetry and in rela-
The calculated values ¢Mp")(Ap) and the total num-  ve distancethe DNS decaycoordinates contributes to the
ber of evaporated neutrongM;*)(Ap)=(M{")(Ap) yields of quasifission products.
+(MPSY(AL) as functions ofAp are presented in Figs. 21 (2) The quasifission products of hot fusion actinide-based
and 22 for the reaction®Ca, 58Fe+244Pu, and?4Cm. Al-  reactions with*®Ca and °®Fe projectiles are correctly de-
though the neutron emission from the DNS increases wittgcribed with the DNS model. The estimated variance of total
the DNS excitation energy, it remains relatively small for all kinetic energy of the quasifission products is in agreement
the reactions considered. The maxima Mf?"®)(Ap) corre- with the experimental data. The calculations confirm the in-
spond to the maxima o¥(Ap), i.e., the DNS lives for a fluénce of shell effects on the DNS evolution. Indeed, the
longer time. The calculated average total numbers of emittef}2Xima of the quasifission yields correspond to the minima
neutrons for nearly symmetric quasifission splitting of the DNS potential energy as a function of mass asymme-

tot—sy ; _ .
((Mp ") with Ayo/2— 20<Ap=A,/2 and for the quas- (3) For the cold fusion reactions leading to the superheavy

ifission  splitting (M 2T) with Ap<A/2—20 are  glements, the quasifission products are practically associated
compared with the measured values in Fig. 23 for the reacwith fragmentations near the initigentrance DNS. How-

ever, the increase of the neutron number in the DNS results

008 ———T ] in a larger fraction of nearly symmetric splitting.
0.07 | —
0.06 : 86 208
: 0.004 Kr+Pb_
0.05[
005k
< r
> 0.04 r —~
i <
0.03
: > 0002 -
0.02
0.01
T ] 0.000
800 |- e 1200 |- . -
600 - - N%
< I =
= = -
: ¢
¥ 400 - | ~
~g © 600 -
20| | 400 - * . . . K+ P
I 1 % e ° 1
1 200 I | 1 1 1 | 1 1 1 | 1 1 1
o 1w . o 120 130 A 140 150
A, P

FIG. 16. The same as in Fig. 2, but for the cold fusion reaction FIG. 17. The same as in Fig. 2, but for the cold fusion reaction
"ONi +2%%h— 278110 at the bombarding energy corresponding to an®Kr+2%8Ph— 294118 at the bombarding energy corresponding to an
excitation energy of the compound nucleus of 20 MeV. excitation energy of the compound nucleus of 17 MeV.
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FIG. 20. Calculated probabilities of fission of the heavy nucleus
in the DNS as a function of the mass number of the light DNS
nucleus. The results for th&Ca+2%Cm reaction aE&y=37 and
50 MeV are presented by solid and dashed curves, respectively. The
results for the*®Cat+ 24°Cf reaction atE&y=30.6 and 50 MeV are
presented by dotted and dash-dotted curves, respectively.

FIG. 18. Upper part: Calculated potential energy of the DNS as

a function of the mass number of the light fragment for Br

+ 198t reaction atJ=0. The deformation parameters are taken
from Ref.[40] for the nuclei of the DNS. The potential energy is
minimized with respect to th&l/Z ratio, Ap=2Z+N. Lower part:
Mass yield of the quasifission products as a functiol\pffor the

cold fusion reaction®®Kr+%%t—284114 at a bombarding energy
corresponding to an excitation energy of the compound nucleus of

25 MeV.
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80 |

Oy (mb)
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FIG. 19. Calculatedsolid lineg cross sections for the quasifis-

10- T T T T T T T T T

0.025 | .
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< 0015} 1
0.010
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0.000 k¥

FIG. 21. Calculated totgupper parnt and predecaylower par}

sion products as a function of the atomic number of the light frag-numbers of neutrons emitted in the reacticli€a+ >*4Pu (solid

ment for the reactiot®Xe+ %Fe atE.,,=225 MeV. The experi-

mental datd2] are shown by dashed lines.

lines and *8Fe+2*Pu (dashed linesat the same energies as in
Figs. 1 and 10.
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FIG. 22. The same as in Fig. 21, but for the reactidfca N

+248Cm (solid lines and 8Fe+24%Cm (dashed linesat the same

! el FIG. 23. Calculated average total numbers of neutrons emitted
energies as in Figs. 4 and 12.

from the quasifission fragments witk,/2—20<A; (open circle
and from the quasifission fragments wifkp<<A,/2—20 (open

(4) If the heavier reaction partner wit>96 fissions, this  squares are compared with the experimental data presented by
fission with a following fusion of one fission fragment with solid circles and squares, respectively. The results for the reactions
the light nucleus of the DNS can be mixed with nearly sym-#8Ca+ 23U, 2*Pu, 2*(Cm, and 2*°Cf are presented in the upper
metric quasifission. part. The results for the reaction®Fe+2%%Ph, 2%2Th, 24py,

(5) The number of neutrons emitted from the D{Be- 248Cm, and?*°Cf are presented in the lower part. The bombarding
decay neutronsis very small in the reactions considered. energies are the same as the corresponding bombarding energies in
The total number of neutrons from predecay and postdecakigs. 1, 2, 4,7, 9, 10, 12, 13, 14.

?nc()chJerananylng the quasifission is well described in ourproducts can prove the evolution of the DNS to the com-

(6) If the compound nucleus is quite stable to be detecteo}:,)Ound nucleus in the mass asymmetry coordinate.
the quasifission process is the main factor suppressing the
complete fusion of heavy nuclei. In fusion reactions, the
fusion-fission events are much smaller than the events of the We thank Professor V. V. Volkov, Professor R. V. Jolos,
production of quasifission. The main contribution to symmet-Professor J. Peter, Dr. E. A. Cherepanov, Dr. A. K. Nasirov,
ric and near symmetric fragmentations comes from quasifisand A. V. Andreev for fruitful discussions and suggestions.
sion. G.G.A. and N.V.A. are grateful for the support of the Alex-

(7) Since the quasifission dominates in the cold and hoander von Humboldt-Stiftung. This work was supported in
fusion reactions, a comparison of theoretical and experimerpart by Volkswagen-Stiftung, DFG and RFBR, and STCU
tal data of the yields of asymmetric quasifission productgGrant No. Uzb-4% The Polish-JINR(Dubng and IN2P3
constitutes a critical test for the dynamics of existing fusion(France—JINR (Dubng Cooperation Program are gratefully
models. The measurement of highly asymmetric quasifissioacknowledged.
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