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Quasifission process in a transport model for a dinuclear system
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A new method is suggested for calculating the charge and mass distributions of quasifission products. The
quasifission is treated within a transport model describing the evolution of a dinuclear system in(otesge
asymmetry and the decay of this system along the internuclear distance. The calculated yields of these products
are in agreement with recent experimental data for the hot fusion reactions leading to superheavy nuclei. The
quasifission distributions in cold Pb-based fusion reactions are predicted.
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[. INTRODUCTION nucleus or decays$quasifission The partial capture cross
section for the transition of the colliding nuclei over the Cou-
The experimental evaporation residue cross sections itomb barrier with probabilityT(E. ,, ,J) and for the forma-
cold (2%%Pb- and?*Bi-based and hot(actinide-basedfusion  tion of the DNS is given by
reactions leading to the production of heavy and superheavy
nuclei[1—3] can be well reproduced in the dinuclear system Ocap(Eem.,d) = 72323+ 1) T(Ecm,J), i)
(DNS) model of fusion[4-9]. In order to support and to
prove the DNS mechanism of fusion, it is very crucial andwhere X?=7%2/(2uE. ) is the reduced de Broglie wave-
important to describe also other experimental observablesgngth andu the reduced mass. The probability of complete
like mass and charge distributions of the quasifission prodfusionPcn(Ecm.,J) depends on the competition between the
ucts which accompany the fusion process. The aim of thisomplete fusion and quasifission. Since in this paper we are
paper is to describe the quasifission yields inside the DN®terested in reactions with heavy ions which occur near the
model. Coulomb barrier and in partial waves with sméalvhich are
In the quasifission process one finds large mass rearrang®ical for fusion and quasifission, only partial waves with
ments between the interacting heavy ions occurring on @ngular momenta less than the critical angular momentum
short time scal§10—14. The experimental signatures of this contribute to the sum in Eq1). Larger values of) corre-
process are the large widths of mass distributions and erspond to deep inelastic collisions and are not treated here.
hanced angular anisotropy, incompatible with compound-or smallJ, the values oP¢y(E¢ . ,J) are not much differ-
nucleus fission. The quasifission conceptually bridges thent fromPcy(Egm,J=0)=Pcn(Ecm). Then we can write
gap[13] between deep-inelastic collisions, where the reacthe quasifission cross section as
tion partners get into close contact to exchange many par-
ticles without altering their average mass and chafg,
and the complete fusion process where the reaction partners
lose their identity after forming the compound nucléwg].
As shown in[4-9,15,18, quasifission and fusion have the =[1-Pcen(Ecm)locap(Ecm)- ()]
common property to be described as an evolution of the DNS
which is formed in the entrance channel during the capturd he total quasifission cross section can be splitted into the
stage of the reaction, after dissipation of the kinetic energy ofross sections¢(E.m.,A) of the quasifission products with
the collision. One can assume that the decay of the DNSertain mass numbews, o (Ecm) =Za0qi(Ecm. A).
which evolves in mass asymmetry coordinate predestines the In spite of an intensive experimental study of the quasifis-
charge and mass distributions of the quasifission products.Ssion process, no microscopical model was elaborated for cal-
In the DNS model[5-9] the total quasifission cross culating the yields of quasifission products up to now. In Sec.
section Il of this paper such a model is presented. The results of
calculations in comparison with experimental data are shown
in Sec. lll. A short summary is given in Sec. IV.

Uqf(Ec.m)%[l_ Pen( Ec.m)]go Ucap( Ecm.sd)

oqf(Ec.m>=J§0 TeapEemsd)[1—Pen(Eem, ] ()

Il. MODEL
depends on the partial capture cross sectiq, for the
transition of the colliding nuclei over the entran¢€ou-
lomb) barrier and on the probabiliti? -y of the compound
nucleus formation after the capture. In the first step of a The DNS mode[5-9] of fusion assumes that the com-
fusion reaction the projectile is captured by the target and pound nucleus is reached by a series of transfers of nucleons
DNS is formed which either evolves into the compoundor small clusters from the light nucleus to the heavier one in

A. Evolution of the DNS in charge (mas9 asymmetry
coordinate
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a touching configuration. So, the dynamics of fusion is con-R. The solution of master equatiof® with the decay terms

sidered as a diffusion of the DNS in the chafgeass Z(A)
asymmetry coordinate, defined by the chafiges$ number

and the microscopically calculated transport coefficients re-
sults in the realistic description of the DNS evolution in

of the light fragment of the DNS. The potential inner barrier charge(mas$ asymmetry. In our previous papers on fusion

*
fus

in the Z (A) coordinate supplies a hindrance for the in the DNS mode[5-9] Eq. (4) was not considered and the

fusion in the DNS model which well reproduces the existingquasifission was treated in a simple manner. The use of Eq.
experimental data for the fusion evaporation residue cros& with Eg. (5) assumes an overdamped motionZrand

sections.

While the DNS model suggested in Ref5-9] allows us
to describe the fusion probabilify-y and total quasifission
cross sectionoy¢, it has to be modified to calculate the
charge(mas$ distribution of the quasifission products. We

does not demand a separate calculation of the mass param-
eter inZ to describe the DNS dynamics. As showr{ %}, the
friction extracted from Eq(4) is in agreement with other
calculations.

In Eq. (4) we take only transition=2Z+1 andZ=2Z

suggest a new variant of the DNS model for the quasifission-1 into account in the spirit of the independent-particle

process where the DNS simultaneously evolveZ {A) by
nucleon transfer between the nuclei andRy decay into

model. The indices P” and “T” in Egs. (5) are quantum
numbers characterizing the single-particle states in the light

the direction of increasing internuclear distance. A diffusionand heavy nucleus, respectivelyé(@)) [n%(@)] are the
process leads to the exchange of nucleons between the tvi@rmi occupation numbers of the single-particle proton states
touching fragments, thus generating a time-dependent distrin a light (heavy nucleus depending on the temperature

bution in the charggmasg asymmetry of the DNS. This
process can be described by a master equatiéfi7,1§ for
the probabilityP,(t) to find the DNS at the timé in the
configuration with charge numbersandZ;,,— Z, wherezZ,;

0, gpr=(P|0.5Up+U7)|T) are the matrix elements for
the proton transition between nuclei by the action of the
mean fieldsUp and U; of the DNS nuclei[14,18,26—-32
The time intervaldAt=1.5x10"2? s is larger than the relax-

is the total charge number of the system. This masteration time of the mean field but considerably smaller than the

equation is derived from the microscopic treatmgit,19

characteristic evolution time of the macroscopic quantities.

assuming the validity of the kinetic approach in the DNS andThe mutual influence of the mean fields of the reaction part-

the shorter time for reaching internal equilibrium at fixad
than the transition time between the states with diffe&nt
The initial DNS withZ=2Z; evolves to a compound nucleus

ners leads to a renormalization of the single-particle energies
€p(T) Of noninteracting nucl€il4,18. Due to the long-range
character, the Coulomb interaction gives the main contribu-

or to the symmetric DNS. The melting of the DNS nuclei to tion to this renormalization. Thus, in E¢p) for protons ap-

smaller values of the variabR is strongly hindered due to
the structural forbiddenness effd@0—25. The decay iR
affects the motion of the system ii In order to take the

effect of the DNS decay into consideration, we modify the

known master-equation fd?,(t) [14,17,18 as follows:

dP4(1)

o AGIP, L (D)+A P, (1)

—(ASD+ A+ AP, (1), (4)

whereP2(0)= 5z and the microscopically calculated trans-
port coefficientsA (™)

1
A(zﬂzm 2 |ger(R)[*nH(©)[1-n5(0)]
P

y Si[At(e5—€%)/21]

(e5—¢5)%4

1
A(zi):E > |9p1(R)[*nE(0)[1-n7(0)]
P

y sif[ At(es—€%)/2h ]

(e5—"€%)%14

©)

characterize the probability rate of the proton transfer from a

heavy to a light nucIeusA((Z”) or in opposite direction
(AS)). The coefficient\ §' is the rate of decay probability in

proximately

2 2

7+ (Z1—Zp)€?l(2R),

where Zp 1y is the atomic number of a lightheavy frag-
ment. As was shown if14] the Coulomb interaction in-
creases the formation probability of very asymmetric con-
figurations.

In order to simplify the calculation of the transport coef-
ficients (5) for eachZ, we used the single particle levels
obtained with the spherical Woods-Saxon potentials, spin-
orbit, and Coulomb interactiongl4,18. The examples of
these level schemes are given in H&7]. The energies of
last occupied levels were normalized to describe the nucleon
separation energies known from the experiment or self-
consistent calculationgl4,18. As shown in[18,2§, with
this simplified procedure the peculiarities of the structure of
the DNS nuclei are effectively taken into account in Ex).
Indeed, the values oh$™) depend on the sum over single
particle states which is not crucial to the level splitting due to
the deformation. The nucleon transfers mainly occur between
the single-particle states near the Fermi levels of the DNS
nuclei due to the action of the Pauli blocking factors
nfey(1—nf) and the selection rules in the matrix ele-
mentsgpr. In the calculations we do not fit any parameters,
they are taken to be the same for all reactions considered.
In Ref.[26] the analytical method of the calculation of the
matrix elementsgp(R) was suggested. This methdgee
AppendiX allows one to obtain the matrix elements for vari-
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ous values ofR At R= Re, T Re, [pr(n is the radius of U(R,Z,J) is normalized to the energy of the rotating com-
sewing for internal and external parts of the wave function ofoound nucleus by,,+ V/,,. The nucleus-nucleus potential

the stateP(T)] we have (5,28
gpr(R)=(—1)'T" M YECHCEN(2]p+ 1)(2) 1 +1) V(RZ,J)=Vc(RZ)+VN(RZ)+V,(RZJ)  (9)
1 1 . . in Eq. (8) is the sum of the Coulomb potentidc, the
X; (JT_E’JPELO)(JT_mT’JPmP|LO) nuclear potentialVy(R,Z), and the centrifugal potential
V,ot(R,Z,J). For the nuclear part o¥/(R,Z,J) we use a
X[Apk(e8R)+ Atk (2rR)]. (6)  double folding formalism with the effective density-

. : _dependent nucleon-nucleon interacti&j which is known
At R<R.,+ R, the following expression has to be used: ¢ro the theory of finite Fermi systems. As a result of nu-

i : merous calculations, the simple approximate expression can
gpr(R)=(—1)!T M YICPCPN(2]p+ 1) (2j 1+ 1) be suggested fov\(R,Z)

2

X{(= 1)t~ Bpy, (kpR) + Bry, (k1R)
+Dpj(kpR)+ DrjL(k7R)] + Gpky (R) Vo=2maparR(113-08R),

VN(R,Z)=V[exp(—2(R—Rp7) a/Rp1)
—2 exp(— (R—Rp7) a/Rp7)],

1.1 . .
JT_51]P§’L0>(JT_mT-JPmP|LO)

(10)
0 _
T Grku(@rR)Fpr(R,L)- ™ w=11.47-17.32pa;+ 2.07R,

Here, j (X), ki (X), y.(x) are the spherical Bessel func- o
tions [29], Ip(1) and jp(ry are the orbital and total single R=RpR;/Rp7, Rpr=Rp+Ry, RP(T)=r0A%/(3’T),
particle momenta, respectivelynpr) is the projection
of jp. The dependences of normalized coefficientwherer,=1.14-1.16 fm, the diffusenesg)=0.52-0.55
CF:(T)v constantsAp(t) , Bp(ry, Dp(ry, Gp(r), and value of  fm, and Rp ) is the radius of nucleus P"’(** T"). The
13+(R,L) on single particle quantum numbers are given ininfluence of the rotational energy on E@) is negligible[5]
Appendix. The wave numbers for external and internal partfor heavy systems considered here and small values of the
Of the wave function are determined by the re'ations angular momentum. Deformation eﬁects are taken intO ac-
count in the calculation o¥/(R,Z,J). Deformed nuclei are
om treated in the pole-to-pole orientation. For ground state de-
&p(1)= —Z[BCOU|— €pm ] formations of the nuclei, the deformations mainly influence
h V(R,Z,J) throughVc.
ForRp+Ry—1 fm <R<Rp+R;+2 fm, the potential
2m — V(R,Z,J) has a pocket as a function of the relative distance
Kpm= ?[GP(T)_UP(T)]’ R with a small depth which results from the attractive
nuclear and repulsive Coulomb interactions. As follows nu-
merous calculations of the nucleus-nucleus potential with
nuclear part in the double-folding forfs], the bottom of the
pocket is situated at the distanRg=Rp+R;+0.5 fm. The
decaying DNS has to overcome the potential baBigy[5]
which value coincides with the depth of this pocket. The
values ofBg¢, depending orZ, mainly determine the life-
time t, of the DNS. Since we consider reactions with heavy
The DNS potential energy is required for calculating thenuclei which occur slightly above the Coulomb barriefRat
decay rate:a‘\%f in Eq. (4). This potential can be derived from ~Rp+R;+2 fm, partial waves with angular momenta less
the microscopically calculated transport coefficier(®  than 3@ contribute to the yield of quasifission products with
[18,28. However, since the study of the DNS evolution with Z far from Z;, and the values of the quasifission barigk
a microscopically obtained potential is simi[d#] to the one  weakly depend on angular momentudrbecause of the large
with the phenomenologically calculated potenfia28], we  moment of inertia of the DNS.
use for simplicity the latter one in the following. It is given  The decay of the DNS iR can be treated with the one-
as dimensional Kramers raf@3-35 A" of probability

where Upr)=(P(T)|Up)|P(T)) is the average value of
the single particle potential of ligtheavy nuclei over state
P(T), mis the proton mas8c,, is the Coulomb barrier of
the nucleus for protons.

B. Decay rate of the DNS

U(R,Z,J):Bl+ BZ+V(RYZ!‘J)_[Blz+vr’0t(‘J)]’ (8) » F 2 F B f(Z)
AY'=—o —| +(wBa)2——|exg — — ,
whereB,, B,, andB,, are the binding energies of the frag- 278t 2h 2f
ments and the compound nucleus, respectively. The value of (1)
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which exponentially depends on the quasifission barriewherePcy=2z-7, Pz(to), i.e., the fusion probability is de-
Bqi(2) for a given charge(mas$ asymmetryZ [5]. The  fined by the fraction of probability existing at tintg for Z
heightB; of this barrier uniformly decreases with increasing < z_ -~ with this definition the calculated values &y
Z because the increasing Coulomb repulsion leads to VerE:actically coincide with those obtained|[ii] with the other

shallowt _pocketf_s in :_he nu_cr:Leu?-nucleuts pozten_tial flor N€akethod. Mainly the decay of the DNS wih> Zg g contrib-
symmetric configurations. The temperatfi¢Z) is calcu- utes to the quasifission yield. The DNS with<Zgg are

: ) _—
Iate.(: ?y using the Eerzml-gfatshexré)rﬁsss(bﬁrd E'ti]atvr\\”thl thel assumed to evolve to the compound nucleus with a high
excitation energye®(Z) of the and wi € level- probability. The characteristic tim@ few units of 102! s)

1 = 1 i -
density parameten=~A,/12 MeV™, WhereAtm IS th? to- of this evolution is shorter than the decay time of unstable
tal mass number of the system. If the fusion barrierZin o ; . )
coordinate is located aZ =7 the excitation ener (the lifetime is shorter than the shortest time for the experi-
BG %Y mental detectionsuperheavy compound nucleus or unstable

" ) ¢ ;
Enézi% ?f th?nD'\fISr ?irgases_r\;]vnh dlecrletascliﬁgﬁlrsz<tzsn§[i | superheavy nucleus in the very asymmetric DNS. Because of
a creasing fo BG- 1NE caiculated potential s we separate two processes: the formation and the sur-
energy surfaces as function & have fusion barriers at vival of superheavy nucleus

EBGzlz‘g 'B:‘fthetﬁo'? and hot fusf"t’r? “?ac“ct’”j ﬁons'de.reo'- """ A vield of the quasifission products with very small
g. (11), w"a' is the frequency of the inverted harmonic os- could be seen only in reactions with a quite large mass

cillator ap_pro_ximating the potential in R_around the top of (charge asymmetry in the entrance channel. For large angu-
the quasifission barrier @=Zgg, andw is the frequency of lar momenta and excitation energies which are not consid-

the harmonic oscillator approximating the potentialRrat ered here, a decay of the DNS with<Z<Zs becomes

the bottom of the pocket. The Io_cal oscillator apprOX|mat|oan0re pronouncefB0]. The factorsP(t) andA%f in Eq. (12
of the potential energy surface is good, and we can neglec re considered separately because the characteristic time for
the nondiagonal components of the curvature tensor. Thg P y

method of the calculation of the mass parameters needed Huecfggatri?nsglgp ;g%t\,'\lvgeré;?ﬁe?ggﬁb|'§tir£;§h1§h3°1rt§£ than
obtain the frequencies is given i6]. The mass of the DNS y : DA

in the R coordinate is close to the reduced mass and thé)f charge (mas$ distributions in deep-inelastic collisions,

nondiagonal mass coefficient f& and Z motions is small. which occur during_ much shorter time th?'?' the quasifission,
Therefore, the one-dimensional Kramers r@dt® gives simi- were perfor_med without the decay ra@éﬁ in Eq. (4) but

lar results as the quasifission rates over a two-dimension@SSUMING SIMPIYz()(to) ~Pz(a)(to) With t, as a free pa-
potential barrier in the spacd(Z) [5]. The constant values rameter. W'Fh the decay rate in E(q.J") the description of the
hwBii=1.0 MeV andhw=2.0 MeV are used for the reac- PNS evolgtlon becomes self.—con5|stent. T'he yhél:_qA)'caI-
tions considered in the following. Further, we sé&t culated W'th(,)Ut decay term in E,q"l) at quite large timet

—2 MeV in Eq. (11) which means that the friction coeffi- _zto can d_ewate from the expen.mentalldata. T_herefore, the
cient inR has the same order of magnitude as the one calc ncorporation 'of'the decay term in Eqﬂ‘). IS very mportant
lated within one-body dissipation moddls5,5]. The possi- or the description of the DNS evolution for quite a long
bility to apply the Kramers expression to relatively small 'Me-

barriers was demonstrated [i87]. Since the transient times

are quite short for the considered excitations eneigfeand

quasifission barrierB,¢, the use of the expressiofi2) and IIl. RESULTS AND DISCUSSION

(11) are justified. As in fission where other channels are in-

volved as well, the Kramers formula is suitable in our case

within the accuracy of the calculation of the potential N the calculations with Eqi4) the isotopic composition
barriers. of the nuclei forming the DNS is chosen from the condition

of a N/Z equilibrium in the system. As follows from the
experimental data on deep inelastic collisigd§] and our
previous calculation§14], the N/Z equilibrium in the DNS
The measurable chardenass yield for quasifission can is mainly established by the nucleon exchange in quite a
be expressed by the product of the formation probabilityshort time after the DNS formation. Therefore, in our calcu-
P(t) of the DNS configuration with chargenasg asymme-  |ations of the quasifission, which is a slower process than a
try Z and the decay probability iR represented by the quas- deep inelastic collision, collective contributiofie a large
ifission rateA%f: amplitude dipole modecan be neglected.
t The transport coefficientsS™) in Eq. (4) are calculated as
YZ(tO)ZA%fJ' OPZ(t)dt. (12) described in Sec. IIA W|t_h real_|st|c single partlclze level
0 schemes. Due to the Pauli blocking factul%P)(l—np(T))
in Eqg. (5) and the selection rules in the matrix elemenys,
Here,t, is the time of reaction which is determined by solv- only about ten levels near the Fermi level of each nucleus are

A. Important elements of computations

C. Charge (mas9 yield for quasifission

ing the equation necessary to determine,”) . The results of the present paper
. could be slightly improved in more complicated calculations
2 A%fj P,(t)dt=1—Pcy, wnhqut reasonable S|mpI|f|c§1t|on made in Sec. Il A for incor-

Z 0 porating the level schemes in E).
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FIG. 1. Calculated dependence of the quasifission baBgeon >-1< 0.04 _
Z in the DNS formed in thé'®Ca+2%% reaction at)=0. )
The quasifission distributions of charge and mass slightly ~ 002 -
depend on the excitation ener@y of the initial DNS (Fig. -

2). This is due to a weak dependence of the transport coef  0.00 s s

ficients AS") on the temperaturgl4]. With an increasing 0 20 40 6OA 80 100 120 140
temperature of the system, the influence of the shell effects

on the process of nucleon transfer decreases more slowly FIG.2. Chargéupper partand masglower pan yields,Y; and
than the exponential decrease of the shell correction to th¥a. of the quasifission products as a function of the ch&zyend
potential energy. Although the nucleon exchange increasd8ass(A) numbers of the light fragments, respectively, for the hot
with the temperature, this effect is rather weak in the considfusion reaction*®Ca+ #*—2%112. The charge distribution is cal-
ered interval of excitation energy. The factors suppressin ulated for two value_s of the excitation energy qf the initial DNS:
the growth of the neck and melting of the DNSRrsurvive = > MeV (dotted ling andE* =10 MeV (solid line). The mass

at even higher temperatuf25]. It was experimentally found fc')ftgﬁ’“:“;’g Il?/lgs/nzt?laerier:jitg;tgsgpa:rll?::in(t:ilrri@smgngso'tlg 5:2”;?(0i_
[11] in the quasifission reaction§®U+ 10, 25Mg, 27Al, b

. . tation energy of compound nucleus of about 33 MeV. Edr
325, 35¢l, “04%Ca, and"@Zn at several bombarding energies, 9y P

hat th g is domi d by th =10 MeV, the distribution of the DNS iA calculated with Eq(4)
that the motion In mass asymmetry Is dominate y the oneéndA%fzo att=t,=3.5x 1072 s is presented by the dashed line

body dissipatiqn which is indepgndent of temperature. SincgOWer pan.

one can describel4] many experimental data of deep inelas-

tic collisions with a one-body dissipation, one can assume The decay rate of the DNS is calculated using the value of
that the i_nclusion of a twp-body di_ssi_pation creates minorBqf determined with the potentig®). The dependence of
changes in the results which are within the accuracy of thgqf on Z in the DNS formed in the*8Ca+ 238U reaction is
definition of the parameters used. shown in Fig. 1. Although the values of fusion barrif,

If in the vicinity of someZAS™) is close toAY”) and the  are not directly used in the present calculations, we
inequalities A >A%") and A{Y<A!”) hold for smaller  show them to demonstrate its correlation with the fusion
and largerZ, respectively, orA({) and A(Z_) are minimal  probability.
with respect to those for neighboriry the distributionP, In all reactions considered here the lifetitgeof the DNS
has local maximum at thig [38]. For example, in thé®Ca  is about (3-4)x10 % s that is in agreement with time
+ 2% reaction this occurs &=30-32, 42—-44, 54, and 56. extracted from experimental data9]. In Fig. 2 the distribu-
While the difference between the Fermi levels of heavy andion of the DNS in mass asymmetry is presented =at,
light nuclei is 8.2 MeV in the systenf®Ni+??Po, it is 2 =3.5x10"% s for the case oA3'=0 in Eq.(4). The maxi-
MeV in the system®Ge+2°Hg. As a resultAS”) (AS?))  mum of this distribution is expected to correspond to the
decrease@increaseswhen the DNS passes the configuration minimum of the potential energy as a functiondft sym-
with 2°%Pb. If in the entrance DNRY"~AS ), then the metric DNS,Z~Z,,,/2 [28]. Since B, decreases with in-
charge(mass distribution has maximum &=2Z;. One can creasingZ (Fig. 1), the decay of the DNS, when it moves in
expect this in the reactions with lead. The maxima andZ, prohibits the formation of configurations with largeThe
minima of P, as a function oZ correlate with minima and calculation withAgfaéO in Eq. (4) leads to much smaller
maxima in the DNS potential energy as a functionZoft  yield of symmetric DNS. Thus, the account of the decay term
R=R,(Z), respectively[28]. is very important for correct description of the yield of
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0.10 —r 77T T momenta less than the critical angular momentum and deep-
- . inelastic or quasielastic collisions were not considered, the
0.08 | main calculated peak corresponds to quasifission. The
5 quasifission barriers are rather small in the entrance channel
0.06 of the reactions considered. If the quasifission barrier for the
| initial mass asymmetry would be larger, this peak would not
oy o004 b be so pronounced and even could vanish. The figures show
) no experimental points in this mass region because of the
i difficulties to discriminate the quasifission events from the
0.02 |- products of deep inelastic or quasielastic collisions.
i The calculated charg@nass distributions of quasifission
0~000 products are in good agreement with the available experi-
mental datd12] (Figs. 2 and R The structures in the distri-
0.10 bution of quasifission products reflect the influence of the
i shell effects in the DNS nuclei on the nucleon-exchange pro-
0.08 I- cess, especially the maxima in the chafgeas$ distribu-
- tions are related to the decay of the DNS consisting of magic
006 or semimagic nuclei. The absence of local peaks for some
P i magic nuclei is explained by the shell structure of the con-
> 004 b jugated nucleus and the influence of the neutron subsystem.
In the reactions*®Ca+ 2% [Poy~10"2, Bf,;=8.5 MeV,
00 | By(Z;=20)=3.2 MeV], and “®Ca+?*Pu [Pcy~10 3,
: fus=10.5 MeV, By(Z;=20)=3.1 MeV] the maximum
i yield of the quasifission fragments occurs around the nucleus
0.00

0 e 0 o 2 1w 1o 140 208h for the heavy fragment where the DNS potential en-
A ergy has a minimuni28]. Together with the decay term in
Eq. (4) this suppresses the evolution of the DNS to smaller
FIG. 3. The same as in Fig. 2, but for the hot fusion reactionmass asymmetry and, correspondingly, increases the decay
*Cat2*Pu—292114. The experimental mass distributigsolid  probability from such configuration. In reactiorf®Ca
points is taken from Ref[12]. The excitation energy of the initial + 238 (*8Ca+244Pu) the height of this peak is @) times
DNS isE*=10 MeV. larger the height of peaks in the symmetric mass region.
The experimental fusion probabiliy-y becomes smaller
quasifission products which are formed during titgeat  wijth decreasing mass asymmetry in the entrance channel
least 10 times larger than the characteristic time of deep inF40]. The fusion cross section depends also on the nuclear
elastic collisions. shells but not so strongly as the decay process of the com-
The decrease of quasifission cross sectigi(Ecm.A)  pound nucleus. For example, the dependence of experimental
= 0cap(Ecm) Ya(to) and increase of asymmetry of mass dis-fusion probability on theZ,;xZ, in the entrance channel
tribution with decreasing bombarding ener@xcitation en-  shows the strong macroscopic trend which is related to the
ergy of the initial DN under the Coulomb barri¢d2] can  change of the Coulomb interaction between nuclei and to the
be mainly explained by the reduction ot.,(Ecm). Inour  small fluctuations around this trend due to shell structure of
calculations we assume that the DNS is formed in all reacfysing nuclei[40,41,7. The value of excitation energ§z,
tions considered. of the formed compound nucleus is related to the bombard-
_ _ ing energyE. = E&y— Q which exceeds the Coulomb bar-
B. Hot fusion reactions rier by the valueE&y—[U(Ry,Z=20)+By(Z=20)]=E*
Figures 2 and 3 show the calculated charge and mass Bqi(Z=20). In actinides based reactions the valueesf
distributions of quasifission products for hot fusion reactions=10 MeV was taken in the calculations to supp,
with the projectile ®Ca on the targets®®® and ?*Pu  ~35 MeV.
[2,11,13, which lead to the synthesis of the elemefft& 12 Taking the deformation of the nuclei in the DN in the
and 292114, respectively. Only the part of the quasifission *Ca+ 2% reaction into account, we find that the calculated
charge(mass distributions corresponding to the light frag- average total kinetic energfT KE)=240 MeV of the quas-
ments is depicted. The distributions reveal large widths, andfission products with 7& A<120 is in agreement with the
one can observe a notable drift in mass and charge awagxperimental datfll] and the systemati¢#2]. Considering
from the initial mass(charge asymmetry. The masses of the fluctuations of the DNS charge asymmetitye fluctua-
products are substantially different from the initial target-tions of the Coulomb interactigrat fixed mass asymmetry,
projectile masses and symmetric fragments can be formetie fluctuations of the quadrupole deformation parameters of
with a quite large cross section. The main peak of the chargthe DNS nuclei and the fluctuations of the bending mode in
and mass distributions is around the initial configuration ofthe DNS, it is possible to explain the large variance of the
the DNS. Since the calculations were performed with angulafKE distribution as a function of the mass numbers of the
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0.12 nucleus?°®104 to ?’8112[1]. It is seen that in the Pb-based
reactions the charge and mass distributions have no pro-
0.10 nounced maxima besides the main peak around the entrance
0.08 DNS (Fig. 4). This structure of the magsharge distribution
' of the quasifission products well corresponds to the pecu-
0.06 liarities of the DNS potential energy which has the conse-
o quence that the DNS consisting of such strongly bound nu-
0.04 clei like 2%%Pb forZ>Z; are absent.
The form of the mass and charge distributions change
0.02 much from the reactiorf®Ca+ ?°%b—?>No (Fig. 4) to the
reactions “8Cat+ 2%, 2%Pu—2861122°2114 (Figs. 2 and
0.00 3). In the reactions leading to the nucl&f112 and?°?114
0 10 20 7 30 40 30 the decay of the more symmetric DNS configurations is more
2T T T T T pronounced. The motion of the initial DNS to more asym-
; metric configurationgmass asymmetry channel of fusjds
0.10 more favored in the reactiof’Ca+ 2%%Pb than in the reac-
008 tions *Ca+ 2% and *Cat 2*Pu where the distributions
) show similar features fo£Z<20 andA<48. This has as a
0.06 consequence that the fusion probability in the mass asymme-
- try coordinate is significantly larger in tH€Ca+ 2°%b reac-

tion.

Comparing Fig. 4 with Fig. 3, we see that the mass and
charge yields of the quasifission products for near symmetric
configurations of the DNS are larger for the hot fusion reac-
- tion “®Cat+2*Pu than for the cold fusion reactioR®Ge
0 20 40 60 80 100 120 140 +2%pp_ In the cold and hot fusion reactions considered for

A the synthesis of the 114 elements, the excitation energies of

FIG. 4. Chargdupper paftand masglower par} yields, Y and the initial DNS are practically the same and the excitation
Y,, of the quasifission products as a function of the chéfyand ~ €nergies of the compound nuclei are different mainly due to
mass(A) numbers of the light fragments, respectively, for the coldthe difference between th@ values. Since the quasifission

fusion reactions*®Ca+2%8Ph— 256102 (solid curves, 5°Ti+2%%Ph  barrier By increases with decreasinyand increasing neu-
— 258104 (dashed curves ®Ni+2%8Pb— 272110 (dotted curves and  tron number of the system, the difference between the quas-

SGe+ 20%p— 28414 (dashed-dotted curvesThe charge and mass ifission distributions in cold and hot fusion reactions is re-
distributions are calculated for the excitation enerdy* lated to different choices of the colliding nuclei. We found
=10 MeV of the initial DNS. for the reaction’®Ge+2%%Pb—28414, that the quasifission
products are practically associated with fragmentations near
fragments. Investigations in this direction are in progress. the initial DNS due to the small values of the quasifission
barriersBg;. This is consistent with the conclusion that the
C. Cold fusion reactions hot fusion reactiorf®Ca+ 2*Pu—2%2114 is preferable for the

The calculations of quasifission products for the colgSynthesis of the element 114, although the survival probabil-
fusion reactions are important for the planned ity of the compound nucleus decreases with increasing exci-

quasifission experiments in many laboratories. Figure 42tionenergy6,9. Indeed, the synthesis of the nucleus with

e S =114 was reported in the reaction&Cat ?4?24py
shows the quasifission distributions of charge and mass for 5. >g 4 o4 28 .
the cold fusion reactions with the projectilé§Ca [Py 114+3n [2] and “*Cart-**Pu— **114+ 4n [3] with

L TS W, ou(d a5 ], s st ofsou . Our el e
OTi [Pen~3X10°2,  Bi =47 MeV, Bq(Z=22) Y give app y

—4.0 MeV], ®Ni [Pey=10"° BE.=7.2 MeV, By (z, o oxperment
=28)=1.4 MeV], and '®Ge [Pcy=4x10"° Bf,

=14.7 MeV, B4((Z;=32)=0.6 MeV] on the target°*Pb,

which lead to the synthesis of the elemert&102, 258104, The main conclusions arél) The diffusion in charge
272110, and?®41.14, respectively, with an excitation energy of (mas$ asymmetry and in relative distan¢ée DNS decay
about(11-16 MeV [1]. The ratio between the motions of coordinates contributes to the yields of quasifission products.
the DNS to more symmetric and more asymmetric configuThe calculated characteristic quasifission time is about (3
rations increases exponentially with an increasing charge-4)x10 2° s which is in agreement with time extracted
number of the superheavy compound nucleus. Due to thifom experimental datg2) The quasifission products of hot
fact, complete fusion in the DNS model related to the diffu-fusion reactions*®Ca+244Pu and “®Ca+ 233U are correctly
sion of the system to more asymmetric configurations dedescribed with the DNS model. The estimated average total
creases by several orders of magnitude from the compourkinetic energy of the quasifission products is in agreement

0.04

0.02

0.00

IV. SUMMARY
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with the experimental data and the empirical systemat8s. _ ki - (2 mRe, )
For the cold fusion reactions leading to the superheavy ele- ch =0 PO_cex
ments the quasifission products are practically associated PO J'p(r)(KP(T)Rep(T)) PO

with fragmentations near the initiakentranceé DNS. . . . .
Such examples are the reaction®Ni+2%pPb, 7%Zn Using the Fourier transformations of the wave functions,

+20%p  78Ge+ 298Pk etc.(4) If the compound nucleus is ©N€ ¢an obtain

quite stable to be detected, the quasifission process is the 72
main factor suppressing the complete fusion of heavy nuclei. g, (R)= _f dpeipRlp;(p) ( er— o 2]
In fusion reactions the fusion-fission events are much smaller 2 2m
than the events of the production of certain quasifission prod- h? )
ucts. The main contribution to symmetric and near symmet- Tep— %p ¥p(p)
ric fragmentations comes from quasifission proce&s. (—1)m-12
Since the quasifission dominates in the cold and hot fusion = 2je+1)(2j:+1)
reactions, a comparison of theoretical and experimental data 2
of quasifission constitutes a critical test for the dynamics of
existing fusion models. X EL: it(jt—1/2jp1/2ILO)(jt—mr,jpmp|LO)
% %2
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in part by DFG and RFBR, STCU, SCST of RWFBR. >pr+ RET' where
APPENDIX A AP(T):dP(T)§['|T(P)(39P(T)RET(P))]
In order to calculate the matrix element and
. ; _(6P+ 6T+hzae§(T)/m)(ae$(p)+K%(P))Ripm
P(T) ™
gpr(R) = Ef dr g (N[Ur(r)+Up(r—R)1¢p(r—R), 2(e8h(r) + K7(p)) (8 (m) ~ Br(p))
&My (K Repr)]
we approximate the radial parts of wave functions by the
wave functions of rectangle box with the dept (i ) J k|P(T)(aep(T)REP(T))
=P,T), whereUp is the average value of the single par- :flpm(" RfP(T))[yR f ('R, ) |
em \ Hem N Neprr)

ticle potential of light(heavy nuclei over the stat®(T),

Here,f,P(T)(x) is one of the spherical Bessel functions.
gi(r)= ¢|i(r)2 (Iim,1/2(r|jimi)Y,imi(0,¢>)XU, In Eq. (7) obtained foR<R__+R,_the constant8p T,
me Dp(ry, andGp(ry are

(i), T<Rg, Bpm=0bpmlEW1 (kP Rer o) VEWI, 1 (kP Re, )
(r)= . .
(" Cilki(@r), r=R. — €1y (KpMRep )€1y (KpMRep )]s

Dpm=bpml&01, o (KpmRe mNEWIL 1 (Kp(T)Rep 1)
For each state with energy, the value ofR, is defined (07 TP Erey PN Rere) Py P e

from U;(R.)= €. The spherically symmetric potentials are €1 ) (KPMRey o€ 15, (KPMRep )]
treated here. Taking into account the continuities of the wave |
function atR. and normalization condition, we obtain _=Y Pmd K
g : Cpmy=— P &K o (ErMRer )
ex 3 EEIZD(T) where
e V2 Reem| 1772 )k'PU)“(aeP(T)REP(T))

Kp(t
() Kpmy(€pt e Kp /M) (K5 p)+ 8 p) ) RE R2

EP fT
2 2 2 '
A(KkpmT &%(P))( KT(p) ™ Kp(T))

—12 _
P(M ™
XK P(T)l(aeP(T)REP(T))] :
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If esep=2aer or kp= k7 the corresponding limit of Eq6) pends orR and its analytical expression is very complicated,
or Eq.(7) is calculated. Since in Eq7) the term|gT(R,|_) we replaced this term by its value Bt= ReotRe; which is
arising from the pole of the integrand pt=0 weakly de- calculated from the comparison Eq8) and (7).
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