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Introduction

For light or medium-heavy systems, capture inside the Coulomb barrier
leads invariably to fusion, so that the capture (or barrier-passing) cross-
section coincides with the complete fusion cross-section. Total fusion
Implies the formation of the compound nucleus. However, for heavy
systems capture inside the barrier, i.e. formation of a dinucleus, is not a
sufficient condition for fusion. The dinucleus system may reseparate into
two fragments before that full equilibration of all degrees of freedom has
been reached. Consequently, a considerable part of the total capture cross-
section goes to the quasi-fission channel. This phenomenon s
experimentally observed as a hindrance to fusion .

For the light dinuclear system leading to compound nucleus with high
fission barrier the measurement of the evaporation residues allows us to
find directly fusion cross section:

Capture=Quasifission + Fusion-Fission + Fast-fission + Evaporation
residues

Because for light system Capture=Fuison= Evaporation residues.
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Introduction

The experimental knowledge on fusion between light and medium-
heavy nuclei at sub- and near-barrier energies has grown considerably
In the last twenty years

1.M. Dasgupta, D.J. Hinde, N. Rowley, A.M. Stefanini,Annu. Rev.
Nucl. Part. Sci. 48, 401 (1998).

2. A.B. Balantekin, N. Takigawa, Rev. Mod. Phys. 70, 77 (1998).

the main
features of such processes, but properly understanding the fusion
dynamics for heavy systems requires many more ingredients. The need
for more experimental data to disentangle various concurrent effects, is
clearly felt. A full understanding of all steps of the reaction dynamics is
very important for the challenging issue of superheavy elements
production and new isotopes far from the valley of stability.
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Description of the nucleus-nucleus collision at energies < 10A Me
as the 3 stage process.

O ER (ELab ’L) =<Gcap(ELab ’L; {05| }) I:)CN(ELab 1L; {al }) Wsurv (ELab ’L; {06| } > {a}

Deep — inelastic guasifission fission

Captur/ complete fusmn/ emission + ER

dinuclear system compound nucleus
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The formation of dinuclear systems

Dinuclear system is formed due to shell effects as the
guantum states of the neutron and proton systems of
nuclel.

Shell effects is observed as cluster states in the large
amplitude collective motions of nucleil.

The observed cluster emission, mass-charge distribution
of the quasifission fragments and spontaneous asymmetric
fission of Th, U and Cf isotopes proved the strong role of
shell structure.

Reactions of heavy ion collisions and fission (spontaneous
and induced) processes can be studied well using
dinuclear system concept.



Three final stages of Competition between complete

fusion and quasifission
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About description of the events of the synthesis
of superheavy elements

The measured evaporation cross section can be

described by the formula:
=0

GER(E*) — Zacap(Ec.m.’g) PCN(E*1€)Wsurv (E*,E)
=0

where
Gfus(Ec.me) cap(Ec m.1£) PCN(E*’K)

IS considered as the cross section of compound nucleus

formation; W, IS the survival probability of the heated and
rotating nucleus. The smallness of P, means hindrance to
fusion caused by huge contribution of quasifission process:

qfls(Ecm.’f) cap(Ecm.’g) (1_ PCN(E*’E))
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Evolution of mass distributions of the
dinuclear system fragments Y. (t)
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Calculation of the competition between complete fusion
and quasifission: P_.(Epns:L)

Zmax
PCN (E:)NS’E) - ZYZ (EDNS1€) Pc(ﬁ)(EDNs’f)

z

sym

where

P(Eins(2)— Ba(2), 1)
P(Ens(Z) = Boo(2), )+ p(Eis(Z) — Big (2),0) + p(Eys (2) — By (2), 1)

PC‘%)(E;NS’E) -

o ) o
Yy By 1) = A Yy (By, 6, t) + A Y, (B, 0,1)

dt
(A AT LAY (B0, for Z =23, Ty — 2
Ly 7 A Z\Lz, L, ) . (8] /NS TR 'tot &
(6)
Here, the transition coefficients of multinucleon transfer are calculated as in Ref. 18
(+) (2)2,,(2) (2) .\ SIN*(At(Ep, — E1,)/2h) _
Ay ( n J(I—mn t . {
ND r.p(t PTG, — 2524 (7)

Fazio G. et al, Modern Phys. Lett. A 20 (2005) p.391 13



What we know about guasifission fragments?

The mass distribution its fragments has a maximum usually near
magic numbers Z=20, 28, 50, 82 and N=20, 28, 50, 82,

« Total kinetic energy distribution is very close to Viola
systematics as for fusion-fission: TKE=Z,Z,e?/D(A,,A,);

« Angular distribution of fragments has more large anisotropy in
comparison with that of fusion-fission

We would like to stress that angular distribution of
quasifission fragrnenis is mainly anisotropic but it
may be isotropic and angular distripution of
fusion-fission fragrnents may be isotropic in
dependence on the reaction dynarnics.



Mechanisms of the reaction following after capture:
Fusion-fission, quasifission and fast-fission.
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Fast-fission of the mononucleus

33 MACROSCOPIC MODEL ¢
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A.J. Sierk, Phys.Rev. C, 33 (1986) 2039
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V(R), TKE (MeV)

V(R), TKE (MeV)

Difference between classical paths of the capture
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Comparison of the friction coefficients, calculated by
different methods
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Equations of motion used to find
capture of projectile by target

OV (R) _ e Ou(R)
oR OR

H(R)R + 7 (R)R() = -

i : -'i?:' — I:l"-llllI : .Ir?:' + Ii'n'l__l.-"i'[‘_-‘i|:-.I."I_..-1|_.:_I
2 £ ?'1“" |:1‘ —11) ;J.I'JI'J: (r — 1o :I r
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dt
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Nucleus-nucleus interaction potential

lez 2

Ve(Roay, ;) = €
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Friction coefficients

2t
) = 22 Z(n?)_nk)) VyRA) jdt‘(t_t )xp m[g —g )(t-t /h]
17°D, i i ty Uik

(aa

Klaa: o |:(fK_g)2+%(fK+g)2i||:(ﬂ:ﬂ:K) + (e, — AL)? ]{l+exp[}L - — & ﬂ

g and g, are single particle energies of
nucleons in dinuclear syste,;

Fj:hll'j

Decay width of the single-particle excitations

of nucleons caused by residual forces .

G.G. Adamian, etal. Phys. Rev. C56 No.2, (1997) p.373-380




Hamiltonian for calculation of the transport coefficients

The macroscopic motion of nucleus and microscopic motion of
nucleons must be calculated simultaneously.

H=H_,+H,, +oV (1)
where
P2
Hen = > + U (R) - for therelative motion of nuclei; (2)
U
Hoo =Y 64 & +) gda & — fornucleons of nuclei; (3)
SV = Z g,; (R)(@ 4 +a a )+ Z K, (R)@'a +ara )
Ipy by ey
+ A(iTJ? (R)a*a +> A" (R)a'4 —-—nucleon exchange between nuclei and
s S O T
particle —hole excitations in nuclei; (4)

g ; K, and A ;. — matrix elements of nucleon exchange between nuclei

and particle — hole excitations in them caused by meanfield of partner nucleus.
22



Master equations for the nucleon occupation numbers and
Equation of motion for the relative distance

i agit) =[HR®),A())] (5) n,(t) = ai+ q I=P,T

. OP(t) T A o -.

in 2 =[HRo. B 6 P=in, jp .o Mo

T=(ng Jp |y .mp ]
i7 90O — [ n, 0] 2 [0, - n ., (R

o 7
ﬁi — ﬁieq (R(t)){l—exp( Atj}+n (t)exp( Atj ( )
n, (=, (t— 49+ > W, (R®), 49/R (t — 49 -, (t— 40)] (8)

Wi (R(D), 49 = M, (RO, V,, (R = (IMR)K)  (9)

G.G. Adamian, et al. Phys. Rev. C53, (1996) p.871-879

R.V. Jolos et al., Eur. Phys. J. A8, 115-124 (2000)
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Non-equilibrium sharing of excitation energy in the deep-
Inelastic collisions is explained by nuclear shell structure.
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Effect of shell structure on energy dissipation in heavy-ion
collisions

R.V. Jolos!, A.K. Nasirov*?:*, G.G. Adamian®?®, and A.I. Muminov?

1 Joint Institute for Nuclear Research, 141930, Dubna, Russia
2 Heavy Ion Physics Department, Institute of Nuclear Physics, 702132 Ulugbek, Tashkent, Uzbekistan
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EE[T}H +At) = E;"{T} (t)
+ 3 [Eip ey (R(E) = Apry (R(2))]

ip(jr)
X [Tt (i) (E + At) = T (i) (8)]. (28)



Application of the dinuclear system model
to the study of synthesis of superheavy elements.

26



Driving potential Uy, () for reactions “%Ar+172Hf,
86Kr+130Xe, 124Sn+92Zr leading to formation of compound

nucleus 21%Th :

Due to peculiarities of
shell structure

Bs,s (Kr) > Bfus (Kr)

0 10 20 30 40 50 60 70 80 90 and, consequently,

Fragment charge number, Z,

O1ys (Kr+Xe) < oy ,o(Zr+Sn)
Udriving:Bl"'BZ'B(1+2)+V( R ) 1S 1S

27
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The change of driving potential by increase of the mass and
charge of compound nucleus.
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Theoretical results of capture, fusion and evaporation residues cross
sections and comparison of them with the experimental data for the
“cold” ®4Ni+29°Bi and 79Zn+2%9Bi reactions.
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Results of calculation and comparison of them with the experimental
data for the “cold” 76Ge+2%8Pb and 79Zn+2%8Pb reactions.

G. Giardina, S. Hofmann, A.l. Muminov, and A.K. Nasirov,
Eur. Phys. J. A 8, 205-216 (2000)
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cross section (mb)

Synthesis of superheavy elements in hot fusion reactions.
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Potential energy surface of
dinuclear system
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Comparisons of cross sections for complete fusion and
formation evaporation residues
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Fission barriers calculated by macroscopic-microscopic model:
M. Kowal,P.Jachimowicz,and A. Sobiczewski, Phys. Rev. C 82, 014303 (2010)
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FIG. 6. (Color online) Contour map of calculated fission barrier
heights B, for even-even superheavy nuclei.



Fission barriers calculated by macroscopic-microscopic model

M. KOWAL, P. JACHIMOWICY, AND A. SOBICZEWSKI

TABLE II1. (Continued.)

PHYSICAL REVIEW C 82, 014303 (2010}

N A B, N A B, N A B, N A B, N A B,
Z =118 Z=120 Z=122 =124 Z=126
154 272 059 156 276 041 158 280 0.80 160 284 086 162 288 1.39
156 274 136 158 278 086 160 282 122 162 286 .81 164 290 2.16
158 276 217 160 280 202 162 284 210 164 288 260 166 292 2.85
160 278 201 162 282 326 164 286 292 166 290 3.09 168 204 2.88
162 280 378 164 284 294 166 288 332 168 292 3.28 170 296 3.82
164 282 409 166 286 3.16 168 290 384170 204 441 172 208 4.43
166 284 388 168 288 402 170 292 472 172 296 499 174 300 431
168 286 405 170 290 480 172 204 532 174 208 471 176 302 4.08
170 288 506 172 292 533 174 296 525 176 300 440 178 304 4.01
172 290 554 174 294 556 176 208 503 178 302 436 180 306 3.38
174 292 586 176 206 564 178 300 484 180 304 372 182 308 2.48
176 294 599 178 298 550 180 302 423 182 306 279 184 310 1.70
178 296 604 180 300 505 182 304 374 184 308 207 186 312 1.43
180 298 572 182 302 466 184 306 313 186 310 1.43 188 314 0.81
182 300 508 184 304 420 186 308 1.96 188 312 1.24 190 316 0.29
184 302 482 186 306 287 188 310 142 190 314 068 192 318 0.00
186 304 351 188 308 1.77 190 312 090 192 316 0.14
188 306 243 190 310 .17 192 314 0.36
190 308 137 192 312 0.75

192 310 .56




Cross sections (mb)

Synthesis of superheavy elements in hot fusion reactions.
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Dependence of the fission barrier on the excitation energy and angular
momentum of compound nucleus.

Bg,(J.T) = c BE(J) — h(T) q(J) 8W,

) 1, T < 1.65 MeV,
hT) =
kexp(—mT), T > 1.65 MeV,

and
q(J) = {1+ exp[(J — Jy o)/ AJ]} T,
where BI'(J) is the parameterized macroscopic fission
barrier [15] depending on angular momentum J, dW =
0Wead — W == —8W, is the microscopic (shell) correc-
tion to the fission barrier taken from the tables [8] and
the constants for the macroscopic fission barrier scaling,
temperature and angular momentum dependencies of the
microscopic correction are chosen to be as follows: ¢ = 1.0,

k= 5.809, m = 1.066 MeV—!, AJ = 3h; for nuclei with
Z = 102 we use Jyp = 20h. This procedure let the shell

corrections become dynamical quantities, too.

G.Giardina, et al. Eur. Phys. J. A 8, 205-216 (2000)



Conclusions

The complete fusion mechanism in the heavy ion collisions
strongly depends on the entrance channel peculiarities: mass
(charge) asymmetry, shell structure of interacting nuclei, beam
energy and angular momentum (impact parameter of collision).

The calculation of the optimal beam energy to reach the
maximal cross section of evaporation residues needs the
values of fission barrier and binding energy of the being formed
compound nucleus.
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