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Content

- Motivation of theoretical study of the fusion mechanism.

- Advance and of the cold and hot fusion reactions used in the

synthesis of superheavy elements.

- Comparison of the 4 reactions leading to formation #*°Th to
study the role of the nuclear shell effects and impact parameter
of collision in formation of the observed evaporation residues.

. Conclusions



Motivation of study

An unambiguous estimation of the fusion cross

section Is difficult task for the experimental and

theoretical point view.

1) overlap of the characteristics of the reaction products
formed in different channels causes ambiguity in
reconstruction of the realistic mechanism of the
given reaction channel;

2) Theoretical model to calculate the cross section of
processes In heavy ion collisions can be developed
on the base of the realistic concept about reaction
mechanism.
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Synthesis of superheavy elements in the cold
and hot fusion reactions.

T T T T T T T T T T T
A Cold fusion (Cr, Fe, Ni, Zn+""°Pb,"”Bi)

®  Hot fusion (*°Ca+ U,Np,Pu,Am,Cm,Bk,Cf)
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Reaction channels in heavy ion collisions
at low energies
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Map of superheavy elements region
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s Hot fusion
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From paper Yuri Oganessian, Pure Appl. Chem., Vol. 78, No. 5, pp. 889-904, 2006



Transition of the advantage from the “cold" fusion reaction to the hot fusion reactions.

Cold fusion

54Cr +208Pp [1] 5004140

58Fe+208Pp [1] 60+14

64N +208Pp [1] 1345

64N +209B [1] . 3.5+46

0 5+1.1

70Zn+208Pp [1] 51

70Zn+209Bi [2] 0.02213973

---_-

22Ne+248Cm [3]
48Ca+?2°Ra [5]

3454244py [6]

“8Ca+238y [7] A5
48Ca+23'Np [8] : 1.0

48Ca+244pPu [7] 45738

6.22 3+25

48Ca+248Cm [7]
48Ca+249Bk [10] 176 6.11 3.6151

5.99 0.573%

48Ca+249Cf [10] 176
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Two main concepts forcomplete fusion of
massive nuclei

U(leAll Zz, Az, Rl Qgg):

Vine(Z1, 41,25, A3 R) ..
4 » )l l'.: e -
i i & \7 "" 12 JRARZAARS
S 204 ‘Q““\\“‘é& , '
s @O0 ®e 3 S
T - —~ 10 ‘W’ "’ll“.ii
= 00l | e WS
= Vadiab ¥ Vllab %, e Vadiab = Veliah < 2o N
e ) 2 . A
7 _..4)("_'_ | L)
5 ——_ |
:
E adiabatic path |
2
(HOC ® e
|
100 | .
0 R cantact R (fm) &

V = Vil — f(0)] + Vagian f (1)

Trelx ~ 10721 s (see, e.g., [24])

f” :0} :[}:f“ > Trelax) = L.

[24] Bertsch G F 1978 Z. Phys. A 289 103
Cassing W and Norenberg W 1983 Nucl. Phvs. A 401 467

energy (MeV)




Role of fission barrier in synthesis of the superheavy elements

Calculated fission barrier heights
F. Moller et al., Phys. Rev., C79, 064304 (2009)

Yu. Oganessian 2011
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Fission barriers calculated by macroscopic-microscopic model:
M. Kowal,P.Jachimowicz,and A. Sobiczewski, Phys. Rev. C 82, 014303 (2010)

1

Bs(J,T) = cB%‘ilS)(J)—h(T)q(J)(YW, MI) =1 + exp[(T-T,)/d]

T,=1.16 MeV, d=0.3 MeV

1
M) = TS explU~T1,2)/0)]
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FIG. 6. (Color online) Contour map of calculated fission barrier
heights B, for even-even superheavy nuclei.

otential energy

P




|. Deep inelastic collisions:
1) Partial momentum transfer;

Q 2) There is not equilibrium of energy
Y distribution and mass distribution;

u 3) Anisotropic angular distribution

Formation of the dinuclear system (Capture reactions)

L [b xP ] Q Il. Quasifission:
/\ I 1) Full momentum transfer,;
u 2) Equilibrium of energy distribution
Erac and mass distribution;

3) Anisotropic and isotropic
angular distributions.

[11. Compound nucleus formation:
4 Q 1) Full momentum transfer,

2) Equilibrium of energy distribution
and mass distribution;
3) Isotropic angular distributions.
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The methods of calculation of the capture and
Fusion cross section in the dinuclear system approach.

Main assumptions:

1) the shell effects does not allow to fuse nuclei
iImmediately;

2) The hindrance to fusion is determined by the intrinsic
fusion barrier Bz, ; which is determined from the landscape

of the potential energy surface of dinuclear system;
3) the interacting nuclei can be deformed and
nucleon exchange between them takes place
allowing dinuclear system to be transformed
iInto compound nucleus or to populate shapes
corresponding minimal values of the potential
energy surface;
4) The lifetime of dinuclear system is determined by
its excitation energy E NS and quasifission barrier B.



Theoretical calculation of evaporation residue
J\ Cross sectlon (synthesis ot superheavy element).

2(21 + Do/ (E,DW,,(E))

fus(E l) i capture(E l)PCN(E l)

PCN(E, l) is fusion probability which calculated by diffusion-dissipative
method, Y. Aritomo, Phys.Rev.C65, 014607 (2001)

or G.G. Adamian, N.V. Antonenko, and W. Scheid,
Eur. Phys. J. A41, 235 (2009);.

A. K. Nasirov, G. Giardina, S.Hofmann, et al.
Phys. Rev. C 79, 024606 (2009).

capture IS capture probability, which calculated in different
o : : 16
l theoretical models by different way.



Comparison of the capture cross sections of

the reactions leading to #*°Th
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Comparison of the potential wells of the nucleus-nucleus
interaction for reactions leading to formation of *’Th.




Equations of motion used to find the capture of

projectile by target-nucleus

OV (R) 2 0u(R)
OR OR

#(R)R+ 75 (R)R(t) = -

p(R)=48u(R) + mpArAp /Aot
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Hamiltonian for calculation of the transport
coefficients of collective motion

H= Hcoll(zlaAlﬂzD AZ’ R’al’OlZ’ﬂl’ﬁZ)

+Hmicr({gil,nil},{giz,niz})+ oV (1)
where
P2
H, =—+ U(Z,A.,Z,,A, R a,a,, B, f,) - for the relative motion of nuclel
H,, =Y. 648 a8 +) &a a — fornucleons of nuclei; ©)
oV = Z g, (R(@a +a a )+Z K. (R(a’a +a a )
i iy p hr ' i Jr el P U7 It '
+> Aij) (R)a’a -+ > A(P) (R) ~——nucleon exchange between nuclei and
ip,Jp ip.Jp
particle —hole excitations in nuclei; (4)

(P)
9;.j » K, and AT

. ;. —matrix elements of nucleon exchange between nuclei

and particle — hole excitations in them caused by meanfield of partner nucleus.
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Nucleus-nucleus interaction potential

Z
Ve (R, ;) = 1 e’

Z Z ) 9 v : 2 (1) 3 < 2 (i) 2
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i=1

Vo (Ro, @) = [ pi” (F=R) B [ 97 + £ | p7 (F)A°F
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Density dependent etfective nucleon-nucleon forces

fe (N=C,(f+f'77,+(9+9'7%7,)5,5,)

f :fex fin_fex p(r)
(r) + ( )—p(o)

Co = 300 MeV fm ™

The values of the constants of the effective nuc:leon-nuc:le02n2 forces from the textbook
A.B. Migdal, “Theory of the Finite Fermi-Systems and propérties of Atomic Nuclei”,
Moscow, Nauka, 1983. The constants of version Il were used in our calculations.



Expressions for the friction coefficients

V(R
Yr(R(t)) =) 5{3 - i (B-1)

T,t"

Yo(R(t)) = e BO®),  (B2)

and the dvnamic contribution to the nucleus-nucleus po-
tential

sv(R@) = 3 | Z2BED g0, B3y

a af

th —1

{f} / dt’(t —t')" exp

0 Tik

< sin [wik (R(E) (t — )] [in(¥) — As()], (B.4)
hw;,. = €; +A;; — e — Apr. . (E.E]




Calculation of the competition between complete fusion
and quasifission: P (Epns L)

Zmax
Pox (Eons» £) = 22 (Epys )P (Eps )
ZS

ym

where

IO(E;NS (Z) — B:US(Z),K)

POEy)=——e————————— o
P(Epns (£) = Bo(2),£) + p(Epys (2) — By (£),£) + p(Epys () — By (£),£)

0 . . ) . .
aYz (EZ. 0,0) = ALY, (B, L0 + ALY, (B, 41)
—(AY + A + AT, (E,, 0,1)

forz=2,3,..,.2Z, . -2

! = ot

Nasirov A.K. et al. Nuclear Physics A 759 (2005) 342—-369

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



Comparison of the complete fusion cross
sections of the 4 reactions
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K.Kim et al, Phys. Rev. C 91, 064608 (2015)
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Comparison of the complete fusion cross
sections of the 4 reactions
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Potential energy surface

U(Zl)Aly Zz, AZI Ri Qgg):
Bi(Z, A1) + By(Z, A;) — Bey +
Vint(Zl'Ali ZZ'AZ'R)

K.Kim et al, Phys. Rev. C 91,
064608 (2015)
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Dependence of the driving
potential on the angular
momentum

20 25 30 35 4
Fragment charge number (2)

V(RZ) (MeV)

Dependence of the quasifission
barrier

on the angular

momentum




Partial fusion cross section of the 4°Ar+180Hf and 82Se+!3%Ba reactions

K.2I§im et al, Phys. Rev. C 91, 064608 (2015)




Probability of fusion as a function of the
energy and angular momentum.

KIM, KIM, NASIROV, MANDAGLIO, AND GIARDINA

Phys.Rev.C91, 064608
(2015)

ol Gfus(ECN ) I)

Pen (Ecn 1) =
cN \&=cN O (ECN’I)

The partial fusion probability
decreases by the increase of

angular momentum ¢ but total
cross section is proportional to /.

(E,DW, (E]) -




Probability of surviving the heated and rotating compound
nucleus against fission as a function of the energy and
angular momentum.




Comparison of the evaporation residue cross sections
calculated for the 4 reactions leading to >°Th.




Fusion

160 + 204Pb

The survived part of
the compound nucleus
against to fission.

82 138
SRS Se + Ba
[— 124Sn + %7

-
o
w

-—
o
N

—
=

Fusion cross sections (mb)
6‘O

—
=

[ Evaporation residue

F | —— "0+™Pb , .

| =sesma|  CIOSS section Total cross section of

the evaporation residues
formation.

Kim et al. Phys.Rev.C91, 064608 (2015)




Comparison of the cross sections of the different
neutron emission channels with the corresponding

experimental data.
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Comparison of the cross sections of the different neutron
emission channels with the corresponding experimental data.
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Conclusions

The experiments of synthesis of superheavy elements were successful
cold and hot fusion reactions due to using favorable conditions for the
entrance channel and properties of the being formed compound nucleus.

The strong hindrance to complete fusion increases in mass symmetric
reactions.This hindrance is increase of the intrinsic fusion barrier which is
determined by the landscape of the potential energy surface.

The hindrance to complete fusion is not so strong in hot fusion reactions
because the mass asymmetry of those reactions is small. Initial system is
already close to be fused. But large excitation energy can decrease of the
survival probability of the compound nucleus against fission.

Therefore, it is important to analyze the fusion probability of colliding
nuclei and the survival probability of the compound nucleus in order to
choice reaction partners and beam energy.
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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:

where

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:
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Collective enhancement of
level density of DNS

J‘erJ_—llflE}_-:n.,.n..l—l—l if o, =1,

Kot E )=
A PRSI B

where o = . ,;_-:.r-.,. g ,T (he: flE) =(1+ex p[IE Eor)/der]);
E.. = 12052AY3 MeV: d_, = 140032A4%/% 7 is the effec-

tive quu..drupu le deformation for the 1:11111.11._11:'r.1.1 system. We

- - Al DN S
find it from the calculated J}
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Bg.(J.T) = ¢ B™(J) — h(T) q(J) 6W,

with

- 1, T < 1.65 MeV
h(T) = |
kexp(—mT), T = 1.65 MeV,

and
g(J) = {1 + exp[(J — Jy2)/AJ]} L,

where Bf'(J) is the parameterized macroscopic fission
barrier [15] depending on angular momentum J, dW =
dWead — 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 Jy ;5 = 20h. This procedure let the shell
corrections become dynamical quantities, too.




)ependence of the driving
otential and quasifission

arrier on the angular

omentum of dinuclear system
ormed In reactions leading to
ormation of compound nucleus
16Th.

S by increasing the

U(Z,/) (MeV)

B, (Z,)MeV

Fragment charge number, £



