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Research of shell effects in multi-nucleon transfer reactions in
order to investigate the production of superheavy neutron-rich
elements in collision of actinide nuclei
( 238U+ 238U, 136Xe+ 248Cm, 197Au+238U).

Study of the multicluster decay of heavy nuclei.
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Synthesis of New Elements
Reports of new elements

Heavy ion reaction

1994

110 Ds ©2Ni + > 269110 + n (GSI)

111 Rg ©*Ni + > 272111 + n (GSI)
1996

112 Cn 7%Zn + - 277112 + n (GSI) <€ named in Feb. 2010
1999

114 FI %Ca + - 292114 + 3n  (FLNR) < named in May. 2012
2000

116 Lv %Ca + - 292116 + 4n  (FLNR) < named in May. 2012
2002

118 “8Ca + > 294118 + 3n  (FLNR)
2003

115 “8Ca + > 288115 + 3n - 284113 + o (FLNR)
2004

113 79Zn + > 278113 4+ n  (RIKEN)
2010

117 “8Ca + > 294293117 + 3-4n (FLNR)



Fusion process in Superheavy mass region
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Projectile dependence of fragment mass distributions
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Effects of Static Nuclear-deformation on Fusion

Orientation effects of target nucleus

Coulomb repulsion e 9 e‘

Polar Equatorial
Low energy High energy
(sub-barrier)  (above barrier)

Orientation effects
- K. Nishio (in the Symposium)




gll 2. Model

(1) Coupled-channels method (quantum) + Langevin calculation (classical)

fusion-fission process -- Orientation effect



for all

Estimation of cross sections ~ calculate Ry, |
transform to the nose-nose conf. keeping R,

Capture Cross Section Ist
stage

1
Jcap(E):/O d(cos 0)oeap (£ 0),

oo
7-‘- / 1
Oeap(E;0) = % E (2¢ +1)1,(F;0), Coupled-channel method
(=0 Touching configurations for all orientations

Fusion Cross Section 2nd
stage —

1
O_fus(E) — / d(COS Q)O_fus(E; 6) I

0

oo

T , ‘ : :
Trus(E; 0) = 2 2(26 + 1)Ty(E; 0)Pen(E£, £,0)» Dynamical galculaﬂon
/=0 Langevin eq.
Axial symmetric configuration

<start the Langevin calculation at the nose-nose configuration with each R, in 1st stage




Overview of Dynamical Process in reaction 365+238U

Time-evolution of nuclear shape
in fusion-fission process

1. Potential energy surface

2. Trajectory - described by
equations

o 238
S+ U

10



Nuclear shape

two-center parametrization (z, 0, 05)

(Maruhn and Greiner,
Z. Phys. 251(1972) 431)

q(z,0,x)

z,
BR
3+0
3-20
R : Radius of the spherical compound nucleus
3(a—>b)
2a+Db
_ Al B Az
Ac:-\f

z =

B =

S =

(51=52)

04



Multi-dimensional Langevin Equation

% — (m-l)ij P, Friction Random force | Newton equation
ddt N 14 dissipation  fluctuation

p| _ - o

g _8qi _Ea_q,(m 1)jk PiP« =7 (m 1)jk P +9;R; (1)

(Ri(1) =0, (Ri(t,)R;(t,)) = 25;5(t, —t,) : white noise (M arkovian process)
Zgikgjk :T7/ij
k

q;: deformation coordinate (nuclear shape)
two-center parametrization (z,0,a) (Maruhn and Greiner, Z. Phys. 251(1972) 431)
p;: momentum
m; : Hydrodynamical mass (inertia mass)
y;;» Wall and Window (one-body) dissipation  (friction )

£ =E =2{m?), pp, -V (@

E. . :intrinsicenergy, E :excitation energy

int



Potential Energy

ho0(0 +1)
V(q,0,T)=V,,
(q.4,T) (@) + 21(0)

VDM (q) - Es (q) T Ec (CI)
Vau (a.T)= Esohell (q)®(T)

Ve (0,T)

T : nuclear temperature
E =aT® a: level density parameter
Toke and Swiatecki

Es : Generalized surface energy (finite range effect)
Ec: Coulomb repulsion for diffused surface
E%:eir : Shell correction energy at T=0

| . Moment of inertia for rigid body

aT?
®(T) : Temperature dependent factor ~ P(T) =€xp {— E—}

d

E, =20 MeV



Overview of Dynamical Process in reaction 365+238U
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Calculated spectra for fusion-fission and quasi-fission

Wsi + 238Y 3¢5 + 238y  c.m. Energy (MeV)
i ——— 6
FL.EDF] e m A6 0 ) 1540 7 170.01 (b) T
Probability \f *° 70/ D I
ﬁ_.._ '-;ﬁ!; 4 al rF d !
_ a | i L |
_g-.-a—?i::gdl_ﬂ-_- ‘:n- e [ L ‘_){-_, — g% "; |
Fusion F|55|::r}5 41 9 144.0| | 11 % 1640 |
a4 2533g(5n) s 1 2"Hs(5n) IEE AL |
'g i 1 i 02,7 04 o
- | 27 0 139.0 °
= 37 % _
E 1.5 ._’,,#“:t%
o LN
v - 134.0
[y 9370 e 264
E 0.3 e ‘8 -
Q| f q
= ﬂ‘}qj
.a "il U.:l. Tnl .':I. LS
.U_." 0.05 ‘...In.:f:"f _IIIJ' 4
LL 5 "EJ-;'I':?“:'-I.?-:!;:' 9 ﬁ‘b; E.WQ';‘
X EY:
T T IR - ‘h&—l— D
L S0 100 150 200 250 0 B0 1["]|'] 15[’] ?DI.’] ::"-':['J

Mass Mass

Experiments by K. Nishio et al. (JAEA)



ER cross-sections for 267.268Hs produced by 34S + 238U
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Fusion and ER cross sections

s
g * ®

Excitation energy (MeV) Excitation energy (MeV)
30 40 a0 60 E-ﬂ 40 5':1 60
e T g 3 TT |

dva : ]
10" FQasifissio 10°EQuasifission

‘1*/ /\x Fusion Cross

* HLH‘ I“a|r|f~1' Section
107 o - '

PRI W .I.II.I.
15 26THg 2681 ]

(5n) (Bn)3 «[  (3n) (4n) {5n) (6n)

e 36703 E 054 b&.g "
el i | 1054 : : o
l

Capture Cross
Section

Cross section (mb)
LL LRLELL LERL L pumatil =

Fission

I

=
T LLLL |
=

f Cross se _.I ons
120" 130 140 950 60 140 150 160 170 180
Energy in c.m. (MeV) Energy in c.m. (MeV)

Evaporation Residue
Cross section (mb)

K. Nishio et al, PRC 82, 024611 (2010).
K. Nishio et al, PRC 82, 0445604 (2010).



E =129Q |E._=1540 MeV, E'=395 MeV
) 90u £
5 &
250
FF and DQF FF and DQF
t > 50 x 102! sec t < 30 x 104! sec
-0.2 < 0 < 0.2 (peak 0) 0 <0 <0.4 (peak 0.2)
QF via mono-nucleus QF
t < 30 x 1021 sec t < 10 x 1021 sec
0.2 < 0 < 0.5 (peak 0.4) 0 <0 < 0.2 (peak 0)

(1) Origin of the reaction process
(2) Building times
(3) Deformation of fragments



Time evolution of probability distribution TS
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(c) Trajectory Analysis = " Probability Distribution”
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Probability distribution of total time on the z-0 plane

Si +*®U, E'=35.5 MeV 63 +2%8y, E*=39.5 MeV
(a) (c) .
05- . 054 g/ \/
06 ' 0.6- Q ,'
0.4 Ridge line 04l ‘
© <steep >
0.2-_ SRt gentle > 0.2-_ ‘ ﬁ\
0.0 QIR 0.0

The relation between the touching point and the ridge line

b : : .

(b) —1is very important to decide the process N
08— &4 > fusion hindrance 08
0.6 — 0.6
0.4 —_ 0.4

o ] &

02 — i ‘ 0.2
0.0 — g Ty E 00
— BN N AN
02 — RN, By _ _ L ~0.2
0.0 0.5 1.0 1.5 20 25 0.0 0.5 1.0 1.5 20 25



h..l 2. Model

(2) Full Langevin calculation (classical)

DIS, nucleon transfer



18() + 238 = 16() + 240

Evolution of nuclear shape
In the whole process

238 J

160

!

Transfer reaction

24OU

. Decay process

180



Diabatic and Adiabatic Potential Energy
Vi RB1B2ct) = VIR (Z( Ny ZaNyiR, By.Boe..) + M(A,) + M(A,) - M(Proj) - M(Targ)

250 —

Diabatic way 243Cm + 43{:a

= -

2 200 Vadiab # Vdiab Vadiab = Vdiab

=

2

Q

=

Q

8 150

o Adiabatic way

‘g’_ V. Zagrebaev, A. Karpov,

. Y. Aritomo, M. Naumenko
and W. Greiner,
Phys. Part. Nucl. 38 (2007) 469
ro0L R (fm) ys. Pa uc ( )
10 Rcontact 20

V. diabat (R B1.B2,0t,-.) = Mycgy (R,B4,B2,0--) - M(Proj) - M(Targ)

Time -dependent driving potential has to be used

V() =Viiab ©) Pl ") + Vaggap (&1 [1-exp(- )]
-21

T relax ~ 10 Time-dependent weight function

the same degrees of freedom !

G. F. Bertsch, 1978; W. Cassing, W. Norenberg, 1983. A. Diaz-Torres, 2004; A. Diaz-Torres and W. Scheid, 2005.



Langevin type equation

Before touching nucleon transfer

d _ .

dt | dt Acw A 4(”&
9 _

dr 1R’

d@l=£

da 3,

dp, _ L,

a3,

dpi aV B

dr:_aq,. 2a R N 1) R A

v (L L -
I — —_——d, ——d, +R tan Rhu l
df 89 ztaug{[u - 1 -}R g‘ gk g( )

di, IV /L
T ~ " Jtang
1

+y
dt 1)

dL, v (LI
= + f'/ran - al T al 2 algrangRrang(r)
dt I, | 1R 3, 3,

mij : Hydrodynamical mass (mono-nucleus region), Reduced mass (separated region)
vij: Wall and Window (one-body) dissipation
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Calculation with Langevin equation

e E
136Xe+209Bj Ecm = 684 MeV C):I:)culation

20 1800
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= %
15 o
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o3 9 1200- oo
€ S
m S 900 °r
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X ~ o A
— e® e ° ®
o o . © 600 . o
B 5 ° ‘Weo -
e
300 -
0 T T T T T T T T T T T
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TKE, MeV 0, deg.

W.Wikcke et al, PRC22,128 (1980)

86 Kr+ 166Er Ecm — 464 MeV W.Schroder, Phys. Rep. 45, 301 (1978)

 H. Wollersheim, PRC24,2114 (1981)

6000
Gobbi et al, Proc. Int. |School of Phys.
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transfer reaction ®o+28u->1%0+2¢0y  E, =160 MeV

269 11 " " 1 | - 2l 2l | - " 1 1 1 289
1 | 20
2401 - - 240
238 - — L 238 0
—>
% 220 220
B o —~ 04
2 2060 \,4 - 280
0 ] I =10 4
£ |
= 180- - 180
-20 4
236 < L 236
160 - - 160 -
: —_— : -30 20 10 0 10 20 30
286 TT T T T LI T T LI T T T T zaB <fm)
390 2525 2.0 20 15 1.51.0 0.0
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Emission angle and mass ratio of fission fragments
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Angle distribution ’ M,f

—> Analyze fusion fission dynamics

A. Waknhle, D. Hinde and his group (ANU)

D.J. Hinde et al, PRL 101,092701 (2008)
R.du Rietz et al, PRL 106, 052701 (2011)



34G4232Th

counts

angle

Exp. A.Wakhe, D. Hinde et al (ANU)
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E=143.9 MeV E=146.1 MeV E=148.3 MeV E=150.9 MeWV E=158.7 MeV
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!.II Way to synthesize new SHE

3) Transfer reaction U+Th, U+Cm



Valery Ivanovich Zagrebaev
(1950-2015)
FLNR, JINR, Dubna Russioa
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Quasi-fission and fusion-fission processes

contact point Coulomb barrier
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48 Ca+ 2480m
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dR _ P

n
2 DD, ()

Variables: {R, 0, ©q5 Py, 131, l32, nj

Most uncertain parameters:
Hg,Yp - nhuclear viscosity and friction,
N Ag - nucleon transfer rate

A+A,

CN

dt Mg
g /
dt  u,R’
do, _ L, , do, _
dt 3,
dB, _ Pp1
dar g,
de _ Ppa
dt [
n _ 2
dt A
dpp, OV

ol 3
dt OR  U,R

System of coupled Langevin type Equations of

Motion

ar__ov
dt 09
dL, oV
= +
dt o,
d, __ov
dt 8(p2

2R 2p;

e \Oe , Py Mg Pp Oy p
+ - + —y =+ t
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: R + ytang tang (t)
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Nucleon transfer

Mass transfer

e

Neutron and proton transfer

day 2y, 2 o
—— = ~—Dy'(aw) + =V Dy'T(t),
dt Non " (o) ﬁ"ff.'_.”v'\ ),
doy 2 9 =
- — DL Y Dl-—- I(t .
dr Zon 2 (az) + 7.V Dz ()
2N — Nen
(N = —
A Now
__ 27 — Zon
X =S
’ ZcoN
Drift Dyl = Awz(A—A+1)—dvz(d—A-1),

1, . . :
—{Awvz(A—=A+1)+Ayz(A—=A-1)}.

Diffusion Dy, =

p(A) Py, (2,6,A— A+1),

Nucleon Transfer rate

] \{'J
N _ 0 _ 7
Aoy =Az =+




potential energy at contact (MeV )
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Shell effects in damped collisions of transactinides. New way to superheavies
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Isotopic yield of SHE in collisions of transactinides
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Isotopic yield of SHE in collisions of transactinides
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Nuclei produced in 238U
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5. Summary

1. In order to analyze the fusion-fission process in superheavy mass region, we apply
the Couple channels method + Langevin calculation.

2. Incident energy dependence of mass distribution of fission fragments (MDFF) is
reproduced in reaction 36S+238U and 30Sj+238U.

3. The shape of the MDFF is analyzed using
probability distribution

4. The relation between the touching point and the ridge line is very important
to decide the process - fusion hindrance

And....
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