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1 1.Research Motivation: superheavy nuclei
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Significance of SHN research:

® Expand the periodic table of elements

Explore the limits of atomic nucleus mass and charge
Study atomic nucleus decay and structural properties

Test the shell model theory of atomic nuclei

Reveal the nuclear synthesis process in nuclear astrophysics
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»GAN Zai-Guo et al,
PHYSICS, 2024, 53(12):
803-810.
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Difficulties in the synthesis of new SHN:

® Extremely low production cross-section and fleeting lifetime
® The products are difficult to separate and identify

® The experimental cost is high and the cycle is long

Accurate Theoretical Predictions Are Needed ! 3
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In the multi-nucleon transfer (MNT) reactions:
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® Generate broad isotope distribution depending on transfer channels.

® Angular and excitation energy of compound nucleus distribute widely. New isotopes2?-29Mg, 313233 A, 33.34.3536 5j,
35,36,3738 p 39409 45d 4142 ) produced in

bombardment of a 232 Th target with 290
MeV 40 Ar ions

A.G. Artukh, V.V. Avdeichikov T, G.F. Gridnev, V.L. Mikheev, V.V. Volkov, ]. Wilczynski

Multi-nucleon transfer reactions (MNT) experiment progress

® Producing neutron-rich heavy and superheavy nuclei.
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1 1.Research Motivation: pre-equilibrium clusters

O Theoretically
» The Exciton Model

» M. Blann, Rev. Nucl. Sci. 25, 123 (1975).
» E. Gadioli et al, Phys. Rev. C 16, 1404 (1977).
» OV Fotina et al, Int. J. Mod. Phys. E 19, 1134 (2010).

» The Dinuclear System (DNS) Model

» Z. Q. Feng, Phys. Rev. C 107, 054613 (2023).

> The significance of studying pre-
equilibrium clusters

v'the correlation of spatial configuration of nucleons
v'the cluster structure of the stable or unstable nuclide
v'the cluster formation mechanism in nuclear reactions

v'the kinetic mechanism of MNT reactions

oooooo

» P.E. Hodgson and E. Bétak, Phys. Rep. 374, 1-89 (2003).

O Experimentally

> 1977,
IMP:

> 1980,
IMP:

> 1980,
RIKEN:

s ®LW AR S Y R Vol.1, Ne.1
1977 £ 11 B PHYSICA ENERGIAE FORTIS ET PHYSICA NUCLEARIS Novem ber, 1977
12C+209Bj
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Nuclear Physics A

=
ELSEVIER
Volume 349, Issues 1-2, 3-10 November 1980, Pages 285-300

12C+209B;j

Product cross sections for the reaction of 12C
with 299Bj

Jin Gen-Ming 12, Xie Yuan-Xiang, Zhu Yong-Tai, Shen Wen-Ging, Sun Xi-Jun, Guo Jun-Sheng,
Liu Guo-Xing, Yu Ju-Sheng, Sun Chi-Chang, ].D. Garrett

'_;;"l Nuclear Physics A

Volume 334, Issue 1, 28 January 1980, Pages 127-143
14N+159Th, 169Tm, 181Ta, 197Au, 209Bij

Preequilibrium a-particle emission in
heavy-ion reactions

H. Utsunomiya T, T. Nomura, T. Inamura, T. Sugitate T, T. Motobayashi *
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O The Dinuclear System Model (DNS)
0 a
o
O O OV
PN nucleon/cluster oo ©
Schematic diagram of multinucleon transfer reactions in the DNS model

transfer
> BIKEK. EL2EEFEA REFEEZSENEMED).
E: R ER S R A TR TR, 2007.

capture

> Emission cross-section of pre-equilibrium cluster:

Jax Z, N,

max max max

o,(E,,0,1)= Z Z Zo-cap(E

c.m.?
J=0Z,=Z, N,=N,

D[ FBY<PZ Ny, Ey(E, D)1 B, BYXP.(Z,, N, E, B

FV
Emission probability R(Z,.N,.E, ):At?

of the cluster:

v=n,p,d,t, He,a,” Li,"” Be
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O The Dinuclear System Model (DNS)—Capture process:

a*(2J+)I(E,, ,J) A4
Capture cross section: O (Ecnsd )= QuE. o APP+ ;T
Penetration probability: T(E.,..J)= _[f (B)T(E.,.J,B)dB

1. for the light and medium systems: the Hill-Wheeler formula - . ) -
Barrier distribution function:

}}l Gaussian form f(B)= leXp[— (B — B, ] J

2 R2J(J +1
T(Ec-m-aJ,B)—{HeXP{_ W [c:n—B_ (J+1)

Fuo(J) 2uR% ()

N A

> D.L.Hill and J. A. Wheeler, Phys. Rep. 89, 1102-1145 (1953). A= (BC —BS) /2 B =(B.+B)/2 If(B)dB:I

2. for the heavy systems: the classical trajectory approach

2
J(J+1)h . R, =I”OC(A;,/3+A;/3)

2
7(E. ,J,B)=0, Ec_m_<B+J(J +12)h . T(E
2uR;

c.m.”?

J,B)=1, E. >B+ R
C
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O The Dinuclear System Model (DNS)—Transfer dynamics:

Master equation: Nucleons (n, p)+Clusters (d, t, *He, ‘He):
dP(Z,, Ny, Ev, B, B, 1) o
Only the transfer of Nucleons: Lo = B Y Wanpizm p Oz, NP, N, E}, B, B, 1) = d P2, N, B, B, B, 1)
Z=2,%1
dP(Zy, N, Ey, 1) + z Wz, 5 giz.ve g, (Oldz v P(Zy N ELL By, B 1) = dy, y: P(Z,, Ny, Ey, By, B, 1)]
dt Nj=Ni£1
i ' ' I ool
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Z{ 1 1
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d, vd . I’
> Z. Q. Feng, Phys. Rev. C 108, L051601 (2023). LY Zy N,

> R. Mattiello et al, Phys. Rev. C 55, 1443 (1997).
» Z.Q.Feng, Phys. Rev. C 102, 044604 (2020). 8
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O The Dinuclear System Model (DNS)—Preequilibrium cluster emission:

I
Emission probability : F.(Z,,N,, Ek)zAt;V

> the time step: Af=0.5(0.25)x10*s

> the particle decay widths

the Weisskopf evaporation theory

m

L',(E*,J)=(2s,+1 -

E*_BV_Erot_ch
eX p(E*— B, — Epot — V. — €,J)0in(€)de

» V. Weisskopf, Phys. Rev. 52, 295 (1937).
> P.

H. Chen et al, Chin. Phys. C 40, 091002 (2016).

4

p

Kinetic energy spectra:

the Monte Carlo method, ¢, = (0, E - B, -V — Emt)

» for neutron: Watt Spectrum

)
el/2

Co iy exp (—;—) T,=1.7+0.1MeV

dN, B
de, -

» H. Rossner, Phys. Rev. C 45, 719 (1992).

» for charged particles: Boltzmann Distribution

dN,

1/2 -
m €y E
= 8w E} expl—=) T = a=A4/12

de—'l) ZETU T],J a
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O The Dinuclear System Model (DNS)—Preequilibrium cluster emission:

Angular distributions : the deflection function method

200 - I - 1 - . - T ~ |
= + Coulomb deflection (200 MeV) = - - - Coulomb deflection (220 MeV)
— — Nuclear deflection (200 MeV) ---- Nuclear deflection (220 MeV)
+ C. Peng and Z. O. Feng, Eur. Phys. J. A 55, 162 (2022) 150 » — - — Deflection angle (200 MeV) =-=-- Deflection angle (220 MeV) -
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> Z.Q. Feng, Phys. Rev. C 107, 054613 (2023). ] ()
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(a) 72Nl+’98Pt @ Ecm =240 MeV
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O Results:
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> Production cross-section of SHN:

dP(Z1, Ny, Ey, 5. B, t)
dt
= Z szu.Nu.Hl:Z:..'Vu-ﬂJ.Et) x |dz,n, P(Z1, N1, Ey, By, B. t) -dz:.."\hp[zl?"\rlTEi?Blfot)]
Z,=Zi+1
+ Z w;.f\'..ﬁ.:zl,-'*':ﬂ:[i} X [dz,,N,P{Zl,_.“-.-‘LE;,BLB,U - Lizl_J,V:P[Zlf_.’\.-‘leElf1’5’1TB,t}]
N;=N;x1

@ 3.Formation Cross Sections of SHN
O The Dinuclear System Model (DNS)

* Z wé.-J\-’.-_ﬁ.:Z:..N':-ﬁ: () [dzlu'\'lptzlf Ny, Ey, By, B,t) - d:—’:,a!"f:p[:'{l*'r\rlf Ey, 51, B, t]]
Z=Z;+1N;=N; %1

+ z ”F}iﬁu..’\-’|-5|:Z|..’V:-3: (t) [dzl-"\rlptzif N;TELFS‘LB?” et dZ:,-’\':P[ZLTJ?\rIT Ey, pr, B, t)]
Zy=Fi+1,N|=Ni 42

Y Wl s ® X d2xP(Z, N EL BBt = dyy i P(Z4, Ny, By By, B )
Zy=Z1+2,Nj=Ny 1

+ z ”:‘;...'\-’.-.6‘.:2...?\.':-51:m % [dzl_la\rIP(Zlff\"LEL,ﬂLB,!} I dZ‘...’V:P[Zlf"?\rlfE'l?-ﬁlfotJ]
Z,=Z;+3,N|=N; 2

Tmem(Zllea El; Z{a Nlla E{)

dz, N, dz; N2

x Y (2, N, By, i|V|Zy, Ny, By, i) .

i1

14 _
Wz, Nz = Gu

> : the probability that the projectile nucleus and the

target nucleus overcome the Coulomb barrier and form
a DNS.

» V.I Zagrebaev, Phys. Rev. C 64 (2001) 034606.

> : the formation probability of compound nuclei.

» N. Antonenko et al, Phys. Lett. B 319 (1993) 425.
» N.V. Antonenko et al, Phys. Rev. C 51 (1995) 2635.

> : the probability of the highly excited compound
nuclei surviving by evaporating light particles.

» A.S. Zubov et al, Phys. Rev. C 65 (2002) 024308.

@ P-like

o
X T-like o
: : 4 "‘ © <4
— ‘i ‘ ’ > m)  EN
capture fusion evaporation
Ocap(Ecm,]) Pey(Ecm,)) Wur(Ecm, J)

Schematic diagram of fusion evaporation reactions in the DNS model
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O Different mass tables

> FRDM2012:
the finite-range droplet model

» P. Moller et al, Atomic Data and Nuclear Data Tables 109-110 (2016) 1-204

> KTUYO5:
the Koura-Tachibana-Uno-Yamada

> Hiroyuki Koura et al, Progress of Theoretical Physics 113 (2005) 305-325

> LDM1966:
the little-droplet model

» William D. Myers et al, Nuclear Physics 81 (1966) 1-60

> SkyHFB:
the Hartree-Fock-Bogoliubov method

» Y. El Bassem et al, Nuclear Physics A 957 (2017) 22-32

> WS4:
the Weizsdcker-Skyrme mass model

» Ning Wang et al, Physics Letters B 734 (2014) 215-219
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1 3.Formation Cross Sections of SHN
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