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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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Neutron decay
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Decay mode: ?

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



Nuclear Physics A

Volume 176, Issue 2, 29 November 1971, Pages 284-288

In the multi-nucleon transfer (MNT) reactions:

ELSEVIER

® Generate broad isotope distribution depending on transfer channels.

® Angular and excitation energy of compound nucleus distribute widely. New isotopes?39 Mg, 313233 A, 33.34.35.365j,
35.36,37.38 p 39,405 and 4142l produced in

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

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

® Producing neutron-rich heavy and superheavy nuclei.
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Multi-nucleon transfer reactions (MNT) experiment progress

The technology
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pre-equilibrium clusters

1 1.Research Motivation:

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

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

O Experimentally

> 1977,
IMP:

> 1980,
IMP:

> 1980,
RIKEN

il LR SmEYES KR Vol. 1, No.1
1977 £ 11 B PHYSICA. ENERGIAE FORTIS ET PHYSICA NUCLEARIS Novemn ber, 1977
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B Volume 349, Tssues 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 ! 2, 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
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4 Nuclear Physics A
Volume 334, Issue 1, 28 January 1980, Pages 127-143

14N+159Tb, 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)

00 -

Schematic diagram of multinucleon transfer reactions in the DNS model

> BIK. EZEEFESRMEBEZSRAEIAZRDI.
Hilt: RERFRE IR TR, 2007.

capture

o nucleon/cluster
transfer

> Emission cross-section of pre-equilibrium cluster:

o E00=3 3 Z By D% [ S(B)PZ N EL(E, D)t BBXPZ, N, E B

J=0Z,=Z, N,=N

FV
Emission probability PV(ZvanaEk): At%

of the cluster:

3 6,71 » 8,9
v=n,p,d,t,He,a,” Li, " Be
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O The Dinuclear System Model (DNS)—Capture process:

i (2J+1T(E.  ,J 4,4
Capture cross section: Cap (B )= ( > #;i = A= APP+ ilT
Penetration probability: T(E,,.J)= If (B)T(E.,..J,B)dB

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

}}1 Gaussian form f(B)=ieXp(—(B_ij j

R2J(J +1
T(EcmaJ?B):{1+eXp{— 2 [ em — B — ( + )

heo(J) 2uR3(J)

N A

> D.L. Hill and J. A. Wheeler, Phys. Rep. 89, 1102-1145 (1953). A=(B.—-By)/2 B, =(B.+B)/2 J'f(B)dB =1

2. for the heavy systems: the classical trajectory approach

2 2
7(E. ,J,B)=0, E. <B+ W+ 12)h . 7(E. ,J,B)=1, E. >B+ J(J+ 12)h . R.=r,, (4 + 4
2 LR} 2R,
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O The Dinuclear System Model (DNS)—Transfer dynamics:

Master equation:

Only the transfer of Nucleons:

dP(Z,,N,E,t)
dt

=Y Wznuz.m O]dz, v P(Z;, Ny Ef. 1)
Z

- dZ;.NlP(Zla Nla Ela I)] + ZWZLN1:Z1.N{(I)
N

1

X [dzl,NIP(Zl,Nf,Ef,f) —dZI,N;P(ZlaNl,ElJ)]-

:Tmem(ZvaEl;Zle»El)Z (i 1V [P
Z,,N,.Z, N, d K2 i
Z,N, Zl',Nl

» Z. Q. Feng, Phys. Rev. C 108, L051601 (2023).

Nucleons (n, p)+Clusters (d, t, *He, “He):

dP{ZI-.NI'-EI'- ﬁIeBe” _

7 Z WZ,.J'\-',.ﬁ,:Z;.h-',.ﬂ;{”[dZJ.NJP{Zi-. N, E|, B}, B,t)— dz x,P(Z1, Ny, Ey, i1, B, 1)]

Z=7+1

+ Z Wz, n piezv gy (Oldz, v P(Zy N ELL By B t) = dy v P(Zy, Ny, Ey, By, B, t)]
N=Nj£1

+ Z W::'I].N,.ﬁ,z;.ﬁ;.ﬁ;{”[‘IZJ.MP{Z;-N;- E}. B\, B.t) = dz v;P(Z, Ny, Ey, By, B.1)]
Z=+1 N)=N,£1

+ E Wé]h-]ﬂ]z‘;}\-;ﬁ;“)[dzlﬁ"]P{Z;-N;-E;-ﬁ;-B-r)-dz;ﬁgp(zlﬂN|'E|-|B|-B-f}]
Z=k1 N/=N, 42

+ Y W sz 5 (Oldz v P(Z{ N E|, B|.B.t) = dz 5 P(Zy, Ny, Ey, By B.1)]
Z=42 N/=N, 41

+ Z W;]h-']ﬁ]z;f\-';ﬁ;“)[dz]ﬁ']P{Z;N;E;ﬁiBI)-dZ;J\':P(ZlN|E|ﬁlBt]]
Z/=42 N'=N; 42

Tmem(ZlﬂNlﬂEl;Zl;;;z]v{’Ell)zii' <l-' | V|i>2

Z,Ny Zl',NI'

W =G.

Z,,N,;Z;,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)—Transfer dynamics:
The Potential Energy Surface (PES) : V({a}) =Vc({a}) + Vv({a}) + Vier (1)

» The Coulomb potential V.: the Wong formula » . Y. Wong, Phys. Rev. Lett. 31,766-769 (1973).

» The nucleus-nucleus potential Vy: the double folding potential > 1.1 Gontchar etal, Phys. Rev. € 69, 024610 2004).

100 MeV
300.0
270.0
240.0
- 210.0
180.0
150.0
- 120.0
- 90.00
60.00
30.00

0.000

- rrrt | P
:{a:' IN+29Bj

» The deformation energy V,: -
80

1 1
Vaer (1) = ECI [B1 — B (D) + Ecz[ﬁz — Bp(D]%, .

Br(t) = Brexp(—t/ts) + Bi[l — exp(—t/15)],
Bi(t) = Bpexp (—t/t5) + Ba[l — exp(—t/15)]

5 3 Z%e?
Ci= (L= 1)+ 2)R}o —

Rt W=2)

> Peng-Hui Chen et al, Phys. Rev. C 102, 014621 (2020); Phys. Rev. C 105, 034610 (2022); Phys. Rev. C 106, 054601 (2022)
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O The Dinuclear System Model (DNS)—Preequilibrium cluster emission:

I}
Emission probability : PV(ZV,NV,E,{):At;V

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

> the particle decay widths I'y,:
the Weisskopf evaporation theory

m

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

E**Bv*Erot*I[c
eXp(E* — B, — Byt — Ve — &, J)0inp(€)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, &, = (O, E — B, -V, — Emt)

» for neutron: Watt Spectrum

N _ o " )T =17+0.1MeV
de,  "pr\7r,) foTlIEDAMe

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

» for charged particles: Boltzmann Distribution

10
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O The Dinuclear System Model (DNS)—Preequilibrium cluster emission:

Angular distributions : the deflection function method

200 T T T T T T T T T T

A — . . —— Coulomb deflection (200 MeV) = -- - Coulomb deflection (220 MeV) |
0 Ul) QC Ul) T @N (]l) — — Nuclear deflection (200 MeV) ---- Nuclear deflection (220 MeV)
. 07, O Feng, Eur. Phys. J. A 55, 162 (2022 150 1 — - = Deflection angle (200 MeV) =-=+= Deflection angle (220 MeV) -
. Peng and Z. Q. Feng, Eur. Phys. J. R .
. i e 43Ca+23ﬂ-u
» The coulomb deflection 100 4‘ g
Q L\ / :
()] l‘ y /'I
ZPZTeZ = 50 + "f, ,.-"- -
0,(J;) =2tan ! ——— O N
2Ec.m.b O )
S 0 l_ T T T T T e e e e s e e e —
. ) - -
» The nuclear deflection S ‘ et o
Lo _50 1 7 d .b_r\."" -
Ji | / K A
T i / S

r ]l 5 ]gT' ) s ;: © _

OnU) = —BO¢ (/i)—(—> 100", '

] ar ,B L
_1 50 = | | | | 1
the grazing angular momentum : 0 50 100 150 200 250 300

1/2] J;

> Z. Q. Feng, Phys. Rev. C 107, 054613 (2023). 11

]gr = 0.22R;n¢ [Ared(Ec.m. — V(Rint))
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1 2 .Preequilibrium Clu
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O Results: 12C,

IMP:
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. » Ocqp- the probability that the projectile nucleus and the
O The Dinuclear SYSTem Model (DNS) target nucleus overcome the Coulomb barrier and form

a DNS.

» V.1 Zagrebaev, Phys. Rev. C 64 (2001) 034606.

» Production cross-section of SHN:
» Pcy: the formation probability of compound nuclei.

]max
» N. Antonenko et al, Phys. Lett. B 319 (1993) 425.
O-ER (Ecm) == E Ucap (Ec.m.: ])PCN (Ec.m.: _]) Vllsur (Ec.m.r _]) > N.V. Antonenko et al, Phys. Rev. C 51 (1995) 2635.
=0 e . .
J > W,,-. the probability of the highly excited compound
sur p y g y p
AP(Z2, Nu, Ev, 1. B.1) nuclei surviving by evaporating light particles.

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

= ) Wy sz, O X125 P(Zu Ny BBy, Bt) = d gy P(Z1, Ny, By, B.Y)

Zy=Zi41 @ P-like
+ YW (t) x dz, n, P(Z1, Ny, Ey, By, B,t) = dg, 1 P(Z1, Ny, By, By, B, 1)

Z1,N1,81: 21N, B,

N,=Nyk1 o °
) L . , go T-like o
+ Z H:;I_‘n\,rl_'gl:zl N8 (t) x [dZLNuPEZlf Ny Ey By, Bit) - dZ:.N: P(Zy,Ny, Ey, By, B, t)] ‘}é\\e‘\‘z\°% ‘%gﬁ}oo ° %'\0$
Z)=Z,£1,N}=N, £1 @‘%@& @}“% @
+ Z lr"*:—é..,"\.'..ﬂ.:z..J\.’:-ﬂ: () x [dz, 3, P(Zy, Ny By By, B t) = d g, 1 P(Z1, Ny, By, B, B, 1)
Z,=Fi+1,N|=Ni 2
4 ¢ ¢ 1] i
v wHe () x [dz,n,P(Z), Ny By By Bit) = d oy o P(Z1,N1, Ey, B, Bit @ EN
. ig‘—’\' " z""\'"'j':z"‘?\'"'j'[ Pl P2 Ny By B zn P N B o B ) capture fusion evaporation (4]
I . . N - o-cap(Ec.m.-]) PCN(Ec.m.J) Wsur(Ec.m.J]) (»)
+ Z Hl‘z..N..ﬁ.:Z..N:.ﬁ: [t} X [l’.le_‘i\\,rl.F’[.Zlf "N'Ilf'E"lfSIfB?t) - dz:_N: P[Zlf.'\'lf -E"lf Sl,Bf t)] 0
Z,=Z,+2,N;=N; 2

Schematic diagram of fusion evaporation reactions in the DNS model
7'mem(Zly Nla El; Z{’ NII’ E{

dz, N, dz N2

v ) . w12
Wy, niz.5; = Go X Z (21, Ny, By, 4'|V|Z1, Ny, By, )| > Bk ELEEFIAE REFHEERARNSIWTDI. Erm:qzlzlﬂ#uﬁﬁﬁmmm%ﬁﬁ,zomi



1 3.F0r'm01'i0n Cr.oss Sec.rions Of SHN Physical Review C, 2026, 113(1): 014607.

b) *Ca+***Cm-KTUY05 —2n
—3n 3
—4n ]
—5n -a
= 3n(Dubna) 3
4n{Dubna)
3n(GSI)
« 4n(GSl)
3n(RIKEN
4n(RIKEN) 3

O Different mass tables

10

> FRDM2012:
the finite-range droplet model

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

g (pb)

10°

'Rt |

10"

> KTUYO05: e i
the Koura-Tachibana-Uno-Yamada 1 ;
> Hiroyuki Koura et al, Progress of Theoretical Physics 113 (2005) 305-325 % 10 ?
> LDM1966: 0 1 E
the little-droplet model 10° E
> William D. Myers et al, Nuclear Physics 81 (1966) 1-60 1072 f
. SipHrs: R
the Hartree-Fock-Bogoliubov method 3 o SoRIKEN)

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

> WS4:
the Weizsdcker-Skyrme mass model

» Ning Wang et al, Physics Letters B 734 (2014) 215-219



1 3.F0f'm01'i0n Cr.oss Sec.rions Of SHN Physical Review C, 2026, 113(1): 014607.

OResults: 54Cr + 243Am — 119+ /54Cr + 248Cm — 120*

10° .- (a) **Cr+**Am-FRDM2012 (b) *Cr+2** Am-KTUY05 (a) *Cr+***Cm-FRDM2012 (b) #Cr+***Cm-KTUY05 (c) **Cr+***Cm-LDM1966
—2n
—3n
—4n
—5&n

(d) *Cr+2*Cm-SkyHFB (e) %*Cr+?3Cm-Ws4

| 30 40 50 20 30 40 50 20 30 40 50 20 30 40 50
EL, (MeV) Ecn (MeV) Ecn (MeV) Ecy (MeV)

» Excitation functions of the reaction system of >*Cr +2$3Am — 119* / *Cr +*¥Cm — 120* with different mass models. The shaded areas are the excitation
function ranges given by the five mass tables.
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   𝜞 𝝊


  𝛩  (  J i ) =  𝛩 C  (  J i ) +  𝛩 N  (  J i )


   𝛩 C  (  J i ) = 2    tan  − 1 ⁡     Z P  Z T  e 2  2  E  c . m . b


   𝛩 N  (  J i ) = − 𝛽  𝛩 C  g r  (  J i )    J i   J  g r    (  𝛿 𝛽 )     J i   J  g r


   J  g r = 0 . 22  R  i n t  [  A  r e d    (  E  c . m . − V  (  R  i n t ) )  1 / 2 ]


   𝜎  E R  (  E  c . m . ) =   ∑  J = 0   J  m a x   𝜎  c a p  (  E  c . m . , J )  P  C N  (  E  c . m . , J )  W  s u r  (  E  c . m . , J )


   𝝈  𝒄 𝒂 𝒑


   𝑷  𝑪 𝑵


   𝑾  𝒔 𝒖 𝒓

