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���­­­ØØØ���´́́¥¥¥fffØØØ

�fØ�>Ö�þ4�(Z,A): �­Ø!�­­½� 310
126X184

Goldhaber(1957), Wheeler(1958)

�­Ø�­½5: ér�¥Õå�^!�­Ø­½�3�ÔnÅ�

+ �%�.µ­Ø�­½5�Z 2/A�O�
~�
Swiatecki(1955), Oganessian(2007)

+ nØýó�­����3
uþf��A
Sobiczewski(1966), Bender(2003), Meng(2006)

+ Z ≥ 104��fØ­½5Or!/CV�Ø270
108Hs162

Demin(1984), Lazarev(1994), Dvorak(2006), Moller(1974), Cwiok(1983)

�­Ø�ê�nØýóµ ��A(g^-;�ÍÜ!Üþå!/C�)

+ ÷*�*�.(�gU)µZ = 114; N = 184 Sobiczewski(1966), Meldner(1967)

+ ��éØ�.µZ = 114, 120, 126; N = 184 Cwiok(1996), Bender(2001)

+ �éØ�.µZ = 120, 126; N = 184, 172 Reinhard(1989), Bender(2003), Li(2014)

�fØ�Ó ^4�(I=(N-Z)/A)µ �üz!(�A5!Ü¤Å�
Casten(2000)
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�­Ø�Ü¤�{µLÜ�u�A

1. eLÜ�{: ´¥f��+208Pb(209Bi) Z=107-112(GSI)!Z=110-113(F�)
S. Hofmann(2011), K. Morita(2004,2007), Z. G. Gan(2001,2004)

2. 9LÜ�{µ16O,22Ne+´¥f��Xq(Z=104-108,110), 48Ca+´¥f��X

qZ=112-118(Dubna)!Z=112!114-117(GSI)!Z=114(Berkeley)
Y. T. Oganessian(2011), Z. Y. Zhang(2010), S. Hofmann (2007,2012)§N. T. Brewer(2018)

PRC98,024317.

´¥fØ�Ü¤�{µ=£�A!���A!....

1. =£�A: 40Ar+232Th, 40,44,48Ca+248Cm, 238U+238U, 56,64Ni+208Pb, 64Ni+238U,
40Ca+208Pb, 198Pt+208Pb, 136Xe+208Pb, 50Ti+249Cf

A. G. Artukh(1971), H. Freiesleben(1979), A. Turler(1992), L. Corradi(2009),J. S. Barrett(2015),E. M.

Kozulin(2012),Y. H. Kim(2014), A.Di Nitto(2018) PLB784,199

2. ���AµBe+48Ca, Be+238U!Pb+238U�
http://www.nscl.msu.edu/thoennes/isotopes/;

http://www.nishina.riken.jp/RIBF/BigRIPS/intensity.html;

http://www-wnt.gsi.de/frs/experiments/cross-sections.asp
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ÄuÑ$nØïÄ#Ø��)Å�µ

÷*ÄåÆ�.: @�LÜL§
´X{�ÄåÆL§

Swiatecki, NPA(1981)

Øf8Nz�.: 0u÷*Äå
Æ�.�VØXÚ�.�.�m

Zagrebaev, PRC(2001)

Þá-ÑÑ�.:
a)Þá; b)�?�

Y.Abe,(1997), Liu, PRC(2009), Shen, PRC(2002)

VØXÚ�.: �qE�3�5�A
�§�qØ�m=£Øf

Adamian(1997); Li(2003), Zhao(2008)...........
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�u�{�¡µ

σ(Ec .m) =
∑
J

σc(Ec .m, J)PCN(Ec .m, J)Wsur(Ec .m, J), E ∗CN =Ecm + Q

Bohr(1936),Weisskopf(1957)
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���­­­ØØØÜÜÜ¤¤¤ÅÅÅ���µµµÐÐÐ¼¼¼���¡¡¡(σc)

Ð¼�ãµ�Ø�qØÐ¼/¤VØXÚ �p�^ ^

Ð¼�¡µ(\�Å>.^�) Wheeler(1953)

σc(Ec .m) =
π~2

2µEc .m

∑
J

(2J + 1)T (Ec .m, J) (1)

T (Ec .m, J)�Ð¼AÇµ

T (Ec .m, J) =

∫
f (B)

{
1 + exp

[
2π

~ω(J)

(
B +

~2

2µR2
B(J)

J(J + 1)− Ec .m

)]}−1

dB

Ù¥ ^©Ù¼êf (B) � Zagrebaev(2001)

f (B) =


1

N
exp

[
− (

B − Bm

∆1
)2

]
�B < Bm

1

N
exp

[
− (

B − Bm

∆2
)2

]
�B > Bm

Ù¥Bm = (B0 + Bs)/2§∆2 = (B0 − Bs)/2"

Wang(2017)!Wang(2008)
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���­­­ØØØÜÜÜ¤¤¤ÅÅÅ���µµµLLLÜÜÜAAAÇÇÇ(PCN)

EØØ/¤�ãµ SÜLÜ ^

Ì�§:

dP(Z1,N1,E1, t)

dt
=
∑
Z ′1

WZ1,N1;Z ′1,N1
(t)[dZ1,N1P(Z ′1,N1,E

′
1, t)− dZ ′1,N1

P(Z1,N1,E1, t)] (2)

+
∑
N ′1

WZ1,N1;Z1,N
′
1
(t)[dZ1,N1P(Z1,N

′
1,E

′
1, t)− dZ1,N ′1P(Z1,N1,E1, t)]

−[Λqf (Θ(t)) + Λfs(Θ(t))]P(Z1,N1,E1, t),

S.Ayik et al ZPA 277(1976)299,Huang, CPL25,1243, Feng, PRC80,057601

Ì�§¥, WN1,Z1;N ′1,Z1
, dN1,Z1, Λqf , Λfs �6uVØXÚ�Û�-uU"VØ

XÚ�Û�-uUµ

ε∗k = Edis − U(N1,Z1,N2,Z2,R , β12, β22)

U(N1,Z1,N2,Z2,R) = B(N1,Z1) + B(N2,Z2)− B(N ,Z ) + UC (Z1,Z2,R) + UN(N1,Z1,N2,Z2,R)

VØXÚ¤�¡NC�)��d�m§∆εk =
√

4ε∗k/gk ,ε∗k = ε∗k
Ak
A
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���­­­ØØØÜÜÜ¤¤¤ÅÅÅ���µµµ���¹¹¹AAAÇÇÇ(Wsur)

�u�ãµ �C ^

�¹AÇµ

Wsur(E
∗
CN , x , J) = P(E ∗CN , x , J)

x∏
i=1

[
Γn(E ∗i , J)

Γn(E ∗i , J) + Γf (E ∗i , J)
]i

¥f�u°Ý9�C°Ý�±�¤µ

Γn(E ∗i , J) =
2s + 1

2πρ(E ∗i , J)

2mnR
2

~2

∫ E∗i −B
n
i −δ−

1
ai

0

ερ(E ∗i − Bn
i − ε, J)dε

Γf (E ∗i , J) =
1

2πρf (E ∗i , J)

∫ E∗i −B
f
i −δ−

1
ai

0

ρf (E ∗i − B f
i − ε, J)

1 + exp[2π(ε + B f
i − E ∗i )/~ω]

dε

Weisskopf(1937),Cherepanov(1983)

U?�ÝÚU?�Ýëê

a(A,E ∗ − Ec) = ã(A)[1 +
1− exp−(E ∗ − Ec)/E ′D

E ∗ − Ec
δW ]

Zubov,PRC 65, 024308
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���¹¹¹AAAÇÇÇ(Wsur)

2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0

 

 K T U Y 2 0 0 5
 F R D M 1 9 9 5
 W S 2 0 1 0

 

σ ca
p (m

b)

1 0 - 3
1 0 - 2
1 0 - 1
1 0 0
1 0 1
1 0 2
1 0 3

( a )

 

 

P CN

 K T U Y 2 0 0 5
 F R D M 1 9 9 5
 W S 2 0 1 0

1 0 - 91 0 - 8
1 0 - 7
1 0 - 6
1 0 - 51 0 - 41 0 - 3
1 0 - 2

1 0 - 31 0 - 2

1 0 - 4

1 0 - 5

1 0 - 6

1 0 - 7

1 0 - 8

1 0 - 9

( b )

 K T U Y 2 0 0 5
 F R D M 1 9 9 5
 W S 2 0 1 0

 

 

W su
r

E *
C N  ( M e V )

( c )2 n
3 n

4 n

1 1 2 1 1 4 1 1 6 1 1 8

2 8 8 1 1 4

 

 

K T U Y 2 0 0 51 0 - 2
1 0 - 1
1 0 0
1 0 1
1 0 2

1 0 1

1 0 0

1 0 - 1

1 0 - 2

2 8 3 1 1 2
2 8 2 1 1 3

2 8 6 1 1 4

2 8 8 1 1 5
2 9 2 1 1 6

2 9 3 1 1 7

2 9 0 1 1 6
2 9 4 1 1 8

( a )

 
σ ER

 (p
b)

F R D M 1 9 9 5
( 6 . 1 9 )

( 6 . 5 4 )

( 7 . 3 6 )

( 7 . 8 0 )
( 8 . 1 6 )

( 7 . 8 1 )

( 8 . 3 0 )

( 8 . 2 1 )

( 7 . 6 7 )

( b )

Z

W S 2 0 1 01 0 1

1 0 0

1 0 - 1

1 0 - 2

( c )

ÄuFRDM1995�êâ§éÐ�2y
���u�{�¡�>Öê�Czª³
X.J.Bao,Y.Gao,J.Q.Li,H.F.Zhang PRC92,014601(2015)
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LLLÜÜÜAAAÇÇÇ(PCN)

2 0 3 0 4 0 5 0 2 0 3 0 4 0 5 0 2 0 3 0 4 0 5 0 6 0

 
 

2 3 8 U ( 4 8 C a , x n ) 2 8 6 - x 1 1 2

1 0 - 2

1 0 - 1
1 0 0

1 0 1
1 0 2

1 0 2

1 0 - 1

1 0 1

1 0 0

1 0 2

1 0 - 1

1 0 1

1 0 0

( a )

 

 
2 3 7 N p ( 4 8 C a , x n ) 2 8 5 - x 1 1 3

( b )

 

 

 

2 4 2 P u ( 4 8 C a , x n ) 2 9 0 - x n 1 1 4
( c )

 
2 4 4 P u ( 4 8 C a , x n ) 2 9 2 - x n 1 1 4

σ ER
 (p

b) ( d )
 

 
2 4 3 A m ( 4 8 C a , x n ) 2 9 1 - x 1 1 5

( e )

  

 
2 4 5 C m ( 4 8 C a , x n ) 2 9 3 - x 1 1 6

( f )

 

 

2 4 8 C m ( 4 8 C a , x n ) 2 9 6 - x 1 1 6

 

( g )

 

 

 

E *
C N  ( M e V )

2 4 9 B k ( 4 8 C a , x n ) 2 9 7 - x 1 1 7
( h )

 

 

 

 

2 4 9 C f ( 4 8 C a , x n ) 2 9 7 - x 1 1 8
( i )

2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0

2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0

σ
ER

 (p
b)

E *
C N  ( M e V )

1 0 - 2

1 0 - 1

1 0 0

1 0 1

1 0 2

2 n
3 n

4 n

5 n

2 4 2 P u ( 4 8 C a , x n ) 2 9 0 - x n 1 1 4

 

 

Cr
os

s s
ec

tio
n (

pb
)

E *
C N  ( M e V )

 C a p t u r e  
 F u s i o n
 E R C S  3 n
 E R C S  4 n

1 0 - 2

1 0 1 2

1 0 1 1

1 0 1 0

1 0 9

1 0 8

1 0 7

1 0 6

1 0 5

1 0 4

1 0 3

1 0 2

1 0 1

1 0 - 1
1 0 0

VØ�.�nØO�(J�Ð
�£ã
LÜAÇ�-uU�

Czª³

Zagrebaev(2015), Shen(2008), Zhu(2014)

X.J.Bao,Y.Gao,J.Q.Li,H.F.Zhang PRC91,064612(2015)
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Reaction σCal .1n σExp.1n Reaction σCal .1n σExp.1n
209Bi(54Cr,1n)262Bh 140.06 pb 430±100 pb 207Pb(64Ni,1n)270Ds 3.03 pb 13±5 pb
208Pb(56Fe,1n)263Hs 2.03 pb 21+13

−8.4 pb 209Bi(64Ni,1n)272Rg 8.77 pb 2.9+1.9
−1.3 pb

208Pb(58Fe,1n)265Hs 40.16 pb 69±12 pb 208Pb(68Zn,1n)275Cn 0.68 pb ≤1.2 pb
209Bi(58Fe,1n)266Mt 11.07 pb 7.4+4.8

−3.3 pb 208Pb(70Zn,1n)277Cn 0.06 pb 0.5+1.1
−0.4 pb

208Pb(62Ni,1n)269Ds 3.34 pb 2.6+2.6
−1.4 pb 209Bi(70Zn,1n)278113 25.4 fb 31 fb

208Pb(64Ni,1n)271Ds 14.50 pb 15+9
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RNB reaction σ4n(pb) σ5n(pb) σPresmax (pb) σmax(L)(pb) Ψ (/s)
237Np(24Na,xn) 1.68× 103 2.27× 103 2.27× 103 1.55× 103 1.6×1013

244Pu(24Na,xn) 5.68× 103 6.02× 103 6.02× 103 3.63× 103 1.6×1013

252Cf(21O,xn) 7.74× 104 3.58× 105 3.58× 105 2.50× 106 1.6×1010

248Cm(24Na,xn) 1.04× 103 8.06× 102 1.04× 103 3.20× 103 1.6×1013

249Bk(24Na,xn) 3.40× 102 2.30× 102 3.40× 102 1.20× 103 1.6×1013

252Cf(24Na,xn) 1.32× 103 2.16× 103 2.16× 103 2.00× 103 1.6×1013

253Es(24Na,xn) 3.46× 102 3.60× 102 3.60× 102 2.75× 102 1.6×1013

238U(42K,xn) 7.86 8.11 8.11 5.2 4.0×1012

237Np(43K,xn) 5.95 0.54 5.95 0.6 2.8×1012

244Pu(42K,xn) 7.59 2.76 7.59 1.7 4.0×1012

248Cm(46Ar,xn) 6.59 6.61 6.61 740 4.0×109

248Cm(46K,xn) 4.63 8.20 8.20 91 3.6×1011

249Bk(43K,xn) 21.00 1.53 21.00 1.9 2.8×1012

252Cf(46K,xn) 0.99 2.08 2.08 22 3.6×1011

253Es(46K,xn) 0.20 0.24 0.24 2 3.6×1011

268Sg,268Bh,268Hs(34S+238U),271Mt,272Ds,275Rg,276Cn,283113

Loveland(2007)
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dP(Z1,N1, β1, β2,E1, t)

dt
=
∑
Z ′1

WZ1,N1,β1,β2;Z ′1,N1,β1,β2
(t)× (3)

[dZ1,N1,β1,β2P(Z ′1,N1, β1, β2, t)− dZ ′1,N1,β1,β2
P(Z1,N1, β1, β2, t)]

+
∑
N ′1

WZ1,N1,β1,β2;Z1,N
′
1,β1,β2

(t)×

[dZ1,N1,β1,β2P(Z1,N
′
1, β1, β2, t)− dZ1,N ′1,β1,β2P(Z1,N1, β1, β2, t)]

+

βmax
1∑
0

βmax
2∑
0

WN1,Z1,β1,β2;N1,Z1,β
′
1,β
′
2
(t)[dZ1,N1,β1,β2P(Z1,N1, β

′
1, β

′
2, t)

−dZ1,N1,β
′
1,β
′
2
P(Z1,N1, β1, β2, t)]ρ(β′1)ρ(β′2)∆β′1∆β′2

−Λqf (Z1,N1, β1, β2)P(Z1,N1, β1, β2, t),

S.Ayik et al ZPA 277(1976)299,Huang, CPL25,1243, Feng, PRC80,057601

X. J. Bao, S. Q. Guo, H. F. Zhang, and J. Q. Li, PRC, 024617(2018)
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YZ1,N1(Ec .m., J) =

∫ τint

0

βmax
1∑
0

βmax
2∑
0

Λqf (Z1,N1, β1, β2)× (4)

P(Z1,N1, β1, β2, t)ρ(β1)ρ(β2)∆β1∆β2dt.

4 0 8 0 1 2 0 1 6 0 2 0 0 2 4 0
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4 8 C a + 2 4 8 C m
4 0 8 0 1 2 0 1 6 0 2 0 0 2 4 0 8 0 1 2 0 1 6 0 2 0 0 2 4 0

 C a l .
 E x p .

 

Y(A
1)

f r a g m e n t  m a s s
1 0 - 4

1 0 - 3

1 0 - 2

1 0 - 1

4 8 C a + 2 3 8 U

( a )

  

 

4 8 C a + 2 4 4 P u

( b )

�ÄÄåÆ�A�é�§ÝþUõ
nØO�2yO�C��©Ù�¢�ÿþ

E. M. Kozulin, G. N. Knyazheva, I. M. Itkis et al. Phys. Rev. C 90, 054608 (2014).
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σZ1,N1(Ec .m.) =
∑
J

σcap(Ec .m., J)YZ1,N1(Ec .m., J)Wsur(Ec .m., J)

σER(Ec .m.) =
∑
J

σcap(Ec .m., J)PCN(Ec .m., J)Wsur(Ec .m., J)

0 . 0 1
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1
1 0

1 0 0

5 4 6 0 6 6 7 2 7 80 . 0 1
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1
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5 4 6 0 6 6 7 2 7 8

 

σ (Z 1,N
1) (m

b)

- 1 p( a )

 T h i s  w o r k
 E x p .

  
 

- 2 p( b )

 

M a s s  n u m b e r

- 3 p( c )
 

 

- 4 p( d )

L Corradi(2009),64Ni+238U
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4 8 C a + 2 3 8 U
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1 0 - 2
1 0 - 1
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4 8 C a + 2 4 4 P u( b )

 

σ ER
 (p

b)

E C N
*  ( M e V )

4 8 C a + 2 4 8 C m

1 0 - 3
1 0 - 2
1 0 - 1
1 0 0
1 0 1 ( c )

�ÄÄåÆ�A�ü$�u�{�¡

X. J. Bao, S. Q. Guo, H. F. Zhang, and J. Q. Li, PRC, 024617(2018)
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σpriZ1,N1
(Ec .m.) =

∑
J

σcap(Ec .m., J)YZ1,N1(Ec .m., J)

σZ1,N1(Ec .m.) =
∑
J

σcap(Ec .m., J)YZ1,N1(Ec .m., J)Wsur(Ec .m., J)
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Z 1, N

1 (p
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2 4 O
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 4 4 S 4 6 S

4 8 S

( b )
 

 

E c . m .  ( M e V )

4 8 C a + 2 4 8 C m

1 0 - 3
1 0 - 1
1 0 1
1 0 3
1 0 5
1 0 7
1 0 9
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7 8 N i
8 0 N i 8 2 N i

( c )

 

 

 

( d )

9 4 G e

9 6 G e 9 8 G e

1 2 1 6 2 0 2 4 2 8 3 2 3 6 4 0

 

 

σ Z 1, N
1 (p

b)

N

Z = 1 2
Z = 1 4

Z = 1 6
Z = 1 8

Z = 2 0 Z = 2 2

1 0 0
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1 0 2
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1 0 4
1 0 5
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1 0 8
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1 0 1 0
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( - 4 p )
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W. Królas(2003), L Corradi(2009)

2 4 2 8 3 2 3 6 4 0 4 4 4 8 2 8 3 2 3 6 4 0 4 4 4 8

σ Z 1,N
1 (m

b)

1 0 2

1 0 0

1 0 - 2

1 0 - 4

1 0 - 6

1 0 2

1 0 0

1 0 - 2

1 0 - 4

1 0 - 6

C o

 

 

F e

 

 

M n   

N e u t r o n  n u m b e r

 5 8 N i + 2 0 8 P b
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C r

X. J. Bao NPA 986, 60(2019)
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W. Królas(2003), L Corradi(2009)

2 4 2 8 3 2 3 6 4 0 4 4 4 8 2 8 3 2 3 6 4 0 4 4 4 8

σ Z 1,N
1 (m

b)

1 0 2

1 0 0

1 0 - 2

1 0 - 4

1 0 - 6

1 0 2

1 0 0

1 0 - 2

1 0 - 4

1 0 - 6

C o

 

 

F e

 

 

M n   

N e u t r o n  n u m b e r

 5 8 N i + 2 0 8 P b
 6 4 N i + 2 0 8 P b
 7 0 N i + 2 0 8 P b

C r

X. J. Bao NPA 986, 60(2019)
��������� (Hunan Normal University) ���­­­ØØØ���´́́¥¥¥fffØØØ 2019.06.23 23 / 39



(((JJJ???ØØØ ===£££���AAA

§§§ÝÝÝ���AAAééé===£££���¡¡¡���KKK���

1 0 8 1 1 4 1 2 0 1 2 6 1 3 2 1 3 8 1 4 4 1 1 4 1 2 0 1 2 6 1 3 2 1 3 8 1 4 4

 

- 1 p( a )

T l 
 

+ 1 p( e )

B i

σ Z 1,N 1 (m
b)

 

- 2 p( b )

H g

 

 

+ 2 p( f )

P o

 

 

- 3 p( c )

A u

 

 

+ 3 p

A t  

1 0 3

1 0 2
1 0 1
1 0 0

1 0 - 1
1 0 - 2
1 0 - 3
1 0 2

1 0 1

1 0 0
1 0 - 1
1 0 - 2

1 0 - 3

1 0 2

1 0 1
1 0 0

1 0 - 1
1 0 - 2
1 0 - 3
1 0 2

1 0 1
1 0 0

1 0 - 1

1 0 - 2
1 0 - 3

( g )

 

- 4 p( d )

P t 

N e u t r o n  n u m b e r

+ 4 p( h )

R n

6 6 7 2 7 8 8 4 9 0 9 6 6 6 7 2 7 8 8 4 9 0 9 6

 

 

 

I

( a ) - 1 p

 

 

 

 

C s

( e ) + 1 p

 

σ Z 1,N
1 (m

b) T e

( b )
1 0 - 4
1 0 - 2
1 0 0
1 0 2

- 2 p

 

  

B a

( f ) + 2 p

 

 

S b

( c ) - 3 p

 

  

L a

( g ) + 3 p

 
S n

( d )

1 0 2

1 0 0

1 0 - 2

1 0 - 4

1 0 2

1 0 0

1 0 - 2

1 0 - 4

1 0 2

1 0 0

1 0 - 2

1 0 - 4

- 4 p

  

N e u t r o n  n u m b e r
C e

( h ) + 4 p

J. S. Barrett et al.(2015); 136Xe+208Pb

X. J. Bao, S. Q. Guo, H. F. Zhang, and J. Q. Li, PLB 785, 221(2018)
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2.VØXÚ�Øfl���fØ=£�,	���fØ"
+ üØ��Ü©Øf�÷VØ�m�ål�üz
©m�O�CL§

+ Ù¥�­Ø�¡�C

+ /¤EÜØ

3./¤�EÜØ?u-uG�§I�ÏL�u¥f!�«�>âf½öu
�ø��ò-u�¹e5½ö�CK"

Ø�A���{Ø��u�{�¡µ

σ(Ec .m) =
∑
J

σc(Ec .m, J)PCN(Ec .m, J)Wsur(Ec .m, J) (5)

��þ�Ôn¿Â
+ σc(Ec .m, J)L«Ð¼�¡µü-EØ�Ñ¥Õ ^�/¤VØXÚ�AÇ"

+ PCN(Ec .m, J)L«LÜAÇµüØmÏL=£Øf/¤EÜØ�AÇ"

+ Wsur(Ec .m, J)L«�¹AÇµEÜØÏLò-½�C��8IØ�AÇ"

��������� (Hunan Normal University) ���­­­ØØØ���´́́¥¥¥fffØØØ 2019.06.23 30 / 39



(((ØØØÚÚÚÐÐÐ"""

Fusion probability

The evolution of the distribution function P(A1,E1, t) for nucleons A1 with
excitation energy E1 in fragment 1 is given by the master equation:

dP(A1,E1, t)

dt
=
∑
A′1

WA1,A
′
1
[dA1P(A′1,E

′
1, t)− dA′1P(A1,E1, t)] (6)

where WA1,A
′
1

is the mean transition probability from channel (A1,E1) to (A′1,E
′
1) ,

dA1 denotes the microscopic dimension corresponding to the macroscopic state
(A1,E1).
S.Ayik et al ZPA 277(1996)299
The single-particle Hamiltonian to describe the nucleon’s motion in dinuclear
model reads:

H(t) = H0(t) + V (t) (7)

H0(t) =
∑
k

∑
υk

ευk(t)a†υk(t)aυk(t) (8)

V (t) =
∑
k ,k ′

∑
αk ,βk ′

uαk ,βk ′(t)a†αk(t)aβk ′(t) (9)
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Fusion probability

The single-particle matrix elements are parameterized:

uαk ,βk ′(t) = Uk ,k ′(t) exp{−1

2
[
εαk(t)− εβk ′(t)

∆k ,k ′(t)
]2 − δαk ,βk ′} (10)

The strength parameters are determined by the single-particle matrix elements for
exciting or transferring a nucleon.

The strength parameters read:

Ukk ′ =
g

1
3

1 g
1
3

2

g
1
3

1 + g
1
3

2

× 1

g
1
3
k g

1
3
k ′

× 2γkk ′ (11)

where gk = Ak/12, and the reduced strength parameters γkk ′ = 3.

The transition probability

WA1,A
′
1

=
τint(A1,E1;A′1,E

′
1)

~2dA1dA′1

∑
ii ′

| < A′1,E
′
1, i
′|V |A1,E1, i > |2 (12)
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Fusion probability

The transition probability can be written

W (A1,E1;A′1,E
′
1) =

τint(A1,E1;A′1,E
′
1)

dA1dA′1
{ω11(A1,E1;E ′1) + ω22(A1,E1;E ′1)δA1,A

′
1
(13)

+ω12(A1,E1;E ′1)δA′1,A1−1 + ω21(A1,E1;E ′1)δA′1,A1+1}

where

ωkk ′(A1,E1;E ′1) =
∑
ii ′A′1

| < A1,E1, i |Vkk ′|A′1,E ′1, i ′ > |2 = dA1 < Vkk ′V
†
kk ′ > (14)

The reaction process
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Fusion probability

The valence space: ∆εk =
√

4ε∗k/gk ,ε∗k = ε∗k
Ak
A ,whereε∗k is the local excitation

energy of the DNS. The local excitation energy can be written as

ε∗ = Edis − U(A1,A2) (15)

NK (NK = gk∆εk) denotes valence states and mK(mK = NK/2) denotes valence
nucleon in the valence space ∆εk .

d(m1,m2) = (N1,m1)(N2,m2) (16)

Statistical Spectroscopy method:

R(W ′,W ) = |W ′|O|W |2 (17)

Up(W ) =
∑
W ′

R(W ′,W )(W ′)p =< W |O†HpO|W > (18)

< Vkk ′V
†
kk ′ >=

1

4
U2
kk ′gkgk ′∆kk ′∆εk∆εk ′ × [∆2

kk ′ +
1

6
(∆ε2

k + ∆ε2
k ′)]−1/2 (19)

J.P.Draayer et al Ann of Phys 106(1977)472
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Deformation relaxation in HIC

The shape relaxation in HIC :

dP(β1, β2, t)

dt
= −

2∑
i=1

∂

∂βi
(υiP(β1, β2, t)) +

2∑
i=1

∂2

∂β
2

i

(DiP(β1, β2, t)) (20)

The driving potential of the system reads:

U(β1, β2, t) = M(A1,Z1, β1) + M(A2,Z2, β2) + UN + UC (21)

UC =
Z1Z2e

2

r
+ (

9

20π
)1/2Z1Z2e

2

r 3

2∑
i=1

R2
i βiP2(cos θi) (22)

+(
3

7π
)
Z1Z2e

2

r 3

2∑
i=1

R2
i (βiP2(cos θi)

2

UN =

{
V0 + 1

2µω
2[r −

∑2
i=1 Ri(1 +

√
5

4πβi)]2 r ≤ Rint

0 r ≥ Rint

L.Yu,PLB et al 730(2014)105
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Ì�§¥, WZ1,N1,β1,β2;Z1,N
′
1,β1,β2

, dZ1,N1,β1,β2, Λqf (Z1,N1, β1, β2) �6uVØXÚ

�Û�-uU"VØXÚ�Û�-uUµ

ε∗ = Ex − [U(N1,Z1,N2,Z2,R , β1, β2, J)− U(NP ,ZP ,NT ,ZT ,R , β10, β20, J)],
(23)

N. Wang, M. Liu, and X. Wu, Phys. Rev. C 81, 044322 (2010)

�[AÇL«�µ

WZ1,N1,β1,β2;Z1,N
′
1,β1,β2

(t) =
τmem(Z1,N1,E1, β1, β2;Z1,N

′
1,E

′
1, β1, β2)

~2dZ1,N1,β1,β2dZ1,N
′
1,β1,β2

(24)

×
∑
ii ′

| < Z1,N
′
1,E

′
1, β1, β2, i

′|V (t)|Z1,N1,E1, β1, β2, i > |

τmem(Z1,N1,E1, β1, β2;Z1,N
′
1,E

′
1, β1, β2) (25)

= ~
√

2π{< V 2(t) >N1,Z1,β1,β2,E1 + < V 2(t) >N ′1,Z
′
1,β
′
1,β
′
2,E
′
1
}−1/2,

ÚOÌ�{µ J.P.Draayer et al Ann of Phys 106(1977)472〈
Vkk ′V

†
kk ′
〉

=
1

4
U2
kk ′gkgk ′∆kk ′∆εk∆εk ′ ×

[
∆2

kk ′ +
1

6
(∆ε2

k + ∆ε2
k ′)
]−1/2

(26)
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���­­­ØØØÜÜÜ¤¤¤ÅÅÅ���µµµLLLÜÜÜAAAÇÇÇ(PCN)

�[AÇL«�µ

W (N1,E1;N ′1,E
′
1) =

τint(N1,E1;N ′1,E
′
1)

dN1dN ′1

{
ω11(N1,E1;E ′1) + ω22(N1,E1;E ′1)δN1,N

′
1

+ ω12(N1,E1;E ′1)δN ′1,N1−1 + ω21(N1,E1;E ′1)δN ′1,N1+1

}
(27)

ωkk ′(N1,E1;E ′1) =
∑
ii ′N ′1

∣∣∣〈N1,E1, i |Vkk ′|N ′1,E ′1, i ′
〉∣∣∣2 = dN1,Z1

〈
Vkk ′V

†
kk ′
〉

(28)

ÚOÌ�{µ J.P.Draayer et al Ann of Phys 106(1977)472〈
Vkk ′V

†
kk ′
〉

=
1

4
U2
kk ′gkgk ′∆kk ′∆εk∆εk ′ ×

[
∆2

kk ′ +
1

6
(∆ε2

k + ∆ε2
k ′)
]−1/2

(29)

ÑÑUþEdis��p�^�mtd²; =¼ê{¦)" Li J.Q, PRC 27 590(1983)

4θ(l) =π − θi − θf − θ(l)

4θ(l) =

∫ t

0

dt
dθ

dt
=

∫ t

0

dt
~l(t)

Irel(t)

E l
dis =Ec .m. − E l

f
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