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uÐ. �Ø/¤L§¥�Ð¼!LÜÚ�u3��ã©Oæ^
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�§ÚÚO�u�.��{5£ã. O�
Cc5Dubna�||^9LÜ�A 48Ca(243Am, 3n—5n)
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1 Úó

���34��&¢��´ØÔnÆïÄ�c

÷�K��. �Xr6lf\�ì�ï¤¿Ý\

¦^, �¢�¿pÜ¤�Ø� (��)Jø
k�

óä. ¢�þ, �#Ø� (#��)�Ü¤Ì�æ

^± 208Pb, 209Bi�q, ÏL�u1—2�¥f�eL

Ü�AÚV�Ø 48CañÂ�X���u3—5�¥f

�9LÜ�A5¢y. Cc5, �Ø�Ü¤®�

�
�?Ð: �IGSI�ØïÄ||^eLÜ�

A¤õÜ¤
Z=107—112Ò���
[1, 2]

; �Ûd

DubnaïÄ|ÏL9LÜ�AÜ¤
Z=113—116Ò

���
[3—5]

; F�RIKENïÄ||^eLÜ�A

209Bi (70Zn, n) 278113 Ü ¤ Ú ï Ä 
 �  # Ø �

278113[6]; 3=²lf\�ìþ|^ 26Mg(243Am,

4n) 265Bh¤õÜ¤
�#Ø� 265Bh(Z=107)
[7, 8]

.

î8��, ®(@������Z=111. ISX

{�A^zÆéÜ¬ (IWP)é#Ü¤����

?1
(@Ú·¶, 110Ò��±GSI¤3�¢½

Darmstadtium(Ds)�¶, �C, 111Ò���·¶

�Roentgenium(Rg). nØþ, <�é�Ø/¤Å

��ïÄÌ�´Äué-ENX÷X»�gdÝ

(elongation of mononucleus)��Ä, X÷*ÄåÆ

�.!Þá–ÑÑ�.�
[9, 10]

Ú�þ�é¡gdÝ

(mass asymmetry degree of freedom)�*Ñ/¤E

ÜØ, XVØ�.�
[11, 12]

.

�â-ENX�A�m�k�,��@��Ø

�/¤�©�Ð¼!EÜØ�/¤Ú�uò-L§.

Ù¥, EÜØ�/¤L§´��E,����ã, �

��Ð¼�ãk'¿K��uò-L§, �«£ã
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�
O�, XÚ©Û
 48CañÂ�X��U, Np, Pu,

AmÚCmÜ¤�ØZ=112—116�)�¡�Ó 

��65, ¿�Dubna�¢�(J�
'�. �Ñ


Ü¤�#Ø��Z�, =k���Ø�)�¡�

�q|ÜÚ\�Uþ.

2 VØ�.�uÐ

VØ�.g�@�: �LÜ�A��Ü��5-

E�Øf=£äk�q�Ø�AL§
[11]

. Ïd, VØ

�.@�EÜØ´�ANXÏLu)�X��Øf=

£/¤�, é÷X�þ�é¡gdÝ�LÜL§�


ý9Cq. 3�%X\�UþEcm e, �u{Ø�¡

L«¤

σER(Ecm) =
π~

2

2µEcm

Jmax
∑

J=0

(2J +1)T (Ecm, J)×

PCN (Ecm, J)Wsur (Ecm, J) , (1)

�©¥���ÄþJmax=15. T (Ecm, J)´-ENX

BL¥Õ ^�AÇ, =BßAÇ, éu�NX=�

LÜAÇ. 3ù�L§¥-ENX�é$ÄgdÝÚ

S�gdÝ�ÍÜåX��^, X$-u��Ä!

=Ä!Øf=£��é$Ä�Äþ!Uþ�ÍÜ�.

·�æ^
�²��ÍÜ��.éù��ã�
£

ã
[13]

, �Ä
-ENX3BßL§¥/C�ÄåÆü

z, BßAÇ�¤

T (Ecm, J) =

∫
f(B)×

1

1+exp

{

−
2π

~ω(J)

[

Ecm−B−
~

2

2µR2
B(J)

J(J +1)

]} dB,

(2)

f(B)� ^©Ù¼ê, deª�Ñ:

f(B) =



























1

N
exp

[

−

(

B−Bm

∆1

)2
]

, B < Bm

1

N
exp

[

−

(

B−Bm

∆2

)2
]

, B > Bm

, (3)

ª ¥, © Ù ° Ý ∆2 = (B0 − Bs)/2, ∆1 = ∆2 − 2;

Bm = (B0 + Bs)/2, B0 ÚBs ©O´3�–�-Ee

¥Õ ^�pÝÚ3/CQ:? ^�pÝ (=/C

�$:)
[14]

; N ´8�z~ê, d

∫
f(B)dB = 1�Ñ.

LÜAÇPCN(Ecm, J)(Ü ^©Ù¼êÏLê

�¦)Ì�§��, 3Øf=£�Ñ$L§¥�Ä


�é$ÄUþÚ�Äþ�ÑÑ. é�þê�A1, S

Ü-uU�E1 ��¡1, Ù©ÙAÇP (A1,E1, t)��

müzdÌ�§£ã
[14, 15]

:

dP (A1,E1, t)

dt
=

∑

A′

1

WA1,A′

1

[

dA1
P (A′

1, E′

1, t)−

dA′

1
P (A1, E1, t)

]

, (4)

ª ¥ WA1,A′

1
L « � ¡ 1 d ÷ * G � (A1,E1) �

(A′

1,E
′

1)���[AÇ, dA1
´éA (A1,E1)��*�

Ý. 3ù��[L§¥, ²þ�é$Ä�Äþ�ÑÑ

Lã�

〈l(t)〉= li exp(−t/τl)+ lst[1−exp(−t/τl)] , (5)

Ù¥τl ��Äþµþ�m, O�¥��τl = 15×10−22s,

li ´Ð©�Äþ. 3Ê¢4�e, lst =
ζrel

ζtot

li, Ù¥ ζrel

Ú ζtot ©O��é$Ä=Ä.þÚo=Ä.þ. æ^

©z [16]J���{, �ÏLeªO�:

ζrel(θ1,θ2) = µR2
m(θ1,θ2) , (6)

ζtot(θ1,θ2) = ζrel(θ1,θ2)+ζp
int +ζt

int , (7)

ζp(t)
int =

Mp(t)

5Rp(t)(//)
Rp(t)(⊥)

(

R2
p(t)(⊥)+R2

p(t)(//)
)

.

(8)

Ù¥Rm ´-ENX3�p�^³4��?��%å

l, θ1 Úθ2 ©O´L��q-E���þ, =o?/

C¶�-E���Y�, µ = MpMt/(Mp+Mt)�NX

��z�þ. þª¥,

Rp(t)(⊥) = R0
p(t)

[

1+β2Y20

(π

2

)]

, (9)

Rp(t)(//) = R0
p(t) [1+β2Y20(0)] , (10)

¥/Ø�»Rp(t) = 1.16A1/3

p(t).

²þ»�$ÄÄU�ÑÑLã�

〈Erad(l, t)〉= Erad(l,0)exp(−t/τR) , (11)

Ù¥ τR = 5×10−22s�»�$Äµþ�m. Ð©��

Erad(l,0) = Ecm−B−
l(l+1)~2

2ζrel

, B ��½�¥Õ ^.

?�±¦�ÑÑ�VØNX¥�Uþ

Ediss(t) = Ecm−B−
〈l〉(〈l〉+1)~2

2ζrel

−〈Erad(J,t)〉 . (12)

|^Ì�§���þ©ÙAÇ��müz�, �

±deª¦�EÜØ�/¤AÇ:

PCN(Ecm,J,B) =

ABG∫

0

P (Ecm,A1,E1(J,B), τint(J,B))dA1,

(13)
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�p�^�m τint d =¼ê{��
[15]

. éþª�Ä

 ^©Ù¼êe¤k ^��z, é ^È©�±�

�3UþEcm Ú�ÄþJ �EÜØ�/¤AÇ

PCN(Ecm,J) =

∫
f(B)PCN(Ecm,J,B)dB , (14)

ª¥,  ^©Ù¼êf(B)d (3)ª�Ñ.

��5`, �X\�Uþ�O\, /¤EÜØ�

-uU��O\, LÜAÇ�òO�. 3�«�

(Z > 106), �C ^Ì�´d�?�Uû½�, ¿�

�XEÜØ-uU�O\ò¬ü$. 3·�¤�Ä�

-uU��S (�u��¥f©lU), /¤EÜØ�

ò-�ªÌ�k�CÚ�u¥fü«
[12]

, ù��ux

�¥f��¹AÇ�deª�Ñ:

Wsur(E
∗

CN,x,J) =P (E∗

CN,x,J)×

x
∏

i

(

Γn(E
∗

i ,J)

Γn(E∗

i ,J)+Γf(E∗

i ,J)

)

i

,

(15)

Ù¥P (E∗

CN,x,J)´�ux�¥f�¢yAÇ; Γn Ú

Γf ©O´¥f�u°ÝÚ�C°Ý, �dÚO�.O

��Ñ
[14, 17]

.

3 O�(J�?Ø

3.1 �u{Ø-u¼ê

Äuþã�{, é9LÜ�A 48Ca(243Am,3n—

5n) 288—286115��u{Ø-u¼ê�
O�, Xã

1¤«. O��Ñ, 3n�k����Ø�)�¡

(σ=1.07pb), éA�-uU�36MeV; 4nÚ5n���

��¡©O´0.82pbÚ0.12pb, �A��Z-uU

´49Ú69MeV. ã2�Ñ
é�A 48Ca(248Cm,3n—

5n) 293—291116O���u{Ø-u¼ê, ¿�¢�(

J�
'�
[18]. O��ÑéAu3n, 4nÚ5n����

)¤�¡©O�1.06, 1.29Ú0.085pb, �A�-uU

ã 1 Ä u V Ø � . é 48Ca (243Am, 3n—

5n) 288—286115 O � � Ñ � � u { Ø - u ¼ ê

(¢�)�¢��
[3]

(�%:Ú¢%�¬)�'�

�34, 46Ú66MeV. 3¢�Ø���S, ·��O�

(JÄ�U
�¢��ÎÜ. ·�5¿�, ¢�þ�

)�Ø��¡é� (pbþ?), 38c�6re, é

1pb��¡=U*	�1—2¯�/�. �XÜ¤8I

Ø>Öê�O\, Ù�)�¡ò¬×�ü$
[1]

. Ïd

3¢�þØ
Jp&ÿ����OUå	, ��?�

ÚJpå6�rÝ; 3nØþI�Ïéäk���)

�¡��q|Ü, (Ü¢�ÿþ(J?�ÚuÐyk

�nØ�..

ã 2 48Ca(248Cm,3n—5n) 293—291116��u{

Ø-u¼êO�� (¢�)Ú¢�(J (�%:Ú

¢%�¬)
[18]

�'�

3.2 �Ø�)�¡�Ó ��65

ïÄ�Ø�)�¡�Ó ��65, Ïé�Z

�q|Ü, òé¢�þ?�ÚÜ¤�Øäk��

ë�d�, Ó��´énØ�.��«u�. ã3�

Ñ
|^9LÜ�A 48Ca+AU(ã(a))Ú 48Ca+ANp

(ã(b))ÏL�u3�¥f5Ü¤112Ú113Ò�Ø

����)�¡!�Z-uUÚ�AQ�éqØ�þ

ê��65, ±9æ^ 238Uq��¢��
[18]

. du¢

�þ�Ø�¢�ÿþ�m��'��, 8cÌ�À

^½��q5Ü¤�Ø, ùp·��À��Æ·

q. �AQ�dQ = ∆Mp +∆Mt−∆Mc �Ñ, ∆Mp,

∆Mt Ú∆Mc ©O´�!qÚEÜØ��þº�. l

ã¥�±wÑ: éuÜ¤112Ò�Ø, æ^ 233UÚ

235Uq��)�¡���
, ©O�1.21pbÚ1.65pb,

�A�-uUÑ´42MeV; æ^ 236Npq�Ü¤113

Ò�Ø��)�¡��, �1.54pb(E∗ = 38MeV).

ã4�Ñ
NX 48Ca+APuÏL�u3nÚ4nÜ¤�

ØZ=114(ã (a)), ±9NX 48Ca+AAm�u3nÜ

¤�ØZ=115(ã(b))�)�¡�Ó ��65, ¿

�Adamian�<�(J
[19]

Ú¢�êâ�
'�
[3, 18]

.

|^NX 48Ca+APuÜ¤114Ò�Ø�, ·��O

�(JÚAdamian�<�(JþL², æ^ 241Puq
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�3n�u�òk����Ø�)�¡ (σ=4.16pb,

E∗ = 36MeV). Ó�, ·��O��Ñ 239Pu�3n�

(σ=3.47pb, E∗ = 38MeV)Ú 244Pu�4n�(σ=2.78pb,

E∗ = 49MeV)�)�¡�'��, ¿U�Dubna�¢

�(J�Ð/ÎÜ (éu 244Pu)
[18]

. NX 48Ca+242Am

�3n�k|uÜ¤�Ø, ���)�¡�4.21pb,

�A�-uU�35MeV. éu9LÜ�AÜ¤��

Ø, �A�-uU��'�p (E∗ >30MeV), ù�N

X�BßAÇT ÚLÜAÇPCN é-uU��6Ø´

ér�, �¹AÇ���(¯/�6u-uU, ¿

É�C ^Ú¥f©lU�r�K�. Ïd, �¹A

Ç¤
K��Ø�)�¡Ó ��65�Ì�Ï

�. éu�Ø«� (Z > 106), du÷*�C ^�

��, �C ^Ì�d�?�Uû½
[12]

. 3�©¥, �

?�UÚ¥f©lU�g©z [20].

ã 3 �ANX 48Ca+AU(a)Ú 48Ca+ANp(b)�

u 3n Ü¤�Ø Z=112 Ú 113 ����)�¡

(þã)!�Z-uU (¥ã)Ú�AQ� (eã)é

Ó �qU, Np(�þê�A)��65

ã 4 �ã 3 �Ó, é�ANX 48Ca+APu ÏL�

u3nÚ4nÜ¤�ØZ=114, ¿�Adamian�

<�(J�
'� (a)
[19]

, 9NX 48Ca+AAm�

u3nÜ¤�ØZ=115(b)

�
XÚïÄ¥f©lUÚ�C ^é�

Ø�)�¡�K�, ã5�Ñ
NX 48Ca+ACmÜ

¤ �  Ø Z=116 � � � ) ¤ � ¡ é Ó   � Cm q

��65 ã(a), Ó��Ñ
�u3nÚ4n©lUÚ

�C ^�Cm�þê�'X ã(b). dã��, �

A� 48Ca+247Cm→ 292116+3näk����Ø)

¤�¡ (4.31pb), �A��Z-uU�33MeV. ù´

Ï�, �éuÙ¦Ó �q, æ^ 247Cm�/¤�

E Ü Ø ò k � � � 3n © l U Ú � p � � C   ^,

Xã(b)¤«, Ïdò�����)¤�¡. ¢�

þæ^ 48Ca+248Cm5Ü¤�ØZ=116
[18, 21]

, 3

Ø���S, ·��O�(JU
�¢���Ð

/ÎÜ. Ó�, O��Ñ, æ^ 243,245Cmq�3n�

(σ=2.14, 2.62pb, E∗=35, 34MeV)Ú 250Cmq�4n�

(σ=3.05pb, E∗=43MeV)�òk|u�Ø�Ü¤,

ùÚ©z [19]�Ñ�(J´���. éu´¥fqØ,

/¤��Ø�N´ÏL�u¥fò-, Ïd, æ

^ 250Cm¬'æ^ 242,244,246,248Cmq��)�¡��

�
;  247Cm' 250Cm/¤�EÜØk�r�Ûó

�A, Ïd§��)�¡¬��. 3nØþI�k�

����.½�éØ²þ|�.�Ñ¥f©lUÚ�

?�U, (Ü£ã�Ø�AÅ��ÄåÆ�., O

��ÑÜ¤�Ø��Z�q|ÜÚ�Z\�Uþ,

ùò¬é¢�þÜ¤�Øäk��ë�d�.

ã 5 �þã�Ó, 48Ca+ACmÜ¤�ØZ=116

��)�¡!�Z-uUÚ�AQ� (a)9�u

3n, 4n©lUÚ�C ^ (b)�q�þêA�'

X

4 o(

ÄuVØ�.�g�, é�Ø/¤L§¥-

ENX�Ð¼!EÜØ�/¤Ú�uò-3��ã

©Oæ^
�²��ÍÜ��.!ê�¦)Ì�§

ÚÚO�u�.��{5£ã. O�
9LÜ�A

48Ca+243Am/ 248CmÜ¤�Ø115, 116��u{Ø

-u¼ê, 3¢�Ø���S, �Dubna�êâ�
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Ð/ÎÜ. XÚ©Û
|^9LÜ�AÜ¤�Ø

112—116�)�¡�Ó ��65. O��Ñæ^

233,235U, 236Np, 239,241,244Pu, 242Am, 243,245,247,250Cm

�qØÜ¤�Ø112—116��)�¡��. éu9

LÜ�A, �?�UÚ¥f©lU´K��Ø�)

�¡Ó ��65�Ì�Ï�, äkr���AÚ�

��¥f©lU�NXòk|u�Ø�Ü¤, �u

¥f�Ûó�Aé�Ø��)�¡k��K�.
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Isotopic Dependence of Production Cross Sections of Superheavy

Nuclei in Hot Fusion Reactions *

FENG Zhao-Qing1,2,3;1) JIN Gen-Ming1,2 FU Fen2,3 LI Jun-Qing1,2

1 (Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator of Lanzhou, Lanzhou 730000, China)

2 (Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China)

3 (Graduate University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract The dinuclear system model has been further developed by introducing the barrier distribution function

method in the process of heavy-ion capture and fusion to synthesize superheavy nuclei. The capture of two colliding

nuclei, formation and de-excitation process of compound nucleus are decribed by using empirical coupled channel model,

solving master equation numerically and statistical evaporation model, respectively. Within the framework of the di-

nuclear system model, the fusion-evaporation excitation functions of the systems 48Ca(243Am, 3n—5n) 288—286115 and
48Ca(248Cm, 3n—5n) 293—291116 are calculated, which are used for synthesizing new superheavy nuclei at Dubna in

recent years. Isotopic dependence of production cross sections with double magic nucleus 48Ca bombarding actinide tar-

gets U, Np, Pu, Am, Cm to synthesize superheavy nuclei with charged numbers Z=112—116 is analyzed systematically.

Based on these analysis, the optimal projectile-target combination and the optimal excitation energy are proposed. It is

shown that shell correction energy and neutron separation energy will play an important role on the isotopic dependence

of production cross sections of superheavy nuclei.

Key words superheavy nuclei, dinuclear system model, production cross sections, isotope dependence
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