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U?��rÝ¼êÚ²ï� r�m�u�°Ý, ��


MSCÚEÜØ (CN)Hauser-Feshbach(HF)nØ�

Ú�úª, �DÚ�Ø�AnØUgU!��/�Ñ

�«�A�¡. �´�©�MSCnØ�Ñ
�3�

��^�M�îþ¥��é�Ü©. ù�Cq¦Pó

9Qó�m�mØP0 → Q1 ��[	, Ø2kPó�
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3A^FKK-MSC©Û¢��, O�

UÌ�¥ãqo'¢�(J p, $UÜ© $. �

?�Ú�õnØÚU?�¢��ÎÜ, �ó��Ä
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½�9Ün�U?.

2 FKK-MSCnØ9�HFnØ�Ú�

úª

d©� i�"� f�2NØ�A²þ�¡�±^�

[Ý
�Tif L«. §�©¤£ã�Uþ�C���L

§Ü©T (dir)
if , Ú�UþCzé¯
²þ�"�ÞáÜ

©T (flu)
if . Ú\ÝK�Î P̂ÚQ̂ò�A�m©�P(�

�k��âf?uëY�)9Q(¤kâfÑ?uå

P�)ü�pÖ��m, ¿Uìd{ü�E,y©�:

Pν(ν = 1,2, · · · )ÚQn(n = 1,2, · · · )f�m. ý²ïu

����5gPó�z�Ú, ¡�õÚ��(MSD)L

§. ��±u)3Qó¿ÏL�PóÍÜ�MSCL

§�u�. ùp=ïÄMSCL§, ¿?ØT (flu)
if �).

T (flu)
if �^Qn f�m�T (n)

if �z�ÚL«. A^dÝ

K�Î�Ñ�ÍÜSchrödinger�§Úóªb½, �±

��
[2]

T (n)
if =〈ψ(−)

f |VPfQn
GnVn,n−1Gn−1 · · ·

GkVk,k−1Gk−1 · · ·G2V2,1G1VQ1Pi
|ψ(+)

i 〉 , (1)
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ª¥ψ(+)
i Úψ(−)

f ©O�©�Ú"�Å¼ê, VQ1Pi
,

VPfQn
ÚVk,k−1 ©O´P�Q�mÚQ�m��f�

m��p�^, Gk �Qk f�m�DÂf. Xã1(a)

¤«, ª (1)L«�AXÚd�p�^VQ1Pi
l©�Pi

(=P0)f�m�[�Q1 f�m, ¿ÏLG1 3Q1 D

Â, 2d�p�^V2,1 �[�Q2, �daíÅÚ�[

�Qn, ¿ÏLGn DÂ, ��d�p�^VPfQn
lQn

�[�"�Pf f�mu�. ©z[2]3Øf9qØg^

Ñ�"�b½e��
A(a, b)B�A�MSCL§�

V�©�¡úª.

ã 1 PÚQ�m�ÍÜ

©z [1]Äkò�MSCúªí2�Øfg^�

1/2, qØg^ I ?¿, 3 j-jL��ÑMSCV�©�

¡úª. Ùg, �CN�AHFnØ��, ��rÝ

¼ê(=EÜXÚ�/¤AÇ)^\��α�1Æ�

.T Jπ
αlj Ïf�Ñ, 
²ï� r�m�u�^CNPCT

Ïf(=Ñ��β�1Æ�.T Jπ
βl′j′ ÏfÚ�{ØB�

"�U?�ÝρI′π′

B (UB)�È)L«, ��
�1Æ�

.(OM)���, Ú�£�MSCL§ÚCNL§u�

�V�©�¡úª:

d2σMSC
a,b

dUBdΩ
= π∆2

α

∑

LJπl

∑

jl′j′I′

BJL
ljI,l′j′I′PL(cosθ)T Jπ

αlj ×

{r−1
∑

n=1

(n−1
∏

k=1

〈Γ J↓
k (E)〉

〈Γ J
k (E)〉

) n+1
∑

ν=n−1

〈Γ νJI′↑

nl′j′ (E)ρI′π′

ν (UB)〉

〈Γ J
n (E)〉

+

(r−1
∏

k=1

〈Γ J↓

k (E)〉

〈Γ J
k (E)〉

)

T Jπ
βl′j′ρ

I′π′

B (UB)

T Jπ

}

, (2)

ª ¥BJL
ljI,l′j′I′ � � HF n Ø � Ó � A Û Ï f,

〈Γ J↓

k (E)〉, 〈Γ νJI′↑

nl′j′
(E)ρI′π′

ν (UB)〉9〈Γ J
n (E)〉 ©O´Qn

f�mäk�ÄþJ�²þP~°Ý, <º°ÝÚ

o ° Ý, ρI′π′

ν (UB)�Pν � m - u U �UB, " � g

^ Ú � ¡ � I ′, π′ � � � Ý. þ ª m à 1 1 � £ �

Qn(n = 1, · · · , r− 1)f�mý²ïMSCL§�u�,

�ÑUÌ�M�Ü©. 12��²ï� r�mCN�u

�, �;.��uÌ. A^Tª9OMUé�«�A

�¡�gUÚ���O�Ú©Û.
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A�Ñ, (1)ª¥©"�Å¼êψ(±) ´Ú\�M�

îþHopt �), =

(E−Hopt)ψ
(±) = 0 , (3)

�ý�¦)�§(3)´(J�, Ïd3¢SA^¥Cq

/��1Æ�.Ñ�Å¼êϕ(±), =

ψ(±) =ϕ(±) , (4)

� (E−H (d)
opt)ϕ

(±) = 0 , (5)

ùpϕ(±) ´Hopt �é��H (d)
opt ���¼ê. ª(4)�

A^¿�Xæ^
Hopt =H(d)
opt �Cq. ¯¤±�, X

J�A¥k���^�, M�îþHopt ¥Øé�Ý


�H(d)
opt 	, �A�¹�é�Ü©v. Ïd

Hopt =H(d)
opt +v , (6)

d �Hopt � )ψ(±) � | ^ Lippman-Schwinger � §

�)�Ñ:

ψ(±) =ϕ(±) +
1

E(±)−Hopt

vϕ(±) , (7)

ª¥ϕ(±) ´àg�§ª(5)�). òª(7)¤«�)

ψ(±) �\ª(1), K����[Ý
�T (n)
if �

T (n)
if = 〈ϕ(−)

f |VPfQn
GnVn,n−1Gn−1Vn−1,n−2 · · ·G2V2,1G1VQ1Pi

|ϕ(+)
i 〉+

〈ϕ(−)
f |VPfQn

GnVn,n−1Gn−1 · · ·Vm+1,mGmVmµGµ · · ·v21G1vP1Pi
|ϕ(+)

i 〉+

〈ϕ(−)
f |vPfPλ

Gλvλ,λ−1 · · ·Vv,nGnVn,n−1Gn−1Vn−1,n−2 · · ·G2V2,1G1VQ1Pi
|ϕ(+)

i 〉+

〈ϕ(−)
f |vPfPλ

Gλvλ,λ−1 · · ·Vv,nGnVn,n−1Gn−1 · · ·Vm+1,mGmVmµGµ · · ·v21G1vP1Pi
|ϕ(+)

i 〉 , (8)

þªm>11��ª(1)�Ó. 12��)
dvÚå

3Pó�DÂ, DÂå¥�z�Úµ= 1,2, · · · Ñk�

U�[�Qó, 3QóDÂ�, q�[£Póu�. �

ü���'�, �´õ
�£Pó, ¿3PóDÂ�u

�. eb½�[�£Pó, =�u�. @o11�13

�, 12�14�´�Ó�. 4��ÔnL§©OXã1

(a)—(d)¤«. 3M�îþ¥�Ä
�é��, ¿��
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d2σMSC
a,b

dUBdΩ
= π∆2

α

∑

LJπl

∑

jl′j′I′

BJL
ljI,l′j′I′PL(cosθ)T Jπ

αlj

r
∑

m=1

Rm×

{ r−1
∑

n=m

(n−1
∏

k=1

〈Γ J↓

k (E)〉

〈Γ J
k (E)〉

) n+1
∑

v=n−1

〈Γ vJI′↑

nl′j′ (E)ρI′π′

v (UB)〉

〈Γ J
n (E)〉

+

(r−1
∏

k=1

〈Γ J↓

k (E)〉

〈Γ J
k (E)〉

)

T Jπ
βl′j′ρ

I′π′

B (UB)

T Jπ

}

, (9)

�ª(2)'�, õ
ém(m = 1,2, · · · , r)�¦Ú9Rm

Ïf. ém�¦ÚL«d v��
Pµ → Qm(m =

1,2, · · · , r) � � [(Ø = � ´ P0 → Q1 � � [). �

R(6 1)����A¥ÏLMSCÚCNL§��AA

Ç, K

Rm = (R−R1−R2 · · ·−Rm−1)ρ
B
(m+1)p,mh/ρ(m+1)p,mh ,

(10)

ùpρB
(m+1)p,mh Úρ(m+1)p,mh ©O´É���Úo�

m+1�âfÚm��Ç����Ý. É�����Ý

�Qm �m(=¤km+1âfþ�åP�)���Ý.

§�©O�^Oblozinsky
[3]

úªÚWilliams
[4]

úªO

�. dd��, Rm �Ñ
?\Qm ë�MSCÚCN�

A�AÇ, dQm ���m�o���m���'�

û½.

|^(9)ªé\�Uþ��AMeV�;.Ø�A

?1
©Û, ã2�14MeV� 93Nb(n,n)�AUÌ�

©Û(J. O�¥À^�©z[1]�Ó�Ê·1Æ�

.ëêÚÏ^�U?�Ý(¹��Ý)ëê, 
v�?

ÛN�. du�ó�=©Û�$Uþ�Ø�A, �

��A(DR)ÚMSDL§3�A¥Ø­�, Cq/�

R= 1. ãþ©O«Ñý²ï�AMSCL§c3Ú, o

�MSC, rf�m(=CNL§)±9oUÌ�O��.

ÿI�Ñ,ùpk'“Ú”�y©�Ï~�MSCnØ�

Ó, =^\�âfÚqØf�p�^�ØÓ-u�â

f–�ÇéL«. X(9)ª¤«, 1nÚu��6u?

\Qn �“6”, 
�MSCnØ=kQn−1 →Qn ��[.

��MSCnØØÓ, 8c�U?Ø=�)5gQó

c�Ú��[, �O\
Pµ → Q
n

��[. �uQn

ÏL�P�ÍÜu�, �Ï~�MSCnØ�Ó, �)


�¤k#N�Pν(ν = n,n±1)f�m�ÍÜu�.

ã2�(Jw«, MSCÜ©(AO´Þ2Ú)U2yý

²ïu�UÌ�Ä�A:, �ÑUÌ�M�Ü©. Ú

©z[1]�(J(�©z[1]ã2)'�, duüöÑ\�

Ó�ëê, ÏdO��EÜXÚ/¤�¡��Ó. ©

z[1]O�UÌ�¥ã'¢�(J p, $UÜ© $

�¯K, �ó�k
�½�U?. 2c['�MSCÚ

CN�u�, ±9MSC�Ú(AO´1�Ú)�u�, k


²wCz. ù«Cz´kÃuU?Ú¢��ÎÜ,


�Ú�ó�O\Pµ → Qm(m = 2,3, · · ·r)��[k

', ½ö`ù
U?ÚCz�±lPÚQ�m�ÍÜ

��Ün�n).

ã 2 14MeV 93Nb(n,n′)�AUÌ

◦¢ � �, —•—O � o U Ì, - - - CN Ì, - - - •- - -

MSCÌ, —�— MSC11Úu�, —×— MSC1

2Úu�, - - - ◦- - - MSC13Úu�.

�MSCnØ¥�kP0 →Q1 ��[, ÏdQ1 �P

óÍÜ(=11Ú)�MSCu�´�Ì��(Ù�¡�

'12Ú�1�êþ?), 
11Úu�Uþ�pâf

�AÇ��, éO�UÌ�¥ã�K����. �ó

��)
Pµ →Qm(m= 1,2, · · ·r)��[, Ïd�k�

Ü©(dR1 û½)u)P0 → Q1 ��[, l
~�11

Úu��AÇ. ã2�(Jw«: d�11Úu��U

Ì®��~�, Ú12Ú��, 
12Ú (Q2)Ú13Ú

(Q3)�u��©z[1]�C. du11ÚMSCu�C�,

¦�o�MSCu��~�, O�UÌ�¥ã��²w

�U?. MSCu��~�, 7,¬O\CN�u�. ù

´du�MSCnØ�kÏLP0 → Q1 → Q2 · · ·Qr−1

�X��[
vku)MSCu��Ü©, âU?\²

ï�f�mQr, /¤CNÚu)CNu�. Ød�	,

8c�U?��)
dPó���[�Qr /¤CN�

L§. ùòO�CN�/¤Úu��AÇ. ¤±`�ó

�UÜn/U?�¢��ÎÜ.

4 (Ø

�MSCnØO��[Ý
�T (flu)
if �, ¦^�´
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1Æ�.Ñ�Å¼ê, =M�îþé��H (d)
opt ��

�)ϕ(±), ù�3nØþk�½�Û�5. Ï�A

^MSCnØ£ãÓ���)���^�Ø�A¯K

�, M�îþHopt ¥ØH(d)
opt 	, ��)�é�Ü©v.

�ó��Ä�M�îþ¥k v, 3O�T (flu)
if �æ^

Hopt �)ψ(±), 
ψ(±) �±dª(7)¤«�Lippman-

Schwinger�§�Ñ. dd���T (flu)
if Ø�)P0 →

Q1 ��[	, �O\
Pµ → Qm(m = 2,3, · · ·r)��

[. 3©z[1]ó��Ä:þ, òPÚQ�m�ÍÜ�

Ä?5, ��
nØþ�î�, qUÚ�£�MSCL

§ÚCNL§u��V�©�¡úª. v3MSCnØ

¥��
3Pó�m�DÂ, 
DÂå¥duP�Q

�m��p�^Vmµ , ¬u)Pµ →Qm �m��[, P

�m�“6”Ø�´6�Q1 f�m, 
´ÏLPÚQ�

m��[�6\Q2, Q3, · · · �f�m, ¤±�¡�Å

ÚáÂ�.. A^T�.©Û¢�(J, O�UÌ�

¥ã'¢�(J p, $UÜ© $�¯Kk
�½

�ÜnU?. ù´duP0 →Q1 f�m�“6”�©�

Ù¦f�m, Ï
~�Q1 f�m�MSCu�, l
U

?O�UÌ�¥ãÚ¢��ÎÜ, Ó��¬O�CN

�u�. d	, 'uëêR�Ú\´�
òCN+MSC

ÚDR+MSDüa�AL§��z«Om5©O?n.

§ér/�6uqØ9\�Uþ. 8c��kÏLÎ

ÜUÌÚ�©Ù�¢�êâ(½. ·�±�òé�A

¥Ó��3DR, MSD, MSCÚCN�AL§�?�Ú

�?Ø, �Ñ�«�1�O�R��{.

ë�©z(References)

1 SU Zong-Di, LI Bao-Xian et al. HEP & NP, 2003, 27(6):

498—502 (in Chinese)

(�m*, o�y�. pUÔn�ØÔn, 2003, 27(6): 498—

502

2 Feshbach H, Kerman A, Koonin S. Ann. Phys., 1980, 125:

429—476

3 Oblozinsky P. Nucl. Phys., 1986, A453: 127

4 Williams F C. Nucl. Phys., 1971, A166: 231

Transition between P and Q Spaces in

Feshbach-Kerman-Koonin Theory *

SU Zong-Di1;1) Abdurixit1 LI Bao-Xian1 CAO Tian-Guang1 WANG Shu-Nuan1 LIU Jian-Feng2

HUANG Zhong-Fu3 ZHU Yao-Yin4 LI Zhi-Wen4 ZHANG Ben-Ai5

1 (China Institute of Atomic Energy, Beijing 102413, China)

2 (Department of Physics, Zhengzhou University, Zhengzhou 450004, China)

3 (Department of Physics, Guangxi University, Nanning 530004, China)

4 (Department of Physics, Jilin University, Changchun 130023, China)

5 (Institute of Applied Physics and Computational Mathematics, Beijing 100088, China)

Abstract The off-diagonal components of Hamiltonian was considered in the Feshbach-Kerman-Koonin multi-step

compound theory (FKK-MSC) of the pre-equilibrium reaction to induce the coupling between P and Q spaces in

addition to the direct and the multi-step direct reactions. The transition from P to Q chain was introduced in an

improved FKK-MSC formula, which can give a unified expression for FKK-MSC theory of pre-equilibrium reaction

and Hauser-Feshbach model of the compound nucleus reaction (CN). The FKK-MSC theory was further refined. The

calculated results shows that after considered the transition from P to Q chain, the FKK-MSC cross sections become

smaller and the CN cross sections become greater than former analyses and they give a good agreement with the

experimental results.

Key words pre-equilibrium reaction, multi-step compound theory, transition between P and Q

Received 17 August 2004, Revised 10 January 2005

*Supported by National Natural Science Foundation of China (19975072) and Foundation of China Academy of Engineering

Physics(97021)

1) E-mail: zdsu@iris.ciae.ac.cn


