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2. Exciton. Model 

(2.1) Master Euqation and Mean Lifetime 

In the theoretical description of pre-equilibrium réaction 

two models, have become widely, popular: the. hybrid model Í 1 ,2,3} 

and the exciton model [l+]» The exciton model .has been adopted... 

in the present unified model. The evaluation of particle-hole 

excitation can be described by•the master .equation which is 

first proposed by Cline and Rlann t5). The master equation has 

the form proposed by Cline £ 61 and RLbansky .( 7 }•• 

-aÎLn*n =A
+(n-2)q(n-2,t)+A"(n

+2)q(n42,t) 

-f/(n)+>"(n)+Wt(N)J q(n,t). , (2.1.1) 

Here: n is the exciton number," being equal to the sum over the 

number of particles p and that of holes h. 

q(n,t) stands for the occupation probability in exciton 

state n at time t. 

y(n) andjk~(n) are the internal transition rates from 

n to n+2, respectively. 
!A't(n) stands for the total emission rates from state n, 

summed over all kinds of outgoing particles and r-ray. 

The mean lifetime t{n) of the exciton state n is defined by 

T(n)=y q(n,t)dt. (2.1.2) 
o 

Carrying out integration of the master equation over time, the 

mean lifetimes satisfy the equation 18}' 

-q(n,t-0) = xf(n-2)£T(n-2) + ̂"(n'2)T(nt-2) 

-[í(n)t>-(n)+Wt(n)J.r.(n). .,..,., 

for n=n0,n0+2 (2.1.3) 

where q(n,t=.0) is the initial condition for the process.. .'.,... 

The average energy spectrum for the particle b emission;at . 
channel energy Ô is then given by : 
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where a denotes the incident particle,^ stands for the com

posite formation cross section, Wb(n,£ ) is the emission rate 

of particle b. at energy £ from the excit.on state n. 

The solution of mean'lifetime is obtained by the closed for

mula, as following ••••.. 

• * . " * . • 

^ ( n ) =^î ( n\'='l^ ( i )f ( i )£>* for n n0 (2.1.5.a) 
•At':*-' 

rCno^&.f'*»/ for n=nQ (2.1.5.b) 

where fn= yL- . _^£_ . J£^2_... (2.1.6) 

Fn=^
+(n)^"(h+2)^(n)^(n+2) (2.1.7) 

7(n)=^+(n) + ̂ "(n)+Wt(n)3 ~
1 . (2.1.8) 

(2.2) Exciton State Densities 

The equidistant spacing model has been widely used in the 

exciton model, mainly because levels near the Fermi surface 

contribute most of the excited configuration at low excitation 

energy (E<30 MeV). 

Several authors have given formula for the density of,ex

cited particle-hole states without incorporating the Pauli ex

clusion principle (9,10), or they have given approximations 

(11,12} based on statistical methods. The exact expression of 

exciton state density has been obtained by Zhang (13)» which 

has the approximate formula 

W(phE)= ff»*' '/»'"'•*>/*'. .(2.2.D 

where p'=max(p,h) and h'=min(p,h). (2.2.2) 

and g stands for the single particle level density, being ap

proximately equal to g= r.A -a, here a is the level density par-

ame.ter.. •> ' 

In Eq.(2.2.1) U is the effective excitation energy which is 

given by the excitation energy subtracted by the pairing energy 

D i^k) (to see Table 1), A(p,h) is the correction value from 
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Table 1 Pairing Energy Correction Values 

For proton 

Z 

12 

18 

24 

30 

36 

42 

48 

54 

D 

2.46 

1.35 

1.17 

1.36 

1.18 

0.64 

0.89 

0 .72 

Z 

13 

19 

25 

3V 

37 

43 

49 

55 

D 

2.09-

1.54, 

1.24 

1.19 

1.22 

0.72 

0.79 

0.77 

Z 

14 

20 

26 

32 

38 

44 

50 

D 

1.62 

1 .20 

1.20 

1.14 

0.97 

0.75 

0.89 

Z 

15 

21 

27 

33 

39 

45 

51 

D 

1.62 -

1.Í06 

.1 ..28 

1 .12 . . 

0 .92 

0.71 

0.78 

Z 

-16' 

2 2 

.28 

34 

40 

46 

52 

D 

r . 83 

1.36, 

Í . 2 8 

.1 .58 

0 .62 

0.87 

0.69 

Z 

17 

23 

29 

35 

41 -

47 

53 

D 

l .73 

V.43 

1.35' 

1-.17: 

0.68 

0.88 ' 

0.6,1 

• 

For neutron 

N 

12 

18 

24 

30 

36 

42 

48 

54 

60 

D 

2.67 

1.44 

1.50 

1.46 

•1.24 

p . 4 3 '", 

.0.76 

0.70 , 

0 .73 

N 

13 

19 

25 

31 

37 

A3.'i 

.49 

55 

61 

D 

1.80 

1.54 

1.50 

0.93 

1.25 

1 i 09 

0.92 

0-.87 

Ó. 58 

N 

14 

20 

26 

32 

38 

44 

50 

56 

62 

D 

1.67 

1 .30 

1.43 

0 .72 

1.14 

: 1 .20 

0.99 . 

0.61 

0.86 

N 

15 

21 

27 

33 

39 

• ^5 

51 

37 

63 

D' ' 

1.86 

1 .27 

1.88 

1,12 

1.32 

1 .Q4 [ 

L I O : 

0 .69 

1.13 . 

N 

16 

22 

28 

34 

40 

46 

52 

58 

64 j 

D 

2 .04 

1 .29 

1.47 

1 .29 

.1.1 5 

0 .70 

0 .92 

0.55 

0.84 

N 

17 

23 

29 

35 

V 

47 

33 

59 

65 

D 

1 .64 

1.41 

1.57 

0.94 

1.24 

0.85 

Q.73 

0.40 

0.79 
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Table 2. The ra t ios of the exact Pauli exclusion 
correction values and Kalbach's values 

iVp 

0 

•i 

2 

3 

4 

5 •• 

6 

7 

2 

1.0" 

2 .0 

2.366 

3 

."1.638 

2.187 

2.407 ' 

2.429 

4 

1.886 

2.215 

2.355 

2.375 

2.339 

5 

1.987 

2.200 

2.294 

2.316 

2.300 

2.283 

6 

2.029 

2.179 

2.252 

2.279 

2.280 

2.272 

2.262 

7 

2.050 

2.164 

2.228 

2.257 

2.261 

2.254 

2.244 

2.227 

(continued) 

h\> 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 : 

VI : 

; ] 2 

8 

2.062 

2.155 

2.211 

2.235 

2 .236 . 

2.230 

2.223 

2.213 

2.206 . 

9 • 

2.070 

2.148 

2.194 

2.212 

2.213 

2.212 

2.21 1 

2.206 

2.200 

•2.194 

10 

2.075 

2.140 

2.178 

2.194 

2.199 

2 .202 

2.201 

2.196 

2.189 

2.182 

2 .172 

1 1 

2.077 

2.133 

2.166. 

2.181 

2.188 

2.19O 

2.186 

2.179 

2.174 

: 2.171 

' 2.165 ; 

. 2.163 

12 

2.078 

2.126 

2.156 

2.170 

2.176 

2.174 

2.168 

2.167 

2.167 

2.166 

2.163 •• 

2.160 

2.155 

A k ( P V h ) = * p ( p - 1 ) + * h ( h - l ) 



the-paulü' exclusion .principle 'being..approximately ;e.q>ual, to ...¡ ' 

' "'A('p,h)= l'p(p-0' + "|h(h-r) (2^J>) 

The exaet.Pauli exclusion correction .yaluesiare given in Ref. 

(13). The ratios between the exact Pauli. exclusion correction 

values.and,the Kalbaeh's values (1:2.1 -are, shown jin,T.abl;e-.:2. :•, 

Summing '.over-¡the exciton..«number ;( p=h);,:the:,ëxci't'on -state.¡.denr. 

sities'should-be:;normaiized to the-Fermi.rgas formula for one -

-fermion gas. The normalized factor f(U) for the exciton state 

densities (2.2.1) i s obtained numerically ...,t 

••,-<•: f(U)=0.06»^CaU)^0.1-25 •* :.<.:. .-". .;(2,2.^> .-1 •' • 

in order tó'coincide with the following back-shifted Fermi gas 

formula i 1/f ) 

/>(E) = 
JB-S 

JL ZÍQU, 

3 /f8a^(C/+t)5A ^ • i 2 * 2 - 5 ) 

It1 

w i t h a= ^ - g . ( 2 . 2 . 6 ) 

Here t h e n u c l e a r t e m p e r a t u r e t i s g i v e n by 

U=a t 2 - t . ••'• <• '• :>-••;.••'- i £2 ; 2 . 7 ) • ' -

T h u s , t h e r e n o r m a i i z e d e x c i t o n ' s t a t e d e n s i t i e s ' ' h a v e t h é f o l l o w 
ing- form : : - • ' . . , '-,::;:'"' ••"••'•• '•"•"• ';;'"; 

^ ( p , h , E ) = f ( U ) * u > C p > h f E > . ... . ,, ' ~ ( 2 . 2 . 8 > ' ' \ , 

(2.3) J and 7c Dependent Exciton State 'Densities, '....:. , •<; 

As the assumption in the Weisskopf-Ewing model the spin 

distribution of levels in continuum is proportional to 2J+1, 

where ^J.denotes the: level spin (15] . For? -more -realistic .spin 

distribution as in Hauser-Feshbach theory the J-dependent 

factor is in the form „ .-\r,\. .-'.., .,-._• ,_;. .,:-~'̂  JIL... . • .-. , f, 

..,,.. ,-.' > , R(,J) = , JLJ *\ exp,(-U+l /2) 2/2<r 2)... „ . (.2.3.1.), 

'.r-.'jcj • * " t • ••• r , 

For an equilibrium excited nuclear system, the spin cut-of-f, ,pa-

rame.ter.has an energy dependent form>v(.1 GX, 

• ̂ tE)I=0í"1'/f6iat?íft/,J?V'y';,V:','<^1 : ''-' ;;)ii:'-';"- - ( 2 V 3 . 2 ) - -

9)f 



In the spin-rdependent exciton model, the expression of the spin 
cut-off parameter is. exciton number dependent (17} 

<T2 (n)=0.24nA2/3. (2.3.3) 
pre-eq * . . 

Here., we assume the maximum value being equal to the value for 

standard Hauser-Feshbach model, i.e.,. Q¿- (E). Accordingly, we 
eq 

may use the minimum value within Eqs.(2.3.2) and (2.3.3) for' 

<7- 2(n,E). • 

The value of ft~ ~ o n (n) is relatively small at low exciton 

states, this means that for precorapouhd emission there is a li

mitation of angular, momentum from spin cut-off in the emission 

state. 
Thus, the J-ÏÏ dependent exciton state densities are given by 

^(p,h,I,7T,E)=iR(I)hAp.h.E). (2.3-4) 

where the parity factor is assumed to be a factor of 1/2 for con

tinuum states. 

(2.4) Internal Transition Rates 

Since binary collisions occur in excited nuclear system 

as the description in exciton model, therefore only transitions 

withAn=0 andAn=+2 are allowed. The internal transition rates 

with the Pauli exclusion principle are given by 

¿+(n)= -4£<M2> g (SU-A(p,h))2 f • (2.^.1) 
* (p+h-1) 

/(n)= ^ < M 2 > g(gU-A(p,h))*(A(p,h)-2ph)/(p+h)j (2.^.2) 

j|"(-n) = 2JL<Y£> g(p+h-2)ph/2. (2.40)" 

The average squared matrix element <.M.2> for residual inter

action has been parameterized which is practically very success

ful 08j. 
<M 2>=K/EA3. ('2.4.4) 

where K is a constant as a parameter in exciton model. 
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(2.5) Equilibrium'Exciton Number ... -. 

The equilibrium exciton number n. defined- by A (ñ)=Mñ). is a 

physical quantity. The equilibrium- distribution of the exciton 

occupation probability has a peak at n=ñ. From Eqs.(2.¿+.1) and 

(2,k-3) one can get Í13^-

5=Jl.ltgU. (2.5.1) 

If the Williams value of A('p,h) were used instead, the equilib

rium exciton number would be * 

H=,j1.6gU. (2.5.2) 

Set t ing A(p,h)=0 to neglect the P-auli exclusion correct ion as 
in the Ericson formula, i t y ie lds .. . 

ñ=J2g(J. (2.5-3) 

The comparison of Eq.(2.5.1) with Eqs.(2.5.2) and (2.5.3) 

indicates that the pauli exclusion correction reduces the equi

librium exciton number. In our calculations Eq.(2.5.1) is. adop

ted. 

(2.6) Formation Factor of Composite Particle 

The formation factor FtM(£) for light' composite particle b 

in compound nucleus has been proposed by Iwamoto and Harada 

(19, 20 3 and simplified by Zhang (21 J. The model contains two 

new points, one is the calculation Of the formation factor F¿b„ (£ ) 

which stands for the probability of composite particle b with 

outgoing energy £ composed by L particles above the Fermi surface 

and M particles below. The intrinsic wave function of the com

posite particle is taken by its ground state of an harmonic oscil

lator potential with the oscillator parameter £w which is deter

mined by the experimental rms radius of the.particle b (to see 

Table 3). The other new point is the inclusion of the pickup type 

contribution in the particle emission mechanism, in which some nu

cléons of the emitted composite particle come from-levels below 

the Fermi surface. 

In order to obtain the formation factor of composite particle 

with A, nucléons, we need to calculate the integral 

( ano4»-' J 'HM: 
P fixed 

11 



Table 3. Parameters of composite particles 

c l u s t e r 

d 

t 

3He 

Alpha 

r (fm) 

1.96 

1.7 

1.88 

1.6 

hw (Mev) 

8.1 

14. 4 

11 .7 . 

18 .2 

Here £¿ and J¿ are the relative momentum and the relative coor

dinate of the nucléons of the composite particle b. fLMJ stands for 

the constraint condition as 

(Pel > Pj 

(P; I < Pj 

for i=l,2,...L, 

for i=L+l,...Ab. (2.6.2) 

where p¿ is the momentum of the i-th nucleón, p, is the Fermi 

momentum. 

From the energy conservation, the physical observable ener

gy 6b °f the emitted composite particle b is related, to other 

quantities by.the relation 

V -2mX;+^-*VV1)-AbEf+Bb- (2.6.3) 

where E f is the Fermi energy (Ef=33 MeV) and Pf=2mEf, 

B^ is the binding energy of particle b in the compound nuc

l e u s . 

Q. 

Two func t ions Q, and Q2 a r e i n t roduced as below 

5/2 0 3 /2 1/2 
(x ,D b )= . - ^ r p s i n ( Y ) - 8 y * ( l - y ¿ ) . + 2y( 1-y¿) . +3y(1-y ¿ ) ) 

Q 2(x,D b) = 
3 2 > D b ( 1 p 2 

( • ( ' Xv <> 5'4mDb 

with t h e denot ing 

Db= -i"**b» 

and y=x//mDb' . 

2E„ P y 2 
- 5

i +V) ( i -y 2 ) -
i o 7/2 j 

yO-yf) J (2.6.4) 

( 2 . 6 . 5 . a ) 

( 2 . 6 . 5 . b ) 

12 



The explicit expression of FAA# (g>) are given as below' 

(1) For deutron (Db=D2) .
n ù' ' :'"~; v"";:j 

/ I 

q^lp-p^+Q^Ip-Pf) 

F2o(P)={Q2(ipf-fp2) 
0 

fO 

2(Pf+//mD^)< P 

2P£<P ^(Pj+^mD^) 

':2ÍPf'"^D2 * P á 2Pf 
4!f2jP2-mD P 2 ( 2 . 6 . 6 . a ) 

F n ( P ) = 

2(P f+/mD2) < P 

1 -2Q 2(>f-^)+Q 2( P f 4P) -01 ( P f - ip r , , ^ | — ^ p tf 
2P, 

1+Q2(P f-^P)-Q l(P f4P) 
\ 0 

'"' 2( Pf - j raD2 ) <P>'2jp|5ñrL 

P. $ 2( Pf-j^D"2) 

0 

Q l(P f^P)+Q 2( j p 2 - I p 2 ) - Q 2 ( P f - l ) 

F 0 2 (P )= | Q 1 ( P f - i p ) - Q 2 ( P f - i p ) 

' ' • : • , 

. . 2 P f < : P . , 

2 ^ P 2 - m D 

•• 2 ( P f - rat) 

. : Pf ; 2( .P i f -

• ' ( 2 . 6 

. ;. ' •. . .' , 

2 <r"*P $ 2 P 

¿XPV2JP2-

•J~^z\ : : ( 

( 2 . 6 . 6 

, 6 . b ) 

mD2 

. c ) 

(2) For t r i t o n or % e (D^=^íi.wt p rg t iwv„^) 
'« ' b e 

,F30( p)_=A { I dP' B Jdcos /3 F2Q( P)n/dP» B / d c o s £ F2 0(P).} : .. 

FP 1(P)=A( j dP 'B /dcos^ FT , ( P ) + 
* - 0 . 1 

JdP«B( / dcos /^ ' • , (? )+ ' ) "dcos/*F2 0
;(P) '] \ 

F 1 2 ( P ) = A ( I dP»B_/ dco8^F 0 2(P)V "'''"" '' ' ^ 

/ dP' B ( / dcos5F n ? ( P)+ i dcô^FpX'P.)J )-" 

F 0 3 ( P ) = A { / d P ' B ) dco S / 3F 0 2 (P) ) / A V ' : , . , a ^ ; " ' q W 

( 2 . 6 . 7 . a ) 

( 2 . 6 . 7 . b ) 

( 2 . 6 . 7 . c ) 

( 2 . 6 . 7 . d ) 
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where 

P=(^P2+ - P p ' cos/? +P' 2 3 1 / 2 

a,'lp-Pf, 

rt 3 J> 

c=(£p2+p'2-pf)/|Pp' 

and • A-= ' ; — ^ — 5 B=P' 2(^mD.-P« 2 ) 3 / 2 . ( 2 . 6 . 8 ) 

¿3 i s t he angle, between P and p' . 

(3) For o( - p a r t i c l e (Db=D^) 
U > 

FZ f 0(P)=Rfj d p « w J d c o s ^ F 2 0 ( p + ) F 2 0 ( p „ ) J . ( 2 . 6 . 9 . a ) 

F5 1(P)=R( j . d p ' w / d c o s û ( F 2 0 ( p + ) F n ( p _ ) + F 1 1 ( p + ) F 2 0 ( p _ ) ) } ( 2 . 6 . 9 . b ) 

FpP(P)=R{] dp'W J dcos/3 
o - / 

( F 2 0 ( p + ) F 0 2 ( p _ ) + F n ( p + ) F n ( p _ ) + F 0 2 ( p + ) F 2 0 ( p _ ) ) } ( 2 . 6 . 9 . c ) 

F1 3(P)=R{ j dp'Wjf d c o s ^ ( F n ( p + ) F 0 2 ( p . ) + F 0 2 ( p + ) F 1 1 ( p - ) ) } . ( 2 . 6 . 9 . d ) 

d ' 
F 0 . (P)=R( / dp'W/ d c o s ^ F 0 2 ( p + ) F 0 2 ( p _ ) } ( 2 . 6 . 9 - e ) 

P + =(¿P 2 + P' 2 +Pp 'co S / 5) , 

P = ( -P 2 +p« 2 -Pp ' cos / J ) , 
4 

o 

where 

R = . t _ _ , 
^(raD^P 

2 2 3 / 2 

W.--p'¿(2mD¿f-p'¿) 

d=/y2raDlfr. ( 2 . 6 . 1 0 ) 

14 



The n o r m a l i z a t i o n c o n d i t i o n i s 

2 . F £ M ( £ ) = 1 . with L+.M=Ab. . . . . (2.6..1/I ) ••, 

From study on the pickup type emissions, if: the excitation en-

ergy is not so high (E<30 MeV), it turns out that the configu

rations of L=1 ,2 for light composite particles, (like ot ,d,,t,He) 
always give the dominate contribution (i 9 >20,21;,22J.. Therefore 

only F^M and F^w are included in.the calculation. 

(2.7) Q-Factor 

The factor QT M (p,h) accounts for the memory by. the, system 

in the first stages of the reaction of the projectile type when 

emitting the particle b. The Q-factor is the exciton number de

pendent. The Q-factor was obtaine'd by Kalb'ach ( 22J for the case 

in which all constructing nucléons of emitted composite particles 

are above the Fermi surface. It reads 

A ZL A N b ' Afe -1 P -1 ' ' •'• 
cAp,h)=(—) (-§-) ( ) (Ab) 

T f( )(r)=L<|)n ] ( Za + l)( Ma^)- fot n<'ï '(2.7.D= 
2. l i k A .V Z. N* : 

i=0 

where A,Z are the mass number and the-proton number, of the tar

get nucleus, respectively, Ab,Zb,Nb(
A
a»Za,Na). are the nucleón, 

proton and neutron numbers of the ejectile (projectile). 

At equilibrium, the correlation between projectile and., ejec-

tile should, be vanished and the Q-fact.or becomes unity. 

For pickup type' composite particle emissions, the configu- ' 

rations f LM^'becdme complex. With the same 'approach' but for the 

configuration [LM] mentioned above, the' combination factor Q'has 

been obtained '~> ' •''' *•'••• 

LM z \ N -VZb/ ...lLf , V M # 

Z ^ i A A > y j L-j Mzb-j#lirv;-L l+T "•""":-"'' '" 
.. . i=,0 . .... , . ; ., . ^ t < i ..̂  D , , , ( 

15 



When M=0 t h e E q . ( 2 . 7 . 2 ) i s r e d u c e d t o t h e Ka lbach fo rmula 

( 2 . 7 . 1 ) . I n t h e c a s e of n e u t r o n p r o j e c t i l e , Z f l=0, NA = 1 , A- = 1 , -

t h e Eq. ( -2 .7 .2 ) i s s i m p l i f i e d i n t h e form 

. , #AiZ ï , .A 1 N h / A i l - l / P . - 1 . A - h . - 1 

zi(h}(-) i(-)h" iJl( ii(h+," iKz" i)(N"h+i) 
i = 0 i A -A • j . . j L - j Z b - j N b -L+j 

for n < ñ . (2 .7 .3) 

For neutron and proton emissions, Eq.(2.7»3) has the pro

perty 

' . —Q 1 1 (P,h)+-^-Q
p (p,h) = 1. (2.7.if) 

A 10 A 10 
At e q u i l i b r i u m 

Q b ( P , h ) = l f o r n £ ñ ( 2 . 7 - 5 ) 
LM 

is set in the calculation. This is the asymptotical limit of 

Eq.(2.7»2) for high number of p and h. In particular, r-emission 

corresponds Z-b=Nb=0 and Eq.(2.7«3) yields QQ 0
= 1 consistently. 

(2.8) Discrete Level Excitation 

An option has been introduced to account for discrete level 

excitation in the calculation. The discrete nuclear levels must 

be given as input by users up. to an energy ED, which is the 

highest energy of'discrete levels. For residual energies above 

(U-B-EDK1+Ab/
A) (B is the binding energy), the usual procedure 

for. the continuum is followed. Based on the renormalized exciton 

state densities, ,the. level density of residual nucleus, now is 

rewritten into 

«T (Pa S1' 7T>E) for E>ED 

.') \-for E $ ED" (2.8.1) 
|p(n,I,7T,E>K^ - c- . r ., 

Here 1^, 7Fj< and. E k are the spin,, parity, and energy of the k-th 

discrete level.. í S ••"'• ' ,"* • _. V 

From Eq.(2.8.1) one can see that the parity factor 1/2 in 
Eq.(2.3.4) is not held yet, which is dependent on the structure 
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of discrete levels. If there are ño knowledge:on1 discrète level 

structure for some residual.nuclei, ED=0 is set in the calcula

tion. . . . 

Because the contribution of the state densities are mainly 

from. n=3 state at, very low, excitation energy,, we assume that 

discrete levels are only accounted in the exciton ,state n=3»With 

this assumption, the level density with E^ED is expressed by 

/ ( n . I / ^ E j r l ^ j ^ E - E ^ f c . t . (2,8.2) . 

In the UNIFY code, this is adopted for the calculation of the 

effect from discrete levels. 

(2.9) Emission Rates 

All kinds of light particle emissions with"A< k' have been 

considered in the calculation. 

The emission rates can be obtained by the method proposed by 

Kalbach-Cline (5,6,223 based on'-the detailed balance or micro

scopic reversibility. 

(2.9.1) Emission Rates of r-ray 

For exciton state n£3> the. two terms A n=G ¿nd ¿n»-2 are 
included. 

Vn'E'f)= IPT^ ukr> °&w 
wRd.1.£)wR(p-1.h-1.E-£) gnw^p.h.E-g) 

g(n-2)+wR(1 ,1 ,£) gn+wR(1,1,£).' (2.9.1 ) 

while for the "direct" r-ray emission, the f irst term in Eq. 
(2.9.1) i s vanished. 

The r-ray absorbtion cross section takes the giant dipole 
resonance-form ••-•'• ; •'••• •:: 

. . ' • • * • . . ' , . ' n 2 _ i • ' • • . • : • ; ; - , - . . 

a b S - - i = , ( f . E 2 ) 2
+ ( ^ £ ) 2 .,(2.9.2) 

where .the giant :dipole resonance, parameter/',. ,-.¡;E. -are .nucleus 
dependent. :-,, • ey , ... ^j,., 

The integrated r-ray emission rate i s 

Wr (n,E)=/ d£W^(n,Et£). ' (2.9.3) 
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( 2.9Í 2) Emission. Rates'.of ,Particles . . . - . . . -

(1) In the initial • exciton state' n-0=V
-' 

Since the "direct" r-ray emission is included in the unified 

model, the initial exciton state' should start at • n =1 (p=1, h =0), 

At this stage -only r-ray emission is happend. The total emission 

rate should:be 

'"" Wt(n0)=Wr(n0).' "(2.9.4) 

(2) In thé doorway state n=3 

The discrete levels have been taken into account in the state 

n=3 as assumed in(2.1 .2). The emission rate of particle b of the 

k-th level has the form 

w£(n=3,E)= — S ¿ " l\fb f Ï.CJ(£Ï)/w(n=3,E) 

.. ZFîM
(fï)QLM(n=3)" (2.9.5) 

¡J ï/ 
k where Su is the spin of particle b, ̂ i s the reduced mass, E b is 

the k-th level energy of the residual nucleus, £h is the energy of 

emitted particle b. 

•• f-i = (E-Bb-E^)/(l+Ab/A). (2.9.6) 

For the continuum particle emission 

v-3.E)= - 4 g # - wi£K> !«t<r¿t) 
t FjM(e)QLM(n=3)w

R(p-L,h,E:Bb-£(UAb/A)) (2.9-7) 

with ^(E-B^EDVO+A^/A) • (2.9.8) 

(3) In the exciton states n£5 

The emission rates from exciton state n& 5 of particle b 

has a similar form with Eq.(2.9.7)> but only n£5 instead. As 

mentioned above, the discrete levels are not taken into account 

for n£ 5 states. 

; Thus, the sum over alT kinds of reaction channels yields 

the total emission rate 

Wt(n,E)=Jwb(n,E)+Wr(n,E) (2.9.9) 
o 
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(3) Unified Model 

Semi-phenomenological models for pre-equilibrium decay, no

tably the exciton and hybrid models, are globally successful in 

predicting emission cross section and spectra at bombarding ener

gies above 10 MeV ( 1,23 3 . These models do not consider, how

ever , the spin and parity conservation laws and disregard in

formation concerning angular momentum altogether. There exist 

more basic quantum-statistical theories of precompound reaction 

12k,2.5,26,2.7) , but those are hardly amenable for practical use. 

A unified pre-equilibrium and equilibrium reaction model has 

been proposed by SHI et al( 2 8 ) , which is an attempt to address 

the question of the introduction and assessment of angular-mo

mentum effects in pre-equilibrium reaction models. 

(3.1) Emission Rates 

(3.1.1) Emission Rates of r-ray Emission 

Analogous to the particle emission rates, the r-ray emis

sion rates may be derived from the principle of detailed balance 

or microscopic reversibility (29,30,3 1î« 

yn,E,t)= 7 ijjr<W«>-* ZHÏT} ( 3 - ' - ° 
The coefficients b(k-n,£) are the branching ratios. To obtain 

consistency with the Brink-Axil hypothesis as applied in current 

equilibrium statistical model, we must impose the condition 

jTb(k*n,£)=1 for all allowed k (k=n,k=n-2). (3.1.2) 
k 

The phono-absorbtion cross section, has the formula as same as 

Eq.(2.9.2). Recently, Oblozinsky (321 proposed the formulas 

for r-ray emission in which the angular momentum conservation 

is taken into account properly. The r-ray emission rate is 

written by the form 

W 
Y 

(p,h,E,J—S-».U,S)= JW, tB c t 

C s > P - 1 ' h ' 1 >S>^U>+b¿ j /0»,h,Stff,U) (3 .L3) 
fip.h, J.ir.I ) 

where ¿=E-U gives the r-ray energy. The branching ratios are 

given by 

u» y » ? 
b n J_ ' s»-i * -'*. s ( 3. i .Zf ) 
n - 2 S y"-* y n - 2 . 7 . \ J n y n 7 

S n-i. A M-z S "* S»~i A»*t S 
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, i,nJ /n Ans 

and b, n s v "*•* v*¿ y v " v " ' 

J,7f,E (S,/îT,U) are the. spin, parity and the excitation energy of 

compound nucleus (residual necleus)., respectively. 

•Y¿=ng: and Yn£2=gi2. (3.1-5) 

Only El (^ = ])• t r a n s i t i o n c o n t r i b u t i o n s a r e , considered, i n the 
n+ 2 T 

c a l c u l a t i o n . The angula r momentum f a c t o r X n s have been ob
ta ined . . ; ' . , • 

WÍT7ÍT I > ^j^DRKj^íaó^DRKj^R^ÍJ^) 
h h h 

, A o .2 # j 2 j 5 S ̂ 2 

( C J 2 i , j l - i ) J ^ ) (3.1.6. a) 
J A J1 

X U ¡ 2 3 = 2 t?+ 1 : S ( 2 j 1 + 1 ) R l ( J 1 ) ( 2 t J 2 + 1 ) R 1 ( J 2 ) 
(2S+1)(2 +1) /-T 

i'i* 
f > ° ï 2 . 

. l C J 2 i , j l ' i ) • ^ ( S , ^ , J ) (3 .1 .6 .b) 

where ,1 for IS-AI * J * S+A 
•' A ( S , ¿ , J ) = y (3 .1 . 6 . c ) 

• . H) for o t h e r w i s e . 

For " d i r e c t " r - r a y emission only t he A n=0 e x i s t s and n =1 i s 
t h e i n i t i a l e x c i t o n number. E q . ( 3 . 1 . 6 . a ) i s s u b s t a n t i a l l y s im
p l i f i e d s i n c e the core sp in j? i s now f i x e d . Assuming 33=0 one 
g e t s ' J 2=S, ' j - | = j . ' Therefore 

2 
x! ^=(2Â+l')(2J+1)R1(J)fS * J ) (3 .1 .7) 

1 s V 1 / 2 0 1/27 

The " s e m i - d i r e c t " r - r a y emis s ion ' (n=3) and the p r e - e q u i l i b r i u m 

r - r a y emiss ion c o n s i s t of two terms (¿n=0 and4b=-2) . 

Thus t he r - r a y . .emiss ion ' ra te for E1 decay i s expressed by 

T7L J + ^ X-l F 
. W rXp,,h,E ; ? ;0 = : £ • Wr.(p:t.n-tE,,J, . JC * U,S) ( 3 . 1 . 8 ) ; : 

s=f j - l | 
and 

TK 
• • • - w r 
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(3.1.2) Emission rates of particles 

The J-/T-dependent emission rates of particles in the uni

fied model can be extended to 

•2 b b 

2. /6(p-L,hI',Jt' ,E')FLM(£)QLM(p,h). ,(3.1.10) 

b 

where Tj-;i (t) is the transmission.coefficient of particle b.in 

l'J' channel, I* ,7i' >E' are the spin, parity, excitation energy 

of residual nucleus, fb and P are the J- Tt dependent state den

sities of residual and compound nuclei, respectively. 
E^E-^-Etl+At/A).. (3.1.11) 

(1) For n0=l 

only (n,r) channels open 

Wt'
t(n0) = Wï. \ n 0 ) . •••:. (3.1.12) 

(2) For n=3 

The emission rate to br-th level of residual nucleus is . 

b W. • (n=3,E)= — } T - £ I j ^ C f . ^ F (£*)Q (n=3)/> (n=3,J,iT,E) 
7 ' ¿--/ 

' ( 3 . 1 . 1 3 ) 
and for t h e continuum reg ion 

Wb 
r 
'T ( n = 3 'E ) r i?r^w Jb t ( n =^E,i) • 

with f=(E-Bb-ED)/(1+Ab/A). ( 3 . 1 . 1 4 ) 

here 

3"7T . _ . / Ñ- « v " . ' " ' ' . b 

Wb ' (n=3,E)= ^ - i 2L-; T ^ (^)/yf (n,3,I,/T,E) 

., . / . . ' • -" ' Z F ; (fb)Q:-- (n=3.).P(p-L,.h.,I' : r^'.,E',)...(3:.1.1'5) 
" ' ' • • L z 1 L M L M / * • • ' 

The r e l a t i o n s 

3+1=J, î = S b
+ ï ( 3 . L 1 6 ) 
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and , 

i(-i;
i^i = jr (3.1.17) 

must be held 

(3) For n >3 

There is no discrete levels as the assumption in (2.8), The 

expression of emission rates are as same as Eq. (3.1 .1 5),except for 

n >3 instead of n=3." 

(3.2) ;Áhsátz on Mean Lifetime • 

In the unified model, the average energy spectra should be 

written in J-ft dependent' form 

'•• • ¿f(a,b)=(^Z Z W^''(n,E,0.^7;r(n,E). (3.2.1) 

where <Ta stands for absorption cross section with (T^-^ Oa.TK 

In order to solve the equation of mean lifetime X (n,E), the 

expression for the initial condition is evidently given by (28} 

Tti crTK 

q' (n,t=0)= — ~ — q(n,t=0). (3.2,2) 
Va. 

where q(n,t=0) is identical to the initial condition for the 

standard masVer' equation-, being equal to Tn.r,0 • Summing over all 

exciton numbers and inserting Eq.(3.2.2), it follows that 

Zwf (n,E)T (n,E)= * (3.2.3) 

' • : . . . . n z v* • 

Assuming that the transition rates and emission rates do not dê -

pend strongly on J, one may look for approximation expression for 

mean lifetime T (n)>.:As a physically plausible ,and numerically 

convenient approximation a mean lifetime ansatz has been sug

gested (Zd.). ....... • •'.; \,' ;.. 

•r"(n)=-5? ^ T(n). (3.¿A) 
\ (n)< 

When the quantities 0" >fc,W+ (n),W. (n) are known, we can solve 

the *£(h); of: standard exciton'ma'ster equation to get T (n) with 

the ansatz (3»2.¿+) 
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(3.3). Energy Spectra . .. 

Combining Eqs.(3.2.1) and (3.2.2), one gets 

|?(a,b)=2. (r/ -a
=-^z = -. (3.3.D 

7* Z w ; (n,E>r (n) 
n ' t - . . 

Under the ansatz (3«2./f ) , .Eq. (3.- 3. 1) becomes 

J* 

f f (a,b>• X T A £ - h -.WtCn)?(n) (3.-3,2) 
Wt (n) 

wit h ¿rfL 7T^ • £¿I±UL £ T / , ( 4 ) (3.3.3) 
*• * (2S +1)(2I+1)¿>. V a 

Y 
and j=i+s;. (3.3.4) 

7* 

The to ta l emission rate Wt (n) in Eq.(3.3.2) i s given by 

Wt
7"(n)= 2.Jd£Wb

7/T (n ,€) . (3.3-5) 

The expression of Wb'(n,£) can be found in Eq.(3.1.10). 

(4) Simplification Approaches 

(4.1) Hauser-Feshbach Approximation 

In principle the exciton number n which appears in the sum

mation of Eq.(3.3.2) would be large enough to account the con

tributions from each exciton stage. Such that the calculation 

would become very time consuming. As the matter of fact, when 

exciton number becomes large, the behaviour of the emission pro

cesses become similar to that from equilibrium stage. We know 

.the probability conservation condition as follows 

2wt(n)2"(n)=1. (4.1.1) 

The spin cut-off factor is exciton number dependent (to see 2.3*3)# 

With n increasing the value .of (7* increases. When 

^ - ^ ( n ) = <T>¿ (E), 

the critical exciton number ne is.obtained by the formula 

ne=Í0.78^gUj^e/ (4.1.2) 

23 



where ( )oetet means taking the odd integer 'number'nearest" the 

value inside branket..- :„,'-,. o • ,. ' '-.:.-, .••..•-..••.: 

The Hauser-Feshba'ch* approximation for n;>ne is used. Eq. 

(3-.3v'20̂  become-s - -"••;rf--• •—•'- •'• '*•} A _ - ^ - -•;'-

. ^ ' •••• '; '••'• .'•• ' " f a -•• ' K ( n > £ ) 

0 •fc(a,b)=£ <^J/rf £ w.(n)r(n: 
J7T = ^/T W,= , ; : ( n ) . , 

?.: J?" t 

, ( l - 2... WtCn-).r(..n);i ,°"; -i, V .. , ."(4.1 .3 ) 
n - l r . ; " J if;-;-'-' 7 "s '*'. 

where W, (f ) and W. in the second term are exciton number inde-
. b . t '•' •:-•• - . . .... "••' . 

pendent and calculated^by«the Haüsér-Féshbácti' model. •' 

(4.2) An Economizing Method for Calculation of particle Emis

sion Rates 

To provide particle transmission coefficients, external op

tical model routines or code must be used. UNIFY code accepts 

transmission coefficients in the form as a function of total and 

orbital angular, momenta j.,1 and converts them to T. using the fol

lowing expression 

for s=1/2. (4.2.1) 

.-•••,: • • - : . f ° r S = 1 ( 4 . 2 . 2 ) 

• a n d - - • • • - • • ^ T J ¿ ( £ - ) = T j í - , J p - - ( £ 0 1 - ' • • • : • fors=0. (4.2;3) 

" i : •'" "• ' 7 ' J r ' *J:yy' : ' y ! . , ' ' j t : •'•' "' ~ 
In the formula.-1 o-f- particle ' emmisiôn'rates W, (h^f) (in the' uni-

rfr D 

fied, model) or W b (£) (in the Hauser-Feshbach theory), the fol

lowing factor has to be computed 

í ¿..T.'.cíí}^.,! ÁMV,r,E'-.)l?'.- ,.-.-,,-..04.2.4)^ 

When the transmission coef ficiets T̂ ,.,;'''*àr,è"-turned into j'-

dependënt^fb'rnf'as desGfibed:iÍn:'EqsJ(4¿'¿.iT-4'.2e'3) »-'''the •calcula-"' 

tion of factor (4.2.4) can be properly simplified to speed up 

computations 0 3 ] « ^ - ^ ",;; '• ° ' "*'''"• f 
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The expression for the level density f{ I» ,JT« ,E' ) factorized 

into a spin-and parity-dependent part and a part which solely 

depends on the energy 

/(I' ,7T,E» ) = f(I« ,E« )P(?r' )¿(E' ), (4.2.5) 

where /(E') is the nuclear state density and P(ff') is the pa-

rity factor (mostly assumed to be 1/2), while the spin distribu

tion factor f(I',E') has a more realistic ..assumption . 

f(-I',E')= -—r-1 exp(-(I» + 1/2)
2/2<r2). (4.2.6) 

J2ÏÏ Z<t^ 

If the transmission coefficients Ty'are replaced by Tj* like 

in Eqs.(i+.2.1-3), the remaining summation over j' in Eq.(4.2.4) 

can be treated through an appropriate transformation from sum

mation to integration (33). Let 

Ç-» J + l » j ' + S ' 

• S ( J , j ' , s ' ,E')= 2- f ( I ' ,E)= *T • 5"- f ( I « , E ' ) ' 
J ' I ' ' 

Ó' = U-1'I I ' = | j ' - s ' | 

(4 .2 .7 ) 

For the case of s '=0 or S ' = 1 / 2 

J + l ' + l / 2 j«+s« 

S ( J , l ' , . s« ,E ' )= / dj« • ¿ " f ( . I ' ,E ' ) 

U - l ' l -1 /2 I'-= j j ' - s ' l 

- - = = — f e x p f - d J - l ' l - s ' ) 2 / 2 f r 2 l - e x p [ - ( J + I ' - s ' + l ) 2 /2<?-2] 

+T,Jexpf-( l J - 1 ' í + s ' ) 2 / 2 ^ 2 -'-ii-jr exp(-( J+I ' +s' +1 ) 2 / 2 ^ 2 J } . 

• • • ' ' • • ( V . 2 V Ô ) 

In t,he case of a r b i t r a r y values of the e j e c t i l e spin s' ( e .g . 
for deutron emission), both summations in Eq.(4 .2 .7) are ob
tained through a change to i n t e g r a l s 
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•..••: ; • •••-•. • J * l ' + l / 2 . j . ' + s ' + l / 2 

'•' ' Sn,Í'',s' ,E.') = ' jf d j' ' ' (dl'' f(I« ,Et ) 

lJ-l'l-1/2 |j'-s'|-l/2 

= l/2{erf(J+1,"s' + V 2 j -erf (JJ.il' » ~s' -l/2.j 

where erf denotes the error function. 

(.5) Angular Distribution 

(5.1 )' Generilized Master Equation. 

In our code only the angular distribution of multi-neutron 

emission is included based on the generilized master equation 

proposed by Kantzouranis et., al (34>35j. The generilized master 

equation of the exciton model yields the double-differential 

cross section as 

2 — 
¿g(a,b) =(r 2. Wb(n,£)r(nfjl). (5.1.0 
d£ dJZ. n . 

where 1 ( n,jl) is the mean lifetime of state n at emission angle 

jl. It is possible to' transform it to a Legendre polynomial rep

resentation (36-^5). 
Co 

T(n,J2) = /q(n,J?,t)dt = I ^ (n)!^ (cosfi), C5.1.2) 

:• •- . .,.. : -q(n,/2,.t)=-£ ^'(n,t)p^(cosa), _ (5.1.3) 

. ¡An Ht A > í'jl')Vj¡{ cos Q? )=MA(£tV )P j (cos«) (5 .1 .¿f) 

with Q=y2-jî! , 

\'M¿l)=¡M¿tt ¿Odes '• •(•5V1.5) and 

where G(£jl, €'j2') is the ihtra-nuclear scattering kernel. The 

Legendre coefficients ̂ (n) of the mean lifetime satisfy a set of 

time-integrated master equations for each % 
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.--»(n,t=0)=^(f)A + (n-2)^(n-2)+^(¿)'A"(:n+2)^(n+2) 

-(/(n)+A"(n) + (l-^(£))A°(n) + lt(n))^(n). .. 

, . (5.1.6) 

The closed solution of Eq.(5.1.6) can be got by the following 

formula 

n - 2 • 

H**V = T»JjL (n)11fpíí(0 Tí >V f )^ + ( k ) T ( k ) ^k+2 
-a if = 2 

(5.1.7.a) 

7,(no)= J ( n o ) ^ x ( £ > £ , . " (5.1.7.b) 

o- 1 fn *n+2 
where -£ = • —- ••• (5.1.7.c) 

" } - 1_ 1-

with '.'; Fn=,a| (e)^
+(n)^"(n+2)5i(n)^(n+2), (5.1.7.d) 

and - ^-(A+(n)+A"(n) + (1-^(£))^°(n)+Wt(n)] ' \ 

(5.1.7.e) . 

(5.2) Intra-Nuclear Scattering Kernel G(f ' ji • —*//l) 

The important quantity in the double differential cross sec

tion is the scattering kernel G(¿ 'jz' 9fjt). At the beginning, the 

free nucleón-nucleón scattering which is assumed to be isotropic 

in the c m system was used f36,¿i5Í. 

Gfr6e(£ ' JL '->f A)=- ¿-cos(e» )0(-f H&). (5.2,1 ) 

Based on 'the Fermi gas model, the influence of the Fermi motion 

and the Pauli exclusion principle has been taken into account. 

The Kikuchi-Kawai energy-angle correlation kernel provided the 

start point to set up the formulas ofM* . The most singnificant 

improvement of this approach is the rise of backward direction 

of the double differential cross section for the higher energy 

neutron (Zf7J. The expression for Jfjit, £') is given by 

2 

JUA€, E')=-=r( — P (cosft')dju (5.2.2) 
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,' 8 fE f J Ef '-Q*EL =• ( 5 f 2 < 3 ) 

3 y /EL' 

i/TE J .E-F . 

* • ->-.,H-ii EL*EL'sin^-(EL'-E f)Q 
: .. ̂ ^JLH £>L _ _ _ _ _ ! _ ( B-area) 

: , . , ..,_.., 8/rEw[.E-f ; ; ... . . .QyQ*EL:,.. 

- r r A^/T*: f 7 • Ef 2 Ef EL ~. ., 

<T = fd£ ' / d J i ' d g ' . = Crll--r:--f + - ¿(2-r -7T-)® (2Ef-EL)J 

' ' " (5 .2 . / f ) 

with .Q=EL+EL'-^/EL*EL' cose (5.2.5) 

and oí ! x 

.. À |= ,. L (EL .-E.j/EJCE.-Et+EL'.)) 
P I J JEL*EL« * A t 

<tf?) 1 / 1 — • s (5.2.6) 
J= =====- Í EL' -E-+/ E„(E>EL-EL' )] 

' /82J: JEL^EL' • * " * ' 1 * . 

The re la t ions of EL and EL' with the observable energies are 

EL=£+Ef+B, 

EL'=£»;+Ef+B. (5.2.7) 
where Ef is' Fermi energy and B is the binding energy of neutron. 

(5.,3) Legendre Coefficients of Double Differential Cross Section 

: Based, on-Eq,.(i+,1 .3)." t:he. double differential -. cross .section of 

neutrpn emission,in :the first stage, has the explict expression 

' Jt 

• • - J . V ^ -f*', WtCn)¿(.n.̂ )..—̂ p 

.......#. ,..?... '.' W t J n ) , .•-.•-....,..• -

!-../ .•:..i,!-v...... !,., v ; - : .., ,.,..-. i. ", •..:.•.;.•* - " J * •.••,^,. ,: ....,1- - < . 

1 nc -. W b ( £ ' ) , . 
,tV. M ... r,.,:^ .+ •̂ Lf(.-,V- ̂  •WI(-ii)V^-jr-r(n-)-)' T', \ ;' 

.......-; ,...W„ . „ „ , « • , ; <, ,.-/^,.^..wi7r... /. 
(5V3W) 

with • • v i::• f C-n ,&)^Zg£ Chl'P ¿ •'•( bbsftOV ' : '. ' > I T5-. 3^;2;) 
J t Je ... •*• 

^..;; f Ï i.i 

28 



If the double differential cross section is expanded in the 

Legendre polynomial 

<?"(£, A)=£-¿Í±1 f
C
B
m(£)P.(cosQ).. (5.3.3) 

} Lit * * 
Then we have „. 

nc J7r 

<•*» 7 Jn u n ( 5- wb <n>*> v 

^'(f)=^^íi3wtU)7vr^(n)" 
ne JT '• •' 

^(l- 2. V n J ^ i n ) ] - ^ - »J0J- (5.3.4) 
wt 

In particular the partial wave of 1=0 gives the energy spectrum. 

If the energy-angle correlation is considered in the first 

step for n=3, one gets 

/ ( , . 3 ) .
r ( n = 3 ) ^ E , t ' - , r ' ° ° 3 ^ 8 | f l . (5.3.5) 

I dJl 
dfdJl 

W h e r e J /E forEL<E-E f 

R ( E ' £ ) = ] ( 5 . 3 . 6 ) 
1/E{l-((EL+Ef-E)/Ef)} for EL£ E-Ef 

(5.4) Transformation Formulas of Legendre Coefficients 

In Ref. (48) it is indicated that energy spectra in two system 

are very close but the angular distributions are different, espe

cially for the low outgoing energy region and hot so heavy targets, 

The direct numerical transformation method ti+b,U^') is the for

mula . . . . . . . . 

FAÍL )=2rf-d-^-(ft, J2e )P« (cosfie ) IIJI/ dcosfi4 . (5.U. 1) 

where {(Jl| is the Jucoby determinant of the transformation of 

two coordinate system 

;.;..<Jâ.=C.i-**-2/-«ii.o"^
2,;-.;.. :•:•: , \ ,- (5,;,2) 

with P 
*/m m1 

M+m 
/ 

EL 
ft 

(5.4.3) 
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m,m» and M are the .mass of projectile, ejectile and target 

nucleus, respectively. 

¿e> £*- anc* KT are the outgoing energies in the center of mass 

system (cm), the loboratory system (l.s) and the incoming energy 

in ( l.s). M¿ a n d ^ are the cosine of outgoing angles $L in (l.s) 

and $c in (cm), respectively. 

The relatione' between- energies and angles -in the two systems 

are . . 

_ i • 

and- ' 'MC^{ML-^ )(]+0Z-2/#t ) / (5.4-5) 

The definitions- of'Fj(-¿¿-) and f̂  ( Se ) are given by 

d£ dJi. j 4 T i * 

- £ - ^ p f,(£. )Pi(Ac )• (5.4.6) 

An analytical transformation formulas have been developed by SHI, 

et al (48) . Introducing the transformation matrices T * by 
i. 

( 2 T + 1 ) IIJII ~ ~ ~ - V ¿ (cos^)^! (21+1)TJ^ (f* )Pp (/<*.). 

C M ; 

The r e c u r s i v e r e l a t i o n of Tj** r eads 

n - 0 , 1 , • • • . ( 5 . 4 . 7 ) 

2JP ( n _ 1 ) 

T ¿ >;(..**.)] , 

n = 1 , 2 . . . ; j,J'=0,1,'2',"-- (5.4.8) 

with the initial' condition 

T y V ( & > / s ( | , I ' ) f l - / ( ^ ) U ^ l ) ..,a/-2(m-1)L-^-1 V 
' " ' k 2(m+l.) . (2L+3)(2L-2m-l) - \ 

> \ ."'. ( 5 . 4 . 9 ) 
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with L=max f í . | « } , m = | l - l ' | and 

S ( 3 , l ' ) = 1 for J |=l ' ( 5 . 4 . 1 0 . a ) 

S ( t , l ' ) = ( ¿ ) ÏÏ <-+ m"2 1-1 for J>1« (5 i i f .10 .b ) 
¿=0 2L-2Í+1 . 

*»-# 

S ( J , I , ) = ( - D m ( í í ) 7T -£LZlz2±_ {or i<V (5./+.10.C) 
í*o 2L-2Í-1 

Thus the Legendre c o e f f i c i e n t s i n ( l . s ) can be ob ta ined by the 
a n a l y t i c a l t r a n s f o r m a t i o n formula 

F p ( £ ) = Z 2L T / / ( f i î f j ' i ft. )• ( 5 . 4 . H ) 

where f ^ ' ( f4 ) s t ands for t h e n - th order d e r i v a t i v e a t ft=ft. . 

(6) Coupling t o Fauser-Feshbach Code 

( 6 . 1 ) Energy Bound of H.F and Unified Model 

The code to c a l c u l a t e f a s t neutron da t a for s t r u c t u r a l mate

r i a l s i s d iv ided i n t o two p a r t s . When the i n c i d e n t neut ron ener

g i e s are lower than ED 

EenV ED ( 6 . 1 . 1 ) 
n s 

which implies that all of neutron émission channels are corre

sponding to the discrete level region of residual nuclei, thé 

Hauser-Feshbach model is employed, while the continuum channels 

are opened the unified model is used alternatively. 

In general the highest energy value of discrete levels ED is 

smaller than the neutron binding energy Bn(A) of target nucleus. 

As the bound defined above^n^n) reaction channel is not open 

in H.F model. In case that the inequility B„(A)<ED is happened 

for same nuclei, the upper bound of the H.F model becomes 

to be 
cm 

En*B(A) . (6.1.2) 

which means that the discrete levels, the energies of which are 

larger than B(A), have to be cut and treated as continuum. 
1 
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(6.2) Mnlti-Particle Emissions ,J r' < -.. 

For simplica,tipn of the code, the unified model incorporate 

the multi-particle emissions in a .following approach. The pre-

eq.uil.ibrium .emissions are. ¿taken-into account only in the first 

stage of the neutron induced'reaction'.' Afterwards, in the second 

and the third stages, the H.F model is employed to calculate 

cross sections, and neutron., spectra. In other words, if incident 

energy of neutron is limited' below 20 MeV, the equilibration is 

established after the first particle emission. With this app

roximation, energy spectra of outgoing particle are"calculated 

by z _* 7"n 

„( f') = 
jtf/V.T/"/' "(£' ) (I",ÎTI,E") 

T 
! > ' 

(6.2.1) 

where / { I " ,7?" ,E") is the level density instead of the state 

density. The Fermi-gas formulas (1^,49.3 are used for the level 

density but the discrete levels must be taken into account. 

The angular distributions of the multi-neutron emission in the 

second and the ;third stages are always assumed to be isotropic 

in the code ;• ••• 
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