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2. Exciton. Model .-

(2.1) Master Fugation and Mean Lifetime’

In the theoretical'description"of'pre-eQuilibrium'feettion'
two models have become widely popular: the.hybrid-model-[1,2,3)
and the exciton model [4]. The exciton model has been adopted. :
in the present unified model. The evaluation of particle-hole
excitation can be described by the maoter equatlon which is
first proposed by Cline and Rlann L[5). rr‘he ‘master equation has
the form proposed by Cline (6] and Rlbaquhy:{?]?

_diég,t2 = X (n=2)a(n-2,t)+ A (n+2)a(n+2,t)

-L{(n)+)’(n)+wt(N)J q(n,t). - (2.1.1)

l'ere: n is the exciton number, being equal to the sum over the
number of particles p and that of holes h.

qQ(n,t) stands for the occupation probability in exciton
state n at time t. : S

\H(n) and ) “(n) are the internal trensition rates from
n to nt2, respectively. | .

Wt(n) stands for the total emission rates from Stute n,
summed over all kinds of outgoing partlcles nnd r-ray.

The mean lifetime T(n) of the exciton state n is defined by
2

ZTn)=/q(n¢)dt; (a2

Carrying out integration of the master equatlon over time, the
mean lifetimes satisfy the equation ({8}" '

—q(n,t:O):x*(n-2)?(n-2)+A—(n!2)Tkn+é)
[N (max=() v m] T ).

fOI‘ n:no,n0+2,...- (2.].3)

where q(n t O) 1s the 1n1t1a1 condltlon for the process;h'ﬂJ. T

The average energy spectrum for the partlcle b emission:at-
channel energy & is then given by
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where a denotes the incident particle, ¢, stands for the com-
posite formation cross section, Wp(n, & ) is the emission rate

of particle b at energy g from the exciton state n.

. The:-solution of mean-lifetime is obtained by the closed for-
mula. as following - -

. - ; n-a : ‘ 4 ‘
T(n)= 7:3(1’1)( ime )(1)7(1)7221‘2. for n n, (2.1.5.a)
g o a“alz2. o , : .
T (ny)= ?‘,,’ 7(}); )'A for n=n, (2.1 .5.b)
-~ _ 1. v ' Fn+2 oo .
where 7aNSIE R R ... (2.1.6)
Fn=)"(n)x (0+2))(n)7(n+2) (2.1.7)
7 (n)=(A*(n)+ ) ()l ()] 7 | (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 ex01ted configuration at 1low excitation
energy (E<30 MeV). ' '

Several authors héve 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

P

»I
G gu)T (Ju=4pi) . (2.2.1)
W (p,h,E)= o1 B! (Pth=12!
where p' =max(p,h) and h;iﬁin(P,h)- o (2.2.2)

and g stands for the 51n§1e partlcle level den51ty, being ap-
a, here a is the level den51ty par-

proximately equal to g= T

ameter,.

In Eq.(2.2.1) U is the effective excitation energy which is
given by the excitation energy subtracted by the pairing energy
D (14) (to see Table 1), A(p,h) is the correction value from



Table 1 Pairing Energy Correction Values

For proton

z| o [z| o |z| o |z] o |z| oz | »
12| 2.46 | 13| 2,09 | 14| 1.62 | 15| 1.62| 16| 1,83 | 17| .73
18| 1.35 | 19| 1.54. | 20| 1.20 | 21| 1.06 |.22] 1.36, | 23| 1.43
24 1.17 | 25) 1.24 | 26| 1.20 27f_i(é8.fgé8 {.25 29‘A1:3§f
130} 1.36 | 314 1.19 | 32} 1.1 | 33] 1,02} 34].1.58 | 35] 1.7
36| 1.18 | 37| 1.22 | 38| 0.97 | 39| 0.92 | 4ol 0.62 | 417 0.68
42| 0.64 | 43]0.72 | ui| 0.75 | 45| 0.71 | 46| 0.87 | 47| 0.88
48] 0.89 | 49| 0.79 | 50| 0.89 | 51| 0.78 | 52| 0.69 -| 53| 0.6]
541 0.72 } 55| 0.77
For neutron - o
N D N D N D N D N D | N D
12{2.67 [13]1.80 | ) 1.67 | 15| 1.86 |16 | 2.00 | 17| 1.64
18] 1.4 |19 [1.56 | 20] 1.30 {21 1.27 [22)1.29 | 23 1.41
24 {1.50 |25 |1.50 | 26| 1.43 | 27| 1.88 | 28| 1.47 | 29] 1.57
30| 1.46 |31 ]0.93 | 32| 0.72 | 33] 1,12 [34{1.29 { 35] 0.9
36 |1.2u |37 (1.25 | 38] 1,14 | 39] 1.32 |40 {115 | 41| 1.2
w2743 Ju3]1:09 | sul1.20 [ 45| .o | 46| 0.70 | 47| 0.85
48 1.0.76 |49 |0.92 | 50| 0.99 |51{ 1.10 [ 52| 0.92 | 53| 6.73
54| 0.70 |55 | 0.87 | 56]70.61 | 57| 0.69 |58 |0.55 | 59 0.40
60[0.73 |61 ]0.58 | 62| 0.86 |63[ 1.13 |64 0.84 | 65 0.79




Table 2. The ratios of the exact Pauli exclusion
correction values and Kalbach's values

ﬁ\p 2 3 5 6 7
o | 1.0 1.638 1.886 1.987 | 2.029 | 2.050
1| 2.0 2.187 2.215 2,200 | 2.179 | 2.164
2 | 2.366 | 2.407 | 2.355 2.294 | 2.252 | 2.228
5 2.429 |  2.375 2.316 | 2.279 | 2.257

b 2.339 | 2.300 | 2.280 | 2.261
5 2.283 | 2.272 | 2.254

6 2.262 | 2.244
7 - 2,227

(continued)
h\p- B 9. 10 R 12
0 2.062 | 2.070 | 2.075 | 2.077 | 2.078
i 2.155 | 2.148 | 2,140 | 2.133 | 2.126
2 2.211 | 2,194 | 2,178 | 2.166. | 2.156
3 | 223 | 2.212 | 2,198 | 2081 | 2070
4 ' 2,236 . 2.213 | 2.199 | 2.188 | 2.176
5 2.230 | 2.212 | 2.202 | 2.190 | 2.174
"6 2;225‘ 2.211 | 2.201 | 2.186 | 2.168
7 “a.é13 2,206 | 2.196 | 2.179 | 2.167
8 2.206 | 2.200 | 2.189 | 2.174 | 2.167
E T eoron [ 2oz [ 27 | zoes
7o | 2.172 | 2.165 | 2.163
AN 2163 | é;yso_
12 ' 2.155

Ak(Psh)= 2p(p-1)+%h(h-1)




the paulil excleionaprinciplefbeing;appnoximateby:eqmabato:u=

‘W(p,h)= -p(p )+ 2h(h 1) ' (2208

The exact Pauli exclusion correctlon .values:are glven in Ref
(13). The ratios between the exact Pauli exclu81on ‘correction
values-and.the Kalbach's values {12} -are.shown:in Table:2. =,
Summing-over~the -exciton.-number (p=h);:-therexeciton:state:den~.
sitiesishouldwbepnormaiized‘tejtheﬁEermL:gas formula for ane
-fermion gas. The normalized factor f(U) for the exciton state3q
den81t1es (2 2 1) is obtalned numerlcally

e g

L P(U)=0.06% T/ (al) xx0. 125 - : o (24204) ot
in order to'coincide with the following back-shlfted Fermi - gas
formula (14} ' '

(E)zl_-;(__ T ‘ez-aiQU=.. Yo e Lt L
B-5 ,J 5 483%(‘(./*'13)5/4 N . | 52.2-5)
#2 . ot t .
wma-Le 226

Here the nuclear temperature t is given by
U:ata -t R A S L ieen2d7) T

Thus, theremamallzed exc1ton state den51t1es have the follow-
ing form i el

R R ST T o PR S U S SN
W (p,h,E)=f(U)*W(p,h,E). . = . (2,2.8)

g

(2.3) J and ® Dependent Ex01ton State Den51t1es fet

As the assumption in the Welsskopf-Ew1ng model the spin
distribution of levels in continuum is proport10na1 to 2J+1,
where .J-. denotes‘ﬂm level spin. [15] ‘For: more reallstlc spln
distribution as in Hauser-Feshbach theory the J- dependent

faCtOp is in the form --."‘ \i':x- ! OO T S I S N””,' :E‘:‘ S b

AR TN BY AP FYRS SIS A R AW

N ;-.E(J)=;—-———-2J *]—exp(- (J+1/2)2/2¢2) {231,
'(20~ SRR AR N I I

—rg - Vv e ve T e b C e - ot H .<'. 4 o .
DE v Y Y B A ST \‘:‘-r‘. 5.. ANPAL T VA .’\‘-“ ’}4 Lk ! Bl F ey

For an equlllbrlum excited nuclear system, the spln cut-off pa—‘
rameter has an energy dependent form\[16J N

:«.x:' A s Ea g a0 st (B T TE
Téq(E)’=O;'146at'A /’3, AR i A 2eBa2)



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

— . 1

2. /3 , (o
crpre ~eq (n)=0.24nA - : (;2.3-3)_
Here, we assume the maximum value being equal to the value for
standard Hauser-Feshbach model, i .e.,. Zq(F) Accordingly, we
may use the minimum value within Fqs (2. 3 2) and (2.3.3) for-

O'(nP)

The valus of G‘Ere —eq (n) is relatively small at low exciton
states, this means that for precompound emission there is a 1li-
mitation of angular momentum from spin cut-off in the emission

state.

Thus, the J- dependent exciton state densities are given by
P(p,0,1,T,E)=3R(Dw p.h.E). (2.3.14)

where the parity factor is assumed to be a factor 6f 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 ohly transitions
With An=0 andan=%12 are allowed. The internal transition rates
with the Pauli exclusion principle are given by

. 2T 2 (gu-A(p,h))2 \ -
)= F M=> g , . 2elpo

A(n) t {M > 8(gU=A(p,h))* (A(P,h) th)/(P+h) (2-4~2)
A(n)= -%1<M2> g( p+h=-2)ph/2. (2.4:3)

The average squaréd matrix elemerit ¢MZs for residual inter-
action has been parameterized whlch is practlcally very success=

ful (18). | |
M3>=K/EAS., I (2.4 o04)

where K is -a constant as a parameter in exciton model.

10



(2.5) Tquilibrium Exciton Number

The equilibrium exciton number-n. defined by A'(n)=A(R). is a
physical quantity. The €quilibrium distribution of the exciton
occupation probability has a peak ét‘hzﬁ;‘FfomﬂEqs.(2.4.1) and
(2.4.3) one can get (131, | :

A=[T.hev. (2.5.1)

If the Williams value of A(p,h) were used 1nstead the equilib-

rium exciton number would be
f={1.6gU. S (2.5.2)

Setting A(p,h)=0 to neglect the Pauli exclusion correction as

in the Ericson formula, it yields

Fl:,i ZgU. _ o ) ' (20505)
The comparison of Eq.(2.5.1) with Egs.(2.5.2) and (2.5.3)
indicates that the Pauli exclusion correction redhdes;theequi-

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

(2.6) Formation Factor'of Composite Particlg ‘

The formation factor F:;(C) for 1ight-composite particle b
in compound nucleus has been proposed by Iwamoto and Harada
(19, 20) and simplified by zhang (21). The model contains two
new pointS.0One is the calculation of the formation factor FJL(£)
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 ostil-
lator potential with thecsclllator parameter %#w which is deter=
mined by the experimental rms radius of the.particle b (to see
Table 3). The other new point is £he”inclﬁsion‘ofﬁthe pickup type
contribution in the‘particle emission mechanism, in which some nu-
cleons of the emitted. comp051te partlcle come - from 1evels below
the Fermi surface, ' ’

In order to obtain the formation factor of composite particle
with Abnucleons, we need to calculate the 1ntegral

Ab=! o '
- ] ’
. Fim (B)- (2mp)Ab- f‘eriMj l 2% B <2'6']A)‘\
P fixed

11



Tablie

3. Parameters of composite particles

cluster - r (fm) | hw (Mev)
d 1.96 8.1
t 1.7 ol
3He 1.88 1.7
Alpha 1.6 18.2

Here {; and jk are the relative momentum and the relative coor-
dinate of the nucleons of the composite particle b. {LM) stands for
the constraint condition as

l§;|>p1 for i=1,2,...L,

(P:1 < oy for i=L+1,...0y. (2.6.2)

where D; is the momentum of the i~th nucleon, is the Fermi

t
From the energy conservation, the physical observable ener-
8y fbAof the emitted composite particle b is related. to other

momentum.,

qQuantities by.the relation

2
£ = —-Z-I%: %—f,‘wb(Ab-—l )=ALE+B, . (2.6.3)

| 2
where Ee is the Fermi energy (Eg=33 MeV) and Pf:ZmEf,

Bb'is the binding energy of particle b in the compound nuc-

leus.
Two functibns‘Q{ and Q2 are introduced as below

: . . 5.5/2 5 .3/2 /2 -
ﬁngx,Db>=<3%;{3sin‘(x>-8y*(1fy2) Tray(1-y2)" Te3yi-y®) )

o(%,Dp )= —"::-""l7;<4mpb B A RAS e A 7;ﬁ‘f¥;),,}<2-§~&)

P

" 'with the denoting

(2;6;5;a)

Dy= 5 Wy
and y=x/fuDy, - RS  (2.6.5.1)

12



The explicit expre581on of F‘ﬁ,QP) are glven as below™ #i*

St

(1) For deutron ( D2)~i ap ";”f U
1 ; 2( Pf+ mD5)< P
(lP-Pf)+Q2(‘§P-Pf) t ZPf<P 2(Pp+ JTD )
FaolP)= OZ(JPf""P) ;2[PZ-tin, <ps 2p,
o ol :,_“P<2pr Mo (2.6.6.a)
(O | 2( P+ |
U R ('P'pf) QZ(‘P Pg) 2Py 4PS 2(Pyr JAD ) -
F {1- / 27152 - ey s e
11(P)= ZQZ( Pf P )+Q2(Pf 2P) 91 (D ZP\ ijf‘mD2<P 2P,
1 P.-iP)- -1 L T
Pg Z(P - mDZ)
| | o 7 (2.6.6.b)
O . s 2Pf<I p ;::" L. ‘;‘ f
fQ (Pg- P)+Q2(/jpf -P%)- QZ(Pf-—-) 24 Py=mD, <P e
F02<P>=]o [(Pg=3P)=Q5(Pg=3P) T 2(P= mbf’><;-p;'<"a]ip§~mn’2
] PsZ(P r/mDZ) NPT
(2.6.6. c>,
' (2) For triton or e (D3 % w, or ghWBHe> .:_.: ST

F3o(P)= AUdP'decosﬁ Fao<P>*/dP'B/dC°S/3 TaolP) - (2:6:7.2)

Fo (P)=A{ 1 dP'B/dcosﬂ Fy1(F)+

Tem ot

<

}dpo[ /dcosﬂFH(P) +] dcosIEFZO(P)]} (2.6.7.9)

Sy e g R

F, 5(P)=A{ ] ae'B l dcospFoZ(P)+

[

fdP'B[/ dcosﬁFOZ(P)+f dcospF]]gP)]} (2.6.7.0)
b ]
FOB(P)zAiz-dP'B! dcosﬂFOZ(P)} rl':(i?g~ﬁﬂmiFg’q . (2.6.7.d)
h

13



where

E:[%P% -%Pp' cosp +P! z J]./Z

1 é=(é§2+p'2-P?)/§Pp'

and . . pe B BzP'2<&r‘AD3"P'
4T (mD3)? -3 L

B is the angle between P and p'.

(3) For of -particle (Db=D4)

o i
F4O(P)=g{g dp! le Ae08AF 0(P,)F p0(P.))

o

2)3/2

. (2.6.8)

(2.6.9.a)

FB] (P)=R{ 1 ‘dp' W_j‘ dCOSF(FZO( p+)F] ](AP__)*F] 1 ( p+)F20( p_))},(2-6-9-b)

d 1
F22(P)=R{! dp! W_]‘ dcqsﬁ

(F20( b, )Foa( p_)+F;1(p,)F, ](p-)+F02( p+)F20( p_) )} (2.6.9.c)

d ! '
F]3<P)=R(g dp' W J deosp(F 1 (p,)Foo(P)4F (P, )Fy1(p ) (2:6.9.d)

d 4
FO“(p)zR(! dp'wl dcospF (P, )Foa(p_))

where

1

_p+=( E‘PZ 2

+p' “+Pp'cosB),

.p_=(£P2+p'2-Pp'cosp),

2 .
R=. ‘
— . 3 . }
1 (mDu)

3/2
W-p' *(2mp, -p' %),

d= l/ Zme'.

14

(2.649.€)

(2.6.10)



The normalization condition is
'Zi FP (E )—? l'with 1+MQA f ;~“ o (2 6b135m
LM T AR R EsPen ;

From study on the pickup type“emissions;4if;bhe'exciﬁetion en-
ergy is not so high (E< 30 MeV),Ait turns out that the configu-
rations of L=1,2 for light comp051te partlcles (11ke d yd,t ,He)
always give the dominate contrlbutlon (19 20 2% 22] .fTherefore

only F?M and F?M -are included in.the calculation. .

(2.7) Q-Factor

The factor QLM (p,h) accounts for the memory by the system
in the first stages of the reactlon of the projectile type when
emitting the particle b, The Q-factor is the exciton number de-
pendent. The Q-factor was obtained'by"Keibecb_[Zaj for the case
in which all constructing nucleons of emitted composite particles
are above the Fermi surface., It reads ’ I

/ Ny, Ay =1 P =
R (pym)= g ) P T ) ()

S [ )<Z>1<N>h Y (Zathy(PZaly for ne'm  (2.7.1)
i=0

where A,7Z are the mass number and the- proton number of the tar-
get nucleus, respectively, Ab,Zb,Nb(A 924Ny ) are the nucleon,
proton and neutron numbers of the ejectlle (progectlle)

At equilibrium, the correlation between.progectlle_and,ejeCr
tile should. be vanished and the Q-factor becomes unity.

'For'pickup type composite particle émissions, the configu-
ratlons [jLM] become complex. W1th the same approad1but for the

been obtalned

[

T “Ai ., AN A i11;P}~{1&-hff]rt- .:%,:
~Qﬁﬁ(p’,h)-‘:(ﬂz )vb(wNi)fu(Zié‘;(Ligo(aM } _ Vi

[

zb 3Ny L+3

T h
z,

SR .
w1

. - ot
VRS “

[( )( ) (N)h- ];E(Z +1)(N +h-1)( =1 )(N h+l')imTW:uAb

T T L T T TP S D ) A

15



When M=0 the Eq.(2.7.2) is reduced to the Kalbach formula
(2.7.1). In the case of neutron projectile, Za=0, Np=1, Ap=1,
the Eq.(2.7.2) is simplified in the form '

A 2., AN -1 ,P,-1 ,A-h, -1
AP (Pyh)= (Z b( )oY () ()

7p L M
h Nyh=i7 = h+l=i, %=1 , N=h+i
b3 [H(* A" l]Z( ) )
i=0°1 A A J:J 0 L= Zypmd NpeL+j
for n<n. (2.7.3)

For neutron and proton em1551ons, Eq. (2 7.3) has the pro—'
perty '

Ha® (p,n)+—2-q® (p,n)=1. | (2.7.44)
A 10 A 10

At equilibrium
® (p,n)=1 for nyn (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 Zb:szo and Eq.(2.7.3) yields ng:] consistently.

(2.8) Discrete Level Excitation

" An option has beeh introduced to account fdr discrete levei
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-EDM1+A /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 nuclgusfnqw is
rewritten into ' S
/03__;(1’" »E) - for E>ED

'E)P(n,l,7ty§) [

EkIS-T,—(Y(E-Ek) for EED (2.8.1)

Here Ik,‘ny.and Ek are the spln, parlty and energy of the k=th

discrete 1eve1 %

From Eq. (2 8. I) one can see that the parity factor 1/2 in
EqQ.(2.3.4) is not held’ yet, which is dependent on the structure

16



of discrete levels. If there .are no knowledge on discrete level
structure for some residual nuclei, ED=0 is set in the calcula-
tlon. ' '

Because the contrlbutlon of the state densltles are mainly
from n_3 state at . very low excitation energy, we assume that
discrete levels are only accounted in the excltonwstate.n_B With
this assumption, the level density with EED is expressed by

P(mT,TE)= Z 57, 15578 (BB &5 . (2.8.2)

In the UNIFY code, thls is cdopted for the calculatlon of the
effect from dlscrete levels.

(2.9) Emission Rates

A1l kinds of light particle emissions with 'A< 4 have been
considered in the calculation.

~The emission rates can be obtained by the méthod proposed by
Kalbach-Cline (5,6,22) based on ' the detailed balance or micro-
scopic reversibility.

(2.9.1) Emission Rates of r-ray

For exciton state n2>3, the two terms 4n=0 and 4ns-2 are

included.
2

€ / r '
wih3ct wfn E) 0255(2)*

Wr(n,E,f)z

wR(1,1 £)wR(p- yh=1,E=§) gan(p, ,E-E)
(n-2)+w (1,1,8) gn+w (1 &)7' (2.9.1)

while for the "direct" r-ray emission, .the first term in Eq.
(2.9.1) is vanished. ‘

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

N ".“ Com2,.2
' Vi S .
:] (f-El) +(/3£ ) \.‘;.5‘.‘...: ® 2

where, the giant .dipole .resonance parameter'f',JE -are nucleus
dependent.

I P IS O T
The integrated r-ray emission rate is
W, (n,E)= [ deW _(n,E,£). ) (2.9.3)
-



(2.9:2) Emission Rates of Particles
(1) In the initial -exciton state ng=1"

Since the "direct" r-ray emission is included in the unified
model, the initial exciton state should start at n =1 (py=1, h,=0).
At this stage only r—ray'amﬁslon is happend "The total emission
rate should be ' ‘ ’ ' '

W (n )=l (n ) | o T (2.9.4)
(2) In the doorway state n=3 ' |

The diéérete'lévéls have been taken into ac¢ountuin the state
n=3 as assumed in(2,1.2). The emission rate of particle b of the
k=th level has the form

(2Sp+1) My éJc

Wi(n=3,E)= ——5=3 G (€%)/w(n=3,E)

z D (E4)a0(n=3) | (2.9.5)

where Sb is the spin of particle b, U, is the reduced mass, F% is
the k-th level energy of the residual nucleus, Zb is the energyof
emitted partlcle b.

k . .
For 'the continuum particle emission 5
, 3 _ 2S5, +/ . Ay
‘Nb(n—B’E)*‘ 72-1_1-_3 ‘n 3. /dffOQ(E)

= b eo\nb R, :
F )Q 1 w(n=3)w( ‘L,h,E'B - 5(1 Ap/A))  (2.9.7)
Z, Fn(€)0p(n=3)w(p “Bp= E(1+Ap/A))

with ‘é;z(E-Bb-ED)/(1+Ab/A) ' (2.9.8)

(3) In the exciton states n25

The emission rates from exciton state ng 5 of particle b
has a similar form with Eq.(2.9.7), but only n25 instead. As
mentionedlabove,.the discrete levels are not taken -into account
for ng 5 states. 4

* Thus, the sum over all kinds of reaction channels‘ ylelds
the total emission rate ‘

Wt(n,E)=E'Wb(n,E)+Wr<n,E) (2.9.9)
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(3) Unified Model

Semi-phenomenological modelé for pre—équilibrium decay, nd¥
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]) . 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
(24,25,26,27), but those are hardly amenable for practical use.
A unified pre-equilibrium and equilibrium reaction model has
been proposed by SHI et all28), which is an attempt to address
the question of the introduction and assessmént of angular-mo-

mentum effects in pre-equilibrium reaction models.
(3.1) Emission Rates

(5.1.1)'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 [29,30,31]).

2
‘ £ jb(k-on,t')k)(k ED

The coefficients b(k-n,f) are the branching ratios. To obtain
consistency with the Brink-Axil hypothesis as applied in current
equilibrium statistical model, we must impose the condition

z_b(kon £)=1 for all allowed k (k~n k=n=-2). (3.1. 2)

The phono-absorbtlon cross section. has the formula as same as
Eq.(2.9.2). Recently, Oblozinsky (327 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

5107,@55 cf)
Imer?c?

W,(p,h,E,J-25 A€ L y,8)=

h
st & f(P=1,0=1,5,7,0)+b, I P(Ah,S,7,0)
PP b J T E)

(3.143)

where £=E-U gives the r-ray energy. The branching ratios are
given by

n n J
n J - )/nz /Yn-zs o (3.7.4)
n=2 s~ n-z n 27 )/ _
na Apoy s »2 Ana s
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n hy
bn J y Xn.r
and _ n S - ynszmz:r )’n X

J,%,E (s,T,U) are the spin, parity and the excitation energy of
compound nucleus (residual necleus),'respectlvely.

Ynzng ' and Yn;2:g£2- o (3.1.5)

Only Fl (r=1) tran81t10n contrlbutlons are considered in the
calculation. The angular momentum factor Xnn2 g have been ob-

tained.

- L EE; (23;+1)R1(37)(23,*1R1 ()R _; (33)

ns-p,(s)
‘ 3/3&33
(C ° (2 ¥ 53" |
j2 £, 41 %) { } (3.1.6.a)
J A N . : A
n;2 i = v 2J,+] . z (2j]+] )R](j] )(2.]2+])R](J2)
| C(as+1)(2 +1) & |
o did2
X o 2 '
losas, 5178) 4(5,259) (5.1.6.0)
where 4 for  1S-Al € J<S+A
'4<s,,\,J)=z) - (3.1.6.¢)
o Co for otherwise. ‘

For "dlrect" r-ray emission only the A n=0 exists and n, =1 is
the initial exciton number. EqQe(3.1.6, a) is substantlally sim-

plified since the core spin 33 is now fixed. Assumlng 33_0 one
gets Ja—S, J1~J. Therefore

- 2
%! _(2A+1)(2J+1)R1(J)(

| A dJ
1 )

A7)
/2 0 1/2" (3. :

T

The "semi-direct" r—ray em1551on (n=3) and ‘the. pre—equlllbrlum
r-ray emission consist of two terms (An_O and4h—-2)

Thus the r-ray em15810n rate for E1 decay is expréssed by

J+1 St £

(p,h E,f)=5 . Wrﬁpwh,E,J:JEl;f—w U,8) (3.1.8). .
5= [J=~1}
and S o
| WiCen,B)=fagw o). L (3.1.9)

20,



(3.1,2) Emission rates of particles

'The J-ii-dependent emission rates of particles in the uni-
fied model can be extended to |

T > S gt -
W (n,8)= A 3 % 'TI’i’ (€)/£(pyh,1,7,E)

S b o
LZ [ (p=L,bIt, 7" JE'F M(E)Q (Psh).  .(3.1.10)
=/ . X

where TJbJ:(E) is the-transmissioncoefficient of particle b in
1*J* channel, I',%',E' are the spin, parity, excitation energy
of residual nucleus, fb and J A are the J-#® dependent state den-
sities of residual and compound nuclel, respectlvely.

EV=E-By-E(T+Ap/A)e L (3.1.10)

(1) For n =1
only (n,r) channels open
T TR
(no):w',\- (no). . (301012)
(2) For n=3%

The emission rate to ‘k-th level of'residual,nucleue is

= b = b oo
Wy (n=3,B)= == 2 1. Qi)bz F QL;)QLM.(n:})//f(n:3’J”T’E)'

Th oy Ad LM
S (3.1.13)
and for the continuum region
) ’ ém - . - .
" (ne3, £)= 17 [agw b " (ne3 5.6)
with z;:(E-Bb-ED)/(HAb/A). | (3:1.14)
here L t-d.li;Qf .ngjv LRI
T S |
(n=3,E)= me 11 12% T,J (eb>/f<n 3,1,T,E)*

ftl eyl

T ; » Lot L
oo L F (fb)Q (n 3)/0(p “L,h,I". E') ( :.'1.1..5)‘:_
' L=1 R o
The relations

(3.1.16)
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and

ISR ALt AN | o Gaan

must be held

(3) For n 73

There is no dlscrete levels as the assumption in (2.8), The
express1on of emlss1on rates are as same as Eq. (3 1.15) ,except for
ny3 instead of n= 3

-

(3 2) Ansatz on--Méan: Llfetlme

In the unlfled model the averége energy spectra should be
written in J-N dependent form ‘ ' '

“ac‘t(fz(a,b) z Zw (n E,€) T (n,B). - (3.2.1)

where g, stands for absorptlon cross section with 0“ 2: TI
In order to solve the equation of mean llfetlme‘tyn(n,h), the
expression for the initial condition is evidently given by [28)

TT'T
(n t=0)= ——=—— q(n,t=0). (3.2.2)
Oa

" Where q(n,t=0) is identical to the initial condition for the
standard master’ equation’ being equal to Sp,,, . Summing over all
exciton numbers and inserting Eq.(3.2.2), it follows that
- ’ . 6; °
Zw "(, 0T "(n,B)- —— (3.2.3)
| Oa -

Assuming that the transition rates and emission rates do not de=-
pend strongly on J, one may look for-approximation expression for
mean lifetime'wa(n) . As a phySically plausible and numerically

convenient approx1mat10n a mean lifetime ansatz has been sug-
gested [28) T R

o' Mm) | e
‘T](rn- R L{n).< (3.2.4)
S et RRES: '1 Yo ' Wt ( n ).‘, ‘

, F o
when the quantltles 0‘ ,0‘ wt (n), W (n) are known, we can solve
the % (n) of:'standard exc1ton master equatlon to get 77"(n) with
the ansatz (3.2.4)
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(3.3). Energy Spectra

Combining Eas.(3.2.1) and (3.2.2), one géts

‘ RN ORI X i '
g(a b= 2 g7 E = — —. - (3.3.1)
Jn 2w N HET
Under the ansatz (3.2.4),.Eq.(3;5.1) becomes
X ‘ Jﬂ( S
4, 5 Tl Wy ()
25 (a,b)= ]Zﬁ,o,‘,\ 51 % ~ W, (n)T(n) (3.3.2)
Wt (n)
I 4 (2g41) -~ a L |
with o=k S 2. T,. (&) (3.3.3) .
’ Ta “esgenn g A
and J=145. (3.3.)

7}
The total emission rate Wt (n) in Eq.(3.3.2) is given by

"5 R |
W, (n>=%fdiwa"(n,e>. | (3.3.5)

- o
The expression of Wg’(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-
tribufions 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 stagé. We know
.the probability éonservation.condition_as follows

gwt(n)?(n)zh : (La1a1)

The spin cut-off factor is ex01ton number dependent (to see 2.3%.3),
With n increasing the value of a~ 1ncreases. When

0}:,_?_@): 0-:; (%),

the critical exciton number n, is.obtained by the formula
n<=[0.78 JEU Joetet : (4.1.2)
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where [ Jody means taking the odd integér’ number:nearest' the
value inside branket.: '

The Hauser-Feshbach approx1mat10n for n>ne is used Eq.

(34342): becomes - f’“;;““W““";;“’ff T :?;er.

T f _“ : Ne -~ ‘ W (n ) E)
eand e b
gg(a,b): 2 027”{ 2. w (n)c(n) T
’ 2RI A W, (n)
h J¥ t
ae W (€) |
e Lael- 2 wt<n>c<n>) SR L B1.3)
| . W
Jr Jn 3 t

Where W () and Wt’
pendent - and calculated by the Hauser-Feshbach model.

in the second term are exciton number inde-

(4. 2) An Economizing Method for Calculation of Farticle Emis-
“'81on Rates

- To pfoVide:pafticle transmission coefficients; external op-
tical model routines or code must be used. UNIFY code accepts

transmigsion coefficients in the form as a function of total and

orbital angula;.mpmehta js1 and converts them to T, using the fol-

4
lowing expression
1 om
T‘Q(E)'—' 214 ‘ £’+1Tl’1",‘_,]9
N for s=1/2. (4e2.1)
A [(21+3)T,,, N LIRS}
L for s=1 O (4.2.2)
<—anu:jtﬂf~*:ifg?fT?7!;(a?f'u;v for eeo. .t': o ... u(q.e;z?:;

J
In the formula- of partlcle emmision-rates Wb (n,€) (in ‘the’ uni-
fled model) or wg (£) (in the Hauser—Feshbach theory), the fol=-

-

low1ng factor has to be computed

R RTE I -,,:.1\-.\...':.‘5;.,-»; N MR U
[1ZJT13(£)12'7,-‘ f(I JE* )j b2 4)

When the transmission coefficiets Tj.~ﬁfafe‘turned into j'-
dependéht”fb}m“éé déséfibéd"in”Eqs”(ﬁ“ZﬁT=4”2“3),“the”calbhlai*
tion of factor (L4.2.4) can be properly simplified to speed up

x‘

computatlons (33] ’"‘:'-\‘n-';r’:,% ",'_'= ':,,_,, W R
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The expression for the level density f(I',®',E') factorized
into a spin-and parity-dependent part and a part which sqlely
depends on the energy

f(Iv’ﬁv,E| )=f(I',E‘)P(‘,T')./;(E'), (4.2.5)

where _f(E') is the nuclear state den81ty and P(ﬁ ) is the pa-
rity factor (mostly assumed to be 1/2), while the spin dlstribu-
tion factor f(I',E') has a more realistic.assumption .
' .
£010,E )= =Sl exp(~(1'41/2)%/20°%).  (4.2.6)
Jer 2 ¢ ' | ' |

If the transmission coefficients‘nﬁ~'are replaced by j}t like
in Eqs.(4.2.1-3), the remaining summation over j' in Egq.(4.2.4)
can be treated through an appropriate transformation from sum-
mation to integration [33). Let

_ - J+1! jt+s!
8(d, 9,8 ,E')= %L'f(I',E)zr 5 5 f(I',E')
. J'I jr=1J-1"1 Iv:'Jl_St'
(4e2.7)

For the case of s'=0 or s'=1/2
| J¥L141/2  jt+st .
S(J,l',-s',E')_—. f aj Z f(Il E')
lJg-111-1/2 I'=)j'=-s")

:4556_{exp[-(!J—l'l-S' /20%]~exp (~(J+11 =51 +1)% /207 ]

+fsu‘ exp[—( IJ-1'1+s" )2/20~ {;J exp[-(J+1" +s' *l)2/20“2]}

(4.2.8)

[T

In the case of arbltrary values of the ejectile spin s' (e. 8
for deutron emission), both summatlons in Eq.(4.2.7) are ob-
tained through a change to integrals

S A

-
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S gl l/2 0 jrastal/2

sy, B ) jd'j' o _{dp' £(T1,E")

¢

1J-1't-1/2 1j'-s'] -1/2

:]/Z{erf[J+1'-s'+112J;erf['J—l‘l;F'-l/Z ]

FEX 2 Jjo o
+erf["J_l"’-"E"'Jr']‘/2 —]-ers] J+l'+s'+3/2]) (4.2.9).

. J20 Jo o

where erf denotes the error function.

(5) Angular Distribution
(5.1) Generilized Master FEquation

In our code only the angular diStfibution of multi-neutron
emission is included based on the generilized master equation
proposed by M?ntzburanis et. al (34,35). The generilized master
equation of,the;ékcitonvmodel yields the double-differential

cross section as

) _ o o -
40Ca.0) _g 2 wy(n,)7(n,0). (5.141)
A€ da N ~

where T (n,n) is the mean lifetime of state n at emission angle
A+ It is possible to transform it to a Legendre polynomial rep-
resentation [36-45].

=] .
T <'n,"ﬂ>=!-q<n,ﬂ,t>dt=§ 3, ()P (cosa), . (5.1.2)

Q(n,ﬂ,,t?i~§ @(‘q,t‘)P’eA(cosa), L (5.;1 «3)

.f¢gb(€42, Eﬂn')E,(cosa')=4&(£,£')R,(cosa) (Se1.4)

with Q:_Q—J).' ’

and  ag(e)fule, eddel. (541.5)

where G(f£,2, €'2') 1s the intra-nuclear scattering kernel. The
Legendre coefficientsj&(n) of the mean lifetime satisfy a set of

time-integrated master equations for each §
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7(n ,£=0)=K (&) A" (n- a)}’<n 2>+,a<z> AT <n+z>f(n+a>

=[AT(n)+ AT(n)+ (1-4(£)) A° <n>+w <n>J)’<n>

(516)
The closed solution of Eq. (5 1.6) can be got by the following
formula

T ' n-2 - o
21+1 T o+,
3 (n53)=F, Ty (m) ,u(c) TC 460 2" AT
Ak;ED
(5.1.7.a)
2 1 . . ' '
3’(no)— f'(no —Z%jjﬁﬁf)?i7 y  <5.1.7.b)
F F , :
where ;E:: ]1 {n 1?f2 se (5.1.7.¢)
with 7 Fp=mg ()X (A (n+2) 3 (n) 3, (n+2), (5.1.7.d)
and B 3;=[>f(n>+,X'(n>+(1-4§(£)).Ao(n)+wt(n)] -1
.(5010709)

(5.2) Intra-Nuclear Scattering Kernel G(f‘,z'—efn)

The important quantity in the double differential cross sec-
tion 1is the scatt‘,(aring kernel G(&8'®'—p fnr). At the beginning, the
free nucléén-nucleon scattering which is assumed to be isotropic
in the c.m system was used [36,45].

Gfree(g..' R'—ER)= %.—cos{ﬂ )@(% f‘Q)‘ (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 of,ql; The most singnificant
improvement of this approach is the rise of béckward direction
.0f the double differential cross section for the higher energy
neutron (47). The expression for _45(8, £') is given by
_ 2
M, (€, £ )—o.':f d% p (cosR')da (5.2.2)
d€rdg
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: A”—%—-— SLY E].—'_:EL.'_ ‘ U ’(A"—f‘area) |
! ’ S OEL : | _ 7
MEr A By TRTEI (5.2.3)

Yo . i .
E"' [ . ,:‘

dgr dg _

L OME 4 Ee o o A A¥EL

— EL*EL'sinaa—(EL'—Ef)Q
j o . (R-area)

-EL)]

24~ ¥ 2 B
f fdnl —;‘_c.i._—-—r_ 0‘('_5__f.+ f( F
‘ dt|d‘q.| FL 5 EL ‘1:’- ‘e

f}ﬁl

(5.2.4)

with Q=EL+EL' -2/EL*EL' cosg (5.2.5)

and ol
AJEL*EL" |

0(2} —L— (e ez B (E p*BL-EL' )]

pa fEL*EL'

The relations of EL and Bl

[N

(5.2.6)

with the observable energies are

EL £+Ef+B
BL'- §'Eg+B. | (5.2.7)
where'Ef ié’Fermi energy and B is the binding energy of neutron,

(5,5)wLegendreWCngficients of Double Differential Cross Section
Based. on: Eq.(4.1.3)~the double qifferential.crossqsection of
neutron emission.in the first- stage has the explict expression

Jgr
| 15 ' Wy (n,g)
du(a,bl ZqJF{Z- Wy (;Q)T(.'n.',; 2). ___g_ﬁ____
d£CLa ]ﬁ ?“J?éé,u T.. ‘”~“wtw§n1;,‘

o e RO EVITIES.

; . . ., N . c. v B [ . L
P O S A S R AT S P ioa o b
. LI - i - e K '1 . . . : J’l R . 54 Con
a oot L Dot . o - ‘ N PR

. (& \
5" W<n>l+T3’<n>>—-—b———-—}~ P (503

R PR cen
T L X 1 ‘Ll..“:Ll»L‘; ‘71 n= 3 : wt e S PR R

ST O S ST FE T

e R S ’y CR
LT RN

with i ,Z.. (;‘n*, JZ.) ] 5—:@5 (n)P‘e (co SQ)- RIS *(;5»}. 302)

. . X
E R ! PRl . ¥ A N N .
. TR ' ¢ R L . 1 N . ~y e M By
\ R TR [ . - PP
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¥ e
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If the double differential cross section is expanded in the
Legendre polynomiél

O (g,n)-2-2051 f""“<£>1>}<cosc‘g>_. . (5.3.3)
2 oyr 4 |
Then we have R
£ (£)= 20y 4T %C (ny Lo {0oE) 7
- W
4 (8= 2!+1{ AN ()
Wt (n)
| . SR
nc
= wb (t)
£

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 B

T (n=3)t,(E,  T(n=3),(F, &)
Z{n:})_l n Jl( £) _ t(n jJJ .

5 R (5.3.5)
[dﬂ_ d ¢ A
_ 4 dfdn _
where 1/F for EL< F-E
R(E,£): (5.3.6)

1/ef1-((EL+u,-8)/E)})  for EL3 E-Ej

(5.4) Transformation Formulas of lLegendre Coefficients

TIn 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 not so heavy targets.

'The direct numerical transformation method (48,4¢) is the for-
mula ' ‘

o R |
ag =
I'.“!(-f‘f ):ZFIE%E(E‘,JII:)PR (cosac‘) Ilell dcos@ . (5.4.1)

where J{JW is the Jucoby determinant of the transformatlon of
two coordinate system

: ) 2 '\-]/2 o s
P -
with g = du_n L. . (5.4.3)
B Mm &L
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m,m' and M are the mass of projectile, ejectile and target
nucleus, respectively.
&, €. 2nd EL are the outgoing energies in the center of mass
system (c.m), the loboratory system (l1.s) -and -the incoming energy
in (l.s). My and 4, are the cosine of (Sutg()ing angles §, in (1l.s)
and & in (c.m), respectively. '

The relationé‘befWeep;énergies and angles-in the two systems

are

é‘ 6;(1+p —z,é’xq) (5ukol4)
and- -414 p:m1+a -2pu0 ) - (5.4.5)

The definitions o*f'F‘ (&) and fl(&) are given by
'daﬁ'J . ‘Z
—( & s )=
1€ aa 40

FI(& )P (dul.)

g
An analytical transformation formulas have been developed by SHI,
et al [48) . Introducing the transformation matrices Tl")by

f( & VP (Le ). (5.44.6)

. 2
(& -2, 5 n
(210+1) | JN “n,“') px'(cosac)zf(a1+1>Tj!f(_a>pluc‘_).
n=0,1,+** _ (5.4.7)

, tn)
The recursive relation of TJ;' reads

o A n- 1)
11(£4)=—{p'1‘ (f&)‘—iip—:—)‘l‘ 1'(&.)
.+

‘.

(n=1)
24
- T !
:] ’2.'. ) l’l':O,];‘Z‘,-.-' (5040‘8)

with the initial condition

(0) (-m) (R+m+1) ", 2L°=2(m=1)L-3m-1_)
T (&)= S(I 1)
22 (&= p [ - 2(m+1) (2L+3>(2L -2m-1) J
(5.4.9)
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with L=max {I.R'} , m=j1-1"} and

S(2,8)=1 ‘ | for 3=2' (5.4.10.a)
me=] ' ) -
S(2,00)=(ky T Am=2i=l por 3530 (5:4.10.b)
' izo  21-2i+1 . ; ‘
. met '
S(2,80)=(-1)"x) T _212_21 for f¢R'  (5.4.10.¢)
(so  2[,-2i-1] '

Thus the Legendre coefflclents in (1.s) can be obtalned by the
analytlcal transformatlon formula

. |
- en) -
Fp(8)=Z £ Tp p (&)1 (&) (5.4.11)

({74 .
where f »'(§ ) stands for the n-th order derivative at &=&. .

(6) Coupling to Pauser-Feshbach Code
(6.1) Energy Bound of H.F and Unified Model

The code to calculate fast nevtron data for structural mate-
rials is divided into two parts. When the incident neutron ener-

gies are lower than ED

L]

cm
n

E° "¢ ED ‘ (6.1.1)

which implies that all of neutron émission channels are corre-
sponding to the discrete level region of residual nuclei, the
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 B,(A) of target nucleus.
As the bound defined above, (n,2n) 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
EnsMA) C (641.2)

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

larger than %(A), have to be cut and treated as continuum.
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(6.2) Mnlti-Particle Emissions

For 81mpllcatlon of the code, the unified model incorporate
the multl-partlcle emissions in a following approach. The pre-
. equilibrium emissions are;takenglntq acgount;qnly 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 sectlons and neutron.. spectra.In .other words, if incident
'energy'of neutron is limited below 20 MeV, the equilibration is
establlshed af?er the flrst partlcle em1ss1on. Wlth thlS app-

!

rox1matlon, enéfgy spectra of outg01ng partlcle are calculated.

by byuz N
!'”.Tf" '"(E') (In,ﬁn,En)
Spi ( £1)= LYy "8 4 — 4 . (6.2.1)
Téz

wWhere /9(1",ﬁ",E") is the level density instead of the state
density. The Fermi-gas formulas {14,49) are used for the level
density but the dlscrete levels must be taken into account.

The angular dlstrlbutlons of the multi-neutron emission in the
second and -the ‘third stages are always assumed to be isotropic
in ‘the codey ‘ N
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