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I 
The exciton model is modified such that it 'automatically reduces to the usual 

evaporation formula after equilibrium has been reached. The result is further 
modified to conserve angu1ar momentum in a form compatible with the _Hauser-Feshbach 
formula. This allows a consistent description of intermediate excitations from 
which tertiary reaction cross sections can be calculated for transitions to discrete 
residual levels with known spins and parities. Level densities used for the compound 
component of reaction cross sections are derived from direct summation of the 
particle-hole state densities used for the precompound component. 

I I 
[Nuclear r eact ions 27Al, 46

'
48 Ti, 5-l V, 50

'
52 Cr, :54

'
56 Fe , 58

'
60 Ni, 63

'
65 Cu, 93 Nb, 

E = 14.6 MeV. Calculated o(n,xn), (n,xp), (n,xa), o(E ) , (Ep), (E ) . Hauser-Feshbach · n a 
and precompound ana 1 ys is.] I I "" 

Development of fusion energy calls for substan-

( 1 e) Introduction IC(E) = t P(p,h,t)dt/w(p,h,E) 

: tial improvement in the knowledge of neutron cross lpb(I ,U') = Lp wb(p-l,h,I,U') ' (lf} 
, sections in the energy range from a few MeV to about J J 

! 40 MeV. 1 In this energy range, the multi-step Hauser- .
1
and the various components and notations are explained i 

1 Feshbach model with precompound effects is the most 1 .
1 

belo~l. I 
I
. versatile and is considered an indispensi ble theoreti- : 

cal tool for cross-section eva lu ations. 2 In analyzing J The_compound and precompound compon~nts are con- I 
1 cross sections such as hydrogen and helium productions , 1sistent lf the precompound model automat1cally reduces . 
· from 14-MeV neutron-induced reactions, we showed 3 that I to the compound model after equilibrium has been I 
I spin and parity effec ts are more important in the J reached. This is achieved by introducing a se t of I 
I second step of the calculation than in the first step. ; master equations containing time-dependent particle-_ , 

I' Ho~1ever , it is not straightfon-1ard to . conserve angular : 1 type distributions. Defining Pb(p,h,t), the occupat1on 
mo mentum even in the first step because the presently ' I probability, as the probability that the system will be 

I available models for precompound reactions do not con- , •found in a state with p particles and h holes of type b 
serve or even recognize angular momentum. In addition , ! at timet, the master equations which describe the 1 
Lilt: LUII IfJuund and prccompound components are generally I 1 approach nf t.hP nucleus to statistical equilibrium are i 
calculated in the first step from two physically dif- J given by 1 
ferent models, thus l acking a conmon basis for I - - ~ 
carrying out the calculation to the second step. d Pb(p,h,t) = 1 

dt • I In this paper we develop a model capable of cal- II I 
culatin-g the compound and precompoun d cross sections , [Pb(p-1 ,h-1 ,t) £:l + fb(p)1 P(p-l ,h-l ,t) A+(p -1 ,h-1 ,E) ! 
consistently and conserving angular momentum in both i P(p-l,h-l,t) p p I 
compound and precompound reactions. The model becomes ': 
that of Hauser-Feshbach 4 at low energies where the 
precompound effects are negligible. Level densities [p ( 1 h 1 t)] · · 

b p+ , + ' . 
used for ca l culating the compound component are made P( +1 h+l t) A (p+l h+l E) 
consistent with those used for the precompound cum- ,+ P(p+l ,h-!-1 ,t) p ' ' - ' ' 
ponent. I 

e: 

A full derivation of the formula given below has J 

been written up for publication elsewhere. 5 Here we 
only have enough space for a summary. He shall first · 
write down the final formula and then explain the 
physical implication s of the various components lead­
ing to its derivation. 

The final formula is 

2 ~ ~ TJ de ? J ob(E,c)dc =nA L gJL .-D- · Ts' R. ' 

I 
Jn sR. Sx. Jn s R. ' 

where · J 

j DJ rr = Lb Lrrr fc Lp Ls ' R. '. Ts' R. ' nb(I,E,U) 

! flb (I,E,U) = lp Db(p,E) wb(p-l,h,I,U') + C(E) 

! T 
; Db(p,E) = f Pb(p,h,t)dt/w(p,h,E) 

I 
nb (I ,E. u 'i· 

(la) i . 

I 
(1 b) . 

i 
o (I U') · b I I 

(lc) 
( 1 d) 

- Pb(p,h,t) [ A+ (p,h,E) +A (p,h,E) +!max Xb(p,h,e:)de:J
1 

(2a) 

( 2br 
with 

P(p,h,t) = Lb Pb(p,h,t) 
and 

(2cr 
The transition rates A+ and A_ are given by Ribansky 
et aZ. 5 which contain an empirical residual two-body 
matrix element determined by Ka lbach. 6 E is the total : 

I 

energy of the reacting system. I 

In the first term in Eq. (11 ) , P ( p- 1 , h- 1 , t) 

I 
;\(p-1 ,h-1 ,E) represents the total transition rates 1 
from (p-l,h-1) states to (p,h) states. Among the P 

; 0 
I L_ __ _ I 

particles in the (p,h) states , (p-1) of them re t ain the 
: old particle-type distribution Pb(p-1 ,h-1, t) /P(p -1 ,h-1, 
'I t), and the newly created particle may have a _different 

par tic le-type distribu t i on given by fb(p), w~1~h w1ll 
be determined analytically. Thus the compos1t1ons of 
partic1e types in the new (p,h) states are given by the 
quantity in the brackets. ~ . 
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j I'l the second term, P(p+l,h+l,t) >.. (p+l,h+l,E) 
~epresents the total transition rates f~om (p+l,h+l) 
:states to (p,h) states. The quantity in the brackets . 

·lis the fraction of particle type b in the (p,h) states.: 
,If we assume that various types of parti.cles annihilate 
,with their respective holes at the sanie rate, then the ; 
:compositions of various particles in the newly formed 
:(p,h) states are th~ same as in the initial (p+l ,h+l) i 
jstates. I 
I The emission rates Xb are given by 1 

I 2Sb + 1 w 1 1 ) ·Xb(p,h,e:).d£ = -- l.lb £ a (E)de: b p- ,h,U (3)1 I 1T2h3 b w p,h,E) I 
;w~ere_Sb' l.lh' and e: are ~he spin, reduced mass, and 
:k1net1c energy of the em1tted particle of type b; U is: 
jthe residual nucleus excitation energy. Equation (3) I 
idiff~rs from tha~ of_Kalbach 7 in the absence of the I 
!part1cl~-type w~1ght1ng factor Rb~p). _Thi~ weighting , 
!factor 1s now t1me dependent and 1s bu1lt 1nto Eq. (2).; 
JThe state dens'ilies w(p,h,E) are given by William$. 8 I 
I _The numerical values of fb(p) are determined by 1 

:requ1ring that after equilibrium has been reached the j 
1 sys~e~ w~ll ~tay in equilibrium. Our definition of ., 
; equ1l1bnum 1s 
I 

! Pb(p,h,t ~ T)/w(p,h,E) = C(t,E) (4) I , 
!where the equilibration timeT is the time when all I 
iallowed states in the composite system are.equally ! I populated. ~hi~ definition of equilibrium leads to I 

I 
fb(p) - N (5) 

I 
,where N is the number of particle types included in· the I calculation. . ._ I 

I 
The initial conditions for numerical integration 1 

of Eq. (2) are given by 
l 
I Pb(p,h,O) = o ohh qb , 

I 
PPo o 

(6 

where q~ is the fraction of particle type b in the 
states ~p0 ,h0 ) at time 0. This fraction is previously: 
contained in Rb(p0 ). I 

To conserve angular momentum it is necessary to 
write the occupation probability as Pb(p,h,J,t) where · 

I 
J is the total spin of the reacting system. Eq. (1) 
was de~i~ed with this definition for the occupation 

1

1 

probab1l1ty. We shall not attempt to solve for this 
occupation probability. Instead ~1e make the simpl ify-l 
ing assumption that II 

Pb(p,h,J,t) Pb(p,h,t) 
(7:) 

w(p,h,J,E) w(p,h,E) I 
so that Eq. (2) can be used directly. This has 1 ittle: 

j to do with our goal of conserving angular momentum. I 
1 
W~at ~1e have neglected .are the angular momentum coup-: 

I 
l1ngs among the p part1cles and h holes and their pos~ 
sible influence on the spreading widths and escaping ! 

! widths. Solution of this problem is beyond our present 
I purpose. ! 
I !. 

The spin dependent p-h state densities for the 1 

residual nuclei are given by i 

! w(p,h,J,E) 
l 
i where 

= w(p,h,E) wn(J) 

~(J+~//2cr 2 
e . n 

! 
(sa') 

i 

i 
(Sb) 

_________ _j 
I wn(J) {2J+l) 
i . 212n cr 3 
t__ _______ n 

II) 7::0-'-1 COPY 

!with ! 
1 cr~ = 1.17 nc/a (Sc) 
' li 
!where a = ~ 2 g/6! a~d c is a constant related to the j 
1 momen~ of ~nert1a. Equ~t~on (Sc) is derived by , 
1equat1ng On t~ CT Where n 1S the most probable exciton; 
·number and T 1s the nuclear temperature. 9 j 

1 

with 

i and 10 
I 

The effective excitation energy U1 is given by 

u~ = u - u p,h 

(h-1.5)6.+ u 
0 

I t. = 121 lA 

I 

I 
I 

I 

I where U is the odd-even shift of Gilbert and Cameron 9 : 

- J and A ig the mass number. The pairing correction, u 1
, 

I 
reduces the p-h state densities given ty Williams 9 p,h 
by a factor of 10 and makes their summation (over p 

I or h) comparable to empirical descriptions such as I 

I 
those given by Gilbert and Cameron. 9 ' 

Finally, converting all inverse reaction cross I 
1

1 ~ections in the cross sect.ion for~ula giv5n by Kalbach6 
1 nto tr~nsm~ ss ion coefficients,. T 

2 
and T ~ I, where i 

j s, 2, s , 2 ar~ t~e channel sp1n~ and orB1tal angular, 
mome~ta of the 1nc1d~nt and outgoing particles, we 1· ! obta 1 n Eq. ( 1). If 1 nstantaneous equil i bra ti on is 
assumed, Eq. ( 1) reduces to the usua 1 Hauser-Feshbach 1 
form~l~. We emphasize that as long as comparable levei 
dens1t1es are used, the compound part of our model asi 
obtained dire~tly ~rom ~he precompound model devel~ped: 
here, would y1eld 1dent1cal results as the conventional 
r.ompound model. , 

Parameter Determinations and Calculations 

_Calculation~ of neutron, proton, and alpha- 1 
part1cle product1on spectra for 14.6-MeV neutrons inci~ 
dent on thirteen isotopes are compared with experiment~ 
al data. 11 ' 12 Parameters of general validity are fixed 
bef~rehand. Two parameters are determined from calcu-; 
lat1ons for 56 Fe and then used for predicting the other 
twelve i~otopes. I 

1 Opt1cal model parameters are taken from Wilmore J 

1 
and Hodgson 13 for n~utrons, Recchetti and Greenlees 1 ~ ; 
for prot~ns, and Hu1zenga and Igo 15 for alpha-particles. 
Calculat1on of gamma-ray transmission coefficients was! 
described previously in detail. 16 Level density ., 
parameters, a, c, and U , are calculated from the 
empirical formalism of eilbert and Cameron 9 and used 
in E~. (lf) a~ well as Eqs. (Sa) to (Sc). The single I 
part1cle dens1ty g for each nucleus is calculated froml 
the corresponding. parameter a and thus has the 'j 

effect of shell corrections, as given by Gilbert and 
Cameron. 9 

· I 
! · A f~w discr~te levels are used for each residual ; 
; nu~leus 1n the b1nary_step. These levels are given a 

I we1ght nh(I,E,U,)/p(I,U~), defined in Eqs. (lc) and 
, (lf) witn U be1ng the continuum cutoff, such that 
! continuity Tn the calculated spectra across U is 

I 
maintained. A larger number of discrete levers in 
each residual _nucleus is used in the second step such 

~1 that ~ore than SO% of decays by proton emission excite 
the d1screte levels. Often only a few discrete levels 

- 1 are excited by t~e second outgoing particles in (n,np) 
j and \n,na) rea~t1ons. !n su~h cases, the.c~lculated 
i tert1ary-react1on cross sect1ons are sens1t1ve to the 
1 spacings and spins of the residual discrete levels. 

f 
The remaining parameters are k, the scale factor 
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!for the residual two-bo.dy matrix elemer.ts, 7 and qb' i 
!the fraction of particle type bin the states (p0 ,hR) : 
;at time 0. A neutron incident on a nucleus sees N eu~ 
i trans, Z p;otons, and a maximum of Z/2 alpha clusters.' 
! Introducing a parameter f as the clustering probability 7 

:for alpha particles and using p
0 

= 2 and h0 = 1, we 
! have 
! b 0. 5 N/ A"' + 0. 5 I n 

I
' bp 0.5 Z/A' 

1 ba 0.5 (0.5 f Z/A') 
1where A' N + Z + 0.5 fZ and the fraction 0.5 accounts 
j for the inc i c;lent neutron. I 

I 

·The value of k has been determined by Kalbach 6 to: 
be 400 MeV 3. This value depends strongly on the level; 
density parameters. Since the level densities we used: 

j here have strong pairing correcttons, the value of k jS 
1 expected to increase. The value k = 700 11eV 3 was I 
1 determined by fitting the high-energy half of the 14.6~ 
·MeV 56 Fe(n,xp) spectrum measured by Grimes et aZ. 11 asi 
! sh01-m in Fig. l. The (n,xn) spectrum, measured by ·J 

· i Hermsdorf et aZ. 12 and integrated over angle by Hetrick 
! et al. 17 ·was not used for determining the value of k i 
i because of possible presence of collective excitations~ 
j We have reported 16 Ol·JBA calculations for 15 of the 26 i 
1 discrete levels up to 4.5 MeV in 14.5-t·leV 56 Fe(n,n') ! 
• reactions. The dashed histograms in the calculated ! 

I
I (n,xn) spectrum in Fig. l represent such Ol1BA calcula-! 

tions. Collective strengths in higher-energy levels ! 
may not be negligible, making the determination of the: 
parameter k on (n,xn) spectrum somewhat uncertain. I 
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jcross sections for 15 ~i~crete levels. 
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. The (n,xn) spectra ·measured by Hermsdorf et al. . 
i are the ~nly set covering .all thirteen isotopes studied 
1 here. F1ve other sets of measurements for 56 Fe, con- i 
! sidered previously, 16 are omitted for clarity. The . i 
J (n,xp) and (n,xa) spectra measured by Grimes et aZ. are 
! probably the only high quality data available. I 
I After the value of k was determined, the value f 
J 0.2 was found from the high-energy tail of the · 
! 56 Fe(n,xa) spectrum shown in Fig. l. This value of f 
l increases the tail of the (n,xa) spectrum near 13 11eV ! 

I by only 25% from a case calculated with f = 0, thus isi 
weakly determined. A survey 19 of previous calculations 

I 
for heavier isotopes (A> 100), for which the precom- j' 

pound effect is more pronounced, shows large fluctua-
1 tions of f with A and shell structures. 

i With the above parameters, we proceed to predict 
j similar spectra for the other twelve isotopes: 27Al, I 4G•4eTi, s1v, so.s2cr, s4Fe, se.GoNi, Gl•Gscu, and 

1

93 Nb. Some of the results ( 27Al, 54Fe, 63Cu, 93 Nb) 
are compared in Fig. 2 with experimental data. The 
(n,xn) data are for natural elements, so are shown 

1 separately in Fig. 3. ' 

I The calculated (n,xn) spectra represent ~ums of 
i partial spectra from (n,n'), 2x(n,2n), (n,pn), and I 
i (n,an) reactions. The (n;xp) spectra are sums of 

1 
(n,p), (n,pn), and (n,np). The (n,xa) spectra are 

1 sums of (n,a); (n,an), and (n,n~). The dashed curves : 

I 

in Fig. 2 include calculated results from the first J 

step only. The high-energy edge in each (n,xn) spec- ! 
trum represents the position of the first excited state 
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lpresent, is from the odd-even shift, which is the most 1. 
!pronounced in even-even residual nucleus. 
l 
! Best agreement between calculations and experi- , 
lments is seen for the (n,xp) spectra. This is probably 
I not surprising since the. reactions comprising the . 
! (n,xp) spectra are rather pure compound and precompound 
Lcombinations. The measured (n,xn) spectra contain I 
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I 
coll~ctive excitations. Although ~WBA :alculations are 
rout1nely performed for the low-lylnC] d1screte levels i 
for cross-section evaluation works, 16

'
18

'
20 it is not; I straightforward to deal with collective excitations for 

i 

the continuum states. However, in view of the reason-· 
able agreement .between calculated and measured (n,xn) i 
spectra, the collective excitation in continuum statesi 
cannot be large in most cases. In several cases, the ; 
agreement bebJeen calculated and measured (n,xa) spec-i · 
tra is not quite satisfactory. Since the precompound J 

effect is rather small in (n,a)reactions induced by 1 
14.6-MeV neutrons, we speculate that the optical-model: 
parameters used for alpha-particles are not valid for I' 

all the isotopes and energies, particularly for low­
energy transitions. The conclusion by McFadden and 1 
Satchler21 that a global set of optical-model parame­
ters for alpha-particles could not be found has not 
yet been challenged. 

Conclusion 

Our consistent treatment of the compound and pre-1 
compound reaction_s. leads to a single model that reduce~ 
to the usual Hauser-Feshbach model at low energies ! 
where the precompound effects are-negligible .. A single 
set of parameters, including those for level densities~ 
is used for both modes of reactions. For 14.6-MeV ! 
neutron-induced reactions, the second outgoing particle 
often sees only a fe~ discrete levels in the residual : 
nuclei. Therefore,· the multi-step Hauser-Feshbach i 
method is used for describ.ing the tertiary reactions·. : 
For the same reason, spin populations in the intermedi~ 
ate nuclei are important, and are calculated with con­
servation of angular momentum in both modes of reaction. 
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