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A CONSISTENT NUCLEAR MODEL FOR COM?OUND AND PRECOMPOUND REACTIONS |

WITH CONSERVATION OF ANGULAR MOMENTUM

TER

The exciton model is modified such that it automatically reduces to the usual
evaporation formula after equilibrium has been reached.
modified to conserve angular momentum in a form compatible with the Hauser-Feshbach
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.
component of reaction cross sections are derived from direct summation of the
particle-hole state densities used for the precompound component.

formula.

[Nuclear reactions 27A1, “62%®Ti, Sly,

E = 14.6 MeV. Calculated o(n,xn), (n,xp),
and precompound analysis.] |

Introduction

Development of fusion energy calls for substan-
I tial 1mprovement in the knowledge of neutron cross
. sections in the energy range from a few MeV to about

'
]
i
|

i

In this energy range, the multi-step Hauser-;

;. Feshbach model with precompound effects is the most

i versatile and is considered an indispensible theoreti-'

cal tool for cross-section evaluations.? In analyzing

| cross sections such as hydrogen and helium productions
! from 14-MeV neutron-induced reactions, we showed® that

spin and parity effects are more important in the }
second step of the calculation than in the first step.
However, it is not straightforward to.conserve angular
momentum even in the first step because the presently
available models for precompound reactions do not con-
serve or even recognize angular momentum. In addition
the coumpound and precompound components are generally
calculated in the first step from two physically dif-
ferent models, thus lacking a common basis for
carrying out the calculation to the second step. '
i
|

In this paper we develop a model capable of cal-
culating the compound and precompound cross sections
consistently and conserving angular momentum in both
compound and precompound reactions. The model becomes;
that of Hauser-Feshbach" at low energies where the ;
precompound effects are negligible. Level densities
used for calculating the compound component are made
consistent with those used for the precompound coi-
ponent.

Theory

A full derivation of the formula g1ven below has
been written up for publication elsewhere.® Here we
only have enough space for a summary. We shall first
write down the final formula and then explain the
physical implications of the various components lead-
ing to its derivation.

The final formula is

| 0y (Ese)de = 7 22 2 g Z T, g -Z T2 (LEY),
Jm s'e!
where ’ (la)
DJn = zb ZIH fe zp Zs'lf Tg'l' Qb(I’E’U) (]b)
L9 (1LE,U) = T, Dy(psE) wy(p-1,h,1,U") + C(E) o (1,U°)
T (1c)
Dy (p,E) = [ Py (p,h,t)dt/uw(p,h,E) (1d)
0 i
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The result is further

Level densities used for the compound

l
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93Nb,
Hauser-Feshbach

C(E) = | P(p.h,t)dt/w(p.h.E) (1e)
T

!

op(1U") = I @ (p-1.h,1,U") ' (1f)

rand the various components and notations are explained:
below

The compound and precompound components are con-
isistent if the precompound model automatically reduces.
to the compound model after equilibrium has been
reached. This is achieved by introducing a set of
master equations containing time-dependent particle- |
'type distributions. Defining P,_(p,h,t), the occupation
Iprobab111ty, as the probability that the system will be
found in a state with p particles and h holes of type b
at time t, the master equations which describe the [
approach nf the nucleus to statistical equilibrium are
given by |

d Py(p.ht) ]

dt “ !
[Pb(P-1,h—1,t) I fgéfl} P(p-1,h-1,t) x+(p-1,h-1,E)!

P(p-T,h-1,t) P

x
|

[Pb(p+1,h+1,t) 4 '
+ | Fprrreoey ) PPHTah1.8) A_(pH1,he1,E)

€
- Py(pshst) [A,(p,haE) + A_(p,h,E) + £ "X Xy (pah,e)de]

h (26.5
P(p,h,t) = Zb Pb(p,h,t) (2b
and )
' Eb fb(P) =7 (2c

The transition rates A, and X are given by Ribansky
et al.® which contain an empirical residual two-body
matrix element determined by Kalbach.® E is the total:
energy of the reacting system.

In the first term in Eq. (11), P(p-1,h-1,t)
A+(p-1,h-],E) represents the total transition rates
from (p-1,h-1) states to (p,h) states. Among the p
particles in the (p,h) states, (p-1) of them retain the
! old particle-type distribution P, (p-1,h-1,t)/P(p-1,h-1,
i t), and the newly created partic?e may have a different
| particle-type distribution given by f (p), which will
i be determined analytically. Thus the compositions of
particle types in the new (p,h) states are given by the

quantity in the brackets.
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| In the second term, P(p+1,h+1,t) A_(p+],h+1,E) | iwith o)
‘represents the total transition rates from (p+1,h+]) g2 = 1.17 nc/a R ) (8c)

;states to (p,h) states. !

The quantity in the brackets

-iis the fraction of particle type b in the (p,h) states.

JIf we assume that various types of particles annihilate
lwith their respective holes at the same rate, then the :
:compositions of various particles in the newly formed .
‘(p,h) states are the same as in the initial (p+1,h+1) ;
states. <

The emission rates Xb are given by
B+ ' ®b(p-1,h,U
2wy € opledde SERHE - ()

‘where Sb’ M., and e are the spin, reduced mass, and
‘kinetic enepgy of the emitted particle of type b; U is
ithe residual nucleus excitation energy. Equation (3)
‘differs from that of Kalbach’ in the absence of the
particle-type weighting factor R, (p). This weighting |
factor is now time dependent and”is built into Eq. (2).
The state densities w(p,h,E) are given by Williams.®

va(p,h,e)ds

! The numerical values of f _(p) are determined by
irequiring that after equilibritum has been reached the
;system will stay in equilibrium. Our definition of
iequilibrium is

Pplpshst > T)/w(p,h,E) = C(t,E) (4)
where the equilibration time T is the time when all

allowed states in the composite system are equally
populated. This definition of equilibrium leads to

(0 = & (5

where N is the number of particle types included in- the
calculation. ‘ . .

The initial conditions for numerical integration
of Eq. (2) are given by

PoPaha0) = 8y Sy Gy (6

where q, is the fraction of particle type b in the
states ?p ,h ) at time 0. This fraction is previously
contained in Rb(po).

To conserve angular momentum it is necessary to
write the occupation probability as P, (p,h,J,t) where
J is the total spin of the reacting system. Eq. (1)
was derived with this definition for the occupation
probability. We shall not attempt to solve for this
occupation probability. Instead we make the simplify-
ing assumption that

Pylp,h,d,t)
w(p’h’J!E)

P (p,h,
: p(Pshst) o
w(p,h,E)

so that Eq. (2) can be used directly. This has littlel
to do with our goal of conserving angular momentum.

What we have neglected are the angular momentum coup- !
1ings among the p particles and h holes and their pos-.
sible influence on the spreading widths and escaping !
widths. Solution of this probliem is beyond our present
purpose.

The spin depen&ent p-h staté densities for the
residual nuclei are given by

where

0 L0+ /20
w, J

2

i
—1 _{2t1)e - , (8b)
2/ o; . ; ]

‘where a = n2g/6, and ¢ is a constant related to the
-moment of inertia.?
§equating of to ¢t where n is the most probable excitqn5
‘number and 1 is the nuclear temperature.®

w(p,h,d,E) = wlp,hE) w (J) (8a) { and (n,nc) reactions.

i tertiary-reaction cross sections are sensitive to the

n

Equation (8c) is derived by

The effective excitation energy U' is given by

v = u- Up,h

with
= -1. +

Up,h (h-1.5)a Uo
and!?® .

A= 12//K
where U_ is the odd-even shift of Gilbert and Cameron?®
and A i? the mass number. The pairing correction, U

reduces the p-h state densities given ty Williams?® p.h”

by a factor of 10 and makes their summation (over p
or h) comparable to empirical descriptions such as
those given by Gilbert and Cameron.?®

Finally, converting all inverse reaction cross
sections in the cross section forgula givsn by Kalbach®
into transmission coefficients, T_. and T.,,6., where |
s, 2, s', L' are the channel spinizand orBi%a] angular,
momenta of the incident and outgoing particles, we
obtain Eq. (1). If instantaneous equilibration is
assumed, Eq. (1) reduces to the usual Hauser-Feshbach
formula. We emphasize that as long as comparable leve
densities are used, the compound part of our model, asi
obtained directly from the precompound model developed:
here, would yield identical results as the conventional
compound model.

Parameter Determinations and Calculations

Calculations of neutron, proton, and alpha-
particle production spectra for 14.6-MeV neutrons inci+
dent on thirteen isotopes are compared with experiment-
al data.!!’!'? Parameters of general validity are fixed
beforehand. Two parameters are determined from calcu-
lations for °°Fe and then used for predicting the other
twelve isotopes.

Optical model parameters are taken from Wilmore
and Hodgson!® for neutrons, Becchetti and Greenlees®"
for protons, and Huizenga and Igo'® for alpha-particles.
Calculation of gamma-ray transmission coefficients was
described previously in detail.!® Leyel density
parameters, a, ¢, and U_, are calculated from the
empirical formalism of Bi1bert and Cameron? and used
in Eq. (1f) as well as Eqs. (8a) to {8c). The single
particle density g for each nucleus is calculated from
the corresponding, parameter a and thus has the
effect of shell corrections, as given by Gilbert and
Cameron.® )

A few discrete levels are used for each residual
nucleus in the binary step. These levels are given a
weight @ (I1,E,U_ )/p(I,U'), defined in Eqs. (1c) and
(1f) witR U be?ng the Eontinuum cutoff, such that
continuity Tn the calculated spectra across U_ is
maintained. A larger number of discrete Teve¥s in
each residual .nucleus is used in the second step such
that more than 80% of decays by proton emission excite
the discrete levels. Often only a few discrete levels
are excited by the second outgoing particles in (n,np)
In such cases, the calculated

spacings and spins of the residual discrete levels.

i
!
!

The remaining parameters are k, the scale factor




- ! Hermsdorf et al.'? and integrated over angle by Hetric

“IFig. 1.
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for the residual two-body matrix elements,” and gq,, 5
Ithe fraction of particle type b in the states (p_,h )} !
‘at time 0. A neutron incident on a nucleus sees®N fleu-
‘trons, Z protons, and a maximum of Z/2 alpha clusters.:

!Introducing a parameter f as the clustering probability’

i for alpha particles and using Po © 2 and h0 =1, we
‘ have ’

.bn

b
p

" 0.5 N/A' + 0.5
0.5 Z/A’
0.5 (0.5 f Z/A")

a
'where A' = N + Z + 0.5 fZ and the fraction 0.5 accounts
for the incident neutron.

- The value of k has been determined by Kalbach® to:
be 400 MeV3. This value depends strongly on the level;
density parameters. Since the level densities we used.
here have strong pairing correctfons, the value of k is
expected to increase. The vaiue k = 700 MeV? was I
cetermined by fitting the high-energy half of the 14.6-
:MeV *®Fe(n,xp) spectrum measured by Grimes et al.}! as
" shown in Fig. 1. The (n,xn) spectrum, measured by ’

let al.'” ‘was not used for determining the value of k

i because of possible presence of collective excitations.
i We have reported'® DWBA calculations for 15 of the 26
discrete levels up to 4.5 MeV in 14.5-MeV 3%Fe(n,n’)
reactions. The dashed histograms in the calculated
(n,xn) spectrum in Fig. 1 represent such DWBA 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.
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Calculated and expekimenta] n, p, o productioﬁ
“spectra from 14.6-MeV neutrons on *°Fe.

: The (n,xn) spectra measured by Hermsdorf et al. i
.are the only set covering all thirteen isotopes studied
{ here. Five other sets of measurements for 5%Fe, con- j
sidered previously,'® are omitted for clarity. The i
(n,xp) and (n,xa) spectra measured by Grimes et al. are
probably the only high quality data available.

After the value of k was determined, the value f
0.2 was found from the high-energy tail of the °
SéFe(n,xa) spectrum shown in Fig. 1. This value of f
increases the tail of the (n,xa) spectrum near 13 MeV
by only 25% from a case calculated with f = 0, thus is
weakly determined. A survey'? of previous calculations
for heavier isotopes (A > 100), for which the precom-
pound effect is more pronounced, shows large fluctua-
tions of f with A and shell structures.

With the above parameters, we proceed to predict
similar spectra for the other twelve isotopes: -27Al,
beab8T{ Sly 503520y SuFe’ saasoNi, 63365Cy  and
93Nb. Some of the results (27A1, %“Fe, $3Cu, °3Nb)
are compared in Fig. 2 with experimental data. The
(n,xn) data are for natural elements, so are shown
separately in Fig. 3. ' !

The calculated (n,xn) spectra represent sums of
partial spectra from (n,n'), 2x(n,2n), (n,pn}, and
(n,an) reactions. The (n;xp) spectra are sums of
(n,p), (n,pn), and (n,np). The (n,xa) spectra are
sums of (n,a), (n,an), and (n,na). The dashed curves
in Fig. 2 include calculated results from the first
step only. The high-energy edge in each (n,xn) spec-
trum represents the position of the first excited state
i
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lFig. 2. Calculated and experimental n, p, « productioﬁ
ispectra from 14.6-MeV Neutrons on (a) *7A1, (b) 3*Fe, :
i(c) ®3Cu, and (d) °°Nb. The dashed curved include con-
tributions from the binary step only. i

in the residual nucléus in (n,n') reaction, while those
in the (n,xp) and (n,xa) spectra correspond to the |

iground states. The dip in the high-energy tail, when
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present, is from the odd-even shift, which is the most?
pronounced in even-even residual nucleus. ;
o i

Best agreement between calculations and experi- !
ments is seen for the (n,xp) spectra. This is probably

not surprising since the. reactions comprising the i
(n,xp) spectra are rather pure compound and precompound
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Although DWBA calculations arL
routinely performed for the low-lyinq discrete levels |
for cross-section evaluation works, '®*18220 it is not,
straightforward to deal with collective excitations for
the continuum states. However, in view of the reason-
able agreement .between calculated and measured (n,xn)
spectra, the collective excitation in continuum states:
cannot be large in most cases. In several cases, the
agreement between calculated and measured (n,xa) spec-|-
tra is not quite satisfactory. Since the precompound
effect is rather small in (n,a)reactions induced by
14.6-MeV neutrons, we speculate that the optical-model
parameters used for alpha-particles are not valid for
all the isotopes and energies, particularly for low-
energy transitions. The conclusion by McFadden and
Satchler?! 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-!
compound reactions. leads to a single model that reduces
to the usual Hauser-Feshbach model at low energies !
where the precompound effects are-negligible.. A single
set of parameters, including those for level densitiesi,
is used for both modes of reactions. For 14.6-MeV I
neutron-induced reactions, the second outgoing particle
often sees only a few discrete levels in the residual
nuclei. Therefore, the multi-step Hauser-Feshbach i
method is used for describing 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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