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ABSTRACT

The exciton model of precompound reaction is mod%fied such that it
automatically reduces to the usual evaporation formula after equilibrium
has been reached. The result is further modified to conserve angular
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. Predicted neutron, proton, and alpha-particle
production cross sections and spectra from 14-MeV neutron-induced
reactions are compared with experimental data. Model parameters of
general validity are fixed beforehand. Two parameters are determined
from calculations for 56Fe and then used with reasonable success for

predicting cross sections for twelve other nuclides.

NUCLEAR REACTIONS 27A1, 46°48T{, 5ly, 50°52Cy,

54256Fg, 58°60Nj, 63°65Cy, 33Nb, E = 14.6 MeV.

Calculated o(n,xn), (n.xp), (n,xa), G(En), (Ep),

(Ea). Hauser-Feshbach and precompound analysis.
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I. INTRODUCTICN

Development of fusion energy calls for substantial improvement in
the knowledge of neutron cross sections in the energy range from a few
MeV to about 40 Mev.] In this energy range, the multi-step Hauser-
Feshbach model with precompound effects is the most versatile and is
considered an indispensibie theoretical tool for cross-section evalu-
ations.2 In analyzing cross sections such as hydrogen and helium pro-
duction from 14-MeV neutron-induced reactions, we showed3 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 conserve angular momentum. In
addition, the compound and precompound components are generally calcu-
lated in the first step from two physically different models, thus
lacking a common basis for carrying out the calculation te the second
step.

In Section III we develop a model capable of calculating the com-
pound and precompound cross sections consistently. The model is further
developed in Section IV to conserve angular momentum in both compound
and precompound reactions. The model becomes that of Hauser—Feshbach4
at low energies where precompound effect is negligible. In Section V,
level densities used for calculating the compound component are made
consistent with those used for the precompound component. Predicted
neutron, proton, and alpha-particie production cross sections and spectra
from 14-MeV neutron-induced reactions are compared with experimental
data in Section VI. The exciton mddel we started with is summarized
first in Section II.

A further motivation behind the present development is our conviction
that the conservation of angular momentum is closely related to the capa-
bility of calculating angular distributions of outgoing particles, the
subject of a second paper in preparation.



IT. SUMMARY OF THE EQUILIBRATION PROCESS

The precompound model chosen here as a starting point is the master
equation approach5 rather than the hybrid approach.6 The latter is
simpler but the former provides deeper insight into the equilibration
process.

The states of the composite system are enumerated in terms of the
number of excited particles, p, and holes, h. For a system with excita-
tion energy E the state density is given by the equations7

K (gE—Ap,h)p+h-]

w(p,h,E) = pl n! (p+h-1)! e
_ p2+h24p-3h

Ap,h 4 e

where g is the density of uniformly-spaced single particle states and the
quantity Ap,h contains the effects of the Pauli exclusion principle. Par-
ticles and holes are often referred to together as excitons with the
exciton number of a state given by n=p + h,

The residual interactions of the system are assumed to be energy con-
serving and two-body in nature so that allowed transitions are those for
which Ap = ah = 0, + 1. The rates for these transitions are given by the

relations7’8

2 g(gE‘Cp+] ht1 )2

= 2n
Ag(pshsE) =25 M S (p+hiT) (2a)
= 21 w2 9 (qE- p2th2+4ph-p-h
}\o(p’h’E) + M 2 (gE Cp,h) p+h (2b)
A_(pshsE) = ZL M2 § ph(p+h-2) (2¢)
- 24p2
Coh e (2d)



where M is the average matrix element for an interaction between specific
ijnitial and final states, and C h contains the effects of the Pauli
principle. The quantity M has been evaluated empirically and is given
approximately by the ralationd V]

-1

M2 = k A3 B! (Mev3) (3)

where k is a scale factor and A is the mass of the composite system.
Particles of type b and energy e are calculated as being emitted

from a state with p particles and h holes at an average rates’H
25\ +1 w(p-py,h,U)
Wplp,h,e)de = —ma— up e op(e)deRy(p) “phiET (8)

where, Spa Ups and Py are the spin, reduced mass and nucleon number of
the emitted particle; U i3 the residual nucleus excitation energy; Iy is
the appropriate inverse reaction cross section; and Rb is a factor which
takes account of the distinguishability of protons from neutrons. If Py
nucleons are imagined to be chosen at random from among the p excited
particles available, Rb(p) is intended to give the probability that the
chosen ones will have the right combination of protons and neutrons to
make a particle of type b.

Defining P(p,h,t), the occupation probability, as the probability
that the system will be found in a state with p particles and h holes at
time t, the master equations which describe the approach of the nucleus
to statistical equilibrium are given byg’n

dp dEh t =~P(P-],h-1,t)A+(p-1,h-1,E) + P(p+],h+],t)x_(p+],h+],g)

- P(p,h,t)[x+(p,h,E) +2_(p,hiE) + ]y [2"‘3" wb(p,h,s)de] (5)

where there is one such equation for each allowed class of particle-hole



configurations. The system is assumed to be formed with unique particle
and hole numbers, P, and h0 so that at time t =0

P(Pah.0) = 6y Sy (6)

which nges‘the initial conditions for numerical integration of
Eq. (5).
Spectrd emitted up to the equalibration time T are given by

op(e,T)de = opy Zp Wy (p,h,e)de fI P(p,h,t)dt (7)

which gives the precompound component of the energy spectrum of particles
of type b. The quantity TeN is the composite nucleus formation cross
section. The equilibration time T is the time when all states in the com-
posite system are equally populated.

III. CONSISTENT COMPOUND AND PRECOMPOUND MODELS

A method is derived for calculating the compound and precompound
reaction cross sections consistently. Similar to Eq. (7), spectra emitted
from the equilibration time to infinity are given by

_ _ 25 +1 - w(p-1,h,U) (o
cb(e,t—T»w)da = OeN TTRT M EUb(E)dE'lp Rb(p) w(p.h.E IT P(p,h,t)dt

(8)

where p-1 replaces the original factor p-p, for we shall consider alpha
particles as excitons subsequently. The original treatment requires at
least four excited nucleons to form an alpha particle. This is virtually
impossible for low-energy (14-MeV) nucleon induced reactions. The occupa-
tion probability after time T, P(p,h,t>T), as a function of p has the same
shape as w(psh,E) for each E. Thus the definition of equilibrium is

Hpahatel) - c(ee) (9)



where C(t,E) is independent of p or h. It has been shown7 that for p-1 = h,

¥ w(p-1,h,U) = exp(2/al) (10)
P VA8 U

where a = (v2/6)g. The right-hand side of Eq. (10) has a form similar to
the Fermi gas level density.

It is seen that Eq. (8) would correspond to the compound component
if the factor Rb(p) were not there. The problem is due to the fact that
the quantities Rb(p) as defined by Ka]bach10 are valid only for t=0,
because their values depend entirely on properties of the formation
channels. As t approaches T, Rb(p) should approach a constant, otherwise
the system cannot be said to be in statistical equilibrium. We now drop
the factor Rb(p) and redefine P(p,h,t) as Pb(p,h,t) to serve the same
purpose.

The set of master equations reflecting a time~dependent particle-type
distribution is given by

d P (psh,t) [Pb(p-],h-],t) 4 flp)
dt S {PpLALY p T Tp P(p-1,h-1,t) A, (p-1,h-1,E)

Py (p+1,h+1,t)
* perrrerey | P(PH1sht1,t) A_(p+1,ht1,E)

- Po(pahst) [2,(p.hsE) + A_(p,h,E) + f’“a" Xp(pshoedde]  (11a)
with
and
Ip () =1 (11c)

In Eq. (11), P(p,h,t) is defined similarly to that in Eq. (5) and the
ratio Pb(p,h,t)/P(p,h,t) has the same meaning as Rb(p) but is now time-
dependent. 1In the first term in Eq. (11), P(p-1,h-1,t) A, (p-15h=-1,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, (pv-1) of them retain
the old particle-type distribution Pb(p-1,h-],t)/P(p-],h-],t), but the
newly created particle may have a different particle-type distribution
given by fb(p), which will be determined analytically. Thus the composi-
tions of particle types in the new (p,h) states are given by the quantity
in the brackets.

In the second term, P(p+1,h+1,t) A_(p+1,h+1,E) represents the total
transition rates from (p+1,h+1) states to (p,h) states. The quantity in
the brackets is the fraction of particle type b in the (p,h) states. If
we assume that various types of particles annihilate with their respective
holes at the same rate, then the compositions of various particles in the
newiy formed (p,h) states are the same as in the initial (p+1,h+1) states.

The emission rates Xb are given by

25b+] wb(

X (p,hse)de = -LnU) (12)

n2h3

The initial conditions for numerical integration of Eq. (11) are
given by

Pp(pshs0) = Gpposhho 9 > (13)

where g, is the fraction of particle type b in the states (po,ho) at
time 0. This fraction is previously contained in Rb(po).

We now determine the numerical values of fb(p) by requiring that
Pb(p,h,T)/w(p,h,E) be a constant in b and p. The equilibration time T
is the time when all allowed states in the composite system are equally
populated. If summed over b and the factor Pb(p,h,t)/P(p,h,t) replaced
by Rb(p}, Eq. (11) reduces to Eq. (5). After equilibrium has been reached,
the occupation probabilities P(p,h,t) can be written as

P(p,h,t > T) = P(t) w(p,h,E) . (14)

In the Timit that Zb ) wb(p,h,a)de << A+(p,h,E) + x_{p,h,E), it follows
from Egs. (5) and (14) that



w(P,h:E) }\+(p,h,E) = w(p+]’h+]aE) >\_(p+]’h+]sE) (]5)

which we shall call the condition for the system to stay in equilibrium
after time T. Examination of Eqs. (l1a), (1b), (2a), and (2c) reveals
that £Eq. (15) holds only approximately. The reason fur this is traced

to appr‘oximations8 used in deriving Eq. (2a) for Ag- We shall renormal-
ize A, such that Eq. (15) holds hereafter. Summing Eq. (11) over b leads
to an additional condition which is

fp) = § > (46)

where N is the number of particle types included in the calculation.
Conditions given by the above two equations assure that for t > T,
equilibrium is maintained at all times.

With Egqs. (9), (10), and (11), the particle spectra comprising pre-
compound and compound components, now consistent, are given by

25b+1 N wb(p-l,h,U) T
ob(s)ds = o —or3 Hp € Ub(e)ds zp —(—D—(B,—h,—f)—-é Pb(p,h,t)dt
+ C(E) pb(U)] (17a)
with
o Pb(p,h,t)dt
and
pb(u) = Zp wb(p-] sth) . (]7C)

The integral in Eq. (17b) can be calculated analytically as follows.

Substituting Eqs. (14), (15), and (16) into Eq. (11a) and making use of
the identity

P(E>T) = NP (t>T) (18)

and summing over b and p, we have



: €
dgt(t) _ Pét) I w(p&:,El I, [ X % (puheedde (19)
where
wr = Zp w(p,h,E) . (20)

Straightforward integration of Eq. (19) yields
o _ w(p,h,E) Emax
IT Pb(p,hst)dt P(p,h,T) Zp wT Zb IO Xb(pshsE)dEs (2])

where P(p,h,T) ic calculated numerically from Eq. (11). Note that on the
right side of Eq. (21) we have P(p,h,T) rather than Pb(p,h,T). This may
be understood as follows. After equilibrium has been reached, particle
emission may be dominated by one type of particles. Depletion of the
occupation probability for this type of particle is then faster than the
others, and thus the equilibration process continues. But equilibrium

is maintained as long as equilibration is a faster process than particle
emission. Therefore, emissions of various types of particles after time
T depend only on properties of the residual nuclei — a consequence
consistent with the concept of compound nucleus.

The values of fg Pb(p,h,t)dt for b = n, p, and o, and of f? P(p,h,t)dt
as functions of p and h for 14.6-MeV neutrons on ®3Cu are shown in Fig. 1.
Parameters used for calculations throughout this work are fixed and are
presented in Section VI. Figure 1 illustrates the relative strengths of
each type of precompound emitted particles and those of compound emitted
particles for different p-h states. For example, the ratio of precompound
to compound strength is about 16 in exciting 1p-Th states following neu-
tron emission and drops to 0.2 in exciting 2p-2h states.

In conclusion, we emphasize that the compound part of our calculation,
as obtainea directly from the precompound model developed here, would yield
jdentical results as the conventional compound model as long as pb(U)
defined in Eq. (17c) is used in both models. Differences between the p-h
state densities and the Fermi-gas level densities in spin distribution and
pairing correction are discussed in Section V. A related problem, that of
conserving angular momentum in the precoripound mode, is addressed first.



IV. CONSERVING ANGULAR MOMENTUM IN THE PRECOMPOUND MODE

" . . 2
In earijer cross-section ca]cu]at1ons3’]

with multi-step Hauser-
Feshbach codes containing precompound effects, the precompound components
in the first step (binary reaction) were calculated with Eq. (7) or its
approximations. The results were then combined with the compound cross
sections calculated with the Hauser-Feshbach method.4 In the second step
of calculation (tertiary reaction),]3 the spin populations in the inter-
mediate nuclei are required but are not available from the precompound
part of the calculation. Arbitrary assumption has to be made for the
spin populations in the intermediate nuclei for the precompound part,
violating rules of angular-momentum conservation. We try here to renedy
this situation by reducing Eq. (17a) to a form compatible with the
Hauser-Feshbach method.

Parallel to the derivation of Eq. (4) by Kalbach®s11 and taking into
account the spin directions in the principle of detailed ba]ance,]4 we

decompose the emission rate defined by Eq. (12) into spin-dependent parts:

TJ Db(P‘1shsI,U)

Xp(Psh>d,1,E,e)de = bs'¢' (E)9€ (G R T > (22)

1

w5 L,
where Tﬂs'z' is the optical-model transmission-coefficient, J is the total
spin of the reacting system, I is the spin of the residual Tevel, s' and &'
are respectively the channel spin and orbital angular momentum of the
emitted particle b. The state density w(p,h,J,E) is related to the level
density p(p,h,J,E) by w(p,h,Jd,E) = (23+1)p(p,h,Jd,E).

The spin-dependent level densities in Eq. (22) are given by

p(psh.d.E) = w(p,h,E) p (3) (23a)
where 1\2,, »
o (3) = ——— (20+1) ) e , (23b)
2/ og
with
o; = 1.17 nc/a (23c)
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where a = 72g/6, and c is a constant related to the moment of 1'ner~t1'a.]5

Equation (23c) is derived as follows. At a given excitation energy, the
density of levels is dominated by the most probable exciton configura-
tions. The most probable exciton number, n, corresponding to the particle-
hole state densities defined in Eq. (la) has been derived by Williams7

o= 1.00 (gE)V/2 . (24)

The spin-cutoff factor in a Fermi-gas level-density formula, such as

15 can be equated to a%, leading to

given by Gilbert and Cameron, -

2 _ .
o= = CT (25)

where the nuclear temperature, T, is related to the excitation energy E by
E = at? . (26)

Noting that!®

2 _ 2
o, = ncs1 . (27)

Eq. (23c) results. It may be worth noting that c: it independent of the
excitation energy, while a% increases with.E]/z.

Our cross-section formula that accounts for both the compound and
the precompound effects is a straightforward extension of Eqs. (7) and (8):

J {1
o (E;e)de = waA? ] g; ] ng[ﬁ—
™ s2

J Jdm
) Xg(psh,d,I,E,¢e) de [ Py(psh,d,t) dt] s (28a)
p 0
with
D, = 3 ) [ YIX. de [TP_dt . (28b)
dm bInepb 5 b

The quantity DJTT was introduced to ensure that the product inside the
brackets of Eq. (28a) has the meaning of a branching ratio. Equation (28)
differs from Eq. (17) in exactly the same ways as the Hauser-Feshbach

formula is different from the Weisskopf-Ewing evaporation formula, see for

example Go]dstein.]7
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Computation with Eq. (28) may be drastically simplified if we assume
that
Pb(p’hsdat) Pb(p,h,t)

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

(29)

This assumption enables us to use Eq. (17) directly and amounts to saying
that all spin states in the composite system are equally populated during
the equilibration process. Noting that the transmissicn coefficients are
independent of the particle-hole indices, we obtain

o (Esedde = w7 TR ™, %5; I, ™ 9 (LEY ,  (308)
where

BULED = T GpE) ap(p-ThLY) (30b)
with

Co(poE) = [ Py(pahat)dt/ulp.h.E) . (30c)

0

Equation (30) reduces to the usual Hauser-Feshbach formula if instantaneous

equilibration is assumed. This amounts to replacing f: Pb(p,h,t)dt by

w(p,h,E) and } pb(p—l,h,I,U) by pb(I,U), the conventional level density.
Fo]lowing the emission of the first particles, the residual levels

are populated with certain spin distributions. These spin populations

are different for the compound component and the precompound component.

As an example, the spin populations in 53Cu following 14.6-MeV (n,n')

reaction are shown in Fig. 2 for two outgoing particle energies, 4.5 MeV

and 8.5 MeV. Two calculations are compared. The first is based on Eq.

(30) which includes precompound effects, and the other is based on the

usual Hauser-Feshbach formula. Parameters used for these calculations

are presented in Section VI. The precompound effect in spin populations

is seen to shift them toward lower spins. The effect is not large at

low outgoing particle energies. However, as we have shown previously,

calculations for tertiary reactions such as (n,no) are quite sensitive

to changes in spin populations. In addition, the shift in spin populations

is expected to increase with increasing incident particle energies.

3.13.18
>
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Equation (30) may be split up into a compound and a precompound com-
ponents in the same manner as in Eq. (17). It is convenient to use the
Fermi-gas level-density formula for the compound component, particularly
at Tow projectile energies where the precompound effect is negligible.
This density formula may differ substantially from that defined in Eq.
(17c), partially destroying our attempt at consistency and introducing
large uncertainties into our calculations and derived parameters. This
problem we now address.

V. LEVEL DENSITIES AND PAIRING CORRECTIONS

For calculations where precompound effect is negligible, it is con-
venient to use the composite level density formula developed by Gilbert
and Cameron.l> The high energy portion of the formula is

A ] exp(2,/a0")
pb(U) i 12v2 o a]/4 U'S/4 (31

where o2 = ct is used for spin distributions in the usual manner and

u' = uU-U,. The parameter Uo accounts for the odd-even effect and is often
referred to (incorrectly) as the pairing correction. The low energy
portion of the composite formula has constant temperature and is normalized
to Eg. (31) at E,» an energy determined empirically.

The formula corresponding to Eq. (31) but based on the p-h level
densities 1is given by

pplU) = 1, wp(p-1,h,U) (32)
n

where wb(p-l,h,U) is given by Eq. (1) and the excitation energy U is used

instead of the effective excitation U' in Eq. (31).

The two formulas given by Eq. (31) and Ea. (32) are both based on the
uniformly-spaced single particle states. They are, however, very different
numerically. The major difference between the two arises from the pairing
correction U0 in Eq. (31) and the absence of a comparable correction in
Eq. (32). Thus a pairing correction is needed for Eq. (32), at least to

account for the odd-even effect.
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If an average energy 2A is expended to break a nucleon pair, then the
minimum energy required to excite p-1 particles and h holes (p-1 = h) are
listed below for odd-odd, odd-sven, and even-even residual nuclei:

_h odd-odd odd-even even-even
1 0 0 20
2 0 2A 2A
3 24 2A 4A
4 2A 4 4A

In odd-odd residual nuclei, for example, at least a pair must be broken in
order to excite three particles. Once a pair is broken, a fourth nucleon
is already freed, the minimum energy required to excite four particles is

also 2A.
The maximum energy that may se expended in exciting p-1 particles

and h holes is 2hA, which implies a new pair/is always broken in exciting
each additional particle. The density of levels that can be formed with
this maximum correction is of course small comparing to that with the
minimum correction. Therefore, as an approximation, the minimum pairing
correction, smoothed over h, may be used for £g. .32) and is given by

Up,h = {(h-1.5)a + UO . (33)

The odd-even shift Uo’ tabulated by Gilbert and Camev‘on]5 and adjusted for

local effects, is approximately 0 for odd-odd nuclei, A for odd-even nuclei,
and 2A for even-even nuclei. Thus for Tp-Th states, the value of Up,h is
approximately -0.5A for odd-odd nuclei, 0.5A for odd-even nuclei, and 1.54
for even-even nuclei. For 2p-2h states, these are 0.54, 1.54, and 2.5A

respectively. The mass dependence of A is given by20

A = 12//R (34)

The level densities of ©3Cu calculated with various formulas discussed
above are compared in Fig. 3. Curve 1 represents Eq. (32) with g = 6a/m2.
Curve 2 is based on the composite formula of Gilbert and Cameron. Curve 3
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is based on Eq. (32) but replacing U by U' = U'Up,h with A given by Eq.
(34). Curve 1 is clearly unacceptable. Curve 3 agrees reasonably with
Gilbert and Cameron below 7 MeV. The difference between curve 2 and
curve 3 at 7 MeV amounts to 7% change in the parameter a, but becomes
larger at higher energies. This may be interpreted as follows.

The pairing correction Up,h increases with increasing hole number.
Since the most probable number of excitons at an excitation energy U

increases with U]/2

» the pairing energy correction Up h increases with
1/2 >
U

also. For this reason, the correction U0 used in Eq. (31), repre-
senting an average of pairing correction for 1p-1h and 2p-2h states, is
expected to be too small above 7 MeV, near which the values of U0 are
determined. Thus, the level densities calculated from the formula of
Gilbert and Cameron is expected to be too high above 7 MeV. 1In addition,
the Pauli-exclusion correction, Ap,h’ in Eq. (32) also reduces curve 3,
particularly for high excitation energies. However, its effect is not
large comparing to the pairing correction.

We therefore choose to use Eq. (23) for the precompound component and
the corresponding quantities summed over p or h for the compound component,
both with effective excitation U' = U'Up,h’ to assure consistency in level
densities. More basic and detailed study in the appropriate pairing cor-
rections in both the Fermi-gas and the p-h representations is necessary but
is beyond our present purpose.

With the above consideration, Eq. (3C) may be split up into the
compound and the precompound components by writing Eq. (30b) as:

9 (LL,EU) = I, Dy(psE) py(p-15h,1,U") + C(E) oy (1,U*) (35a)
where T
Dy(p,E) = [ Pyp(p,h,t)dt/w(p,h,E) (35b)
0
G(E) = [Pt u(pahiE) (35¢)
Pp(L,ut) = L ep(p-1.h,1,0") . (35d)

The first term corresponds to precompound and the second compound. This
separation is now unnecessary but is computationally convenient.
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VI. PARAMETER DETERMINATIONS ARD CALCULATIONS

Calculations of neutron, proton, and alpha-particle production spectra

for 14.6-MeV neutrons incident on thirteen isotopes are compared with

20521 Ipese calculations are based on Eqs. (30a) and

experimental data.
(35). Parameters of general validity are fixed beforehand. Two parameters
are determined from calculations for °Fe and then used for predicting the
other twelve isotopes. Calculations shown in Figs. 1 to 3 were based on
the same parameters.

22 for

24

Optical model parameters are taken from Wilmore and Hodgson
neutrons, Becchetti and Green]ees23 for prutons, and Huizenga and Igo
for alpha-particles. Calculation of gamma-ray transmission coefficients
was described previously in detail.]3 Level density parameters are calcu-
lated from “he empirical formalism of Gilbert and Camer'on15 and used in
various formulas throughout this paper. The single particle density g for
each nucleus is calculated from the corresponding parameter a and thus has
the effect of shell corrections.

A few discrete levels are used for each residucl nucleus in the binary
step. These levels are given a weight Qb(I,E,UC)/pb(I,Ué), defined in
Eq. (35c) with Ue being the continuum cutoff, such that continuity in the
calculated spectra across EC -+ UC is maintained. A larger number of discrete
levels 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) and (n,na) reactions. In such cases, the calculated tertiary-
reaction cross sections are sensitive to the spacings and spins of the
residual discrete levels.

The remaining parameters are k, the scale factor for the residual
two-body matrix elements, and A > the fraction of particle type b in the
states (po’ho) at time 0. A neutron incident on a nucleus sees N neutrons,

Z protons, and a maximum of Z/2 alpha clusters. Introducing a parameter f
as the clustering probabih‘tyn for alpha particles and using Po = 2 and

ho = 1, we have
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q, = 0.5N/A' +0.5
q, = 0.5 Z/A'
q, = 0.5(0.5 fz/A')

where A' = N+ Z + 0.5 fZ and the fract:.., 0.5 accounts for the incident
neution.

The value of k has been determined by Kalbach!l to be 400 MeV3. This
value depends strongly on the level density parameters. Since the level
densities we used here have strong peiring corrections, the value of k is
expected to increase. The value k = 700 Mev3 was determined by fitting
the high-energy half of the 14.6-MeV °®Fe(n,xp) spectrum measured by Grimes
et aZ.20 as shown in Fig. 4. The (n,xn) spectrum, measur=d by Hermsdorf
et aZ.Z] and integrated over angle by Hetrick et aZ.,25 was not used for
determining the value of k because of possible presence of collective
excitations. We have reported26 DWBA calculations for 15 of the 26 dis-
crete levels up to 4.5 MeV in 14.5-MeV °6Fe(n,n') reactions. The dashed
nistograms in the calculated (n,xn) spectrum in Fig. 4 represent such DWBA
calculations. Collective strengths in higher-energy levels may not be
negligible, making the determination of the parameter k on (n,xn) spectrum
somewhat uncertain.

The (n,xn) spectira measured by Hermsdorf et al. are the only set
covering all thirteen izotopes studied here. Five other sets of measure-
ments for 56Fe, considered pr‘eviously,z6 are omitted for clarity. The
(n,xp) and (n,xa) spectra measured by Grimes e¢ 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 36Fe(n,xa) spectrum shown in Fig. 4.

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 survey27 of previous calculations for heavier isotopes (A > 100), for
which the precompound effect is more pronounced, shows large fluctuations
of f with A and shell structures.

With the above parameters, we proceed to predict similar spectra for
the other twelve isotopes: 27A1, 4624874, Sly 50552¢.  Shps 58,60y5
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6365 93
> Cu, and Nb. The results are compared in Figs. 5 to 17 with experi-

mental data. The (n,xn) data are for natural elements, so are shown
separately in Fig. 5. The same data for natural elements are retained in
Figs. 6 to 17 for the isotopes, but should be viewed with caution.

The calculated (n,xn) specira 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 Figs. 6 to 17 include calculated
results from the first step only. The high-energy edge in each (n,xn)
spectrum represents the position of the first excited state in the resi-
dual saucleus in (n,n') reaction, while those in the (n,xp) and (n,xa)
spectra correspond to the ground states. The dip in the high-energy tail,
when present, is from the odd-evenvshift, which is the most pronounced in
even-even residual nucleus.

Best agreement between calculations and experiments is seen for the
(n,xp) spectra. This is probably not surprising since the reactions com-
prising the (n,xp) spectra are rather pure compound and precompound com-
binations. The measured (n,xn) spectra contain collective excitations.
Although DWBA calculations are routinely performed for the low-lying dis-
crete levels for cross-section evaluation works,m’27’28 it is not
straightforward to deal with collective excitations for the continuum
states. However, in view of the reasonable 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) spectra 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
Satchler29 that a global set of optical-model parameters for alpha-
particles could not be found has not yet been challenged.

The pairing corrections impact our calculations in several ways.

The odd-even effect scale the level densities in various competing reac-
tions differently, changing the relative magnitudes of cross sections for
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these competing reactions. The target nuclei studied here are either
even-even or odd Z-even N. For neutron-induced reactions, the composite
nuclei are either even Z-odd N or odd-odd. Therefore, the composite
nuclei have either non-zero U; or zero Uo’ making the emissions rates
defined in Eq. (12) differ as a function of mass for the two types of
composite nuclei. Had the odd-even shifts been ignored, two different
values of k would have been required for the two types of targets. A
third effect concerns the correction Up,h’ which reduces the slope of all
level densities at high energies. A smaller precompound component or a
larger k is required. This has the effect of increasing the compound
components of all reactions. The cross section of the reaction that has
the smallest precompound component is increased most.

The computer code resulted from the present study is dubbed TNGI.
This model code is capable of calculating other reaction cross sections
not mentioned here, such as capture, (n,3n), (n,2na), gamma-ray production
cross sections and spectra.3’]3 The code has an option to use the leveil
densities of Gilbert and Cameron. In this option, the level densities
based on the p-h representation are normalized to the Gilbert and Cameron
densities. A smaller value of k (400 MeV3) is required. MWith this
option, changes in the calculated (n,xn) and (n,xp) spectra are negligible
but (n,xa) spectra decreased by up to 30%, resulting in poor overall
agreement with experimental data.

Grimes et ai.20 calculated (n,xp) and (n,xa) spectra using the multi-
step Hauser-Feshbach method for eight of the thirteen isotopes included in
the present study. They included the precompound effect for the (n,xp)
spectra by a separate model, so their calculations are comparable to what
we started out with3 in this paper. In addition, they did not show their
calculated (n,xn) results nor include the precompound effect in the (n,xo)
calculations.
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By the time this article is ready to be submitted for publication, we
have completed some calculations for heavier isotopes, some at shell
closures. 1t became apparent that when large shell correction is incor-
porated into the single particle level density, g, the parameterization of
the residual two-body matrix elements M2 should be changed from M2 = kA~ 3E™}
to M? = kg %! to maintain a relatively constant A,- Otherwise, the
value of k will fluctuate rapidly across shell closures. For example, k
was found to be near 10,000 for 208Ph to obtain agreement with experimental
(n,xn) data.21 When M2 = k'g 3E™! was used, the value k' = 0.3 was found
tc be quite satisfactory for 18 isotopes from mass 27 to mass 235, including
several isotopes near shell closures. An independent conclusion to the
same effect has also been obtained by Holub and Cindro.30 Few other works
used shell corrected values for g, a practice that is unrealistic at low
incident energies.

VII. CONCLUSIONS

Our consistent treatment of the compound and precompound 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 densities, are used for both
modes of reactions. For 14.6-MeV neutron-induced reactions, the second
outgoing particle often sees only a few discrete levels in the residual
nuclei. Therefore, the multi-step Hauser-Feshbach method is used for
describing the tertiary reactions. For the same reason, spin populations
in the intermediate nuclei are important, and are calculated with conser-
vation of angular momentum in both modes of reaction. Model parameters
were determined from one isotope and then used for the prediction of
twelve other isotopes. Overall agreement between predicted and measured
neutron, proton, and alpha-particle production spectra is reasonably good.

To the best of our knowledge, this is the first time that the three
most important competing reactions induced by 14-MeV incident neutrons are
calculated simultaneously and compared with experimental data for so many
isotopes. The results tend to confirm the neutron and proton occupation
probabilities in the initial 2p-1h configurations, a quantity of much
diversity in the past.5’9’31
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Extension of the present model to the calculation of angular distri-
butions is in progress. The extension is based on a partial relaxation of
the random phase assumption when precompound reaction is involved. The
random phase assumption is that employed in deriving the Hauser-Feshbach
model. Therefore, angular distributions are calculated quantum-mechanically
and are expected to be forward-peaked in the center-of-mass system when
precompound effects are significant. When precompound effects are small,
the angular distributions become those of Hauser-Feshbach (front-back
symmetry in center-of-mass).
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