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THEORY OF NEUTRON EMISSION IN FISSION

David G. Madland
Theoretical Division, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Neutron emission in fission is usually described in terms of two observables: the
energy spectrum of emitted neutrons N(E) and the average number of neutrons emitted per
fission, or average neutron multiplicity, vp. These observables are measured before the
residual fission fragments decay toward the valley of (3 stability »nd are therefore referred to
as the prompt neutron spectrum N(E) and the average prompt neutron multiplicity vp. They
are of fundamental importance to the design of macroscopic systems that are driven by the
fission reaction, such as thermal or fast reactors It is the purpose of this paper to describe
existing theoretical models for these two observables. Other observables for neutron

emiss.on in fission will not be described here due to space limitations.

In the early days of fission, and up to recent years, two simple representations of
N(E) have primarily been used. These are the Maxweliian spectrum containing a single
temperature parameter Ty, and the Watt spectrum! containing both a temperature parameter
Tw and a kinetic eaergy parameter of the moving fragment, Er. In each case, the parameters
are adjusted to optimally reproduce the experimental spectrum for a giver fissioning nucleus
at a given excitation energy. At the same time, the variation of v, with the energy E, of the
incident neutron inducing the fission has been modeled? by a simple polynomial (usually
linear) in Ep for each fission system considered: v = vy + oli,, and again the two
parameters appearing are adjusted to optimally reproduce the experimental multiphicity.
Clearly, a need existed tor theoretical approaches by which these obscrvables could be

predicted both for unmeasured systems and for the understanding of measured systems.

In recent years two new theoretical approaches addressing this necd have been
actively pursued. The first of these was begun? at Los Alamos in 1979 and is based upon
standard nuclear evaporation theory.? 3 The second was beeun® at Dresden in 1982 and is

also based upon nuclear evaporation theosy, but accounts for neatren cascade cmission.

The Los Alamos theory” addresses both neutron induced and spontancous fission
and accounts for the physical effects of (D) the moton of the fission fragments, (2) the
distribution of frapment excitation energy. (1) the energy dependence of the inverse proce s
to neutron enussion, and (1 multiple chance fission. In particular, (o simulate the mitial
distribution of fragment excitation cnergy and subsequent cooling as neutrons are cmitted, a
e apulas approximation to the correspondimg frapgment residual nuclear temperatare

distribution is used. The mixamunm emperaure Ty, of this distribunion s determined from



other known or calculable tission observables. With the inclusion of these physicai effects,

the prompt fission neutron spectrum for a single fragment is given by

(JE +JE)2 Tm
N(EE.0,) = 7%1—2— o.(€) /€ de J.k(T)Tcxp(-':/F) dT , (1)
R 0

where E and € are the laboratory and center-of-mass neutron energy, respectively, o¢(€) is the
compound nucleus formation cross section for the inverse process, Ey is the average kinetic
energy per nucleon of the moving fragment, T and Ty, refer to the residual nuclear
temperature distribution, and k(T) is the temperature-dependent normalization constant. The
total spectrum N(E) is then obtained by combining the contributions from all participating
fragments. When o¢(€) is assumed constant, Eq. (1) reduces to a four-term closed
expression involving the exponential integral and the incomplete gamma function [see Eq.
(13) of Ref. 7]. When neutron-induced multiple-chance fission occurs, N(E) is combined
with the pre-fission neutron evaporation spectrum for each n'th-chance fission component.
The components are then combined i proportion to the n'th-chance fission probabilities [see
F:g. (53) of Ref. 7).

The average prompt neutron multiplicity is obtained using energy conservation, the
average energy <e> of the center of-mass spectrum, other known or calculable fission

observables, and is given by
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where <BE7> is the total average fission-fragment excitation energy, <I:Y > 18 the total average

prompt gamnia energy, and <S> s the average fission fragment separation energy. Yor
neatron induced fission, the numerator of Eq. (2) depends lincarly upon Ey, through <>,
whercas the derominator depends, approximately, upon VE, . through <¢>. In
circumstances of neutron induced multiple chance fission, Eq. (2) is combined with the pre
trission neutrons for cach n'th chance fission conponent and, as before, the components aie

combined m proportion to the n'th chance fission probabilities [sce Fe. (57) of Retf. 7).

As an example of the Tos Alamos approach, NoE) has been caiculated for the

. . . 3 . . . p . - .
neatron induced fission of 250 up throegh third chance fiscion B9 The resalting fission



spectrum matrix N(E,E;) and ratio matrix R(E,E,) = N(E,E)/N(E,0) are illustrated in Figs.
1 and 2. The figures show that multiple-chance fission effects induce a staircase effect in the
peak regions of the spectra and an oscillatory effect in the tail regions of the spectra, with
increasing En. Portions of N(E,Ey), and the corresponding Up (Ep), have been compared
with experiment and good agreement has been found in these comparisons, which are

summarized in Refs. 7-9.

The Dresden theoryl0.11 has been applied to spontaneous fission and accounts for the
physical effects of (1) the motion of the fission fragments, (2) the distribution of excitation
energy in individual fragments, (3) the energy-dependence of the inverse process, (4) the
cente-of-mass anisotropy, and (5) neutron cascade emission. The approach is applicable to
well-studied fissioning systems where the distributions of various required fission
observables are experimentally known. With the inclusion of the above puysical effects the

prompt fission neutron spectrum is given by

NE) = ¥ J’dTKE P(A, TKE) N(E,A, TKE) , (%)
A

where P(A, TKE) 1s the fragment yield for a given mass number A and total kinetic energy
TKE, and N(E,A, TKE) is the corresponding spectrum, analogous to Eq. (1) but including
cascade emission and center-of-mass anisotropy effects. This approach has been used to
calculate the spectrum for the 252Cf(sf) standard reactiun, Good agreement has been

obtained with the evaluation of the spectrum performed by Mannhart. 12

The many other calculations and comparisons with experiment performed using the
two approaches just described provide a basis for the prediction of fission neutron spectra
and mualtiplicities in unmeasurad systems with good confidence.
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Fig. 1. Prompt fissior neutron spectrum matnx N(Y,E) for the neutron-induced fission of
bJ . . ) . . . .
20 as a function of incident neutron energy Fyy and emitted neutron energy k.
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Fig. 2. Prompt fission neutron spectrum ratio matrix R(E,Ep) = N(E,En)/N(E,0)

corresponding to the matrix shown in Fig. 1.



