A IMdJor purpose or me 1ecnm-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



JUN 0 7 1989

Los Alamos National Laboralory 8 operated Dy the University of Calitornia for the United Stales Depariment of Energy under contract W-?405-ENG-36

C R A

- e R

LA-UR--89-1747
DE89 013435

TITLE  THEORY OF NEUTRON EMISSION IN FISSION

AuTHOR(s) David G. Madland, T-2

The American Nuclear Society for publication in Proceedings of
the ANS Conference, "Fifty Years with Nuclear Fission,"
April 26-28, 198%, National Bureau of Standards, Gaithersburg, MD,

SUBMITTED TO

DISCLAIMER

This report was prepared as an account of worl spoasored by an agency of the United Stales
Government. Neither the United States Government nor any ageacy thereol, nor any of thir
omployees, makes any warranty, express or implied, or assumes any legal liability or responai-
bility for the accuracy, completencsa, or usefulness of any informatlon, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence hereis to any specific commercial product. process. or service by trade name. trademarh,
manufscturer, or otherwise does not necessarily constitute or imply ita endorsement, recom-
mend.tion, or favorirg by the United States Government or any agency thereofl. The views
and opinions of authors expressed horein do not necessarily statc or reflect thuse of the
United States Government or any 22y thereof.

By ac.ce: ' i arlicle the publisher racogrizes that the U § Governmaent retaing 4 noneaclusive. royalty-lres hcense 10 publish or reproduce
the p- at this contnibythion  or o alliow olhers o do so tor US Governmant purposes
The { o - Nabonal Laboratory reguests thal the pubhisher identily this article as work performad under the auspices of the \} S Department of t nergy

0s AlaMmO's iz T
i s e _ o MRolEn


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


THEORY OF NEUTRON EMISSION IN FISSION

Los Alamos National Laboratory
Los Alamos, New Mexico 87545
(508) 667-6007

ABSTRACT

Following a summary of the observables in neutron emission
in fission, a brief history is given of theoretical representations
of the prompt fission neutron spectrum N(E) and average
prompt neutroa multiplicity vp. This is followed bzedescrip-
tons, together with examples, of modern approaches to the
calculation of these quantities including recent advancements.
Emphasis will be placed upon the predictability and accuracy
of the modern approaches. In particular, the dependence of
N(E) and vp on the fissionitig nucleus and its excitation energy
will be discussed, as will the effects of and competition be-
tween first-, second- and third-chance fission in circumstances
of high exciutivn . Finally, properties of neutron-rich
(fission-fragment) nuclei are discussed that must be better
known to calculate N(E) and vp with higher accuracy than is
currently possible.

I. INTRODUCTION

Neutron emission in fission ¢can be described in terms

of several experimental observables. These include the fol-
lowing:

A. the time dependence of neutron emission in fission,

B. the energy spectrum of prompt fission neutrons
N(E), where E is the laboratory energy of the
emitted neutron and "prompt” refers to neutrcn
emission prior to the onset of any fission-fragment
B-decay process,

C. the average number (or multiplicity) of prompt
neutrons emitted per fission vp,

D. g(e fission neutron multiplicity distribution
v),
E. the cormrelations and/or anti-correlations in neutron
emission from complementary fragments,

F. the eneigy spectrum of pre-fission neutrons &(E)
emitted prior to fission in multiple-chance fission,

G. scission neutrons, and
H. neutron emisiion from accelerating fragments in

contrast t¢ nevtron emission from fllly accelerated
fragments.

While this list is not exhaustive, it does include most of
the types of measurements that have been performed. Ir. the
present paper, items (B) and (C), the prompt fission neutron
specttum N(E) and average prompt neutron multiplicity vp.
will be emphasized for both spoutaneous and neutron-induced
fission.

In Sec. I1 a brief history will be presented, while in
Sec. [T three modern approaches will be described and exam-
ples given. Some recent work will be discussed in Sec. IV
and a few conclusions will be presented in Sec. V.

II. EARLY REPRESENTATIONS

The prompt fission neutron spectrum N(E) has been
considered theoretically since the early days of fission by
Feather,! Watt,2 Leachman,? Terrell,4 and others. Most cal-
culations of N(E), however, are to this day still based upon
cither a Maxwellian or Wait spectrum with ters that are
adjusted to optimally reproduce the experimental spectrum for
a given fissioning system. At the same time, the variation of
the average prompt neutron multiplicity ¥p with the energy Eq
of the neutron inducing fission has been modeleds by a simple
polynomial (usually lﬁ'mr) in Eq for each fissioning system
considered: Vp = Vg + QEp, and again, the parameters ap-
peuagn J are adjusted to optimally reproduce the experimental
multplicity.

The Maxwellian spectrum is given by

N(E) = (2/x12T32)EV2exp(-E/TN) , ¢}

where the single (temperature) parameter a g Tm. is
related to the average energy of the spectrum <E> by
<BE> = (3/2)Tm . (2)
The Maxwellian spectrum neglects the distribution of fission-
fragment excitation energy, the energy dependence of the in-
verse process of nucleus formation, and the center-
of-mass motion of the fragments from which the neutrons are
emitted. Because T must account for the fragment maotion, it
is greater than the fragment tem s that physically occur.
In practice, however, Ty is reduced in order to optimally re-
produce the tail of the experimental spectrum. To preserve the
normalization, this simultaneously increases N(E) at lower en-
ergies. This increase at lower energies is in reasonable agree-
ment with high quality measurements of the spectrum, but for



the wrong physical reason. For these reasons, there is no
predicave power in a Maxwellian approach.

Feather,! in 1942, was the first to account for the mo-
don of the fission fragments emitting the neutrons. He as-
sumed the center-ot-mass spectrum to be approximated by a
Weisskopf evaporation spectrum® and performed the trans-
formation to the laboratory system. The resulting laboratory
spectrum was expressed in terms of tabulated probability
functions, and for this reason was not widely used.

Ten years later, in 1952, Want2 assumed the center-of-
mass spectrum to be approximated by a Maxwellian
He then applied Feather's transformation to obtain the labora-
tory spectrum for an average fission fragment moving with an
average kinetc energy per nucleon Eq. This yields the two-
parameter Wait spectrvm

-E
NE = SPEMW) B b2 E BT, )

12
(nErTw)
where E¢and the Wart emperature Tw = ¢ related to the aver-
age energy of the spectrum <E> by
<B> = E¢+ (32) Tw . @)

Like the Maxwellian spectrum, the Wett spectrum neglects the
distribution of fission-fragment excitation energy and the ¢n-
ergy dependence of the inverse process of compound nucleus
formation, but does account for the censter-of-mass morion of
an avenge fragment. However, the con of an average
fragment is a poor one for taneous peutrun-induced
fission below about 15 MeV, because the fission-fragment
mass distribution is dramatically doublc&::r:d in most
cases. Physically, then, there is an average enetgy per
nucl or the light mass peak, E¢, and for the heavy mass
peak, E;. Moreover, their magnitudes are well known from
meas ts of the total average {ission-fragment kinetic en-
ergy <E" > together with the use of momentum conservation.
Therefore. in such cases, the Wan spectrum %ﬂuﬂy repre-
sents the conributions coming from a deep mum in the
fission-fragment mass yield distribution! In practice, how-
ever, the values of the two parcmeters, Er and Tw, are ad-
justed w0 optimally the tail of the experimental spec-
trum. Thus, the Watt spectrum is more physical than a
Maxwellian spectrum, but has listle predicrive power in most
apolications. If one insists on using 8 Wan spectrum repre-
sentation, the averuge of the sepamte Watt spectra for the light
and heavy mass peaks should be taken to represent the total
laboratory spectrum N(E).

To conclude this section, it is clear that none of the ap-
proaches summarized here can be used to predict N(E) for a
different fissioning nucleus or for a different excitation energy
from what has been measured experimentally.

. MODERN APPROACHES
In recent years three new theoretical approaches have

evolved for the calculation of the prompt f._Jion neutron spec-
trum N(E). These are the following:

A. The Los Alamos approach,’ begun in 1979, which
is based upon standard nuclear evaporation theory®
and simulraneously treats the average prompt neu-
tron multiplicity “p. This approach emphasizes
predictive capabilities while requiring a minimal
umpact.

B. The Dresden approach,8 began in 1982, which is
also based upon standard nuclear evaporation the-
ory,8 but accounts explicitly for neutron cascade
cmission. This approach emphasizes a complete
descripton, requiring a substantial input.

C. The Hauser-Feshbach statistical model approach,
which is based upon Hauser-Feshbach theory? and
accounts explicitly for the competition between
neutron and gamma-ray emission in a given fission
fragment. This approach accounts for the influence
of angular momentum.

Summary of Los Alamos Model

The original Lcs Alames model” addresses both neu-
tron-induced and spontaneous fission and accouats for the
physical effect: of (1) the distribution of fissiou-fragment ex-
ciution energy, (2) the dependence of the inverse pro-
cess of compound nucleus formation, (3) the center-of-rnass
motion of the fission fragments, and (4) multiple-chance fis-
sion at high incident neutron snergy. In particular, to simulate
the initial distribution of fission-fragment excitation cnergy and
subsequent cooling as neutrons are emitted, a riangular ap-
proximation to the corresponding fission-frugment residual
nuclear terperature disribution is used. This approximation,
based upon the observations of Te:rell,* is given by

2T/Tm? TSTm
- {
0 T>Tm.

where the maximum temperature Tp, is related to the initial to-
tal average flssion-fragment excitation energy <E*> by

Tm = (<E*>N)12 , (6)
and where a is the nuclear level density parameter. In Eq. (6),

the initial total average fission-fragment excitation energy is
given by

M
where <B> {3 the nvumenugy reiease in flssion, By, and E,

<L*> w <E> + By + By - <B™>

are the separation and tic energies of the neu inducing
flssior. (set to zero for spontaneous flssion), and <E;"> |3 the
total averago flssion-fra t kinetic energy. These quantities

are either known or can be cak:ulsted.

The energy dependence of the inverse process is
treated in the center-of-mass frame by calculating the com-
pound nucleus formation cross section o¢(e) for the inverse
process using an optical-modcl potential with explicit isospin
dependence 30 as to describe (neutron rich) fission fragments

;I?Og correctly. It is the shape of o.(e) with e that affects
(E). ;



The values of the average kinetic ener nucl
lc average light fragment AL and average he?vypefrramﬁn;::
"¢ obtained using momentum conservaton and are given by

Er = (AWAL) (<E°>/A) |

" (8)
E = (AUVAR (<E°>/A) ,

'here A is the mass number of the fissioning nucleus.

With the inclusion of these physical effects, the promp
. - ' t
$sion neutron spectrum in the laboratory system is given by

L
NE) = 1 [NEE.cb) + NEE.SD] . 9

here
E«JE) T,
(E.E,0,) = Esz Jloc(c)lidz k(T) T exp(-e/T) dT .
f 'm (ﬁ_ 2
& (10)

1l quantities in this equation have been defined except k(T),

'hich is a temperature-dependent normalization. If i
nstant, Eq. (10) reduces to the closed form nppmnm.::f:m) !

“3'.:181(“2)

(E.E) = —L -y E,(u,)
G -vd ],

u = (E -‘/-E_,)“,’T,,. '

v, = (E+[E)/T,

E|(x) is the exponential integral function, and

(n

¥(a,x) is the incomplete gamma funcdon.

ety Similarly, the f:::qe prompt fission neutron muldi-
Vp 18 (~ -
l nnd‘:s gimven w onsiderations of energy conserva

<E*>.<E)'>
<S> + <

) . (12)

ot
vhere <E "> is the total average prompt gamma-ray energy,
Sa> s 50 average fission-fragment neutron :eplryadon e‘ryl
gy, and <g> |3 the average center-of-mass energy of the
mitted neutrons.

_ There are two specific connections between N(E) and
Vp that are worth noting. The first is that the maximum tem-
perature T appearing as one of three parameters in N(E) also
appears i Vp as Tmz. through Eq. (6). The second is that the
average Center-or-mass neutron energy <€> appearing in i;p is
also the Hirst moment ot the center-ot-mass neutron specrum
&e) corresponding to the laboratory spectrum N(E). These
WO CONnections are very important because they mean that, if
one has experimental information on either N(E) or vp for a
given fissioning system, then that informaton can be used as a
constraint in the calculation of the other, unmeasured, observ-
able.

Exaroples of calculations performed using the original
Los Alamos model are shown in Figs. 1-7. The numerical
deils wnd evaluation of the constants appearing in these
calculations are found in Ref. 7 so they are not repeated here.
First, comlurisom of the Los Alamos spectrum for a constant
cross section to Maxwellian and Watt spectra for the same
fissioning system are shown in Figs. 1 and 2. The first
tnoments (mean laboratory neuzon energies) of the three
spectra have been constrair.ed to be identical b determining
the Maxwellian and Wan % T™ Tw, in terms
of the physically based value of Tm. Using this basis for
comparison, the Los Alamos spectrum lies between the
Maxwellian and Watt . fact that Ty includes the
on is evident in Fig. 2, where the 'ail
of the Maxwellian spectrum is clearly too hard due to the
overly large value of T\. The converse is rue for the tail of
$e Wart spectrum, which is 100 soft because T is less tian
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Fig. 1. g?mpt flssion neutron spectrum for the flssion of
U induced by 0.53-MeV neutrons. The solid

curve gives the Los Alamos spectrum calculated from

Eqs. (9) and (11), for oc(e) = constant, the dashed

curve gives the Watt spectrum calculated from Eq.

(3): and the dot curve gives the Maxwellian
spectrum calculated from Eq. (1). The mean labora-

to.ll'y neutron energies of the three spectra are identi-
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Fig. 2. Ratio of the Wan spectrum and the Maxwellian spec-
trum to the Los Alamos spectrum, corresponding to
the curves shown in Fig. 1.

The dependence of N(E) on the fissioning nucleus and
its excitation energy is shown for the constant cross secton
Los Alamos model in Figs. 3 and 4. Figurc 3 shows how the
spectrum increases at high energy mddecrumnlowenu?y
as the mass and charge of the fissioning nucleus increases, for
thermal-neutron-induced fission. Thus, <E> is in ing
faster with the mass of the fissioning nucleus than <E;™> is
incms'mg with the charge of the fissioning nucleus [see Eqs.
(6) and (7)). Similarly, Fig. 4 shows how the spectrum in-
creases at high energy and ases at low energy as the d-
netic energy of incident neutron increases, for the first-
chance fission of 235U.
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Dependence of the prompt flssion neutron spectrum
on the fissioning nucleus, for thermal-neuton-in-
duced flssion, calculated using the Los Alamos
model, Eqs. (9) and (11), for 9¢(2) = constant.
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Dependence of the prompt fission neutron spectrum
on the kinetic energy of the incident neutron for the
fission of 235U, calculated using the Los Alamos
model, Eqs. (9) and (11), for 6c(€) = constant.

Figures 5 and 6 compare both the exact and approxi-
mate versions of the Los Alamos spectrum with experimental
data. Clearly, there is a preferenca for the exact energy-de-
pendent cross-section calculadon, although both agree well
with the experiment. Thus, given the quality of the experi-
mental data, the Los Alamos exact spectrum given by Egs. (9)
and (10) is to be used when high accurxcy is ired. In such
cases, the enerfy dependence of the inverse process of com-

pound nucleus i

orruation cannot be ignored.

a

v 1 T T T Ty T T d T

Al bl

=Y + n(0.53 MeV)

Experiment

Reutron Energy Spectrum ME) (1/MeV)

0% 0. = Constant
— a.(r) Becchelli-Greenlees potentisi Y\\’\
N
'olv " . - nf 4 I T 'L | o e

9 [ ]
Laboratory Neutron Energy £ (MeV)

Pr?m t flssion neuton spectrum for the fission of
23 U?nduced by 0.53-M:‘\’r’c neutrons. The dashed
curve ;lvu the Los Alamos spectrum calculated from
8. (9) and (11), for Oc(e) = constant, whereas tlie
curve gives the Los Alamos spectrum calculated
from Eqs. (9) and (10), for o¢(e) obtained using the
opdcal-model potential of Becchetti and Greenlees
(Ref. 10). The experimental data are those of
Johansson and Holinqvist (Ref. 11).
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Fig. 6. Rato of the Los Alamos spectrum calculated using
energy-dependent cross sections and the experimen-
tal spectrum to the Los Alamos spectrum calculated
using a constant cross section, corresponding to the
curves shown in Fig. 5.

Turning to the calculation of the average
tron multiplicity vp using the Los Alamos model,
a comparison of calculated and ex
the neutron-induced fission of 235U, Thea nt 13 better
than 1% at energies below | MeV and at 6 NEV. In the region
from ~ 1.5 10 5.5 MeV, however, the experimental values are
somewhat less than the calculated values, ~ 3% differences at
4.5 MeV. Nevertheless, the agreement between experiment
and calculation is quite good, given the approximations
implied by the use of averaged quantities in Eq. (12).
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Fig. 7. Average prompt neunon muldplicity as a function of
the incident neutron energy for the neutron-induced
fission of 233U, The solid curve gives the Los
Alamos muldplicity calculated with Eq (12) using
the optical-model potential of Becchetti an
Greenlees (Ref. 10) 10 calculate the average cencer-
of -mass ene?y <e>, The experimental data are
listed in Ref. 7.

Summary of Dresden Model

The Dresden model8 accounts for the physical effects
of (1) the distribution of fission-fragment cxcitation energy in
each step of the cascade evaporation of neutrons, (2) the en-
ergy dependence of the inverse process of compound nucleus
formation, (3) the center-of-mass motion of the fission frag-
ments, (4) the anisooopy of the center-of-mass neutron spec-
trum, (5) the complete {ission-fragment mass and kinetic-en-
ergy distributions, and (6) semi-empirical fission-fragment
nuclear level densides. The Dresden model is currendy re-
ferred to as the Complex Cascade Evaporation Model.

With the inclusion of the above physical effects in suf-
ficient detail, the prompt fission neutron spectrum in the labo-
ratory system is given by

N(E) = ; j P(A, TKE) N(E,A, TKE) dTKL. , (13)

where P(A,TKE) is the normalized fission-fragment mass dis-
wibution for a fixed value of the total ﬁssion-g:ment ldnetic
energy, TKE, and N(E,A,1KE) is the laboratory spectrum for
fixed fragment mass A and fixed TKE. The sum and integral
are over all contributing fragment mass numbers and total ki-

rl:Je(tEifA%iie:'gix;P:;uvely. The fragment spectrum
VBB 1

N(E,A,TKE) -J' “"‘}gn) {2 t 'f('b'n':l Pt ) ge |
LYy (14)

where E¢ is the kinetic energy per nucleon «.( the fragment, b is

the anistropy coefficient, € 13 the centez-of-mass neutron en-
ergy, and (e,A, TKE) is the center-cf-mass spectrum for fixed
fragment mass and fixad TKE, given by

®(e.A, TKE) -X [0(eB%.A-) P (B*.ATKE) dE*. (1)
B,

In this equation, the sum is over the steps i of the cascade
while the integral is over the fragment excitaton energy E*,
and B, is the neutron blndln%enerﬁ(i; a fragment that has
emitted i neutrons. Also, P (B*,A, TKE) is the excitation en-
er?' distribudon before i and is expreased in terms of P;.|
and, ulumately, ‘l"’p. which is assumed Gaussian. Finally,
¢(e.E*.A) is the Weisakopf® center-of-mass neutron energy
spectrum for fixed E* and A, given by

&eE*A) = Co,(eA-1)ep(E*-B,-gA-1) , (16)

where p is the level density of the residual nucleus for zero
angular momentum states and C i3 the normalizadon constant.

Examples of calculations performed using the Dresden
(Complex Cascade Emission) | are shown 11 Figs. 8 and
9 for the spontaneous fission of £32Cf. The numerical details
and evaluation of the constants appearing in these calculations
sre found in Refs. 12 and 13 so they are not repeated here.
The reality of anisotropy effects in the prompt fission neutron
spectrum ls demonstrated in Fig. 8 where recent experimerital
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fission of 23

shown as the deviadon, cent,
from a Maxwellian spectrum with T = 1.42 MeV.
The solid curves are calculated using the Dresden
model (CEM), Eqs. (13)-( '.6&. for two values of the
anisotropy coefficient b (P in the figure). The
experimental data points shown are frown the
indicated laboratories, but the experimenta)
uncertaindes have been deleted for clarity.

data for polar and equatorial emission, and calculanons using
the Dresden model with an anisotropy coefficient b = 0.1,
agrec well with each other. The experimental and calculated
spectra for the same fissioning system, but integrated over all
angles of neutron emission, are shown in Fig. 9 as deviations
from a Maxwellian specorum. Again, the Dresden model
(CEM), solid curve for b = 0.1 (B = 0.1), yields quite good
agreement with experiment especially at the low energy end of
the spectrum. Clearly, the anisotropy of the center-of-mass
spectrum must be taken into account to obtain the most realistic
representaton of the experimental spectrum,

Summary of Hauser-Feshbach Approach

This approach consists of Hauser-Feshbach statistcal
m~del calculatons of the de-excitation of representative nuclei
of the fission-fragident mass and charge distributions. This
model applied to fission fragments accounts for the physical
effects included in the Los Alamos and Dresden els and,
in addition, accounts for (1) neutron and gamma-ray comperi-
tion in the de-excitation of a given fission fragment, (2) neu-
tron transmission coefficients Tpj from an optical model po-
tental for each fragment considered, (3) gamma-ray transmis-
sion coefficients Ty for each fragment considered, and (4) the
angular momentum distribution P(J) for each fragment
considered.

Due to space limitations, a demiled description of the
Hauser-Feshbach formalism for de-excitation of fission frag-
ments is not presented here. Instead the reader is referred to
the work of Browne and Dietrich!3 in 1974, where Hauser-
Feshbach ca!culations are perfarmed for 40 nuclei representing
the fragment yield distribution from the 232Cf(sf) reaction, and
the work of Gerasimenko and Rubchenyal® in 1980, where
Hauser-Feshbach calculations are performed for 18 nuclei
representing the same reaction. In the latter calculation, quite
good agreement with th is achieved when a center-of-
mass anisotropy coe tof bm (.15 is used.

Ultimately, because of the treatment of neutron and
Jamma-ray competition, and the inclusion of a.nfuhr momen-

tum, the Hauser-Feshbach npplwh will y provide the
most accurate calculation of the prompt fission neutron -
trum. However, a proper description of the inital fission-

fragment conditions (for the ~ fragments occurring) is a
prerequisite.

[V. RECENT WORK

One example of recent work is discussed bricfly in this
soicdon 'l‘(,) lllunlnte the tlo:.t'fm:u of rf:i:ulldple-chmce fission.
Figures 10 and 11 show the prompt fission neutron spectrum
matrix N(E,E,) for the neutron-induced fission of &?U up
through 3rd-chance fission. The exact energy-dependent Los
Alamos spectrum, Eqs. (9) and (10), is utilized together with
eva on spectra to describe the emission of neutrons prior
1o fission. Various features of this calculaton have previously
been described in Refs. 7 and 17. The figures clearly illustrate
the ndence of the matrix upon Eq. In partcular, the parti-
ton of the total available excitation energy into neutron emis-
sion prior to flssion and neutron emission from flssion frag-
ments leads to a staircase effect in the peak regions of the ma-
trix and an oscillatory effect in the il regions of the matrix.



Fig. 10. Prompt fission neutron spectrum matrix N(E,Ep) for
the neutron-induced fission of 235U as a function of

incident neutron energy Eq and emitted neutron en-

Fig. 11. Pror;:}:t fission neutron spectrum ratio matrix R(E,Eqn)
w N(E,Eq)/N(E,0), comresponding to the matrix
shown in Fig. 10.

V. CONCLUSIONS

Three conclusions can be drawn from the theoretical
studies to date on the topics discuised herein. These are:

A. Prompt fission neutron spectra and average prompt
neutron multiplicites can now be calculated with
reasonably good confidence for unmeasured as
well as measured systems, and for spontancous as
well as neuuon-induced fission.

B. Ulimately, the Hauser-Feshbach approach will
probably yield the most accurate results.

C. Current limitations in calculadons are due to poor
descriptions of neuwron-rich nuclei. In particular,
more accurate nuclear level densities, opucal-model

potentials with isospin dependence, and ground-
state masses are required. Also, explicit fission-
fragment properties that are required with higher
accuracy include inital excitation energy distribu-
tions and initial angular momentum distributions,
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