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Ah^frant-.: A complex statistical theory of fission neutron emission 
combined with a phenomena logical fission model has been used to 

calculate fission neutron data for 238U. Obtained neutron multi-

plicities and energy spectra as well as average fragment energies 
for incidence energies from threshold to 20 MeV Cincluding 

multiple- chance fissiorO are compared with traditional data re-

presen tali OTXS . 

1 Introduction 

Recent requirements of neutron data for nuclear engineering 
include fission neutron multiplicities and emission spectra in a 
wide incidence energy range. For the development of 
fusion-fission-hybrid reactors, the knowledge of the prompt 
fission neutron spectrum as a main part of the total neutron 
emission cross section for neutron induced reactions of 23BU is of 
special interest. Present nuclear data applications are based on 
fission neutron spectra approximated by a simple Maxwellian or 
Watt distribution with parameters deduced empirically. 
In the present work, fission neutron data for Z8°U are described 
in the framework of the statistical evaporation model FINESSE /l/ 
combined with parts of fission theory. Statistical reaction theory 
including fission channel has been applied to determine partial 
cross sections for multiple chance fission occurring at incidence 
energies higher than about 6 MeV. Based on these calculations the 
average neutron energies which are correlated with the 
temperatures of an approximative Maxwellian are presented. Changes 
in the deviation from reference Maxwellians are discussed. 

2. The Model 

In the sense of consideration of the complexity of nuclear fission 
to a necessary extend, the present calculations of fission neutron 
data have been based on fission fragment characteristics relevant ^ 
within FINESSE. These data, i.e. excitation energy E (A) and total 

kinetic energy TKE(A), are obtained within a phenomenological 
scission point model (two-spheroid-model TSM /2/) including 
semi-empirical, temperature- dependent shell-correction energies. 
Based on a general energy balance of scission (cf. Terrell /3/) 
extended by considering pre-scission kinetic energy as well as 
dissipative energy the nuclear potential depending on fragments 
deformation is minimired to determine the most probable energy 
partition. In this way it is possible to deduce average excitation 
and kinetic energy of the fragments. To describe fragment 
deformation at scission we use an empirical relation between 
deformability and shell-correction energy according to Kildir and 
Aras /4/. 

Based on the well known fragment data of 2 3 2Cf(sf) and 2S5U(n„ , f) th 
a set of semi-empirical shell-correction energies for zero 
excitation at scission has been obtained. It provides the basis 
for any application. In the calculation of the fragment data for 

U+n the actual shell-correction energies are deduced by 
interpolating these parameter sets taking into account the 
diminution of shell correction energies due to the intrinsic 
temperature at scission. This washing out of shell effects, 
depending on the excitation energy of the fissioning nucleus, is 
considered according to Bohr and Hottelson /5/. Using these shell 
energies the fragment deformabilities and, consequently, the 
excitation and kinetic energies are calculated. 
Energy balance of fragment de-excitation after scission yields the 
relationship between the average neutron multiplicity K A ) and the 
fragment excitation energy E (A). 
The fragment mass distribution Y(A) is obtained by superposition 
of 5-Gaussians. This approach is supported by the existence of 
several fission modes. Each Gaussian is characterized by the 
average value, the variance and the weight. These parameters 
depend on the mass and the excitation energy of the fissioning 
nucleus and have been fitted for the Th-Cf region. 
Based on these fragment data the prompt fission neutron spectra 
are calculated within the model FINESSE. Assuming evaporation of 
neutrons from fully accelerated fragments as the main emission 
mechanism the eenter-of-mass system (CMS) spectrum is calculated 
by the help of an extended Weisskopf ansatz. Considering cascade 
emission mechanism as well as the initial distribution in fragment 
excitation energy a temperature distribution P(T) can be deduced 



taking into account the relation between excitation energy and 
temperature as given by statistical thermodynamics. 
The effect of competition between neutron and j'-ray emission on 
spectral shape approximated within temperature integration by 
introducing alower temperature limit. This limit as a free 
parameter has been adjusted on the basis of well-known 2 5 ZCf(sf) 
standard spectrum. Further, spin-dependent CMS-anisotropy is 
included. Thus, the CHS-spectrum is calculated for each fragment 
of mass number A. After transformation into the laboratory system 
(LS) the final spectrum N(E) is calculated by the superposition of 
fragment spectra weighted by the fragment mass yield. 

3. Multiple-Chnnne fission 

At incidence energies higher than about 6 MeV multiple-chance 
fission has to be taken into account, i.e. (n, xnf), where x 
denotes the number of pre- fission neutrons for a given chance. 
Note that fission fragment characteristics as well as fission 
neutron spectra in the case of multiple chance fission have to be 
calculated for all chances energetically possible.This has to be 
considered in the model application by separate calculation for 
each chance and a following summation weighted by the partial 
fission cross sections. 
Starting with the calculation of fragment data for all chances 
within TSM taking into account the changes in mass and excitation 
energy of the compound nucleus after emission of pre-fission 
neutrons, FINESSE is applied to deduce the neutron data. 
As discussed above, the total value of neutron multiplicity and 
total kinetic energy are given by a superposition weighted by the 
partial fission cross section a. for chance x, r, x 

Sax 
t o t " "f tot L C "x + X > ( 1 ) 

f , t o t x-0 (including pre-fission neutrons) 

T K E t o t = S T 1 " Z °f,x T K E x <2> 
f ' t o t x=0 

with x m,ax 
"f.tot = 2 af,x <3> 

x=0 
The partial fission cross sections as shown in Fig.l are W ai calculated by the code STAPRE (Maslow-version Minsk /6/). 

Fig.l Total and partial fission cross section for the neutron 
induced fission of U (STAPRE) 

Fragment Mass Number 
Fig.2 Fragment mass yield for 23BU+n at 14 MeV incidence 

energy. The contlnous, dotted, and dashed curres 
correspond to first-, second-, and third-chance 
fission, respectively. 



W Within a 5-Gaussian approach to the the fragment mass yield, O) 
changes of the compound nucleus and its excitation energy are 
considered, too. The distribution parameters are determined by the 
excitation of the fissioning nucleus above its fission barrier. As 
an example. Fig.2 shows the mass yield curves for the three 
chances at 14 MeV incidence energy. 
Finally, the prompt fission neutron spectrum is calculated within 
FINESSE for each chance using the corresponding fragment data. 
As shown in the case of fragment characteristics, the total 
spectrum is given by 

N<E>tot = 1 r \ . x n(e>X <4) 
f ' t o t x=0 

(Here, N(E) X is normalized to y
x > 

The total average energy of post-fission neutrons can be calcu-
lated on the basis of the total spectrum (eq.(4)) or using 

J a Z E 
E„„„ = — ^ — - — - (x=0,1,2) (5) tot 

4. Results 

In Fig. 3, the total neutron multiplicity (averaged over all 
fragments) is plotted versus incidence energy. Calculated values 
are in good agreement with measured data in the whole incidence 
energy range considered. 
The comparison of calculated total kinetic energies with 
experimental data is more difficult, since measured data exist 
only up to 6 MeV incidence energy. Further, this quantity is very 
sensitive to the fragment mass distribution involved. As depicted 
in Fig. 4, the striking trend in the TKE behaviour, i.e. the 
decrease with incidence energy, is well reproduced. Above the 
threshold for second- chance fission, the decrease is suppressed 
by higher TKE values for the (n, n'f) reaction a.s.o.! 
Fig. 5 shows the average LS-neutron energy asfunction of the 
incidence energy.Cor responding values deduced from Terrell 
relation /3/, i.e. 

_ _ rz • 
E = 0.75 + 0.65 y v + 1 (6) 

are also included. Obviously, this empirical relation doesn't 
account for effects of higher order fission chances on E. 

Incidence Energy [MeV] 
Fig. 3 Total neutron multiplicity as function of incidence 

energy compared with experimental data /7-10/ for the 
neutron induced fission of "°U 
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Fig. 4 Total kinetic energy as function of incidence energy 

compared with experimental data /11,12/for th neutron 
induced fission of U 
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Fig. 6 Deviation of calculated fission neutron spectra 
Maxwellian for different incidence energies 

from 
for 

multiple chance fission of U 

Again, calculated and measured data are in good agreement within 
experimental uncertainties. Note that the calculated average 
energies correspond to the post-fission neutrons only. That cause 
differences to experimental data including pre-fission neutrons at 
E >6 MeV, too. Further, the average energy of a measured spectrum 
is very sensitive to the neutron energy range taken into account. 
The calculated energies are relevant to the entire spectrum. 
In a first order approximation, the prompt fission neutron 
spectrum can be described by a Maxwellian, whose temperature is 
deduced from the average neutron energy (T=2/3E). The systematic 
calculations performed in this work show that the deviation from 
this distribution are similar for all incidence energies 
considered.In Fig. 6, this is represented for 6 incidence 
energies. 

5. Conclusions 

The theoretical description of fission energetics and neutron 
emission within the model-complex TSM and FINESSE reproduces 
general trends in fragment characteristics and in prompt fission 
neutron spectra in the whole incidence energy region up to 20 MeV. 
Especially, the total neutron multiplicities are in a good 
agreement with measured data. The calculation of fission neutron 
spectra has shown that a first order approximation by a Maxwellian 
distribution is possible. However, an application of the empirical 
relation between average energy and average neutron multiplicity 
involves uncertainties, especially in the case of multiple chance 
f iss ion. 
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