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Cross sections for neutron-induced reactions on 238U are calculated by using the Hauser-Feshbach

Moldauer theory, the coupled channel model and the double-humped fission barrier mode1. The direct 

excitation of ground state band levels is calculated with a rigid rotator mode1. The direct excitation of 

vibrational octupole and K=2+ quadrupole bands is included using a soft (deformable) rotator mode1. 

The competition of inelastic scattering to fission reaction is shown to be sensitive to the target nucleus 

level density at excitations above the pairing gap. As for fission, (n,2n), (n,3n), and (n,4n) reactions, 

secondary neutron spectra data are consistently reproduced. Pre-equilibrium emission of first neu

tron is included. Shell effects in the level densities are shown to be important for estimation of energy 

dependence of non-emissive fission cross section. 
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Introduction 

Nuclear data of 238U are very important for thermal and fast reactor calcula
tions. Especially important are inelastic scattering cross section and secondary 
neutron distribution [1]. Inelastic scattering processes in 238U have been a source 
of controversy. The neutron inelastic scattering cross sections of available eval
uated data files JENDL-3.2[2], ENDF/B-VI [3], BROND-2 [4], JEF-2 [5] are 
discrepant in most cases. The source of discrepancies is often masked by specific 
evaluation approaches [6], which might be documented only scarcely. The situa
tion is further complicated by the measured inelastic scattering data discrepancies 
[7]. As regards the excitation functions of discrete levels there is a systematic 
discrepancy of data obtained by time-of-flight method [8] and by (n,n',) mea
surements [8, 9]. The measured total inelastic scattering cross section data above 
/"VI MeV incident neutron energy [10, 11, 12] are also somewhat discrepant. Ba
sically previous evaluated inelastic scattering cross sections were obtained with 
statistical theory calculations, however procedure of normalization to measured 
data was applied. Consequently, the possibility of describing measured data base 
with Hauser-Feshbach-Moldauer statistical theory still remains uncertain. In case 
of ENDF/B-VI data file, the evaluation approach is a correlation of theory and 
experiment, while in JENDL-3.2 the calculated compound discrete level inelastic 
scattering components are strongly renormalized to give better agreement with 
measured total inelastic scattering data [6]. The JEF-2 evaluation is based es
sentially on the superceded version of JENDL evaluation. As distinct from the 
previous evaluations we proceed within full-scale Hauser-Feshbach theory, cou
pled channel optical model and double-humped fission barrier model. Fit to the 
neutron-induced fission data and consistent description of (n,2n) and (n,3n) re
action data might provide a rather sound constraint for inelastic cross section 
calculation. 

The important item for the total inelastic scattering cross section in a few 
MeV incident neutron energy range is the scattering to the 238U continuum lev
els. For this the level density modelling above the pairing gap of even-even nuclide 
238U is important. The competition of 238U(n"n') reaction to the "true" cap
ture reaction (n",) also turns out to be dependent on the target nucleus 238U 
level density at excitations just above the pairing gap. The pairing correlation 
effects are important also for describing level densities of N-odd nuclei, e.g. 239U 
fissioning nuclide at excitation energies of a few MeV. There exist some experi
mental signatures which are used to test the validity of the level density model 
and to demonstrate the importance of the collective, pairing and shell effects. 
The effects of pair correlations were evidenced [13] in statistical ,-decay spectra 
of even-even deformed nuclide 192Hg. Statistical ,-decay spectra from compound 
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nuclei (A=114-200), formed by neutron capture, probe the level density of the 
excited states below neutron binding energy. The decay probabilities of nuclear 
states by two-step cascades [14) demonstrate almost the same kind of structure. 
The step-like structure in 239Pu(n,2n) reaction cross section was shown to be a 
consequence of threshold excitation of two-quasiparticle configurations in residual 
even-even nuclide 238pU [15]. We demonstrate here that one needs the sophisti
cation of level density modelling to describe consistently the available measured 
data base for 238U. 

Statistical Model 

Hauser-Feshbach-Moldauer statistical theory is employed for partial cross sec
tion calculations below emissive fission threshold. Fissioning and residual nuclei 
level densities as well as fission barrier parameters are key ingredients, involved 
in neutron-induced actinide cross section calculations. For calculations to be 
accomplished, the following procedure should be pursued. First, level density pa
rameters are defined, using neutron resonance spacing (Dobs ) estimates for 238U, 
237U, 236U, 235U and 234U target nuclides, which are formed in neutron emission 
cascade reactions. Constant temperature level density parameters To, Eo, Uc are 
defined by fitting cumulative number of low-lying levels of 239U, 238U, 237U, 236U, 
235U and 234U. At incident neutron energies, when continuum levels are excited, 
width fluctuation correction is treated within Tepel et al. [16] approach. Cross 
sections, calculated with statistical theory by Tepel et al. [16] approach are 
matched to those calculated with Hauser-Feshbach-Moldauer statistical theory 
at the incident neutron energy equal to the energy of last discrete level. Then 
fission cross sections 238U, 237U, 236U and 235U target nuclides are calculated up 
to emissive fission threshold to extract fission barrier parameters. After that to
tal, reaction and direct excitation cross sections of ground state band levels up 
to 20 MeV are calculated, and then neutron transmission coefficients T,,(E) for 
the code STAPRE [17] are obtained. At last, cross sections up to 20 MeV are 
calculated. 

A coupled channels model is adopted for the calculation of direct inelastic 
scattering contribution of the discrete level excitation. The direct excitation of 
ground state rotational band levels 0+-2+-4+-6+ is estimated within rigid rotator 
model, which is used also for calculation of entrance neutron transmission coeffi
cients. To calculate the direct excitation cross sections for ,,-vibration (K1r = 0+, 
2+) as well as octupole (K1r = 0-) band levels a soft rotator model [18] is used. 

In case of fast neutron (E :s; 6 MeV) interaction with 238U target nucleus, 
the main competing channels against neutron inelastic scattering are fission and 
radiative neutron capture. Below there is an outline of the statistical model 
[19, 20] employed. 

- 2 
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2.1 Cross Section Formula 


In the statistical theory of nuclear reactions the neutron-induced reaction 
cross section is given by 

'2 

(E) = 7r A "'" (2J + l)T/.7r(E)pJ7r(E)SliJ7r (1)
O"nx 2(21 + 1) ~ lJ x nx ,

lJJ7r 

the compound nucleus decay probability p;7r (x = n, /, ,) is 

TJ7r(U) 
P;"(E) = TrW) + i:"W) + T~"(U)' (2) 

where U = B + E is the excitation energy of the compound nucleus, B is the 
neutron binding energy, E is the incident neutron energy, r,;7r are the entrance 
neutron transmission coefficients for the channel (l j J7r), 1 is the target nucleus 
spin. Decay probability p;7r (E) of the compound nucleus with excitation en
ergy U for given spin J and parity 7r, depends on T!7r, T;{7r(U) and T;7r(U) , 
transmission coefficients of the fission, neutron scattering and radiative decay 
channels. S!j;7r denotes partial widths Porter-Thomas fluctuation factor. Be
low incident neutron energy equal to cut-off energy of discrete level spectra the 
neutron cross sections are calculated within Hauser-Feshbach approach with cor
rection for width fluctuation by Moldauer [21]. For width fluctuation correction 
calculation only Porter-Thomas fluctuations are taken into account. Effective 
number of degrees of freedom for fission channel is defined at the higher fission 
barrier saddle as vf7r = Tf7r /Tf":"nax, where Tf":"nax is the maximum value of the 
fission transmission coefficient Tf7r. At higher incident neutron energies the Tepel 
et al. [16] approach is employed; it describes cross section behavior in case of 
large number of open channels correctly. 

2.2 Level Density 

Level density is the main ingredient of statistical model calculations. Level 
density of fissioning, residual and compound nuclei define transmission coefficients 
of fission, neutron scattering and radiative decay channels. We will discuss here 
level densities of even-even nuclide 238U and even-odd nuclide 239U. 

The level density description should reproduce both the average neutron reso
nance spacing and the observed cumulative number of levels Nexp(u). The prob
lem which one usually dealing with is the fair description of the cumulative num
ber of levels Nexp(u) with the calculated cumulative number of levels Ntheor(u). 
To calculate the residual nucleus 238 U level density at the low excitation en
ergy, i.e. just above the last discrete level excitation energy where Nexp(u) "" 
Ntheor(u), we employ a Gilbert-Cameron-type approach. The constant temper
ature approximation of 

- 3 
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p(U) = dN(U)/dU = T- 1 exp((U Uo)/T) (3) 

is extrapolated up to the matching point U c to a phenomenological model by 
Ignatyuk et al. [22] with the condition 

(4) 

In this approach Uo ~ -n60 , where 6 0 is the pairing correlation function, 6 
12/VA, A is the mass number, n = 0 for even-even, 1 for odd and 2 for odd

0 

odd nuclei, i.e., Uo has the meaning of the odd-even energy shift. The value of 
nuclear temperature parameter T is obtained by the matching conditions at the 
excitation energy Uc . 

At higher energies U > Uc the level densities were calculated with a phe
nomenological model by Ignatyuk et al. [22], which takes into account the shell, 
pairing and collective effects in a consistent way 

p(U, J,1[") = Krot(U, J)Kvib(U)Pqp(U, J,1["), (5) 

where Pqp(U, J,1[") is the quasiparticle level density and Krot(U, J) and Kvib(U) 
are factors of rotational and vibrational enhancement of the level density. The 
relation (5) holds in an adiabatic approximation, when collective and intrinsic 
excitation contributions to the total level density p(U, J, 1[") are factorized. In this 
approach the modelling of total level density 

p(U) = Krut(U)K.ib(U)~) = r-l exp«U - Uo)/T) (6)
21["0

in Gilbert-Cameron-type approach looks like a simple renormalization of quasi
particle state density Wqp(U) at excitation energies U < Uc. Here, 0-2 = Fil t is the 
spin distribution parameter, t is thermodynamic temperature, Fil = 6/1["2 < m2 > 
(1 - 2/36'), where < m2 > is the average value of the squared projection of the 
angular momentum of the single-particle states, and 6' is quadrupole deformation 
parameter. 

For a deformed axially symmetric nucleus 

(7) 

where 0-1 is the spin cutoff parameter, F1- is the nuclear momentum of inertia 
(perpendicular to the symmetry axis), which equals the rigid-body value at high 
excitation energies, where the pairing correlations are destroyed. The momentum 
of inertia takes an experimental value at zero temperature and is interpolated in 
between, using the pairing model. 

For triaxially asymmetric nuclides the rotational enhancement factor is 

(8) 

- 4 
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The closed-form expressions for thermodynamic temperature and other relevant 
equations which one needs to calculate p(U, J,7r) are provided by Ignatyuk et al. 

[22] 
The collective contribution of the level density of deformed nuclei is defined 

by the nuclear deformation order of symmetry. The actinide nuclei at equilibrium 
deformation are axially symmetric. We adopted the order of symmetry of nuclear 
shape at inner and outer saddles from calculations within shell correction method 
(SCM) by Howard & Moller [23]. The main parameter of the level density a 
was obtained by fitting the neutron resonance spacing. The neutron resonance 
spacing < Dobs > = 20.761 eV and < Dobs >= 2.973 eV for 238U and 237U target 
nuclides, respectively, were obtained using a method, which takes into account 
the correlation of weak resonance missing and resonance missing due to poor 
experimental resolution [24]. 

We will illustrate cumulative number of levels description with constant tem
perature approximation for 239U and 238U nuclides. The cumulative number of 
observed levels for even-even 238U and even-odd 239U are compared with constant 
temperature approximation in Figs. 1 and 2. In case of 238U missing of levels 
above pairing gap is markedly pronounced. In case of 239U nuclide missing seems 
to be pronounced above excitations of 0.3 MeV 

The quasiparticle level density Pqp(U, J,7r) is defined as follows: 

(9) 

Few-quasiparticle effects which are due to pairing correlations are essential for 
state density calculation at low intrinsic excitation energies either for equilibrium 
and saddle deformations. The step-like structure in 239Pu(n,2n) reaction cross 
section was shown to be a consequence of threshold excitation of two-quasiparticle 
configurations in residual even-even nuclide 238pU [15]. The same effect is pro
nounced in 238U(n,')') data description through (n,,),n') reaction competition [25]. 
We argue that they are important also for reasonable fitting of inelastic scatter
ing cross section data for even-even target nuclide 238U at low energies, typically 
below rv2 MeV incident neutron energy. In case of even-odd fissioning nuclide 
239U few-quasiparticle effects are also important for description of over-threshold 
irregularities evident in fission cross section data [26]. 

The partial n-quasiparticle state densities, which sum-up to intrinsic state 
density of quasiparticle excitations could be modelled using the Bose-gas model 
prescriptions [15, 27].The intrinsic state density of quasiparticle excitations Wqp(U) 
could be represented as a sum of n-quasiparticle state densities Wnqp(U): 

gn(u - un)n-l 
(10)Wqp(U) = ~Wnqp(U) = ~ ((n/2)!)2(n _ I)!' 

where 9 = 6acr / 7r
2 is a single-particle state density at the Fermi surface, n is the 

- 5 
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number of quasi particles. 
The threshold values for excitation of n-quasiparticle configurations are cal

culated from [27]. The partial n-quasiparticle state densities Wn (U) depend 
.. 11 h qpcntIca y on t e threshold values Un for excitation of the n-quasiparticle config

urations, n = 2,4... for even-even nuclei and n = 1,3... for odd-A nuclei. The 
values of Un could be defined as follows from [27] : 

Econd(3.23n/ner -1.57n2/n~r)' if n < 0.446ncr 
{ Econd(1 + 0.627n2/n~r)' if n 2:: 0.446ner . 

(11) 

Here, ncr = 12/7r2(ln2)gter , critical temperature ter = 0.571il, condensation en
ergy Econd = 0.152acrLl2-mil, with m=O, 1,2 for even-even, odd-A and odd-odd 
nuclides, respectively. This Un value estimate embodies the energy dependence 
of the correlation function Ll (U) as well as a modified Pauli correction to the 
excitation energy. The angular momentum distribution parameter arr could be 
represented as 

aIT = L n(m2)wnqp(U)/ LWnqp(U), (12) 
n n 

where (m2) 0.24A2/3 is the average value of the squared projection of the 
angular momentum of the single-particle states on the symmetry axis. 

The pairing is weakened by excitation of few-quasiparticle states; virtually 
only lowest quasiparticle number states (n =2 for even nuclei and n = 1 for odd 
nuclei) lead to pronounced structure in total level density for actinide nuclei [15]. 
In case of even-even nuclei intrinsic two-quasiparticle state density W2 (U) could be 
represented by an equation, modifying W2(U) = g2(U - U2) with a Woods-Saxon 
expression at excitations below four-quasiparticle excitation threshold: 

W2(U) = g2(U4 - U2 - a)(1 + exp((U2 - U + (3)/ry))-l. (13) 

This estimate of W2(U) was obtained by modelling the structure of 238pU intrinsic 
state density to interpret observed step-like structure in 239Pu(n,2n) reaction 
data near threshold [15]. Here we will model this type of step-like behavior 
with constant temperature model parameters. We modelled the nuclear level 
density p(U) of even-even nuclei above the pairing gap up to the four-quasiparticle 
excitation threshold as 

(14) 

This estimate almost coincides with that, obtained with Bose-gas modelling of 
intrinsic state density. The numerical values of 84 =0.3 MeV, (84 0.5(U4f'o.I 

U2 )),8a =0.1 MeV,88 = O.ll\1IeV parameters, for residual nucleus, defining shape 
of p(U) are extracted by fitting total inelastic and fission cross section data of 
238U. The total level density for even nuclide 238U at equilibrium deformation, 
calculated with Eqs. (5-14), as compared with the Gilbert-Cameron-type ap
proximation of p(U) is shown in Fig. 3. The arrows on the horizontal axis of 

- 6 
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Fig. 3 indicate the excitation thresholds of even n-quasiparticle configurations. 
Below the excitation threshold U2, i.e. within pairing gap the constant temper
ature model fits cumulative number of 238U levels. Actually the collective levels 
of ENSDF [28] are employed within pairing gap. 

In case of odd-even and even-odd nuclei the partial contributions of n-quasi
particle states Wnqp(U) to the total intrinsic state density wqp(U) produces distinct 
"jump" only below three-quasiparticle excitation threshold U3 (see Fig. 4). Nu
clear level density p(U) up to the three-quasiparticle excitation threshold U3 is 
virtually independent of the excitation energy, since the intrinsic state density 
(WI rv g) is constant. In this excitation energy region we will model the level 
density as 

p(U) T j l(l + 2.5(U - 0.5U3 ) exp((U3 + tl. f - Uo - 83 )/Tf ) 

rv exp((tl.f Uo)/Tf ). (15) 

Above the three-quasiparticle states excitation threshold the constant tempera
ture model is used, since the intrinsic state density here is virtually a smooth 
function of excitation energy. For excitation energies below five-quasiparticle 
and above three-quasiparticle states excitation threshold the level density could 
be slightly increased, as compared with constant temperature model approxima
tion: 

(16) 


The numerical values of parameters 83 =1.2 MeV and 85 = 0.075 NIeV are defined 
by fitting 238U fission cross section data. 

The shell correction dependence of a-parameter is defined using the following 
equation [22]: 

a(U) = { 	a(l+ 8Wf(U - Econd)/(U Econd))' U > Ucr = 0.47acrtl.2 -mtl. 
a(Ucr) = acr U ::; Ucr 0.47acr tl.2 -mtl., 

(17) 
here m = 0,1,2 for even-even, odd-A and odd-odd nuclei, respectively; f(x) 
1 exp( -'"'Ix), is the dimensionless function, defining the shell effects dumping; 
condensation energy Econd = 0.152acrtl.2

, where tl. is the correlation function, a 
is the asymptotic a-parameter value at high excitation energies. We assume that 
a-values for equilibrium and saddle deformations are equal. 

The parameters of the level density model for inner and outer saddles and 
equilibrium deformations are as follows: shell correction 8W, pairing correlation 
functions tl. and tl.f, at equilibrium deformations tl. = 12/vIA, quadrupole de
formation c and momentum of inertia at zero temperature Fo/1i2 are given in 
Table 1. For ground state deformations the shell corrections were calculated as 
8W Mexp MA1S, where MMS denotes liquid drop mass (LDNI), calculated 
with NIyers-Swiatecki parameters [29], and Mexp is the experimental nuclear mass. 
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Shell correction values at inner and outer saddle deformations 8Wf(B) are adopted 
following the comprehensive review by Bjornholm and Lynn [30]. 

Table 1 Level density parameters of fissioning nucleus and residual nucleus 

Parameter inner saddle outer saddle neutron channel 
8W, MeV 2.5* 0.6 LDM 
6., MeV 6.0 +8** 6.0 +8* 6.0 

c 0.6 0.8 0.24 
Folh~, MeV-1 100 200 73 

*) for axially asymmetrIc deformatIons, 1.5 MeV for aXIally symmetric 

deformations; 


**)8 = iJ.! ~ value is defined by fitting fission cross section in the plateau 

region. 


3 Optical Potential 

Optical potential parameters by Haouat et al. [31] are adopted for n+238U in
teraction data analysis in previous evaluation of JENDL-3.2 [2], coupling scheme 
being 0+-2+-4+. Optical potential parameters proposed by Young [32] assume 
the same coupling scheme and are slightly different from those of Haouat et al. 
Hence, there would be no direct excitation of 6+ level of ground state band. We 
tried optical potential parameter search with 0+-2+-4+-6+ coupling scheme, us
ing potential parameter values proposed by Young [32] as starting ones. Optical 
potential parameters were determined by fitting total cross section data, angular 
distributions and s-wave strength function. The following potential parameters 
were obtained: 

VR =46.29 - 0.3E, MeV, TR =1.26 1m, aR =0.63 1m 
W ={ 2.92 + OAE, MeV, E ~ 10MeV, TD =1.26 1m, aD =0.52 1m 

D 6.92 MeV, E > 10 MeV 
Vso = 6.2 MeV, TSO = 1.12 1m, aSO 0047 1m, 

3.1 Total Cross Section 

Total cross section data fits with present and previous optical potentials 
[31, 32] are not much different below 10 MeV (see Figs. 5,6). Anyway, the 
discrepancies are well below the scatter of the measured data points. At incident 
neutron energies lower than !"V0.5 MeV the bulk of the data points is about 0.5 
barns lower, than optical model calculations predict. This energy region is impor
tant for the first 2+ level excitation cross section estimation. The measured data 
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trend was reproduced in JENDL-3.2 evaluation by a X2- fit of lower measured 
data. 

Above ",,10 MeV the shape of total cross section, calculated with potential 
by Young [32] is different from our calculation. In the optical potential proposed 
by Young [32], there is a relatively small v.olume absorption term. It influences 
total cross section data fit (see Fig. 7), but changes drastically the reaction 
cross section shape above ",,10 MeV. We argue that adding volume absorption 
term one faces severe problems with consistent description of fission and (n,xn) 
reaction cross section data just above 10 MeV incident neutron energy. Elastic 
cross section data shape is fairly reproduced (see Fig. 8). 

3.2 Reaction Cross Section 

Figure 9 shows the comparison of reaction cross sections, calculated with 
different coupled channels optical potentials. It will be shown below that the 
decreasing trend of reaction cross section above""10 MeV is very important for 
consistent measured data description. Reaction cross section shapes, calculated 
with different optical potentials, appear to be rather different. Below ",,0.1 MeV 
the discrepancies are due to fitting different values of s-wave strength functions, 
value of So = 1.16 x10-4 (eV)-1/2 [24] which we fitted being the highest. 

3.3 Angular Distributions 

Elastic scattering angular distribution fit at 3.4 MeV is shown in Fig. 10. 
Fits with our and other potentials are slightly discrepant only at large angles. 
As regards inelastic scattering to 2+ and 4+ levels at 3.4 MeV incident neutron 
energy, our fit appears to be shifted to lower values (see Figs. 11, 12). 

Elastic scattering angular distributions at 4.5, 5.0, 5.5, 5.9, 6.5, 7.14, 7.5, 
8.03, 8.4, 8.56, 9.06, 9.5, 10, 14.1 MeV are shown in Figs. 13-26. Fits with 
our potential appear to be somewhat better at 4.5, 5.0, 5.5, 5.9, 6.5, 7.14 IVIeV 
incident neutron energies and equally good at 8.03, 8.4, 8.56 MeV as compared 
with other potentials. At. higher energies of 9.06, 9.5, 10, 14.1 MeV scattering 
data to large angles (above ""900 

) are described rather poorly with any potential. 
Possibility of improving angular distribution at 14.1 MeV with soft-rotator 

optical potential model, which gives essentially higher reaction cross section esti
mate was addressed recently [18] . However, the reaction cross section in that case 
is ",,20% higher than that, calculated with present optical potential model. This 
high value is inconsistent with other measured data base and cannot be accepted. 
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Fission Cross Section 

The fission cross-section data is used as a major constraint for inelastic scat
tering cross section estimation. Cqnsistent description of measured data at deep 
subthreshold excitations and in the first 'plateau' might justify the validity of 
level density description and fission barrier parameterization. 

4.1 Fission Channel 

Analyzing neutron-induced fission data in a double humped fission barrier model, 
fission process can be viewed as a two-step process, i.e., successive crossing over 
the inner hump A and over the outer hump B. Hence, the transmission coefficient 
of the fission channel T!1r (U) can be represented as 

J1r T!J. (U)T!'B (U) (18)
Tf (U) = (T!J.(U) +T!'B(U))' 

The transmission coefficient T!t(U) is defined by the level density Pfi(e, J,7r) of 
the fissioning nucleus at the inner and outer humps (i = A,B, respectively): 

(19) 

where the first term denotes the contribution of low-lying collective states, the 
second term that from the continuum levels at the saddle deformations, and € is 
the intrinsic excitation energy of fissioning nucleus. The first term contribution 
due to discrete transition states is dependent upon saddle symmetry. The total 
level density Pfi (€, J, 7r) of the fissioning nucleus is determined by the order of 
symmetry of nuclear saddle deformation. 

Inner and outer fission barrier heights and curvatures as well as level densities 
at both saddles are the model parameters. They are defined by fitting fission cross 
section data at incident neutron energies below emissive fission threshold. Fission 
barrier height values and saddle order of symmetry are strongly interdependent. 
The order of symmetry of nuclear shape at saddles was defined by Howard and 
Moller [23] within shell correction method (SCM) calculation. We adopt the 
saddle point asymmetries from SCM calculations. These saddle asymmetries de
pend on Z and N of the fissioning nucleus. According to shell correction method 
(SCM) calculations of Howard and Moller [23] the inner barrier was assumed axi
ally symmetric in case of U compound systems with A ~ 236 and asymmetric for 
A > 236. This helps to interpret the non-threshold fission cross section behavior 
of 232U(n,f) [47] assuming a lowered height of axially symmetric inner hump of 
233U, as anticipated by Howard and Moller [23] with SCM calculations. Outer 
barrier for uranium nuclei is assumed mass-asymmetric. 
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4.1.1 	 Fission 'Iransmission Coefficient, Level Density and 'Iransition 
State Spectrum 

Fission cross section data of 238U exhibits almost classic threshold shape, since 
vi brational resonance at !'"V1.15 ~leV is rather weak. The different behavior of level 
densities of even-odd and even-even nuclei at low excitation energies should be 
taken into account. Adopted level density description allows to fit subthreshold 
cross section shape (see Fig. 27). Incident neutron energy E3 = U3 +EfA(B) - Bn 
correspondent to excitation of three-quasiparticle states is !'"V 3 ~leV. The one
quasiparticle neutron states of even-odd fissioning nuclide, lying below the three
quasiparticle states excitation threshold define the shape of fission cross section 
below incident neutron energy of E ~ EfA(B) + U3 - Bn. At higher excitation 
energies three-quasiparticle states are excited. Two-quasiparticle states in even 
residual nuclide 238U could be excited at incident neutron energies E > U2 . At 
lower energies fission cross section shape is controlled by one-quasiparticle state 
density. The transition state spectra were constructed using values of Fo/n2 at 
the inner and outer saddles shown in Table 1. 

Each one-quasiparticle state in odd fissioning nucleus is assumed to have a 
rotational band built on it with a rotational constant, dependent upon the re
spective saddle deformation. We construct the discrete transition spectra up to 
!'"V100 keV, using one-quasiparticle states by Bolsterli et al. [48] (see Table 2). 
The discrete transition spectra, as well as continuous level contribution to the 
fission transmission coefficient are dependent upon the order of symmetry for 
fissioning nucleus at inner and outer saddles. Due to the axial asymmetry at the 
inner saddle we additionally assume (2J + 1) rotational levels for each J value. 
The negative parity bands K1f = 1/2- ,3/2-, 5/2- ... at outer saddle are assumed 
to be doubly degenerate due to mass asymmetry. With transition state spectra 
thus defined the fission barrier parameters are obtained. Uranium non-fissile tar
get cross sections are not very sensitive to the discrete level spectra at the lower 
outer barrier. 

Table 2 Transition spectra band-head.s Z-even, N-odd nuclei 

inner saddle outer saddle 
K1f EK 7f, MeV K1f EK 7f, MeV 
1/2+ 0.0 1/2+ 0.0 
5/2+ 0.08 1/2 0.0 
1/2 0.05 3/2+ 0.08 
3/2 0.0 3/2 0.08 

5/2+ 0.0 
5/2 0.0 
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4.2 Fission Data Analysis 


Measured data for 238U fission cross section are available in deep subthreshold 
energy range. Below rv2 Me V incident neutron energy data by Behrens et al. 
[49], Fursov et al. [50], Meadows et al. [51, 52] and Vorotnikov et al. [53] are 
compatible (see Fig. 27). At higher incident neutron energies shapes of data 
by Behrens et al. [49] and Fursov et al. [50] are slightly different. Data by 
Androsenko et al. [54] exhibit rather large scatter below 3.6 MeV. The most 
peculiar feature of measured data base is a "cusp" in the energy range of 2 - 4 
MeV. We assume it to be due to interplay of level densities of even-odd fissioning 
nuclide 239U and residual nuclide 238U (see Fig. 28). 

One-quasiparticle neutron states of even-odd 239U fissioning nuclide, lying 
below three-quasiparticle states excitation threshold define the shape of 238U 

fission cross section below incident neutron energy of rv2.8 MeV. Irregularities at 
rv1.15 MeV and rvO.4 MeV are attributed to second well vibrational resonances. 
At higher energies three-quasiparticle states are excited. We fit the data by 
Fursov et al. [50] with relevant level density parameters. 

5 Inelastic Scattering 

Main competing channels against inelastic scattering are elastic scattering, 
capture and fission. Elastic scattering competition is of overwhelming impor
tance below rv2 MeV incident neutron energy. At higher energies fission channel 
competition is decisive. 

5.1 Neutron Channel 

The lumped transmission coefficient of the neutron scattering channel is given 
by 

fU-Uc 

T~1r(U) = LT/F(E - Eql) + L io T/F(E')p(U - E', I', 1f)dE', (20) 
l' j' q l' j'l' 0 

where p(U - E', 1', 1f) is the level density of the residual nucleus. Levels of residual 
nuclide 238U are provided in Table 3. The entrance channel neutron transmission 
coefficients 1li1r are calculated within a rigid rotator coupled channel approach. 
For the compound nucleus formation cross section calculation, the cross sections 
of the direct excitation of ground state band levels were subtracted from the 
reaction cross section. The compound and direct inelastic scattering components 
are added incoherently. The coupled channel calculations as well as the statistical 
lTIodel calculations were performed with the computer code STAT [55]. 

The exit neutron transmission coefficients 1l!;(E') were calculated using the 
same deformed optical potential, as that for the entrance channel, but without 
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coupling. This approximation may lead to some error, however we believe that 
the influence of the coupling scheme, which is different from that in the entrance 
channel would not be too large. 

Below 5 MeV incident neutron energy, due to high fission threshold the main 
contribution to inelastic scattering on 238U comes from the compound processes 
(see Figs. 29-43). For ground state band levels the direct and compound compo
nents became comparable above rv1.5-2 MeV. As regards ,-vibration band levels 
the direct component contribution never exceeds rv 10 rrlbarns . 

. Table 3 Levels of 238 U 

eV JTr KTr E,MeV JTr KTr 

1.0566 4+ 2+ 1.0595 3+ 2+ 

1.0373 2+ 0+ 1.0603 2+ 2+ 

0.9975 3 1 1.0765 12+ 0+ 
0.993 0+ 0+ 1.1057 3+ 2+ 

73 2+= 2+ 1.1126 I I
0.9663 7 0 1.1270 4+ 2+ 
0.9502 2 1 1.1287 2 1 
0.9308 I I 1.1503 9 0

0.9257 0+ 0+ 1.1680 4+ 
I 2+ 

0.8267 5 0 1.1704 3 1

0.7757 10+ 0+ 

0.7319 3 0

0.6801 1 0

0.5183 8+ 0+ 

0.3072 6+ 0+ 

0.1484 4+ 0+ 
0.0449 2+ 0+ 
0.0000 I 0+ 0+ 

5.2 Ground State Rotational Band 

The first excited level cross section is the most extensively studied (see Fig. 
29), nonetheless the data points scatter a lot below rvO.8 MeV. Calculated cross 
section shape is controlled by competition of elastic scattering. Calculated cross 
section value around 0.6 MeV seems to be the highest attainable with present 
approach. The compound component tends to be zero above rv3 MeV incident 
neutron energy. The present and previous coupling scheme and potential pa
rameters are somewhat different, so the discrepancies below rv3 MeV are due 
to both direct and compound contribution estimates. The present calculation 

13 



lAERI-Research 98-040 

describes essentially the data by Kornilov et al. [56] and Beghian et al. [57]. 
We increased the cross section around the maximum of the first excited level 
cross section up to the data by Kornilov et al. [56]) indirectly taking them into 
account while searching optical potential parameters. The calculated cross sec
tion of 4+-level excitation is somewhat different from the previous evaluations 
below rv1 MeV incident neutron energy (see Fig. 30), although it is compatible 
with measured data well within data errors. The present 6+ - level excitation 
cross section is close to evaluation of JENDL-3.2 below 1.4 MeV (see Fig. 31). 
We employ coupling schema of 0+-2+-4+-6+, direct contribution of 6+ -level ex
citation is predominant above rv2 MeV. Direct contribution should be virtually 
zero, when using coupling basis of 0+-2+-4+. We may conclude, that 6+ - level 
excitation cross section evaluations of JENDL-3.2 and ENDF/B-VI are not pure 
calculations, they were normalized to reproduce measured data trend. 

The direct excitation cross section of ground state rotational band levels 0+
2+-4+ -6+ changes very smoothly up to 20 MeV. 

5.3 Soft Rotator Model 

Another direct component is due to excitation of octupole and quadrupole 
band levels. Direct excitation cross sections for I'CB)-vibration (K1T = 0+, 2+) as 
well as octupole (K1T = 0-) band levels are calculated with a soft rotator model 
[18]. Actually the calculations were made adding each K1T = 0+, 2+, 0- band level 
one by one to the 0+-2+-4+-6+ coupling basis, since the coupling with ground 
state band levels is the strongest for any level (see Table 4). In other words, five 
levels were coupled. 

In a soft rotator model, e.g. deformed non-axial, soft to quadrupole vibra
tions rotor, collective states structure is described [18], so the coupling strength 
parameters were derived. The differential scattering data [8] for negative parity 
level excitations at 1.5 MeV and 2 MeV incident neutron energy are no good to 
fix reliable values of octupole equilibrium deformation parameter. The reason is 
very low contribution of direct scattering, as compared with compound one. 

5.3.1 Octupole Band 

The respective direct component contribution never exceeds rv20 mbarns 
above 10 MeV [65]. The most pronounced is the direct excitation contribu
tion for the K1T=O- band head state 0.6801 MeV (J 1T =I-). Evaluated curves are 
rather consistent, except JEF-2 data (see Fig. 32). The same is the case for 
second 0.7319 MeV (J1T=3-) (see Fig. 33) and third 0.8267 MeV levels (J1T=5-) 
of K1T = 0- band (see Fig. 34). One may assume that the ENDF/B-VI curve only 
somewhat overestimates this cross section, however this is a kind of systematic 
overestimation, since in case of third level 0.8267 MeV (J1T =5-) of K1T =0- band 
the discrepancy is much larger (see Fig. 34). The excitation cross section of the 

- 14



lAERI-Research 98-040 

second member 0.9502 MeV (J1r=2-) of the octupole band K1r=I- is shown in 
Fig. 36. 

a e 4 C oup lng sc herne orT. bl r 
1.1680; 4+ 

1.1503 9
1.12704+ 

1.1057; 3+ 
1.0603; 2+ 

I 1.0566; 4+ 
1.0373; 2+ 
0.993; 0+ 

0.9673; 2+ 
0.9663; 7

0.9257; 0+ 
0.8267; 5
0.7319; 3
0.6801; 1

0.3072; 6+ 
0.1484; 4+ 
0.0449; 2+ 
0.0000; 0+ 
K1r= 0+ K 1r = 0 K1r= 0+ K1r= 0+ K1r= 2+ 

5.3.2 Quadrupole Band 

The comparison of combined excitation cross section of ,-vibration band
head 0.9257 MeV (K1r=O+) and octupole band-head 0.9308 MeV (K1r=I-) with 
measured data is shown in Fig. 35. Noticeable discrepancy of present calculation 
and JENDL-3.2 estimate is observed only above "-11.2 MeV. The direct excitation 
cross section of 0.9257 MeV (K1r=O+) level is lower than 10 mbarns. Present 
calculation almost coincides with JENDL-3.2 estimate above 1.5 MeV. 

The excitation cross section of K1r=O- octupole band member 0.9663 MeV 
(J1r=7-) is rather small, so the combined cross section shown in Fig. 37 is essen
tially that of second member of ,-vibration band K1r =0+- O.9673 MeV (J1r=2+), 
present calculation is consistent with JENDL-3.2 estimate below 1.8 MeV, at 
higher energies the discrepancy is due to direct excitation of 0.9673 MeV (J1r=2+) 
level. 

The comparison of calculated combined excitation cross section of ,B-vibration 
band-head 0.993 MeV (K1r=O+) and octupole band K1r=I- third member - 0.9975 
MeV (J1r=3-) with measured data is shown in Fig. 38. The level quoted by Shao 
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et al. [8],0.9983 MeV (J1T=2+), is missing in adopted level scheme of ENSDF [28]. 
Noticeable discrepancy of present calculation and JENDL-3.2 evaluations with 
measured data is observed only above f"../1.5 MeV. The same kind of calculated 
curve discrepancy with measured data is observed for second level of J1-vibration 
band K1T =0+, 1.0373 MeV (J1T =2+) (see Fig. 39), however increasing data trend 
at higher energies hardly can be interpreted. 

The comparison of calculated combined excitation cross section of ,-vibration 
bands with K1T=O+and K1T=2+ levels of 1.0566 MeV (J1T=4+) and 1.0603 l\!IeV 
(J1T =2+), respectively, is shown in Fig. 40. Quoted level at 1.0595 MeV (J1T =3+) 
is missing in adopted level scheme. Noticeable discrepancy of present calculation 
and JENDL-3.2 evaluations with measured data is observed only above f"../ 1.5 
MeV. The contribution of direct excitation of 1.0566 MeV (J1T=4+) and1.0603 
MeV (J1T =2+) levels is shown. 

Figure 41 shows the comparison of calculated cross section for second mem
ber of ,-vibration band K1T=2+- 1.1057 MeV (J 1T=3+), present calculation is also 
consistent with JENDL-3.2 estimate. The same kind of calculated curve dis
crepancy with measured data is observed as for second level of J1-vibration band 
K1T =0+, 1.0373 MeV (J1T =2+), however increasing data trend at higher energies 
also hardly can be interpreted. 

Figure 42 shows the comparison of calculated combined cross section for the 
third member of J1-vibration band K1T=O+- 1.127 MeV (J1T = 4+) and second 
member of octupole band K1T=l- of 1.1287 MeV (J 1T = 2-). Present calculation 
also is consistent with JENDL-3.2 estimate. 

Figure 43 shows the comparison of combined calculated cross section for third 
member of ,-vibration band K1T =2+- 1.168 MeV (J1T=4+) and second octupole 
band K1T= 1- level of 1.1701 MeV (J1T=2-), present calculation and JENDL-3.2 
estimate well coincide with measured data. The contribution of direct excitation 
of 1.168 MeV (J1T=4+) level is shown. 

5.4 Total Inelastic Cross Section 

Calculated total inelastic cross section is compared with measured data in 
Fig. 44. Measured data seem to be somewhat inconsistent. The data measured 
by Kornilov et al. [11] and Smith et al. [10] should be complemented with the 
inelastic scattering cross sections for low-energy levels, falling out of the integra
tion of scattered neutron spectra. The calculated curve describes the measured 
data base rather well. The contribution of direct excitation of ground state band 
levels, octupole and ,-vibration levels is shown to be f"../20% at most. The step
like dependence of total inelastic scattering cross section above 1.5 MeV incident 
neutron energy is compatible with measured data base. The decreasing trend 
of the calculated curve is supported by the data point, measured by Baba et. 
al. [38] at 6 MeV. The calculated curve is consistent with JENDL-3.2 evaluation 
around 2 MeV incident neutron energy. Figure 45 shows the comparison of con
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tinuum scattering contribution to total inelastic cross section. Above ",,8 MeV 
continuum scattering cross section goes lower than that of direct level excitation. 

Above emissive fission threshold evaluations of inelastic scattering cross sec
tion appear to be inconsistent, present estimate being the lowest. The discrepancy 
with JENDL-3.2 evaluation might be attributed to overestimated contribution of 
preequilibrium neutron emission in JENDL-3.2 (see Fig. 46). In our calcula
tions preequilibrium neutron emission contribution is defined by description of 
secondary neutron spectra [68] and 238U(n,2n) reaction cross section [69]. 

5.5 Evaluated Inelastic Scattering Cross Section of JENDL
3.2 

In JENDL-3.2 evaluation [6] direct scattering contribution was included for 
ground state band and vibrational bands. It is commented that no direct excita
tion was included for 1.0595 MeV; J7r = 3+, 1.1126 MeV; J7r =1-, 1.2242 MeV; 
J7r =2+ and 1.2785 MeV; J7r =1- levels. Optical potential by Haouat et al. [31] 
was used, while ,B-coupling strengths were defined by fitting data on excitation 
cross sections for ground state, quadrupole and octupole vibrational bands. Com
pound inelastic scattering contributions for first and second excited levels were 
calculated with ECIS[70] code. The other levels excitation cross sections were cal
culated with Hauser-Feshbach-Moldauer theory. Subsequently, compound contri
butions of discrete level excitation cross sections, except that of first level, were 
multiplied by empirical factor of 0.91, to get better agreement with total inelastic 
scattering data. Besides, hypothetical levels at 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 were 
introduced. 

6 Capture Cross Section 

A source of controversy about capture cross section below ""150 ke V incident 
neutron energy is the discrepancy of integral and differential measurements. It 
was addressed by NEA Working Group on International Evaluation Cooperation 
[71] recently. Actually, calculated values of capture-to-fission reaction ratios for 
fast assemblies are 10 to 15% higher than experimentally determined. It was 
recommended that evaluated capture cross section should be normalized to the 
level, expected from the reactor physics analysis. Another difficulty is due to 
inconsistency between the radiative strength function value implied by s-wave 
radiation width and neutron resonance spacing ((r,) = 23.6 meV, (Dobs) = 21.5 
eV, as quoted by Fr6hner [72]) and the average resonance cross sections fitted 
in the region of ",,10 to 300 keV [72]. Difference amounts to ",,9% and could be 
removed by spin and parity reassignments of weak resonances [72], which might 
lead to ",,10% increase of (Dobs) estimate. Our estimates of relevant average 
resonance parameters are as follows: (r,) = 23.6±0.8 meV, (Dobs) 20.761±0.3 
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eV. They are consistent with RIPL [73] recommendations and increase of {Dobs } 

estimate is doubtful. However, we may feel free to vary radiative strength function 
value to fit recommended [71] measured capture data. 

6.1 Radiative Capture Channel 

Estimates of 238U capture cross section are much dependent upon radiative 
strength function value. Radiative strength function value is defined by radia
tive capture width and neutron resonance spacing of 238U. The dipole radiative 
strength function was calculated using Lorenzian parameterization of actinide ab
sorption cross section data at low energies «7 MeV). The higher multipolarity 
transitions are neglected. The radiative transmission coefficient 

27rC I=J+lJ 
T,;7r(U) = 3( h )2 e;a"((e"() L p(U - e,,(, I, 7r)de"(, (21) 

7r c I=IJ-li 

was calculated using Lorenz' parameterization of photoabsorption cross section 
a-y(e-y) 

2 2r2 
""' e"( Gi (22)a-y(e-y) = ~ a-yi (2 E2 )2 2r2 . 
i=l e"( - Gi + e-y Gi 

The respective parameters being fitted to actinide photoabsorption data at low 
energies [74] are as follows: a-yl = 250 mb, a"(2 = 300 mb, EGl 10.5 MeV, EG2 
14 MeV, rGl 2.5 MeV, rG2 4.5 MeV, C-y is the normalizing coefficient. 

At incident neutron energies higher than t"V 1 MeV, the competition of neu
tron emission at the second cascade, Le. after first 'Y-quanta emission should 
be included. Then "true" capture reaction cross section (n, 'Y'Y) is defined using 
transmission coefficient T,;; (U) given in a two-cascade approximation as 

The last term of the integrand describes the competition of fission, neutron 
emission and 'Y-emission at excitation energy (U e-y) after emission of first 'Y
quanta, C-yl is the normalizing coefficient. That means transmission coefficients 
T~7r, T~/7r and Tf7r are defined at excitation energy (U - e"( ). The neutron emission 
after emission of first 'Y-quanta strongly depends on the 238U residual nuclide 
level density at excitations just above paring gap [25]. 

The contribution of (n, 'Yn') - reaction to inelastic scattering cross section is 
defined by Tf:J value. The energy dependence of (n, 'Yn') reaction transmission 
coefficient T-y:J was calculated with the expression 
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(24) 

At incident neutron energies above fission threshold competition of fission is 
important [75]. The contribution of (n" f)-reaction to fission cross section is 
defined by Tfi value. The energy dependence of (n" f) reaction transmission 
coefficient T,., i was calculated with the expression 

T 17r 

c-y, I, 7r) Tf" + -zfr + T~" dc-y , (25) 

The capture data description is shown in Fig. 47. The (n, ,n') reaction compe
tition to the "true" capture (n, ,,) reaction competition is rather strong above 
!"V2 MeV incident neutron energy. 

6.2 Data Analysis 

Capture data status was reviewed by Ponitz et al. [76] about fifteen years 
ago. Uncertainty of capture cross section data was estimated to be !"V5% between 
10 and 500 keY and !"VI0% at 1 MeV. The problem of high cross section data 
by DeSaussure et al. was addressed, which was subsequently resolved by Moxon 
(see [71]). It was stressed that 1"V30% of FBR sensitivity to capture cross section 
of 238U lies below !"VI0 keY. 

Here is enclosed a short review of selected capture cross section measurements, 
which reflect major data trends. Capture cross section was measured by Ponitz 
et al. [77] with the activation technique from 30 keY up to 3 MeV, 235U(n,f) (at 
higher energies mostly) and 197Au(n,,) were used as a reference cross section. 
The results are consistent with those obtained with prompt detection technique 
by Ponitz et al. [78], relative to 197Au(n,,). Capture cross section was measured 
by Ponitz et al. [77] with the prompt ,-rays detection by large liquid scintillator 
from 20 keY up to 1.2 MeV, 197Au(n,,) was used as a reference cross section. 

Capture cross section data by Kazakov et al. [80] was measured between 4 
and 460 keY, relative to 7Li(n,t) and lOB(n,a) cross sections; "black resonance" 
calibration at 6.67 e V resonance was employed. Data by Kazakov et al. [80] are 
almost consistent with NEA Working Group[71] recommendations. 

We adopt here the following procedure of measured data description. Data by 
Kazakovet aL [80] up to I"VIDO keY would be fitted. For this, radiative capture 
strength function should be decreased as compared with RIPL [73] recommended 
value. Actually, that corresponds to (r,.,) = 20 meV, since (Dobs) = 20.761 eV. 
Another option of capture data description is that of using (r,.,) = 23.6 me V 
and (Dobs ) = 20.761 eV. In that case calculated curve would follow the upper 
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measured data points. The former estimate of radiative capture strength function 
S'"'(o corresponds to estimate of S,",(o by Fr6hner [72]. 

Fr6hner [72] obtained a simultaneous fit to total, capture and inelastic scat
tering cross section data in the region of overlapping resonances (10-300 keY). 
Systematic difference of radiative strength function, extracted from resolved res
onances and by average cross section description was exemplified. Fits to average 
cross section data resulted in s-wave radiative strength function, which is rv9 
% lower than implied by So 1.15±0.12, r'"'( = 23.5 meV and (Dobs ) = 21.5 eV, 
s-, p-, d- and f-waves being included. In our calculation r'"'( 23.6 meV and 
(Dobs ) = 20.761 eV, to fit average cross sections we also need to decrease s-wave 
radiative strength function, as ifr'"'( = 20.0 meV. Estimate of (Dobs ) , with account 
of missing levels and unresolved multiplets, inconsistency mentioned above could 
be almost removed, as claimed by Fr6hner, by refining spin and parity assign
ment of weak resonances. Indirect evidence is obtained by Fr6hner, when only 
resonances with >99% s-wave probability are included. We assume that this 
latter procedure is not fully justified. 

The important peculiarities of the calculated capture cross section is the cusp 
above first excited level threshold of rv44 keY up to rv700 keY, another one is 
cross section drop from rv700 keY up to rvl MeV (see Fig. 47). The latter drop 
might be correlated with strong increase of inelastic scattering competition due to 
increase of residual nuclide 238U number of levels (see Fig. 1). It is evident also in 
Fig. 44, showing total inelastic scattering cross section. Above rvl MeV capture 
cross section is defined mainly by (71" ,71,') reaction competition. Competition of 
(71", f) reaction is almost insignificant, since fission threshold of 239U compound 
nuclide is rather high. 

Evaluation of JENDL-3.2 follows data by Kazakov et al. [80] up to 150 keY, 
while at higher energies it follows data by Fricke et al. [81]. 

Cross Sections above Emissive Fission Thresh
old 

At higher incident neutron energies when fission reaction of 238U, 237U or 236U 

compound nuclides is possible after emission of 1, 2 or 3 neutrons, the observed 
fission cross section is a superposition of non-emissive or first chance fission of 
239U and xth-chance fission contributions. These contributions are weighted with 
a probability of x neutrons emission before fission. For fixed statistical model 
parameters of residual nuclei 238U, 237U or 236U, fissioning in (n,nf), (n,2nf) or 
(71" 3nf) reactions, the behavior of the first-chance fission cross section (111 should 
make it possible to reproduce the measured fission cross section al of 238U. A 
consistent description of a most complete set of measured data on the (71" f), 
(71,,271,), (71,,371,) and (71,,471,) reaction cross sections for the 238U target nuclide up 
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to 20 !vIeVenables one to consider the estimates of afl and fission probability 
Pf1 0f the initial compound nuclei 239U as fairly realistic. 

Fission cross section of 238U, shown in Fig. 48 demonstrates a step-like struc
ture, relevant to contribution of (n,xnf) reactions to total fission cross sections 
for x = 1, 2,3. Contribution of first-chance fission appears to be sensitive to level 
density of residual nuclide 238U. Contribution of second- chance fission of 238U 
compound nuclide is sensitive to level density of fissioning nuclide 238U. Level 
density parameter of fissioning nuclide 238U ii (Eq. 17) was obtained assuming 
that it equals ii value of 238U compound nuclide at stable deformations. We used 
an estimate of 237U (Dobs ) = 2.973±0.416 eV, obtained by analysis of resolved 
resonance parameters [24], which is consistent with preequilibrium contribution 
into first neutron spectrum [68, 89] and subsequent sharing of ar = an,!1 + an,nx 
reaction cross section into first-chance fission and neutron emission cross sections. 
To get a consistent fit of measured cross sections up to 20 MeV we decreased iif 
of fissioning nuclide 238U by 10%. Cross section of 237U(n,f) reaction is shown 
in Fig. 49, and it corresponds to (n,nf) fission contribution to measured fission 
cross section 238U(n,f) (see Fig. 48). We have not tried to reproduce measured 
bomb-shot data by NlcNally et al. [90] on 237U(n,f) reaction, because they rise 
drastically above !"VI00 keY. Contributions of (n,2nf) and (n,3nf) reactions corre
spond to neutron-induced fission cross sections of 236U and 235U. Neutron-induced 
fission cross section of 236U is shown in Fig. 50. Evaluated fission cross section 
of JENDL-3.2 [2J steeply increases above !"V18 MeV, it seems to be incompatible 
with (n,3n!) fission reaction contribution to the observed fission cross section 
(see Fig. 48). 

7.1 Shell Effects in First Chance Fission Cross Section 

The behavior of the first-chance fission cross section afl is obviously related 
with the energy dependence of the first-chance fission probability of the A 1 
nucleus Pfl: 

(26) 

Once the contribution of first neutron pre-equilibrium emission q(E) is fixed, 
the first-chance fission probability Pf1 of the 239U compound nuclide depends 
only on the level density parameters of fissioning and residual nuclei. That is, 
actually it depends on the ratio of shell correction values oWf A(B) and oWn. The 
results of different theoretical calculations of the shell corrections as well as of the 
fission barriers vary by 1 !"V 2 MeV. The same is true for the experimental shell 
corrections, which are obtained with a smooth component of potential energy 
calculated according to the liquid-drop or droplet model. However the isotopic 
changes of OWfA(B) and oWn [30] are such that Pfl viewed as a function of 
the difference (8WfA(B) - oWn) is virtually independent of the choice of smooth 
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component of potential energy. In addition, existing calculations of the shell 
corrections do not allow for the influence of the asymmetric deformations on the 
smooth component of potential energy. Therefore, we shall consider the adopted 
OW/ACB) estimates (see Table 1) to be effective, provided that oWn are obtained 
with the liquid drop model. The trend of the first-chance fission cross section 
a /1 shown in Fig. 48 could be treated as a manifestation of the shell effects in 
first-chance fission probability. So it can be stated that we have obtained effective 
estimate of a/l which corresponds to consistent fit of (n, 2n), (n,3n) and (n,4n) 
reaction cross section data. 

7.2 Secondary Neutron Spectra 

The hard component of neutron scattering spectra and high energy tail of 
238U(n, 2n) reaction cross section are interpreted as being due to the pre-equilibrium 
evaporation of neutrons [68, 69, 89]. This feature is parameterized within a con
ventional exciton model, used in STAPRE [17] code. By fitting the measured 
spectra [91] for En = 6 - 14.7 MeV we get the main parameter of the exciton 
model, that is the matrix element M2 = 10jA3. Note that, when calculating the 
exciton state density, the odd-even back-shift is introduced: (; = u - ~(2 - n). 
The charge conservation and transition rates renormalization were also employed. 
With all that in mind and in the STAPRE code [17] a pre-equilibrium emission 
fraction q(E) leading to depletion of compound nucleus states population is ob
tained, which approaches ",0.45 at En = 20 MeV. Largely by diminishing the 
odd-even dependence of q(E) we can fit the 235U fission data with the same M2 
value. These reasonable model fits give rather strong grounds to consider the 
estimate of contribution of first neutron pre-equilibrium emission q(E) as fairly 
realistic. They were used also for interpreting the experimental evidence of pree
quilibrium neutron emission prior to neutron-induced fission of 238U, induced by 
14.7 MeV neutrons [89]. 

7.2.1 Model Calculations of (n,nx) Reaction Spectra 

To calculate neutron energy distributions of (n,xn')') and (n,xnf), x = 1, 2, 
3 reactions we use a simple Weisscopf-Ewing evaporation model [68] taking into 
account fission and gamma emission competition to neutron emission. The pre
equilibrium emission of first neutron is included. First neutron spectra for the 
(n,nx) reaction is the sum of evaporated and pre-equilibrium emitted neutron 
contributions. Second and third neutron spectra are assumed to be evaporative. 
Figures 51 and 52 show the comparison of recent secondary neutron spectra mea
surements by Baba et al. [92] with present calculations [93]. For incident neutron 
energy of 14 MeV emissive neutron spectrum is deconvoluted, components of 1st, 
2nd and 3d neutron spectra are shown. Flattening of secondary neutron spectrum 
of 14 MeV in the vicinity of elastic peak and "bump" in case of 6 MeV spectrum 
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are supposed to be due to direct scattering on quadrupole and octupole band 
levels. However, in case of 14 MeV spectrum levels of higher lying bands should 
be included [94]. 

We have calculated 1st, 2nd and 3d neutron spectra for the (n,n,), (n,2n) 
and (n,3n) reactions where applicable. According to the ENDF-6 format the 
secondary neutron spectra are included in the following way. Calculated spectra 
were summed up and tabular spectra for the (n,n,), (n,2n) and (n,3n) reactions 
were obtained. To clarify the competition of neutron, ,-emission and fission 
in case of (n,nx) and (n,2nx) reactions the following presentation of spectra is 
provided. 

Figure 53 shows the spectrum of 1st neutron of the reaction (n,nx) and its 
partial contributions for (n,n,), (n,2n), (n,nf) (n,2nf) and (n,3n) reactions at in
cident neutron energy of 14 MeV. Above 1"V5.5 MeV energy of first emitted neu
tron, neutron spectrum is of pre-equilibrium nature. Spectrum of (n,n,) reaction 
actually is just hard energy tail of pre-equilibrium component of first neutron 
spectrum. Spectrum of first neutron of (n,2n) reaction is much .softer, although 
pre-equilibrium component still comprise major part of it. First neutron spec
trum of (n,3n) reaction is actually of evaporative nature. First neutron spectrum 
of (n,nf) reaction has rather long pre-equilibrium high-energy tail with a peculiar 
spike around 8 MeV. First neutron spectrum of (n,2nf) reaction, as that of (n,3n) 
reaction, is of evaporative nature. Figure 54 compares neutron spectra (n,n,) re
action of JENDL-3.2, ENDF /B-VI and JEF-2 with present calculation. Neutron 
spectra of JEF-2 is evaporative, while that of JENDL-3.2 contains also rather 
weak pre-equilibrium component. Average energies of first neutron spectra for 
JENDL-3.2 and JEF-2 are different, the former being shifted to higher energies 
(see Table 5), although it is still lower than that of present evaluation. On the 
contrary, spectra of ENDF /B-VI and present evaluation have very close average 
energies (see Table 5), while the shapes are rather different. Note that present 
calculated spectra are fitted to measured neutron emission spectra data as well as 
(n,2n), (n,3n) and (n,f) reaction cross sections. Figures 55 and 56 show compari
son of neutron spectra for (n,n,) reaction of JENDL-3.2, ENDF /B-VI and JEF-2 
with present calculation at 8 MeV and 6 MeV. Almost the same arguments could 
be applied as in case of 14 MeV incident neutron energy. 

Figure 57 shows the spectrum of 2nd neutron of the reaction (n,2nx) and 
its partial contributions for (n,2n), (n,3n) and (n,2nf) reactions. Spectrum of 
(n,2n) neutron seems to be hardest one, it's average energy being 1"V20% higher 
than those of (n,3n) and (n,2nf) reactions (see also Table 5). Figure 58 shows 
the comparison of (n,2n) reaction spectra of JENDL-3.2 and present evaluation 
at 14 MeV. The discrepancy above 1"V3 MeV is due to first neutron spectra of 
(n,2n) reaction (see Fig. 53) being of pre-equilibrium nature. In JENDL-3.2 
spectrum of (n,2n) reaction is evaporative. Figure 59 shows the comparison 
of (n,2n) reaction spectra of JENDL-3.2 and present evaluation at 8 MeV. In 
contrast to previous figure, present spectrum seems to be softer than that of 
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JENDL-3.2. The same happens with spectrum of (n,3n) reaction shown in Fig. 
60. The partial neutron spectra shown in Figs. 53, 55, 56, 57 are normalized to 
the contributions of appropriate cross sections to the (n,nx) and (n,2nx) reaction 
cross sections, respectively. 

Table 5. Average energies of secondary neutron spectra 

En, 1st neutron average energy, MeV 
MeV (n,n') (n,2n) (n,n'f) (n,3n) (n,2n'f) 

Pres. B-VI J-3.2 JEF-2 Pres. J-3.2 Pres. Pres. J-3.2 Present 
3.0 0.62 0.29 0.64 0.59 0.17 
8.0 3.10 2.85 1.57 0.90 0.84 0.81 1.01 0.24 
14.0 9.45 9.24 2.97 1.25 3.63 1.37 2.31 1.05 1.14 1.06 
20.0 15.4 15.2 4.63 1.51 10.2 1.66 3.65 2.80 1.65 2.65 

En, 2nd neutron average energy, Me V 
MeV (n,2n) (n,3n) (n,2n'f) 

Present J-3.2 Present J-3.2 Present 
8.0 0.30 0.63 0.19 
14.0 0.94 0.94 0.76 0.90 0.74 
20.0 0.79 1.31 1.19 1.31 1.19 

En
) 

3d neutron average energy, MeV 
MeV (n,3n) 

Present J-3.2 
14.0 0.27 0.66 
20.0 0.79 0.84 

In summary, inclusion of pre-equilibrium emission changes significantly the 
average energies of emitted neutron spectra. That is shown in Table 5, where 
the average secondary neutron energies for current, ENDFB-VI and JENDL-3.2 
evaluations are compared. The most significant is the change of neutron spectra 
of (n,n')') reaction. First neutron spectra of (n, n'f) reaction also becomes harder, 
that influences prompt fission neutron spectra. On the other hand, the spectra 
of 2nd and 3d neutrons become softer. 

7.3 (n,xn) Reaction Cross Sections 

Estimates of (n,2n), (n,3n) and (n,4n) reaction cross sections for 238U are 
presented in Figs. 61, 62 and 63. In JENDL-3.2 (n,2n) reaction cross section is a 
X2- fit of measured data by Frehaut et al. [96], Veeser et al. [101]' Karius et al. 
[100]. Noticeable discrepancy is observed between data by Kornilov et al. [98, 99] 
and Frehaut et al. [96] in the range of 8-12 MeV. Kornilov et al. [98, 99] measured 
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238U(n,2n) reaction cross section by activation technique. Activity of 237U was 
defined by 208-keV l'-quanta detected with GeLi-scintillator. 238U(n,f) reaction 
was used as a flux monitor. Frehaut et al. [96] have measured 238U(n,2n) reaction 
cross section a large liquid scintillator, to count emitted neutrons directly. The 
results obtained by Frehaut et al. [97] in another experiment are in agreement 
with their previous measurements. Data by Frehaut et al. [96] shown in Fig. 
61, are taken from the EXFOR data base (entry 20416.021) and are much lower 
than numerical data, given in original paper [97]. Data by Frehaut et al. [96] 
were updated by Kornilov et al. [98, 99] using 238U(n,f) reference cross sections 
of END F /B-IV, after that they seem to be consistent with measured data by 
Kornilov et al. [11]. Shape of calculated cross section, especially it's high-energy 
tail, is strongly correlated with secondary neutron shape. 

Cross section of (n,3n) reaction is less sensitive to pre-equilibrium neutron 
emission contribution. Calculated curve, shown in Fig. 62 is just the result of 
fitting fission and (n,2n) reaction cross sections. Evaluated (n,3n) reaction cross 
section of JENDL-3.2 was normalized to reaction cross section, after (n,f), (n,2n), 
(n,l') and (n,n') reaction cross sections were independently evaluated. 

Cross section of (n,4n) reaction is shown in Fig. 63 up to 40 MeV incident 
neutron energy. It was obtained by fitting fission cross section data of 238U by 
Lisowski et al. [88J in statistical model approach [105]. 

Conclusions 

The statistical Hauser-Feshbach-Moldauer model calculation of neutron-indu
ced reaction cross sections for 238U target nucleus shows the fair description of 
available data base on fission, capture, inelastic scattering. Statistical Hauser
Feshbach model was employed for describing fission, (n,2n), (n,3n) and (n,4n) 
reaction cross sections. The rigid rotator coupled channel model with present 
potential parameters gives fair description of inelastic scattering data up to rv6 
MeV incident neutron energy. The sophistication of the level density model, as 
compared with various options of Fermi-gas closed-form expressions, although it 
still remains rather crude, seems to be unavoidable, since it is supported by a lot 
of experimental data. 

The transparent statistical model approach gives fair description of the mea
sured data base. It seems that the potential of the statistical theory to improve 
the quality of the inelastic scattering evaluation could be considered almost ex
hausted. At the current state-of-the-art, analyzing of integral experimental data 
might be more important. However the present results. might be the basis of new 
evaluation. 
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Fig. 1 Cumulative number of levels of 238U. 
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Fig. 12 Differential inelastic scattering cross section to 4+ level at 3.4 MeV. 
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Fig. 13 Differential elastic scattering cross section at 4.5 MeV. 
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Fig. 14 Differential elastic scattering cross section at 5.0 MeV. 
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Fig. 16 Differential elastic scattering cross section at 5.9 MeV. 
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Fig. 17 Differential elastic scattering cross section at 6.5 MeV. 
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Fig. 18 Differential elastic scattering cross section at 7.14 MeV. 
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Fig. 20 Differential elastic scattering cross section at 8.03 MeV. 
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Fig. 21 Differential elastic scattering cross section at 8.4 MeV. 
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Fig. 22 Differential elastic scattering cross section at 8.56 MeV. 
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Fig. 23 Differential elastic scattering cross section at 9.06 MeV. 
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Fig. 24 Differential elastic scattering cross section at 9.5 MeV. 
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Fig. 25 Differential elastic scattering cross section at 10 MeV. 
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Fig. 26 Differential elastic scattering cross section at 14.1 MeV. 

- 45 



lAERI-Research 98-040 

238U FISSION CROSS SECTION 


en za:: 10-1 

~ 
Z 
o 
I- 10-2 
() 
w en 
en 
en 10-3 
~ 
() 

10~ 

o BEHRENS ET AL, 1977 
• FURSOV ET AL, 1977 
A MEADOWS, 1975 
o ANDROSENKO ET AL., 1983 
.. CONDE ET AL., 1976 
<> VOROTNIKOV ET AL., 1977 
• ALKHAZOV ET AL, 1988 
• ZVONAREV ET AL .• 1990 

- PRESENT 
- - JENDL-3.2 

~----~~~~~~--------~~~~ 

0.1 	 1 

NEUTRON ENERGY, MeV 
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238U: 0.0449 MeV, 2+ LEVEL EXCITATION 
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Fig. 29 Cross section of 238U: 0.0449 MeV, 2+ level excitation. 

238U: 0.1484 MeV, 4+ LEVEL EXCITATION 

z 0.6 
a:: 
~ 
z 
o 0.4 

G 
w 
en 
en 
en 0.2 oa:: 
u 

1 

• BEGHIAN ET AL., 1978 
o GUENTHER ET AL, 1983 
• HAOUAT ET AL., 1982 
o SMITH ET AL., 1976 
'V VOROTNIKOV ET AL., 197 

...... JEF-2 
- .. ENDF/B-V1 
- JENDL-3 
- PRESENT 
_ .. DIRECT CONTRIBU1l0N 

. : ..... ! 
! .~,~. 
_~.L .. 

........... --.. ! 

2 3 
NEUTRON ENERGY, MeV 

Fig. 30 Cross section of 238U: 0.1484 MeV, 4+ level excitation. 
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238U: 0.308 MeV, 6+ LEVEL EXCITATION 
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Fig. 31 Cross section of 238U: 0.308 MeV, 6+ level excitation. 
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Fig. 32 Cross section of 238U: 0.6801 MeV, 1- level excitation. 
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238U: 0.7319 MeV, 3- LEVEL EXCITATION 
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Fig. 33 Cross section of 238U: 0.7319 MeV, 3- level excitation. 
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Fig. 34 Cross section of 238U: 0.8267 MeV, 5- level excitation. 

-	 49

0.10 

O.OS 

/ 
/ 

.....• JEF-2 
- PRESENT 
-" DIRECT CONTRIBUTION 

2.0 2.S 




lAERI-Research 98-040 
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Fig. 35 Cross section of 238U: 0.9257 MeV, 0+ and 0.9308 MeV, 1- levels excita
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Fig. 36 Cross section of 238U: 0.9502 MeV, 2- level excitation. 
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Fig. 37 Cross section of 238U: 0.9663 l\IIeV, 7- and 0.9673 MeV, 2+ levels excita
tion. 
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Fig. 38 Cross section Of 238U: 0.993 MeV, 0+,0.9975 MeV, 3- and 0.9983 MeV 

2+ levels excitation. 
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238U: 1.0373 MeV, 2+ LEVEL EXCITATION 
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Fig. 39 Cross section of 238U: 1.0373 MeV, 2+ level excitation. 
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Fig. 40 Cross section of 238U: 1.0566 MeV, 4+, 1.0595 MeV, 3+ and 1.0603, 2+ 
levels excitation. 
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238U: 1.1057 MeV, 3+ LEVEL EXCITATION 
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Fig. 41 Cross section of 238U: 1.1057 MeV, 3+ level excitation. 
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Fig. 42 Cross section of 238U: 1.127 MeV, 4+and 1.1287 MeV, 2- levels excita
tion. 
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238U:(1.168 MeV, 4+ + 1.1704 MeV,3-) 
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Fig. 43 Cross section of 238U: 1.168 MeV, 4+and 1.1704 MeV, 3- levels excita
tion. 
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Fig. 44 Inelastic scattering cross section of 238U. 
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238U: INELASTIC CROSS SECTION 
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Fig. 45 Inelastic scattering cross section of 238U. 
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Fig. 46 Inelastic scattering cross section of 238U. 
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238U CAPTURE CROSS SECTION 
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Fig. 47 Capture cross section of 238U. 
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Fig. 48 Fission cross section of 238U. 
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237U FISSION CROSS SECTION 
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Fig. 49 Fission cross section of 237U. 
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Fig. 50 Fission cross section of 236U. 
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Fig. 51 Neutron spectrum of 238U for incident neutron energy 14 MeV. 
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Fig. 52 Neutron spectrum of 238U for incident neutron energy 6.1 MeV. 
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Fig. 53 Components of first neutron spectrum of 238U for incident neutron energy 
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Fig. 54 Comparison of (n,n',) reaction neutron spectra of 238U for incident neu
tron energy 14 MeV. 
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Fig. 55 Comparison of (n,n',) reaction neutron spectra of 238U for incident neu
tron energy 8 MeV. 
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Fig. 56 Comparison of (n,n',) reaction neutron spectra of 238U for incident neu
tron energy 6 MeV. 
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Fig. 57 Components of second neutron spectrum of 238U for incident neutron 
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Fig. 58 Comparison of (n,2n) reaction neutron spectra of 238U for incident neu
tron energy 14 MeV. 
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Fig. 59 Comparison of (n,2n) reaction neutron spectra of 238U for incident neu
tron energy 8 MeV. 
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Fig. 60 Comparison of (n,3n) reaction neutron spectra of 238U for incident neu
tron energy 14 MeV.. 
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Fig. 61 (n,2n) cross section of 238U. 
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Fig. 62 (n,3n) cross section of 238U. 
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Fig. 63 (n,4n) cross section of 238U. 
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