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ABSTRACT
The authors give the evaluation results for the characteristics of
. . . 238 . -5
neutron interaction with the Pu nucleus in the 10 " -20 MeV
region. Kxperimental data, as available at the end of 1986, were used
for the evaluation. 1In spite of insufficient experimental information,
it was possible to make a reliable evaluation by resorting extensively

to contemporary theoretical models and the systematics of their

parameters.

INTRODUGT LON
238 . . \ .
The Pu nucleus is a strong alpha emitter with a half-life of
87.75 years and, consequently, an intensive heat source. Therefore, 238Pu

is used in thermoelectric generators to produce electric power in space
vehicles and also in pace makers. 1ts spontaneous fission half-life is

(5.0 + 0.6) x 1010 years (v __ = 2.28 + 0.08).

sf
Plutonium-238 can be obtained by irradiation in the neutron f{lux of a
reactor. 1Its concentration during reactor operation attains saturation at a
fairly low level. 1In thermal reactors the fraction of 238Pu in the total
mass of plutonium is ~ 1-1.5% [1], while in plutonium-fuelled fast reactors
it drops to 0.5% since the production/disappearance ratio of 238Pu is lower

in the fast reactor than in the thermal reactor [2]. The use of regenerated

. 238 .
uranium fuel increases the fraction of Pu in the total mass to ~ 4.8% [2].

The accuracies required for calculation of the reactivity effects and

other characteristics of fast reactors in the case of 238Pu are: ~ 15%



for (vcnf £

reactors 10% for cnY) f1). The (n,3n) reaction cross-section for

Pu, which leads to the formation of 236Pu, needs to be known with

-0 ), ~ 7% for o ., ~ 4% for v_, ~ 20% for o (for thermal
a n p ny

238

~ 40% accuracy. The above accuracies for neutron cross-sections are

sufficient also for the calculation of the fraction of 238Pu in the total

mass of fuel.

In the present study we describe the results of evaluation of all types
of 238Pu neutron cross-sections in the 10_5—20 MeV region. For 238Pu,
experimental information is limited. 1In the fast neutron energy region, only
the fission cross-section has been measured. Therefore, theoretical models
were used to a great extent in order to evaluate and predict the neutron
cross-sections. Table 1 gives the energies Q and thresholds T of the various

reactions of neutrons with the 238Pu nucleus. The value of the threshold

(for negative Q) was obtained from the expression:

M + M Q o
= 1 2R (-0 - LOOSSg%’{mgggﬁowsgg (-0) =
1238

1,004237¢-Q),

where Mn is the neutron mass and H238 the mass of the 238Pu nucleus.

In the energy region considered the cross-sections for reactions with
charged-particle emission are negligibly small, owing to the Coulomb barrier,
and were not taken into account in the present study.

The level scheme of the 238Pu nucleus taken in the evaluation is

given in Table 2 [5].

38Pu IN THE RESOLVED RESONANCE REGLON

1. NUCLEAR DATA FOR 2
FROM 10> TO 500 eV
. 238
So far the region of resolved resonances of Pu have not been
studied satisfactorily - the resonances have been identified reliably only up

to ~ 500 eV with an average distance of ~ 10 eV between resonances. The

peculiarity of this isotope lies in the presence of anomalously large



resonances in the fission cross- section, which may be attributed to the

double- humped structure of the fission barrier.

1.1. Experimental data for 238Pu in the resolved resonance region

238

1n the resolved resonance region of Pu the following experimental

data are known:

1.

Young and co- workers [6] measured the total cross-section o,
in the 0.008-6500 eV region. The resonance paramaters were
obtained up to 200 ev. Owing to insufficient resolution the
resonances with an energy above 18.562 eV were analysed by the
area method, for which they took FY + Ff = 38 meV. Tﬁe

cross- sections in the vegion up to the first resonance were
described for o, = 17 x 10728 o2,

Gerasimov [7] measured fission cross- section Snf in the

2.4 x 10~2—420 eV energy interval with a very low resolution and
determined the fission areas under five resonances.

Stubbins and co- workers [8] measured the 238Pu fission
cross-section and obtained the fission areas under 16 resonances
up to 280 ev.

Silbert and co-workers [9, 10) measured the fission and capture
cross-sections and areas under the 238Pu resonances in the
18-500 eV region. From the analysis of these data the authors
obtained the neutron and fission widths, assuming a constant
radiative capture width of F& = 34 meV.

Budtz--Jorgensen and co-workers [11] measured dnf in the

5 eV-10 MeV region and obtained the fission areas under the
resonances up to 500 eV. The energy resolution in the resonance
energy region is about twice as high as in Refs [9, 10]. The
authors detected a resonance at 312.4 eV, which had not been

described in other studies. The fission and radiative capture

areas from Refs [7-11] are shown in Table 1.1. For each



resonance, starting from the fourth, the last line gives the
evaluated values of the areas. For resonances where there is one
measurement, the latter is taken as evaluated.
Apart from the series of data described above, there are measurements
of the 238Pu neutron cross-sections at thermal energy (Table 1.2).

1.2. Evaluated resonance pavameters of 238Pu

At the first stage of evaluation we determined the widths of the first
three resonances (2.885, 9.975 and 18.562 eV), which had been subjected to
shape analysis in Ref. [6], and obtained the total and neutron widths for
them. Combining these data with the results of Ref. [8] we obtained for them
the fission widths and, consequently, radiative capture widths. The average
radiation width for these three resonances was 34.8 meV, which agrees
satisfactorily with <FY> = 34 meV taken in Ref. [10] at Young's
recommendation after his re-evalaution of the data [6]. 1In the present study,
a width of <FY> = (34 + 6.1) meV was taken for the remaining
resonances. The value of the error 6.1 meV is obtained from the assumption
that <FY> is known with an accuracy of + 10% and that the dispersion of
the average value is + 15%.

The fission and radiative capture areas under the resonances, together
with the radiation width, fully determine the neutron and fission widths of
the resonances. The radiative capture areas were taken from Ref. [10], and
the fission areas were evaluated on the basis of available experimental data
and are given in Table 1.1. The errors of the resonance parameters were
calculated in the standard manner. The resonance at 285.7 eV is wide and
lends itself well to shape analysis. 1Its neutron and fission widths were
therefore obtained by averaging these values from Refs {10, 11]. For the
312.4 eV resonance the fission area is taken as 46 x 10_28 m2, which
reflects the ratio between the evaluated and measured [11l] fission areas for

the next resonance. Since for the 312.4 eV resonance there are no data on the

radiative capture area, the Fn and Ff values for it were calculated on



the assumption of a ratio [‘Y/Ff ~ 0.35 obtained from the analysis

of the values of S and onY [10].

The last two resonances (510 and 518 eV) are fictitious and were used
in order to compensate for the contribution of distant resonances.

1t was decided to compensate for the contribution of the resonances
lying below the binding energy by Lwo negalive resonances, whose parameters
were chosen in the following manner. The capture width of both resonances was
taken as <FY> = 34 meV. The energy of the first negative resonance
(-10 eV) was taken rather arbitrarily at a distance of ~ <D>. The fission
width of this resonance was taken as the average over the nearest positive

resonances, 4.5 meV, and the neutron width was so chosen as to compensate for

the negative value of interference scattering of the positive resonances. The

energy of the second negative resonance (-0.4 eV) was obtained from the

description of the energy dependence of S and Sf in the region up to

the first resonance, while the values of Fn and Ff were so chosen as

to describe the cross-sections for E = 0.0253 eV. The potential scattering

cross-section was taken as 11 x 10_28 mz, which follows from the

systematics for nuclei with a relative atomic mass of ~ 240 and from
calculations by the optical model. Young and co-workers [6] described the
. . -28 2 .

total cross-section data using op =17 x 10 m , which cannot be
regarded as satisfactory. Although they could not attribute the difference of
6 x 10-28 m2 to the presence of the contribution of scattering on
small-diameter PuO2 particles and on water, we consider that these data
nevertheless contain a neglected systematic error. For example, a 1%
systematic error in the normalization of the value of transmission will result
. -28 2, .
in an error of ~ 6 x 10 m in the measured total cross-section.

The evaluated values of the resonance parameters of 238Pu are given

in Table 1.3. For all resonances, starting from the fourth, the average

radiative capture width is taken.



The resonance parameters given here can be used to determine the
cross-sections in the incident-neutron energy region up to 500 eV by the
single-level Breit-Wigner formula. The evaluated neutron cross-sections at
the thermal point calculated from these resonance parameters are compared in
Table 1.4 with the evaluations of Derrien [17] and ENDF/B-V [18]. 1t will be
seen that all three evaluations agree within experimental errors although the
ENDF/B-V data [18] are somewhat higher for ct and cnY

In Fig. 1.1 the evaluated cross--sections are compared with the
experimental data for S, [6] and S f [7] in the thermal region. It

-28 2
will be seen that the evaluted o, is ~ 6 x 10 2 m lower than the

t
data of Ref. [6] - this corresponds to the difference in the potential
scattering cross-section values taken. This difference is maintained in the

"dips" of the total cross-section curve in the entire resonance region.

1.3. Average resonance parameters from the resolved resonance region

We used the method described in Ref. [19] to determine the average
paraneters of the s-wave neutron resonances, taking into account the possible
presence of a small p-resonance contribution. Calculations showed that in the

region up to 500 eV about 7% resonances were missing. Making allowances for

this, we obtained the following average values: <D>ev = (9.103 + 0.6) eV,
<r = (1.126 + 0.22) mev /%, 5 = <«r%  /<D> = 1.237 x 1070 evl’/2.
n ev. - 0 n ev,. ev.

The evaluated errors of <D> and <Fz> are essentially statistical
and depend on the finiteness of sampling.

We give the average values of fission widths:
<[> = (46.0 + 10.0) meV, <[> ., = (5.1 + 1.5) meV. The meaning of

f f min

<rf>min and the method of obtaining <Ff> are described in detail in

section 2. Here we only note that to obtain <Ff> we have to average the
fission widths over an energy interval which is a multiple of the interval of
structure in the fission cross-section (D ~ 1 keV). The selection of the
average radiation width <Ff> = (34.0 + 6.1) meV is described in

section 1.2.



2. NEUTRON CROSS-SECTIONS IN THE UNRESOLVED RESONANCE REGION

FROM 0.5 TO 150 keV

1n the present evaluation the unresolved resonance region was limited
to 0.5-150 keV. The lower boundary was determined by the length of the region
of resolved resonances which were experimentally reliable. The upper boundary
was determined by the fact that the value of strength function 82 was known
and that it was impossible to take correct account of the competition of

inelastic scattering at the second excited level (145.96 keV, 4+).

2.1. Experimental data in the unresolved resonance region

In the interval of unresolved resonance energies we can make use of the
experimental data [6] for the total cross section in the narrow region up
to 6.5 keV, of the capture cross-section [10] and also of the fission
cross- section data from Refs [9, 16, 20]. The averaged values of
cross- sections from these studies are given in Tables 2.1-2.4.

2.2. Evaluated average resonance parameters

The average level spacings and neutron widths were obtained by the
standard procudure [21] from <D>ev in the region of resolved resonances and

strength functions S0+ and S$+ for the ground state and S§+ and

Sf+ for the first excited state of the nucleus. Strength function
0+ 4

S, = 1.237 x 10 (eV)El/2 is equal to that evaluated from the

resolved resonance region. The other strength functions were obtained from

calculations by the generalized optical model with potential parameters

described in section 4 and are equal to Sg+ - 2.12 x 1074 (eV)wl/z,
sg" = 1.24 x 1072 (ev) V2, sf* = 2.08 x 10 (ev) /2. strengtn

functions S2 are taken to be equal to S The evaluated values of the

0
average level spacings and the average neutron widths are given in
Tables 2.5-2.7.

The experimental data on fission cross-sections [9, 11, 20] showed an

intermediate structure resolved up to ~ 10 keV with a width of

~ 0.1-0.2 keV and an average distance of about 1 keV between states. This



structure may be associated with the existence of quasi-stationary states of
.. 239 . L. .

the fissile Pu nucleus in the second well [22]. The fission penctration

curves in this case become envelopes of fission resonances in the second

well. Considering that these resonances can be described by the Breit-Wigner

law, and following Ref. [23], we obtain the distribution of fission widths:

- 1
Px)dx =‘,jr—§: (- 2T % (@moz - 2,
where X = ﬁ-/([}) P D™ M /<182 3 X mox = 'rmcac/< r5>
vith condition < [}): m

Quantities ' . and T are determined by the minimum and
fmin fmax

maximum penetrations. Then,
e DOV Py Py
<Q) 2 {-(4-Pa{-Pp) ’

{ _ 4=VU-POU-Ps)

Lmax= Tmin - 4-R£-PA)(4-P;5 ’

where P, and P_ are the penetrations of the first and second humps of the

double-humped fission barrier calculated by the Hill-Wheeler formula

B,y = 1/ {4+ eap 2L iFRe DI ])

The fission barrier parameters are chosen in the following manner. The
curvature of the first hump“hwA = 1 MeV was determined from the slope of

the curve of the fission cross- section in the near-threshold region, and

curvature ﬁwb = 0.6 MeV was taken from the systematics. The values of
thresholds EfA = 0.652 MeV and EfB = 0.06 MeV were determined from the
average value of fission width and its fluctuations range X ax in the

resolved resonance region. We consider that, apart from the given
distribution, the fission widths are subjected to local fluctuations described
by the xz—distribution with the number of degrees of freedom Ves taken

to be equal to 2J + 1 (J is the spin of the compound nucleus in the
calculations). The evaluated values of the average fission widths and factor
xmax are given in Table 2.8.

The average radiative capture width <FY> = 34 meV for the

different channels was taken to be identical since the dependence of

10



<FY> on spin J predicted by the cascade photon emission model is much
smaller than the experimental uncertainty of this value. Moreover, in the
calculations it was assumed that <FY> was not dependent on energy since
the increase in the total width of photon emission with rise in energy is
compensated by the inecrease in the width of the (n,yf) process.

2.3, Averagpe cross-sections in the unresolved rescnance region

The average resonance parameters described in the preceding section
were used to calculate the average cross-sections. The fission widths undergo
fluctuations caused not only by the xz»distribution but also by the
double-humped fission barrier structure. Therefore, <Ji%ﬁi> was not
calculated but was determined by averaging the values of —E%FL obtained
by random selection of the corresponding distributions. Here special steps
were taken to reduce the error associated with the finiteness of sampling for
each channel so that it was possible to calculate the average cross-sections
with an accuracy of more than 1% for a reasonable expenditure of computer
time. .The evaluated average resonance parameters and cross-sections smoothly
depend on energy since the structure in the experimental data was not measured
with sufficient reliability.

The evaluated average cross-sections are compared with the experimental
data and evaluations of other authors in Figs 2.1-2.3. As will be seen from

Fig. 2.1, our evaluated data for ¢, are, on an average, 6 X 10‘28 m2

t

lower than the measurement results of Ref. [6], 1.e. there is the same
difference as in the resolved resonance region, which was discussed in the
preceding section. Comparison with the evaluations of other authors shows the
degree of their confidence in the data of Ref. [6]: the ENDF/B-V
evaluation [18] was made on the basis of experiment, while Derrien [17]
renotrmalized the results of Ref. [6] and his evaluation agrees with ours.

The evaluated fission cross-section of the present study (Fig.2.2)

shows satisfactory agreement with the available experimental data but is

closer to the measurements of Ref. [16]. The evaluated data of Ref. [17] and

1"



ENDF/B-V are based mainly on the measurements of Ref. [9]) and are somewhat
higher than our evaluation.

The difference between the experimental [10] and evaluated values is as
much as ~ 40% in the region up to ~ 40 keV, and the agreement between
calculation and experiment cannot be improved by any reasonable change of the
parameters. We recall that the same difficulties occur when we try to
describe the dips of experimental data in the resolved resonance region. The
data for dﬂY [10) evidently contain neglected experimental errors.

Calculations were performed also of OHY and S ¢ without
taking into account fluctuations of fission widths due to the double-humped
fission barrier structure (dashed curves in Figs 2.2 and 2.3). It will be
seen that such calculations describe the experimental data for £ much
less satisfactorily.

3. EVALUATED FISSION CROSS-SECTLIONS FOR 238P1.1 IN THE FAST ENERGY

REGION (0.15-20 MeV)

The 238Pu nuclei have a high alpha-activity, which substantially
complicates experimental determination of the fission cross-section. It 1is
difficult to evaluate this cross-section because there is not a single
experimental study with sufficiently reliable data covering the entire range

of fast neutron energies.

. 8 . .
3.1. Experimental data on dl,(23 Pu) in the fast energy region

In the evaluation of o the following experimental data were used:

nf
1. Ermagambetov and Smirenkin [16] measured the

238Pu)/d (235U) ratio in the 2.5 keV-2.4 MeV

( nf

dnf

region with an accuracy of ~ 10-5%.

2. In Ref. [24) the same authors determined the

(238Pu)/dnf(235u) ratio at four points (0.5-1.5 MeV) and

(238Pu)/dnf(238U) ratio in the 1.5-5.6 MeV and

dnf

the dnf

13-16.0 MeV intervals with an accuracy of ~ 5%.

12



3. Fomushkin and Gutnikova [25] measured the

o (238Pu)/o

(235U) ratio in the 1-3.6 MeV region
nf nf

with an accuracy of ~ 5%.

4, Barton and Koonts [26]) determined the

(238Pu)/o (235U) ratio at four points (1, 1.5,

onf nf

3 and 14.9 MeV) with an accuracy of ~ 5%.

5. Budtz- Jorgensen and co-workers [11] measured the

(238Pu)/on (23JU) ratio in the region up to 10 MeV

nf £

with an accuracy of ~ 4%.

6. Aleksandrov and co-workers [27] determined the
g (438Pu)/o (238U) and o (238Pu)/o (235U) ratios
nf uf nf nf
at 2.9 MeVv.
7. Fomuskin and co-workers [28] measured the
o (238Pu)/d (238U) ratio at 14.5 MeV.
nf nf

There are also the data of Refs [9, 20] in which the

ag (238Pu)/c (235
nf

nf U) ratio was measured in the region up to several

wegaelectron- volts. It is difficult to judge the accuracy of results in this
region. The data of Ref. [29] are systematically higher than those of other

authors because an erroneous value was taken for on at 0.72 Mev.

f
. . . . 238
3.2. Evaluation of fission cross-section g"f( Pu)
All the available data for o (238Pu) are measurements mainly of

nf
288

its ratios to S (235U) and o _( U). Therefore, we recalculated

f nf

these data into absolute cross-sections, using as standard the values of
o . from Ref. [30] for > U and Ref. [31] for ~°°U (Figs 3.1-3.3).

In the threshold region (0.15-1 MeV) the data of Refs [16, 24, 25],
which were obtained with track detectors insensitive to alpha particles, agree
satisfactorily with the results of Ref. [11], where an ionization chamber with
suppressed alpha background effect was used. The data of Ref. [29] given in

Figs 3.1 and 3.2 were obtained by renormalizing the values of this study with

a normalization factor of 0.719 determined over the 570-785 keV interval. The

13



evaluated curve for % f in the threshold region (Fig. 3.1) is drawn along
the experimental data with allowance for these errorvs.

In the region of the first "plateau™ (Fig. 3.2) the situation is
somewhat more complicated. Although most experimental values agree with each
other within experimental errors, the data of Ref. [11] are chacacterized by a
substantial scatter and those of Ref. [25] for ¥ >~ 2.5-3.6 MeV ave
systematically higher than the results of the other authors so that it is not
possible reliably to determine the siope of the fivst "platcau™ of the S
curve in the region above ~ 3 MeV. 1In view of this, in order to evaluate
the energy dependence of dnf we used the results of analysis of
experimental data for the major even even plutonium isotopes, whose neutron
fission cross-sections have been studied in much greater detail. We know
[32, 33] that the fission cross-section undergoes a virtually linear decrease
with rise in neutron enerpgy from ~ 2 MeV to the threshold of the (n,n'f)
reaction. The slope of this dependence on the value of A, when we go over Lo
the minor isotopes, decreases almosl linearly and, for 238Pu(n,f), is aboutl
0.05 x 10-'28 m2/HeV. The evaluated curve of cnf(238Pu), thus drawn,
is not inconsistent with the existing experimental data in the region up to
the threshold of the (n,n'f) reaction.

In the region of the (n,n'f) reaction threshold the fission
cross-section has been measured only in Ref. [11]) although here, {oo, the
scatter of data is larpe. Moreover, the high value of the cross section

28 2

~28 m2, at the maximum points ~ 3 x 10 m ) 1is

(~ 2.8 x 10
difficult to interpret, considering both the compound nucleus formation
cross-section (see Fig.3.3) and the experimental data for the major even-even
isotopes of plutonium (A = 240-244). The systematics of the cross-sections at
the constant excitation energy for isotopes (Z = 94) and isotopes

(N = 144) [34] and the theoretical calculation of the fission cross- sections

by the statistical cascade theory [35] lead to the same conclusion.

14



As a result, the evaluation of the fission cross section in the region
feom the (n,n'f) reaction threshold to 20 MeV was based on calculations by the
statistical cascade model. 1t was assumed here that the proportion of
pre equilibrium emission of neutrons in the primary neulron spectrum, obtained
in the case of the U isotopes, varlies negligibly from one nucleus to another
and can be used for the 238Pu target nucleus. The fission barrier
parameters of the 238Pu and 237Pu compound nuclei, which undergo fission
in reactions 239Pu(n,xnf), x =1, 2, were chosen with allowance for the
charged-particle fission data [36]. The fission cross-section, thus obtained,
agrees satisfactorily at En = 14-15 MeV with the available experimental
data. 1In the region from the (n,n'f) reaction threshold to ~ 10 MeV the
curve of the evaluated cross-section Onf passes along the lower edge of
experinental data [11) but fully agrees with the phenomenological evaluation
of the fission cress-sechtion [34] on the sccond "plateau™. Tt is not possible
to achieve a better agreement between the evaluated fission cross- section
curve and the data of Ref. [11l] in the 6-10 MeV region within the framework of
the approach described here since this would lead to an unjustified increase
in the compound nucleus formation cross-section. It can be concluded that the
data of Ref. [11] in the region of the (n,n'f) reaction threshold are on the
higher side and do not correspond to the icotopic dependence of onf on the
second "plateau™ for the even even isotopes of plutonium.

We note that the neutron transmission coefficients TRlj{(E) needed for
the calculations were obtained from the generalized optical model calculations
with potential parameters whose selection is described in section 4.

The evaluated values of the cnf(238Pu)/onE(235U) ratios and
their errors are given in Table 3.1. The errors are taken on the basis of the
actual scatter of experimental data.

From a comparison of the different evaluations (see Figs 3.1-3.3) it

will be seen that in the region up to ~ 1 MeV the evaluations of

ENDF/B-V [18] and Derrien [17] are somewhat higher than the data of the

156



present work since they are based to a great extent on the measurements of
Refs [9] and [20]. However, the data of these studies ave not sufficiently
reliable in the high region. In the 1-3 MeV region the evaluation of the
present work agrees satisfactorily with Ref. [17], while that of ENDF/B-V is
somewhat lower. At 3-10 MeV our evaluation lies between the evaluations under
discussion. At 14 MeV all three evaluations show satisfactory agreement. At
higher energies the ENDF/B-V evaluation is substantially higher than the
results of the present work. However, such a large value of the fission
cross- section cannot be explained on the basis of ocur concepts aboul the

compound nucleus formation cross- section.

4. CROSS- SECTIONS FOR INTERACTLION OF FAST NEUTRONS (0.15--20 MeV) WLTH

THE 238Pu NUCLEUS

No experimental data exist on the cross-sections for fast neutron
. . . 238 . .
interaction with the Pu nucleus in the 0.15-20 MeV region, except for
data on the fission cross-section and three points for onf [10].
Therefore, the evaluation of the neutron cross-sections for these energies was
performed on the basis of calculations by the generalized optical and
statistical models.

4.,1. Optical cross—-sections

The optical cross-sections form the basis of evaluation of all types of
cross-section in the fast region since they determine the total, direct-
interaction and compound nucleus formation cross-sections and also the neutron
transmission coefficients needed in all statistical calculations. The COUPLE
program [37], based on the coupled-channel method, was used to calculate the
optical cross-sections. The parameters of the generalized optical model
potential for nuclei of the actinide group were obtained in Ref. [38]). To use
this potential for a specific nucleus, we only need to know its deformation

parameters BZ and BA' Microscopic calculations of these parameters

16



[39, 40) do not unambiguously determine the values of BZ and B4 but

salisfactorily predict their isotopic dependence. Using this dependence and

the values for 238Pu chosen in Ref. [38]), we were able to obtain B2 and

BA for the 238Pu. The quadrupole deformation parameter B2 was then

refined by fitting the strength function S0 calculated by the general

optical model to its value evaluated from the resolved resonance region. This

fully determined the parameters of the generalized optical model potential for

the 238Pu nucleus:
N { 48,15 - 0,2E, E < I0 MeV v, = 1,256,
Ve- =’ 43,15, E > 10 MeV Q = 0,626;
W. 1212+ 0,48, E <0 MV oy = 1,260,
P Une, £ > I0 Mev, a,= 0,555 + 0,0045E;
Vo = 7,5, B=0,2I8,  p=0,087

The calculations were performed with allowance for the coupling of the

first tnree levels of the main rotational band of 238Pu.

4.2, Calculations by the statistical model

The cross-sections for compound processes were calculated by the

statistical model of nuclear reactions. The level scheme used for the 238Pu

nucleus is shown in Table 2. At energies above the last level there is a
substantial gap of missing levels; therefore, the level density was taken in
the form of a continuocus dependence. For incident neutron energies

below 1.07 KeV we performed the calculations, taking into account corrections
for width fluctuation by the Hauser-Feschbach-Moldauer formalism. For higher
energies such fluctuations were taken into accouni within the framework of the
formalism of Tepel and co-workers.

The continuous level density in the neutron and fission channels was
determined by the relations of the superfluid model. At low excitation
energies it is smoothly matched with the density which follows from the
constant temperature model. The specific relations of the adopted level

density model are described in greater detail in Ref. [21], and the model

parameters are taken from the systematics of Ref. [41].

17



Radiative capture transmissions were calculated by the cascade photon
emission model. The parameters of the photo- absorption curve needed for the
purpose were taken from Ref. [41]. The calculated value of the radiative
capture width was normalized to the experimental value of <FY> = 34 meV
from the resolved resonance region. The cross-sections for reactions with
preliminary neutron emission (n,n'f), (n,2n), (n,2nf) etc. were calculated by
the STAPRE program [42]. The evaluated values of cross-sections o, ,

t

g , O y O, O ., O and o are given in Table 4.1 and the evaluated
nn nn' ny nf n2n n3n

discrete-level and continuous-spectrum excitation cross-sections in Table 4.2.

4.3, Comparison of the different evaluations

In Figs 4.1-4.3 we compare the different types of cross-section of the
present work with the evaluations of ENDF/B-V [18] and Derrien [17]. As will
be seen from Fig. 4.1, our evaluation and the ENDF/B-V data of OL and
o, 2Bree satisfactorily in the region up to ~ 0.5 MeV. For higher
energies the differences are quite noticeable and are explained by the factl
that in evaluation [18] these cross-sections were obtained from calculations
by the spherical optical model. The evaluation of o and % in the
present work, which is based on calculations by the coupled-channel method
with a potential describing the cross-sections for the actinide group, agrees
satisfactorily with Derrien's evaluation [17] and appears to be preferable.

The considerable differences in the values of evaluated inelastic
scattering cross-sections reflect the differences in the physical approaches
used. The ENDF/B-V evaluation in the region up to ~ 1.5 MeV lies below the
data of our evaluation and of Derrien [17] since it does not take into account
the contribution of the direct excitation of levels. At higher energies the
differences become even more considerable as the mechanism of pre-equilibrium
neutron emission is also not taken into consideration. The agreement with
Derrien's evaluation [17] is sufficiently good, except for energies of

about 10 MeV, owing evidently to the difference of approaches in describing

the pre-equilibrium neutron emission.
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The differences in the evaluated values of the radiative capture
cross- section (Fig. 4.2) are substantial. 1In the region up to 300 keV,
evaluation [18]) is higher than the others since it follows experimental
data [10], which are not rvegarded as sufficently reliable in the present work
and in evaluation [17]. As a consequence, in the region up to ~ 5 MeV the
ENDF/B V evaluation of UHY is systematically higher than our data. The
differences between the present evaluation of cnY and Detrrien's
evaluation [17] are evidently due to differences in the energy dependence of
the radiative capture width and to making allowance for the competition of the
{n,¥f) process.

The preatest difievences between the data of the different authors are
observed in the evaluated values of the (n,?2n) and (n,3n) reaction
cross- sections (gee Fig. 4.3). As a result, it is advisable to discuss the
evaluations of the reaction cross-sections for other plutonium and uranium

236,

isotopes. This is all the more necessary because the 238Pu (n,3n) u

reaction leads to the production of 232U. which substantially complicates

the external fuel cycle technology.

Figures 4.4 and 4.5 show the available evaluations of the maximum
values of c¢ross-sections S n2n and S 3n for uranium and plutonium
isotopes. Since the isotopic dependence of the compound nucleus formation
cross-sections in the energy region considered is weak, it can be concluded
that changes in the (n,2n) and (n,3n) reaction cross-sections at the wmaximum
are determined by changes in the fissility of nuclei [43]. For all uranium
and plutonium isotopes, the fissility increases monotonically with decrease in
the relative atomic mass and, therefore, the (n,2n) and (n,3n) reaction
cross-sections in their case should decrease monotonically. 1In the ENDF/B-V
evaluations this dependence breaks down for the uranium and plutonium
isotopes, indicating inconsistency of the evaluations for the different

isotopes. 1In the consistent theoretical calculations, however, the monotonic

isotopic increase of cross-sections %90 and S 3n is fully reproducible

19



(Fig. 4.4 and 4.5). Therefore, the present evaluation of the (n,2n) and

(n,3n) cross-sections is sufficiently reliable.

5. EVALUATION OF THE CHARACTKRISTLCS OF SECONDARY NEUTRONS AND v

FOR 238?u

Experimental data on secondary neutron energy and angular distribulions
and on v for 238Pu are totally lacking. Their evaluation was therefore

based on theoretical calculations and systematics.

5.1. Evaluation of secondary neutron energy spectra

The secondary neutron energy distributions were obtained from
calculations by the statistical model with allowance for the likelihood of
pre-equilibrium primary neutron emission and competition of fission and other
possible processes at the successive stages of neutron emission. The

calculation method was described in detail in a previous study [{21]. Owing to

the large volume of data, the spectrum tables are not given; they can be
obtained from the complete 238Pu file transmitted to the Nuclear Data Cenlre.

The fission neutron spectrum is taken in the form of a Maxwellian
distribution. The temperature of this spectrum during thermal neutron fission
is taken as equal to the experimental value TH = (1.35 * 0.04) MeV [44].

The dependence of T, on energy follows from the systematics:

M

T, = a«bfis ()%,

where §(E): [V, (E)- Gy ()" Gnrtf (€ )~ 26n2ng (E)] /G (€D,

Coefficients a and b were so chosen as to satisfy the value of TM at
the thermal point and to describe the rise in E = 3/2 T by ~ 1% with
increase in excitation energy by 1 MeV: a = 0.873 and b = 242. The evaluated
values of the fission spectrum temperature are given in Table 5.1.

- 238
5.2. Value of vt for Pu

The value of ;p was not evaluated. As evaluated data we took those

from Ref. [45), where they had been obtained in accordance with the
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systematics of ;p for the neighbouring fissile nuclei. The dependence of

v, was chosen with consideration of the systematics and is

vd(E = 10—5-5 MeV) = 0.045, V4 (E = 9-20 MeV) = 0.027. 1t decreases

linearly between the boundaries of these regions. The evaluated values of

;t and ;p are given in Table 5.2.

The value of Gip (?>2c£) = 3.757 4 0.005 was used as the
standard. The error of the evaluated values of Gt was approximately 3%.
5.3. . Angular distributicons of scattered neutrons

The angular distributions of elastically scattered neutrons and those

. 238
scattered on the first two levels of the Pu nucleus were calculated by

the generalized optical model. They take into account the isotropic
contribution of these compound processes.
The angular distributions of neutrons scattered on the other levels of

the nucleus and emitted in other reactions are taken to be isotropic.

CONCLUSION
. . 238 . . . .

Available experimental data for Pu being limited, it was necessary
to make extensive use of theoretical models for the evaluation. The
reliability of the evaluated data obtained is determined to a large extent by
the correctness of these models and of the systematics of their parameters.

The models and systematics used for evaluation of 238Pu were

pre-validated on the basis of available experimental data for 235U, 238U
9 . . cq s

and 23 Pu, and this assures us of the reliability of the evaluated data

obtained.

The full system of evaluated neutron data for 238Pu in the

-5 . . s . . .
10 "-20 MeV region, presented in this study, has been transmitted in the
ENDF/B format to the Nuclear Data Centre of the USSR State Committee on the

Utilization of Atomic Energy.
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Table 1. Values of energies Q and thresholds T

for reactions of neutrons with the
238py nucleus-

Reaction é G , HNeVv f T, Mev
(n,r) =33p, - -
.G 237D Q
(n,n) Pu -6,998 7,028
(n,3n) 23p, 12,857 12,911
(n,4n) 2Py -20,214 20,200
(,p) 2%BNp - 0,508 0,51
(n.ap)  274p -5,995 6,02
23

(n,d) =" Np -3,764 3,78
(n,t) 2%Np 4,132 o 4,15
(n,*He) =36y 9,679 9,72

(n,*Ue) 235U

ity i3

- -10,20

Table 1.1. Experirental and evaluated areas A under
capture and fission resonances.

Reso i gy, L : A :

No. é ey : Io”zs;é°ev g Io‘szé:eJ g Ref.
I 2 3 ; 4 P05
I 2,84 1,2%0,2 - /67

2,91 3,42 1,4 - /7/
2 9,98 2% - /6/
10,06 62 - /7/
¢,97 13,6+ 1,3 - /s/
3 18,56 222 - /6
18,70 29%2 - /77
18,60 37,3 5,6 790 % I66 /8/
18,54 21,1 1,7 - /9/
4 32,2 1,I*0,2% 7,8% 4,68 /8/
5 36,6 0,4 *0,2 2,4 21,5 /8/
6 59,8 8,0 - /7/
59,8 1,720,187 85,2 % 8,62 /8/
7 70,3 It - /6/
70,2 25 % 4 - J//
70,1 24,6 ¥ 2,5 114223 /8/
70,34 22,3% 3,0 - /9/
70,22 23,91 £ 1,73 114 ¥ 23 :
8 7.7 0,30 £ 0,08 I,I1%*0,76 /8/
9 83,2 31 %3 - /6/
83,0 6I % 6 - /7/
€3,0 62,4 % 4,4 600 % 72 /8/
84,32 46,9 % 4,2 - /8/
83,0 55,66 £ 2,71 600 % 72
10 85,2 0,0 *0,15 2,1%1,3 /8/
II 99,6 I,4%0,28 9,3% 2,8 /8/
12 71I0,0 35 12 - /7/
110,1 19,7 1,6 163%29,3 /8
110,3 24,32 3,1 - /9/
110,2 20,87 £ 1,41 163 % 29,3
13 III,2 0,4 £0,2 4,5 2,52 /8/
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Table 1.1. (cont.)

1 2 3 4 5

14 114,0 2tsg - /1/
113,6 46,8 * 3,7 296 % 34,8 /8/
713,8 47,3 £ 3,8 -
1I3,7 46,54 % 2,52 290 % 34,8

15  II9 38 11 - 7/
I118,6 25,0 ¥ 2,0 550 % 60,5 /8/
118,9 20,9 * 3,9 - /9/
118,75 24,50 * 1,7, 550 * 60,5

16 I 112 £ 19 - 1/
122,4 119 ¢ 9,6 470 * 65, 8 /8/
122,7 113,4 £ 5,8 - /9/
122,55 114,71 ¥ 4,80 470 * 65,8

I7 129 0,2%0,I 7.0 % 5,46 /8/

18 132,4 3,5%0,42 22%5,3 /8/

IS 139,7 12,4 ¥ 1,12 66 * 8,6 /8/

20 151 107 ¥ 10 - Yad
51,1 I02%g 380 % 53,2 /8/
151,86 93,6 £ 5,8 - /9/
151,25 98,16 % 4,38 380 * 53,2

21 165 1,3%0,2 4,1 %242

2 I71,0 10,0 * 0,9 470 = 47

23 179 145 * 28 - 77/
176,8 33,5% 2,7 26 % 8,32 /8/
176,89 30,0 % 4,7
176,9 32,63 % 2,34 6% 8,32

24 182,9 65,6 = 5,2 310 * 40,3 /8/
182,9 57,9% 5,5 - /9/
182,9 61,91 % 3,78 310 * 40,3

26 191 224 * 36 - /7/
192,5 240 ¥ 17 63 ¥ 48,5 /8/
192,5 2Is * 8,9 - /9/
192,5 221,82 7,70 63 % 48,5

26 203 5,3%0,53 84 9,2 /8/

27 214 132 ¥ 20 - /7/
216 103 % 8,2 154 ¥ 32,3 /8/
216,I 97,2 % 6,9 - /9/
16,1 99,60 % 5,28 154 * 32,3

28 221 14,0 1,4 400 ¥ 44 /8/

29 232 0,3 0,08 12,1 % 4,84 /8/

30 245 43,1 % 3,4 58 ¥ 18,6 /8/
244,8 36,9 £ 7,4 - /9/
244,8 42,02 % 3,09 58 £ 18,6

31 249 I78 £ 31 - 77/
252 I36 £ 11 8I ¥ 43,7 /8/
251,9 120,4 * 8,2 - - /9/

- 251,9 125,97 % 6,57 8I 1 43,7
261 0,7 £ 0,21 3,3% 2,61 /8/

33  2mm 468 T 148 - /7/
285 372 37 - /8/
285,7 309,9 £ 12,7 - /9/
285,7 317,44

34 289 133 £ 13 190 % 41,8 - /8/
289,4 114,83 8,1 - /9/
289,4 119,89 % 6,87 1I90 * 4I.8



Table 1.1. (cont.)

I 2 3 4 5

35 0 406 % 28,4 135 ¢ 83,7 /8/
300,5 355,2 ¥ 13,5 - /9/
300,5 364,56 * 12,19 I35 t 83,7

36 305 6,9 ¥ 6,7 33 % 15,8 /8/
305,5 89,I1%7,4 /9/
305,5 76,90 ¥ 4,97 33 % 15,8

37 312,4 73,4 * 8,2 - /9/

38 320 58,0 ¥ 4,1 360 T 43,2 /8/
320,7 I00,5 % 8,1 - /9/
320,7 66,67 < 3,66 360 £ 43,2

a9 327 67,4 = 4,7 IS5 * 26,4 /8/
326,9 60,2%7,2 - /9/
326,9 67,94 * 3,94 I55 % 26,4

40 a3y 27,5% 2,2 III £ 15,5 /8/

41 361 1,6 0,48 7,3 25,69 /8/

42 358 15,3 ¢ 1,53 I20 ¥ 21,6 /8/

43 382 1,4 20,49 2,7 2,4 /8/

44 391 7,82 1,17 93 £ 15,8 /8/

45 408 8,4 £ 1,26 116 * 12,8 /8/

46 419 I3I £ 10,5 150 ¥ 51 /3/
420,9 103,4 £ 8,8 - /9/
420,9 114,79 ¥ 6,74 150 ¥ 51

47 426 56,1 % 4,5 169 % 37,2 /8/
427,845,522 7.0 - /9/
427,8 53,00 ¥ 3,79 189 * 37,2

48 448 38,4 ¥ 3,8 18 % 11,9 /8/
450,1 38,3 6,5 - /9/
450,I 38,37 % 3,28

49 461 33,0 £ 5,0 167 £ 33,4 /8/

50 465 40,42 6,1 204 % 40,8 /8/
464,0 15,6 ¥ 4,5 -
464,0 24,34 % 3,82 204 % 40,8

51 473 7,8%1,2 115 % 18,4 /8/
473,6 10,9 ¥ 5,9 - /9/
473,6 7,92% 1,18 115 % 18,4

52 496 10,6 ¥ 1,6 53 % 10,6 /8/
497,3  4,3% 4,2 - /9/
497,3 9,89 ¥ 1,50 53 2 10,6
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Table 1.2. Thermal cress-sections of 238Pu.

Ref. :E Iof_):%ré’mz .: IGOH_IZB'mg :E Remarks

/12/ 455 + 50 - Activation seasurements in
reactor speclrum

/13/ 410 + 14 - Activation measurements above Cd-
boundary. Result corrected
in 1968

/14/ 520 + 40 18,4 + 0,3 Gr - activation measure-
gents in reactor spectrus
6; - measuresents by fission
chasber in thermal flux

/1s/ - 17,1 + 0,4 Fission chamber measuresents
in relation to 3 U in
thereal spectrue

/16/ - I7,5 + 0,7 Glass detector measurements

in theramal spectrum

Table 1.3. Evaluated resonance parameters of éjaPu.
e T T T e e S £ T
I o2 3 : 4 : 5
-2 -I10,0 12,0 4,5 34

-2 -0,4 0,438 I,0I8 34

I 2,886 00,0747 + 0,003 1I,2II + 0,5 36,79+2
< 9,975 0,208 + 0,013 6,778 + 0,96 30,2246
3 18,562 3,489 + 0,26 I,6I0 + 0,27 37,39+6
4 32,2 0,070 + 0,037 4,7°5 + 3,23 34+ 8,1
5 36,6 0,025 + 0,013 5,667 + 4,649 34

6 59,8 1,326 £ 0,13 0,671 + 0,157 34

7 70,22 2,496 + 0,419 7,131 + 1,906 34

8 T77 0,026 + 0,0I4 9,273 + 7,087 34

9 83,0 20,532 + 3,334 3,154 + 0,699 34
I0 96,2 0,08 + 0,031 4,857 + 3,963 34
1I 99,6 0,261 + 0,068 5,118 + 2,067 34
Iz I10,2 5,649 + 0,926 4,353 + 1,146 34
I3 113,2 0,133 + 0,089 3,022 + 2,333 34
I4 I13,7 12,185 + 1,500 5,456 + I,2I7 34
15 118,75 3I1,09I + 6,610 I,5I5 « 0,338 34
16 122,5 29,575 + 5,777 8,398 + 1,924 34
17 I2¢,0 0,77 + 0,172 0,971 + 0,917 34
18 132,4 0,638 + G,I7 5,409 + I,75I 34
I8 139,7 2,849 + 0,318 6,388 + 1,532 34
20 151,35 29,857 + 5,805 8,783 + 2,041 34
<l 165 0,218 + 0,098 10,781 + 6,856 34
22 I71 46,865 + 13,811 0,723 + 0,203 34
23 I176,9 2,606 + 0,366 42,670 + 15,962 34
24 182,93 27,791 + 5,173 6,790 + 1,564 H
25 152,58 14,588 + 2,743 II9,7I2 + 94,736 34
26 203 5,016 + C,538 7,145 + 0,500 34
27 216, 1 17,473 £ 2,712 21,990 + 6,188 34
28 221 60,383 + 22,781 I,I%0 + 0,278 34



Table 1.3. {cont.)

Y v T
.

Iz K : 4 5
26 232 0,713 + 0,279 0,843 + 0,433 34
30 244,8 6,622 + 1,278 24,632 + 9,238 34
31 251,69 14,832 + 3,479 52,876 + 30,198 34
32 261 C,255 + 0,167 7,212 + 6,237 34
33 2ES,7 27,150 = 1,680 3370 + 300 34
34 28%,4 39,202 + €,230 21,454 + 6,221 34
35 520,58 51,374 1+ 16,056 9I,8I5 + 59,355 34
32 339,5 8,792 + 1,370 75,230 + 40,8498 34
37 312,4 4,881 + 4,821 97,75 + 97,75 34
38 32,7 190,156 + 195,081 6,297 + I,4C5 34
39 226,9 <7,764 + 5,129 14,903 + 3,793 34
40 337 15,481 + 2,172 8,423 + 2,034 34

I 361 0,798 + 0,511 7,452 + 6,367 34
42 358 17,673 + 3,509 4,335 + 1,185 34
43 382 0,383 + 0,229 17,630 + I7,138 34
44 391 12,940 + 2,324 2,852 + 0,825 34
45 408 16,638 + 2,785 2,462 + 0,638 34
46 4<C,9 49,351 + 18,30 35,018 + 10,128 34
47 427,8 47,753 + 16,597 10,663 + 3,126 34
48 450,1 €,544 + ],459 72,477 + 50,044 34
49 461 49,813 + 18,429 6,719 + 2,075 34
50 464 79,588 + 47,005 4,057 + 1,247 34
51 473,6 23,162 + 4,971 2,342 + 0,662 34
952 497.3 9,350 + I,698 6,287 + 1,946 34
53 510 2,5 3,4 34
54 518 5 I0 34

- 238
Table 1.4. Evaluated neutron cross-sections of Pu at 0.0253 eV.

- v v

Ref. 6t ,10—28m2 Gnr,IO—?'Bmz 671;,10—28 2 6 10-28 2

Ny

Present 583 33,15,00 544,39+15,20 17,20+1,2C 2I,74+2,00

work

/17/ 583,75+419,00 546,74+23,00 17,15+1,70 1¢,86+1,20
ENDF/B-V 590,0 552,4 17,0 20,60
/18/

Igéle 2. Llevel scheae of ZBSFL_

hg»./el E{, kev ' N bzver Bi, kev e«
I 0,0 ot 8 odl.5 "
2 44,08 2t 9 962,77 I
3 745,96 4+ 10 968, T -
4 03,6 & II 983, I 2+
5 613,0 g* 12 985,46 pu
° 605,18 r I3 1028,55  2*
’ 651,43 3 14 069,95  3*
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Table 2.1. Averaged data on S, (238PL ) from Ref. [6].

B T

g,ke¥. i G, i E ke i GCp |, iBkeV S,

i o1pme8 T ! 10” 282 : t107<8n
0,5-0,86 24,5 I,4-1,6 28,2 2,8 - 3,2 25,
n,6 - 0,8 32 2 I,6 -1,8 30,5 3,2 - 3,6 28,
0,8 - 1,0 28,2 1,8 -2,0 30,7 3,6 -4,0 22,
1,0-1,2 26,4 2,0 - 2,4 31,3 4,0-4,5 20,7
1,2~ 1,4 28,3 2,4 - 2,3 25,9 4,5 - 5,5 20,4

55 - 6,5 23,

Q
Table 2.2. Averaged data on C; (238D, ) from Ref. [9].

=T — T

B, t Gnpyy ot 5ol Gre, 5, Chns

keV : 1528 ™ keV 1 p-28 2 1 keV 10-28 n
I-2 1,386 I0 - I2 0,66 60 - 70 0,39
2-3 I,64 I2 - 14 0,93 70 - &2 0,59
3 -4 I,C4 I4 - 16 0,73 80 - 20 0,87
4 -5 0,85 16 - I8 0,E6 %0 -~ ICO 0,70
5-6 1,57 18 - 20 0,72 106 - 120 0,64
6 -7 I,20 20 - 25 0,88 I20 - I40 c,72
7 -8 0,46 2 -3 0,60 140 - 160 0,74
8-9 I,o7 30 -~ 40 0,82
9 - 10 0,81 50 - 60 0,69
Table 2.3. Averaged data on fi,r (238I>u) from Ref. [10].

: Ot B, i G, , :

keV EIO—ZBWZ E' Eev fIO-%E%Z Eev : Ié?%%'mz
I1-1,2 - 6,27 7-8 1,90 40 - 50 0,72
I,2-1,4 4,29 8§ -9 2,06 45 - 50 0,87
I,4 -1,6 3,59 9 - 1I0 2,I3 50 - 60 0,66
1,6 -1,8 3,71 I0 - 12 2,06 60 - 70 0,51
1,8 -2,0 2,87 I2 - 14 2,08 70 - 80 0,63
2,0 - 2,4 4,5I I4 - 18 1,83 80 - 90 0,49
2,4-2,8 3,78 16 - I8 1,33 90 ~ I00 0,43
2,8-3,2 3,74 I8 - 20 1,37 I00 - I20 0,46
3,2 - 3,6 3,97 20 - 24 1,30 120 - 140 0,36
3,6 - 4,0 3,38 24 - 28 1,24 140 - 160 0,30
4-5 3,14 28 - 32 0,93 160 - 180 0,36
5~6 2,28 R - 36 I,22
6 -7 2,07 38 - 40 0,93




Table 2.4. Averaged data on C5n£ (238 By ) frow Ref. [20].

E, : . B, : Gn
keV m_cggf;n? pkey 10-28{ 2
I-2 0,68 6 -7 0,83
2-3 0,82 7-8 0,31
3-4 0,48 8 -9 0,72
4-5 0,56 9 - I0 0,77
5-6 1,13

Table 2.5. Eypluated average level spacings of the
Pu compound nucleus.

E¥ keV ; <Dy, , eV <D%yr ¥ §<D% , eV

T
.

1 2 : 3 : 4

0,5 3,098 4,721 3, 349

I 9,089 4,717 3,346
1,5 9,081 4,713 3,343

2 9,072 4,708 3,340
2,5 9,064 4,704 3,337

3 9,055 4,699 3,334

4 9,038 4,691 3,327

6 9,005 4,673 3,315

8 8,971 4,656 3,303
10 8,938 4,639 3,290
12 8,905 4,621 3,278
14 8,872 4,504 3,266
16 8,839 4,587 3,254
20 8,774 4,553 3, 229
24 8,709 4,519 3,205
28 8,642 4,486 3, I8
32 8,580 4,452 3,158
36 8,517 4,420 3,134
40 8,454 4,387 3,111
45 8,376 4,346 3,082
50 8,299 4,306 3,054
60 8,146 4,227 2,997
70 7,997 4,149 2,942
80 7,850 4,073 2,888
% 7,706 3,998 2,835
100 7,565 3,925 2,783
110 7,427 3,853 2,731
120 7,291 3,782 2,681
130 7,158 3,713 2,632
140 7.027 3,645 2,584
150 6,539 3,579 2,536

¥ Fnergy is reckoned from neutron binding energy.
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Table 2.6. E£valuated average neulron widths of 23 Pu.
. 0 + . 1 . ' . 2 . ?
1 g I <l <o
I @ 2 I 4 5 6
0,5 25,164 0,073 0,038 0,0 0,0
I 35,554 0,206 0,107 0,0 0,0
1,5 43,504 0,378 0,196 0,0 0,0
2 50,187 0,580 0,301 0,0 0,0
2,5 56,059 ~ 0,809 0,420 0,0 8,0
3 61,353 1,060 0,550 c,0 0,0
4 70,712 1,624 0,842 0,0 0,0
6 86,283 2,952 1,532 0,002 0,001
8 99,261 4,498 2,334 C,004 C,003
I0 110,565 6,222 3,29 0,007 0,005
I2 120,669 8,035 4,201 0,011 0,008
I4 129,883 10,097 5,240 0,017 0,012
16 138,304 12,212 6,337 0,023 0,016
20 153,484 16,725 8,679 0,040 0,028
24 136,888 21,548 I1,182 0,062 0,044
28 178,926 26,618 13,813 $,090 0,064
32 189,865 31,886 16,546 0,125 0,088
36 199,893 37,309 19,380 0,165 0,117
40 208,148 42,856 22,238 0,212 0,151
45 212,787 49,918 25,903 0,281 0,159
50 229,538 57,086 29,621 0,360 0,255
60 246,830 71,585 37,144 0,551 0,390
70 261,717 86,125 44,586 0,785 0,557
80 274,658 100,538 52,162 1,063 0,754
S0 285,983 114,706 59,512 1,384 0,981
120 295,934 128,543 66,589 1,746 1,238
110 304,702 I41,%88 73,661 2,148 1,523
I20 312,434 I54,9% 80,406 2,589 1,836
130 319,252 167,535 86,909 3,087 2,I74
140 325,257 179,586 93,187 3,578 2,536
I50 330,534 191,137 99,145 4,122 2,921
. . . 238
Table 2.7. Evaluated average inelastic widths of
Bo i Kbyt KTadths STadage, b <Ay § T,
kev acV : neV : meV weV : meV ¢
I 2 3 4 § . 6
45 0,C 0,165 0,171 16,347 17,593
50 0,007 2,617 2,715 41,086 29,137
60 0,081 10,862 I11.376 66.174 46,926
70 0,266 21,659 22,475 82,970 58,834
80 0,585 33,636 34,903 96,023 68,085
90 1,049 46,326 48,070 106,784 75,711
100 1,665 59,372 61,604 115,952 82,207
II0 ° 2,436 72,530 75,255 123,83 87,858
120 3,364 85,631 83,845 130,977 92,848
10 4,445 28,552 102,248 137,270 97,303
140 5,677 II1,205 115,371 142,932 I01, 316
150 7,054 123,524 128,147 148,083

104,956




Table 2.8. Average fission widths and value of factor x g ., .

— . . -

E' : ’rit' M g :

o bos b dee b e s
I 2 : 3 § 4 5
.5 45,156 47,908 50,979 9,007
1 46,260 48,015 51,030 8,970
1,0 46,362 48,123 51,206 8,932
2 4€., 455 48,230 51 319 8,895
2,5 48,569 48,337 51,433 8,858
3 46,673 48,444 51,547 8,821
4 46,661 48,660 51,776 8,748
6 47,299 49,094 52,238 8, 604
8 47,721 49,532 52,703 8,462
10 48,147 49,973 53,171 8,325
12 48,576 50,418 53,644 8,190
14 49,008 5D, 866 54,121 8,057
- 16 49,445 51,319 54,602 7,927
20 50, 329 52,236 55,576 7,675
24 51,227 53,168 56,566 7,432
28 52,141 54,115 57,573 7,199
32 53,070 55,079 58,587 £,976
36 54,015 56,059 59,638 6,751
40 54,976 57,055 60,697 6,554
45 &6, 200 58,324 62,045 6,308
50 57,449 59,620 63,421 6,073
60 60,026 62,292 66,260 5,637
70 62,711 65,076 69218 5,243
80 65,509 67,977 72,299 4,885
o0 68,423 70,998 75,508 4,561
100 71,457 74,144 78,848 4,267
110 74,615 77,418 82,326 4,000
120 77,502 80,826 85,944 3,758
130 81,321 84,370 89,708 3,528
140 84,877 88,057 93,623 3,337
150 88,575 97,820 97,693 3,154




"Table 3.1. Evaluated 6,,;(“8131;)/6,1{(”5[}) ratios
and their errors.

En, : 6at(®P0i 6nel®Pu i BEn, 100MR) P GulPPRy),
KeV | G (By) T Ong(PsU) U mev I Gap(PFy) 1 Ong ()

v
e Il

I i 2 : 3 P4 5 6
0.I5 0,388 10 2.4 1.754 4
0,16 0,396 10 2,6 1,780 4
0,18 0,419 9 2,8 1,806 4
G,20 0,458 3 3,0 1,837 4
0,22 0,431 8 3,2 1,857 4
0,24 0,529 8 3,4 1,878 4
0,28 0,569 8 3,8 1,904 4
0,28 0,609 8 3,8 I,e21 5
0,20 0,850 8 4,0 1,936 3
0,22 0,691 % 4,5 1,937 5
0,24 0,734 7 5.0 I,584 5
0,36 0,777 7 5,5 2,009 5
0,28 0,825 7 6,0 2,09 §
0,40 0,873 8 6,5 1,870 &
0,42 0,018 6 7,0 1,707 5
0,44 0,976 6 7,5 1.577 6
0,46 1,024 6 8,0 1,543 6
0,48 1,083 5 8,5 1,549 6
0,50 1,135 5 9,0 1,556 8
0,55 7,264 5 9,5 1,563 6
0,60 1,389 5 10,0 1,570 8
0,85 1,474 5 10,5 1.575 6
0,70 1,539 5 11,0 1,576 6
0,75 1,801 5 11,5 1,569 8
0,80 1,651 5 12,0 - 1,546 6
0,85 1,683 5 12,5 1,473 6
0,90 1,891 5 13,0 1,397 8
0,95 1,669 5 13,5 1,333 6
1,00 1,664 5 14,0 1,282 5
1,1 1,704 5 14,5 1,258 5
1,2 I,719 5 15,0 1,248 4
1,4 1,723 5 18,0 1,256 4
1,6 I,737 4 17,0 1,295 4
1,8 1,728 4 18,0 1,307 5
2,0 1,725 4 19,0 1,269 6
2,2 1,724 4 20,0 1,195 6
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[valuated neutron cross-section data for

Table 4.1. Pu in the fast neutron energy region.
i o} , : Orn 6!\} » Ont , : Onan, 6’15”’
E, D106 2 s g8 2 108 210798 | Gnr 107282 1 10728, 2 1 L 2287
KeV t Direct Total - "
1 2 3 4 5 6 7 8 9

0,15 11,945 10,540 0,565 0,281 0,018 0,560

0,16 11,317 G,905 0,570 0,265 0,021 0,577

0,18 11,064 9,617 0,590 0,247 0,025 0,6I0

0,20 10,784 9,231 0,630 0,237 0,032 0,686

0,22 10,548 8,931 C,660 0,230 0,038 0,727

0,24 10,34C 8,668 0,695 0,224 0,044 0,753

0,26 10,132 8,404 0,735 0,219 0,049 0,774

0,28 9,936 8,156 0,775 0,214 0,056 0,791

0,3 9,608 7,771 0,820 0,211 0,077 0,806

0,32 9,440 7,553 0,865 0,207 0,083 0,815

C,34 9,280 7,343 0,310 0,204 0,089 0,823

0,36 9,132 7,144 0,955 0,20I 0,098 0,832

0,38 9,000 6,960 1,005 0,198 0,105 0,837

0,40 8,852 6,762 1,055 0,195 0,112 0,840

0,42 8, 760 6,615 1,100 0,I93 0,119 0,852

0,44 8,670 6,456 1,160 0,190 0, I26 0,864
0,46 8,586 6,306 1,220 0,188 0,133 0,872

0,48 8,470 6,141 1,270 0,186. 0,I4I 0,873

0,50 8,372 5,992 1,325 0,184 0,148 0,871

0,85 8,140 5,635 1,460 0,I79 0,165 0,866

0,60 7,926 5,308 - 1,590 0,175 0,183 0,853

0,65 7,740 4,988 1,680 0,I71 0,200 0,901

0,70 7,605 4,757 1,750 0,167 0,219 0,931

0,75 7,460 4,524 1,820 0,164 0,237 0,952

0,80 7,353 4,344 I,880 0,163 0,253 0,966

0,85 7,250 4,169 1,930 0,162 0,269 0,989

0,50 7,175 4,091 1,975 0,162 0,286 0,987

0,95 7,160 3,929 2,005 0,I6I 0,302 1,005

I,00 7,053 3,785 2,030 .0,158 0,315 1,080

I,I0 6,991 3,567 2,070 0,148 0,343 I,206

I,2 6,972 3,478 2,097 0,136 0,370 1,261

I,4 7,044 3,415 2,147 0,113 0,416 1,369

I,6 7,184 3,457 2,195 0,093 0,453 1,439

I,8 7,349 3,564 2,225 0,076 0,480 1,484

2,0 7,503 3,703 2,239 0,063 0,498 1,504

2,2 7,650 3,855 2,240 0,053 0,508 1,502

2,4 7,757 4,002 2,242 0,043 0,511 1,470

2,6 7,840 4,148 2,241 0,036 0,508 1,415

2,8 7,889 4,250 2,240 0,030 0,504 1,369

3,0 7,918 4,340 2,239 0,025 0,496 1,374

3,2 7,940 4,409 2,230 0,021 0,490 1,280

3,4 7,945 4,450 2,223 0,017 0,482 1,255

3,6 7,930 4,471 2,218 0,014 0,472 1,227

3,8 7,893 4,473 2,205 0,011 0,463 1,204

4,C 7,854 4,457 2,192 0,009 0,454 1,196

4,5 7,710 4,354 2,152 0,007 0,434 1,197

5,0 7,517 4,191 2,111 0,006 0,411 1,209

5,5 7,300 3,986 2,103 0,006 0,3%4 1,205

6,0 7,080 3,773 2,330 0,005 0,379 0,972

6,5 6,870 3,570 2,550 " 0,006 0,364 0,745

7.0 6,653 3,358 2,651 0,004 0,351 0,641

7,5 6,467 3, T4 2,711 0,004 0,338 0,576 Q,002

35



Table 4.1. (cont.)

I 2 3 4 5 6 7 8 -1 9
8,0 6,312 3,019 2,750 0,003 0,326 0,53 0,005
8,5 6,160 2,878 2,760 0,003 0,315 0,498 0,621
3,0 6,049 2,779 2,758 6,002 0,303 0,467 0,43
9,5 5,958 2,700 2,754 0,002 0,250 0,433 0,064
10,0 5,891 2,640 2,746 ’0,001 0,282 0,422 0,082
10,5 5,831 2,585 2,738 0,001 0,283 0,470 0,097
II,0 5,8I3 2,574 2,729 Q, 001 0,284 0,400 0,109
11,5 5,817 2,587 2,717 0,001 0,285 0,392 0,120
12,0 5,819 2,604 2,703 0,001 0,284 0,381 Q,I30
12,5 5,832 2,630 2.690 0,00I 0,282 Q.37%¢ 0,137
13,0 5,860 2,678 2,67 0,001 0,279~ 0,365 0,140
13,5 5,893 2,732 2,664 0,001 0,276 G, 358 0,138
I4,0 5,88 ¢ 2,794 2,651 0,0CI 0,272 0,349 0,134
14,5 5,978 2,862 2,64I 0,001 0,268 0,343 0,129 0,002
I5,0 6,012 2,928 2,625 0,001 G,263 0,332 0,122 0,004
15,0 6,083 3,063 2,598 0,001 0,251 0,316 0,097 0,008
I7,0 6,I48 3,189 © 2,572 0,001 0,242 0,298 0,076 0,012
18,0 6,191 3,299 2,534 0,00I 0,234 0,278 0,063 0,CI6
19,0 6,198 3,371 2,494 0,001 0,225 0,262 0,052 0,018
20,0 6,206 3,450 2,444 0,001 0,215 0,248 0,043 0,020
Table 4.2. [valuated level excitation cross-sections for 238Pu, 10_28 ﬂ?-
: Level energy EQ/ , -kev
::env';’ 44,08 ! I45,% 44,08 [ 145,96 [ 303,6 [ 605,18 ! 661,43 @ 94I,5
; Direct excitation Compound nucleus mechanism
0,16 0,021 0,5560
0,18 0,025 0,5848 0,0002
0,20 0,032 0,6535 0,0005
0,22 0,038 0,6879 0,00IT
0,24 0,043 0,001 0,7072 0,001I8
0,26 0,048 0,001 0,7223 0,0027
0,28 0,054 0,002 0,7312 0,0038
0,30 0,075 0,002 0,7153 0,0137
0,32 0,081 0,002 - 0,7149 0,0I71
0,34 0,087 0,002 0,7133 0,0207
0,36 0,094 0,004 0,7093 0,0247
0,38 0,100 0,008 0,7032 0,0288
0,40 0,106 0,006 0,6948 0,0332
0,42 0,I1I 0,008 0,6948 0,0382
0,44 0,I17 0,009 0,6943 0,0437
0,46 0,I22 0,011 0,6900 0,04%0
0,48 0,128 0,013 0.6778 0.0542
0,50 0,I33 0,0I5 0,6637 0,0592 0, 0001
0,55 0,145 0,020 0,6290 0,0718 0,0002
0,60 0,I57 0,026 0,5864 0,0832 0,0004
0,65 0,167 0,033 00,5450 0,0047 0,0008 0,0605
0,70 0,178 0,041 0, 5030 " 0,I035 0,0013 0,094 00,0118
0,75 0,188 0,049 0,4660 ' 0,III8 0,0020 0,1I03 0,0249
G, 80 0,197 0,056 0,4348 0,1198 0,0029 0,119 0,0356
0,85 0,206 0,063 0,41I51I 0,I294 0,0040 0,1264 0,0451
0,90 0,215 0,071 0,3843 0,I341 0,0053 0,I262 0,05I1
0,95 0,223 0,072 0, 3695 0,I1420 0,0059 0,1256 0,0572 0,0018

[
[+ 1]



Table 4.2. (cont.)

Level energy Eqr , keV

f:;,'g 44,08 (145,96 [ 44,08 145,96  303,6 605,18 ; 661,43 @ 94I,5
é Direct excitation g Compound nucleus mechanisa
I,0 0,220 (0,085 0, 3500 0,527 0,00380 0,1255 0,0634 0,0126
I, I 0,246 0,097 0,3232 0,I534 0,0116 0,1137 0,0624 0,0282
I,2 0,261 C, I09 0,2704 0, 1441 0,0146 0,0943 0,0592 0,0333
1,4 0,288 0,128 0,208k 0,1320 0,0206 0,0728 0,0556 0,033I
I,6 0,312 0,141 0,I663 0,I1I54 0,0239 0,0583 0,0509 0,0287
1,8 0,330 0,I50 0,I220 0,0242 0,0233 0,0462 0,0447 0,0239
2,0 0,343 0,156 0,0951 0,0714 0,0197 0,0352 0,0367 00,0191
2,2 0,320 0,158 0, 0654 00,0500 0,0149 0,0253 00,0278 0,0143
2,4 0,362 0,159 0,0426 0,0331 0,0I04 0,0172 0,0198 0,0100
2,6 0,351 0,158 0,0264 0.0209 0,0068 0,0I1I 0,0132 0,0055
2,8 U, a4 G,I56 0,0I62 0,0I3G 0,0044 0,0071 0,0087 0, 0041
3,0 0,342 0,154 0,0087 0,0079 00,0028 0,0044 0,0055 0,0025
3,2 0,357 0,153 0,0057 0,0048 0,00I9  0,0026 0,0034  0,00I5
3,4 0,331 0,I5I 0,0034 0,0030 0,0012 0,0016 0,0021 0, 0009
3,6 0,324 0,148 0,0020 0,0018 0,0008 0,0010 0,0014 0, 0005
3,8 0,317 0,146 0,001I3 0,0012 0,0005 0,0006 0, 0009 0,0003
4,0 0,311 0,143 G,0006 0,0006 0,0003 0,0003 0, 0005 0,0002
Table 4.2. (cont.)
: level energy E keV : Continuous

E noal i _ _ g _ . ! spectrue
e eg277 D eee,l 1 983,11 995,46 | 1028,55 1 069,95 1 . ciy.co
1,0 0,0182 0,0121 0,0051 0,0064

1,1 0,0382 0,0304 0,0416 0,0265 0,0223 0,0046 0,0009
1,2 0,0448 0,0387 (,0640 0,0359 0,0493 0,0257 0,0166
1,4 0,0466 0,0446 0,0786 0,0430 0,0713 00,0509 0,0953
1,6 00,0422 0,0433 0,0750 0,0423 0,0708 0,0560 0,21I29
1,8 0,0357 0,0387 0,0658 0,0380 0,0629 0,0526 0,3490
2,0 0,0284 0,0321 0,0545 0,03I6 0,0523 0,0457 0,4842
2,2 0,0211 0,0247 0,0419 0,0244 0,0404 0,0367 0,6071
2.4 0,0148 0,0178 0,0302 0,0176 0,0293 0,0275 0,6887
2,6 0,0098 0,0121 0,0202 0,0120 0.0197 0.0190 0,7283
2,8 0, 0064 0,0080 0,01I31 0,0079 0,0129 0,0I26 0, 7506
3,0 0, 0040 0,0051 0,0082 0,0051 0,0080 0,0080 0,7468
3,2 00,0024 0,0C3I 0.0043 0,0031 0,0049 0,0049 0,7468
3,4 0,00I5 0,0020 0,0030 0,0020 0,0030 0,0030 0, 7463
3,6 0,0009 0,0013 0,0018 0,0012 0,0018 0,0019 0,7386
3,8 0,0006 00,0008 0,00IT 0,0608 0,00IT 0,00I2 0,7306
4,C 0,0004 0, 0004 0,0006 0,0004 0,0C06 00,0007 0,7364
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Table 4.2. (cont.)

) : Level energy E g keV Continuous
Eq. : 44,08 : 145.96 ¢ spectrum
NeV ; : ! g excitation

Direct excitation
4,5 0,297 0,137 0,763
5,0 0,282 0,129 0,798
5,5 0,271 0,123 0,811
6,0 0,263 0,116 0,593
6,5 0,255 0,109 0,381
7,0 0,249 0,I02 0,290
7,9 0,243 0,085 0,228
8,0 0,237 0,089 0,209
8,5 0,232 0,083 0,183
9,0 0,224 0,079 0,I54
9,5 0,216 0,074 ,148
10,0 0,213 0,069 0,140
10,5 0,215 0,068 C,127
11,0 0,217 0,067 0,116
11,5 0,219 0,(:6 ) 0,107
12,0 0,219 0,065 0,097
12,5 0,218 0,064 0,092
13,0 0,216 0,063 0,086
12,5 0,215 0,061 0,082
14,0 0,213 0,059 0,077
14,5 0,210 0,058 0,075
15 0,207 0,056 : 0,062
16 0,I3%9 0,052 0,065
17 0,I92 0,050 0,056
I8 0,187 0,047 0,044
I9 0,18l 0,044 0,037
20 0,I75 0,040 0,033

Table 5.1. Temperature Ty of the fission
neutron spectrum.

E, MV T, KeV | E_, KeV | T, , MeV

11 "
10~ 1,350 9 I,414
0,5 1,354 I5 1,455
5 1,391 20 1,478
6 1,397

Table 5.2. Average number of neutrons emitted
per fissiaon event.

Efl , KeV \) P H \)t
107 2,840 2,885
0,5 2,910 2,355
5 3,535 3,580
6 3,674 3,714
9 4,118 4,145
5 5,006 5,033
2 5,541 5,568
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Figure 1.1. Comparison of evalvated and experimental data on G, (I)axiClI(Z)in the region up

to the first resonance:
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Figure 2.1. Comparison of evaluated and experimental data on oy in the unresolved resonance energy region:

- /6/; Tio- evale /17/; ———- eval.SNiE-Y /18/; —— - present work.
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with experimental data in the 0.1-1.1 MeV region:

S ey
E, e

Figure 3.1. Comparisor of evaluated data on (5
O- /26/,8 -~ J11/;9 - /168/;4-/24/;3 - /23/;0 - /25/;— - present evaluaton; ——~-- eval. CSNDFf3-V
/18/;—.—- eval. /17/.

’.5 1 L 1 Kl 1 1 A 1 1 1 1 1 g A A 1 1 1 1 1 1 B —
d 4 E,HeV

Figure 3.2. Comparison of evaluated and experimental data on (1{ in the 0.8-5.6 MeV region

¢ - /27/ (for other nolalions see [ig. 3.1).
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Figure 3.3. Cosparison of experimental and evaluated data on—qu in the 5-20 KeV region:

& — /28/; =~~~ Calculated coepound nucleus formation cross-section (for other notations see Fig. 3.1},

-28
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Figure 4.1.
Corparison of the different evaluations for CX(I),CS (2)311C1vf(3) in the 0.15-20 KeV region:

an

- present evaluvation;—_—— — eval. ENDf/pV/18/;— —- eval. /I7/-
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Figure 4.4. Dependence of (7™ of uranium (1) and plutonive (2) isotopes: Figure 4.5. Dependence of G52 in the different evaluations
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