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1 Introduction

The advanced nuclear fuel cycle studies request the nuclear data of transplu-
tonium isotopes.! The neutron data for americium isotopes are espedcially
important in this respect. Recently we have evaluated the data for *Cm,
M5Cm, 46Cm and ’Am. In this work the evaluation of **Am neutron
data is performed. The next isotope, which neutron data would be evalu-
ated is #2"Am. The curium and americium isotopes data to be evaluated
were requested by the General Manager of Japan Nuclear data Center Dr.
Y. Kikuchi. The quantities evaluated are resolved and unresolved resonance
parameters, total, elastic and inelastic scattering, fission, capture, (n,2n) and
(n,3n) reaction cross sections, angular and energy distributions of secondary
peutrons, including partial (n,xn) and (n,xnf) reaction spectra, fission spec-
tra and number of neutrons per fission. The incident neutron energy range
covered is from 10~° €V up to 20 MeV. The evaluated quantities are com-
pared with ENDF/B-VI? | JEF® and JENDL-3* evaluations.

2 Resolved resonance region

The measured data base is similar to that of 2’!Am at least in one respect.
The extensive bomb-shot fission data of Seeger® should be discarded, as is
the case for 2! Am fission data by Seeger et al.6 However, the fission data by
Knitter and Budtz-Jgrgensen” below 100 eV are inaccessible, so the data by
Seeger® would be renormalized using the estimate of average fission width
value.

2.1  Previous evaluations of resolved resonance parameters

The evaluated resonance parameters of ENDF /B-VI and JENDL-3 are based
on the resonance parameters E, , I',, , ', by Simpson et al.® from 10~° eV up
to 250 eV and fission width 'y values due to Knitter and Budtz-Jgrgensen’
from 1073 eV up to 56 eV. The number of fission resonances observed by
Knitter and Budtz-Jgrgensen” amounts only to one-half of those observed in
total cross section measurement by Simpson et al.® The difference between
the resonance parameter sets is due to adopted values of fission widths I',
for the missed fission resonances of Knitter and Budtz-Jergensen” below 56
eV and assumed values in the region 56 eV - 250 eV. In ENDF/B-VI they
adopted I'y = 0.025 meV up to 56 €V and I'y = 0.16 meV above 56 eV. In
JENDL-3 evaluation they adopted I'; = 0.12 meV for all resonances.



Thermal total o, and capture o, cross sections of ENDF/B-VI and
JENDL-3 are compatible, while thermal fission values are discrepant. In
ENDF /B-VI thermal fission cross section oy is based on the measured data
by Wagemans et al.?, which is compatible with data by Hulet et al.’° and
Belanova et al.!! In JENDL-3 estimates of thermal fission cross section mea-
surement of Ashgar et al.> and Gavrilov et al.?® is taken into account.

Strength functions and resonance integrals of both evaluations are com-
patible (see Table 2.1).

2.2 Measured data fitting

The purpose of current resonance parameter evaluation is to extract resolved
resonance parameters up to 250 eV by consistent analysis of available data
on total and fission cross sections. The incident neutron energy range is
divided into two intervals: 102 - 50 eV and 50 - 250 eV. The energy of 50
eV was chosen because we used the data of Knitter and Budtz-Jergensen’
up to this point.

The multi-level Breit-Wigner formalism is employed. The assigning of
resonance spins was done as follows. Two assumptions were adopted: the
number of resonances with spin J is proportional to (2J+1), reduced neutron
width distribution should obey that of Porter-Thomas, neutron resonance
spacing distribution should obey that of Wigner.

2.2.1 Thermal cross sections

We emploved the following values of thermal cross sections:

1) renormalized value by Berreth and Simpson' for o, = 84 b;

2) value for o; = 0.074 b by Wagemans et al., estimate of 6; < 0.07 b
by Hulet et al.’® with updated 2*°Pu thermal value of 0’?‘0253, value for o, =
0.1983 + 0.0042 b by Asghar et al.’?> at incident neutron energy of 0.0021
eV. The latter value corresponds to the o; = 0.056 b at 0.0253 V.

3) value for o, = 73.6 = 1.8 b by Butler et al.’®, 0., = 73 + 6 b by Bak
et al.’® and o, = 78 b by Folger et al.'”

2.2.2 Total cross section

The total cross section data of Simpson et al® and Berreth et al.' are
available. We employed the data of Simpson et al.® for the thick sample in
the energy region of 0.5 eV - 250 eV, for the thin sample in the energy region
of 0.5 eV - 50 eV and the data of Berreth et al.!* in the energy region of
0.008 eV - 14 eV.



2.2.3 Fission cross section

We employ the fission areas from 31 resonances of Knitter and Budtz-
Jergensen” up to 50 eV and for the resonance 55.87 €V and measured data of
Seeger® in the energy region of 50 eV - 250 eV except the 55.87-eV resonance.

2.2.4 Energy region 1075 <+ 50 eV

In this region resonance parameters were obtained using total cross section
data of Simpson et al.® and Berreth et al.!* as well as fission areas by Knit-
ter and Budtz-Jorgensen.” For the fission resonances, which are unobserved
by Knitter and Budtz-Jergensen’ we adopted value of 19 mbxeV. Fission
widths of these resonances were calculated using 2¢I'% and I, values, rec-
ommended by Simpson et al.®

When the final values J, 2gI'% and T, for the resonances up to 50 eV
were obtained, the I'; values were updated employing the fission areas of
all resonances, visible in total cross section measurement from 1 eV up to
50 eV. The fission widths of the three first resonances were fitted to the
adopted thermal fission cross section value. Thermal cross section values
are presented in Table 2.1.

2.2.5 Energy region 50 + 250 eV

In this energy region resonance parameters were obtained using total cross
section data of Simpson et al® and fission cross section data of Seeger.’
Consistent analvsis of total and fission cross sections data would allow to es-
timate a number of missed and unresolved doublets. Figure 2.1 shows total
data fit around 160 eV. We assume that the resonance around 158.7 eV is ac-
tually an unresolved resonance doublet. At higher energies weak resonance
should be added at 160.1 eV, this resonance is observed in fission experiment
of Seeger.® However it was found that average fission width value < 'y >
, obtained for Seeger® data is much greater than fission width one needs to
fit the data by Knitter and Budtz-Jsrgensen’ in the unresolved resonance
region. To reconcile resonance parameters derived from Seeger® data with
data by Knitter and Budtz-Jergensen” above 50 eV, the I's values for all res-
onances above 50 eV, excluding the 55.87-eV resonance, were renormalised.
The purpose is to obtain for them average fission width < I'y >= 0.228
meV. Figure 2.2 shows the comparison of measured data with present and
previous evaluations. The fission widths renormalization has no appreciable
influence on the calculated cross section shape.

The total number of resonances increased from 220 to 239, as compared
with previous evaluations. There are six resonances with anomalously low
fission width I'; = 4 x 1077 eV. The contribution of these resonances into
fission cross section is negligible. The resonance energies of some resonances
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were slightly changed to fit the experimental data. The 251.9-eV resonance
was added to fit data near 250 eV.

2.2.6 Resonance parameter analysis

We have got 239 resonance parameters up to 250 eV. The average resonance
parameters, thermal cross sections and resonance integrals are presented in
Table 2.1. Figures 2.3, 2.4 demonstrate the available data fit below 0.5 eV.
Figure 2.5 shows the distribution of radiative capture widths for positive res-
onances. The resonance missing as well as reduced neutron width (I') and
neutron resonance spacing (D) distributions are discussed below. Table 2.1
shows that thermal cross sections of present evaluation are fairly compatible
with measured data.

Resonance integrals, calculated for various libraries, shown in Table 2.1,
are compatible. The present evaluation estimate of capture resonance in-
tegral I, is slightly smaller than that of ENDF/B-VI and JENDL-3. It is
due to the difference of the parameters of 10 strong resonances below 13.152
eV which define ~90 % of I, in the resolved resonance region. For these
resonances [, of ENDF/B-VI and JENDL-3 are about 28 b higher than in
present work but with present parameters we can fit measured total cross
section data®'* better.

Table 2.1
ENDF/B-VI | JENDL-3 | This evaluation
(T%) ., meV | 0.2257 0.2259 0.1872
(T'¢), meV |10.1349 0.1294 0.20596
(I'y) , meV | 39.027 39.036 43.067
(D), eV | 1.1493 1.1493 | 1.0623
So x 10* 0.98627 0.98987 | 0.86401
o: , barn 83.688 86.101 84.233
o, , barn | 75.076 78.501 76.705
o5, barn | 0.0739 0.11601 0.0638
on , barn | 8.5377 7.4834 7.4642
G 1.01680 1.01608 1.01756
gs 1.01512 1.00759 1.02008
I, , barn 1819.14 1822.62 1788.15
Is , barn 7.6196 7.5815 7.4361

The average resonance parameters, thermal total o, capture 0., fission
o s and scattering o,, cross sections, g, —, and gy —factors, as well as resonance
integrals 7+ and I values are calculated with codes PSYCHE and INTER.
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In case of JENDL-3 and present evaluations the multi-level Breit-Wigner
formalism was used, while for ENDF /B-VI evaluation single-level formula

was employed.

3 Unresolved resonance region

3.1 Review

Unresolved resonance region of 2**Am is supposed to be from 0.25 keV up to
42.3751 keV. The lower energy is the end-point of resolved resonance region,
the upper energy is the threshold energy of the inelastic scattering. We
suppose s—, p— and d—wave neutron-nucleus interactions to be eflective.

3.2 The s-wave average resonance parameter evaluation
3.2.1 Estimate of resonance level missing influence on (D) and (Sp)

The preliminary estimates of average partial widths were obtained by av-
eraging the evaluated resolved resonance parameters. Figure 3.1 shows the
cumulative number of resolved resonance levels. The average resolved reso-
nance parameters obtained for positive resonances are given below. Note
that average fission width value was obtained after experimental fission
width values for resonances above 55 eV were renormalized to reproduce
(I'r) = 0.228. This average fission width for s—wave neutrons fits the data
by Knitter and Budtz-Jergensen” in unresolved energy region:

(T%)= 1.849x107* (eV)!/?
(I'r) = 0.207 meV
<Dobs> = 1050 eV

(I'y) = 43 meV

Note that due to missing of weak resonances these values overestimate
actual reduced neutron width (gI'°) and neutron resonance spacing (D,;;).
To get a physically justified values of (9I'%) and (D) we employ a method,
which is described elsewhere.’® Both reduced neutron width and neutron
resonance spacing distributions are obtained in a unified approach. We take
into account the correlation of weak resonance missing and resonance miss-
ing due to poor experimental resolution. The resolution function parame-
ters as well as (gI'%) and (D,,) values are obtained by maximum likelihood
method. Actually we compare experimental distributions of reduced neu-
tron width and resonance spacing with Porter-Thomas® and Wigner distri-
butions. The latter distribution takes into account existence of two systems
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of resonances?! in the resolved energy region with j = J £ 1/2, both are
modified for the resonance missing. The latter distributions will be called
expected distributions.

3.2.2 Evaluation of (Dg,s), (So), (I'y) and (I'y) based on the resonance pa-
rameters

To evaluate average neutron resonance spacing (Dgs) and s-wave neutron
strength function S; we apply our method to the resolved resonance data
base. We suppose that data up to 150 eV should be taken into account.
Figure 3.1 shows the cumulative sum of resolved resonance levels. The eval-
uated values are:

(So)=( 0.8734+0.146)x 10™* (eV)~1/2
(Deops) = (0.5661+0.049) eV

Figure 3.2 shows cumulative sum of reduced neutron width. Figure 3.3
shows the comparison of expected and experimental reduced neutron width
distributions. Figure 3.4 shows the comparison of distributions for neutron
resonance spacing. Distributions for reduced neutron width and resonance
spacings without account of missing are also demonstrated. Comparison of
the latter with the predicted expected distributions shown on the figures 3.3
and 3.4 demonstrate the effect of resonance missing. The resonance data
shown on the figures encompass the energy interval 0-150eV, since at higher
energies resonance missing exceeds the relative portion we could handle with
our method.!® The figures 3.3, 3.4 show that for energy interval 0-150 eV
the expected distributions are consistent with the experimental data within
statistical errors . That is the reason to consider the (D) and Sp estimates
reliable.

3.3 The s, p- and d-wave average resonance parameter evalua-
tion
3.3.1 Neutron width

Average neutron width is calculated as follows
(%) = S5,(D,)E}/*P,

where P, is the transmission factor for the /th partial wave, which was calcu-
lated within black nucleus model. The p-wave neutron strength function S,
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= 2.176x10™* (eV)~!/% was calculated with the optical model, using the de-
formed optical potential, described below. According to the results of optical
model calculations we assumed linear decrease of s—wave strength function
to the value of Sy=0.834x10"%(eV)~? for neutron energy of 42.3751keV.
The d-wave neutron strength function was taken from optical model calcu-
lations: S; = 1.059x10* (eV).7'/2 Since the d-wave contribution is rather
small, the impact of any reasonable approximation on calculated cross sec-

tion values is negligible.

3.3.2 Neutron resonance spacing

Neutron resonance spacing (D) was calculated with the phenomenological
model??, which takes into account the shell, pairing and collective effects.
The main parameter of the model & was normalized to the observed neutron
resonance spacing (Dgys) =0.566 eV.

3.3.3 Fission width

Fission widths are calculated within a double-humped fission barrier model.
Energy and angular momentum dependence of fission width is defined by the
transition state spectra at inner and outer barrier humps. We constructed
transition spectra by supposing the triaxiality of inner saddle and mass
asvmmetry at outer saddle. They will be described below. The calculated
fission widths (I'?~) and (I‘}") for s—wave neutrons are normalized to (T';)
=0.228 meV, which allows to describe measured fission data up to 42 keV.
This value is somewhat higher than average resolved resonance fission width
suggested by Knitter and Budtz-Jergensen.”

3.3.4 Radiative capture width

Energy and angular momentum dependences of radiative capture width are
calculated within a two-cascade ~-emission model with allowance for the
(n,vf) and (n.yn) reaction competition to the (n,yv) reaction. In this en-
ergy region (n,7) reaction appears to be a radiative capture reaction. The
radiative capture width was normalized to the value of (I'y) =43 meV. (For
details see Chapter IV).

3.4 Cross section evaluation in the region 0.25-42.3751 keV
3.4.1 Fitting of fission cross section structure

Experimental fission cross-sections in the unresolved resonance region are
measured by Knitter and Budtz-Jorgensen” and Wisshak and Kappeler® at
the higher edge of the unresolved resonance energy range. Both experimen-
tal fission cross section sets are consistent in the energy region of interest
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and do not expose any significant structure. So we fitted the measured data
with fission width normalized to s—wave value of (I';) = 0.228 meV. Com-
parison of evaluated and experimental fission cross sections in the unresolved

resonance energy region is given on Fig 3.5.

Table 3.1 Comparison of the evaluated fission and capture cross sections

Energy, oy, b ory b
keV | present | JENDIL-3 | ENDF/B-VI | present | JENDL-3 | ENDF/B-V
0.250 20.78 21.58 22.05 0.110 0.066 0.113
0.350 17.35 17.81 18.42 0.092 0.055 0.094
0.550 13.58 13.90 14.19 0.071 0.043 0.073
0.650 12.41 12.63 12.95 0.065 0.039 0.066
0.850 10.72 10.94 11.08 0.056 0.034 0.057
1.250 8.70 8.75 8.85 0.045 0.027 0.045
1.750 7.26 7.34 .37 0.037 0.022 0.038
3.5 5.06 5.04 5.03 0.025 0.015 0.026
4.5 4.47 4.46 4.40 0.022 0.014 0.023
8.5 3.38 3.38 3.26 0.016 0.010 0.017
12.5 2.92 2.91 2.78 0.013 0.009 0.015
17.5 2.62 2.62 2.48 0.011 0.008 0.013
225 2.4 2.44 2.29 0.010 0.007 0.012
27.5 2.32 2.30 2.14 0.009 0.007 0.012
42.3751 2.07 1.99 1.84 0.008 0.007 0.010

3.4.2 Capture cross section energy dependence

Capture cross section in the energy region of interest is measured by Wisshak
and Kappeler® and by Weston and Todd.?* There is a systematic difference
of ~8 % between the experimental data sets, while the shapes of the capture
cross sections are consistent. In present evaluation we fitted capture cross
section data of Weston and Todd?* since with the adopted average resonance
parameters we could not lower any further calculated cross section above 10
keV. Comparison of evaluated and experimental capture cross sections in
unresolved resonance region is shown on Fig 3.6.

3.4.3 Comparison of current and JENDL-3 and ENDF/B-V/ evaluated data

Present evaluated fission cross sections is consistent with ENDF/B-VI in
the unresolved resonance region as they are based on the same data, while
JENDL-3 is twice lower since they adopted (I';) = 0.12 meV. Figure 3.5
gives the comparison of fission cross sections for both evaluations. Current
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evaluated capture cross section in unresolved resonance region almost coin-
cide with JENDL-3. Capture cross section of ENDF/B-VI is higher by ~
8 % around 150 eV and lower by ~ 8 % at the outer edge of unresolved
resonance region. Fig 3.6 gives comparison of capture cross sections. Com-
parison of the evaluated fission and capture cross sections is given in Table

3.1.

4 Fast neutron cross sections

The measured neutron data in fast energy region, i.e. above ~42 keV are
available for capture and fission cross sections. There are a lot of discrep-
ancies in fission data in a deep subthreshold region, in a plateau region
and at higher energies, specifically around 14.6 MeV. Nonetheless, the avail-
able fission and capture data fit would be used as constraint for (n,n’) and
(n,2n) reaction cross sections calculation. We reproduce also the average
resonance fission width within double-humped fission barrier model. To fix
fission channel parameters the systematic trends are used.

4.1 Optical potential

The deformed optical potential for n+2**Am interaction is employed. The
starting values for the potential parameters were those for n+24! Am interac-
tion, defined in our previous evaluation®® by slightly varving potential para-
meters?® of n+ 22U interaction. They fit total cross section data by Phillips
and Howe?", available for n+ 2*'Am interaction. The isotopic dependences
of real and imaginary parts of the potential were calculated using the optical
potential parameter systematics.?® Previously we modified the original po-
tential geometry parameters?” to fit total cross section and differential scat-
tering data for N-odd and even targets above 10 MeV. This procedure of pa-
rameter fitting is well tested in case of 23U, %Py, ¥°U, ¥2Th and #*U tar-
gets. Four levels of the ground state rotational band (5/27,7/27,9/27,11/27)
are coupled. The deformation parameters 3; and (3, are obtained by fitting
So value of 0.873x107* (eV)~!/? determined from resolved resonance pa-
rameters and S; having value lower than 2.00x10™* (eV).”!/2 The p-wave
strength function was requested by fitting experimental capture cross section
data above 10 keV energy region. The potential parameters are as follows:

Ve =46.04 —0.3E,MeV,rg = 1.26 fm,ar = 0.615 fm
, ] 3.504+04E,MeV, E <10MeV.rp=124 fm,ap = 0.5 fm
b= 7.50 MeV, E > 10 MeV
VSO = 6.2 MeV, rso = 1.12 fm, Asop = 0.47 fm, Bz = 0180, 64 = 0.086
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The s-, p-, and d-wave strength functions and potential scattering cross
section, calculated with this potential parameters in a coupled channel ap-
proach equal at incident neutron energy of 150 eV:

So = 0.872 x 10%(eV)'? |, R =9.1187 fm ;

and at 42.3751 keV:

So=0.834 x 10*(eV)'V2,  $;=2.176 x 104(eV) /2, S5,=1.059 x 10¢(eV)1/? .

The reaction cross sections, calculated with deformed optical potential
and spherical optical potential, which is used in JENDL-3 evaluation, are
compared on fig. 4.1. The significant differences below 1 MeV and above
10 MeV would be manifested in inelastic scattering cross section and (n, 3n)
cross section. The total cross section seem rather different (see figs. 4.2),
especially at low energies. The differences at low energies are due to rather
low value of s—wave strength function, adopted in present evaluation.

4.2 Fission cross section
421 Status of the experimental data

A small number of measurements are available for fission cross section, but
most of them are discrepant with each other.

Fission cross section of Am was measured by Seeger et al.® from 49
eV to 2.97 MeV at the bomb-shot Pommard. There is a large scatter of the
data points in plateau region.

Butler et al.?® defined fission cross section of **Am in the energy region
from 0.3 MeV to 1.7 MeV. They have measured fission cross sections ratio
of 2Am and *U. The neutrons were produced by the "Li(p,n)"Be reaction
with the protons from an electrostatic generator. The fission events were
detected with the gas scintillator counter. The sample weight was defined by
a-counting, using T, , =7950 years, so their results should be renormalized
to new value® of T,, , =7380 years.

The fission cross section ratios were measured by Behrens and Browne
from 0.2 MeV to 30 MeV using ionization fission chambers and a threshold
cross section method. Neutrons were produced with linac. The data are
severely discrepant with previous data of Butler et al.?® and Seeger®, which
are up to ~15% lower, however the data shapes are quite similar. About
the same situation one faces in case of ¥ Am fission cross section, when the
data by Behrens and Browne®! define the highest cross section level.

Subthreshold fission cross section was measured by Wisshak and Kappeler®
in the energy range from 5 to 250 keV, using ?**U as a standard. Neutrons

31
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were produced via “Li(p,n) (5-100 keV) and the T(p,n) (40-250 keV) reaction
with Van de Graaff accelerator. Fission events were detected by a fission
neutrons detector (liquid scintillator). The fission ratio was converted into
absolute fission cross section using 23U fission cross section of ENDF/B-V1.3

The energy dependence of fission cross section ratio of 2*Am and 2**U
was defined by Fomushkin et al3? in the of incident neutron energy range
from 0.3 MeV to 4 MeV. The neutrons were produced by the underground
nuclear explosion. The fission events were detected with a polymer film
detectors. The sample weight was defined by a-counting, using value of
Ta,,, =7380 years. The authors have estimated the #3Am fission cross
section in the plateau region, o5 = 1.4111+0.067 barns, claiming that energy
dependence is well reproduced with the Bohr-Wheeler formula. The average
fission cross sections of 2**Am and #*°U for neutron spectra of uranium
assembly were utilized. The fission cross section at incident neutron energy
~14.8 MeV was also measured. The measurement was made relative to
the ®3U fission cross section. The neutrons were produced by the T(d.n)
reaction. The value obtained (2.275 barns) is compatible with previously
measured value.??

The fission cross section at incident neutron energy 14.5 MeV was mea-
sured with neutrons, produced by the T(d,n) reaction by Fomushkin et al.*®
The measurement was made relative to the 23U or ®"Np fission cross sec-
tion. However, it is not stated explicitly which flux monitor was used in
that particular case. The fission events were detected with mica detectors
and ionization chamber in pulsed mode. The sample weight was defined by
a-counting, using T, ,, =8800 vears, so their results should be renormalized
to new value of T,, , =7380 vears. The absolute fission cross section value
for #*Am was defined using the recent values of 28U and ®"Np fission cross
sections. The data are spread between 2.28 barns and 2.53 barns.

The ratio of fission cross sections of **Am and ®?Pu was measured in the
energy range from 0.135 to 7.4 MeV by Fursov et al.>* The neutrons were pro-
duced by the "Li(p,n)"Be, T(p,n)*He and D(d,n)*He reactions. The energy
dependence of fission ratios was defined using ionization fission chambers.
The relative number of nuclei in **Am sample was defined by a-counting,
using T,,,, =7380 years. The absolute values of fission cross section ratios
were obtained using measurements with mica detectors. The absolute val-
ues of fission cross sections were obtained using ®°Pu fission cross section of
ENDF/B-V. The data are compatible with data by Butler et al.?® There is
strong discrepancy with data by Behrens et al.3! while both data shapes are
consistent. The upward data trend above 4 MeV incident neutron energy
seems to be incorrect, it may be due to doing measurements relative to Z%Pu
fission cross section.

Kanda et al.>® have measured fission cross section ratios of ***Am and
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235U from 1.06 MeV to 6.83 MeV. The neutrons were produced via the T(p,n)
(1.06-2.88 MeV), D(d,n) (4.31-6.83 MeV) reactions. The **Am fission cross
section data turned out to be systematically lower than data of Fursov et
al.>* and data by Knitter and Budtz-Jergensen.”

The fission cross section ratio of #3Am and #*U was measured by Knitter
and Budtz-Jorgensen’ in the energy range from 1 €V to 10 MeV. Fission
events of *>Am were registered by fragment detection using an ionization
chamber. The neutrons were produced via the “Li(p,n)”Be (0.33-1.14 MeV),
T(p,n) (0.897-3.96 MeV), D(d,n) (3.76-9.92 MeV) reactions. Above 300 keV
the measurements were executed with pulsed Van de Graaff accelerator.
Neutrons of energies from 100 eV to 1.3 MeV were produced with the linac.
In the neutron energy range from 100 eV to 1.4 MeV the relative fission
cross section ratio was normalized to the average value of R= 1.21140.029.
The latter value was measured at the Van de Graaff , where it turned out to
be almost constant in the energy range from 1.4 to 3 MeV. The ’linac’ data
are in good agreement with Van de Graaff’ data as well as data by Wisshak
and Kappeler.? In the neutron energy range from 1 €V to 30 keV the **Am
fission cross section was measured relative to the ¢Li(n,t)*He cross section
shape. Then it was normalized to the fission integral of ®°U between 7.8
and 11 eV, which value was recommended by Wagemans and Deruytter.>”
Although many resonances are seen below 1 keV neutron energy, the fission
areas of only 31 resonances below 56 eV were evaluated. Below 10 €V they
have detected all the resonances, observed in measurement of Simpson et
al.® except 8.77-eV resonance. Virtually. in the common incident neutron
energy range between 0.1 and 30 keV both data sets are consistent within
experimental errors. Quantities 2gI" ¢ were calculated from the fission areas
using 2gI% and I, values due to Simpson et al.®

Data of Knitter and Budtz-Jergensen” are compatible with data mea-
sured by Wisshak and Kappeler® in the energy range from 5 to 250 keV,
with data measured by Butler in the energy range 0.3-1.7 MeV and with
data measured by Fursov et al.3* In latter case there is a discrepancy of data
shapes in the plateau region (around 4 MeV.)

Fission cross section ratios ***Am and ®°U above the (n,nf) reaction
threshold (5 MeV - 10.5 MeV) were measured by Goverdovskij et al.3® To
obtain the absolute values of cross section ratios method of isotopic impuri-
ties was employed. The neutrons were produced via the D(d,n)*He reaction.
Fission events were registered using ionization chamber. The resulted fission
cross section exhibits a strong bump above 7 MeV incident neutron enpergy.
Below 7 MeV the data are compatible with data by Behrens et al.>! while
at higher energies they are discrepant.

Absolute values of the 2** Am measured fission cross section were obtained
using ®>U reference fission cross section of ENDF/B-VI.3
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The problem of consistency of 2*Am fission cross section looks like that.
Some discrepancies occur below ~0.250 keV up. There is a scatter of data
points of Wisshak et al.?®, while the data of Knitter and Budtz-Jorgensen”
are compatible with them up to 150 keV. The data of Fursov et al.3* tend to
support the tendency to higher cross section values above 150 keV, stemming
from data of Knitter and Budtz-Jorgensen.”

In the plateau region the data of Knitter and Budtz-Jeérgensen’, Fursov
et al.** and Butler et al.?° practically coincide, while the data of Behrens
and Browne®! are lying systematically (up to ~15 %) higher.

At excitation energies above emissive fission threshold the close agree-
ment between data Knitter and Budtz-Jergensen” and Behrens and Browne®!
seems to be rather strange. As regards the data of Fursov et al® the sys-
tematic discrepancy with data by Behrens and Browne®! persists, although
it tends to decrease. However, this feature is characteristic for the fission
cross section measurements relative to 2*Pu fission cross section. The data
by Goverdovskij et al.3” seem to be rather high, even as compared with data
by Behrens and Browne.?! The data of Fomushkin et al.*? around 14.8 MeV
assume rather sharp increase of fission cross section just above (n,2nf) fission
reaction threshold.

4.2.2 Statistical model calculation of fission cross section

We choose to fit data of Knitter and Budtz-Jorgensen’ in describing mea-
sured data base. That means the lower cross section level in the first plateau
region as compared with data by Behrens et al.>! From 250 keV up to 2 MeV
the measured data are virtually consistent. From 2 MeV up to emissive fis-
sion threshold the data of Knitter and Budtz-Jergensen” exhibit a rather
strong fluctuation with incident neutron energy. The most peculiar fea-
ture of data by Knitter and Budtz-Jergensen” is the strong dip around 4
MeV. We will follow the trend of data by Knitter and Budtz-Jgrgensen” and
Fursov et al.® up to 3 MeV and the trend of latter data at higher ener-
gies. The comparison of calculated fission cross section with measured data
is shown in figs. 4.4, 4.5, 4.6 and 4.7. The statistical theory calculation
of fission cross section was accomplished within the double-humped fission
barrier model. The approach employed in code STAT is described in more
details elsewhere.®®*°4! The procedure of calculating fission transmission
coeflicients is briefly described below.

4.2.3 Fission transmission coefficient, level density and transition state spec-
trum

The intrinsic two-quasiparticle state spectrum of odd-odd nuclide **Am
at equilibrium deformation are modelled by Sood and Singh.*? Using these
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intrinsic states as the bandhead energies we build the rotational bands, i.e.
transition state spectra of fissioning nuclide ?**Am . The discrete transition
spectra, as well as continuous level contribution to the fission transmission
coefficient are dependent upon the order of symmetry for 2**Am fissioning
nucleus at inner and outer saddles. Due to the axial asymmetry at the
inner saddle®® we additionally assume (2J 4 1) rotational levels for each
J value. The rotational band levels of positive parity at outer saddle are
assumed to be doubly degenerate due to mass asymmetry.** With transition
state spectra defined in the first 0.1 MeV excitation energy range (see Table
4.1) the fission barrier parameters (see table 4.2) are obtained by fitting
fission data (see figs.4.4-4.6). The fission width I‘?' = 0.2 meV calculated at
incident neutron energy of 0.15 keV is consistent with average fission width
obtained from unresolved resonance region. The fission cross section in deep
subthreshold region is rather sensitive to the positions of transition states of
negative (for s—wave neutrons) and positive (for p—wave neutrons) parity.
With transition spectra thus generated the fission cross section data could
be described up to ~0.9 MeV incident neutron energy. For higher incident
neutron energies, especially in the range 0.9 - 1.4 MeV, the inner barrier
transition states are fullv open and the cross section value is sensitive to
the number of transition states. We suppose that the level density approach
gives more accurate estimate of the number of transition states. To calculate
fission cross section for incident neutron energies above 0.9 MeV the level
density modelling*® was employed.

The discrete character of few-quasiparticle excitations is virtually unim-
portant in case of odd-odd ***Am fissioning nuclide. We will model the
level density above 0.1 MeV in the following approximate way. The level
density of axially svmmetric fissioning nucleus is calculated in constant tem-
perature approximation, i.e. p(U) = T7 'exp((U — U,)/T}). The respective
parameters, nuclear temperature T and excitation energy shift U, are de-
fined at the matching energy U, =2.4 MeV. At excitation energies above
U, the continuum part of the transition state spectrum is represented with
the phenomenological model??, which takes into account pairing, shell and
collective effects at saddle deformations. The asvmptotic value of the main
parameter of the level density for fissioning nucleus **Am is assumed to
be the same, as that of 2 Am compound nuclide. After that the effects
of non-axiality and mass asymmetry are included. The detailed procedure
of calculating fission transmission coefficient is described elsewhere.394° The
respective parameters: shell correction at saddles W, pairing correlation
function A, quadrupole deformation £, and momentum of inertia at zero
temperature Fo/A? are given in Table 4.3.

Above ~2 MeV incident neutron energy fission cross section data were
fitted (see fig. 4.6) by slight increase of pairing correlation function A value.
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Table 4.1

Transition spectra band-heads of 2¢Am

inner saddle outer saddle
K™ | Egr, MeV | K™ | Egr, MeV
1= | 0.020 1~ | 0.020
0~ |0.030 0~ | 0.030
6~ | 0.000 6~ | 0.000
1* {0.210 1* [ 0.210
6% | 0.240 17 10210
6% | 0.240
6~ | 0.240
Table 4.2

Fission barrier parameters

Nucleus | Barrier | Barrier height, MeV | Curvature, MeV
MAm inner 6.25 0.7
MAm outer 5.9 0.525
4 Am inner 6.4 1.0
MAm | outer 5.05 0.5
M2Am inner 6.315 0.6
M2Am outer 5.775 0.4
MAm inner 6.000 0.8
IAm | outer 5.350 0.5
“40Am inner 6.100 0.6
40Am outer 6.000 0.4
39Am nner 6.000 0.8
B9Am outer 5.400 0.6
Table 4.3
Level density parameters of 2#*Am fissioning nucleus and residual nucleus
243 Am
Parameter inner saddle | outer saddle | neutron channel
W, MeV 2.5 0.6 -2.128
A, MeV N +0.04 Do +0.04 JAY)
€ 0.6 0.8 0.24
Fo/h*, MeV~! | 100 200 73
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The parameters used for calculation of residual nuclide ?**Am level den-
sity for neutron emission competition are described below.

Below incident neutron energy of 0.267 MeV the neutron cross sections
are calculated within Hauser-Feshbach approach with a width fluctuation
correction taken into account. 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 (inner) saddle
as v}" = T{"/T}% where T7,, is the maximum value of the fission
transmission coefficient Tf’r. Above incident neutron energy of 0.267 MeV
the Tepel et al.** approach is employed. The calculations are made with

code STAT.#

4.2.4 Fission cross section above emissive fission threshold

The first chance fission cross section of ¥ Am(n,f) reaction above the emis-
sive fission threshold is fixed with the level density and fission barrier pa-
rameters systematics®® ( see Tables 4.2, 4.3) and secondary neutron spectra
parameterization (see fig. 4.7). A consistent description of a complete set
of measured data on (n.f), (n,2n) and (n,3n) for 2®*U and ®°U targets was
accomplished with the secondary neutron spectra parameterization*, which
is used here.

The fission cross section is calculated with the statistical code STAPRE.#"
The fission barrier parameters of 2 Am, fissioning in (n,nf) reaction are de-
fined by fitting 2™ Am fission data in the first plateau region (see Fig. 4.8).
The resulted fission barrier parameters of 2#¥Am allow fitting **Am(n,f)
data by Fursov et al.** above emissive fission threshold. The calculated fis-
sion cross section around (n,2nf) reaction threshold neutron energy is lower
than data by Fomushkin et al.3? However, this discrepancy is unavoidable,
since the fission barrier parameters of 2?Am fissioning nuclide are also fixed
by #*!'Am(n.f) cross section data analysis.?® The first-chance fission cross
section could be increased by softening the first emitted neutron spectra.
However, we do not think this procedure justified in this particular case.

The calculated fission cross section is different from JENDL-3 and ENDF /B-
V1 evaluated curves around (n,nf) reaction threshold (see fig. 4.9). Calcu-
lated fission cross section shape is similar to that of JEF-2 evaluation, which
is inferred from data by Behrens and Browne.?!

4.3 Inelastic scattering cross section

The inelastic scattering cross section is calculated with the statistical codes
STAT* and STAPRE.*" The discrete level excitation (compound and di-
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rect), continuum excitation and pre-equilibrium emission contribute to the
inelastic scattering cross section.

4.3.1 Levels of 3Am

The low-lying levels of scheme of Nuclear Data Sheets*® appears incomplete
at rather low excitation energy (see fig. 4.10). Previous evaluations take
this into account.

4.3.2 3*Am level density

The continuum level density below excitation energy U, = 3.6 MeV is cal-
culated with the constant temperature model

p(U) =T exp((U - U,,)/T),

here, energy shift U = -0.98278 MeV, nuclear temperature 7" = 0.39984 MeV
are the constant temperature model parameters, . The cumulative number
of observed levels is compared with constant temperature approximation
on fig.4.10. At higher excitation energies the phenomenological model?? is
used. The main model parameter @ for **Am residual nucleus is obtained
by fitting the evaluated neutron resonance spacing of ***™ Am target nuclide
(Dobs) = 0.272 eV.

4.3.3 Compound inelastic scattering

The residual nucleus ?**Am level density modelling, adopted in present work
changes the inelastic scattering cross section below 5 MeV as compared with
JENDL-3 evaluation (see figs. 4.11 - 4.19). Above ~1.5 MeV incident neu-
tron energy the discrepancy is due to direct excitation of the ground state
band levels. Above 1 MeV incident neutron energy inelastic scattering to
the continuum gives a major contribution to the total inelastic scattering
cross section (see fig. 4.12). Above 5 MeV incident neutron energy pre-
equilibrium emission and direct inelastic scattering are the two reaction
mechanisms which define inelastic scattering cross section (see fig. 4.11).
The pre-equilibrium model parameters were tested by the statistical model
description of #*U+n interaction secondary neutron spectra and consistent
description of fission and (n,xn) reaction data for major actinides.*® Steep
decrease of inelastic scattering cross section of JENDL-3 above 5 MeV (see
fig. 4.12) is due to missing of pre-equilibrium emission of neutrons.



-24.-

4.3.4 Direct inelastic scattering

The direct inelastic scattering changes the shape of ground band levels ex-
citation cross sections above 1 MeV incident neutron energy (see figs. 4.13,
4.15). This mechanism defines partly the hard-energy tail in total inelastic
scattering cross section (see fig. 4.11). The calculations were accomplished
with the code COUPLE.?®

Table 4.4
Level scheme of #3Am

Eyn, MeV | J m | K | band
0.0000 5/2 |- | 5/2 A
0.0422 7/2 |- |5/2]A
0.0840 5/2 |+ 1]5/2|B
0.0964 9/2 |- |5/2|A
0.1092 7/2 |+]5/2|B
0.1435 9/2 |+|5/2|B
0.1623* | 11/2|- |5/2| A
0.1893 11/2| +|3/2| B
0.2380 13/2 |- |5/2 | A
0.2440 13/2 |+ 1]5/2 B
0.2660 3/2 |- |5/2|C

*)added

43.5 2%“Am level density

The level density of odd-odd compound nuclide 2**Am one needs to calculate
radiative capture width and (n,yn’) reaction contribution to the compound
inelastic scattering cross section. The continuum level density below exci-
tation energy U, = 2.4 MeV is calculated with the constant temperature
model, the constant temperature model parameters are: energy shift U, =
-1.6413 MeV, nuclear temperature 7' = 0.3891 MeV. The cumulative num-
ber of observed levels is compared with constant temperature approximation
on fig. 4.20. At higher excitation energies the phenomenological model?*? is
used. The main model parameter a for **Am residual nucleus is obtained
by fitting the evaluated neutron resonance spacing of 2*Am target nuclide
(Dops) = 0.566 eV.

4.4 Radiative capture cross section

Capture cross section was measured by Wisshak and Kappeler® in the en-
ergy range from 5 to 250 keV, using %" Au as a standard. Capture events
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were detected by Moxon-Rae system. The data have been converted to ab-
solute values using the " Au(n,7) cross section of ENDF/B-VI. We will fit
the capture cross section data of Wisshak and Kappeler.®

Weston and Todd?* have measured capture cross section in the range of
incident neutron energy from 258 eV to 92 keV using large liquid scintillator.
The cross section was normalized at the thermal energy to the value of
74.8 barns. There is a systematic difference between data of Wisshak and
Kappeler® and that of Weston and Todd?* of up to 10% below 100 keV.

The radiative capture cross section is calculated within a statistical ap-
proach up to 5 MeV. Radiative capture strength function equals Sy =
759.72. At higher incident neutron energies we assume radiative capture
cross section to be 1 mbarn. The radiative capture width was calculated
with (n,7f) and (n.yn’) reactions competition against "true” capture reac-
tion (n,7v). Due to high fission threshold for **Am compound nuclide the
competition of (n,yn’) reaction is stronger than that of (n,7f) reaction. The
influence of (n,4m’) and (n,yf) reaction competition on radiative capture
cross section is illustrated on fig. 4.21 by sharp decrease of capture cross
section above 1 MeV incident neutron energy, as compared with (n,vx) re-
action cross section.

4.5 Cross sections of (n,2n) and (n,3n) reactions

The current and JENDL-3 evaluated (n.2n) and (n,3n) cross sections are
rather different. The magnitude of (n,2n) cross section below the (n.2nf)
reaction threshold is defined by (n,nf) and (n,2n) reaction competition. To
calculate the (n,2n) reaction cross section we use an approach, developed
for description of the ?*U(n.2n) reaction cross section.*® The present and
previous evaluated fission cross sections are rather different, as well as re-
action cross sections above 10 MeV incident neutron energy (see fig. 4.1).
The present and previous evaluations are compared in fig. 4.22. There is no
hard-energy tail in (n,2n) reaction cross sections of ENDF /B-VI, JENDL-3
and JEF-2 evaluations. In case of (n,3n) reaction the difference in reac-
tion cross section above 11 MeV (see fig. 4.1) contributes essentially to the
discrepancy with JENDL-3 evaluation, shown on fig. 4.23.

5 Energy distributions of secondary neutrons

There is no measured data on secondary neutron spectra. To calculate
neutron epergy distributions of (nxnv) and (n,xnf), x=1, 2, 3 reactions
we use a simple Weisscopf-Ewing evaporation model®? taking into account
fission and gamma competition to neutron emission. The pre-equilibrium
emission of first neutron is included.
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5.1 Model calculations of (n,nx) reaction spectra

The first neutron spectra for the (n,nx) reaction is the sum of evaporated
and pre-equilibrium emitted neutron contributions. The pre-equilibrium
emission contribution is calculated with a parameter systematics tested in
case of n+%%U and n+%5U interactions.* We have calculated the 1st, 2nd
and 3d peutron spectra for the (n,n%), (n,2n) and (n,3n), where applicable.
According to the ENDF/B-VI format we included the secondary neutron
spectra in the following way. The calculated spectra were summed up and
tabular spectra for the (n,ny), (n,2n) and (n,3n) reactions were obtained. To
clarify the competition of neutron, y-emission emission and fission in case
of (n,nx) and (n,2nx) reactions we have chosen the following presentation of
spectra. Figure 5.1 shows the spectrum of 1st neutron of the reaction (n,nx)
and its partial contributions for (n,ny), (n,2n), (n,nf) (n,2nf) and (n,3n)
reactions. Figure 5.2 shows the spectrum of 2nd neutron of the reaction
(n,2nx) and its partial contributions for (n,2n), (n,3n) and (n,2nf) reactions.
The spectra of 1st and 2nd neutrons are normalized to unity. The partial
neutron spectra shown on figs. 5.1, 5.2 are normalized to the contributions of
appropriate cross sections to the (n,nx) and (n,2nx) reaction cross sections,
respectively.

Table 5.1 Average energies of secondary neutron spectra

E,. . 1st neutron average energy, MeV

MeV (n, n’) (n, 2n) (n, n’f) (n. 3n) (n, 2n’f)

pres. | B-6|J-3 |pres.| B-6 |J-3| pres. |pres. |J-3 pres.

2.0 | 053 | 0.60 | 0.61

80 | 3.81 | 1.23 | 0.94 | 0.79 | 0.57 | 1.09 1.10

150 { 11.00 | 1.63 | 1.51 | 3.91 | 1.23 | 1.50 3.00 1.05 | 1.50 0.91

200 | 1600 | 1.86 | 1.74 | 9.39 | 1.52 | 1.74 3.90 2.80 | 1.74 2.62

E, . 2nd neutron average energy, MeV 3d neutron
MeV (n, 2n) (n, 3n) (n, 2n’f)
pres. | B-6 | J-3 | pres. | J-3| pres. pres. | J -3
80 | 0.27 | 1.23 | 0.69
150 | 0.91 | 1.62 | 1.09 | 0.76 | 1.09 0.68 0,28 | 0.70
20.0 | 0.82 [ 1.85] 1.38 | 1.16 | 1.38 1.16 0.68 | 0.87

The inclusion of pre-equilibrium emission changes significantly the av-
erage energies of emitted neutron spectra. That is shown in Table 5.1,
where the average secondary neutron energies for current and JENDL-3 and
ENDF /B-VI evaluations are compared. The most significant is the change
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of neutron spectra of (n,n~) reaction. Figs 5.3-5.7 demonstrate the discrep-
ancies of secondary neutron spectra in current, JENDL-3 and ENDF/B-VI
evaluations. Spectra of our evaluation taking into account the possibility
of pre-equilibrium emission are much harder than those in JENDL-3 and
ENDF/B-VI

The 1st neutron spectra of (n,nf) and (n,2nf) reactions also becomes
harder and that influences prompt fission neutron spectra. On the other
hand, the spectra of 2nd and 3d neutrons become softer.

5.2 Prompt fission neutron spectra

Prompt fission neutron spectra were calculated within the framework of
Madland-Nix model.>

5.2.1 Model calculations of prompt fission neutron spectra

The model parameters, which should be defined are the following.

5.2.1.1 Fragment masses. The fragment masses are defined as A; =
103 and Ay = 141, in accordance with the data of Asghar et al.® Fragment
charges are defined using the ratios of

<AL,H>/(ZL,H F 05) = AF/ZF.

The average fragments adopted are '®*Nb and ''Xe.

5.2.1.2 Energy parameters. Average total fission energies (Eg) and
average fission-fragment separation epergies are calculated as in Madland-
Nix model using mass tables of Audi and Wapstra.>® The values of (TA E)
for fissioning nuclei ***Am and ?*Am had been defined to fit experimental
data on v,(F) from thermal to 5 MeV energy. The resulted (TR'E) =
180.9 — 0.12E,, for ***Am fissioning nucleus and (TA'E) = 182.2 — 0.08E,
for 2Am fissioning nucleus. The value of (TA'E) = 183.02 — 0.08E,, for
242 Am fissioning nucleus had been defined according to systematics of Viola
et al.%6

5.2.2 Other parameters.

The level density parameter of the fermi-gas model is calculated as a =
Arx/10.2, MeV~L Becchetti-Greenlees® spherical optical potential pa-
rameters are employed to calculate compound cross section.
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5.2.3 Prompt fission neutron spectra evaluation

Below emissive fission threshold prompt fission neutron spectra are calcu-
lated with the parameters given in Table 5.2. Figure 5.8 shows the compari-
son of calculated thermal prompt fission neutron spectrum with maxwellian
spectra of JENDL-3 ( 7' = 1.377 MeV ) and ENDF/B-VI ( T = 1.33 MeV ).
Average energy of fission spectrum equals 2.13 MeV, it is compatible with
evaluated value of JENDL-3, however the spectra shapes are significantly
different. Figures 5.9, 5.10 demonstrate the discrepancy of our calculation
with JENDL-3 and ENDF/B-VI evaluations. The discrepancy is due to
incident peutron energy independent maxwellian fission spectrum presenta-
tion in JENDL-3 and ENDF/B-VI as well as emissive fission contribution
in present evaluation.

Above emissive fission threshold the fission neutron spectra N(E) is the
superposition of emissive fission spectra, i.e.

N(E) = (L4 Ny (E) + Z2L [, (E) + 12Ny (E)]
+%222 (@), (E) + 82, (E) + 15 N3 (E)])/

(2220 + 2222 (14 1) + 22 (2 4 vs)] .

where 0,F, Onf, Opprs. Opans are the total and i-th chance fission cross sections
(i=123): 5. ®)s,.r. and 92, . are emitted neutron spectra: for (n.nf)
reaction, 1st and 2nd neutrons of (n.2nf) reaction. respectively; v; and N; are
multiplicity and prompt neutron spectra for the i-th fissioning nucleus. The
pre-equilibrium emission of the first neutron is included, the ®;, .n; Spectra
for the emissive fission are calculated with Weisscopf-Ewing evaporation

model.%?

Table 5.2

Parameters of the Madland-Nix model

Flssiomng AL AH (ER> y <TA'E> y Bn,
nucleus fragm. fragm. MeV MeV MeV
“44Am 15Nb 141¥e 203.645 | 180.90-0.12E,, | 5.538
WAm 18Nb 140% e 204.651 | 182.20-0.08E,, | 6.641
M Am 12N 140Y e 204.963 | 183.02-0.08E,, | 5.538
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The influence of pre-equilibrium pre-fission neutrons on prompt fission
neutron multiplicity ; and prompt neutron spectra N; predictions as well as
N(E) and v(E), is illustrated in Table 5.3 and Fig. 5.11. In Table 5.3 (E;)
denotes average prompt fission neutron energy of i-th fissioning nucleus,
(E) is the average fission neutron energy, (E. ), ( Eans)'and ( E,f)%are
the average energies of neutrons, emitted in (n,nf) and Ist and 2nd neu-
trons emitted in (n,2nf) reactions, respectively. The Figs. 5.12-5.14 show
the partial contributions of i-th chance fission to the total fission neutron
spectrum at incident neutron energies of 8, 15 and 20 MeV.

6 Number of neutrons per fission

The number of prompt fission neutrons v,(E) was measured by Frehaut et
al.%® in energy range 6-15 MeV and by Khokhlov et al.?® from 0.5 to 12
MeV. Numerical data are unaccessible and only linear energy dependences
Up(E)=3.2840.139E,, (Frehaut et al.) and v,(E)=3.20+0.154E,, (Khokhlov
et al.%, renormalized to v, of #%2Cf = 3.757) fitted to experimental data are
provided. The present evaluation of v,(F) is based on calculation within
Madland-Nix model, fitted to the energy dependence v,(E)=3.2040.154E,,
in the energy range up to 5 MeV, proposed by Khokhlov et al.* The cal-
culated number of prompt fission neutrons is consistent with both the data
of Khokhlov et al.% and of Frehaut et al.3> The comparison of v,(E) with
measured data, JENDL-3 and ENDF /B-VI evaluations is shown on fig. 6.1.

Table 5.3 Comparison of Madland-Nix and present approach

E, =8 MeV E, =15 MeV
Quantity | M-N model®® | Present | M-N model®® | Present
( Ey) 2.329 2.329 2.483 2.483
V] 4.418 4.418 5.441 5.441
( Ewy) | 1173 1.104 1.590 3.001
(Eq) 2.180 2.182 2.337 2.304
vy 3.407 3.417 4.360 4.159
( Egng ) | - - 1.590 0.906
( Epnp ) | - - 1.104 0.677
( Ez) - - 2.167 2.195
U3 - - 3.182 3.342
(E) 2.202 2.197 2.328 2.439
v 4.414 4.417 5.394 5.301
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E, =20 MeV

M-N model’® | Present
2.585 2.585
6.151 6.151
1.829 3.902
2.440 2.396
5.030 4.740
1.829 2.618
1.420 1.160
2.277 2.264
3.815 3.741
2.411 2.590
6.059 5.894

The Madland-Nix model calculations predict non-linear decrease of v, ( E)
above emissive threshold. The influence of pre-equilibrium pre-fission neu-
trons manifests in additional appreciable decrease of dv/dE above 12 MeV.
The delayed number of neutrons per fission v; and the decay constants for
six groups of delayed neutrons are taken from Brady et al.5%¢! Specifically,
vg = 0.00795 for incident neutron energies up to 4 MeV and vy = 0.00477
for E, > 7 MeV.

7 Angular distributions of secondary neutrons

The angular distributions of elastically scattered neutrons and those for neu-
trons, scattered on three levels of ground state band are calculated with the
coupled channel method. The isotropic compound scattering contribution
is taken into account by renormalizing l-th Legendre polvnomial coefficients
Af¢, calculated with coupled channels:

A = Af°Cair/(Cair+Ocomp),

where 04;- and Ocomp are the scattering cross section direct and compound
contributions, respectively. For the other contributing reactions angular
distributions of secondary neutrons are assumed isotropic.

8 Conclusions

The evaluated neutron data file for 2* Am is compiled in ENDF/B-VI format
and sent to the International Science and Technology Center (Moscow) and

Japan Nuclear Data Center at Japan Atomic Energy Research Institute.
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Numerous discrepancies of experimental data coupled with possibility of
some new data becoming available (for example, #*Am(n,f) data of Baba et
al. (Tohoku University, Japan) may urge some revision of data file. Present
version of #3Am data file may be revised before March of 1998, the expira-

tion date of Project CIS-03-95.
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Figure captions

2.1 Total cross section of 2*Am around 160 eV.

2.2 Fission cross section of ¥ Am in the energy region below 195 eV.
2.3 Total cross section of 2*Am in the energy region below 0.1 eV.
2.4 Total cross section of 2**Am in the energy region below 0.5 eV.
2.5 Distribution of radiative capture widths for 2*Am.

3.1 Cumulative sum of neutron resonance levels of #**Am.

3.2 Cumulative sum of reduced neutron widths of 2Am.

3.3 Distribution of reduced neutron widths for 2**Am.

3.4 Neutron resonance spacing distribution for 2*Am.

3.5 Fission cross section of 22 Am in unresolved resonance region.
3.6 Capture cross section of ***Am in unresolved resonance region.
4.1 Compound reaction cross section of 2*Am.

4.2 Total cross section of 2**Am.

4.3 Elastic scattering cross section of ***Am.

4.4 Fission cross section of 23Am.

4.5 Fission cross section of 2**Am.

4.6 Fission cross section of 2*Am.

4.7 Fission cross section of 2Am.

4.8 Fission cross section of 242™Am.

4.9 Fission cross section of 2> Am.

4.10 Cumulative number of levels of 2 Am.

4.11 Inelastic scattering cross section of 2Am.

4.12 Continuum inelastic scattering cross section of **Am.

4.13 Cross section of #3Am: 0.0422 MeV, 7/27 level excitation.
4.14 Cross section of 23Am: 0.084 MeV, 5/2% level excitation.
4.15 Cross section of 2**Am: 0.0964 MeV, 9/2~ level excitation.
4.16 Cross section of 2*Am: 0.1092 MeV, 7/2% level excitation.
4.17 Cross section of 22Am: 0.1435 MeV, 9/2% level excitation.
4.18 Cross section of **Am: 0.1893 MeV, 11/2 level excitation.
4.19 Cross section of 2*Am: 0.266 MeV, 3/2~ level excitation.
4.20 Cumulative number of levels of 2#4Am.

4.21 Radiative capture cross section of ***Am.

4.22 ¥ Am(n,2n) reaction cross section.

4.23 * Am(n,3n) reaction cross section.

5.1 Components of first neutron spectrum of 2¥*Am for incident neutron

energy 15 MeV.
Fig. 5.2 Components of second neutron spectrum of ***Am for incident

neutron energy 15 MeV.
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Fig. 5.3 Comparison of (n,n’+y) reaction neutron spectra of 23Am for incident
neutron energy 8 MeV.

Fig. 5.4 Comparison of (n,2n) reaction neutron spectra of > Am for incident
neutron energy 8 MeV.

Fig. 5.5 Comparison of (n,n’y) reaction neutron spectra of 2¢*Am for incident
neutron energy 15 MeV.

Fig. 5.6 Comparison of (n,2n) reaction neutron spectra of 2 Am for incident
peutron energy 15 MeV.

Fig. 5.7 Comparison of (n,3n) reaction neutron spectra of #* Am for incident
neutron energy 14 MeV.

Fig. 5.8 Thermal prompt fission neutron spectrum of #3Am.

Fig. 5.9 Calculated fission neutron spectra of >**Am ratio to JENDL-3
evaluation ( Tpaw = 1.377 ).

Fig. 5.10 Calculated fission neutron spectra of #*3Am ratio to ENDF /B-VI
evaluation ( Tmaw = 1.33 ).

Fig. 5.11 Fission neutron spectra of 2 Am ratio to standard Madland-Nix
model calculation for incident neutron energies 8, 15 and 20 MeV.

Fig. 5.12 Fission neutron spectra of 2*Am for incident neutron energy 8
MeV.

Fig. 5.13 Fission neutron spectra of #**Am for incident neutron energy 15
MeV.

Fig. 5.14 Fission neutron spectra of #3Am for incident neutron energy 20
MeV.

Fig. 6.1 Prompt fission neutron multiplicity for 2*Am.
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