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Abstract

The diverse measured data base of n+2*>Am was evaluated using a statistical theory and genera-lized
least squares codes. Consistent description of total, capture and fission measured data provides an
important constraint for the inelastic scattering cross section. Important constraints for the measured
capture cross section in the 0.15-300 keV energy range come from the average radiative and neutron
So and S; strength functions. The evaluated inelastic cross sections of available evaluations are in
severe disagreement, predicted change of the inelastic cross section shape at E, ~1.5 MeV is
attributed to the sharp increase of the level density of the residual odd-even nuclide 2**Am due to the
onset of three-quasi-particle excitations.

The influence of exclusive (n, xnf) pre-fission neutrons on prompt fission neutron spectra (PFNS)
and (n, xn) spectra is modelled. Contributions of emissive/non-emissive fission and exclusive
spectra of (n, xnf) reactions are defined by a consistent description of the 22Am(n, F), 2!Am(n, 2n).

This work is performed under the project Agreement B-1604 during 2008-2011 with the
International Science and Technology Center (Moscow). The financing party is EU. Partial support
of International Atomic Energy Agency under Research Contract 14809 is acknowledged. Data file
is at https://www-nds.iaea.org/minskact/data/original/za095243
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1. Introduction

Americium-243 (ty2 =7370 yr) evolves in Pu-containing nuclear fuels at increased burn-up,
after p—decay of 2*'Pu (ti2 =14.4 yr) in a chain, starting from *Am. The transmutation of the
24LAm in thermal power reactors is accompanied by the neutron capture cross sections in the
reaction chains 2*Am(n, y) 2™@Am. The neutron capture reaction 2*!Am(n, y) populates either the
16-h ground state 2*29Am or the 2MAm isomer with t1> =141 yr, in both cases build-up of 2*Am is
possible. The former state 2*9Am subsequently p—-decays to 22Cm. The capture reaction 2*Am(n,
v)?*?MAm influences the neutron activity of the spent fuel due to spontaneous fission of 2#2™Am. It
gives a path for the 2*Cm vyield via 2™Am(ny)**Am(n,y)**"Am(B—(c))***Cm(***Pu) or
242m Am(n,y)?2Am(n,y)?**9Am(B’) 2**Cm. If not the forbidden p—decay of 2**™Am state, the major
path of 2**Cm build-up would not exist. The yield of the 2*M™@Am states influences both alpha- and
neutron activity of the spent fuel [1, 2].

Repository or transmutation of 2*3Am as one of the constituent of the spent fuel needs rather
diverse knowledge base. Namely, the 2**Am neutron-induced fission, capture, inelastic scattering,
(n,2n) cross sections, branching ratio for the yields of short-lived 2#*"Am and long-lived 2**9Am
states of ?*>Am(n, y) reaction, branching ratio for the yields of short-lived 2*29Am and long-lived
242m am states of 2Am(n, 2n) reaction. Prompt fission neutron spectrum (PFNS) and prompt fission
neutron multiplicity are another important items, measurements of the former for the 2*Am(n, F)
reaction are unavailable at the moment.

The improvements of the nuclear reaction modeling and nuclear parameter systematic,
developed based on neutron data description of neutron data for major actinides 2*2Th, 23U, 2°U,
238, 23%py and Z-odd target **Np provide a sound basis for critical assessment of the (n, F), (n, ),
(n, n), (n, n’) cross sections and secondary neutron spectra for the n+2**Am interaction. The main
reasons of improvement might be consistent description of total, fission and capture data in 0.15
keV — 300 keV energy range. For neutron capture reaction on 2**Am target nuclide in the unresolved
resonance and fast neutron energy ranges the methods, proven in case of 2?Th(n,y) [3], 2U(n, y) [4]
and #'Np [5] data analysis would be used. Disentangling of the model deficiencies and model
parameter uncertainties, when measured cross section data base fits are rather poor, especially when
the data are scattering and there are systematic shifts between different data sets, turns out to be a
major problem in case of Z-odd actinides like 2*’Np or 2*123Am. Important constraints for the
calculated capture cross section come from the average radiation width and neutron strength
functions So and Si. For the 2*3Am-+n interaction we have used almost the same optical potential,
which allowed consistent description of total, fission and partial inelastic scattering data in 1~3 MeV
incident neutron energy range for 23’Np target nuclide. It provided an important constraint for the
absorption cross section, which is quite important for the robust estimate of the capture cross section
in keV- energy range.

Consistent description of 22Am(n, 2n) and *!Am (n, F) cross sections was considered an
important constraint in view of large scatter and systematic shifts of fission data. 2**Am (n, F)
observed fission cross section data are scattered even more, calculated cross section is represented as
a superposition of the (n, f) and (n, xnf) reactions, with simultaneous calculation of exclusive
neutron spectra of (n, xn) and (n, xnf) reactions. That approach provided a robust estimates of
prompt fission neutron spectra and their average energies for major actinides 2%2Th, 223U, 2*°U, 238U,
23%py [6, 7] and Z-odd target *’Np [5, 7]. The average energies of prompt fission neutron spectra
(PFNS) and PFNS itself [5, 7] for 2’Np(n, F) reaction are consistent with measured data base. That
is a strong impetus to provide a new evaluation of PFNS for 2*Am (n, F).

Realistic assessment of the uncertainties of 2*Am evaluated data should take into account the
results of the consistent description of total, fission, capture and inelastic scattering cross sections
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with nuclear reaction theory. Purpose of the present evaluation is to clear out whether the available
data on total and partial cross sections and average resonance parameters could be described
(reproduced) consistently.

2. Resonance Parameters

Here we will briefly review the status of resolved neutron resonance parameters of 243Am.
Resolved and unresolved resonance parameters are adopted from our previous evaluation [8], i.e.,
resolved resonance parameters for multilevel Breit-Wigner formalism (up to 150 eV) are adopted.
Thermal total, capture and fission cross sections and resonance integrals are shown in Table 2.1.

Table 2.1 Thermal total, elastic, capture and fission cross sections and resonance integrals

Reaction | o™ ,barn RI o™ barn RI o™ barn RI
Present JENDL-4.0 ENDF/B-VII.0

Total 84.232 85.831 83.6875

Elastic 7.4642 6.49 8.53775

Fission .00638 7.4654 .00816 6.31 .007389 | 8.63501

Capture | 76.704 1781.18 | 79.259 2040 75.0759 | 1814.44

3. Evaluation of neutron capture and fission cross sections for 23Am with generalized least-
squares method

The approach developed by W. Poenitz, the GMA code and database of experimental results
were used in the last evaluation of the neutron cross section standards [9, 10]. The most
measurements of the neutron capture and fission cross sections at 2*>Am have been done relative
these standard reactions. These standards can be used in new evaluation of 2*Am(n, y) and ?*Am(n,
f) reaction cross sections in two ways. First, the results of standards evaluation (cross sections and
covariance matrices of their uncertainties) may be used as a prior in a Bayesian approach.
Uninformative prior should be assigned to **Am(n, y) and 2**Am(n, f) cross sections. Using
Bayesian procedure a posterior evaluation for combined standards and **Am cross sections can be
obtained by the least-squares fit adding the experimental data. In the second method, the generalized
least-squares fit can be done for combined standard and >**Am(n, y) and 2*Am(n, f) cross sections.
The final evaluation will contain the standards, which probably will be slightly modified, and
evaluated 22Am(n, y) and **Am(n, f) cross sections with covariance matrix of their uncertainties,
including the blocks with all cross-reaction correlations. The results obtained in both approaches
should be almost coincident.

The combined fit with only standard for **’Au(n, y) was used in the evaluation of capture
cross section 2*>Am(n, y). Because the 2**Am(n, y) experimental data include only the results of
shape cross section measurements and absolute ratio of 2**Am(n, y) to ¥’ Au(n, y) cross sections, this
is a rather good approximation. This is endorsed by the result of such evaluation when changes in
the values of the **’Au(n, y) reaction standard due to influence of the 2**Am(n, y) data are within 0.1
- 0.2 %.

3.1 #3Am capture cross section evaluation
The experimental data used in the evaluation are retrieved from EXFOR database and given
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in Table 1. Because the measurements of thermal capture cross section were de-coupled from
measurements at other energies and include mostly Maxwellian neutron spectrum averaged cross
section with kT=0.0253 eV, the evaluation at thermal energy point 0.0253 eV were done separately.
The energy measurements were done by two groups, by L.W. Weston and J.H. Todd [11], which
because of their normalization can be used only as shape type of data (see comment in table 1). Data
by K. Wisshak and F. Kaeppeler [12], which presents detailed studies with variable parameters of
measurement (16 data sets), but because of this, their systematical uncertainties are strongly
correlated.

Table 3.1. The datasets for 2*3Am(n,y) reaction cross section included in the GMA combined fit with
197 Au(n,y) reaction standard.

Data | First author Data Type of Energy range Comments

set measurem | covered, MeV

numb .

6001 | L.W.Weston | 22951002 | 3Am(n,y) | shape 0.0139 - Data were used as a shape type of
(1985) 0.0838 data, because their shape is well

determined with °B(n,a) neutron
flux monitor which has well
determined 1/v energy dependence
in the energy range of the
measurements. But final
normalization was done on
o-sqrt(En) value in the energy
range 0.02 — 0.1 eV for 2Am(n,y)
from ENDF/B-V library.

6002 | K. Wisshak 21863002 | 2**Am(n,y)/ | absolute 0.0057 —0.092 | Systematical uncertainties (LERC
(1983) 97 Au(n, v) and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of

measurements.
6003 | K. Wisshak 21863002 | 24*Am(n,y)/ | absolute 0.0057 —0.092 | Systematical uncertainties (LERC
(1983) YAU(N, 7) and MERC) is correlated with

those of other measurements
compiled in this entry because of
similar conditions of

measurements.
6004 | K. Wisshak 21863003 | 2**Am(n,y)/ | absolute 0.0057 —0.094 | Systematical uncertainties (LERC
(1983) 9 Au(n, v) and MERC) is correlated with

those of other measurements
compiled in this entry because of
similar conditions of

measurements.
6005 | K. Wisshak 21863003 | 24Am(n,y)/ | absolute 0.0057 —0.094 | Systematical uncertainties (LERC
(1983) YAU(N, 7) and MERC) is correlated with

those of other measurements
compiled in this entry because of
similar conditions of

measurements.
6006 | K.Wisshak | 21863004 | 23Am(n,y)/ | absolute 0.0056 —0.092 | Was not used in the fit because of
(1983) YAU(N, 7) discrepancy with other data of

these authors

6007 | K. Wisshak 21863004 | 2*Am(n,y)/ | absolute 0.0056 —0.092 | Systematical uncertainties (LERC
(1983) 197 Au(n, v) and MERC) is correlated with




those of other measurements
compiled in this entry because of
similar conditions of
measurements.

6008

. Wisshak

21863005
(1983)

23am(n,y)/
197Au(n, Y)

absolute

0.0058 —0.092

Systematical uncertainties (LERC
and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.

6009

. Wisshak

21863005
(1983)

23am(n,y)/
197Au(n, ,Y)

absolute

0.0058 —0.092

Systematical uncertainties (LERC
and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.

6010

. Wisshak

21863006
(1983)

23am(n,y)/
197Au(n, ,Y)

absolute

0.007 —0.093

Systematical uncertainties (LERC
and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.

6011

. Wisshak

21863006
(1983)

23Am(n,y)/
197Au(n, Y)

absolute

0.007 - 0.093

Systematical uncertainties (LERC
and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.

6012

. Wisshak

21863007
(1983)

23Am(n,y)/
197Au(n, ,Y)

absolute

0.007 —0.095

Systematical uncertainties (LERC
and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.

6013

. Wisshak

21863007
(1983)

23Am(n,y)/
197Au(n,g)

absolute

0.007 —0.095

Systematical uncertainties (LERC
and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.

6014

. Wisshak

21863008
(1983)

23Am(n,y)/
197AU(I’], Y)

absolute

0.034 - 0.226

Systematical uncertainties (LERC
and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.

6015

. Wisshak

21863008
(1983)

23Am(n,y)/
197Au(n, ,Y)

absolute

0.034 - 0.226

Systematical uncertainties (LERC
and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.

6016

. Wisshak

21863009
(1983)

am(n,y)/
197Au(n, y)

absolute

0.038 - 0.218

Systematical uncertainties (LERC
and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.
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6017 | K. Wisshak | 21863009 | 2*Am(n,y)/ | absolute 0.038-0.218 | Systematical uncertainties (LERC
(1983) YAU(N, 7) and MERC) is correlated with
those of other measurements
compiled in this entry because of
similar conditions of
measurements.

The result of the evaluation are shown at Fig. 3.1 and 3.2 together with experimental data and latest
evaluation of **Am capture cross section done for JENDL-4.0 [13] library. Data on Fig. 3.1 are
shown in the log-log scale. Weston and Todd [11] shape type data taken at their experimental energy
nodes tuned with the normalization coefficient obtained in the fit with GMA. Wisshak et al. [12]
data are converted from ratio to *”Au(n, y) using *’Au(n, y) cross section obtained in this combined
fit, which, as it was mentioned before, differs from previously evaluated standard only in few points
at 0.1 — 0.2 % level. The small uncertainty of 2*Am(n, y) cross section is at the level of 5 — 6 %
below 10 keV, then reduces to 2 — 3 % in the energy range 10 — 80 keV, and increases again to 4 — 6
% in 80 — 230 keV energy range. Coefficients of the correlation matrix of the evaluated uncertainties
are varied between 0.2 — 0.6 for range where Weston et al. [11] data determine the evaluation and
are low for part of the matrix describing correlations between uncertainties of the data above and
below 80 keV. General chi-square per degree of freedom in the fit is at the level of 0.9. Data at Fig
3.2 are shown as cross section multiplied by square root from the incident neutron energy, to remove
close to “1/v” energy dependence observed at these energies.

Evaluation of the same experimental data were done independently (including analysis of
experimental data and their uncertainties) using PADE analytical model approximation. In this
evaluation Weston et al. [11] data were considered as shape type of data; this explains the difference
in the low-energy part of the cross section. The results of Weston et al. [12] measurements show
some fluctuations, which may have physical origine because of the low level density for capture
channel in this energy region. It is interesting to mention, that JENDL-4.0 evaluation in the energy
range between 80 and 200 keV is about 10% higher GMA and PADE evaluations.

3.2 28 Am fission cross section evaluation

Data from JENDL-4.0 [13] library for 2**Am(n,f) reaction were used as a prior for ofr
experimental data [14-27] to the energy nodes in the GMA fit. The experimental data selected for
the fit given in the Table 3.2. Some data presented by the authors as results of absolute
measurements (data set 7020 and 7023) were used as shape data, because of obvious problems with
the normalization. The results of the GMA fit in comparison with JENDL-4.0 [13] evaluation and
experimental data are shown in Figs. 3.3 — 3.7. When uncertainties assigned by authors are used, the
chi-squared value per degree of freedom obtained in the fit for 23Am(n, f) is about 4, with the chi-
squared value per degree of freedom for all data in the fit at the level of 1. The outlaying data were
determined as data deviating from the result of the fit at more that 3o -level in separate points and
more than 2c in few sequential energy points. The additional medium energy range correlation
components of the uncertainties were added to the covariance matrices of the uncertainties of these
data. As a result, the final chi-squared value per degree of freedom obtained in the fit of the data sets
for 22 Am(n, f) cros section was of the order of 1.
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Table 3.2. The data sets for 2*>Am(n,f) reaction cross section included in the GMA combined fit.

Data | First author EXFOR Data Type of Energy range Comments
set entry, date measurem | covered, MeV
numb .
7001 | P.A. Seeger 10063 2Am(n,f) | Absolute | 49eV —30 Only data above 0.1 MeV are used
(1970) MeV in GMA fit because of large
uncertainty and background below
0.1 MeV. 235U(n,f) was used for
flux normalization. Because
systematical uncertainty is
substantially larger than the
uncertainty of the standard data
were not converted to
23Am(n,H/2U(n,f) ratio
7002 | J.W. Behrens | 10652 23Am(n,f)/ | Shape of 0.2-30 MeV | Shape of ratio type of data was
(1981) 25U(n,f) ratio used because authors normalized
data through ratio of cross sections
in a wide energy interval (1.75 —
4.0 MeV). Shape of ratio was a
primarely measured guantity
7003 | D.K. Butler 12543 23Aam(n,f) | Shape 0.03-1.67 Shape data with minimal error
(1961) MeV assigned 5 % . No nunerical data
about 2%U(n,f) monitor used.
7004 | K.Wisshak 21863013 | *2Am(n,f)/ | Absolute | 0.0125-0.08 | Data from runs | — IV, correlated
(1983) 35U(n,f) ratio MeV with data sets 7005, 7006, 7007
7005 | K.Wisshak 21863014 | *Am(n,f)/ | Absolute | 0.0125-0.08 | Data from runsV and VI,
(1983) Z5U(n,f) ratio MeV correlated with data sets 7004,
7006, 7007
7006 | K.Wisshak 21863015 | **Am(n,f)/ | Absolute | 0.035-0.2 Data from runs V and VI,
(1983) 25U(n,f) ratio MeV correlated with data sets 7004,
7005, 7007
7007 | K.Wisshak 21863016 | *3Am(n,f)/ | Absolute 0.035-0.225 | Data from runs V and VI,
(1983) 25U(n,f) ratio MeV correlated with data sets 7004,
7005, 7006
7008 | H.Terayama 22024 23am(n,f)/ | Absolute 4.31-6.83 d-d neutron source. Correlated
(1986) 25U(n,f) ratio MeV with data sets 7009
7009 | H.Terayama 22024 23am(n,f)/ | Absolute 1.06 —2.88 p-T neutron source. Correlated
(1986) 25U(n,f) ratio MeV with data sets 7009
7010 | H. Knitter 22032 2Am(n,f) | Absolute | 3.76 -9.92 d-d neutron source. Taken as
(1988) MeV absolute because of large
uncertainty comparing with
235U(n,f) standard changes in this
energy range. Correlated with data
set 7011 and 7012.
7011 | H. Knitter 22032 23Am(n,f) | Absolute | 0.897 —3.96 p-T neutron source. Taken as
(1988) MeV absolute because of large
uncertainty comparing with
235U(n,f) standard changes in this
energy range. Correlated with data
set 7010 and 7012.
7012 | H. Knitter 22032 23am(n,f) | Absolute | 0.335-1.132 | p-‘Li neutron source. Taken as
(1988) MeV absolute because of large

uncertainty comparing with
235(n,f) standard changes in this
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energy range. Correlated with data
set 7010 and 7011.

7013 | F. Manabe 22282 23Am(n,f)/ | Absolute | 14 —14.9 MeV | Correlated data.
(1988) 25U(n,f) ratio
7014 | M. Aiche 22993 Am(n,f) | Absolute | 4.77-7.35 d-d neutrons. Taken as absolute
(2007) MeV because of large uncertainty
comparing with 22°U(n,f) standard
changes in this energy range.
Correlated with data set 7015.
7015 | M. Aiche 22993 23Am(n,f) | Absolute | 4.77-7.35 p-t neutrons. Taken as absolute
(2007) MeV because of large uncertainty
comparing with 23U(n,f) standard
changes in this energy range.
Correlated with data set 7014.
7016 | E.F. 40779 2Am(n,f) | Absolute | 14.5 MeV Renormalized to the standard
Fomushkin (1967) values for 238U(n,f). Correlated
with data set 7017.
7017 | E.F. 40779 2Am(n,f) | Absolute | 14.5 MeV Renormalized to the standard
Fomushkin (1967) values for 237Np(n,f) and
238U(n,f). Correlated with data set
7016.
7018 | B.I. Fursov 40837 23Am(n,f)/ | Absolute | 0.135-7.40 Statistical uncertainty was
(1985) Z%py(n,f) | ratio MeV estmated from known total and
syatematical
7019 | EF. 40856 23Am(n,f)/ | Absolute | 14.8 MeV
Fomushkin (1984) 35U(n,f) ratio
7020 | AA 40912 23Am(n,f)/ | Shape of | 4.97 -10.41 Shape of ratio was used because
Goverdovskiy | (1986) 35U(n,f) ratio MeV the normalization of ratio was not
discussed
7021 | V.Ya. 41361 23Am(n,f) | Absolute | 14.7 MeV Associated particles method
Golovnya (1994)
7022 | AV. 41444 23Am(n,f)/ | Shape of | 0.6 — 360 MeV
Fomichev (2004) 25U(n,f) ratio
7023 | A.B. Laptev | 41487 23Am(n,f)/ | Shape of | 0.58 —196.2 The data were used as a shape of
(2007) 25U(n,f) ratio MeV ratio data because of the problem

with ratio normalization
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Fig. 3.6 Comparison of GMA’ evaluated fission cross section of 2*3Am with previous
evaluations and measured data.
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Fig. 3.7 Comparison of GMA’ evaluated fission cross section of 2>Am with previous
evaluations and measured data.

The data presented at Fig. 3.3 — 3.7 show, that the experimental data have a rather large
spread. GMA evaluation in the energy range above 1 MeV is below JENDL-4.0 evaluation, because
of large influence of data by Terayama et al. [17] and lays slightly below data by Fursov et al. [22].
Largest differences with JENDL-4.0 evaluation were observed in the sub-threshold region, where
uncertainties of the data are large.

As we see from figures 3.6 and 3.7, there is rather large spread of experimental data in the
MeV region. New measurements are needed in the energy range 100 eV — 100 keV and in the 14 -20

MeV energy range.
4. Unresolved resonance parameters (0.250 - 96.8 keV)

Here we will briefly review the status of unresolved neutron resonance parameters of 243Am
and provide a cross section parameterization of total, capture, elastic and inelastic scattering cross
sections. The average resonance parameters were determined as described in [8] to reproduce
average cross sections in the energy range of 0.25 keV-96.8 keV. Provided are energy dependent
average resonance parameters.

We assume that the the upper energy is 96.8 keV, twice higher than in previous evaluations
[8], the lower is 250 eV. We suppose s-, p- and d-wave neutron-nucleus interactions to be effective

(see Tables 4.1).



14

Table 4.1 Average neutron resonance parameters for 23Am

Dobs, €V Iy, meV So x 10* S; x 10% R, fm
JENDL-4.0 4356 39
RIPL .730 39 .98
Present 0.621 33 .9009 2.205 9.236

4.1 Neutron resonance spacing

Neutron resonance spacing Dops was calculated with the phenomenological Ignatyuk” model
[28], which takes into account the shell, pairing and collective effects. The main parameter of the
model, asymptotic value of level density parameter a, was normalized to the observed neutron
resonance spacing Dobs = 0.621 eV. Other parameters are provided in [29].

4.2 Neutron width

Average neutron width is calculated as follows

(r?)=s,(D),E,"*Rvy (4.1)

1"'n

where E, is the incident neutron energy, P is the transmission factor for the I-th partial wave, which
was calculated within black nucleus model, v is the number of degrees of freedom of the Porter-

Thomas distribution. The p-wave neutron strength function Si1 = 2.205 x10* at 250 eV was
calculated with the optical model, using the deformed optical potential, described below. Figure 4.1
compares the average reduced neutron widths for the particular (I, J)- state, which is excited in the

unresolved resonance energy range. The <F,§’”> values for s-wave neutrons in ENDF/B-VII.0 [27] or
JENDL-4.0 [13] data file are much less energy-dependent than those of present evaluation.

4.3 Radiative capture width

Energy and angular momentum dependence of radiative capture widths are calculated within
a two-cascade y-emission model with allowance for the (n, yn') [3] and (n, yf) [4, 31] reactions
competition to the (n, yy) reaction. The (n, yy) reaction is supposed to be a radiation capture
reaction. The radiation capture width was normalized to the value of I, = 33 meV, adopted here to
describe the neutron capture cross section data. Detailed treatment is described below.

4.4 Neutron inelastic width

Average neutron inelastic width is calculated as follows

(1), =5,(D), (E, ~E')"R(E, ~EWY, (42)
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where v is number of degrees of freedom of Porter-Thomas distribution. Excited levels of 22Am
are taken from Nuclear Data Sheets [32].

————— ENDF/B-VII.O
r — —— JENDL-4.0 b
Present

104 1

P

NEUTRON WIDTH, eV

103 10* 10°
NEUTRON ENERGY, eV

Fig. 4.1 Reduced neutron width of 22Am, 1=0, J=2.
4.5 Fission width

Fission widths are calculated within a double-humped fission barrier model by Strutinsky
[33]. Energy and angular momentum dependence of fission width is defined by the transition state
spectra at inner and outer barrier humps as in [5]. We constructed transition spectra by supposing the
triaxiality of inner saddle and mass asymmetry at outer saddle.

4.6 Total cross section in the region 0.25 keV-96.8 keV

Total cross section were calculated with the rigid rotator optical model. Coupled channel
parameters, fitting the measured data are those defined for the 23’Np+n interaction [5]. In the energy
ranges 0.15 -20 keV and 20-96.8 keV the optical model calculations of the total cross section were
reproduced assuming a decreasing trends of So, S1 and Sz strength function values as the latter and
potential radius, which was adopted from the optical model calculations, define total cross section
up to En=93.998 keV.

To reproduce the 2**Am total cross section, calculated with the optical model, we assume So
value linearly decreasing starting from 0.25 keV to 0.86885 x 10, while Si1 decreases linearly to
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1.9090 x 10* at 96.8 keV (see Fig. 4.2). The d-wave neutron strength function was assumed to be
equal to Sp=1.0909 x 104,

4.7 Elastic scattering cross section

The elastic scattering cross section is composed of shape elastic (see Fig. 4.3) and compound
elastic contributions. Compound elastic scattering cross section estimate is rather insensitive to the
243 Am fission cross section estimate. Present and JENDL-4.0 [13] estimates from 0.25 keV and up
to 96.8 keV, shown on Fig. 4.3 differ a lot below 100 keV.

'\ ———  JENDL-4.0
R ENDF/B-VII.0
PRESENT

N
o

CROSS SECTION, BARN
= =
o (6}

5 ! Ll L ! L
0.001 0.01 0.1 1

NEUTRON ENERGY, MeV

Fig. 4.2 Total cross section of 22Am.

4.8 Capture cross section

The description of capture cross section data by Weston et al. [11] and Wisshak et al. [12] in
the energy range of 0.25 keVV—200 keV is very sensitive to the shape of the neutron absorption cross
section. It was shown in [5] that around Ex~1 MeV the total cross section of Z-odd target nuclide is
virtually insensitive to the lowering/increasing of the neutron absorption cross section. Lowering of
the absorption cross section, simulated by the decrease of the imaginary surface potential term Wop,
was cross-checked by the consistency of fission and inelastic scattering cross sections.

Measured data for the 2>Am(n, v) reaction cross section [11, 12] shown on Figs. 4.4, 4.5 are
scattering a lot, or there are a systematic shifts between different data sets. At lower energy the
GMA fits are inconsistent with statistical model calculations, defined by estimate of radiation
strength function and neutron absorption cross section. Figure 4.5 shows the calculated curve,
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Fig. 4.4 Capture cross section of 23Am.
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Fig. 4.5 Capture cross section of 23Am.

corresponding to the consistent description of the total, fission and inelastic scattering cross section
with <Iy> =33 meV and <Dgps> =0.621 eV.

To follow a much higher lying data trend of the GMA-fit one would need rather large values
of s-wave neutron strength function So.

The important peculiarity of the calculated 2%U(n, y) and #2Th(n, y) [3, 4] capture cross
sections, Wigner cusp above first excited level threshold, is pronounced in case of calculated
283Am(n, y) reaction cross section differently, because of larger number of levels in odd residual
24LAm nuclide. The pattern of s-, p- and d-wave entrance channel contributions to the capture cross
section in the energy range of 0.25 — 96.8 keV is different from that of 232Th [3] or 238U [4] target
nuclides (see Fig. 4.5). That peculiarity may be traced to higher fissility of 2**Am compound nuclide
as well. In case of 238U(n, y) reaction main contribution comes from p-wave neutrons above ~10
keV. The p-wave contribution to the 2**Am(n, y) reaction cross section is higher than that of s-wave
above ~30 keV, while that of d-wave neutrons is the lowest.

4.9 Inelastic scattering cross section

Calculated inelastic scattering cross section is very close to previous evaluation of ENDF/B-
VI1.0 [30], but much different from that of JENDL-4.0 [13] (see Fig. 4.7). Conventional ENDF/B
processing codes exemplify Hauser-Feshbach-Moldauer formalism. Figure 4.6 shows partial
contributions to the inelastic scattering coming from different (I, J)-channels. Major contribution,
unlike in case of 222U+n interaction [4], comes from s-wave channels (decay of 2" and 3" states), the
intermediate comes from p-wave channel (decay of 07, 1%, 2", 3", 4" compound nucleus states) and
the lowest comes from d-wave neutrons (decay of 07, 17, 27, 37, 4°, 5" compound nucleus states). At
En> 60 keV, the contribution from p-wave channel (decay of 0%, 17, 2%, 3", 4" compound nucleus
states) becomes the largest, as shown on Fig. 4.7. However, that might be considered as imposed by
the fitting procedures employed. Because Hauser-Feshbach-Moldauer formalism is adopted
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in conventional ENDF/B processing codes, the direct excitation of the 0.0424 MeV, J*=7/2" level is
not accounted for explicitly. To compensate for that relevant strength function S, for inelastic

scattering exit channel was increased at 96.8 keV up to 2.989x10*. That helped to attain, using
conventional processing codes, the fit of relevant capture cross section, calculated with the Hauser-
Feshbach-Moldauer formalism.

4.10 Fission cross section

Evaluated fission cross section describes the trend, predicted by data [14-27], specifically of
Knitter et al. [18], Terayama et al. [17], Fursov et al. [22], Aiche et al. [20]. We estimated fission
cross section in the unresolved resonance energy region using for transition state spectra of 244Am,
fission barrier parameters were obtained fitting fission cross section data in the first plateau region
(see Fig. 4.8). The fission cross section, calculated with the Hauser-Feshbach-Moldauer formalism,
reproduces the GMA evaluation within assigned errors in the incident neutron energy range of 0.25
keV~96.8 keV.

5. Optical potential

Calculated total, elastic scattering and absorption cross sections were obtained with the
coupled-channel potential parameters, obtained for the 2’Np, as described in [5]. The experience of
describing the capture cross section of 2%2Th [3] was the motivation to decrease the real volume
potential term Vr by 0.5 MeV. Rotational levels of ground state band 5/2-7/2-9/2°-11/2" are
assumed coupled (see Table 5.1).

Deformation parameters were tuned to fit So and S strength function values. Optical model
potential parameters are defined as follows:

Vr=(45.7-0.334E) MeV;, rr =1.2600 fm; ar =.6300 fm;
Wp=(3.690+0.400E) MeV, En< 10 MeV ro =1.24 fm;

Wp= 7.690 MeV, Ei>10 MeV ap =.5200 fm;

Vso= 6.2 MeV; rso=1.12 fm;

aso=.47 fm; S2>=10.180 $4=0.08.

Table 5.1 2*Am level schema [32].

No. E Jr

1 0.0 5/2°
2 0.0422 712-
3 0.084 5/2*
4 0.0964 9/2-
5 0.1092 712*
6 0.1435 9/2*
7 0.1623 11/2°
8 0.1893 11/2*
9 0.238 13/2°
10 0.244 13/2*
11 0.266 312
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Partitioning of the total cross section into absorption (reaction) and scattering cross sections allows
get reasonable description of available fission and capture cross sections.

6. Total and elastic scattering cross section

Optical potential fitting Phillips and Howe [34] measured 2*!Am-+n total cross section in the
energy range of 0.4-25 MeV was adopted for 2*Am+n. In case of ENDF/B-VII.0 [30] the elastic
scattering was simply adjusted to balance total and partial cross sections (see Fig. 6.1).

7. Statistical model

We calculated neutron cross sections within Hauser-Feshbach theory, coupled channel
optical model and double-humped fission barrier model.

Hauser-Feshbach-Moldauer [35] and Tepel-Hoffman-Weidenmuller [36] statistical theory is
employed for partial cross section calculations below emissive fission threshold. Fissioning and
residual nuclei level densities as well as fission barrier parameters are key ingredients, involved in
actinide neutron-induced cross section calculations.

In case of fast neutron (En< 6 MeV) interaction with 2*3Am target nucleus, the main reaction
channel is the fission reaction and fission cross section data description serves as a major constraint,
except those of GMA-fits, for the neutron inelastic scattering and radiative neutron capture cross
section estimates. Below there is an outline of the statistical model employed. At incident neutron
energy lower than cut-off energy of discrete level spectra, neutron cross sections are calculated with
Hauser-Feshbach formalism and width fluctuation correction by Moldauer [35]. For width
fluctuation correction only Porter-Thomas fluctuations are taken into account. Effective number of
degrees of freedom for fission channel is defined at the higher fission barrier saddle as v¢™ =T¢"
[Tima®® where T, is the maximum value of the fission transmission coefficient. At higher

incident neutron energies the Tepel et al. [36] approach is employed, it describes cross section
behavior in case of large number of open channels correctly.

7.1 Level Density

Level density is the main ingredient of statistical model calculations. Level density of
fissioning, residual and compound nuclei define transmission coefficients of fission, neutron
scattering and radiative decay channels, respectively. The level densities were calculated with a
phenomenological model by Ignatyuk et al. [28], which takes into account shell, pairing and
collective effects in a consistent way

p(U"]”):Krot(U!‘])Kvib(u)pqp(U!‘J”)v (71)
where quasi-particle level density is defined as

A @I +Deo,(U) | I +1)
pqp(U"] )_ 4\/5(){0_ eXp|: 20‘i },

pqp(U,J”) is the state density, K,,,(U,J)and K, (U) are factors of rotational and vibrational

enhancement of the level density. The closed-form expressions for thermodynamic temperature and
other relevant equations which one needs to calculate p(U,J") provided by Ignatyuk’ model.

To calculate the residual nucleus level density at the low excitation energy, i.e. just above the
last discrete level excitation energy where N®P(U) ~N"°"(U), we employ a Gilbert-Cameron-type

(7.2)
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approach. The procedure is as follows. First, level density parameters are defined, using neutron
resonance spacing (D, ) estimate for ***Am target nuclide. Constant temperature level density
parameters To, Eo, Uc (See below for details) are defined by fitting cumulative number of low-lying
levels of 2**Am (see Fig. 7.1). Figure 7.2 shows the estimate of cumulative number of low-lying
levels of **Am, obtained using systematic of constant temperature level density parameters To, Eo,
Uc . On this figure levels of odd-odd 2**Am nuclide are compared with constant temperature model
estimate. The constant temperature approximation of the level density

o) =) Leg U2 | 73)

is extrapolated up to the matching point U to the p(U) value, calculated with a phenomenological
model by Ignatyuk with the condition

Ue=Us - TIN(T o Us)). (7.4)

In this approach Uy ~-m4,, Where Ay is the pairing correlation function, 4, = 12/\/A | Ais the mass
number, m = 2 for odd-odd, 1 for odd-even nuclei, i.e. Uo has the meaning of the odd-even energy
shift. The value of nuclear temperature parameter T obtained by the matching conditions of Eq. (7.4)
at the excitation energy Uc.

The modeling of total level density

pU) = Koo (U, YKy U) 22 _ L xp[“ ‘U°j (75)

N2ro T T
in Gilbert-Cameron-type approach looks like a simple renormalization of quasi-particle state density
o,,(U) at excitation energies U< Uc. The cumulative number of observed levels for odd-even

283 Am and odd-odd nuclide >**Am [32] are compared with constant temperature approximations for
28Am and 2**Am on Figs. 7.1 and 7.2, respectively. Missing of levels above ~0.5 MeV is
pronounced in case 2*Am.

Few-quasi-particle effects due to pairing correlations are essential for state density
calculation at low intrinsic excitation energies only for equilibrium ?**Am deformations. Few-quasi-
particle effects in fissioning nuclide 2**Am are unimportant because of its odd-odd nature.

The partial n-quasi-particle state densities for odd 2**Am, which sum-up to intrinsic state
density of quasi-particle excitations, could be modelled using the Bose-gas model prescriptions [37,
38]. The intrinsic state density of quasi-particle excitations @,,(U) could be represented as a sum of

rot

n-quasi-particle state densities angp(U):
gn(U U )I’]—l

@y, (U) = Z Do (U) = Z((n/z)l) Z(n=p!’

where g = 6acr/ 77 is a single-particle state density at the Fermi surface, n is the number of quasi-
particles. The important model parameters are threshold values U, for excitation of n-quasi-particle
configurations employed, as applied for fission, inelastic scattering or capture reaction calculations,
is provided in [39, 40].In case of and odd-odd nucleus 2*?Am Gilbert-Cameron-type approximation
of p(U) is employed. Nuclear level density p(U) of odd nuclide **Am at equilibrium deformation,

as compared with the Gilbert-Cameron-type approximation of p(U) is shown on Fig. 7.3. The

arrows on the horizontal axis of Fig. 7.3 indicate the excitation thresholds of odd n-quasi-particle
configurations.

(7.6)
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Fig. 7.3 Level density of 2*Am.

Main parameters of the level density model for equilibrium, inner and outer saddle
deformations are as follows: shell correction 6W, pairing correlation functions A and Ag, at

equilibrium deformations 4, = 12/JA, quadrupole deformation ¢ and momentum of inertia at zero
temperature Fo/h? are given in Table 7.1. For ground state deformations the shell corrections were
calculated as SW =M®® - MMS, where MMS denotes liquid drop mass (LDM), calculated with Myers-
Swiatecki parameters [41], and M®® is the experimental nuclear mass. Shell correction values at
inner and outer saddle deformations SW¢*® are adopted following the comprehensive review by
Bjornholm and Lynn [42].

Table 7.1. Level density parameters of fissioning nucleus and residual nucleus

Parameter Inner saddle Outer saddle Neutron channel
oW, MeV 2.5* 0.6 LDM

A, MeV Ao + OF* Ao + O5* Ao

g 0.6 0.8 0.24

Fo/h?, MeV 100 200 73

*) for axially asymmetric deformations, 1.5 MeV for axially symmetric deformations;
**) 6= At - A, value is defined by fitting fission cross section in the plateau region.

7.2 Fission cross section
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Fission data, processed with GMA-code [9, 10], are used as a major constraint for capture,
elastic and inelastic scattering, (n,2n) and (n,3n) cross sections as well as secondary neutron
spectrum estimation. Description of measured fission cross section might justify a validity of level
density description and fission barrier parameterization.

7.2.1 Fission Channel

Fission barrier of Am is double-humped, in the first "plateau™ region and at higher energies
we can use double-humped barrier model and relevant barrier parameters. Even at lower energies we
could describe the general shape of the fission cross section starting from 0.250 keV.

Neutron-induced fission in a double humped fission barrier model is a two-step process, i.e. a
successive crossing over the inner hump A and over the outer hump B. Hence, the transmission

coefficient of the fission channel T;"(U) represented as

T.]7r Ter
TfJﬂ' (U ): J;A (U ) fBJEU ) ) (77)
T )+ Te (U )
The transmission coefficient T;"(U ) is defined by the level density p (e, J,7) of the

fissioning nucleus at the inner and outer humps (i = A, B, respectively):
J U Yo, -(g,J ,7Z')d8

TJ-” U — TJK/Z' U fi ’ 78

7)== 2O o onle, v e U Yiha) 78)

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

symmetry of nuclear saddle deformation.

Inner and outer fission barrier heights and curvatures as well as level densities at both
saddles are the model parameters. They are defined by fitting fission cross section data at incident
neutron energies below emissive fission threshold. Fission barrier height values and saddle order of
symmetry are interdependent. The symmetry of nuclear shape at saddles was defined by Howard
and Moller [43] within shell correction method (SCM) calculation. We adopt the saddle point
asymmetries from SCM calculations. According to shell correction method (SCM) calculations of
Howard and Moller [43] the inner barriers were assumed axially asymmetric. Outer barriers for the
americium nuclei are assumed mass-asymmetric.

7.2.2 Fission transmission coefficient, level density and transition state spectrum

Adopted level density description allows describe shape of measured fission cross section
data of 2*3Am (see Figs. 7.4-7.7). One- and two-quasi-particle states in odd residual nuclide ?**Am
could be excited. The transition state spectra of odd-odd 2**Am nuclide for the band-heads of Table
7.2 were constructed using values of Fo/h?at the inner and outer saddles shown in Table 7.1.

We construct the discrete transition spectra up to 175 keV, using collective states of Table
7.2. The discrete transition spectra, as well as continuous level contribution to the fission
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We construct the discrete transition spectra up to 175 keV, using collective states of Table
7.2. The discrete transition spectra, as well as continuous level contribution to the fission
transmission coefficient are dependent upon the order of symmetry for fissioning nucleus at inner
and outer saddles. With transition state spectra defined as described, the fission barrier parameters
are obtained.

Table 7.2 Transition spectra band-heads, Z-odd, N-even nuclei

Inner saddle A Outer saddle B
K” Exz, MeV K* Exkz, MeV
2" 0 2" 0
3" 0.05 3* 0.05
3 0.05 3 0.05
2 0.05 2 0.05

7.3 Fission data analysis

Fission cross section is calculated within statistical model from 0.25 keV up to the emissive
fission threshold. Measured fission data [14-27] analysis was accomplished within GMA approach
[9, 10], as described above. Calculated cross section is consistent with data by Wsshak et al. [12],
Knitter et al. [18], Terayama et al. [17], Fursov et al. [22], Fomushkin et al. [21, 23], Aiche et al.
[20], Seeger et al. [44].

Statistical model calculations in the energy of .25 keV~6 MeV are maintained, calculated
cross sections deviate from the GMA evaluation within the GMA-estimated uncertainties, except
part of the threshold range.
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We fit the trend of the fission cross section data above Ex~3 MeV increasing the correlation
function value at outer saddle, which controls the **Am (n, f) cross section shape. For incident
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neutron energies up to Ex~3 MeV the threshold shape is roughly reproduced by varying the density
of one-quasi-particle states of the residual nuclide **Am (see Figs. 7.4-7.6). Smooth statistical
model calculations are adopted as evaluated fission cross section in the energy range of 0.15
keV~5.5 MeV.

7.4 Inelastic scattering

Fission data fit largely defines the compound inelastic neutron scattering contribution to the
total inelastic scattering cross section. The relative contribution of direct discrete level excitation
cross sections is much higher than in case of say 2*U target nuclide due to much higher fission
competition to the compound neutron scattering. That explains the sensitivity of the 2*Am
compound inelastic scattering cross section to the fission competition and modeling of the residual
nuclide level density.

7.4.1 Neutron Channel
The lumped transmission coefficient of the neutron scattering channel is given by equation

Ue

T7U) =D TI(E-E)+ Y, [ TT(ENpMU —E' 1')dE", (7.9)

Ija T o
where p(U —E',1'") is the level density of the residual nucleus. Levels of residual nuclide 2**Am

are provided in Table 5.1. The entrance channel neutron transmission coefficients T,.JJ.’.’(E') are

calculated within a rigid rotator coupled channel approach. The compound and direct inelastic
scattering components summed incoherently. The exit channel neutron transmission coefficients

TI.JJ.’.r (E") were calculated using the re-normalized deformed optical potential of entrance channel
without coupling, which describes a neutron absorption cross section.

7.4.2 Ground State Rotational Band

Predicted discrete level excitation cross section shape, calculated within a rigid rotator
model, depends upon optical potential used. We assume strong missing of levels above excitations
of 0.313 MeV (see Fig. 7.1), so only 10 excited levels up to this excitation energy were included
when calculating inelastic scattering cross sections. Predicted discrete level excitation cross section
shape, calculated within a rigid rotator model, strongly depends upon optical potential used.
Calculated compound contribution is controlled mainly by fission competition (see Figs. 7.8-7.13).
Figures 7.8, and 7.10 show that direct scattering essentially defines the excitation cross section of
Jr=7/2" and J™=9/2" levels of the ground state band levels at Ex>1 MeV. Discrepancies with
previous evaluations are due to both compound and direct contributions differences. The compound
component tends to be zero above incident neutron energy of ~3 MeV (see Fig. 7.9).

7.4.3 Total inelastic cross section

Direct inelastic contributions added incoherently to Hauser-Feshbach calculated values of
compound nucleus inelastic scattering cross sections. Present calculation based on the fits of the
fission cross section. The evaluated inelastic cross sections of ENDF/B-VI1.0 [30] and JENDL-4.0
[13] evaluations are in severe disagreement with our evaluation in the energy range 0.30 MeV — 2
MeV) (see Fig. 7.11).
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Upward trend of the inelastic data at En >1.5 MeV might be explained by the sharp increase
of the level density of the residual nuclide 2**Am due to the onset of three-quasi-particle excitations
[37, 38], that conclusion is qualitatively supported by the measured data by Kornilov et al [45] for
23"Np target nuclide [5] (see Figs. 7.11-7.13). The total inelastic scattering cross section of JENDL-
4.0 [13] is much lower, than present evaluation. The continuum levels contribution to the total
inelastic scattering cross section is shown on Figs. 7.12, 7.13.

7.5 Capture cross sections

We have demonstrated by the analysis of measured capture cross sections of 28U(n, 7),
232Th(n, y) and Z'Np(n, y) [3, 4, 5] that neutron capture data could be described within a Hauser-
Feshbach-Moldauer [35] statistical model, reproducing delicate variations of the measured cross
sections with the increase of the incident neutron energies. Specifically, in a few-keV energy region
calculated capture cross section is defined by the radiative strength function value S, = I/D. At
incident neutron energies above En~100 keV calculated capture cross section shape is defined by the
energy dependence of the radiative strength function S,. Energy dependence of S, is controlled
mainly by the energy dependence of the level density of the compound nuclide 2**Am. Alongside
with neutron emission at the second y-cascade rather low fission threshold for the 2**Am nuclide
defines appreciable competition of fission [31], i.e. after first y-quanta emission.

Then "true" capture reaction cross section (n,yy) is defined using transmission

coefficientTyj”(E), which is defined in a two-cascade approximation as

27ZC E,+B, 1=J+1 Tlﬂ(u)
TJ,, E)= y1 2 U-— ’ | , \ 4 d . 710
V74 ( ) S(ﬂhC)z '([ 870-7 (8}/)I=ZJ:1 ,0( g}/ ”/Tflﬁ(u )+ Tﬂlﬂ(u )+ T}l” (U ) 87 ( )

The last term of the integrand describes the competition of fission, neutron emission and y-emission
at excitation energy (U —¢,) after emission of first y-quanta, C, is the normalizing coefficient.

That means that transmission coefficients T;”(U), T,”(U), T/"(U) are defined at excitation energy

(U —¢,). The neutron emission after emission of first y-quanta strongly depends on the 241Am

residual nuclide level density at excitations around the pair-breaking threshold in odd nuclide Us.
The contribution of (n, yf)-reaction to the fission cross section is defined by T;”(E) value. The

energy dependence of (n yf) reaction transmission coefficient T;”(E) was calculated with the
expression

27ZC En-%-Bn 1=J+1 Tlﬂ'(U)
TJ” E)= 71 2 U- , | , \ f d . (7.11
# ( ) 3(7ZhC)2 .([ 8}/0-}’ (87)|=ZJ:1 p( gy ﬁ/Tflﬂ(U )+ Tr:.ﬁ(U )+T;E(U) 8}/ ( )

Competition of (n, yn') reaction is taken into account in a similar way. Above neutron energy
5.5 MeV capture cross section is assumed to be 0.001 barn.

Trends of the measured data by Weston et al. [11] and Wisshak et al. [12] are inconsistent
with each other. Measured data for the 2**Am(n, y) reaction cross section [11, 12] shown on Figs.
3.1, 3.2 are scattering a lot, or there are a systematic shifts between different data sets. The GMA-fit
follows the data by Weston et al. [11]. In the incident neutron energy range of 20-300 keV, the
calculated capture
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cross section closely follows the GMA-fit. The trend predicted by the data of Wisshak et al. [12] is
divergent with the former one at En< 20 keV. However, the data in the range of 10~100 keV support
the theoretical calculation, based on consistent description of fission measured data, as well as the
estimate of radiation strength function (</> = 33 meV and <Dows> = 0.621 eV) and absorption
cross section (see Figs. 7.14, 7.15).

Finally, Fig. 7.15 shows calculated capture cross section and competition of 243Am(n, vf) and
28Am (n, yn’) reactions to the “true” capture reaction 2Am(n, y y), they define the capture cross
section shape at Ex>2 MeV.

7.6 Branching ratio of short-lived *™Am (1) and long-lived ?**9Am (6°) states of 2*Am

The neutron capture reaction 2*Am(n, ) populates either the 10.1-h ground state 2*4Am or
the 2#MAm isomer with T12=26 min. Experimental information on (n,y) reaction excitation function
for the target actinide 2*3Am [1, 11, 12, 46-60] is devoted to measurements of thermal capture cross
sections. Only in two experiments [11, 12] the 22Am(n, v)***™9Am reaction excitation function was
investigated in the energy range of 0.258 — 226 keV. We analyzed and corrected experimental cross
section data to modern standards and evaluated the isomeric cross section ratio for the yields of
metastable state (t12=26 min) 2*™Am, having spin J*=1"and ground state (t12=10.1 h) state 2**9Am,
having spin J"=6": 22Am(n, y)**9Am/23Am(n, y)***™9Am.,

All reviewed experimental data, if possible, were renormalized to the new standards for the
decay data and cross sections for the monitor reactions. Direct measurements of the
28 Am(n,y)***MAm reaction cross-section is not feasible. Analysis of the experiments for
determination of the 2**Am thermal capture cross-sections show, that most representative are
experimental data by Gavrilov et al. [56] and Marie et al. [1]. Evaluated 2**Am thermal capture cross-
sections are given below in Table 7.1.

Table 7.1. Evaluated the 2Am(n, y)**™Am, *Am(n, y)***9Am
and 23Am(n, y)**M@Am cross sections at En = 0.0253 eV

. Evaluated value,
Cross-section b
o? 5.2+ 31.62%
o™ 76.39 + 6.15%
o™t 81.59 + 3.75%

The isomeric cross-section ratio o%(En)/c™9(E,) for the reaction 2**Am(n,y) may be
determined from the evaluated experimental data at the thermal point 0.0253 eV and in the resonance
energy range between 0.5 eV and about 1 MeV on the basis of experimental data by Schuman [52].

Calculated from the evaluated experimental data (Table 7.1 ) isomeric cross-section ratio at
0.0253 eV is equal to ¢9(0.0253 €V)/c™9(0.0253 eV)= 0.064 + 7.20%. The isomeric cross-section
ratio obtained in the resonance energy range from experimental data by Schuman [52] equals to
69(En)/c™9(En)= 0.051 + 13.07%, there En ranges from 0.5 eV to ~1 MeV. It is necessary to mention,
that measured by Schuman [52] thermal caprure cross section ¢9(0.0253 eV) = 5.9 b + 33% agrees
satisfactory with new experimental data by Marie et al. [1] 69(0.0253 eV) = 5.2 b + 31.62%.

The neutron capture reaction 2*Am(n, y) populates either the T12 =10.1h ground state 2*9Am
with J*=1" or the 2*MAm isomer J*=5~ with Ti2 =26 min. The ground state 2**9Am B~ —decays to
24Cm via 22mAm(n, 7)*2Am(n,y)***9Am(B)*4Cm. It gives a path for the 24Cm yield also via
242mAm(n1 y)243Am(n, y)244mAm(Bf(a))244cm(244pu)_

Ground 2*2Am and isomer 2*2"Am states of the residual nuclide 2*2Am are excited in the
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reaction 2**Am(n, 2n)?*2MAm as well. The same approach as in case of capture reaction is applied
to predict the branching ratio r(E,) =5, (E,)/ o, (E,) in 2’Np(n, 2n) reaction, as described in [5].

The branching ratio r(E,) = o?(E,)/o7"(E,) from thermal energy to 20 MeV could be defined by

the ratio of the populations of two lowest states in **Am [61]. These populations are defined by the
y-decay of the excited states, described by the kinetic equation, developed by Strutinsky et al. [62].
The branching ratio r(E,) is defined by the ratio of the populations of the two lowest states, 249Am,

with spin J = 6 and **™Am, with spin J = 1. The integral equation in the code STAPRE [63] solved
as a system of linear equations, the integration range is binned, in the assumption that there are no y-
transitions inside the bins as described in [5].

The isomer branching ratio depends mostly on the low-lying levels scheme and relevant vy-
transitions probabilities. Though experimental data are available for 2**Am [32], we will use a
simplified approach, since level scheme and gamma-decay branching ratios are still incomplete.
Modeling of low-lying levels of ?**Am in [61] is accomplished based on the assumption that ground
and first few excited states are of two-quasi-particle nature. For actinides with quadrupole
deformations the superposition principle is usually adopted, the band-head energies of the doubly-
odd nucleus are generated by adding to the each unpaired configuration (€2,,€2,), as observed in the
isotopic/isotonic (A-1) nucleus, the rotational energy contribution and residual (n—p) interaction
energy contribution. The angular momenta of neutron and proton quasi-particles could be parallel or
anti-parallel. In the independent quasi-particle model the two-quasi-particle states, K* =K + Kp‘

and K™ =

residual interaction. Figure 7.16 shows employed band-head energies for the two-quasi-particle
states expected in the odd-odd nuclide 2**Am up to 700 keV. The spectroscopic properties of two
pairs of proton and neutron single particle states were derived from those experimentally observed in
the isotopic (Z=95) and isotonic (N=147) odd-mass nuclei with mass (A-1). Figure 7.16 shows
levels expected, which have similar ordering as experimentally observed [32]. For the band-heads,
shown on Figure 7.16, the rotational bands were generated as

E,. =E, +55[J(J +1) - K(K +1)]. (7.10)

K, - Kp‘, are degenerate. Gallaher-Moshkowski doublets [61] appear because of (n—p)

Obviously, the schema presented on Fig. 7.16 does not represent a complete set to allow the
calculation of absolute yields of 22Am (n,y) **"Am and *Am (n,y) #*9Am reactions. Rotational

bands were constructed up to 700 keV excitation, modeling levels with spins J” <10, in total up to
70 levels. It was shown in [23], that simple estimate of the number of levels in odd-odd nuclei as

NU)=e (e -1y, (7.11)

predicts up to 280 level at U~700 keV, T=0.388 MeV, 4=12/AY?, MeV. We assume that the
modeled angular momentum distribution would not be much different from realistic estimates. Since
the complete data on the y-transitions are missing, we assumed the simple decay scheme: only

El, E2 and M1, M2, M3 transitions are allowed in a continuum excitation energy range. Inter-band
transitions are not allowed, i.e., only y-transitions within the rotational bands are possible. In that
approach the populations of the lowest five level doublets could be calculated. Then we assumed
that the transition to the isomer state J* =6 or low-spin, short-lived ground state J” =1 is
defined by the “minimal multipolarity” rule. That means the states with spins J >3 should populate
the ground state, while those with J <3 should feed the isomer state. Then the branching ratio is
obtained as the ratio of the populations, derived from Eq. (7.12):
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Figure 7.17 show the branching ratio, calculated for the modeled level schema, presented at
Fig. 7.16.



38

The measured data reproduced assuming lihear extrapolation up to incident neutron energy 100 keV.

8. Fission cross section above emissive fission threshold

At incident neutron energies when fission of 2**Am or 2*2Am nuclides is possible, as well as
fission of 2%*Am, after emission of 1 or 2 pre-fission neutrons, the observed 2**Am(n, F) fission cross
section is a superposition of non-emissive or first chance fission of 2#*Am

TR

E )=q(E.)———> (2J+1)T (E JP*(E.), 8.1
O-nf( n) q( n)2(2|+1)§( + ) I( n)f ( n) ( )
and x"-chance fission contributions as
X
UnF(En ) = O-nf(En)+ Zo-n,xnf(En ) (82)
x=1

The contributions to the observed fission cross section onyxnf(En), coming from (n, xnf), x=1, 2,
3...X, fission of relevant equilibrated americium nuclei are weighted with a probability of x neutron
emission before fission. These cross sections are calculated as

max

U
O_n,xnf(En):z J.ij-:;(U)PfJ&ﬂ) (U )dU ’ (83)

Jr 0
where W, is the population of (x+1)™ nucleus at excitation energy U after emission of x neutrons,

excitation energy Umax is defined by the incident neutron energy E, and the energy, removed from
the composite system 2**Am by the 2**Am(n, xnf) pre-fission neutrons.
Contribution of first-chance fission o (E, ) is defined by the pre-equilibrium emission of

the first neutron and the fission probability Py of the *2Am nuclide
o =0.(1-q(E))P;,. (8.4)

Once the contribution of first neutron pre-equilibrium emission q(E) is fixed, the first-
chance fission probability Pq of the 2**Am is defined by the level densities of fissioning 2**Am and
residual ***Am nuclides. Actually, it depends on the ratio of shell correction values oW, and
oW, . Different theoretical calculations of the shell corrections as well as of the fission barriers vary

by 1-2 MeV. The same is true for the experimental shell corrections, which are obtained with a
smooth component of potential energy calculated according to the liquid-drop or droplet model.
However the isotopic changes of 6W,, g and W, are such that Pn viewed as a function of the

difference (W, — W, ) is virtually independent on the choice of smooth component of potential
energy. Therefore, we shall consider the adopted oW, estimates to be effective, provided that

oW, are obtained with the liquid drop model. In the first "plateau” region and at higher energies we
can safely use double-humped barrier model and relevant barrier parameters (see Table 8.1).
Consistent description of a most complete set of measured data on the (n, F), (n,2n), (n,3n)

and (n,4n) reaction cross sections for the 238U target nuclide up to 20 MeV [64] enables one to
consider the estimates of first neutron spectra emitted from the composite 2**Am nuclide as fairly
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realistic. In case of 2*Am(n, F) cross section, for which there are systematic discrepancies in
measured data [12—27], calculated cross section is consistent with data by Kbnitter et al.[18], Fursov
et al. [22], Fomushkin et al. [21, 23], Terayama et al. [17], Aiche et al. [20].

Table 8.1 Fission barrier parameters of Am nuclei

Nuclide | Esa OEm | sym.a | Es OEm | Sym.s hoa | dhoa | hos | dhws 5
2lAm |63 |05 |axial [515 |03 |mass- |08 |0.2 052 |[0.2 0.0
asym.
222Am 651 |01 |Non- [595 | 005 |mass- |07 |005 |[044 |0.2 0.02
5 axial asym.
23Am |64 |05 |axial |500 |03 |mass- |08 |02 050 |[0.2 0.8
asym.
244Am 635 |01 |Non- [592 | 005 |mass- |065 |005 |[043 |0.2 0.02
axial asym.

Figures 8.1-8.2 demonstrate the fission data fit from 100 keV up to 20 MeV. The
contributions of emissive 22Am(n, nf) and 2*Am(n, 2nf) fission to the total fission cross section are
shown.

9. (n,2n) and (n,3n) cross section

The reaction chain 22Am(n,2n)?**"@Am was used to measure the yield of lower spin 2*2Am
state, by Norris-Gancartz (1982) [65] at ~15 MeV. From the ratio of the calculated yields at ~15
MeV it follows that the yield of low spin state is higher than that of high spin state. Near the
threshold the ratio is defined by the relative position of states and feeding from the higher laying
levels.

9.1 Branching ratio of short-lived 2*29Am (1°) and long-lived ?**™Am (5°) states in 2**Am(n,2n)
reaction

Ground ?*2Am and isomer 2MAm states of the residual nuclide *>Am are excited in the
reaction 22Am(n, 2n)?9MAm. The 23Am(n,2n)?**™@Am reaction populates either the Ti2 =16h
ground state 2*9Am with J*=1" or the 2**™Am isomer J*=5 with Ti2 =141y. The ground state
2420Am mostly B -decays to 22Cm, or goes to 2*?Pu via electron capture. The yield of the 229Am
short-lived ground state in the reaction chains 2Am(n,2n)*?Am(B7)?*>Cm and 2**Am(n, y)
2820 Am(B7)**2Cm influences the o—activity and neutron activity of the spent fuel due to emerging
nuclides 2*2Cm and 28Pu. The yield of the **™Am long-lived isomer state, which due to large and
odd value of J*=5~ may decay to >*?9Am via isomeric transition IT only, emerging in reactions
28Am(n,2n)?29Am(B7)?*2Cm and Am(n, y)***™Am influences the neutron activity of the spent
fuel due to spontaneous fission of 2*™Am. It gives a path for the 2*Cm vyield via
22mAm(n,y)*2Am(n,y)**mAm(B(g))***Cm(***Pu) or 22MAm(n,y)*2Am(n,y)?**9Am(B)?**Cm. If not
the forbidden B~-decay of 2*™Am state, the major path for the 2**Cm build-up, would be closed.

The approach applied for the modeling ratio of the yields of short-lived (1°) and long-lived (6°) of

2Np(n,2n) Z5ONp reaction r(E,) = o’,.(E, )/ 2,,(E,) from threshold energy up to 20 MeV allowed to

n2n

infer the yields of the short-lived state 2%Np in 2’Np(n,2n) reaction. The consistent description of the data
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base on cross sections #’Np(n,F), #’Np(n,2n)>**Np was achieved [5]. The branching ratio r(E,) was

obtained by modeling the residual nuclide Z¢Np levels. Excited levels of 2*Np are modeled using predicted
Gallher-Moshkowski doublets.

In case of 23Am(n,2n)22"@Am reaction the branching ratio r(E,) = o, (E,)/ 0%, (E,) and

are of interest. The branching ratio r(E,)=o",(E,)/ %, (E,) from threshold energy to 20 MeV
could be defined by the ratio of the populations of two lowest states in 2?Am [61]. These
populations are defined by the y-decay of the excited states, which is described by the kinetic
equation, developed by Strutinsky et al. [62]. The branching ratio r(E,) is defined by the ratio of
the populations of the two lowest states, 229Am, with spin J = 1~ and 2*™Am, with spin J =5,

The y-decay of the excited nucleus described by the kinetic equation [46] as further
developed by Dovbenko et al. [66]:

dw,U, 171 ¢ e LULITUIY) r,(U,3%)
T_glwk_l(u,J e TR B T U

here o, (U,J”",t) is the population of the state J”at excitation U at time t, after emission of k y-
quanta; T',(U',J7",U,J7) is the partial width of y-decay from the (U',J"') to the state (U,J"),
while T" (U,J") is the total decay width of the state (U,J”). For any state (U,J”) with the
excitation energy 0<U<Uy, the initial population is

o,U,J"t=0)=0,0,U,J7). 9.2
That equation means in the initial state we deal with the ensemble of states (U,J"), excited in

23Am(n,2n) reaction. Integrating the Eq. (9.1) over t, one gets the population W (U, J") of the state
(U,J") after emission of k y-quanta:

0,(U,37,00) - (U,I7,0) = zjr(i (L‘]mJL:,)‘] )j o, U, 37 HdtdU -
e ’ K 9.3)
rLu,J3%)% .
W!a)k(U,J ,t)dt

Denoting the population of the state (U, J") after emission of k y-quanta

Wk(U,J”):%Ta)k(U,J”,t)dt, (9.4)

and taking into account the condition that w, (U,J”,00) =0 for any state, belonging to ensemble

U,J7), Eqg. (9.3) could be rewritten as

u',J=u,J"
W, (U,J7) = ;IF(F(U,J”') ) W, (U, 37U+, (U, 37,0). (9.5)

The population of any state (U,J”) after emission of any number of y-quanta is a lumped sum

W(U,J%)=> W (U,J7), (9.6)
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then from Eq. (9.5) one easily gets

YT (U,J7 U7
W(U,J”)=ZI y(r U3 )W(U',J”')dU'+Wo(U,J”). 9.7)

SRy,

The integral equation (9.7) in the code STAPRE [63] is solved as a system of linear equations, the
integration range (U,U, ) is binned, in the assumption that there are no y-transitions inside the bins.

The isomer branching ratio depends mostly on the low-lying levels scheme and relevant vy-
transitions probabilities. Though experimental data are available for 2*2Am [32], we will use a
simplified approach, since experimental level scheme and gamma-decay intensities are still
incomplete. Modeling of low-lying levels of 22Am in [61] is accomplished based on the assumption
that ground and first few excited states are of two-quasi-particle nature. For actinides with
quadrupole deformations the superposition principle is usually adopted, the band-head energies of
the doubly-odd nucleus are generated by adding to the each unpaired configuration (Q2,,Q,), as

observed in the isotopic/isotonic (A-1) nucleus, the rotational energy contribution and residual (n-p)
interaction energy contribution. The angular momenta of neutron and proton quasi-particles could be
parallel or anti-parallel. In the independent quasi-particle model the two-quasi-particle states,

K=K, + Kp‘ andK™ =|K, —Kp‘, are degenerate. Gallaher-Moshkowski doublets [61] appear

because of (n-p) residual interaction. Fig 9.1 shows employed band-head energies for the two-quasi-
particle states expected in the odd-odd nuclide 2*2Am up to 700 keV. The spectroscopic properties of
two pairs of proton and neutron single particle states were derived from those experimentally
observed in the isotopic (Z=95) and isotonic (N=147) odd-mass nuclei with mass (A-1). Figure 9.1
shows levels expected, which have similar ordering as experimentally observed [32]. For the band-
heads, shown on Figure 9.1, the rotational bands were generated as

Ey, =Ey +5.5[J(J +1) - K(K +1)]. (9.8)

Obviously, the schema presented on Fig. 9.1 does not represent a complete set to allow the
calculation of absolute yields of *2Am (n,y) *™Am and ?*2Am (n,y) ?*Am reactions. Rotational
bands were constructed up to 700 keV excitation, modeling levels with spins J” <10, in total up to
70 levels. The simple estimate [29] of the number of levels in odd-odd nuclei as

NU)=e (e -1y, 9.9)

predicts up to 280 level at U~700 keV, T=0.388 MeV, 4=12/AY?, MeV. We assume that the
modeled angular momentum distribution would not be much different from realistic estimates. Since
the complete data on the y-transitions are missing, we assumed the simple decay scheme: only E1,
E2 and M1 transitions are allowed in a continuum excitation energy range. Inter-band transitions
forbidden, i.e., only y-transitions within the rotational bands are possible. In that approach the
populations of the lowest five level doublets could be calculated. Then we assumed that the
transition to the isomer state J” =5 or low-spin, short-lived ground state J” =1 is defined by the
“minimal multipolarity” rule. That means the states with spins J <3 should populate the ground
state, while those with J <3 should feed the isomer state. Then the branching ratio could be
obtained as the ratio of the populations, derived from Eq. (9.7):

SWU.I%)
<3 +35)12
(€)== (9.10)

I2(3,+3,)/2
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Figure 9.2 show the branching ratio, calculated for the modeled level schema, presented at Fig. 9.1.
The modeled level scheme appears to be quite compatible with the measured data on the 229Am
ground state yield [65].

Figure 9.2 shows, that the yields of the 2*2Am and 2*™Am at ~15 MeV are still comparable,
the latter being lower, as it should be for higher spin state in (n,2n) reaction. In calculation of [5] the
ratio is opposite different. The branching ratio for 2’Np(n,2n) reaction shown on Fig. 9.2 is much
different from that calculated here for 2*Am(n,2n)??m"@Am reaction. It is explained by the level
spectra differences for residual nuclei. Figure 9.3 shows respective cross sections for the
28 Am(n,2n)?2m@Am reaction. Calculated 2*3Am(n,3n) cross section is shown on Fig. 9.3. It should
be stressed once again, that we base our evaluation of fission cross section on simultaneous
statistical model description of both (n,2n) and (n, F) reactions for 24-23Am,

10. Evaluation of prompt neutron yield in 22Am(n, F)

Average prompt neutron yield in neutron—induced fission of 2*3Am target nuclide was
evaluated in a non-model least—squares fit of the experimental data with the use of the GMA code.
The experimental data obtained by two groups. Data by Khokhlov et al. [67], measured relative
22Cf(sf) prompt neutron yield, were renormalized to the latest evaluation recommended as standard
[10]. Data by Frehaut et al. [68], which are not available in EXFOR data base, were digitized from
the figure given in the [68]. They are in good agreement with data [67] in the overlapping energy
region. Non-model least squares fit done with the GMA code [9, 10]. Chi—squared value per degree
of freedom is about 1. For final presentation of the evaluation, 2-nd order polynomial fit was done
for the GMA evaluated values below ~15 MeV and data of model calculations [64] above ~15 MeV.
The thermal value adopted equal to value stemming from the fit at 0.1 keV, taking into account
common for most nuclides energy dependence of prompt fission neutron yields in the resonance
region [10].

The evaluated data are shown at Fig. 10.1 in comparison with experimental data, non-model
fit and values from various evaluated data libraries. The uncertainties of evaluated data vary in-
between 0.6% and 2% in the range where experimental data are available. The thermal value of

<vg¢> is evaluated as 3.155+0.035, it is lower than that of ENDF/B-VII.0 [30] evaluation but
consistent with JENDL-4.0 value.

We applied more complicated theoretical approach, than just linear extrapolation of 14, with
incorporation of the pre-fission neutron emission and contributing fission chances. At incident

neutron energies above emissive fission threshold the number of prompt fission neutron 14
calculated as

VE) =3 (€, + (D) A, (E). (101)

here x =1, ...X is the multiplicity for the x—chance fission of the nuclei A+1, A, A-1, A-2 after
emission of (x —1) pre-fission neutrons, g, (E,) is the x —chance contribution to the observed fission

cross section, v, (E.,) - prompt neutron multiplicity for x-th fissioning nucleus. The excitation
energy of A, A-1, A-2 nuclides, which emerge after emission of (x-1) pre-fission neutrons is defined
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as

E,=E,—> By—(E,), (10.2)

i

here By - neutron binding energy for the (A+1-j), j=1, 2, 3, nucleus, (E,;) - average energy of j-th

pre-fission neutron. The incident neutron energy dependence of neutron multiplicity in the energy
range En< 6 MeV for all fissioning 244 243242241 Am nuclei was taken from evaluation by Malinovskij
[69], to reproduce the measured data on v, (see Table 10.1). We assumed that excitation energy E,,

is brought into A;j nuclide with the reaction: n+( A;j -1) —fission. Incident neutron energy in this
hypothetical reaction equals to (E; —B, ) . In this way the v, (E,,) functions for all nuclides in the

mass chain 242241240239 Am were calculated. Energy dependence of v, versus incident neutron energy
estimated with this equationis compared on Fig. 10.2 with previous present GMA-evaluation and
previous evaluations. Relevant partial contributions to 1, are shown on Fig. 10.1. “Step” in
around (n,nf) reaction threshold is due to the pre-fission neutrons, emitted in 2**Am(n,nf) reaction.
The similar behavior was evidenced in measured data for 2%2Th(n, F) and 28U(n,f), it was
reproduced with the present model [64].

Table 10.1 Evaluated [64] first chance v, —values for 243242241240 Am target nuclides

Target sl w(En MeV) (6 MeV)
23Am 3.260* 3.709 (3.0) 4.150
22Am 3.257 3.696 (3.0) 4.127
21 Am 3.090* 3.624 (3.0) 4.047
20 Am 3.205 3.623 (3.0) 4.034

*)tuned to measured data
11. Evaluation of averaged delayed neutron yields for >*Am (n, F)

There is only one result of direct measurements of total average delayed neutron yield for
28Am(n, f) - measurements by Saleh et al. [70] for thermal neutron spectrum. In these conditions,
the results of evaluation given in ENDF/B-VI1.0 [30] and JENDL-4 [13] and shown at Fig. 11.1 are
rather discrepant. JENDL-4 evaluation obtained in calculations with account of contribution from (n,
), (n, nf) and (n, 2nf) chances of the observed fission, considering accordingly the evaluated data
available for 2**Am(n, f) below the threshold of (n, n'f) reaction, 2*?"Am(n, f) and >*!Am(n, f). The
energy dependence of the delayed neutron yield for the first chance fission was assumed negligible
and the respective yield has a constant value for excitations below the threshold of (n, n'f) reaction.
In present evaluation, the energy dependence of average delayed neutron yield was modeled
comparing the values of the group yields for 2*Am and 2*’Np at thermal energy and relative energy
dependence of the group yields known for 23’Np [71]. The results of the final evaluation are shown
in Fig. 11.1.
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12. Energy distributions of secondary neutrons

Energy distributions for (n, 2ny), (n,3ny) and (n, n’y) reactions were calculated with a
Hauser-Feshbach statistical model of cascade neutron emission [5, 64], taking into account exclusive
pre-fission (n, xnf) and (n, xny) neutron spectra, with the allowance of pre-equilibrium emission of
first neutron.

Prompt fission neutron spectra (PFNS) calculated with a phenomenological model,
developed for the first-chance fission by Kornilov et al. [72]. The model extended to the emissive
fission domain for various targets by Maslov et al. [5, 64, 73] and exclusive prefission neutron
spectra of 223Am(n, xnf) and 2**Am(n, xny) being included. Exclusive pre-fission neutron spectra of
(n,xnf) reactions, either equilibrium and pre-equilibrium spectra of pre-fission (n,xnf) neutrons are
strictly correlated with (n, F) and (n, xn) reaction cross sections. This approach was used previously
for the description of the PFNS and neutron emission spectra for 23U+n [64], 2%U+n [73], 2%?Th+n
[64] and *'Np+n [5] interactions. A number of experimental signatures were revealed and
correlated with the exclusive pre-fission (n, xnf) and (n, xny) neutron spectra. This validated
approach is used for the 2*Am(n, F), 2*Am(n, 2ny) and PFNS description/prediction for n+2Am
interaction for non-emissive and emissive fission domain. Average energies of PFNS would predict
distinct lowering in the vicinity of (n, nf) and (n, 2nf) reaction thresholds well known in measured
PFNS shapes for major actinides.

12.1 (n,xny) and (n,xnf) neutron emission spectra
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Exclusive (n, xny) and (n,xnf) neutron emission spectra for x = 1, 2, 3, reactions are
calculated with Hauser-Feshbach model taking into account fission and gamma-emission
competition to neutron emission, actually neutron spectra are calculated simultaneously with fission
and (n,xn) reaction cross sections. The pre-equilibrium emission of first neutron is fixed by the
description of high energy tails of (n,2ny) reaction cross sections and (n, F) reaction cross sections
for 22’Np [5], *°U [73], 28U and #*2Th target nuclides [64].

First neutron spectrum of the 2**Am(n, nf) or 2!Am(n, ny) reactions is the sum of evaporated
and pre-equilibrium emitted neutron contributions. Second and third neutron spectra for 243 Am(n,
xnf) and 22Am(n, xny) reactions are assumed to be evaporative. Pre-fission neutron spectrum of
28 Am(n, nf) reaction, especially its hard energy tail, is sensitive to the description of fission
probability of 2**Am nuclide near fission threshold.

Components of first neutron spectra for E,= 20 MeV are shown on Fig. 12.1. Components of second
neutron spectra for E, = 20MeV are shown on Fig. 12.2. Components of third neutron spectra for En
=20 MeV are shown on Fig. 12.3.

That is an illustration of the strong dependence of the partial contributions of the exclusive
first neutron spectra on the fissilities of the composite (A+1) nuclides as well as relative fissilities of
A, A-1, A-2 nuclides.

Summarizing, we anticipate that partial (n, xnf) pre-fission neutron spectra for 2*>Am target
nuclide would be pronounced in observed PFNS to a different extent as compared with 238U+n [64],
235U+n [73], 2Th+n [64] and Z"Np+n [5] interactions.

12.2 Prompt Fission Neutron Spectra

PFNS from fission fragments calculated as a superposition of two Watt [74] distributions for
heavy and light fission fragments (FF), the partial contributions being equal, while the temperatures
of the fragments are different [72]. Fission fragments’ kinetic energy is the superimposed
phenomenological parameter, generally lower, than total kinetic energy (TKE) of accelerated fission
fragments.

The prompt fission neutron spectrumS (g,E;) is calculated as a sum of two Watt
distributions, modified to take into account the emission of prompt fission neutrons before full

acceleration of fission fragments. The neutrons, emitted from heavy and light fission fragments are
included with equal weights:

S(¢,E,)=05- > W,(¢,E,,T,(E,).a), (12.1)
i=Lh
) . E.\sh(,b.e)

W, (&,E,,T,(E,), @) =————Je exp| - = |exp| - —% | ——2—, (12.2

i ( i(Ep) @) Np xp( TJXID[ TJ ) (12.2)
4E? .

b= T, =k;\JE; =k,JE, ~TKE+E, +B, , (12.3)
J

E0 =, TKE B =P .4 TKE . (12.4)
AA A A

The coefficient o is the ratio of the kinetic energies of the fragments at the moment of
neutron emission to the kinetic energy of fully accelerated fragments and is, in fact, a free
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parameter. The ratio of the temperatures of the light and heavy fragment r=T\/T is another free
parameter, which ensures the model [64] flexibility to reproduce the soft and hard tails of the PFNS.
The parameters =0.808 and r=1.248 were fixed in [5] by fitting, in fact, the PFNS for n+%"Np
system at E,=7.8 MeV. For n+2*3*Am they are defined by systematics [72].

Exclusive (n,xnf) pre-fission neutron spectra, as described above, are calculated. At E,

higher than the emissive fission threshold S (¢, E,) is calculated as a superposition of pre-fission
(nxnf) neutrons -do . /de (x=1, 2, 3, 4; k=1,...,x) and post-fission spectra S,,,  (,E,) of the

neutrons from the fission fragments:

S(£.Eq) = Spa(e.En) + Sa(e.Ey) +Sps(6.Ey) +Sp 5 (e, Ey) =
Vgl(En) ’ { Vpl(En) ’ ﬁl(En)SAﬂ(gv En) + VpZ(En - <Ennf >)ﬂ2(En)SA(57 En) +

d ﬁn lEn
+ BoE) T BB (Bl ) (Bl DAEIS s B+ BB (12.5)

dGﬁan (51 En) dGr%an (51 En)
de de

}+Vp4(En - BnA - Br114_1 _<Er113nf > _<Er$3nf > _<Er?3nf >)

dG#Snf (51 En) " do_r%Snf (5’ En) " do_r?an (5! En)
de de de

!

ﬂ4(En)SA—2 (81 En) + ﬂ4(En)|:

Figures 12.4-12.7 compare present PFNS with those of JENDL-4.0 [13]. Some shape
differences for the first- and higher chance fission noticed. Aerage energies (Fig. 12.8) of emitted
prompt fission neutron spectra both in first-chance and emissive fission domains are discrepant.

Figure 12.9 shows the partial contributions of 22Am (n, f) and 2*Am(n, xnf) reactions to the
observed PFNS, shown on previous Fig. 12.7. The contribution of ?**Am(n, nf) reaction in the soft
part of the spectrum is systematically lower than that of 2*Am(n, f) reaction. The contribution of
(n,nf) reaction is higher in case of JENDL-4.0 [13] for the hard part of the spectrum.

The combined effect of fission chances and exclusive pre-fission neutron spectra leads to the
lowering of the average energy of the PFNS of 2*3Am (n, F) in the vicinity of the 2**Am (n, nf) and
28 Am (n, 2nf) reaction thresholds. The dips are evidenced in measured PFNS average energy (E) of

different U nuclei. In JENDL-4.0 [13] the PFNS is calculated with Madland-Nix model [75], the
pre-fission neutron spectra are calculated, presumably, as exclusive ones. However, some
discrepancies are noticed with measured data for Z2’Np(n, F), a second dip due to (n, 2nf) reaction is
not reproduced in JENDL-4.0 [13] both for Z2"Np and 23241Am.

12.3 (n,xn) Reactions Neutron Spectra

There is no measured data on neutron emission spectra for **Am +n interaction. For incident
neutron energy higher than emissive fission threshold, emissive neutron spectra are de-convoluted,
components of 1st, 2nd and 3d neutron spectra are provided, where applicable. We have calculated
1st, 2nd and 3d neutron spectra for the (n, ny), (n, 2n) and (n, 3n) reactions.

According to the ENDF/B-VI format specifications the secondary neutron spectra were
summed up and tabular spectra for the (n,ny), (n,2n) and (n,3n) reactions were obtained.
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Spectrum of (n,ny) reaction actually is just hard energy tail of ‘pre-equilibrium’ component
of first neutron spectrum (see Figs. 12.1, 12.2, 12.3).

Spectrum of the first neutron of (n,2n) reaction is much softer, although ‘pre-equilibrium’
component still comprise appreciable part of it. Figures 12.10, 12.11 and 12.12 illustrate the
variation of the partial contributions of the 1st and 2nd neutrons to the combined spectrum of 2**Am
(n,2n) and (n,3n) reactions. First neutron spectrum of (n,3n) reaction is actually of evaporative
nature. First neutron spectrum of (n,nf) reaction has rather long pre-equilibrium high-energy tail.
First neutron spectrum of (n,2nf) reaction, as that of (n,3n) reaction, is of evaporative nature. Figures
12.11 (En=20 MeV) and 12.12 (En = 14 MeV) illustrate the variation of the partial contributions of
the 1st, 2nd and 3d neutrons to the combined spectrum of 2*!Am (n,3n) reaction, softening of higher
multiplicity neutrons is evident.

13. Conclusion

The diverse measured database of n+?**Am is analyzed using a statistical theory and
generalized least squares codes. Important constraints for the measured capture cross section comes
from the average radiative, So and Sz strength functions, however, the observed capture cross section
needs anomalously high capture width to produce a consistency with measured data, fited with
GMA code approach in keV-energy range.

Evaluated are the 2**Am neutron-induced fission, capture, inelastic scattering, (n,2n) cross
sections, branching ratio for the yields of short-lived ?**™Am and long-lived >*4%Am states of
28Am(n, y) reaction, branching ratio for the yields of short-lived 2*2Am and long-lived 2*™Am
states of 2Am(n, 2n) reaction. Prompt fission neutron spectrum (PFNS) and prompt fission neutron
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multiplicity are another important items predicted, measurements of the former for the 2*Am(n, F)
reaction are unavailable at the moment.

Prompt fission neutron spectra data for the first-chance fission and emissive fission reactions
are predicted. The influence of exclusive (n, xnf) pre-fission neutrons on prompt fission neutron
spectra (PFNS) and (n, xn) spectra is modelled. Contributions of emissive/non-emissive fission and
exclusive spectra of (n, xnf) reactions are defined by a consistent description of the ?*Am (n, F),
2Am (n, F), 1Am (n, 2n) 2*1Am reactions. In 2*Am neutron capture the branching ratio data of the
yields of short-lived (17) and long-lived (67) 2**Am states measured at thermal energy is calculated
without arbitrary normalizations, though in a simplified manner. Excited levels of 2**Am are
modelled using predicted Gallher-Moshkowski doublets. In 2*3Am(n, 2n) reaction the branching
ratio data of the yields of short-lived (17) and long-lived (67) 2*>Am states are calculated without
arbitrary normalizations, though in a simplified manner. Excited levels of 2#2Am are modelled using
predicted Gallher-Moshkowski doublets.

The job supported by the International Science and Technology Center (Moscow) under
Project Agreement B-1604.Data file is at https://www-nds.iaea.org/minskact/data/original/za095243
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