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1 Introduction

The advanced nuclear fuel cycle studies request the nuclear data of transplu-
tonium isotopes[1]. The neutron data for americium isotopes are especially
important in this respect. Recently we have evaluated the data for 2¢>™Am
nuclide [2]. In this work the evaluation of 2**Am neutron data is performed.
Neutron capture on **'Am produces **?Am nuclides in metastable (m) and
short-lived (g) ground states. Rather high difference of target spin values
of J;, = 57 and J; = 1~ may influence neutron-nucleus interaction. The
curium and americium isotopes data evaluated within International Science
and Technology Center (Moscow) Project ”Evaluation of Actinide Nuclear
Data”[2, 3, 4, 5, 6, 7], were requested by the former 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, angu-
lar and energy distributions of secondary neutrons, including partial (n,xn)
and (nxnf) reaction spectra, fission spectra and number of neutrons per
fission. The incident neutron energy range covered is from 10~° eV up to
20 MeV. The evaluated quantities are compared with ENDF/B-VI [8] and
JENDL-3 [9] evaluations.

2 Resolved resonance region

There are almost no measurements in the resolved resonance region. Only
thermal fission cross section was measured by Street et al. [10], Higgins et
al. [11), Bak et al. [12], Ihle et al. [13] and Thompson et al. [14]. Upper
limit of fission resonance integral is predicted by Bak et al. [12].

2.1 Previous evaluations of resolved resonance parameters

The evaluated resonance parameters of ENDF /B-VI are given for 81 equidis-
tant resonances up to 101.2 eV with equal partial widthsI'g, I'y and I'y. The
value of reduced neutron width for negative resonance is ~50 times greater
than that of positive resonances. In JENDL-3 evaluation the resonance pa-
rameters are missing, instead the partial cross section shape of 1/\/E was
assumed below 0.225 eV, above this energy point optical and statistical
models were used.

Thermal fission o5 cross sections of ENDF/B-VI and JENDL-3.2 are
rather compatible, while capture cross sections 0., are drastically discrepant.



Rather high estimate of thermal capture cross section in JENDL-3.2 evalu-
ation is due to assumption of about equal thermal total cross section values
for 229 Am and ?**™Am targets. In ENDF/B-VI thermal fission cross section
s value is a weighted average of data values by Street et al.[10], Higgins et
al. [11], Bak et al.[12], Ihle et al.[13] and Thompson et al. [14].

2.2 Measured data fitting
2.2.1 Thermal cross sections

The following measured data on thermal cross section are available:
1) value for o7 = 2000 b by Street et al.[10];
2) value for oy = 2950 b by Higgins et al.[11];
3) value for o5 = 3500 b by Thompson et al.[14];
1) value for oy = 2100 b by Bak et al.[12];
5) value for o5 = 2100 b by Ihle et al.[13];
6) value for oy = 4500 b by Thompson et al.[14];

2.2.2 Resolved resonance parameters

Evaluated resolved resonance parameters of ¥9Am are statistically sam-
pled based on average resonance parameters (I's), (I0), (I'y) and (Dgs) of
H2mAm. Average fission width (I'y) is calculated with double-humped fis-
sion barrier parameters and transition state structure fixed for 2> Am+n
interaction [2]. Neutron s—wave strength function Sy was calculated with
coupled channel optical potential adopted for metastable state 242" Am (57)
[2] and coupling scheme relevant for #29Am (1~) ground state. We gener-
ated two samples of resonances with spin values JI" = J7 £1/2, JT =1/2"and
J7 =3/27. Reduced neutron width values follow x2-distribution with de-
grees of freedom number v, =1, Sp =1.364x10~* (eV)~/2. Fission width
values for resonances with J; = 1/27and J, = 3/2™ follow x2-distribution
with degrees of freedom number v = 3 and v5; = 4, respectively,(I's;) =0.240
eV, (I's2) =0.547 €V. Neutron resonance spacings for each spin value were
supposed to follow Wigner distribution, while (D, ) =2.572 eV, (D,,) =1.331
eV. Root mean square error of sampling was less than 10%.

Resonance parameter sample was chosen to fit thermal fission cross sec-
tion. We employed the value of thermal cross sections oy = 2100 b, defined
by weighted averaging of available data. Evaluated fission resonance integral
equals /5 = 997.812 barns. That is much higher than upper limit estimate of
I; < 300 barns by Bak et al. [12], anyway this value is of the same order of
magnitude as other measurements of fission resonance integrals for odd-odd
actinide targets (***Np, 23¢Np, etc.) [15], [16]. Comparison of current and
other evaluated thermal cross sections and resonance integrals is presented

in Table 2.1.
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The multi-level Breit-Wigner formalism is employed. This is almost to-
tally correct procedure, since due to high number of fission channels there is
almost no resonance-resonance interference, just as in case of 22™Am target
nuclide.

2.2.3 Resonance parameter analysis

We have got 122 resonance parameters up to 100 eV. The average reso-
nance parameters, thermal cross sections and resonance integrals are pre-
sented in Table 2.1. Figures 2.1- 2.4 demonstrate the comparison of present
and previous evaluations of fission and capture cross sections below 100

eV.

Table 2.1
ENDF/B-VI | JENDL-3 | This evaluation
(I'2) , meV 0.319 0.2604
{T;), eV 0.487 0.424
(Ty), meV 51.13 50.00 50.00
(D), eV 1.261 0.45 0.8635
R, fermi 9.009 9.540 9.420
Sox10*eV-1/2 1.284 1.371
0 , barn 2549.76 7611.44 2319.73
o, , barn 252.08 5500.0 218.32
o5 , barn 2268.73 2100.0 2093.23
o, , barn 28.95 11.44 7.6638
G~ 0.99308 1.0015 1.05047
gr 0.99308 1.00067 1.056357
L, , barn 72.13 390.63 187.006
I, barn 622.27 1258.55 997.812

The estimate of fission resonance integral 75 in ENDF/B-VI is ~1.5
times lower than our estimate. That is due to rather high spacing (~ 5(D))
between negative and first positive resonance, assumed in ENDF/B-VI eval-

uation. Large I'? value of negative resonance increases appreciably (I'2)

value on ENDF/B-VI evaluation. The specific feature of #*™"Am odd-odd
target is large symmetric 0.178-eV resonance, which defines high thermal fis-
sion cross section (~ 6400 barns) value and small, if any, influence of negative
resonances on neutron cross sections. For 2429Am target neutron resonanoe
spacing estimate (D2,,) ~ 3(D2%.), so the probability of occurrence of strong
resonance below 2 eV might be lower. Assumption of equidistant resolved
resonances with non-fluctuating widths in ENDF/B-VI evaluation is unnec-
essarily strong. That will lead to overestimate of capture and underestimate
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of elastic and fission cross sections, averaged over resonance region as com-
pared with statistical resonance sample, the average width value being the
same.

The average resonance parameters, thermal total o, capture 0., fission
os and scattering o, cross sections,g,—, and gs—factors, as well as reso-
nance integrals I+ and Iy values are calculated with codes PSYCHE and
INTER [17]. In case of present evaluation the multi-level Breit-Wigner for-
malism was used, while for ENDF/B-VI evaluation single-level formula was
employed.

3 Unresolved resonance region

3.1 Review

Unresolved resonance region of #*29Am is supposed to be from 0.1 keV up
to 44.2838 keV. The lower energy is the end-point of resolved resonance
region, the upper energy is the threshold energy of the first excited level,
giving notable inelastic scattering. We suppose s—, p— and d—wave neutron-
nucleus interactions to be effective.

3.2 The s, p- and d-wave average resonance parameter evalua-
tion
Average resonance parameters in unresolved resonance region for 2429Am are

derived using estimates of average resonance parameters for 242"Am. The
influence of target nucleus ground state differences is taken into account.

3.2.1 Neutron width

Average neutron width is calculated as follows
(%) = S(D,)EY*P,

where P, is the transmission factor for the /th partial wave, which was cal-
culated within black nucleus model. The p-wave neutron strength func-
tion S; = 2.046x10~* (eV)~!/? was calculated with the optical model, us-
ing the deformed optical potential, described below. According to the re-
sults of optical model calculations Sy was assumed to decrease linearly from
So=1.363x10"* (eV)~'/? to the value of Sp=1.267x107%(eV)~/2 for neu-
tron energy of 44.2838keV. The d-wave neutron strength function was taken
from optical model calculations: S; = 1.924x10~* (eV)~'/2.Since the d-wave
contribution is rather small, the impact of any reasonable approximation on
calculated values is negligible.
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3.2.2 Neutron resonance spacing

Neutron resonance spacing (D) was calculated with the phenomenological
model [18], which takes into account the shell, pairing and collective effects.
The main parameter of the model @ was normalized to the neutron resonance
spacing of 229Am (D,,) =0.877 eV (for details see below).

3.2.3 Fission width

Fission widths are calculated within a double-humped fission barrier model.
We constructed transition spectra by supposing the triaxiality of inner sad-
dle and mass asymmetry at outer saddle. Energy and angular momentum
dependence of fission width is defined by the transition state spectra at inner
and outer barrier humps , which was fixed for n+ *?™Am interaction (for

details see below). The calculated fission widths are (I’ }/ 27y = 0.240 €V and

(T/%7) = 0.547 eV.

3.2.4 Radiative capture width

Energy and angular momentum dependences of radiative capture width are
calculated within a two-cascade vy-emission model with allowance for the
(n,7f) and (n,yn) reaction competition to the (n,vy) reaction. In this en-
ergy region (n,yy) reaction appears to be a radiative capture reaction. The
radiative capture width was normalized to the value of (I',) =50.0 meV (for
details see Chapter IV).

3.3 Cross section evaluation in the region 0.1-44.2838 keV
3.3.1 Fission and capture cross sections energy dependence

There is no data on fission and capture cross sections of 2429 Am, the evalu-
ation is based on calculated values.

3.3.2 Comparison of current and JENDL-3 and ENDF/B-VI evaluated data

Present evaluated fission cross section is consistent with JENDL-3, while
fission cross section of ENDF/B-VI is ~2 times lower and covers energy
region only up to 11 keV. Figure 3.1 shows the comparison of evaluated
fission cross sections 0. The discrepancies are noticed also when comparing
capture cross sections (see Fig. 3.2). Present evaluated capture cross section
0, is in agreement with JENDL-3, which is ~25% higher at lower energy edge
and almost coincides at higher boundary of unresolved resonance region.
Comparisons of the evaluated fission and capture cross-sections for meta-
stable 2™ Am and ground 24?9 Am states are given on Figs. 3.3 and 3.4. Data
by Browne et al.[20] for 4™ Am neutron-induced fission were chosen as the
most reliable. Statistical model calculations reproduce the overall trend
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of data by Browne et al. [20]. Measured fission data exhibit prominent
structure below incident neutron energy of 1 keV (see Fig. 3.3), which can
not be reproduced varying average fission width value, since the degrees
of freedom number for fission width distribution vy ~ 10, consistent with
the fission barrier transition states structure. (For details see Chapter IV).
Structure present in data by Browne et al. [20] was fitted by adjusting Sp
strength function values in the chosen energy intervals up to 1 keV. That
is the main reason of the fission and capture cross sections dicrepancies
for 2mAm and 2*29Am target nuclides. Above ~1 keV average resonance
parameters fit the measured data for 242™ A target nuclide. Comparison of
the evaluated fission and capture cross-sections is given in Table 3.1.

Table 3.1 Comparison of the valuated fission and capture cross-sections

Energy, oryb o7, b
keV present | JENDL-3 | B-VI | present | JENDL-3 | B-VI
0.10 45.54 44.05 44.10 | 9.40 12.38 4.90
0.15 37.05 35.93 2253 7.61 9.95 3.99
0.25 28.55 27.82 1751 5.83 7.55 3.09
0.40 22.44 22.02 13.70 | 4.55 5.83 2.40
0.70 16.85 16.67 1024 | 3.38 4.23 1.78
1.00 14.03 13.98 8.53 2.80 3.46 1.47
1.50 11.41 11.45 6.92 2.26 2.80 1.18
2.50 8.82 8.95 5.33 1.73 2.08 0.88
4.00 6.99 7.18 4.21 1.36 1.59 0.66
7.00 5.38 5.60 3.20 1.04 1.18 0.43
10.0 4.60 4.84 2.74 0.89 0.98 0.30
15.0 3.92 4.16 0.0 0.76 0.82 0.0
25.0 3.31 3.55 0.0 0.64 0.68 0.0
40. 2.93 3.18 0.0 0.56 0.58 0.0

44.2638 | 2.87 3.12 0.0 0.54 0.56 0.0

3.3.3 Drawbacks of ENDF/B-VI format and associated inconsistencies in neu-
tron cross sections

Within ENDF/B-VI format number degrees of freedom for fission width dis-
tributions must not exceed the value of 4, while structure of fission barriers
predicts greater number degrees of freedom value for most spin and parity
compound states. This results in ~7% underestimate of fission cross section
and overestimate of capture cross section at the higher edge of unresolved
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resonance region, as compared with calculations involving correct munber
of degrees of freedom for fission width distributions.

4 Fast neutron cross sections

There is no measured neutron data for short-lived ground state 2429 Am target
nuclide in fast neutron energy region, i.e. above ~44 keV. We will calculate
fission cross section using the optical potential, level density and fission
barrier parameters fixed by #2™Am target nuclide fission cross section fit.
There is a systematic discrepancy in fission data for 242 Am up to 20 MeV.
Basically, the most extensive data sets by Dabbs et al. [21] and Browne et
al. [20] agree both in energy calibration and overall shape, while the latter
data average appear to be ~18% lower. Above emissive fission threshold
there is a striking shape difference. Fission data fit by Browne et al. [20]
would be used as a constraint for (n,n'), (1,%), (12,2n) and (r, 3n) reaction
cross sections calculation for 2*29Am target nuclide. The average resonance
fission width will be calculated within double-humped fission barrier model.

The evaluation of 2?9 Am data is very much similar to the 2>™Am data
evaluation [2], however we wish this report to be a self-contained one, so in
some cases it just repeats relevant items of previous publication [2).

4.1 Optical potential

The deformed optical potential found previously for n4-24*™Am interaction
is employed. The starting values for the potential parameters were those
for n+%8U interaction [22]. The isotopic dependences of real and imaginary
parts of the potential were calculated using the optical potential parameter
systematics [23]. We modified the original potential geometry parameters
[22] to fit total cross section and differential scattering data for N-odd and
-even targets above 10 MeV. This procedure of parameter fitting is well
tested in case of and 23U, 239Py, #5U, ¥2Th and ##U targets. Four levels
of the ground state rotational band (J™ = 17,37,67,77) are coupled. The
potential parameters are as follows:

VrR=146.10—0.3E,MeV,rr = 1.26 fm,ar =0.615 fm

W = 3.53 +0.4E,MeV, E < 10MeV,rp =124 fm,ap =0.5 fm
b= 7.56 MeV, E> 10 MeV

Vso = 6.2 MeV, rso = 1.12 fm, aso = 0.47 fm, ﬂz = 0206, ,34 = 0.092

The s-, p-, and d-wave strength functions and potential scattering cross
section, calculated with this potential parameters in a coupled channel ap-
proach at incident neutron energy of 40 eV are:



-14 -

So = 1.363 x 10°*(eV)/? | R =942 fmn

and at 42.2838 keV are:

So = 1.267 x 10*(eV) /2§ =2.046 x 10¢(eV)/? S, = 1.924 x 107(eV)!/?

Differences of optical cross sections for 2?”Am+n and ?**Am+n inter-
actions are attributed to the different coupling scheme. The 2?9 Am+-n reac-
tion 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 (7, 3n) cross section.
The total cross sections appear to be rather similar (see Fig. 4.2), while
clastic scattering cross section are rather different below ~5 MeV and above

~15 MeV ( see Fig. 4.3).

4.2 Fission cross section
4.2.1 Status of the experimental data

A small number of measurements are available for 2#2™Am fission cross
section, unfortunately most of them are discrepant with each other either
in shape and absolute values. There is no measured for unstable nuclide

242gAm.

4.2.2 Statistical model calculation of fission cross section

Basically, we choose to fit data by Browne et al. [20] in describing measured
data base for 2™ Am neutron-induced fission cross section. That means
the lower cross section level in the first plateau region and at lower energies
as compared with data by Dabbs et al. [21]. We will follow the trend of
data by Browne et al. [20] and Fursov et al. [25] up to ~7.8 MeV. The
comparison of calculated fission cross sections for 22 Am and ?**"Am with
measured data for 242 Am target nuclide is shown on Figs. 4.4, 4.5 and 4.6.
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 [26, 27, 44]. Basically
the differences that should be accounted for are spin value of the ground
state and excitation energy difference as compared with excited metastable
state. The procedure of calculating fission transmission coefficients is briefly
described below.



-15 -

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

The different behavior of level densities of fissioning odd-even and residual
odd-odd nuclei at low excitation energies should be taken into account [29)].
The one-quasiparticle neutron states of odd-even **Am fissioning nuclide,
lying below the three-quasiparticle states excitation threshold define the
shape of 229 Am(n,f) fission cross section below incident neutron energy of
~1 MeV. Specifically, the step-like shape of fission cross section around 0.1
- 0.4 MeV. At higher incident neutron energies three-quasiparticle states
could be excited in fissioning nucleus 23Am at deformations of inner fission
barrier hump. They define the fission cross section shape around 1 - 2.5
MeV incident neutron energy.

We construct the discrete transition state spectra up to 200 keV, us-
ing one-quasiparticle states of Bolsterli et al. [30] (see Table 4.1). At
higher excitation energies the continuous level densities are used. Each one-
quasiparticle state is assumed to have a rotational band built on it with
a rotational constant, dependent upon the respective saddle deformation.
These levels comprise the discrete transition spectra at both saddles. The
discrete transition spectra, as well as continuous level contribution to the
fission transmission coefficient are dependent upon the order of symmetry
for **3Am fissioning nucleus at inner and outer saddles. Due to the axial
asymmetry at the inner saddle [31] we additionally assume (2J + 1) rota-
tional levels for each J value. The negative parity bands K™ = 1/27,3/27,
5/27 ... at outer saddle are assumed to be doubly degenerate due to mass
asymmetry [31]. With transition state spectra thus defined (see Table 4.1)
the fission barrier parameters were obtained (see Table 4.2) by fitting the
242m Am neutron-induced fission cross section data. The transition state
spectra probed by n+2*?9Am compound nuclide is rather different as com-
pared with n4?**"Am compound nuclide. Anyway, this result in differing
cross section levels below ~10 keV incident neutron energies. The fission
widths I‘}/ 2= ~ 0.240 eV and I"}/ 2= ~ 0.547 €V are calculated at incident
neutron energy of 0.040 keV. These values give average fission width (I';) =
0.424 eV, which is consistent with estimate, obtained for unresolved reso-
nance region. At higher energies, e.g. above ~ 300 keV and up to emissive
fission threshold the differences of fission cross section values are due to re-
action cross section. Coupled channel potential calculations depend on the
coupling scheme which are rather different for n+%**Am and n+%?™Am
interactions.

The generalized pairing model provides the means of taking into account
the discrete character of few-quasiparticle excitations. It was shown to be
important in case of even-odd fissioning and even-even residual nuclei in
24Cm(n,f) and 2*6Cm(n,f) reactions [29, 32]. The quasi-resonance structure,
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appearing above fission threshold in neutron-induced fission cross section is
interpreted. The discrete character of few-quasiparticle excitations is virtu-
ally unimportant in case of odd-odd ?*?Am residual nuclide. We will model
the discrete few-quasiparticle excitation effects in level density of odd-even
?$Am fissioning nuclide in the following approximate way [32]. The level
density of axially symmetric fissioning nucleus is calculated in constant tem-
perature approximation, i.e. p(U) =T} Yexp((U — U,)/T}). The respective
parameters, nuclear temperature T} and excitation energy shift U, are de-
fined at the matching energy U, = 3.6 MeV. At excitation energies above U,
the continuum part of the transition state spectrum is represented with the
phenomenological model [18], which takes into account pairing, shell and
collective effects at saddle deformations. The asymptotic value of the main
parameter of the level density for fissioning nucleus 2*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 [26, 27, 44].
The respective parameters: shell correction at saddles §W, pairing correla-
tion function A, quadrupole deformation £,and momentum of inertia at zero
temperature Fy/A? are given in Table 4.3.

The threshold energies for the excitations of few-quasiparticle states are
calculated within generalized pairing model [18] using closed-form equations
by Fu [33]. The procedure is described in more detail elsewhere [34]. In
case of odd-even nuclei the nuclear level density p(U) up to the three-
quasiparticle excitation threshold is virtually independent on the excitation
encrgy, since the intriusic state density is constant. In this excitation energy
region we will model the level density as p(U) = T} ' exp((&y — U,)/Ty).
Above the three-quasiparticle states excitation threshold the constant tem-
perature model is used, since the intrinsic state density here is a smooth
function of excitation energy. For excitation energies below five-quasiparticle
and above three-quasiparticle states excitation threshold the level density is
slightly increased, as compared with constant temperature model approx-
imation: p(U) = T} 'exp((U — U, + 6)/T;),6 =0.1 MeV. The one- and
three-quasiparticle states level density of odd-even fissioning nucleus **Am
defines the fission cross section shape at incident neutron energies below
~3 MeV. Above ~3 MeV incident neutron energy fission cross section the
pre-equilibrium emission of secondary neutron is important. The parame-
ters used for calculation of residual nuclide 2*?Am level density for neutron
emission competition are described below.

The parameters used for calculation of residual nuclide 2*2Am level den-
sity for neutron emission competition are described below.

Below incident neutron energy of 0.320 MeV the neutron cross sections
are calculated within Hauser-Feshbach approach with a width fluctuation
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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 Vj" = T;"/T;’fmx, where T77,,, is the maximum value of the fission
transmission coefficient T}". Above incident neutron energy of 0.273 MeV
the Tepel et al. [35] approach is employed. The calculations are made with

code STAT [36] )

4.2.4 Fission cross section above emissive fission threshold

The first chance fission cross section of 2429 Am(n,f) reaction above the emis-
sive fission threshold is fixed with the level density and fission barrier param-
cters systematics [26] ( 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 **U and *°U targets was ac-
complished with the secondary neutron spectra parameterization [37], which
is used here.

Fission cross section is calculated with the statistical code STAPRE [38]
(see Fig.4.6). Near the emissive fission threshold the pre-equilibrium emis-
sion of first neutron is rather important due to high neutron binding energy
of 23Am compound nuclide. The fission barrier parameters of **Am nu-
clide, fissioning in (n,nf) reaction are defined by fitting [19] data on **'Am
ncutron-induced fission in the first platean region (see Fig. 4.7). The re-
sulted fission barrier parameters of 2*Am does not allow fitting 2**™ Am(n,f)
data by Browne et al. [20] well above emissive fission threshold. This dis-
crepancy is unavoidable within present model approach without appreciable
variation of model parameters. To fit the data by Browne et al. [20] first-
chance fission cross section should be increased appreciably by softening the
first emitted neutron spectra. However, we do not think this procedure
justified in this particular case, since the discrepancy of the same kind we
encounter [39] in case of #*°Cm(n,f) data by White et al. [40], measured
in the same environment. The peculiar feature is that the calculated fission
cross section shape is similar to that of data by Dabbs et al. [21]. The calcu-
lated fission cross section around (n,2nf) reaction threshold neutron energy
is roughly consistent with data by Fomushkin et al. [24] at 14.8 MeV. On
the other hand, the *** Am compound nuclide fission barrier parameters de-
scribe the measured data on neutron-induced fission cross section of 2*Am
target above emissive fission threshold [41] (see Fig.4.8).

The calculated fission cross section is different from JENDL-3 and ENDF/B-
VI evaluated curves above (n,nf) reaction threshold (see Fig. 4.9). The
reaction cross sections for neutron interaction with #?Am and 2> Am are
somewhat different. That is most pronounced in first chance cross section
near emissive fission threshold (see Fig. 4.6).
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Table 4.1

Transition spectra band-heads of 2Am

inner saddle outer saddle

K™ Exr, MeV | K™ Eyr, MeV

3/27 100 5/2% 0.0

5/2% 1 0.140 5/2= (0.0

7/2~ | 0.180 3/2% | 0.08

5/27 1 0.180 3/2~ | 0.08
1/2% | 0.04
1/2 | 0.04
1/2+ | 0.05
1/27 ] 0.05

Table 4.2

Fission barrier parameters

Nucleus | Barrier | Barrier height, MeV | Curvature, MeV
B Am inner 6.4 0.8
28Am |outer |4.85 0.5
ZAm | inner | 6.315 0.6
H2Am outer 5.775 0.4
1AM inner 6.000 0.8
M Am | outer 5.350 0.5
40Am inner 6.100 0.6
MH0Am outer 6.000 0.4
29Am inner 6.000 0.8
29Am | outer 5.400 0.6
Table 4.3
Level density parameters of 23Am fissioning nucleus and residual nucleus
242
Parameter inner saddle | outer saddle | neutron channel
6W, MeV 2.5 0.6 -2.487
A, MeV Ao Ao Ao
€ 0.6 0.8 0.24
Fo/h%, MeV~' | 100 200 73




-~ 19 -

4.3 Inelastic scattering cross section

The inelastic scattering cross section is calculated with the statistical codes
STAT [36] and STAPRE [38]. The discrete level excitation (compound and
direct), continuum excitation and pre-equilibrium emission contribute to the
inelastic scattering cross section.

4.3.1 Levels of 2#2Am

The low-lying levels of scheme of Nuclear Data Sheets [42] appears incom-
plete at rather low excitation energy (see Fig. 4.10). The experimental data
on odd-odd ?*?Am nuclide energy levels are supplemented by the results of
the intrinsic level modelling by Sood et al. [43]. The still unobserved dou-
blet of two-quasiparticle band heads J =6~ (A" =6")and J =1~ (A" =
17) is predicted, the Gallagher-Moszkovski splitting energy being ~80 keV.
Assuming Ey,. = A[J(J+1)—K (R +1)], A =5.5 keV, we model a rotational

level sequence.

4.3.2 *2Am level density

The continuum level density below excitation energy U, = 2.4 MeV is cal-
culated with the constant temperature model

p(U) = T 'exp((U — U,)/T),

here, energy shift Uy = -1.6452 MeV, nuclear temperature T = 0.39241 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 [18] is
used. The main model parameter & for 22Am residual nucleus is obtained

by fitting the evaluated neutron resonance spacing of 2! Am target nuclide
(Doss) = 0.505 eV,

4.3.3 Compound inelastic scattering

The residual nucleus 242 Am level density modelling, adopted in present work
changes the inelastic scattering cross section below 5 MeV as compared with
previous evaluation of JENDL-3 (see Figs. 4.11 - 4.22). The discrete level
excitation functions of present work and JENDL-3 evaluation are rather dif-
ferent. We assume that missing of levels in odd-odd nuclide #*?Am occurs
at rather low excitation energy of ~0.320 MeV. That is the main reason
of discrepancy with JENDL-~3 evaluation, where discrete levels are used up
to ~0.7 MeV. Above ~1.5 MeV incident neutron energy the discrepancies
are due to direct excitation of the ground state band K™ = 0~ levels J™ =
37,J" =5"and J" = 7. Above 1 MeV incident neutron energy inelastic
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scattering to the continuum gives a major contribution to the total inelastic
scattering cross section (see Fig. 4.11). However, the continuum inelas-
tic scattering contributions of JENDL-3 evaluation seems to be distorted.
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 param-
cters were tested by the statistical model description of 2¥U+-n interaction
secondary neutron spectra and consistent description of fission and (n,xn)
reaction data for major actinides [37]. Steep increase of continuum inelastic
scattering cross section of ENDF/B-VI above 15 MeV (see Fig. 4.12) can
not be interpreted in physical terms, possibly that is due some normalization
error. The shape of continuum inelastic scattering cross section of JENDL-3
around 20 MeV possibly is due to reaction cross section shape, since there
is no pre-equilibrium emission contribution in JENDL-3 evaluation.

4.3.4 Direct inelastic scattering

The direct inelastic scattering mechanism changes the shape of ground state
band head A™ =0~ rotational levels J™ = 3, J™ = 5~and J™ = 7~ excitation
cross sections above 1 MeV incident neutron energy (see Figs. 4.15, 4.18 and
4.21). The most striking evidence is found in case of J™ = 7~ level, where
compound mechanism contribution is virtually negligible. 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
[23].

4.3.5 ?¥Am level density

The level density of odd-even compound nuclide 2**Am one needs to calculate
radiative capture width and (n,yn’) reaction contribution to the compound
inclastic scattering cross section. The continuum level density below exci-
tation energy U, = 3.6 MeV is calculated with the constant temperature
model, the constant temperature model parameters are: energy shift Uy =
-0.98278 MeV, nuclear temperature 7" = 0.39984 MeV. The cumulative num-
ber of observed levels is compared with constant temperature approximation
on Fig. 4.23. At higher excitation energies the phenomenological model [18]
is used. The main model parameter @ for **Am residual nucleus is obtained
by fitting the evaluated neutron resonance spacing of 2> Am target nuclide
(Dops) = 0.271 €V, the metastable state excitation energy is taken into ac-
count. To calculate the neutron resonance spacing for #29Am target nuclide
(Dops) = 0.877 €V, we employed the @ -parameter value obtained by fitting
242m Am metastable nuclide resonance spacing.
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Table 4.4
Level scheme of ??Am

EyryMeV | J |7 | K| band | Efr, MeV | J [ 7 | K | band
0.0000 1(-1(0 (A 0.24200 2 (- (1 [D*
0.04410 0{- 10 [A 0.24410 3/- (3 |E
0.04863 5(- |5 (B 0.26300 6 -0 [A
0.05290 3|1- (0 |A 0.26310 7i- 10 [A
0.07580 2(- 10 A 0.27010 2|+
0.11400 61-15 |B 0.27500 3/-]1 |D*
0.14000 6{- 16 |C* [0.28330 3|+
0.14800 51- 10 |A 0.28840 41- 13 |E
0.14990 4 (- |0 (A 0.29180 2(- 12 |F
0.19000 71- 15 |B 0.30500 8|- |6 |C*
0.19760 31- 0.30690 3]-
0.21700 T1- 16 |C* 0.31900 41- {1 [D*
0.22000 1(- (1 |D*
0.2305 2|+

*)added

4.4 Radiative capture cross section

The radiative capture cross section is calculated within a statistical approach
up to 5 MeV. Radiative capture strength function equals S, = 234.76, this
is rather different from the S, = 759.72 estimate for n+%**™Am interaction.
This difference contributes to the discrepancy of neutron capture cross sec-
tions for 2*29Am and 2> Am targets. At higher incident neutron energies
we assume radiative capture cross section to be constant. The radiative
capture width was calculated with (n,7f) and (n,yn’) reactions competition
against "true” capture reaction (n,yy). Notwithstanding rather high fission
threshold for **Am compound nuclide the competition of (n,f) reaction
is still stronger than that of (n,yn’) reaction. The influence of (n,vn’) and
(n,7f) reaction competition on radiative capture cross section is illustrated
on Fig. 4.24 by sharp decrease of capture cross section above 1 MeV incident
neutron energy, as compared with (n,yx) reaction cross section.

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

The current and previous evaluated (n,22n) and (n,3n) cross sections are
rather different. The magnitude of (n,2n) cross section below the (n,2nf)
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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 the description of ®*U(n,2n) reaction cross section[37]. The present
and previous evaluated fission cross sections are rather different, as well as
reaction cross sections above 10 MeV incident neutron energy (see Fig. 4.1).
The present and previous evaluations are compared in Fig. 4.25. 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 reaction
cross section above 11 MeV (see Fig. 4.1) contributes essentially to the
discrepancy with JENDIL-3 evaluation, shown on Fig. 4.26.

4.6 Energy distributions of secondary neutrons

Neutron energy distributions for 2**9Am were calculated with the parame-
ters fixed for 2#2™Am target nuclide. The differences in calculated spectra
are due to slightly different contribution of pre-equilibrium emission. Dif-
ferent coupling schemes used in optical calculations for 22 Am and ***9Am
lead to differences in compound and first chance fission cross sections. To
calculate neutron energy distributions of (n,xnvy) and (n,xnf), x=1, 2, 3 re-
actions we use a simple Weisscopf-Ewing evaporation model[44] taking into
account fission,and gamma competition to neutron emission for appearing
A+1, A, A-1, A-2 -mass nuclei. The pre-equilibrium emission of first neutron
is included.

4.6.1 Model caleulations 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-equilibrimin emis-
sion contribution is calculated with a parameter systematics tested in case of
n+%%U and n+%°U interactions [26, 37]. Fission and neutron competition
and pre-equilibrium emission of first neutron is tested to be consistent with
adopted in Chapter IV and give (n,nf), (n2f), (n,3nf), (n,2n), (n,3n) and
(n,nvy) cross-sections close to calculated above. The pre-equilibrium neutron
emission contribution in case of 2429Am target nucleus is notable for rather
low neutron incident energies (see Chapter IV). We have calculated the 1st,
2nd and 3d neutron spectra for the (n,ny), (n,2n) and (n,3n), where ap-
plicable. 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 ob-
tained. To clarify the competition of neutron, «-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 spectra of 1st neutron of the reaction (n,nx)
and its partial contributions of (n,ny), (n,2n), (n,nf) (n,2nf) and (n,3n) re-
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actions. Figure 5.2 shows the spectra of 2nd neutron of the reaction (n,2nx)
and its partial contributions of (n,2nv), (n,3n) and (n,2nf) reactions. The
neutron spectra shown on Figs. 5.1-5.2 are normalized to the contributions
of appropriate cross-sections in (n,nx) and (n,2nx) respectively. The incident
neutron energy is 14 MeV.

Table 5.1 Average energies of secondary neutron spectra

E,, 1% peutron average energy, MeV
MeV (n, n’) (n, 2n) (n, n’f) (n, 3n) (n, 2n’f)
pres. | J-3 | B-G | pres. | B-6 [ J-3| pres. [pres.|J-3| pres.
2.0 | 0.55 | 0.58 | 0.40
80 | 404 {1.14.}1.22| 117 {070 | 1.14 | 0.82
140 | 10.1 | 1.49 | 1.58 | 4.11 | 1.23 | 1.50 | 2.69 | 0.63 | 1.49 1.05
200 | 16.1 | 1.77 [ 1.86 | 10.5 | 1.58 | 1.78 | 4.11 2.94 | 1.78 3.37
E, , 2"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
8.0 | 0.34 | 1.22 | 0.70
14.0 | 0.82 | 1.47 | 1.04 | 0.52 | 1.08 0.73 0.18 | 0.70
20.0 | 0.77 | 1.86 | 1.41 | 1.17 | 1.41 1.17 0.66 | 0.90

The inclusion of pre-equilibrivun emission changes significantly the aver-
age energies of emitted neutron spectra. That is shown in Table 5.1, where
the average sccondary neutron energies for current, JENDL-3 and ENDF/B-
VI evaluations are compared. The most significant is the change of neutron
spectra of (n,nv) reaction. Figures 5.3-5.7 demonstrate the discrepancies of
secondary neutron spectra in current and JENDL-3 evaluations.

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

4.7 Prompt fission neutron spectra

Prompt fission neutron spectra were calculated within the framework of
Madland-Nix model [45] in the same manner as it was done for **™Am
neutron induced fission and is described elsewhere [2].

4.7.1 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-
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son of calculated thermal prompt fission neutron spectrum with maxwellian
spectra of JENDL-3 ( 7' = 1.38 MeV ). Average energy of fission spectrum
equals 2.15 MeV, it is compatible with evaluated value of JENDL-3, how-
ever the spectra shapes are significantly different. Figure 5.9 demonstrates
the discrepancies of our calculation with JENDL-3 evaluation. The discrep-
ancies are due to incident neutron energy independent maxwellian fission
spectrum representation in JENDL-3 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) = (2L Ni(E) + 2L [®pef (E) + 12 No(E)]

1ot (g1, (E) + €2,,(E) + 1N (E)))/

InF
[Sotin+ ot (14 wa) + 2222 4+ )]

where 0,5, Orfy O£y Tnanys are the total and i-th chance fission cross sections
(i=12,3); Grry, @,‘anf, and (I)?LGf are emitted neutron spectra: for (n,nf)
reaction, 1st and 2nd neutrons of (n,2nf) reaction, respectively; v; and N;
arc multiplicity and prompt neutron spectra for the i-th fissioning nucleus.
The pre-equilibrimm emission of the first neutron is included, the secondary
neutron spectra for emissive fission @}, ., . are calculated with Weisscopf-
Ewing cvaporation model [44].

The influence of pre-equilibrium pre-fission neutrons on prompt fission
neutron multiplicity v; and prompt neutron spectra N; predictions as well
as N(E) and v(E), is illustrated in Table 5.3 and Fig. 5.10. In Table 5.3
(E;) denotes average prompt fission neutron energy of i-th fissioning nucleus,
(E) is the average fission neutron energy, (E, ), ( Ez.s)'and ( E,,z)%are the
average energies of neutrons, emitted in (n,nf) and 1st and 2nd neutrons
emitted in (n,2nf) reactions, respectively. Figures 5.11-5.13 show the partial
contributions of i-th chance fission to the total fission neutron spectrum at
incident neutron energies of 8, 14 and 20 MeV.

Table 5.2

Pa-ameters of the Madland-Nix model

FiSSionjng AL AH (ER>s <TK E )’ . Bm

nucleus fragm. | fragm. MeV MeV MeV
28 Am 18Nb | M9Xe | 204.651 | 182.20-0.08E, | 6.367
Am 12Nb 140%e 204.963 | 183.02-0.08E,, | 5.538
HAm 1IN 140Xe 204.353 | 183.26-0.08E,, | 6.641
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5 Number of neutrons per fission

The number of prompt fission neutrons for 2 Am was adopted to be the
same as for the 2?™Am [2]. The evaluation of 1,(E) for 2*™Am is based
on calculation within Madland-Nix model, fitted to the data of Howe et al.
[46]in the energy range up to 5 MeV. The calculated value of dv,/dE = 0.145
MeV~lin the first plateau region is consistently lower than dv,/dE = 0.128
MeV~!, estimated by Howe et al. [46] in a linear least-squares data fit up
to 30 MeV. That is essentially the same kind of discrepancy, that we have
encountered in case of v,( E) data by Howe et al. [47] for **Cm(n,f) reaction,
measured in the same environment. The calculated di,/dE = 0.133 MeV ™!
was copsiderably higher than duv,/dE = 0.08+0.015, MeV~!, estimated by
Howe et al. [47]. However, calculated energy slope v,(E) was supported
by recent data by Khokhlov et al. [48]. To increase the du,/dE within
Madland-Nix model calculation even further, as systematics by Howerton
[49] predicts (see ENDF/B-VI evaluation on Fig. 6.1), one should assume
rather low value of (TK'E) for 2¥Am compound system. The comparison
of 1,(E) with measured data and JENDL-3 evaluation is shown in Fig. 6.1.
The Madland-Nix model calculations predict non-linear decrease of v,(E)
above emissive fission threshold. The influence of pre-equilibrium pre-fission
neutrons manifests in additional appreciable decrease of di,/dE above 12
MeV.

The delayed number of neutrons per fission v; and decay constants for
six groups of delayed neutrons are taken from Brady and England [50].
Specifically, vy = 0.0078 for incident neutron energies up to 4 MeV and vy
= 0.0043 for F,, > 7 MeV.

6 Angular distributions of secondary neutrons

The angular distributions of elastically scattered neutrons and those for

neutrons, scattered on two levels of ground state band are calculated with the

coupled channel method. The isotropic compound scattering contribution

is taken into account by renormalizing 1-th Legendre polynomial coefficients
i, calculated with coupled channels:

A = A04ir [ (Odir+Ocomp)

where 0y4ir and O.omp are the scattering cross section direct and compound
contributions, respectively. For the other contributing reactions angular
distributions of secondary neutrons are assumed isotropic.
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Table 5.3 Comparison of Madland-Nix and present approach

E, = 8 MeV E, = 14 MeV

Quantity | M-N model [45] | Present | M-N model [45] | Present
( Ey) 2.350 2.350 | 2.478 2.478
2 4.430 4.430 | 5.269 5.269
( Ewg) |1.176 0.821 1.543 2.688
(E; ) |2.180 2.180 | 2.316 2.280
vy 3.329 3.381 | 4.146 3.982
( By V7 [ - 5 1.543 1.048
( Egng )* | - - 1.098 0.729
(B |- ) 2.152 2.174
V3 - - 3.105 3.232
(E) 2.278 2.264 | 2.318 2.387
v 1.411 4.421 5.211 5.155

E, = 20 MeV

M-N model [45] | Present

2.598 2.598

6.085 6.085

1.834 4.106

2.442 2.393

4.949 4.632

1.834 3.365

1.472 1.167

2.284 2.255

3.880 3.704

2.558 2.615

5.992 5.807

7 Conclusions

The evaluated neutron data file for ?*29Am is compiled in ENDF/B-VI for-
mat and sent to the International Science and Technology Center (Moscow),
Japan Nuclear Data Center at Japan Atomic Energy Research Institute and
Nuclear Data Section of International Atomic Energy Agency (Austria).

Numerous discrepancies of experimental data coupled with possibility of
some new data becoming available (for example, thermal fission cross section
might be measured) ay urge some revision of data file. Present version of
2429 Am data file may be revised before March of 1998, the expiration date
of Project CIS-03-95.
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