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ABSTRACT

Oak Ridge National Laboratory completed the resolved resonance region (RRR) evaluation of the two most
abundant cerium isotopes, 140Ce (88.45%) and '**Ce (11.11%) [1], as requested by the US Nuclear Criti-
cality Safety Program [2]. These evaluations are based on recent high-resolution transmission and capture
measurements performed on "*Ce and highly enriched '%>Ce samples at the JRC-Geel Linear Accelerator
facility, as well as measured thermal constants available from the EXFOR database [3]. Starting from the
resonance parameters of the ENDF/B-VIILO library [4] followed by a preliminary R-matrix analysis [5],
an updated set of resonance parameters and corresponding covariance information were derived by fitting
these measured data using the Reich—Moore approximation of the R-matrix theory, as implemented in the
SAMMY code system [6]. The “°Ce RRR upper energy limit was kept at 200 keV, whereas the '*>Ce
resonance region was extended from 13 to 26 keV. Updated statistical properties were obtained for the new
evaluations and compared to those derived from the ENDF/B-VIIL.O nuclear data library. The new eval-
uation work improved some of the discrepancies found in previous work, such as the capture resonance
integral and stellar Maxwellian-averaged cross sections. These integral quantities were mainly derived from
the fit of the latest measured data, especially the neutron capture yield data for '4?Ce isotope.

1. INTRODUCTION

Cerium has multiple applications to the fields of nuclear energy and nuclear criticality safety. In 2008,
the Hanford Plutonium Finishing Plant specifically identified the need for improved cerium cross section
data, as cerium is found in chemical processing streams due to its use as a catalyst or additive for chemical
applications such as glass polishing powder. For this reason, cerium appears as an admixed material in
process streams. Additionally, several prominent primary fission products such as '“*Ba (r; /2=12.7 days)
and '"'La (71,,=1.7 days), produced in the fission of both 23U and >**Pu, B~ decay into '*°Ce, making it a
prominent secondary fission product. Therefore, cerium is also likely to be found in spent fuel arrays.

Besides applied science interest, cerium interaction with neutrons is important to nuclear astrophysics, par-
ticularly for the nucleosynthesis of heavy elements. In fact, the majority of elements heavier than iron are
thought to be made in different stellar environments by a chain of subsequent neutron captures followed by
B-decays. Due to the increasing Coulomb barriers and decreasing binding energy per nucleon, the fusion
of charged particles by nucleosynthesis is no longer a viable process for nuclei heavier than ~60 atomic
mass unit (amu). Because of this, three stellar nucleosynthesis processes are responsible for heavy element
synthesis: s-process, r-process, and p-process [7]. Of particular interest is the slow neutron capture process
(s-process) that occurs in thermally pulsed asymptotic giant branch (AGB) stars, which have a relatively
low neutron density, meaning the nucleosynthesis process is constrained to the valley of 8 stability. There-
fore, the s-process abundances can be calculated using observed isotopic abundances, 8 decay rates, and
Maxwellian averaged neutron capture cross sections. Of special interest are the so called s-only nuclei,
which are shielded against contribution from the r-process by its stable isobar and can thus be produced
only by the s-process. Likewise, certain unstable isotopes in the nucleosynthesis path are important because
certain conditions from the s-process can be deduced; these are called called branching points. If the unsta-
ble isotope lives long enough, then the nucleosynthesis path can branch and bypass certain isotopes, as is
the case in the cerium—neodymium region. Due to a closed neutron shell '4°Ce has a rather small neutron
capture cross section, and, consequently, *°Ce is located on s-process peak of the solar abundance. '**Ce is
the next stable isotope and shields '**Nd from contribution of the r-process, making it an s-only isotope, an
interesting calibration point for the s-process calculations. Accurate '*°Ce and '*?Ce Maxwellian averaged



capture cross sections are crucial in understanding the s-process path branching in this cerium—neodymium
region.

The first set of resonance parameters for the '“°Ce isotope was evaluated for the release of the Japanese
Evaluated Nuclear Data Library JENDL-2 [8, 9]. This evaluation was based on neutron widths measured
by Hacken [10] and Camarda [11], as well as the radiation widths measured by Musgrove [12]. Later
revisions of the Japanese library included experimental data measured by Ohkubo [13]. For the '“>Ce
isotope, the resonance parameters were predominately adopted from Ohkubo [13], including some variations
in the neutron and capture average widths estimated by Mughabghab, as reported in the ATLAS of neutron
resonances [14]. The set of resonance parameters of 4%!42Ce included in the US ENDF/B-VII.0 nuclear data
library [15] was based on the recommendations of the WPEC Subgroup 23 [16]. Here, the recommended
set of resonance parameters was primarily adopted from the ATLAS compilation [14]. In that compilation
as well as in the corresponding evaluated data reported in the ENDF/B-VIILO library, two '*>Ce neutron
widths between 1 and 2 keV appear to be reported with the wrong units, resulting in large discrepancies
with the "™Ce [17] and '*2Ce [18] measured data in that energy range. With these and additional available
experimental data, a new set of resonance parameters was evaluated for '4%142Ce. Additional resonance
levels for '“°Ce were included while keeping the existing resolved resonance region (RRR) upper energy
range at 200 keV. Because of the excellent resolution of the measurement performed on the highly enriched
142Ce sample, it was possible to extend the RRR upper energy range from 13 to 26 keV. Moreover, the
Bayesian fitting procedure used for the optimization of the resonance parameters provided the corresponding
covariance information for both 4%1%2Ce, which is of fundamental importance to support sensitivity and
uncertainty analyses, for instance, on reactivity coefficients.

A summary of some properties of the cerium isotopes is given in Table 1, where Ej,¢; is the inelastic scat-
tering threshold energy important to define the upper limit of the RRR evaluations, as inelastic neutron
scattering was not measured.

Table 1. Properties of cerium isotopes®

Isotope I*™ Mass(amu) Abundance (%) Ei,e (keV)

136Ce 0% 135.9071294 0.185 5222
138Ce 0t 137.9059890 0.251 788.7
140ce 0% 139.9054464 88.450 1596
192Ce 0% 141.9092499 11.114 641.3

@Due to the lack of high-resolution experimental data and very low
isotopic abundances in "*Ce (<0.5%), '3%138Ce are not included in this
analysis.

A description of the experimental data used for the evaluation is given in Section 2, and details about the
evaluation methodology are provided in Section 3. Finally, some concluding thoughts and potential areas
for improvement are given in Section 4.



2. EXPERIMENTAL DATA

Although several transmission experiments were performed on cerium isotopes, most were performed over
a limited neutron energy range. Only a few data sets from Hacken [10], Camarda [11], Ohkubo [13],
and Newson [19] were found to have a sufficient upper neutron energy limit and, in some cases, sufficient
resolution to determine spectroscopic resonance information. For neutron capture experiments, only a set
of '4°Ce measured data reported by Musgrove [12] exists. Therefore, the available experimental data for
140.142Ce in the EXFOR database is quite limited despite their being the most common isotopes of the rare
earth elements. This also motivated the experimental campaign performed at GELINA within NCSP as a
nuclear data need; results are reported in the next subsections.

2.1 EXFOR DATABASE

The high-resolution total cross section (or transmission data) and capture yield data considered in this analy-
sis are listed in Table 2 summarizing the analyzed experiments as well as some properties of the experiments
such as thickness, sample, and energy range.

Table 2. Available experimental data sets.

Experimental® Evaluated® Thickness®

Author (year Sample Data type
(y ) P P Emin Emax Emin Emax (10-3 a/b)

Hacken (1974)© 140Ce0, Total 1 68 2.5 63 241'7561
140Ce0 Total 0709 182 25 5511 N/A
(c) 2

Ohkubo (1993) 142Ce0, Total 0709 182 12 4925 N/A
Transmission O] 500 1 200 5.530(2)
Guber (2016)  ™!'Ce metal 01 8977 1 200 28.71(1)
Capture yield 0.1 1000 1 200 5.530(2)
Transmission 0.2 300 1 200 4.523(2)

142

Guber (2019) €02 Capureyield 0.1 1000 1 200  4.5232)

(a) All energies are in units of keV.

(b) Uncertainties are listed such that 5.530(2) corresponds to 5.530+0.002. Measurements with no
provided uncertainties will have no parenthetical note.

(c) Excluded from the R-matrix analysis.

Analysis of both sets of Hacken’s measured data revealed anomalous resonances at 5.9 and 35 keV, corre-
sponding to well-known neutron resonances of >’ Al. Because the measurements were performed on a cerium
oxide sample, the aluminum contamination came most likely from the sample holder used to encapsulate
the powdered sample of cerium oxide.

The theoretical cross sections were calculated both with and without the oxygen resonance parameters taken
from Sayer [20]. The inclusion of oxygen parameters did not show an appreciable difference in the calculated
cross sections, suggesting that oxygen contribution for such a sample configuration was negligible. The same
test was performed with the aluminum resonance parameters, which, on the contrary, showed a noticeable
difference. To demonstrate this, the aluminum resonance parameter was added for each sample, and then
the values of the resonance widths were manually adjusted until the magnitude of the peaks were reached
between the two samples. This is shown below in Fig. 1. Because the magnitude of the adjustments was
significantly different between the two samples (0.8 for the thick sample and 2.5 for the thin sample), this
strongly suggests that the data were not appropriately corrected for the presence of aluminum. Additionally,



there were no reported uncertainties in the EXFOR entry, nor any attempt to quantify uncertainties in the
publication. For these reasons, Hacken’s data had to be excluded from the present resonance analysis.

140Ce — Thick Sample 149Ce — Thin Sample
300 ‘ ‘ ‘ ‘ 300 ‘ : : :
Experimental Data Experimental Data
no Al —— no Al ——
2501 08:Al —— | 207 25%A1
= 200 | 1 200 |
=
£ 150 | 150 |
8
2 100 ¢ 100 |
O 50 4 50 ¢
0 0
-50 : : : : -50 : : : : : :
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Energy [keV] Energy [keV]

Figure 1. n+'°Ce total cross sections measured by Hacken [10] compared with the cerium resonance
parameters in ENDF/B-VIIL0 without aluminum (blue line), and with a best guess estimate of the
aluminum concentration (orange line).

The EXFOR entries referring to Ohkubo’s measured cross sections did not contain sample thickness in-
formation. This is consistent with the source publication stating the measurements were performed with
varying thicknesses. Since it is practically impossible to derive the sample thicknesses for this set of data,
and, additionally, without error analysis information, Ohkubo’s data were excluded form the present analy-
sis.

2.2 GELINA MEASUREMENTS

The experiments were performed at the Geel Electron Linear Accelerator (GELINA) time-of-flight (TOF)
facility [21] at the Joint Research Center of the European Union in Geel, Belgium (JRC-Geel). Neutron
production at GELINA begins with a pulsed beam of electrons accelerated to 150 MeV. The pulsed electron
beam is further compressed to a pulse width of 1 ns using a bunching magnet located before the neutron
production target. The compressed electron pulses impinge on a rotating target of depleted uranium, pro-
ducing high-energy y-rays when stopped. The neutrons are released from the uranium target via the (y,n)
and (y.fission) reactions. Two beryllium canned water containers mounted above and below the uranium
target serve as a moderator for the neutrons. This produces a neutron spectrum with energies in the range
of 10 meV-20 MeV. The long flight paths at GELINA (up to 400 m) coupled with the electrons’ short pulse
width result in an excellent TOF and hence neutron energy resolution, facilitating the resolution of individ-
ual resonances in the neutron cross sections to high neutron energies. For cerium, two kinds of experiments
were performed at GELINA: neutron capture and transmission using different samples.



2.2.1 Samples

For neutron-induced cross section measurements, the preferred material composition is a metallic sample
to avoid and reduce background effects from the sample. In many cases, however, enriched isotopes are
manufactured as compounds, the most likely form being either an oxide or a carbonate. Unfortunately,
neutrons are highly likely to scatter from the oxygen or carbon in those samples, which can in the case of a
capture experiment lead to the capture of the neutron in the close surroundings of the experimental setup and
produce an unwanted signal that can falsify the observed capture yield. Additionally, oxides are hygroscopic
and can absorb water to form hydroxide. This can also lead to results which can be misinterpreted [22]. The
process to convert those ceramic compounds into metallic samples is complicated and often cost-prohibitive.

For these reasons, the “°Ce experiments were conducted using two metallic disks with different thicknesses,
each containing a natural abundance of '*°Ce. Metallic cerium is slightly reactive in air and oxidizes over
time. Because of this, the samples were encapsulated in thin-walled aluminum containers. The correspond-
ing empty aluminum containers were also measured for background corrections. Conversely, for '4?Ce, an
enriched '*2Ce0O, sample was leased from Oak Ridge National Laboratory (ORNL) and used for the 142¢Ce
experiments to limit the cost of the samples. The sample was heated to a high temperature to remove all
moisture from the oxide before it was pressed to a self-supporting disk. To further protect the oxide disk
from absorbing water, it was also encapsulated in a thin-walled aluminum container. The exact sample
characteristics of the three samples are given in Table 3.

Table 3. Sample properties of GELINA experiments.

Sample Diameter Thickness Mass Ce-Abundance [%]
composition [cm] [cm] [103 a/b] [g] 136 138 140 142
natCe Metal 5.985(1) 0.993(1) 28.71(1) 187.975(1) 0.19 0.25 8845 11.11
natCe Metal 5.985(1) 0.185(1) 5.530(2) 34.975(1) 0.19 0.25 8845 11.11
142Ce0, 6.000(1) 0.285(1)  4.523(2)  37.014(1) 0.00186 0.002  7.93 92.07

2.2.2 Determination of the capture yield

The neutron capture experiments were performed at the GELINA 60 m flight path station using four deuter-
ated benzene (C¢Dg) detectors. The four detectors were mounted in a backward angle of 125°relative to
the neutron beam. The pulse height weighting method was applied to the detected y-rays. The weighting
functions were calculated for each sample using MCNP [23]. Details about the calculations including the
detector materials, geometry, and environments can be found in Borella [24] and the references therein. For
the pulse height weighting technique used by the GELINA detectors, a systematic uncertainty of less than
2% was estimated [25].

The thin natural cerium sample was positioned in the neutron beam at a distance of 58.85(1) m from the
neutron production target, whereas the enriched '4>CeQ, sample was placed at 58.68(1) m from the target. A
10B_Joaded ionization chamber located approximately 80 cm upstream of the sample was used to determine
the neutron flux shape. At the time of the capture experiments, GELINA was operating with an 800 Hz
repetition rate and a 1 ns pulse width. A 1B slab was used as a frame overlap filter to prevent the counting
of low-energy neutrons from the previous neutron pulse. Additionally, a lead slab reduced the effect of high-
energy y-rays (bremsstrahlung) emitted by the neutron production target when the electrons get stopped.



Supplemental measurements included the empty aluminum container, empty sample holder, and a carbon
scattering sample to account for background effects from sample scattered neutrons. Those neutrons can get
captured in the area surrounding the detectors and produce an unwanted capture signal, which can produce
false capture events if it occurs within the TOF width of the resonance. For the natural cerium sample runs
with '°B, sodium and sulfur background filters were included to have calibration points for the background
correction; additionally, a run was performed with a '°B overlap filter only. The data with only the 'B filter
were used in the analysis of the natural cerium sample. The '“?Ce data were obtained with two different
filter combinations: '°B, W, Co, Na; and '°B, Co, and S filters in the beam. The latter combination was used
for data analysis.

A dedicated experiment using natural iron sample was performed to obtain the capture yield of the 1.15 keV
resonance of °Fe. This resonance is well studied and has been shown in the literature to be a good candidate
to obtain a normalization factor for the acquired cerium neutron capture experiments. The data reduction
procedures for the iron experiments were the same as described for the cerium yield, except that the empty
holder instead of the aluminum container was used as open beam data.

The experimental capture yield in dependence of TOF is calculated from the count rate of the C¢Dg de-
tectors corrected for background and divided by the neutron fluence. In brief, the dead time corrected and
weighted data for the aluminum container and scattering sample are subtracted from the weighted cerium
data after normalizing all to the same neutron counts, which were obtained with a BF3 counter in the neutron
production hall. The capture yield is given as

Yexp :Nexp—s (D

where the time-dependent Ceyp, and Beyp are the dead time corrected, weighted, and normalized count rate
from the sample and background, respectively, as detailed in [24]. Ny, is the normalization factor deter-
mined from the dedicated iron sample experiment, which is known to be better than 2%. The time-dependent
neutron flux ¢ = ¢(¢) is determined by the 10B jon chamber, using the 0B (n,a@) cross section from the
ENDF/B-VIIL.O library. A detailed description about the data correction and reduction can be found in
Schillebeeckx [25].

To achieve a sufficient count rate, neutron capture cross sections experiments are ideally performed with
a thin sample. However, due to the low capture cross section of '4%142Ce, thicker samples were required.
This, in addition to the fact that scattering is the dominant reaction, leads to several experimental corrections
that need to be accounted for in the data analysis program (e.g., self-shielding, multiple scattering, neutron
energy resolution function). These corrections can be quite sizeable and can require reliable neutron widths
as input to the data analysis programs. The lack of this information can result in erroneous capture cross
section data, as shown in Koehler [26].

2.2.3 Determination of the transmission data

Transmission measurements were performed using a °Li loaded glass scintillator 0.635 cm thick to detect
sample-transmitted neutrons. The detector was placed 49.33(1) m from the neutron production target in
flight path number 4. The photo multiplier tube of neutron detector was mounted outside of the neutron
beam in such a way that only GELINA neutrons illuminated the lithium glass. The neutron beam at the
sample was collimated to a diameter slightly smaller than the diameter of the sample under investigation.



A computer-controlled sample changer cycled the samples in and out of the beam synchronized with the ac-
celerator pulses. This approach helps to reduce systematic effects from changes of detector efficiencies and
beam intensities over time. The background for this kind of TOF experiment consists of a time-dependent
and time-independent component. Details of these background compositions, determinations, and correc-
tions are given in Schillebeeckx [25]. The technique to measure these backgrounds is by inserting different
materials used as filters into the neutron beam path while collecting the data counts for the transmission
measurements; the background is determined because of the saturated resonances found in these filters (e.g.,
W, Co, Na, S). Due to the setup and geometry, all neutrons are scattered out of the beam at these energies
and provide points to fit the shape of the background. Dedicated runs were done with tungsten, cobalt, and
sodium background filters to obtain the background shape, which was normalized to the transmission data
obtained with only a cobalt filter. This kept the interference of the background filters with the data to a
minimum. The experimental transmission is given by
Cin - Bin

Cout - Bout ’
where time-dependent Cjp/oue are the dead time corrected count rates of sample in and sample out, with
Binjout as their corresponding backgrounds. The backgrounds were obtained using dead time corrected and
normalized TOF spectra with black resonance filters. N is an energy-independent normalization factor
for the ratio of sample in and sample out, determined by the count rate of a BF3 ion chamber located in
the ceiling of the neutron production target hall. A typical uncertainty for this ratio is less than 0.5%.
Details about the background determination and data reduction for the transmission experiments and related
uncertainties can be found in Schillebeeckx [25].

Texp =N 2

With the transmission data, a complete set of resonance parameters can be obtained for the resolved cerium
resonances, which enables calculation of the appropriate correction factors for the capture yield using the
resonance analysis program SAMMY [6].

2.2.4 Reduction Analysis

All pulse height and TOF information from transmission, capture, and flux measurements were stored in list
mode (containing information about each event, including TOF, pulse height, etc.) on disk together with a
report file that stores scalers for various controls (e.g., tO, neutron flux count, etc.). These scalers are used to
determine which list mode runs are included in the data analysis.

While sorting the data, stability checks using scalers and counts for different TOF windows were made
to exclude unstable runs. The accepted runs were sorted into TOF spectra for transmission depending on
sample in, sample out, and background filtered runs. The same procedure was applied to the capture runs
after applying gain shift corrections and pulse height weighting for the capture data, respectively. Known
resonance energies from background filters and other materials in the beam such as aluminum or lead were
used to calibrate the neutron energy scale of the TOF spectra.

The Analysis of Geel Spectra (AGS) software was used for data reduction analysis, which consists of con-
verting recorded count rates into observables such as transmission and reaction yield data. The AGS code
also performs a full uncertainty propagation including both uncorrelated uncertainties due to counting statis-
tics and correlated uncertainty components such as those from normalization factors. The full covariance
information after each operation is stored in vectorized way [27]. AGS code is also used for background and
dead time effect corrections as well as normalization. In the final step for capture measurements, the yield
data are normalized using the 1.15 keV resonance in >°Fe obtained from the iron capture yield runs.



3. RESONANCE ANALYSIS

The multilevel multichannel R-matrix analysis of the measured data was performed by using the SAMMY
code [6]. Unlike the extant ENDF/B-VIILO0 '40-142Ce evaluations that were performed within the superseded
multilevel Breit-Wigner (MLBW) formalism, this work used the Reich-Moore (RM) approximation of
the R-matrix theory. For the analyzed nuclei, RM is commonly accepted as the recommended method to
perform resonance parameter evaluations [28] since the capture widths can be approximated by an average
value proportional to the sum of all possible gamma transitions. Additionally, this work generated, by
design, covariance information that is not reported in the ENDF/B-VIIL.O library and is often needed for
sensitivity studies. Together with obvious corrections, the set of resonance parameters from the ENDF/B-
VIILO library was purely used as prior information to fit the selected suite of measured data. The major
inconsistencies to be addressed in ENDF/B-VIIL.O resonance parameters were related to three resonances
between 1 and 2 keV. Although these levels belong to the minor isotope '4*Ce, due to their large widths,
they are also visible in transmission data measured on "'Ce sample—namely, at 1.15, 1.28, and 1.68 keV.
Especially for the levels at 1.15 and 1.68 keV, the significant discrepancy with the measured data derives
from the incorrect compilation of the spin group in the ENDF/B-VIIL.O library. In fact, visual inspection
indicates that both 1.15 and 1.68 keV levels are most likely related to p-wave resonances, but both are listed
as s-wave resonances in ENDF/B-VIIL.O library. The s-wave spin assignment is highly unlikely due to the
lack of negative interference between potential and resonant scattering, and it is also not supported by the
average s-wave level spacing value of 1.5 keV for '*?Ce. As reported by Ohkubo [13], the level at 1.15 keV
resonance was considered a very small probable p-wave level, slightly higher (2.8 eV) than the 1.15 keV
resonance level of *°Fe. Its neutron width was not specified by Ohkubo, but the value of 50 eV given in
Mughabghab [14] is significantly larger than one would expect for a small p-wave. Therefore, the small
width value was considered a transcription error that should have been listed as 50 meV. The neutron width
for the 1.68 keV resonance level was first reported Anufriev [29] to be 10 eV. The other resonance widths in
this publication appear to be of the correct magnitude, so it is unclear why this one specifically also appears
to be off by 3 orders of magnitude. An image of the "™ Ce thick sample transmission data reconstructed
from the resonance parameters with and without these corrections is given below in Fig. 2. Throughout
the rest of this report, all results with ENDF/B-VIII.0 parameters are assumed to be the corrected values
unless explicitly stated otherwise. After the spin assignment and related corrections were performed, the
quantification of the external levels discussed in subsection 3.1 was followed by a sequential Bayesian fit
including the suite of measured data. This generated a set of evaluated resonance parameters based on
SAMMY input files as reported in Appendix A and SAMMY par file reported in Appendix B. The resulting
fit to the experimental data is shown in a series a plots in Appendix C for several energy ranges to magnify the
quality of the fit in comparison to the ENDF/B-VIII.0 evaluation together with the point-by-point residual,
denoted as og.

3.1 EXTERNAL LEVEL QUANTIFICATION

The R-matrix analysis depends on resonance levels existing above and below the analyzed RRR energy
range. These are usually called external levels [28], and their contribution can be approximated by using
broad resonances whose widths are based on the statistics of the resonance parameters. This approximation
is valid assuming that the average gamma width is much smaller than the RRR energy region as for 4%:142Ce.
As shown by Frohner [30], the energy and neutron width of the two broad resonances can be approximated
by

Emax + Emin \/§
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Figure 2. Comparison of " Ce transmission data from the ENDF/B-VIILO0 library (blue), and
corrected resonance parameters (orange).
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where E . is defined to be the energy of the last resonance in the RRR plus the average level spacing (D),
Enin is the energy of the first resonance in the RRR minus the average level spacing, I is the energy range
defined by Emax — Emin, and S is the dimensionless s-wave strength function.

Although using two broad resonances is a good approximation, the resulting elastic scattering cross section
will deviate from the analytical definition near the edges of the energy range. A further improvement on
this approximation can be made by fitting two additional resonances closer to the bounds of the energy
range. Two additional resonances were added at E=E,;, and E=E,,x with neutron widths equal to 1% of
the values calculated for E_ and E ., respectively. These resonances were then fitted to the analytical cross
section calculated from the pole strength parameter

8o E
"~ 2kea. N 1[eV]

Se &)
where k. is the wavenumber of the entrance channel ¢, and a, is the channel radius. After defining the
parameters of the external contribution as detailed in [5], the RRR evaluation proceeds by testing or deriving
the spin assignment of each resonance level according to the y? metric assuming available spin populations
up to p-wave. This assumption was based on the energy-dependent penetrability factor for four partial waves



calculated over the anticipated energy region range of 1-200 keV. As shown in Fig. 3, the penetrability
factors for the d- and f-wave can be considered negligible over the entire energy range and, therefore,
excluded in the quantum number definition of each particle pair.

Penetrability vs. Energy for Each Partial Wave
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Figure 3. n+14%142Ce energy-dependent penetrability factors for four partial waves.

3.2 DETAILS ON THE FIT OF MTCE MEASURED DATA

To provide an idea of the impact of both the correction applied to the ENDF/B-VIIL.O set of parameters and
the improved fit to the measured data, the y> values for three experimental data sets for natural samples
are given in Table 4. In this publication, unless explicitly stated otherwise, all reported values of y* are
really y*/N, where N represents the number of data points in the fitting procedure. As expected, an over-
all improvement is seen especially for transmission measurements even after accounting for the corrected
library.

Table 4. Resonance parameter comparison according to the y? metric for "*'Ce measured data.

Measurement ENDF/B-VIIL.0 ORNL
(original)  (corrected)
Transmission (thick) 75 30 1.8
Transmission (thin) 17 2.1 0.74
Capture Yield 1.9 1.9 1.2

These data were primarily used for the fitting '“°Ce parameters, since '*’Ce is the most abundant isotope.
The quantification of the external levels for '“°Ce in the ENDF/B-VIILO library was defined by 9 s-wave and
22 p-wave resonances above 200 keV from the Ohkubo measurements [13]. These were not included in the
new ORNL evaluation, as the external levels were defined by four large s-wave resonances, as described in
Section 3.1. In the RRR analyzed energy range up to 200 keV, 1 new s-wave and 19 new p-wave resonances
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were added. The thick transmission sample is where the most notable improvements were found, mainly
because the overall transmission data compared to the ENDF/B-VIIL.O evaluation either slightly overesti-
mates the experimental data—for instance, as shown in Fig. 15—or reports mis-assigned spins, for instance,
as shown in Fig. 16, near 11 keV. Other imperfections are found in misaligned resonances as in Fig. 16,
near 18 keV, or missing resonances as in Fig. 19, between 100 and 120 keV. The thin transmission sample
shows less significant differences between the two libraries, apart from some slight differences from mis-
aligned resonances and the inclusion of several resonances above 100 keV to improve the overall fit to the
measurement. The thin sample was primarily used to confirm spin assignments for p-wave resonances.

One area of particular interest is two spurious resonance features in Fig. 14 at 1.58 and 1.68 keV. These
features cannot be seen in any of the other samples at these energies in Figs. 21, 28, 33, and 40. It is
conceivable that these could be resonances in the minor cerium isotopes '3%133Ce. Attempts made at fitting
these resonances showed that each resonance could be described by a combination of 13%138Ce s-wave
resonances, but no justification could be made as to which resonance corresponds to which specific isotope.
Because of this, no further attempt was made to fit them.

The capture yield results show a less significant improvement than the transmission data. This can be
attributed to the fact that the capture cross section for both cerium isotopes is very small, leading to a very
weak capture yield signal. This also results in very large uncertainties in the experimental data (in some
areas over 100%), most notably at higher incident energies and between strong capture resonances where
the capture cross section is at its minimum.

3.3 DETAILS ON THE FIT OF “CE DATA

Similarly to the "Ce set of measured data, a table reporting x> values for two selected measurements is
given below showing an overall improvement.

Table 5. Resonance parameter comparison according to the y? metric for 142Ce measured data.

Measurement ENDEF/B-VIIL.0 ORNL
(original)  (corrected)

Transmission 48 2.0 1.3

Capture Yield 1.8 1.9 1.1

Significant work was performed in extending the RRR of '4?Ce up to 26 keV. By comparison, the ENDF-
B/VIILO evaluation has an RRR range from 0-13 keV, and URR range from 13-100 keV. The current eval-
uation has an RRR range from 0-26 keV and URR range from 26-200 keV. The ENDF/B-VIIL.0 URR
parameters from 26-100 keV were accepted in the current evaluation, and 39 s-waves and 159 p-waves were
added to the RRR. Many of these resonances exist in the URR range, so they will not be present in the
current evaluation. These levels are included in the SAMMY .par file listed in Appendix B in case higher
resolution measurements of '“>Ce are conducted that allow for the extension of the RRR further.

Several '%?Ce transmission plots show a noticeable increase of the residuals in the energy region between
1 and 2 keV. This is particularly evident for the thick target measurement shown in Fig. 33. The large
resonance width in combination with the target thickness leads to a saturated resonance in the energy range
that can be properly fitted only thanks to the thin "™ Ce transmission measurement (as in Fig. 21) designed
to accurately measured the resonance amplitude.
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Many improvements in the fitting of '4?Ce transmission data came from the inclusion of resonance infor-
mation above 50 keV as shown in Figs. 37-38. Because the data are significantly noisier than the "™'Ce
data, small p-wave resonances were difficult to identify. The only resonances added were those for which
a clear resonance structure in the measured data was seen. Due to their small magnitude, the capture yield
measurement suffers from similar issues as the "' Ce capture yield data. Additionally, the data are associated
with significantly large uncertainties at 30, 78, and 100 keV, as shown in Fig. 39. This is because of strong
resonances present in the lead and sulfur filter, which eliminates neutrons at these energies, and thus only
background is counted at these energies for which the data are corrected.

3.4 THERMAL CROSS SECTION EVALUATION

Thermal capture and scattering cross section values were compiled from available sources as reported in
Tables 6 and 7. Several criteria, such as measurement technique together with the reliability and docu-
mentation of the measured data, were used to assign a weight applied to calculate the best estimate for the
thermal constant values. Experiments were excluded if no uncertainties were provided.

Table 6. 14°Ce Thermal Values (in barns)

Quantity Author & Year Value Weight
. 0.44 + 0.01 04
2200 ms Panikkath (2017) [31] 0.44 + 0.02 0.4
capture xs de Cprte (1988) [32] 0.576 =0.006912 0.2
Alian (1973) [33] 0.68:x 0
Best Estimate 0.467 + 0.001
NIST (1992) [34] 2.94 +0.11 0.5
sczaft(():?igsxs ATLAS (2018) [14] 2.96 +£0.11 0.5
Best Estimate 2.95 +0.08
Panikkath (2017) [31] 0.55 +0.03 0.33
Torrel (2012) [35] 0.55+0.02 0.27
Resonance Heft (1978) [36] 0.483 +0.005 0.2
Integral Alian (1973) [33] 0.66x 0
Alstad (1967) [37] 0.49 + 0.05 0.13
Lantz (1964) [38] 0.48 +0.05 0.07
Best Estimate 0.524 +0.011

“No uncertainties were reported.

Table 7. 142Ce Thermal Values (in barns)

Quantity Author & Year Value Weight
2200 m/s de Corte (1988) [32] 0.974 £ 0.01 1.0
capture Xs Best Estimate 0.974 + 0.01

NIST (1992) [34] 2.84 +0.11 0.5
ATLAS (2018) [14] 2.85+0.11 0.5
Best Estimate 2.85+0.08
Torrel (2012) [35] 1.25 £ 0.06 0.33
Resonance Heft (1978) [36] 1.66 = 0.15 0.33
Integral Alstad (1967) [37] 1.6 £ 0.20 0.33
Best Estimate 1.503 + 0.085

2200 m/s
scattering xs

An additional negative resonance was tuned specifically to fit the available thermal values for elastic scatter-
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ing, capture, and total cross section data. Instead of a single energy value at the thermal energy £=25.3 meV,
artificial data was generated on an energy grid of equi-spaced values between 20 and 30 meV. For the cap-
ture channel, the standard 1/ VE energy dependence was assumed differently from the elastic scattering data
that were assumed with a flat energy dependence. Because the closest resonance for each isotope is above
1 keV, this would not significantly alter the energy dependence shape assumed for the thermal cross section.

For the thermal capture fit, several sources were used to fit 140Ce [31, 32]. The value calculated by [33] was
not included due to a lack of reported uncertainties. The mean value of these data is 0.467 + 0.009, which
was used as the prior for the fit. Unfortunately, only one source could be found to fit '#>Ce [32], meaning
the prior was set to its value of 0.974 + 0.010.

For the scattering fit, the values were calculated from an average of the measurements of the bound coherent
scattering length from Mughabghab [14] and NIST [34] (because both 140.192Ce are even-even nuclei, there is
no incoherent contribution to thermal scattering, meaning the scattering is entirely described by the coherent
contribution).

Table 8. n+14%142Ce thermal cross sections (in barn).

Isotope Source Capture Scattering
Experiment 0.467 £0.009 2.95 + 0.08

140Ce ENDF/B-VIIL.O 0.577 3.62
ORNL 0.463 3.07
Experiment 0.974 £0.010 2.85 +0.08

42Ce  ENDF/B-VIILO 0.815 2.86
ORNL 0.974 2.87

This thermal evaluation method leads to newly evaluated thermal constant values which differ from the
ENDEF/B-VIIL.0 library. The fitted values predict a reduction of about 20% in the capture reaction channel
for %9Ce and an increase of about the same amount for #?Ce, leading to a 15% reduction of the capture
thermal value for "Ce. There is a relatively small remaining discrepancy between the experimental and
fitted thermal scattering cross section of *°Ce that is about 15% lower than ENDF/B-VIILO0 value.

3.5 DIRECT-SEMIDIRECT CAPTURE CALCULATIONS

Since the '*°Ce nucleus has a closed neutron shell with a neutron number N=82, direct-semidirect (DSD)
capture processes are expected to contribute a relatively large fraction of the total thermal neutron capture
cross section [39]. Indeed, a calculation of the '*°Ce DSD capture cross section for a thermal neutron energy
of 25.3 meV using the CUPIDO [40, 41] code yields 840 mb, overestimating the measured thermal neutron
capture value of 467 mb. We point out that such an overestimation has been conventionally explained by
a simple model of (destructive) interference between the direct and the compound nuclear resonant capture
amplitudes for capture into each bound capturing level [42].

The CUPIDO methodology uses binding energies of the capturing bound states in 4! Ce, their single-particle
quantum numbers, and their spectroscopic factors taken from [43]. The direct capture (DC) amplitude is
computed as the expectation value of electromagnetic multipole transition operator between the incoming
channel and the capturing bound state wave function, and the semidirect capture amplitude accounts for a
two-step capture via a giant dipole resonance. It was found that the vast majority of the DC of thermal
energy s-wave neutrons is due to the electric dipole capture into two excited bound states of orbital angular
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momentum /=1 and relatively large single-particle spectroscopic factors. In fact, the calculated DSD thermal
neutron capture into the two excited states of '*! Ce alone accounts for approximately 500 mb.

For comparison, a calculation of the thermal neutron DC alone* on '*°Ce into discrete bound levels using
the TALYS-1.95 code and its database of calculated bound states yielded 955 mb, about 14% larger than
CUPIDO calculations; such a discrepancy is well within the range of large uncertainties of the bound level
energies and their spectroscopic factors.

For 42Ce, the DC thermal capture cross section calculated by TALYS-1.95 yielded 700 mb which, as ex-
pected, is smaller than the DC value calculated for '*°Ce. This is because '#>Ce has two additional neutrons
in an otherwise empty neutron shell that are expected to decrease (1) the binding energies and (2) the single-
particle spectroscopic factors of the capturing states, where each of these decreases alone would cause the
capture to decrease. This decrease in DC is completely analogous to the case for '*2Sn and '**Sn as dis-
cussed by Chiba [39] for the same closed neutron shell N=82. We have not computed DSD capture on '#>Ce
using the CUPIDO code because of the absence of any published bound state spectroscopic data of '**Ce
needed as input for CUPIDO calculation of DSD capture on '“>Ce.

Ideally, the DSD process and compound resonant capture should be fitted simultaneously to account for
their interference in a phenomenological R-matrix formalism in which all capture processes are parameter-
ized simultaneously [44]. Since the thermal neutron capture cross sections computed by both the CUPIDO
code for the DSD process and TALYS-1.95 for the DC process are 40-50% higher than the averaged mea-
sured values reported in Table 8, this would indicate a strong correlation between the direct and compound
mechanism. However, since the direct mechanism is expected to dominate for nuclei like cerium isotopes,
a normalization factor >50% to account for a weak compound mechanism seems inconsistent and requires
additional investigation. Therefore, although SAMMY has the capability to include DC cross sections in
the fit procedure, the direct contribution was included by using negative resonances. Recent work has been
conducted suggesting a novel way to parameterize the DC process such that it can be included in the R-
matrix formalism [44]. This would be ideal since the correlation between the direct and compound process
would be implicitly taken into account and, at the same time, this would greatly simplify the uncertainty
quantification.

Table 9. n+14%142Ce direct thermal cross sections (in mb).

Source H0ce 142Ce
CUPIDO 840 N/A
TALYS 955 700
ATLAS 500 485

3.6 VALIDATION TEST

Integral measured data such as reactivity coefficients are usually used as benchmarks to validate nuclear data
libraries. However, the lack of integral experiments containing appreciable amounts of cerium makes the
validation of these nuclear data evaluations difficult. Instead, as integral quantities, we relied on resonance
integrals and stellar-averaged capture cross sections to test the accuracy of the newly generated resonance
parameters.

“the TALYS code does not yet compute the semidirect contribution to the capture cross section.
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3.6.1 Capture Resonance Integral

The resonance integral is a metric used to approximate the epithermal absorption in a typical nuclear reactor.
This metric is especially important for the '“°Ce isotope, being a stable secondary fission product. It is

defined as “ o (E)
o
I, = f - dE, (6)
E E

3

where the lower limit of the integral is £3=0.5 eV, the resonance integrals for ORNL evaluation work were
calculated by NJOY2016 [45] and reported in Table 10 together with other values found in literature. The
label experimental refers to an average value compiled by using the values found in previous work [31, 35,
36, 37, 38] for 'Y°Ce and elsewhere [35, 36, 37] for '%>Ce, similarly to the method described in Section 3.4.

Table 10. Capture Resonance Integrals (in barn)

Source 140Ce 142Ce
Experimental 0.524 £ 0.011 1.503 +0.085
ATLAS 0.54 +0.05 1.15 +0.05
ENDF/B-VIIL.O 0.303 0.861

ORNL 0.296 1.010

There is clear disagreement between evaluated and measured data. As expected, the '*°Ce resonance inte-
gral value agrees with the ENDF/B-VIII.O evaluation since the low-lying resonances were already in good
agreement with the transmission data. It is unlikely that this discrepancy would be caused by the lack of
DC contribution, since the integral accounts only for values above 0.5 eV, where the DC cross section is
negligible.

The significant change in the '#>Ce resonance integral is likely due to the corrections of the resonance pa-
rameters in the 1-2 keV region. Although this is an increased value, the evaluated value is about 33% lower
than the averaged experimental value by almost six standard deviations. Due to the relatively small ther-
mal capture cross section values, the related integral is difficult to accurately measure, leading to discrepant
results, as seen in Table 7.

3.6.2 Stellar-Averaged Capture Cross Sections

The Maxwellian stellar-averaged capture cross section (MACS) calculated at the temperature 7" (in Kelvin)
is defined by

(r(E)VE 0wy (E)EeEMT 4 | 7

p) 0
T fo

where kp is the Boltzmann constant. For both isotopes, Table 11 reports evaluated values of the ENDF/B-
VIILO library together with ORNL and ATLAS work, as well as measured values found in the KADoNiS
database [46]. The ORNL values are calculated using the SAMMY code for a constant value kg7 = 30 keV,
as this matches the value provided in the KADoNiS database. The SAMMY code calculates MACS using
capture cross section reconstructed from resolved and unresolved resonance parameters (file MF=2) and,
above the unresolved resonance range, capture cross section data (reported in file MF=3). In this work,
capture cross sections taken from File MF=3 of the ENDF/B-VIIL.O0 library were used. Table 11 also reports
the values for the KADoNIS database updated by the latest 197 Au(n, v) data [47], as these data were used
as reference cross sections for their measurements. When applied to both isotopes, this correction results
in about a 5% increase. Comparing the updated values to the ORNL work, there are notable differences
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between 20 and 25%. For the '%>Ce isotope, the increased value with respect to ENDF/B-VIILO library is

Table 11. Maxwellian averaged thermal cross section (in mb).

Source 40Ce 42¢Ce
KADoNiS 1173 +£044 299+1.0
KADONiS-new Au 1232 +046 314+1.1
ATLAS 9.7+0.9 196 £1.1
ENDF/B-VIII.O 7.77 = 0.22 20.29 = 0.26
ORNL 1543 +£0.15 25.73 £0.13

related to the extension of the RRR from 13 to 26 keV and the fit of newly measured capture data. Therefore,
the discrepancy with the KADoNIS database may reside in the URR above 26 keV, despite the fact that a
large majority of the Maxwellian spectrum is less than 30 keV. This might indicate that a re-evaluation of
the URR for 4?Ce is warranted.

3.7 STATISTICAL PROPERTIES OF THE RESONANCE PARAMETERS

In this section, we report the statistical properties of the resonance parameters for the ENDF/B-VIIL0 library
and the ORNL evaluated work. These include average level spacing, average radiative width, and neutron
strength function.

3.7.1 Cumulative Levels and Average Level Spacing

The cumulative level function for a given orbital angular momentum [ is expected to increase linearly as
a function of energy. As the incident neutron energy increases, the number of levels will deviate from the
linear behavior because of the limited experimental resolution to measure closer and closer energy levels.
Plots of the energy-dependent cumulative levels are shown in Figs. 4-7.

Cumulative Levels vs. Energy: 4°Ce s-wave J*=0"
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Figure 4. Energy-dependent cumulative levels for *°Ce s-wave resonance parameters.

Both '%°Ce plots show a deviation away from the linear fit, although the deviation is more gradual in the
s-wave distribution compared to the p-wave distribution. The deviation point occurs at 63 keV for the
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Cumulative Levels vs. Energy: '“°Ce p-wave, J*=1/2~
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Figure 5. Energy-dependent cumulative levels for 1*°Ce p-wave resonance parameters.
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Figure 6. Energy-dependent cumulative levels for *>Ce s-wave resonance parameters.

ENDEF/B-VIILO library and 80 keV for the ORNL evaluation. This may be due to the fact that ENDF/B-
VIII.O resonances are primarily based on two measurements, one below 63 keV [10] and one spanning the

17



Cumulative Levels vs. Energy: '4*Ce p-wave, J*=1/2~
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Figure 7. Energy-dependent cumulative levels for 1¥>Ce p-wave resonance parameters.

entire energy range [13]. It can be assumed that the former assigned more levels in their evaluation and
is, therefore, a more faithful representation of the true level density. The new ORNL evaluation extended
that point up to 80 keV but was unable to resolve significantly additional resonances above that point. The
decision was made to keep the upper energy limit of the RRR at 200 keV, even though the level spacing
statistics suggest that the limit should be closer to 80 keV.

The '#>Ce plots also show an expected gradual deviation from linearity for both s-wave and p-wave distri-
butions. In the present evaluation, there were noticeable changes in the average level spacing for the '4*Ce
s-wave parameters. This is largely due to the re-assignment of several low-energy '“?Ce s-waves to either
142Ce p-waves or '“°Ce s-waves. There is a curious gap in the ORNL p-wave distribution near 50 keV, where
there appear to be missing p-wave resonances, as the slope from 60 to 100 keV looks very similar to the
slope below 26 ke V. No resonances could be seen in this area, shown in Figs. 36-37. However, it is possible
that additional p-wave resonances could be measured by increasing the experimental resolution.

The average level spacings derived from the slopes of the energy-dependent cumulative levels are reported
in Table 12 together with E,x used as upper energy limit for the linear fit of the cumulative levels. The
average level spacing for /=1 levels was obtained as the average of the /=1/2 and J=3/2 level spacings.
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Table 12. 14%142Ce average level spacing (in keV). Epay (in keV) is the upper energy limit used in the
fit to obtain the average level spacing.

Isotope Library Enax =0 =1
ATLAS N/A 3730 +0.470 1.550+0.110
63 3.938 0.7875
140Ce ENDF/B-VIILO 200  5.000 1.612
80 4211 0.754
ORNL 200  4.878 1.212
ATLAS N/A 1490 +0.155 N/A
13 0.866 1.000
142Ce ENDF/B-VIILO 50 1.563 3.333
26 1.529 0.684
ORNL 200 3.225 1.149

The '“°Ce s-wave level spacing for ENDF/B-VIILO agree favorably with the reported in Mughabghab [14],
while the ORNL library is slightly larger than the reported value at the cutoff values of 63 and 80 keV,
respectively. Both of these values significantly increase when the upper energy limit is raised to 200 keV,
further indicating that levels are not being observed in the measured data above the cutoff value. It is curious
to note that, for both the ENDF/B-VIIIL.0 and ORNL files, the p-wave level spacing at their cutoff value does
not agree with the values reported in Mughabghab [14], but the level spacing at 200 keV does agree.

For ORNL !%>Ce s-wave and p-wave level spacings, there are significant deviations from the ENDF/B-VIIIL0
s-wave distribution but reasonable agreement with the ATLAS value. This is likely the result of several low-
lying s-wave resonances that were miscategorized (including the 1-2 keV issue mentioned earlier), as well
as setting the upper energy cutoff at 13 keV instead of 50 keV (where the final resonance is located). It is
difficult to discern any meaningful information from the ENDF-B/VIII.O p-wave distribution, as there were
only 16 p-wave resonances reported in the ENDF-B/VIIIL.O file compared to the 175 p-wave resonances
reported in this work.

3.7.2 Average Radiative Widths

Average radiative widths were calculated from the resonance parameters, and they are listed in Table 13.
There is a large increase (above 50%) of the average radiative width for both isotopes from the ORNL
parameterization in comparison to the ATLAS and previous ENDF compilations. This can be seen as a
direct effect from the fit of the recently measured data, particularly for the '#>Ce isotope.

Table 13. 140:142Ce average radiative widths (in meV).

Isotope Library =0 =1
ATLAS 43 £ 11 2242
140Ce  ENDF/B-VIIL.O 39 +9 23+0.3
ORNL 120+£25 76«15
g, ATLAS N/A N/A
ENDF/B-VIII.O 30 + N/A 30+ N/A
ORNL 79 + 15 94 + 21
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3.7.3 Neutron Strength Function

The strength function can be calculated by the ratio of the average reduced neutron width to the average
level spacing. Among other parameters, this quantity is used to generate average cross sections in the URR.
The values are reported in Table 14 in units of 1074,

Table 14. 140:1492Ce peutron strength function (in 1074 unit).

Isotope Library =0 =1
ATLAS 1.16 £ 0.34 0.34 £ 0.05
149Ce  ENDF/B-VIILO 1.16 0.26
ORNL 0.96 0.84
ATLAS 3.4+0.7 0.13 +0.7
“2Ce ENDF/B-VIILO 4.2 0.63
ORNL 2.9 1.2

Comparing the two isotopes, it’s clear that the s-wave strength functions are in agreement with the values
reported in the ATLAS compilation. While the '%°Ce s-wave strength function is in worse agreement when
compared to the ENDF/B-VIIL.O value, they are both within the statistical uncertainty reported in the AT-
LAS. Conversely, the '“>Ce s-wave function is in closer agreement to the reported value, most likely because
of the aforementioned issue between 1-2 keV.

While the s-wave strength functions are in agreement with the reference value, the same cannot be said for
the p-wave functions. Both the '4%-142Ce p-wave strength functions are significantly larger than both what’s
reported in the ATLAS and what’s calculated from the ENDF/B-VIILO libraries. It is currently not clear why
there is a significant increase in the '“°Ce p-wave strength function, as an overall agreement with p-wave
resonances is seen in the "™ Ce transmission data. It’s possible this might be due to some p-waves assigned
to the wrong spin groups.

The increase in the '4?Ce p-wave strength function is in large part due to the several large p-wave resonances
between 20 and 25 keV, which can be seen in Fig. 36. Because the upper energy limit of this analysis
is 26 keV, it incorporated these resonances and sharply increased the summed strength function used to
calculate these values. A more accurate value could be found with higher resolution measurements.
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4. CONCLUSIONS AND FUTURE WORK

An evaluated set of resonance parameters for *%142Ce isotopes was generated by significantly improving the
agreement with available experimental data. In addition to key corrections to the ENDF/B-VIII.O evaluation,
as shown in Fig. 2, resonance parameters were fitted to recent transmission and capture yield data measured
on "*Ce and '%’Ce samples at the GELINA facility as well as to thermal neutron constants available from
the EXFOR database. The resulting best estimate parameters and corresponding covariance matrix were
submitted to update the existing ENDF/B-VIIIL.O repository at the National Nuclear Data Center and selected
for inclusion into the next US ENDF/B nuclear data library release. The upper RRR energy limit of '4°Ce
was kept at 200 keV, whereas the limit for '“>?Ce was extended from 13 to 26 keV.

There are several areas for potentially improving this set of resonance parameters. One of these areas is the
quantification of the interference effects between direct and compound effects. As discussed in Section 3.5,
DC, and DSD calculations suggest strong interference effects, although the direct contribution should be
dominant for nuclei like '4%142Ce. In the absence of a formal theoretical framework able to include inter-
ference effects between the two mechanisms in R-matrix analyses, the direct contribution was effectively
included in resonance parameters of a negative resonance. This decision simplified the assembly of the eval-
uated resonance parameters in ENDF format, as the direct-semidirect contribution, including its covariance
information, would have been added as a background.

Although transmission and capture yield data were recently measured at the GELINA facility, more ex-
perimental data is needed to improve the evaluations. Previous measurements [10] [13] are reported with
significant issues that precluded them from being included in the evaluation. Specifically, measurements of
142Ce above 26 keV would allow for the potential of further increasing the RRR and a revised evaluation
of the extant URR. In addition to the dearth of cross section measurements, the lack of integral benchmark
experiments containing appreciable amounts of cerium significantly limits the validation effort to affirm the
accuracy of the newly evaluated parameters. Attempts to incorporate the capture resonance integrals and
MACS into the evaluation procedure led to contradictory results compared to the thermal cross section val-
ues and current values reported in available compilations such as ATLAS and KADoNIS. This may be partly
due to the small thermal capture cross section, as evident by the spread in the values of capture resonance
integrals and MACS reported in Tables 10-11, respectively.

This work was supported by the Nuclear Criticality Safety Program, funded and managed by the National
Nuclear Security Administration for the Department of Energy.
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APPENDIX A. SAMMY INPUT FILES

A-2



Ce—-nat / Guber (16) total cross section (thick target) - from EXFOR
Cerium-nat 140.11568 1.0000e-5 200403.00 0 10 00 0O
reich-moore formalism

generate plot file a

twenty

fgm

ev

print capture area in lpt file

PRINT REDUCED WIDTHS

PUBLISH

energy uncertainties are at end of line in par file

use no cutoff for derivatives or cross sections

quantum numbers are in parameter file

shift GELINA resolution function to center

295.20000 47.669000 0.0200000 0.0000000 0.0010000
5.6000000 0.0287130 0.0000000
transmission

ISOTOPIC ABUNDANCIES AND MASSES

135.907129 1.8500e-3 1.0000E-5 0 1

137.905989 2.5100e-3 1.0000E-5 0 2

139.905446 8.8450e-1 1.0000E-5 0 3 4 5

141.909250 1.1114e-1 1.0000E-5 0 6 7 8

13.0033550 0.1000e-9 1.0000E-5 0 91011121314151617

GEEL RESOLUTION

BURSTO 1.0000000 .10010000

TAU 00000 O. 0. 0. 0. —.77220000 1363.8500-.53220000
TAU 00 1.00000-5 1.00000-5 1.00000-5 1.00000-5 1.00000-5 130.00000 1.00000-5
LAMBDO0O0O00O 1.4460000 O. 0. 454.97200-.55077000

LAMBD 1.00000-5 1.00000-5 1.00000-6 45.000000 .10000000

Al 00000 O. 0. .04152000-5.84700-6-.04150000 9.24700-6 .59610000
Al 00 1.00000-6 1.00000-7 1.00000-7 1.00000-6 1.00000-6 1.00000-6 .00100000
EXPONOOOOO O. 1.0000000 O. -1.0000000 O.

EXPON 1.00000-5 .10000000 .20000000 .10000000 .00030470

A3sgE00000 O. 0. 0. 0. .00030470 7.81800-5-2.0110000
A3sqE00 1.00000-5 1.00000-5 1.00000-5 1.00000-5 5.00000-8 1.00000-8 .00100000
A5sgE00000 O. 0. 0. 0. .00733100 O. 0.
A5sqgEO00 24 352800.+8 2.0000000 0.5000000 0.0000100 0.0000010 0.0000100 0.0000010
CHANN O 10.663700 64.000000 .50000000

CHANN O 27.067200 64.000000 .50000000

CHANN O 163.55620 64.000000 .50000000

CHANN O 285.43520 8.000000 .50000000

CHANN O 405.03600 4.000000 .50000000

CHANN O 699.45070 4.000000 .50000000

CHANN O 26349995.8 8.000000 .50000000

Figure 8. SAMMY input file for "Ce Transmission - Thick Target
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Ce-nat / Guber (16) total cross section (thin target
Cerium-nat 140.11568 1.0000e-5 200403.00 0 1
reich-moore formalism

generate plot file a

twenty

fgm

ev

print capture area in lpt file

PRINT REDUCED WIDTHS

PUBLISH

energy uncertainties are at end of line in par file
use no cutoff for derivatives or cross sections
quantum numbers are in parameter file

shift GELINA resolution function to center

295.20000 47.669000 0.0200000 0.0000000 0.0010000

5.6000000 0.0055340 0.0000000
transmission

ISOTOPIC ABUNDANCIES AND MASSES

135.907129 1.8500e-3 1.0000E-5 0 1

137.905989 2.5100e-3 1.0000E-5 0 2

139.905446 8.8450e-1 1.0000E-5 0 3 4 5

141.909250 1.1114e-1 1.0000E-5 0 6 7 8

13.0033550 0.1000e-9 1.0000E-5 0 91011121314151617
GEEL RESOLUTION
BURSTO 1.0000000 .10010000
TAU 00000 O. 0. 0. 0. -
TAU 00 1.00000-5 1.00000-5 1.00000-5 1.00000-5
LAMBDOOOOO 1.4460000 O. 0. 454.97200-
LAMBD 1.00000-5 1.00000-5 1.00000-6 45.000000
Al 00000 O. 0. .04152000-5.84700-6~-
Al 00 1.00000-6 1.00000-7 1.00000-7 1.00000-6
EXPON000OOO O. 1.0000000 O. -1.0000000
EXPON 1.00000-5 .10000000 .20000000 .10000000
A3sgE00000 O. 0. 0. 0.
A3sgEO0O0 1.00000-5 1.00000-5 1.00000-5 1.00000-5
A5sgE00000 O. 0. 0. 0.
A5sgE00 24 352800.+8 2.0000000 0.5000000 0.0000100
CHANN 0 10.663700 64.000000 .50000000
CHANN 0 27.067200 64.000000 .50000000
CHANN 0 163.55620 64.000000 .50000000
CHANN 0 285.43520 8.000000 .50000000
CHANN 0 405.03600 4.000000 .50000000
CHANN 0 699.45070 4.000000 .50000000
CHANN 0 26349995.8 8.000000 .50000000

) — from EXFOR

0 00 O

.77220000
1.00000-5
.55077000
.10000000
.04150000
1.00000-6
0.

.00030470
.00030470
5.00000-8
.00733100
0.0000010

0

1363.8500-.53220000
130.00000 1.00000-5

9
1

oo

.24700-6
.00000-6

.59610000
.00100000

.81800-5-2.0110000
.00000-8 .00100000

. 0.
.0000100 0.0000010

Figure 9. SAMMY input file for "Ce Transmission - Thin Target
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Ce-nat / Guber (16)

capture cross section

Cerium-nat 140.11568 800.00000 19937308.
reich-moore formalism

generate plot file a
twenty

fgm

ev

print capture area in lpt file

PUBLISH

0 1

energy uncertainties are at end of line in par file
use no cutoff for derivatives or cross sections

quantum numbers are in parameter file
shift GELINA resolution function to center

include double scattering

+ single + self

no finite-size corrections to multiple-scattering
do not suppress intermediate printout
chi squared is wanted
normalize as yield rather than cross section

#normalize as cross section rather than yield

print reduced widths

302.000000 58.58600
5.60000000 0.005341
capture

0.1850 2.99
ISOTOPIC ABUNDANCIES
135.907129 1.8500e-3
137.905989 2.5100e-3
139.905446 8.8450e-1
141.909250 1.1114e-1
13.0033550 0.1000e-9

GEEL RESOLUTION
BURSTO .0000000
TAU 00000
TAU 00
LAMBDO00000
LAMBD

Al 00000
Al 00
EXPON0O0O0OOO
EXPON
A3sgE00000
A3sgE0O0
A5sgE00000
A5sqgE00 24
CHANN
CHANN
CHANN
CHANN
CHANN
CHANN
CHANN
CHANN

.00000-5
.4460000
.00000-5
.00000-6
.00000-5

.00000-5

oOrOrORORRLRRHOR

352800.+8
29.264300
118.08950
480.78130
1993.2745
8582.3881
40123.195
228645.95
2435278.3

[cNeoloNoloNoNeNo]

0.0167400 0.0000000 0.0010000

0.00

AND MASSES

.0000E-5
.0000E-5
.0000E-5
.0000E-5
.0000E-5

e

.10010000
:00000—5
:00000—5
:00000—7
.0000000

.10000000
0

RrRrORrRORO

0.

2.0000000
256.00000
128.00000
64.000000
32.000000
16.000000
8.0000000
2.0000000
2.0000000

[cloNoNeNe]

1
2
3 4
6 7
910

= oo U1

101112

R ORr O

0.0000000

1314151617

O —

454.97200-

0 00 O

.77220000

.00000-5 1.00000-5 1.00000-5

.55077000

.00000-6 45.000000 .10000000

.04152000-5.84700-6-.04150000
1.00000-7 1.00000-6 1.00000-6

0

-1.0000000

0.

.20000000 .10000000 .00030470

0
0

.50000000
.50000000
.50000000
.50000000
.50000000
.50000000
.50000000
.50000000

0

0

.00030470

1.00000-5 1.00000-5 1.00000-5 5.00000-8

.00733100

0.5000000 0.0000100 0.0000010

1363.8500-.53220000
130.00000 1.00000-5

9
1

[oNeN N

.24700-6
.00000-6

.59610000
.00100000

.81800-5-2.0110000

.00000-8

.0000100

.00100000
0.
0.0000010

Figure 10. SAMMY input file for "*Ce Capture Yield
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142Ceoxide transmission

142 Ce 141.909241 1.0000e-5 200403.00 0 10 00 0O
reich-moore formalism

generate plot file a

twenty

fgm

ev

print capture area in lpt file

PRINT REDUCED WIDTHS

PUBLISH

energy uncertainties are at end of line in par file
use no cutoff for derivatives or cross sections
quantum numbers are in parameter file

shift GELINA resolution function to center

307.0000 47.62000 0.0200 0.0000 0.0010
5.900000 0.004523 0.00000
transmission

ISOTOPIC ABUNDANCIES AND MASSES

135.907129 2.0000e-3 1.0000E-5 0 1

137.905989 2.0000e-3 1.0000E-5 0 2

139.905446 7.9300e-2 1.0000E-5 0 3 4 5

141.909250 9.2070e-1 1.0000E-5 0 6 7 8

13.0033550 2.0000e+0 1.0000E-5 0 91011121314151617

GEEL Resolution function parameters follow

BURSTO 1.0000000 .10010000

TAU 00000 O. 0. 0. 0. —.77220000 1363.8500-.53220000
TAU 00 1.00000-5 1.00000-5 1.00000-5 1.00000-5 1.00000-5 130.00000 1.00000-5
LAMBDO0O0O00O 1.4460000 O. 0. 454.97200-.55077000

LAMBD 1.00000-5 1.00000-5 1.00000-6 45.000000 .10000000

Al 00000 O. 0. .04152000-5.84700-6-.04150000 9.24700-6 .59610000
Al 00 1.00000-6 1.00000-7 1.00000-7 1.00000-6 1.00000-6 1.00000-6 .00100000
EXPONOOOOO O. 1.0000000 O. -1.0000000 O.

EXPON 1.00000-5 .10000000 .20000000 .10000000 .00030470

A3sgE00000 O. 0. 0. 0. .00030470 7.81800-5-2.0110000
A3sqE00 1.00000-5 1.00000-5 1.00000-5 1.00000-5 5.00000-8 1.00000-8 .00100000
A5sgE00000 O. 0. 0. 0. .00733100 O. 0.
A5sqgEO00 24 352800.+8 2.0000000 0.5000000 0.0000100 0.0000010 0.0000100 0.0000010
CHANN O 10.663700 64.000000 .50000000

CHANN O 27.067200 64.000000 .50000000

CHANN O 163.55620 64.000000 .50000000

CHANN O 285.43520 8.000000 .50000000

CHANN O 405.03600 4.000000 .50000000

CHANN O 699.45070 4.000000 .50000000

CHANN O 26349995.8 8.000000 .50000000

Figure 11. SAMMY input file for '4>Ce Transmission
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Cel42 oxide capture with self-shielding & single-scattering

142 Ce 141.909241 100.0 2.0000E+05 0 10 00 0O
reich-moore formalism

generate plot file a

twenty

fgm

ev

print capture area in lpt file

PUBLISH

energy uncertainties are at the end of line in par file
use no cutoff for derivatives or cross sections

quantum numbers are in parameter file

shift GELINA Resolution function to center

include double scattering + single + self

no finite-size corrections to multiple-scattering

do not suppress intermediate printout

chi squared is wanted

normalize as yield rather than cross section

print reduced widths

302.0000 58.59100 0.01674 0.0000 0.0010

5.600000 0.004524 0.00000
capture

0.2850 2.99 0.00

ISOTOPIC ABUNDANCIES AND MASSES
135.907129 2.0000e-3 1.0000E-5 0 1
137.905989 2.0000e-3 1.0000E-5 0 2
139.905446 7.9300e-2 1.0000E-5 0 3 4 5
141.909250 9.2070e-1 1.0000E-5 0 6 7 8
13.0033550 2.0000e+0 1.0000E-5 0 91011121314151617
GEEL Resolution function parameters follow
BURSTO 1.0000000 .10010000
TAU 00000 O. 0. 0. 0. —.77220000 1363.8500-.53220000
TAU 00 1.00000-5 1.00000-5 1.00000-5 1.00000-5 1.00000-5 130.00000 1.00000-5
LAMBDOOOOO 1.4460000 O. 0. 454.97200-.55077000
LAMBD 1.00000-5 1.00000-5 1.00000-6 45.000000 .10000000
Al 00000 O. 0. .04152000-5.84700-6-.04150000 9.24700-6 .59610000
Al 00 1.00000-6 1.00000-7 1.00000-7 1.00000-6 1.00000-6 1.00000-6 .00100000
EXPONO0OOOO O. 1.0000000 O. -1.0000000 O.
EXPON 1.00000-5 .10000000 .20000000 .10000000 .00030470
A3sgE00000 O. 0. 0. 0. .00030470 7.81800-5-2.0110000
A3sqgE00 1.00000-5 1.00000-5 1.00000-5 1.00000-5 5.00000-8 1.00000-8 .00100000
A5sgE00000 O. 0. 0. 0. .00733100 0. 0.
A5sgE00 24 352800.+8 2.0000000 0.5000000 0.0000100 0.0000010 0.0000100 0O0.0000010
CHANN 0 29.264300 256.00000 .50000000
CHANN 0 118.08950 128.00000 .50000000
CHANN 0 480.78130 64.000000 .50000000
CHANN 0 1993.2745 32.000000 .50000000
CHANN 0 8582.3881 16.000000 .50000000
CHANN 0 40123.195 8.0000000 .50000000
CHANN 0 228645.95 2.0000000 .50000000
CHANN 0 2435278.3 2.0000000 .50000000
DETECTOR EFFICIENCIES FOLLOW
1.00000000 .01000000 O 1
1.00000000 .01000000 0 2
1.00000000 .01000000 O 3 4 5
1.00000000 .01000000 O 6 7 8
.850988935 .01000000 0 91011121314151617

Figure 12. SAMMY input file for !>Ce Capture Yield
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APPENDIX B. SAMMY PARAMETER FILE
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APPENDIX B. SAMMY PARAMETER FILE
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PARTICLE PAIR DEFINITIONS
Name=136Ce+n

Za= 0
Sa= 0.5
Name=138Ce+n
Za= 0
Sa= 0.5
Name=140Ce+n
Za= 0
Sa= 0.5
Name=142Ce+n
Za= 0
Sa= 0.5
Name=160+n
Za= 0
Sa= 0.5
Name=13C+a
Za= 2
Sa= 0.0

Particle a=neutron

Zb= 0 Pent=1
Sb= 0.0 Ma=
Particle a=neutron
Zb= 0 Pent=1
Sb= 0.0 Ma=
Particle a=neutron
Zb= 0 Pent=1
Sb= 0.0 Ma=
Particle a=neutron
Zb= 0 Pent=1
Sb= 0.0 Ma=
Particle a=neutron
Zb= 8 Pent=1
Sb= 0.0 Ma=
Particle a=alpha

Zb= 6 Pent=1
Sb= -0.5 Ma=

Q= -2215610.0000000000

SPIN GROUPS

1 1 0
1 136Ce+n
2 1 0
1 138Ce+n
3 1 0
1 140Ce+n
4 1 0
1 140Ce+n
5 1 0
1 140Ce+n
6 1 0
1 142Ce+n
7 1 0
1 142Ce+n
8 1 0
1 142Ce+n
9 1 1
1 160+n
2 13C+a
10 1 1
1 160+n
2 13C+a
11 1 1
1 160+n
2 13C+a
12 1 1
1 160+n
2 13C+a
13 1 1
1 160+n
2 13C+a
14 1 1
1 160+n
2 13C+a
15 1 1
1 160+n
2 13C+a
16 1 1
1 160+n
2 13C+a
17 1 1

0.

0.

0.

-0.

-1.

0.

-0.

-1.

0.

0.0000000
0.5

0.0000000
0.5

0.0000000
0.5

0.0000000
0.5

0.0000000
0.5

1.0000000
0.5

1.0000000
0.5

1.0000000
0.5

0.0000000
0.5

-0.5

0.0000000
0.5

-0.5

0.0000000
0.5

-0.5

0.0000000
0.5

-0.5

0.0000000
0.5

-0.5

0.0000000
0.5

-0.5

0.0000000
0.5

-0.5

0.0000000
0.5

-0.5

0.0000000

ggwdbodbwooMNDWOOWLWNORNMNMNUODNMNMNRFRROORUOROORPRORPOOUORFRORFLOIOUIOUIO O

1

1

1.

1.

1.

4

Particle b=136Ce
Shift=0

.008664920000000

Particle b=138Ce
Shift=0

.008664920000000

Particle b=140Ce
Shift=0

008664920000000
Particle b=142Ce
Shift=0

008664920000000
Particle b=160
Shift=0

008664920000000
Particle b=13C
Shift=0

.002604000000000

Mb= 135.
Mb= 137.
Mb= 139.
Mb= 141.
Mb= 15.
Mb= 13.

907511000000

905676000000

905454999998

909268999999

994915000000

003355000000




1 160+n
2 13C+a

4 0.5
5 -0.5

RESONANCES are listed next

—-3923178.00
-2189734.00
-8629.35600
-5409.27000
-96.1500000
-79.0695400
-19.0230700
-15.0000000
66.30000000
135.7000000
140.0000000
181.0000000
187.0000000
232.0000000
250.0000000
274.0000000
365.0000000
475.0000000
533.0000000
575.0000000
633.0000000
695.0000000
820.0000000
876.0000000
965.0000000
1154.108000
1277.780000
1689.164000
1742.246000
2544.130000
2794.862000
2941.948000
2966.690000
3838.334000
4293.995000
4524.799000
5188.784000
5621.952000
5640.149000
5816.156000
5964.175000
6006.385000
6324.989000
6425.918000
6781.027000
7478.663000
8151.346000
8340.897000
8392.399000
8404.316000
8850.836000
9437.917000
9572.961000
9645.449000
10330.22000
10868.59000
10923.26000
11162.07000
11182.08000

43.2325900
43.7532800
.818049800
841.640500
110.000000
21.4353000
492.275400
113.000000
110.000000
110.000000
113.000000
110.000000
110.000000
110.000000
113.000000
111.000000
113.000000
113.000000
112.000000
113.000000
111.000000
113.000000
113.000000
112.000000
113.000000
216.780400
84.2841600
50.1073500
24.0294100
121.157100
83.9297200
56.0545400
183.808400
117.484600
100.376100
38.3140900
39.9800300
47.4296500
44.0541600
475.761500
104.185000
55.6149100
24.2272400
27.3872300
56.3227600
22.6153400
49.2146800
39.4046000
42.0374700
78.4950800
661.562800
18.5551000
92.7742400
37.0460200
6.80975900
50.1907500
27.3323900
1.07284600
47.9851700

25976950.0
1820293.00
1318606.00
9.94097500
990.000000
316.759900
.341364900
1.67000000
66.0000000
630.000000
15.0000000
4.30000000
4.20000000
8.10000000
4.30000000
315.000000
4.20000000
8.10000000
810.000000
315.000000
1460.00000
810.000000
1460.00000
1390.00000
1390.00000
15.3345600
69086.4200
17.7857300
71.3354500
694.786400
16990.4000
4.63241000
12.7693500
38644.8200
125.735700
616.425100
39.8043200
1290.66400
36.8433600
60.4277300
12.4194000
919.952800
5.42066700
87.2900600
151.505900
58.5257600
3216.66800
93.2989200
288.517000
21359.6800
21.1867400
330.387100
53380.4100
145.932600
9.05248700
48.7412700
1402.39900
34.4001700
10614.1900

[cNeololoNoNoNoNolololoNoNoNoNololoNoloNolololololololololololololololololololololololololololololooloNolololoNoNoNoNe]

[cNololololoNoNololololoNoloNolololololololololololololololololololololololololololololololololololololololololNoNoNeoNe]

eoNeoNoloNoloNoloNoloNoloNoloNoloNoloNoloNoloNolololoNoloNololoNoNoloNoloNoloNoloNoloNoloNoloNoloNoloNoloNoloNoNoNoNoNe)

ANAUTNAJUITOWOWWOONHNUTOO JOOPDNWOIPAOODOOHNTIOJONPROJOONRENNENENNMNENRERERERPNNRRERPNOOR, WOIO W




11231.
11323.
11354.
11440.
.22000
.66000
11488.
11975.
12231.
12405.
12480.
.58000
.44000
12782.
13039.
13175.
13856.
13965.
13977.
14017.
14356.
15127.
15240.
15671.
15845.
16151.
16201.
16432.
le64l.
17342.
17765.
17827.
18021.
18082.
18117.
18169.
18237.
18780.
19401.
19675.
19987.
20590.
20763.
20816.
21214.
21329.
21622.
22529.
22618.
. 74000
23227.
23367.
23567.
23879.
24110.
24489.
24737.
24801.
25277.
25396.
25407.
25611.
.02000

11441
11474

12484
12534

227477

26004

48000
10000
58000
34000

97000
13000
07000
84000
90000

27000
70000
21000
09000
58000
60000
25000
94000
54000
00000
13000
89000
63000
93000
02000
41000
49000
64000
83000
61000
35000
43000
21000
91000
32000
51000
42000
29000
07000
25000
56000
64000
29000
38000
51000
75000

01000
90000
79000
39000
74000
89000
43000
91000
82000
96000
13000
77000

99.5722400
40.2285800
36.8816200
57.0085100
21.9891600
49.4971800
28.2860400
89.3039500
29.0505400
4.20699000
91.1170300
54.5536200
10.1149800
77.2672100
102.075600
36.2332900
30.9841000
22.9607500
61.0406200
44.5827200
55.7576400
37.6212600
115.427500
9.05068800
40.5771000
38.0016800
62.3265500
28.7136500
37.2711400
32.4622900
34.7124700
38.6841200
3.97087800
6.69437700
43.4776000
103.541600
3.29098800
45.5618500
39.4484800
5.93081000
52.6144900
67.4389400
21.6875400
3.27707900
60.2663800
2.39366600
478.512900
20.4357200
183.504000
33.8644200
318.177800
10.0078200
100.522400
16.3797500
42.5045600
89.1652700
82.2149100
146.145900
360.444400
14.0272300
318.829800
1.79145300
71.8880400

343.923700
1967.52700
115.995500
17294.2400
9.17395100
70.6572900
54.7988400
3771.63400
158.130200
85.9655700
39614.1800
78.2674500
5.44803700
34011.0800
59.7687700
34.0391400
52.8196800
136.328500
2146.37500
334.131100
39.1618900
50.9311300
99148.0600
3.45811200
204.891000
6507.02600
46.7553700
1266.50500
3116.88000
13732.9700
332.907900
3956.56000
317.156000
299.447200
115.537000
84604.0900
76.9866700
147.363700
1609.57300
19.0309100
75.9641600
22740.3500
638.630900
544.508700
3938.59200
29.9645400
576340.600
19.4393300
144514.000
1229.71100
203987.700
18.8387300
42.1980900
87.4906200
16.4224900
67.6076200
70829.9500
71329.2300
100.608000
751.612100
401767.100
41.6741500
1756.52300

cNeololoNoloNoNolololoNoNoNoNoNolololololololololololololololololololololoNololololololololololololololoNoNololololoNoNoNoNoNe

cNoloNoNoloNoNololololoNoNololololololololololololololololololololololololololololololololololololololololololololololoNoNoNe]

oNoNoloNoloNolololoNoloNoloNoloNoloNoloNoloNoNoNoloNoloNolololoNoloNoloNoloNoloNoNoNoloNoloNoNoNoNoNoNololoNoNoNoNoNololoNoNe]

NO OO WAAJUOUIdd JOID WU JOOUTOYOUTEdE W OTUNJONO0UTOEd JOUOTOYOJOTOE0UTd U dJWOTo o J01 0oy W




26042.
26400.
26577.
27246.
.55000
27662.
27916.
28053.
282009.
28480.
29001.
29066.
29238.
.12000
.47000
.10000
29995.
30713.
.48000
30826.
30891.
31682.
32406.
32443.
33415.
33510.
33669.
33812.
34213.
34638.
34678.
34975.
35406.
36120.
37684.
38193.
38199.
38272.
38320.
38798.
38870.
39160.
39687.
39700.
40207.
40335.
40981.
41175.
.84000
41814.
41950.
42519.
42720.
42749.
43080.
43408.
43720.
44336.
.06000
44725.
45148.
45236.
45565.

27272

29324
29624
29894

30804

41514

44354

51000
83000
85000
23000

72000
29000
07000
36000
40000
18000
85000
94000

55000
02000

93000
96000
26000
97000
28000
13000
04000
45000
15000
24000
21000
90000
40000
17000
90000
64000
85000
63000
99000
65000
89000
49000
79000
43000
46000
24000
30000
17000
93000

63000
11000
06000
25000
52000
21000
60000
17000
28000

34000
02000
80000
48000

28.6859000
149.216400
4.57249200
20.5315100
90.2036300
31.4570700
18.1613900
38.8113800
201.522300
119.339500
6.76735000
120.728800
15.0068000
70.6149700
5.88347100
107.868700
41.3950000
44.5334200
90.7278900
51.5056200
93.5726200
56.1636800
37.7920200
88.1198300
45.7783300
317.304300
354.652900
341.045300
65.3783200
44.6861000
10.9883300
24.3239200
84.1075700
121.947000
59.8685900
144.316600
17.6847100
18.6369400
41.7793000
56.7576300
69.6353100
51.5829400
316.188700
39.6753500
7.58344900
120.226900
7.04917700
38.9222600
44.0664900
21.5557400
76.8591700
165.210600
9.38759400
92.8725900
70.6422600
731.140200
22.3346600
29.5339200
69.1293500
2.44610000
25.5239300
24.5807700
56.0314400

421.833000
71.9921200
590.586500
72.1484600
377.328900
96.9654200
1243.38100
2707.46500
104446.100
201.154100
37.6416800
83.4492900
540.814400
39388.3500
52.7326700
1047.23500
2362.42400
23793.0800
612.452300
490.105200
32513.8200
86.1073300
1688.16900
85.9938200
173.689700
45.0026300
86.7372400
87.0709000
366.018500
1785.24200
10053.4700
23.6847200
1263.17000
764.516700
500.476600
118539.600
5439.66600
65066.4400
29.2656000
636.954300
14912.0400
1000.00900
238.475000
35253.3100
2834.89100
734.872000
3137.77000
2890.49700
2506.23100
40.8006500
272719.100
156.707800
1841.77300
41994.3000
472.749100
377642.200
16.5288800
26.6053400
2145.19700
4250.01600
24.6725400
20.0584500
137.926900
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45572.
.14000

46174

46381.
46532.
46765.
47207.
47660.
48665.
49301.
49507.
49708.
49884.
50263.
.35000
51111.
51350.
51523.
52289.
52467.
52678.
52860.
53021.
53170.
53292.
53522.
53689.
53717.
53791.
54237.
54601.
54939.
55276.
55586.
55786.
56070.
56295.
56753.
57018.
57236.
58056.
58473.
58489.
59077.
59472.
59486.
59678.
59898.
60127.
60249.
60377.
60531.
60665.
60974 .
61311.
61537.
61821.
61986.
62191.
62570.
62875.
63006.
63563.
64071.

50624

44000

68000
86000
02000
28000
71000
69000
21000
48000
33000
64000
90000

73000
28000
87000
03000
56000
21000
07000
72000
80000
17000
11000
68000
15000
54000
27000
25000
07000
00000
85000
68000
71000
66000
50000
47000
67000
49000
08000
08000
35000
94000
37000
26000
01000
43000
23000
12000
41000
15000
89000
84000
72000
35000
07000
78000
25000
05000
62000
33000
85000

31.9442800
103.906400
197.016700
17.1042800
22.7179200
6.40154700
24.2340600
48.9901600
212.097100
126.072400
157.699700
97.0460800
28.8117500
36.6688300
14.0172900
190.898100
18.6727800
189.017700
130.605000
17.2206900
304.974400
17.3668600
161.235800
13.5146300
7.96062800
41.6727100
62.5809200
52.0259200
26.6510100
69.9874900
320.593900
32.6326400
193.345700
16.2414800
99.5313500
79.4173600
327.145800
124.702200
94.5859800
109.999100
133.729100
37.3752200
63.7895900
58.7924600
36.5191900
25.9240900
45.2897900
53.6628900
159.923600
24.2268600
84.1673500
175.787300
108.633200
267.554600
101.533900
55.3112700
96.6864600
40.9366300
36.0426500
198.990300
304.961200
81.1549800
103.769900

31.4954500
103.208600
232.941700
13.2062700
25.2818600
671.866300
1310.20200
1717.41300
92784.0700
72541.1900
174.765200
89.5991900
26.0254000
31.2457800
9.09636800
952.198200
22.2150600
200.891700
470.172300
15.9809100
149274.700
1771.96400
604.267000
43360.6600
1647.23000
4212.41000
60.1503600
5734.18300
27.8659100
93.2905200
175514.100
222986.900
620.664100
981.491100
24818.6200
60.2566300
48640.1800
984.587400
263.668100
5485.01200
12021.0700
30.0311700
2348.98100
606.950600
30.8326700
18.4721400
47.7571500
735.987400
61910.1500
62789.5900
11571.6000
111627.200
503.430200
1040.17000
81.8346700
332.884300
85.7165500
7678.76000
869.966000
179979.100
107359.300
908.735500
417.162400
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64448.
64479.
65138.
65827.
.10000
66202.
.85000
66328.
66408.
66710.
66859.
67287.
68260.
68382.
68698.
69286.
69525.
69702.
69806.
69993.
70106.
70229.
70726.
.05000

65974

66244

71114

71192.
71479.
71629.
71946.
72238.
72430.
73048.
73301.
74001.
.43000
74915.
75091.
75322.
75428.
75561.
75655.
75862.
75982.
.40000
76775.
76857.
77003.
77340.
77476.
77613.
77858.
78395.
.81000
79168.
79608.
80810.
81030.
81527.
81868.
82095.
82426.
82795.
83233.
83758.

74744

76454

78574

88000
17000
06000
65000

63000

56000
17000
59000
61000
55000
20000
40000
77000
10000
75000
83000
20000
46000
17000
79000
51000

86000
47000
25000
47000
22000
19000
09000
64000
41000

52000
12000
17000
76000
56000
82000
19000
58000

55000
68000
81000
09000
62000
36000
31000
07000

72000
46000
95000
85000
60000
42000
85000
58000
45000
77000
56000

208.826500
67.9159400
111.679100
82.5150300
214.725500
40.3295600
101.107600
109.398500
38.8747600
83.9384900
167.787100
109.642700
4.68960300
79.5305600
119.531200
58.3505600
488.532900
32.7983400
140.333100
27.2701900
76.0512100
15.9895900
9.80102000
31.7450700
116.921000
137.695800
83.1886700
92.3579900
119.919600
202.403600
110.820000
109.979000
64.9174700
60.5386800
23.9859700
110.656300
88.6400200
87.2992500
146.199300
22.8977300
22.4891100
535.823900
47.4110600
106.458800
7.99294400
164.644800
52.6424000
75.0546600
102.102900
197.247300
69.1708500
184.519900
206.072700
69.9061000
126.289800
727.887700
1156.47900
99.9496200
43.3792000
53.1664400
164.461800
111.717600
1384.28100

175.319200
2226.85900
1309.70100
439.269100
18216.7100
1273.28700
1785.70200
1247.15800
3290.95100
2842.69900
24757.9800
10283.1400
4803.46400
1474.49500
1464.17700
468.640200
123.652200
25613.2400
133984.800
2041.28500
1580.16700
935.809800
328.214100
10030.2000
32.0736700
1351.13300
1241.77500
519.908700
1452.41900
1069.99100
681.726500
978.248000
412.391500
6116.75600
8515.31100
4991.31500
6906.66600
39782.7900
83296.1900
1248.94400
1005.96100
706118.400
6486.02900
741.057600
12958.2400
79373.0800
2649.81100
2952.53100
3907.25500
77914.4200
31600.0400
58231.8100
42668.7100
1553.31200
1006.70000
256843.900
202.791100
2303.06000
4136.90800
9670.84000
2686.28700
1444.54200
275.888400
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84163.
84443.
84970.
85380.
859009.
86545.
86782.
86943.
87212.
87341.
87934.
88315.
88806.
89282.
89347.
90238.
90550.
90734.
90872.
91354.
91873.
92065.
92483.
92805.
93144.
.09000

93364

93507.
93904.
94906.
.09000
95808.
96137.
96348.
96772.
97189.
97472.
98741.
99845.

95284

06000
24000
60000
21000
64000
26000
14000
87000
53000
74000
17000
14000
19000
97000
33000
30000
53000
35000
11000
65000
94000
79000
40000
22000
99000

89000
68000
55000

94000
93000
34000
43000
93000
13000
00000
58000

100376.8000
100816.2000
102965.7000
103878.1000
104545.5000
104925.8000
105825.8000
105984.3000
107000.9000
107354.1000
107808.8000
107901.6000
108621.4000
109190.2000
110522.1000
110982.1000
112076.6000
113016.2000
113661.7000
114763.2000
115214.9000
115624.1000
116841.6000
117243.3000
117481.8000

41.7104300
108.150100
91.4302300
87.1068500
289.372400
33.3338600
148.776300
121.211900
37.9395700
170.849400
303.511800
451.979000
89.6360200
75.0573600
104.643700
527.735000
24.3552600
21.1884100
55.3651400
82.6230400
255.478600
135.678200
137.830000
207.908600
1526.54100
63.4745800
46.4722100
340.740400
177.285500
43.9052500
359.028600
48.5176100
44.3420700
47.7286600
37.6096800
198.309600
93.3368100
41.4992500
33.8039700
51.4979000
54.3471100
2734.62800
31.4404100
44.5726400
47.4129600
32.1147500
14.5522600
33.0277800
67.0569700
22.8488500
85.4707400
60.4062200
66.9099900
35.4430700
87.0809100
62.7520600
32.1568200
27.0704200
48.8727500
64.1191000
67.7759700
23.2729500
43.6203600

6039.42800
2093.09000
14950.2800
2411.34000
2266.73200
2844.79200
6264.01700
28115.8900
22844.0600
30330.2600
146916.700
312604.800
6011.38900
672.089300
10577.5300
255326.300
26869.1100
17503.3700
157028.900
5455.72200
5468.91100
4700.00500
4354.24500
1486.67000
721745.900
790.547800
284447.800
54456.4400
10170.0500
4309.71300
61785.5600
250653.400
4299.82200
12769.5900
139802.400
3775.28300
34164.4000
2499.65800
293451.300
70431.1000
17563.3600
38453.5300
597809.500
152.807700
10073.4700
4302.92200
7327.43400
286145.000
7565.53400
31247.6500
22482.3000
12210.4500
118327.600
370522.200
2016.94300
20760.9100
111349.400
10033.3000
6150.55300
313.972200
10202.4800
12279.3200
76016.0900
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118033.
118297.
120998.
121242.
121336.
123058.
124328.
124509.
124904.
126232.
127058.
127276.
127767.
128288.
129575.
130948.
131539.
131853.
133256.
133279.
133586.
135293.
136785.
137255.
138135.
138437.
140299.
140659.
141953.
143119.
143293.
144508.
145798.
146537.
147656.
148131.
148618.
149336.
150489.
150759.
151203.
151743.
153491.
153825.
156923.
157690.
157786.
158261.
158439.
159508.
160709.
161476.
162159.
163162.
164871.
165681.
165903.
166906.
167053.
167347.
168209.
168723.
169183.

8000
8000
9000
4000
4000
4000
0000
3000
6000
2000
8000
5000
7000
2000
9000
0000
2000
9000
6000
8000
1000
1000
7000
4000
0000
7000
2000
5000
3000
4000
5000
9000
0000
3000
7000
9000
6000
4000
7000
4000
2000
9000
9000
5000
7000
4000
8000
4000
4000
1000
6000
1000
5000
5000
7000
9000
9000
8000
3000
1000
3000
1000
0000

60.5530500
207.337400
119.887600
79.3221700
117.410500
118.130300
60.2596900
63.4641500
504.176800
268.470600
112.525400
131.308400
106.879000
93.1552000
55.8776800
700.062300
152.715900
269.239800
189.036800
20.1540300
292.290800
632.558400
66.3172100
511.578700
206.503300
1202.23200
353.691600
166.612800
250.250300
149.176600
358.289500
132.620100
572.664600
502.792100
47.1438400
530.130700
24.0568200
1494.79900
408.612400
452.440100
74.1100800
19.4930900
274.908000
207.466800
1022.84900
19.4788900
612.470900
797.618500
50.1715900
105.947700
510.100100
76.3906500
1084.52000
713.753800
214.251200
258.320000
515.323500
786.551500
26.3159300
140.189100
33.1279600
741.529700
879.214200

20852.0200
53242.5500
19582.8200
16814.1100
114963.600
7317.28900
9174.78200
144541.500
1654.67700
1518.95000
532.394300
83825.7000
29073.5700
242533.600
195460.200
102839.600
8463.75100
50999.6200
9838.64200
4.66283500
2918.23900
1588.99200
126470.500
91510.1000
96343.7700
100894.500
131146.700
19124.1800
2874.40600
6.41129800
43838.3100
239892.800
27639.7700
49917.1100
84.3326400
8615.95300
4.22971400
1020.88700
736.719200
10748.5700
84267.7600
32374.4000
7299.84300
943.731900
126442.700
1258.39300
2329.04700
78327.8500
15763.0400
26398.2400
16542.0800
4747.49100
21020.2100
1097.28400
2960.59300
10143.5400
53246.3200
35859.9700
27944.0400
103802.900
45700.9600
18003.9700
2153.74800
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170359.7000
171221.3000
171472.7000
171697.1000
171994.1000
172227.3000
173384.2000
174800.9000
175281.5000
176266.9000
178448.3000
178656.7000
180957.2000
181023.2000
182308.7000
184535.3000
185842.7000
186283.1000
187306.2000
187891.9000
188286.1000
189399.5000
190185.4000
191965.5000
192511.6000
192998.2000
193397.2000
193899.1000
194648.2000
195246.7000
195326.7000
197246.5000
198908.8000
199308.9000
241153.6000
241786.9000
409872.2000
423648.3000
-12010000.0
-4469100.00
434310.0000
1000220.000
1309380.000
1651380.000
1689100.000
1834090.000
1901440.000
2377880.000
2888700.000
3006900.000
3211760.000
3291010.000
3438800.000
3441550.000
3511910.000
3767000.000
3989640.000
4060820.000
4180040.000
4302790.000
4311700.000
4467360.000
4527360.000

491.998600
217.742400
878.543000
22.5124100
32.3167400
36.2838800
335.831300
61.7203400
2855.24800
37.5742800
120.987300
271.998300
138.289900
706.108800
1535.58600
340.208400
171.865800
118.821100
72.3921600
37.3831000
1906.39100
31.0425900
474.673600
419.796200
34.6806500
815.566600
190.771000
24.7961100
90.4551300
280.630300
41.0359100
745.199600
30.2675700
70.2278300
43.2539600
43.3128500
43.1811500
43.0556900
250.000000
250.000000
2700.00000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000
250.000000

4474.39200
59409.0300
25319.0100
194884.800
170689.600
64837.1400
33544.2600
21425.9800
507310.100
432753.500
14286.2700
3387.29200
54800.8400
298863.600
740.050000
155.858300
24467.6900
62172.6200
22289.2400
1311.53700
1619.15500
275.515800
14094.2000
2200.23700
589.580300
1442.92100
23228.1500
41736.7400
82984.9900
38991.3300
311032.300
620.712500
14647.1200
5923.58500
12782.0300
170782.000
574429.100
19685.1300
9075000.4+3
5410000.+3
44410000.0
100360000.
43430000.0
4100000.00
270000.000
7790000.00
33500000.0
162370000.
220000.000
160000.000
1510000.00
339630000.
620000.000
1310000.00
660210000.
18530000.0
276190000.
105580000.
92380000.0
54300000.0

43520000.0-

16890000.0
4990000.00

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
9000.00000
170000.000
20000.0000
7000.00000
26000.0000
26000.0000
19150000.0
5230000.00
9800000.00
5770000.00
440000.000
3720000.00
860000.000
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