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ABSTRACT

Neutron resonance parameters of 22Th were obtained from the Reich-Moore SAMMY analysis of high-
resolution neutron transmission measurements performed at the Oak Ridge Electron Linear Accelerator
(ORELA) by Olsen in 1981, along with the high-resolution neutron capture measurements performed
recently at the Geel Linear Accelerator (GELINA, Belgium) by Schillebeeckx and at the nTOF facility
(CERN, Switzerland) by Aerts. The ORELA data were analyzed previously by Olsen with the Breit-
Wigner multilevel code SIOB, and the results were used in the ENDF/B-VI evaluation. In the new
analysis of the Olsen neutron transmissions by the modern computer code SAMMY, better accuracy is
obtained for the resonance parameters by including in the experimental data base the recent experimental
neutron capture data. The experimental data base and the method of analysis are described in the report.
The neutron transmissions and the capture cross sections calculated with the resonance parameters are
compared to the experimental values. A description is given of the statistical properties of the resonance
parameters. The new evaluation results in a decrease in the capture resonance integral and improves the
prediction of integral thermal benchmarks.
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1. INTRODUCTION

The most recent evaluation of the Th resonance parameters was performed in 1982 by D. K. Olsen® for
ENDF/B-VI. The evaluation was based on the parameters obtained from the analysis of transmission
measurements performed by Olsen et al.,2 Ribon,® and Rahn et al.* and of capture measurements performed
by Forman et al.®> and Macklin et al.,® with additional information taken from the evaluations made by
Derrien,” and Keyworth and Moore.®? The Olsen evaluation used a smooth background cross section to
represent the contribution of the truncated external resonances and of the part of the capture cross section
due to the missed p-wave resonances. His evaluation was not intended to be a comprehensive study. The
aim of the present work is to complete the evaluation by using the more efficient computer code SAMMY?
and by adding to the experimental data base the recent capture measurements performed at Geel Linear
Accelerator (GELINA) by Schillebeeckx et al.'° and at the neutron time-of-flight (n_TOF) facilities of the
Conseil Europeen pour la Recherche Nucleaire (CERN) by Aerts et al.***? The evaluations by Olsen,
Derrien, and Keyworth and Moore were not performed from direct analysis of experimental neutron
transmission or capture data but rather were the results of averaging existing sets of resonance parameters.
In the present evaluation, the resonance parameters were obtained mainly from a sequential analysis of an
experimental data base, including the neutron transmission data taken at the Oak Ridge Electron
Accelerator (ORELA) by Olsen et al., GELINA neutron capture data, and n_TOF neutron capture data.

A brief description of the experimental data base is provided in Sect. 2, and the conditions of the analysis
are outlined in Sect. 3. The neutron transmissions and the cross sections calculated with the evaluated
resonance parameters are compared with the corresponding experimental data in Sect. 4, and the statistical
properties of the resonances parameters are described in Sect. 5.

2. THE EXPERIMENTAL DATA BASE

Two independent series of transmission measurements were performed by Olsen et al. at ORELA. The
first series of measurements were performed at the 22-m flight path in the neutron energy range 0.01 to
16 eV, with *Th metallic samples of thicknesses ranging from 0.0387 to 0.193 at/b. The second series
were performed at the 40-m flight path in the neutron energy range of 10 to about 100 keV with #*Th
metallic samples of thicknesses ranging from 0.000161 to 0.193 at/b. The nominal resolution was better
than 0.2 ns/m in the energy range above 1.3 keV, allowing separation of the s-wave resonances in the
neutron energy range up to about 4 keV. The total cross section in the energy range 0.01 to 10 eV was
obtained from the first series of measurements, with a systematic error estimated to be less than 0.3%. In
the resonance region, Olsen estimated the systematic errors on the measured total cross section by
comparing the average transmission from the different samples. Using this method, Olsen obtained an
upper limit of 0.5, 1.0, and 5.0% of the average total or potential scattering values for the neutron energies
16, 447, and 3505 eV, respectively.

The GELINA capture measurements were performed at a 58.4-m flight path in the neutron energy range of
10 to about 100 keV with a nominal resolution of 0.6 ns/m in the energy range of 0.4 to 2.3 keV, and of
0.3 ns/m in the energy range of 2.3 to 6.0 keV. The thickness of the *Th sample was 0.00318 at/b. The
n_TOF measurements were performed at a 185-m flight path in the neutron energy range of 1 ev to

1 MeV, with a nominal resolution of 6.2 ns at 8 eV and 0.2 ns at 5 keV. The thickness of the sample was
0.00411 at/b. Both GELINA and n_TOF effective capture cross sections could be normalized by using the



saturated resonances of the low energy part of the data. Both measurements have about the same energy
resolution at 4-keV neutron energy.

Several other experimental results were considered for evaluation in the thermal and low-energy range:

(1) Chrien et al.,™ capture cross sections (1979); (2) Lundgren,* capture cross sections (1968); (3) Little et
al.,’ total cross sections (1981); and (4) Kobayashi et al.,*® total cross sections (1984). The Chrien
measurements were performed at the Brookhaven National Laboratory Fast Chopper spectrometer for
incident neutron energy between 0.03 and 15 eV. They were normalized to the value of 7.41 b obtained by
activation technique at 0.0253 eV. The Lundgren data were taken at the Stockholm R1 Reactor Fast
Chopper for incident neutron energy between 0.1 and 3.4 eV. The Little total cross sections were obtained
at the Rensselaer Polytechnic Institute Linear Accelerator (RPI) at the 26.7-m flight path for incident
neutron energy between 0.006 and 18.6 eV with a systematic uncertainty less than 1%. The Kobayashi
total cross sections were obtained at the 22.1-m flight path of the Research Reactor Institute Kyoto
University (KURRI) Electron Linear Accelerator for incident neutron energy between 0.004 and 300 eV
with a systematic uncertainty of about 1%. These experimental data are shown in Figs. 1 and 2. In the
present evaluation, all the experimental capture data in the thermal region were re-normalized to 7.35 b at
0.0253 eV. The value 7.35 b was the result of the evaluation performed by Trkov.'” The re-normalization
of the thermal total cross section was not needed since the experimental data of Olsen, Little, and
Kobayashi were the results of absolute measurements leading to cross sections with accuracy better than
1%. The discrepancy between the present evaluation and the experimental in Fig. 1 is discussed further in
Sect. 4.

All the selected experimental transmissions or total cross sections were found to be mutually consistent
and allowed the determination of the total cross section or of the average total cross sections with an
accuracy better than 1% of the potential scattering value. Therefore, a consistent SAMMY fit of the
transmission or total cross section data could be performed without, or with very small, background or
normalization corrections. The situation is different for the experimental capture data. The GELINA and
n_TOF data are effective capture cross sections obtained with different sample thicknesses. They cannot
be directly compared due to different self-shielding and multiple scattering corrections. Moreover, the
normalization of the experimental capture data and the evaluation of the experimental background are not
straightforward. In general, the consistency of several sets of experimental capture cross sections cannot
be obtained without normalization corrections and background adjustments on each set data. The capture
cross section data of Chrien et al. and of Lundgren et al. in the thermal energy range were corrected for the
self-shielding and multiple scattering effects by the authors of the experiments. They agree in shape in the
energy range up to about 1-eV neutron energy but disagree at higher energy (see also Fig. 2).

3. CONDITIONS OF THE ANALYSIS

The analysis code SAMMY uses the Reich-Moore formalism to calculate the cross sections in the resolved
resonance energy range and Bayes method to fit the experimental data. The fit of the experimental data
base is performed sequentially, and the covariance matrix generated from the fit of a data set is used as
input to fit the next data set. The calculated cross sections are modified by the Doppler and experimental
resolution broadening, the self-shielding and the multiple scattering in the samples, the background, and
the normalization corrections. The description of the normalization and background
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evaluation is generally found in publications by the authors of the experiments, allowing the determination
of reasonable correction parameters to be used as input in SAMMY. In case of inconsistent sets of
experimental data, preliminary SAMMY runs could be useful for the evaluation of the correction
parameters. The calculation of the multiple scattering in reaction cross section measurements is not
straightforward and could be the source of important systematic errors found in published experimental
capture cross sections. The method used in SAMMY for the calculation of the multiple scattering has been
widely tested for the accuracy of the correction, particularly via the Monte-Carlo method.*®*°

Doppler broadening of the resonances was calculated by the Free Gas Model (FGM) of Lamb.?° Since all
the experimental data analyzed were taken at room temperature with metallic samples, the value of 298 £ 5
K was used for the effective temperature of the samples. This value was obtained from a Debye
temperature of 165 K recommended by Ribon.®> The Crystal Lattice Model (CLM) is also available in
SAMMY and could be more accurate for the analysis of the resonances at low energy where the Doppler
broadening is predominant. The effects of the model on the determination of the parameters of the
resonances at low energy were studied by several authors for the U cross sections.?*?® This effect was
found to be very small for metallic samples at room temperature and is assumed to be negligible in the
present analysis of Z2Th.,

The usual components of the Time-Of-Flight (TOF) experimental resolution (i.e., the neutron burst width,
the TOF channel width, and the uncertainties on the flight path length) were treated by the Gaussian-
distribution option in SAMMY. The corresponding parameters are generally well known. Another part of
the experimental resolution relates to the neutron slowing down and to the detectors (neutron detector or y-
ray detector). This part, which should be described by an asymmetrical function, is represented in
SAMMY by the exponential exp(-t/At), where At is the so-called exponential folding width in
microseconds (us). The exponential folding width is not well known and could vary with the neutron
energy. In the present evaluation, this parameter was obtained by preliminary fits of isolated resonances or
group of resonances at different neutron energies for ORELA transmission and GELINA capture data.

The n_TOF experimental resolution parameters were provided by Gunsing.?* The channel widths of the
n_TOF spectrometer at energy E vary smoothly as E*2. The possibility of a channel width varying with
energy was not available in the version of SAMMY used in the present evaluation. In the SAMMY
n_TOF input file, the neutron energy range was divided into 22 energy intervals (E; to E;,;). For each
energy interval, the channel width was equal to the exact value at the energy (E;+E;,;)/2. The channel
width at the edges of each interval had an error less than 10%.

The contribution of the resonances external to the energy range of 0 to 4 keV is important and is mainly
due to the elastic scattering of the s-wave resonances. This contribution can be calculated from a set of
resonance parameters obtained by translating a known set of resonances to the negative-energy region and
to the region above 4 keV. This calculated contribution could then be fitted, with SAMMY, by few
fictitious large resonances at negative energy and at energies above 4 keV. In the present evaluation, only
two large fictitious resonances were used at -2 keV and +6 keV. Preliminary fits of the transmission data
were performed without background and normalization corrections, in order to obtain the best value for the
effective scattering radius R' and for the neutron width of the fictitious resonances at -2 and 6 keV. The
value of 9.69 £ 0.03 fm was obtained for R, consistent with the value of 9.71 + 0.08 obtained by Olsen
from the analysis of the same experimental data,? the value of 9.65 +0.25 fm obtained by Kobayashi®®
from measured total cross section near 24 keV,? and the value of 9.65 + 0.10 fm recommended by Ribon?
from a resonance analysis of a thick-sample transmission data.

The analysis was started by using the ENDF/B-VI resonance parameters as prior values. This set of



parameters contained 241 s-wave resonances and 192 p-wave resonances in the neutron energy range of 0
to 4000 eV. The set of s-wave resonances could be considered as a complete set with an average level
spacing of 16.6 eV. The set of p-wave resonances was far from complete since the average level spacing
was 20.8 eV compared with 5.5 eV inferred from the s-wave average spacing. It is well known that
missing the p-wave resonances has the effect of introducing an important bias in the calculated capture
cross section. Olsen! has shown that the 2**Th resonance parameters that he evaluated for ENDF/B-VI,
calculated average capture cross sections too small by a factor of 2 at 2 keV and by a factor of 4 at 4 keV,
compared with the values calculated from a reasonable p-wave strength function. In the Olsen evaluation,
the missing contribution was compensated by a smooth background cross section. To avoid the use of a
background cross section in the present evaluation, a complete set of p-wave resonances was generated.
This set, in addition to the p-wave resonances present in ENDF/B-VI and identified in the experimental
neutron transmission and capture data, included fictitious resonances whose parameters were chosen at
random in order to roughly comply with the Wigner distribution of level spacings and the Porter-Thomas
distribution of reduced neutron widths with an average spacing of about 5.5 eV and a p-wave strength
function about 1.6 x 10, These resonances are too small to appear in the statistical fluctuations of the
experimental data, or are hidden by the large resonances. This method of analysis was used previously for
the 2°8U resonance parameter evaluation in the energy range 0 to 20 keV.??

4. RESULTS OF THE ANALYSIS: THE NEUTRON TRANSMISSION
AND CROSS SECTION DATA

Figures land 2 show the data in the thermal and low energy range. Below 0.1 eV, important deviations are
observed between the calculated total cross section and the experimental values. Attempts to reproduce
the average total cross section by negative energy resonance parameters in the energy range near 0.0253
eV have failed. In this energy range, all the experimental data are in good agreement. They show
important structures due to the Bragg diffraction of neutrons. Extinction effects, which are
microcrystalline effects, could cause a reduction of the coherent Bragg scattering and therefore a
diminution of the measured total cross section. The calculated capture cross section at 0.0253 eV is 7.35 b,
which is the value recommended by Trkov, and could be adjusted by small variations of the parameters of
the fictitious resonance at -3.51 eV. In the energy range above 1 eV, the Chrien capture data are larger
than those of Lundgren and n_TOF. The calculated cross section of the present evaluation follows the
shape of Lundgren and n_TOF . The ENDF/B-VI evaluation follows the shape of Chrien; this agreement
was obtained by Olsen by using a smooth background and not by the resonance parameters.

Figures 3 to 8 show examples of the SAMMY fits of the experimental transmission in the energy range of
20 to 3500 eV. The average values of the transmissions calculated from the resonance parameters are
compared with some Olsen experimental data in Table 1. The agreements are generally better than 1.5%
of the average transmission, corresponding to 0.06 b in the effective total cross section of the thickest
sample, within the experimental error bars given by Olsen. Figures 3 to 8 also show excellent agreement
in the pointwise representation of the experimental data.
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Table 1. Average experimental (1st) and calculated (2nd) neutron transmissions of
Olsen #*2Th thickest samples

Energy
range Sample 0.0116 at/b Sample 0.0387 at/b Sample 0.193 at/b
(eV) 1st 2nd % deviation 1st 2nd % deviation 1st 2nd % deviation
20-50 0.601 0.602 0.06% 0.241 0.243 0.91% 0.099 0.1 1.00%
50-100 0.594 0.595 0.20% 0.25 0.251 0.40% 0.113 0.114 0.88%
100-500  0.466 0.465 -0.22% 0.188 0.188 0.00% 0.1 0.1 0.00%

500-1000 0.583 0.581 -0.34% 0.237 0.235 -0.85% 0.103 0.102 -1.00%
1000-1500 0.595 0.592 -0.51% 0.242 0.24 -0.83% 0.103 0.102 -1.00%
1500-2000 0.551 0.551 -0.00% 0.218 0.217 -0.46% 0.097 0.096 -1.00%
2000-2500 0.576 0.574 -0.35% 0.223 0.223 0.00% 0.092 0.091 -1.10%
2500-3000 0.545 0.546 0.18% 0.204 0.204 0.00% 0.085 0.084 -1.20%
3000-3500  0.565 0.564 -0.18% 0.207 0.208 0.48% 0.082 0.082 0.00%
3500-4000 0.582 0.58 -0.34% 0.22 0.218 -0.92% 0.086 0.086 0.00%

20-4000  0.573 0.571 -0.35% 0.223 0.223 -0.00% 0.094 0.093 -0.75%

Examples of SAMMY fits of the effective capture cross sections are shown in Figs. 9 to 13. The Geel
experimental data were not normalized by the authors of the measurements. In the energy range above 200
eV, a good fit of the experimental data was obtained with a normalization coefficient of 6.80 £ 0.14 and a
background correction of 0.35 = 0.05 b. However the resonances at 21.80 and 23.46 eV needed a
normalization coefficient of 7.09. The normalization coefficient decreased smoothly to 6.80 in the energy
range of 20 to 200 eV. The background of 0.35 b represents 25% of the measured average cross section in
the energy range of 3.5 to 4.0 keV.

No normalization adjustment was applied to the n-TOF data, and the background correction was very
small (less than 0.5% of the average cross section in the energy range above 1 keV). The average effective
capture cross sections calculated with the resonance parameters are compared with the corresponding
experimental data in Table 2. The average capture cross sections were also obtained by Aerts et al.** and
Gunsing? in the energy range above 1 keV from the same experimental data by using the computer code
SESH®for the calculation of the self-shielding and multiple scattering corrections. When averaged over
the energy range 1 to 4 keV, the Aerts results agree within 1% with the SAMMY calculation. However,
when compared in energy intervals of 500 eV, differences of about £5% are observed. These differences
are due to the fact that the code SESH calculates the corrections from resonance parameters generated by
the Monte-Carlo method, while SAMMY calculates the corrections from the current resonance parameters.

12
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Fig. 11. Effective capture cross sections in the energy range of 1280 to
1410 eV. The solid lines represent the corresponding data calculated with
the resonance parameters.
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Fig. 12. Effective capture cross section in the energy range of 2250 to
2400 eV. The solid lines represent the corresponding data calculated with
the resonance parameters.
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Fig. 13. Effective capture cross sections in the energy range of 3800 to
4000 eV. The solid lines represent the data calculated with the resonance
parameters.

Table 2. Average experimental and calculated effective capture cross sections®

Energy Geel effective cross section n-TOF effective cross section
range Exp. (b) Calc. (b) Diff. (b) Exp. (b) Calc. (b) Diff. (b)
(eV)

20-50 7.65 8.86 1.21 7.316 7.486 0.17
50-100 6.09 6.37 0.28 5.357 5.478 0.121
100-500 5.19 5.38 0.19 4.627 4.487 -0.14

500-1000 2.9 2.62 -0.3 2.443 2.484 0.041
1000-1500 2.23 1.88 -0.35 1.817 1.805 -0.012
1500-2000 2.37 2 -0.37 1.946 1.931 -0.015
2000-2500 1.99 1.61 -0.36 1.557 1.563 0.006
2500-3000 19 1.56 -0.36 1.513 1.506 -0.01

3000-3500 1.63 1.27 -0.36 1.243 1.237 -0.01

3500-4000 1.45 11 -0.35 1.086 1.081 0.006

*The cross sections are given in barns. The last column contains the percentage
deviation between ENDF/B-VI and the present evaluation.
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Several results of average capture cross sections measurements are available in the energy range of 20 ev
to 4 keV: Forman et al.?, Chelnokov et al.?®, Macklin et al.®, Kobayashi et al.*°, Grigoriev et al.** Large
discrepancies are found among these experimental data. None of them agrees with the average capture
cross section calculated from the resonance parameters of the present analysis. Some of the experimental
results are compared with the present evaluation and to ENDF/B-V1 values in Table 3. The most recent
data are those obtained by Grigoriev et al., which show discrepancies as large as 50% when compared with
the present evaluation. The percentage deviation between ENDF/B-VI and the present results increases
from a few percent at low energy to about 10% on average at higher energy. A large part of the difference
could be due to the method used by Olsen to evaluate the contribution of the missed p-wave resonance and
will be examined in the next section.

The capture resonance integral calculated from the present evaluation is 82.34 b in the energy range of
0.5 ev to 4 keV, compared with the value of 83.62 b calculated from ENDF/B-VI. The contribution in the
energy range of 4 kev to 20 MeV is 2.38 b from ENDF/B-V and ENDF/B-VI, which bring the present
value to 84.72 b and ENDF/B-VI1 value to 86.00 b in the entire energy range of 0.5 ev to 20 MeV. Both
results agree with the Greneche® evaluated value of 85.8 + 1.9 b. Actually the new Oak Ridge National
Laboratory (ORNL) evaluation is closer to the ENDF/B-V value of 84.00 b. The differences between the
results come mainly from the contribution of the energy range of 0.10 to 10 eV where ENDF/B-V relied
on Lundgren experimental data, ENDF/B-VI on Chrien data, and the new ORNL evaluation on Lundgren
and n_TOF data.

Table 3. Average experimental capture cross sections compared with the present results®

Energy range Gregoriev®  Forman®  Macklin®  ENDF/B-VI Present
21.5-46.5 eV 57.00 37.88 37.09 1.7%
46.5-100. eV 20.30 21.06 21.37 -1.5%
100.-215. eV 19.90 13.85 14.04 -1.4%
215.-465. eV 5.84 7.99 8.01 -0.3%
465.-1000. eV 3.96 3.35 3.2 4.5%
1000.-2150. eV 2.34 2.08 1.98 5.1%
2.0-3.0 ke 1.73 1.65 1.58 4.4%
3.0-4.0 keV 1.43 1.27 1.16 9.5%
2.75-3.00 keV 1.58 1.44 1.38 4.0%
3.00-3.25 keV 1.22 1.53 141 8.5%
3.25-3.50 keV 1.23 1.07 1.07 0.0%
3.50-3.75 keV 0.78 1.18 1.1 7.3%
3.75-4.00 keV 0.89 1.29 1.06 21.7%

¥The cross sections are given in barns. The last column contains the percentage deviation between
ENDF/B-VI and the present evaluation.
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5. RESULTS OF THE ANALYSIS: THE RESONANCE PARAMETERS

5.1 GENERALITIES

The #?Th nucleus has spin and parity 17 = 0*. The neutron resonances are induced via one channel spin s =
1/2. The spin of the s-wave resonances (neutron of angular momentum | = 0) is j* = 1/2%, and the spins of
the p-wave resonances (neutron of angular momentum | = 1) are j* = 1/2" and j* = 3/2". About 75% of the
s-wave resonances can be easily identified in the experimental transmission data from the asymmetry due
to the potential-resonant interference effect. The remaining s-wave resonances have reduced neutron
widths smaller than 10% of the average value and must be discriminated against p-wave resonances. The
p-wave neutron penetrability factor allows many p-wave resonances to be observed in the low-energy
region of the experimental data. In the ENDF/B-VI evaluation, 79 p-wave resonances are reported in the
energy range 0 to 1 keV, and only 17 in the energy range 3 to 4 keV. Actually, the increase of the Doppler
and experimental resolution widths prevent the observation of emerging small resonances. They are
hidden by the large s-wave resonances and contribute to a spurious enhancement of the s-wave strength
function. This feature was ignored by the ENDF/B-VI evaluators, and the capture compensation for the
missed p-wave resonances could have been overestimated.

The present evaluation uses 243 s-wave resonances and 667 p-wave resonances for the description of the
cross sections in the energy range 0 to 4000 eV. In addition to the large fictitious resonances at -2 keV and
6 keV, which account for the far-off external resonances, a ladder of seven resonances at negative energies
and of seven resonances in the energy range of 4.0 to 4.1 keV was used to help fit the data in thermal
energy range and just below 4000 eV, respectively. The angular momentum assignments of the resonances
seen in the experimental data were the same as those in ENDF/B-VI. These assignments were made by
Keyworth and Moore® who used the experimental results*** and adjusted the resulting assignments so that
the s-wave population is consistent with the A, statistics of Dyson and Mehta.** Since no spin assignments
were reported for the p-wave resonances, all the p-wave resonances were assumed to have % spin in the
ENDF/B-VI evaluation. In the present evaluation, 236 resonances have spin %2, and 431 resonances have
spin 3/2°. At the start of the evaluation, the p-wave spin assignments were chosen randomly with the two-
spin-state population ratio of about 2. In some cases, the fit of the experimental capture data required re-
assignment of the spin.

The statistical properties of the resonances parameters are illustrated in Figs. 14 to 16. Figure 14 shows
the variation of the cumulative number of s-wave and p-wave resonances versus energy in the neutron
energy range of 0 to 4 keV. The variation is nearly linear, with an average spacing of 16.5 eV for the s-
wave resonances and of 6.00 eV for the p-wave resonances. According to the (2J+1) dependance of the
level density, 9% of the p-wave resonances could still be missing, uniformly distributed in energy. Figure
15 shows the differential distributions of the level spacings compared with the corresponding Wigner
distributions. The left side of the figure shows the data for the neutron energy range of 0 to 2 keV, and the
right side shows the energy range of 0 to 4 keV. The experimental distributions agree reasonably well
with the Wigner distributions. Figure 16 shows the differential distribution of the reduced neutron widths
for the s-wave and p-wave resonances in the energy range of 0 to 2 keV (left side of the figure) and in the
energy range of 0 to 4 keV (right side of the figure). The corresponding Porter-Thomas distributions are
represented by the dashed histogram. The experimental data agree reasonably with the Porter-Thomas
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distributions. The set of resonances is nearly complete. This was achieved by adding to the resonances
observed in the experimental neutron transmission and capture data, non-observed resonances whose
energy and neutron widths were chosen to force the agreement with the Wigner and Porter-Thomas
distributions. About 95% of the resonances assigned s-wave are seen in the experimental data, against
30% of the resonances assigned p-wave.

5.2 THE AVERAGE LEVEL SPACING AND NEUTRON STRENGTH FUNCTION
REVISITED

The present comprehensive sequential SAMMY fit of the ORNL experimental transmission data and of the
GEEL and n_TOF high-resolution capture data has achieved more accurate resonance parameters
compared with the earlier evaluations, particularly in the high-energy region of the data. It is worthwhile
to re-examine the properties of only those resonances seen in the experimental data in order to obtain an
improved set of average parameters. Figure 17 shows the integral distributions of the observed resonances
having 99% chance to be s-wave resonances. In the energy range of 0 to 2 keV, the distribution can be
fitted by a Porter-Thomas distribution normalized to 123 resonances with an average reduced neutron
width of 1.47 meV. The corresponding average spacing and strength function are 16.3 £ 0.5 eV and
(0.904 + 0.115)10", respectively. In the energy range of 0 to 4 keV, the distribution can be fitted by a
Porter-Thomas distribution normalized to 242 values with an average reduced neutron width of 1.37 meV.
The corresponding average spacing and strength function are 16.5 + 0.3 eV and (0.829 + 0.075)10*,
respectively.
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The local values of the s-wave strength functions in 500-eV energy intervals obtained from the Olsen and
Ribon resonance parameters are compared with the present values in Table 4. The values from Olsen and
the present values should be in good agreement because they were obtained from the analysis of the same
experimental data. Actually the agreement is quite good in the energy range below 1 keV, but the Olsen
values are 5 to 6% larger in the energy range of 1 to 2 keV. The differences could be due to a different
way of analyzing the experimental data. Olsen divided the experimental data into 15 energy intervals from
9 to 2030 eV with different contributions from the external resonances, while the present final analysis of
each partial region was performed by using all the resonances of the region 0 to 4 keV with the same set of
external resonance parameters. The Olsen s-wave neutron widths could also be slightly overestimated by
the effect of the missing p-wave resonances. In the energy range of 0 to 3 keV, the strength function
calculated from the Ribon parameters is 0.883 x 10, which is in excellent agreement with the value of
0.894 x 10 calculated in the present evaluation in the same energy range. However, discrepancies of +6%
and -9% are observed in the energy ranges 1 to 1.5 keV and 2.5 to 3.0 keV, respectively. Ribon obtained
the resonance parameters from a Multi-Level Breit-Wigner least-square analysis of indirectly normalized
thick-sample transmission data; his neutron widths were obtained with large error bars.
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Table 4. Local values of the s-wave neutron strength function?

Energy

range

(keV) Olsen? Ribon® ENDF/B-VI Present
00-0.5 0.840(1.1%) 0.862(3.7%)  0.843 (1.4%) 0.831
05-1.0 0.815(2.2%) 0.786(-1.1%) 0.782(-15%)  0.794
1.0-15 0.620 (6.2%) 0.634 (6.0%)  0.598 (2.4%) 0.584
1520 1347(5.0%) 1.270 (-1.0%)  1.294 (0.9%) 1.283
2.0-25 0.706 (3.1%)  0.705 (2.9%) 0.685
2.5-3.0 1.037 (-9.0%)  1.145 (1.3%) 1.13
3.0-35 0.812 (8.1%) 0.751
3.5-4.0 0513 (-9.0%)  0.559

*The percentage deviation with the present evaluation is given between
parenthesis.

Figure 18 shows the integral distribution of the p-wave resonance reduced neutron widths gI",* larger than
0.002 eV. Most of these resonances are seen in the experimental transmission or capture data, or have a
significant contribution in the SAMMY fit of unresolved multiplets. The experimental distribution can be
fitted by a Porter-Thomas distribution normalized to 725 + 25 values with an average reduced neutron
width of 0.00245 eV, which correspond to an average p-wave resonance spacing of (5.52 £ 0.20) eV and a
p-wave strength function of (1.48 + 0.15) x 10, The average level spacing is consistent with the s-wave
value inferred from Fig.17. The p-wave strength function was tentatively evaluated by Ribon® and by
Corvi et al.*® from their resonance parameters. Ribon obtained the value of (1.4 + 0.5) x 10 in the energy
range of 0 to 500 eV. Corvi obtained the value of (2.0 + 0.4) x 10* in the energy range of 0 to 2000 eV
from a set a 58 resonances with gI',* larger than 0.2 meV, assuming that this set was complete, which is in
contradiction to the present evaluation where more than 100 resonances have a gI",* value larger than

0.2 meV in the energy range of 0 to 2000 eV.

The p-wave strength functions calculated from the present resonance parameters in energy intervals of
500 eV are compared with the corresponding ENDF/B-VI values in Table 5. The ENDF/B-VI values
correspond to the observed p-wave resonances and are much smaller than the expected value of the
strength function. Smooth cross sections were calculated by Olsen to compensate for this too-small-
strength function. The present values take into account the observed resonances and the resonances
introduced artificially to obtain agreement with the Wigner and Porter-Thomas distributions. The p-wave
strength function calculated in the energy range of 0 to 4 keV is 1.429 x 10, which is in agreement with
the value inferred above from Fig. 18.
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Fig. 18. Integral distribution of the p-wave resonance reduced neutron
widths larger than 0.002 eV.

Table 5. Local values of the p-wave neutron strength function

Energy

range p-wave Strength function (x 10%)
(keV) Present ENDF/B-VI
0.0-0.5 1.193 0.898
0.5-1.0 1.206 1.018
1.0-15 1.237 0.93
1.5-2.0 1.433 0.794
2.0-2.5 1.588 0.736
2.5-3.0 1.662 0.739
3.0-35 1.862 0.538
3.5-4.0 1.209 0.496
0.0-4.0 1.429 0.768

5.3 THE RADIATIVE CAPTURE WIDTHS
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Details on the radiative capture widths of the s-wave resonances obtained by several authors are found in
the report by Olsen.! Two groups of average values have been recommended: one with values close to
21-22 meV (Ribon,® Rahn,* Forman® and Asghar®) and another with values close to 25 meV (Olsen?,
Macklin®). The values of 25.9 meV and 21 meV were adopted for ENDF/B-1V and ENDF/B-V,
respectively. The average value adopted by Olsen for ENDF/B-VI was 24.4 £ 2.0 meV, evaluated from 17
resonances in the energy range of 20 to 350 eV. This value was used in the present evaluation as starting
value for all the resonances in the SAMMY fits. Accurate values of the capture widths can be obtained
from the shape analysis of transmission data only in the region where Doppler and resolution broadening is
not too large compared with the total width of the resonances. The area of a resonance in the capture cross
section is very sensitive to the capture width if the neutron width is larger, or of the same order of
magnitude as the capture width. Therefore one should expect to obtain accurate values of the capture
width for the large s-wave resonances from the SAMMY sequential analysis of the experimental
transmission and capture data, even in regions where the Doppler and resolution broadening is important.
This assumes that the multiple scattering effect is calculated with sufficient accuracy.

In the present evaluation, the capture width of the large s-wave resonances were allowed to vary in the
SAMMY fits in all the energy ranges of the analysis. The average values of these capture widths,
calculated by SAMMY, are given in Table 6 in energy intervals of 500 eV showing a tendency to decrease
as the neutron energy increases. As shown in Table 2, these values allow a good reproduction of the
average experimental capture data with a constant background correction of about 35 mb in the Geel data
and a negligible correction in the n-TOF data, at least in the energy range above 1 keV. An attempt has
been made to fit the experimental data by keeping the value of 24.4 meV for all the resonances. In this
case, the effective capture cross sections calculated with the resonance parameters increase by 2—-3%. The
experimental data could not be fitted without an additional adjustment of the normalization. It is not clear
whether the decrease of the average capture widths is due to an experimental effect in the measured cross
sections. Further analysis is needed.

Table 6. Average values of the radiative capture widths

Energy range Average capture Energy range Average capture

(keV) width (keV) width
0.0-0.5 24.24 +0.04 2.0-2.5 22.78 £0.32
0.5-1.0 23.28+0.14 2.5-3.0 22.75+0.32
1.0-15 23.46 +0.29 3.0-35 22.36+0.32
1.5-2.0 23.05 +0.26 3.5-4.0 25.47 +0.42
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The values of the capture widths of the large s-wave resonances in the energy range 100 to 1000 eV are
shown in Table 7. Three series of results are given in the table: the values obtained by Olsen from the
SIOB* fit of the experimental transmission data; the values obtained in the present analysis from the
SAMMY fit of the same transmission data; and the values obtained after the SAMMY analysis of all the
experimental data (Olsen transmissions, Geel capture, nTOF capture, in this order in the sequential fit).
The errors on the second and third series do not include the uncertainties on the Doppler and resolution
broadening, and on the multiple scattering corrections. There is very good agreement between the SIOB
values and the SAMMY values obtained from the analysis of the same experimental transmission data with
different formalism and computer codes. The values obtained by fitting the transmission and the capture
data base are on average smaller and have much smaller errors. Actually, when the neutron energy
increases, the Doppler and resolution widths become much larger than the natural width of the resonances.
Accurate values of the capture width cannot be obtained from the transmission data only. The capture
widths of the large s-wave resonances are very sensitive to the capture area of the resonance,
independently of the resolution. The adjustment of the capture width is obtained from the capture area
with an accuracy depending mainly on the accuracy of the normalization and of the multiple scattering
corrections in the capture data.

The capture widths of the energy range 0 to 1000 eV are plotted in Fig. 19. Above 400 eV the data show
stronger fluctuations and the tendency to decrease is apparent. To avoid the effect of the systematic
deviations, the average capture width should be evaluated in the energy range 0 to 400 eV only. The
weighted average value calculated by SAMMY is 25.65 + 0.10 meV from transmission data only and
25.24 + 0.08 meV from transmission and capture data. These values compare to the value of 25.2 +

0.5 meV obtained by Olsen from the transmissions in the same energy range and to the value of (24.4 +
2.0) meV evaluated by Olsen for ENDF/B-VI.

5.4 THE RECOMMENDED AVERAGE RESONANCE PARAMETERS

Knowledge of the average resonance parameters is essential to the calculation of the neutron cross sections
in the unresolved resonance energy range and at higher energy using statistical model or optical model.
Analysis of the experimental data in these energy ranges by using the statistical or optical model is another
way to obtain the average parameters. For example, the Hauser-Feshbach statistical model fit of the
average experimental cross sections in the unresolved resonance energy range allows the determination of
the neutron strength functions, the average partial widths, the nuclear radius, etc. However in general the
fits are not unique because some of the parameters are strongly correlated. In the analysis of the resolved
resonance region, the s-wave neutron strength function, the average reaction widths, and the effective
scattering radius are generally obtained with good accuracy. These values used as input for a statistical
model analysis of the unresolved energy range will allow more accuracy in the determination of the p-
wave, d-wave, etc., average parameters.

Average parameters recommended from the present analysis are given in Table 8. The average level
spacing and neutron strength functions come from the fit shown in Figs. 17 and 18. The effective
scattering radius R’ = 9.69 + 0.03 fm is the result of the fit of the Olsen thickest sample transmission data
as explained in Sect. 3 of this report. The average radiative capture width is the value recommended from
the analysis of the data in the energy range 0 to 400 eV.
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Table 7. The capture widths of the s-wave resonances in the energy range 0 to 1000 eV

Energy Olsen? Transmission Transmission
(ev) SI0B* only and capture
21.809 253+04 26.58 £ 0.11 26.48 + 0.10
23.468 269104 27.40£0.11 27.36 £0.10
59.530 246+09 24.79£0.20 2449+ 0.18
69.244 24.1+£0.3 24.23 £ 0.08 23.89 £ 0.07

113.055 26.1+1.3 26.01£0.23 25.80+0.18

120.893 244 +0.6 24.70£0.18 24.68 + 0.14

129.214 275+ 34 27.34£0.91 28.11+0.80

170.428 253106 26.39 £ 0.19 25.69+0.14

192.761 258+16 26.23 £ 0.50 25.14+0.28

199.445 229+26 24.01+£0.81 24.76 + 0.44

221.330 26.1+14 28.08 £ 0.42 26.22 £0.24

251.690 276+15 28.37£0.49 25.92+0.26

263.279 239+23 23.92+0.72 23.89 +0.30

285.970 246+20 24.36 £ 0.61 24.58 £ 0.29

305.690 251+25 2551+ 0.74 24.68 £ 0.32

329.167 275+15 26.49 £ 0.46 25.47+0.28

342.068 26.7+28 26.16 £ 0.84 23.08 £ 0.32

365.436 250140 24.14+£1.10 23.01£0.36

369.566 240149 24.11+1.32 24.30+0.41

401.185 22.86 +£1.82 23.82+£0.73

462.860 25.32£0.86 24.50 + 0.37

489.153 22.88 £1.00 23.84 £0.37

528.912 2255+ 2,01 22.62+0.70

570.255 25.49+1.82 22.78 £ 0.49

598.687 20.52 £1.98 20.81 +0.87

618.300 3258 £2.91 30.52 £ 2.55

657.120 26.11 £ 1.63 2450 £ 0.48

665.778 20.97£1.85 22.18 £ 0.53

675.704 28.99 £0.92 24.72 + 0.47

687.991 23.22£1.83 23.00 £ 0.52

701.630 27.73 £ 2.62 2451 +£1.02

713.414 20.98 £ 1.96 21.97 £ 0.57

741.658 28.18 +0.73 24.34+0.51

779.273 27.97 £ 0.25 2749+ 124

804.835 17.78 £ 0.77 21.42 £0.50

842.949 22971041 23.44 £ 0.65

866.930 21.68 +2.11 23.30+1.12

890.763 2235+211 23.06 £ 0.57

943.929 22.13+2.12 23.55 £ 0.59

963.375 21.78 £2.19 20.75+1.51

983.673 21.67 £2.22 25.12 £ 0.69

991.284 21.66 +1.88 23.67 £ 0.57
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Fig. 19. The capture widths of the large s-wave resonances of the
energy range below 1000 eV.

Table 8. Recommended values of average resonance parameters

Average level Neutron strength Average capture

spacing (eV) function (x 10%) width (meV)
S-wave 16.5+0.3 0.829 £ 0.075 25.25+1.00
p-wave 5.52+£0.20 1.48 +0.15
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6. THE COVARIANCE MATRICES OF THE RESONANCE
PARAMETERS AND OF THE AVERAGE
CROSS SECTIONS

For the convenience of the analysis, the SAMMY fits were performed in partial energy ranges of 500 eV
with iterations until reasonable accuracy was obtained on all the resonance parameters over the entire
energy range of the analysis. This method allow the calculation of only partial covariance matrices. A
complete SAMMY fit in the energy range 0 to 4000 eV should involve the search on more than 3600
resonance and experimental parameters, with an experimental data base of several hundred thousand data
points. Even with the fastest computer, the calculation could last several days and will need several
gigabytes of memories. These huge SAMMY calculations are feasible at ORNL by using the HP-Alpha
computers in which 32 gigabytes of memories are available. A manageable parameter covariance matrix
could be obtained in the entire energy range of the analysis by selecting the parameters which are the most
important for the calculation of the group cross section errors and correlations, and by using the compact
format proposed recently for the covariance files.*” Nevertheless, these calculations could be performed
only in the ultimate stage of the analysis by using as input a predetermined and final set of resonance and
experimental parameters obtained from the more manageable partial energy range method as it is presented
in this report. This ultimate stage of the analysis, which consists of building a complete covariance matrix,
will be presented in another report.®3°

Examples of resonance parameters and errors obtained in the present evaluation in the energy range of 2.2
to 2.4 keV are provided in Table 9.
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Table 9. The resonance parameters in the neutron energy range 2.2 to 2.4 keV

Energy Energy T, T, I'n I'n
J (eV) error (meV) error (meV) error
0.5 0 2199.0259 0.0296 27.00 1.70 58.588 1.721
0.5 1 2201.6616 0.0266 24.40 3.528 0.268
15 1 2210.0000 24.40 1.000
15 1 2207.0581 24.40 0.171
0.5 1 2214.6951 0.0132 24.40 1.060 0.107
0.5 0 2217.9829 0.0063 16.82 1.36 28.936 1.028
15 1 2217.8711 24.40 0.012
0.5 0 2223.6223 0.0115 23.46 1.47 97.521 2.012
0.5 0 2235.5259 0.0151 24.29 2.43 2.196 0.181
0.5 1 2235.6379 24.40 0.180
15 1 2238.2117 24.40 0.243
15 1 2248.0938 24.40 0.001
15 1 2251.6309 24.40 0.001
0.5 1 2259.2976 24.40 0.005
15 1 2262.0000 24.40 0.080
15 1 2265.7922 24.40 0.001
0.5 0 2272.8528 0.0252 19.52 1.52 30.416 1.046
0.5 1 2276.2678 24.40 0.022
0.5 0 2278.4685 0.0087 25.06 1.63 68.474 1.973
0.5 1 2284.1589 0.0126 24.40 4.150 0.258
0.5 0 2288.2637 0.0197 22.39 1.47 300.757 3.591
0.5 1 2292.7175 0.0109 24.40 0.738 0.074
15 1 2291.1055 0.0353 24.40 0.998 0.097
0.5 1 2296.7673 24.40 0.048
15 1 2299.6838 24.40 0.070
1.5 1 2307.5164 0.0040 24.40 1.104 0.102
15 1 2308.7893 0.0456 24.40 0.960 0.088
15 1 2313.6809 24.40 0.043
15 1 2314.9915 0.0065 24.40 0.701 0.064
15 1 2322.5950 24.40 0.058
0.5 0 2323.7739 0.0316 24.52 2.44 2.334 0.202
0.5 1 2322.7993 0.0069 24.40 1.471 0.137
15 1 2330.6038 0.0790 24.40 0.388 0.037
0.5 0 2337.8188 0.0257 21.29 1.23 124.037 2.374
15 1 2335.4846 24.40 0.052
15 1 2343.6008 0.0319 24.40 0.415 0.039
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7. CONCLUSIONS

The neutron resonance parameters of *Th were re-evaluated in the energy range of 0 to 4 keV from a
Reich-Moore SAMMY analysis of the most recent experimental neutron transmission and neutron capture
data. The experimental data base was formed mainly by the transmission measurements performed at
ORELA by Olsen et al. in 1980, the effective capture cross section measurements performed at GELINA
by Schillebeeckx et al. in 2002, and the effective capture cross section measurements performed at nTOF
by Aerts et al. in 2003. The previous evaluation was performed by Olsen for ENDF/B-VI in 1981. The
evaluation by Olsen was not intended to be a comprehensive study and used smooth background cross
sections to compensate for the inadequacy of the resonance parameters to reproduce the totality of the
cross sections. The present evaluation makes important improvements concerning the following points:

1.

Two recent high-resolution effective capture cross section measurements (Geel and nTOF) were
available for the present evaluation. By taking advantage of the ability of SAMMY to accurately
calculate the multiple scattering effects in the thorium samples, we were able to calculate the average
capture cross section to better than 3% accuracy.

In the energy range of 1.0 to 10 eV, the new resonance parameters reproduce the experimental
capture cross sections inferred from the n-TOF measurements, in agreement with the early
measurements of Lundgren. The ENDF/B-VI evaluation included a smooth cross section added to
the contribution of the resonance parameters to obtain agreement with the measurements of

Chrien et al. The capture cross section calculated in the present evaluation is about half as large as
the ENDF/B-VI value and is closer to ENDF/B-V, which was based on Lundgren data in the energy
range of 0.1 to 3 eV.

The contribution of the external resonances is fully represented by two fictitious resonances at -2 keV
and 6 keV; in the ENDF/B-VI evaluation, this contribution was included as a smooth background
Cross section.

The present set of resonances is complete in that the statistical properties of the parameters agree with
the Wigner distribution of the level spacings and with the Porter-Thomas distribution of the reduced
neutron widths. This, particularly, allows the p-wave neutron capture cross section to be fully
calculated with the resonance parameters. In the ENDF/B-VI evaluation, compensation for the
missing p-wave resonances was calculated from the p-wave strength function and added as smooth
background cross section.

Average resonance parameters obtained from the present evaluation confirm the ENDF/B-V1 values

with improved accuracy, particularly concerning the average capture width and the p-wave strength
function.
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