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ABSTRACT

Oak Ridge National Laboratory (ORNL) has recently completed the resonance parameter evaluation of 
four tungsten isotopes, i.e., 182>183>184>186w, in the neutron energy range of thermal up to several keV. This 
nuclear data work was performed with support from the US Nuclear Criticality Safety Program (NCSP) in 
an effort to provide improved tungsten cross section and covariance data for criticality safety analyses. The 
evaluation methodology uses the Reich-Moore approximation of the R-matrix formalism of the code 
SAMMY to fit high-resolution measurements performed in 2010 and 2012 at the Geel linear accelerator 
facility (GELINA), as well as other experimental data sets on natural tungsten available in the EXFOR 
library. In the analyzed energy range, this work nearly doubles the resolved resonance region (RRR) 
present in the latest US nuclear data library ENDF/B-VII. 1.
In view of the interest in tungsten for distinct types of nuclear applications and the relatively homogeneous 
distribution of the isotopic tungsten — namely, 182W(26.5%), 183W(14.31%), 184W(30.64%), and 
186W(28.43%) — the completion of these four evaluations represents a significant contribution to the 
improvement of the ENDF library. This paper presents an overview of the evaluated resonance parameters 
and related covariances for total and capture cross sections on the four tungsten isotopes.
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1. INTRODUCTION

Accurate nuclear data evaluations of tungsten isotopes are of essential importance for several nuclear 
applications. In terms of neutron sensitivity associated with the analysis of engineering systems, tungsten 
is a key structural material for shielding, fast breeder reactors, and critical assemblies of fissionable 
materials. Moreover, tungsten is a candidate material for plasma-facing components in fusion devices and 
also a target material for high current accelerators in accelerator-driven systems. Tungsten represents a 
pivotal material in neutron dosimetry, particularly for the large value of 186W(n,y) thermal neutron capture 
cross section and in isotope production for producing two unstable isotopes 185W (t1/2 = 75.1 d) and 
187W (t1/2 = 24.0 h), which are used as radioactive tracers.
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In view of the interest in tungsten metal for several distinct types of nuclear applications, it is important to 
gain a thorough understanding of its interaction with neutrons. In the ENDF/B-VII.0 library (released in 
December 2006), the tungsten evaluations of the neutron-resonance parameters were performed in the 
1970s for the ENDF/B-V library and successively adopted by the different releases of ENDF. The 
evaluated resonance parameters were based on the analysis performed by Goldberg, et al. [1], along with 
the results of capture and transmission measurements performed by Bartolome, et al. [2] over the energy 
range from thermal up to 760 eV (183W), and for the even-A isotopes up to 4.5 keV (182W), 2.6 keV 
(184W), and 3.2 keV (186W). Due to the poor energy resolution of those measurements and their higher 
level detection sensitivity included in the resonance analysis, spurious levels might have led to unrealistic 
s-wave data. In the ENDF/B-VII.1 library (released in December 2011), the tungsten evaluations in the 
resolved resonance region were extended to 2.2 keV (183W), 4.5 keV (182W), 4 keV (184W), 8.5 keV 
(186W). In defining the resonance parameters, these evaluations adopted the Reich-Moore formalism, and 
based on the JENDL-3.3 library with small adjustments to the parameters by Leal [3], the evaluations used 
the results of neutron time-of-flight resonance measurements performed by Camarda, et al. [4] and 
Ohkubo [5] in the early 1970s, and by Macklin, et al. [6] in the 1980s, along with the values of resonance 
parameters taken from the work of Mughabghab [7].

Following the series of measurements on tungsten isotopes that was started in 2011 and performed with 
support from the US Nuclear Criticality Safety Program (NCSP), Oak Ridge National Laboratory (ORNL) 
completed the resonance parameter evaluation of four tungsten isotopes in August 2014. As a follow-up 
the two works published in the PHYSOR2012 [8] and ND2013 [9] conference proceedings, this paper 
presents an overview of the 182>183>184>186w resonance evaluations submitted as ENDF-compatible file to 
be part of the next release of the ENDF/B nuclear data library. The newly evaluated set of neutron 
resonance parameters is based on the series of recent measurements on the stable isotopes of tungsten 
performed at the GEel LINear Accelerator (GELINA) by Lampoudis [10] and Guber [11], as well as other 
experimental data sets on natural tungsten available in the EXFOR library [12]. Theoretically (due to a 
positive Q-value), 182>183>184>186w tungsten isotopes can decay by alpha emissions. However, this decay 
mode for these isotopes has not been observed. Therefore, in our evaluated work we considered the 
neutron and gamma exit channel (c) for incident neutron partial s- and p-wave to define the level energies 
E\, the probability amplitudes (7*) and the related partial widths (r^). The analysis of the experimental 
data uses the code SAMMY [13], which performs a multi-level multi-channel R-matrix fit to neutron data 
in the Reich-Moore approximation. Experimental conditions such as resolution function, finite size 
sample, nonuniform thickness, and nuclide abundances of sample, multiple scattering, self-shielding, 
normalization, background, and Doppler broadening are taken into account. Based on the capture and 
transmission data, we were able to determine pertinent resonance parameters, and from these we 
determined the values of their systematics, such as strength functions, level spacings, and cumulative plots. 
In thermal energy range, we utilized the recently published Atlas of Neutron Resonances [14], as well as 
the tabulated neutron scattering lengths [15], as a source of information on scattering, capture cross 
sections, and resonance integrals. In the analyzed energy range (see Table I), this work almost doubles the 
resolved resonance region (RRR) present in the US nuclear data library, ENDF/B-VII.1 [16].

2. EVALUATION METHODOLOGY

The most convenient description of resolved resonances is achieved by the R-matrix formalism 
standardized form in the article of Lane and Thomas [17], in which a comprehensive derivation of the 
equations can be found and on which the formalism implemented in the SAMMY code is based.

The SAMMY code system is a modern tool for calculating neutron cross sections mainly used for nuclear 
data evaluations in the RRR. The code incorporates selected R-matrix approximations coupled to the 
Bayesian method in order to fit experimental data and ultimately to generate a set of resonance parameters 
with related parameter covariance matrix. For this task we based our results on the Reich-Moore 
formalism, which approximates the expression for elastic and reaction cross sections better than other 
single- and multi-level variants of the R-matrix theory.



Table I. Neutron energy range for new and existing tungsten evaluations (the total and partial for s
and p-wave number of fitted levels is shown)

No. Nucleus[rr ] E . -pORNL(pexisting) Methoda No. Levelsb s-wave p-wave

1 182W[0+] 10-5 eV - 10.0 (4.5) keV RM 306 171 135
2 183 W[1/2-] 10-5 eV - 5.0 (2.2) keV RM 387 346 21
3 184W[0+] 10-5 eV - 10.0 (4.0) keV RM 178 94 84
4 186W[0+] 10-5 eV - 10.0 (8.3) keV RM 169 95 74

a RM — Reich-Moore approximation in the R-matrix limited ENDF format (LRF = 7). 
b Bound and external levels not included.

Here, we only define a few quantities relevant to briefly describe the R-matrix theory, and we simply refer 
to Frohner’s report [18] and our previous paper [8] for a concise but complete introduction to the principles 
of the resonance theory. We start with the elements of the channel matrix R

R J
Rcls,c'l's' E

A=1

J, A J, A
7cls Yc'l's'
Ea - E

(1)

that are defined in terms of the partial-width (or probability) amplitudes for the formation of 
compound states A through the channel c. These probabilities are the quantities used by the SAMMY code 
to fit experimental cross section and/or transmission data in the Bayesian procedure and the relation with 
the partial widths — i.e. the quantities usually reported in literature and stored in the nuclear data libraries
— is

Here, PlA = Pl(kcAac) is the penetrability factor, * with orbital angular momentum l computed at the 
resonance energy Ea. Eqs. (l) and (2) are fully specified by the total angular momentum J, and the 
channel spin s obtained by the quantum-mechanical triangle relations |l — s| < J < l + s and 
|I — i| < s < I + i, respectively, for interacting partners with spin I (target and/or residual nucleus) and i 
(projectile and/or emitted particle). In the Reich-Moore approximation, 7-channels have been eliminated 
so that c,C /y and Ea are replaced in Eq. (1) by Ea — *17^/2, where the capture width

r js = yjs V2 is independent from the penetrability factors and incident energy E.

The summation in Eq. (1) is usually approximated by (1) N known (or “internal”) levels and (2) unknown 
(or “external”) levels along with distant-level parameters to account for the number of levels out of the 
analyzed energy range (generally those levels impossible to resolve experimentally). Finally, one can show 
the channel matrix R is related to the collision matrix U that is ultimately necessary to compute the 
reaction cross sections.

After the evaluation of the resonance parameters, we focused on their uncertainty quantification. The 
covariance matrices were generated by a Bayesian resonance-parameter approach as described in some

*The penetrability factors depends on the channel radius ac and wave number kcX defined by the partition of the 
reaction partners associated to the incoming(outgoing) channel c(c'), i.e, k2c,x = acpcpc/ (E> — Ec>) where pc(c/) 
are the reduced masses of the particles in the incoming(outgoing) channel. The quantity ac = 2/(h2mc) depend on 
the mass of the incident projectile, and Ec> is the excitation energy in the case of endothermic (negative Q-value) or 
charged-particle reactions. In the present work we simply considered neutron elastic scattering (c = C) and Ec> = 0.



detail in Ref. [19]. Besides the uncertainty of the resonance parameters obtained via the Bayesian fitting 
procedure, this approach also uses uncertainty information related to the experimental data, namely 
data-reduction parameters such as normalization, background, sample thickness, and temperature. The 
covariance matrix of the resonance parameters is defined as

M = (M-1 + STV-1S)-1, (3)

where M0 is the covariance matrix of the resonance parameters obtained by the iterative fitting procedure 
or the prior parameter covariance matrix. S (ST) is the sensitivity (transpose) matrix whose elements,

da(Ef, r, p)
drj

(4)

are the partial derivatives of the theoretical cross sections at the energy Ej with respect to the resonance 
parameter rj. The covariance matrix V has the form

V = W + gmgt , (5)

where W is the cross section covariance matrix related to the experimental statistical uncertainty and M is 
the covariance matrix of the data-reduction parameters p. G (GT) is the sensitivity (transpose) matrix 
associated with the partial derivatives of the theoretical cross sections with respect to each component of 
the vector p. The matrix V defined in the context of this non iterative Bayesian update can be identified 
with an average “experimental” uncertainty based on the quality of both the fitting procedure and 
experimental data sets. In other words, this approach is valid under the assumption that the values of the 
resonance parameters are well known and small variation in the values would not significantly affect the 
agreement between theoretical and experimental cross sections.

The evaluation work was finally converted into ENDF format using the option of the R-matrix limited 
format (LRF = 7). Unlike LRF = 31, which allows at most four channels (capture, neutron and two 
fission), the LRF = 7 option was included in the ENDF format to account for the inclusion of additional 
channels including inelastic scattering and/or charge-particle emissions (for instance proton or a), as well 
as the interference effect between those channels. Moreover, since the LRF = 7 option can accommodate 
any R-matrix approximations (single- and multi-level Breit-Wigner, Reich-Moore) and even full R-matrix, 
every modern evaluation should be represented with this format option in order to avoid redundancy. 
Therefore, we decided to adopt LRF = 7 although in the contest of our work, LRF = 3 was also a valid 
option. Finally, we adopted the compact ENDF format for the representation of the resonance-parameter 
covariance matrix.

3. RESULTS

The results of the evaluated cross sections at thermal energy and other geometrical quantities such as 
scattering radius and (in)coherent scattering lengths are displayed for 182,183,184,186W isotopes in Table II. 
There are no significant discrepancies between the evaluated values and those reported in the ATLAS 
except for the elastic thermal cross section of 183W, that we found to be significantly underestimated here 
and in other major libraries. We believe that the origin of the underestimated value of the scattering cross 
section derives from the measurement of Alexandrov [21], who reported a value of the coherent scattering 
length of bcoher = 4.3 ± 0.5 fm more than 2 fermi smaller than the precise coherent scattering length 
measurement of Knopf [22], bcoher = 6.59 ± 0.04 fm.

Moreover, for 186W, the contribution of the large resonance in the capture channel at about 15 eV to the 
thermal energy region is notable in the large value of the thermal capture cross section. We also remark

^The ENDF nomenclature can be misleading. In fact, in the ENDF manual [20], LRF = 3 is called Reich-Moore 
option but it refers to a highly restricted version of Reich-Moore approximation because it allows at most the inclusion 
of four channels.



Table II. Thermal cross sections (in barn), scattering radius and (in)coherent scattering lengths (in 
fermi) compared to the values found in the Atlas of Neutron Resonances

Total Capture Elastic R' bcoher bincoher

182W This work 29.18±0.40 20.31 ±0.64 8.87±0.28 7.6 7.11 —

ATLAS — 19.90±0.30 8.84±0.30 8.1 7.04 —

183W This work 15.56±0.50 9.87±0.53 5.69±0.11 7.9 6.47 -0.43

ATLAS — 10.40±0.20 2.40±0.60 8.1 6.59 —

184W This work 8.98±0.12 1.63±0.13 7.35±0.10 7.6 7.41 —

ATLAS — 1.70±0.10 7.35±0.10 8.0 7.55 —

186W This work 37.97±0.59 37.88±0.59 0.09 ±0.02 7.7 -0.76 —

ATLAS — 38.10±0.50 0.07±0.01 7.6 -0.73 —

that the direct component of the thermal capture cross section for all four isotopes was included in the 
bound level, along with the compound component.

Figure 1 shows the cross section of n+182 W reconstructed (for T = 0° K) from the evaluated set of 
resonance parameters in the analyzed energy range. The solid red and blue lines refer to the elastic and 
capture cross sections, respectively, while the turquoise line refers to the total cross section. The 182W 
isotope has spin-parity In = 0+ that couples to s-wave neutrons to make compound-nuclear states, which 
are all characterized by the same spin-parity Jn = 1/2+. The 182W isotope also couples to p-wave 
neutrons to make states with spin-parity Jn = 1/2- and Jn = 3/2-. Figure 2 plots the cumulative 
number of observed s-levels (red dots) and p-levels (blue triangles). The values of average s-level spacings 
(D0) and p-level spacings (D1) (for two mixed populations) shown in the plot represent the inverse of the 
slope of a straight line fitted to the data (red and blue solid lines). For s-levels, (D0) agrees well with the 
value reported by the Reference Input Parameter Library (RIPL) [23].

Figure 3 shows the reconstructed cross sections for 183W with the same color convention used for 182W. 
Contrary to the even-A tungsten isotopes, 183W having In = 1/2-, couples to make two 
compound-nuclear states Jn = 0- and Jn = 1- for s-wave. As seen in Figure 4, the average level 
spacing (D0) of 183W tends to be much smaller than that of even-A isotopes since 183W has two mixed 
independent populations with Jn = 0- and Jn = 1-. This is also due a higher separation energy (the 
separation energy of 184W is about 7.4 MeV rather than in the range 5.5-6.2 MeV for 183,185,187w), thus 
resulting in much stronger compound-nuclear effects. The differences in level spacing between even-A 
and odd-A, as reported in Table I, justify the choice of the different upper energy limit for RRR. Figure 4 
also shows a nearly linear slope that extends to about 5 keV. This indicates that in the vast majority of our 
reported levels, there are no missed narrow s-levels. Figure 4 also compares the recommended value taken 
from RIPL, which encompasses our value within 2.5 times its predicted uncertainty. However, because of 
the improved evaluations, we believe our value to be more accurate. The average level spacing for p-wave 
remains uncertain. This is due to the fact that, as expressed in Eq. (2), the partial widths are
proportional to the product of the partial width amplitudes yJ^ , independent from the incident energy, and 
the penetrability factors P^. The magnitude of the latter determines the relative strength of the partial 
widths of the quasi-stationary compound state. At energies below 5 keV, the magnitude of the penetrability 
factors is ~ k^1. Penetrabilities for l = 0,1, 2,... become comparable in magnitude at about 2-3 MeV, 
where several partial waves are equally involved in the reaction mechanism. For instance, the strength of
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Figure 1. Neutron Cross Sections of 182W Reconstructed (for T = 0° K) from the Evaluated Set of 
Resonance Parameters in the Energy Range of 10-5 eV-10 keV.
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Figure 2. Plot of the Cumulative Number of Observed s- (Red Dots) and p-levels (Blue Triangle) vs 
Energy for n+182W. The Values of Average s-level Spacings (D0) and p-level Spacings (D1) Shown 

in the Plot Represent the Inverse of the Slope of a Straight line Fitted to the Data (Red and Blue
Solid Lines).
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Figure 3. Neutron Cross Sections of 183W Reconstructed (for T = 0° K) from the Evaluated Set of 
Resonance Parameters in the Energy Range of 10-5 eV-5 keV.
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Figure 4. Plot of the Cumulative Number of Observed s- (Red Dots) and p-levels (Blue Triangle) vs 
Energy for n+183W. The Values of Average s-level Spacings (D0) and p-level Spacings (D1) Shown 

in the Plot Represent the Inverse of the Slope of a Straight Line Fitted to the Data (Red and Blue
Lines).



the penetrability factors for l > 0 at energies of up to 5 keV was small (e.g., P1/P0 ~ 10 5) at about 5 
keV.

Figure 5 shows the evaluated correlation matrix of 182W in 44-energy group representation at T = 0° K. 
This is the result of the AMPX code system [24] processing of the 182W eNdF/B file not limited to the 
RRR but in the neutron energy range up to 20 MeV. The cross section correlations due to resonance 
parameters are visible in the energy bins between 0-25. The region in the energy bins between 26-44 was 
adopted from ENDF-B/VII.1 library. The uncertainties used in the non iterative Bayesian method to 
generate the resonance parameter covariance matrix for the tungsten isotopes are (1) the normalization of 
the transmission data AN = 2-4% and (2) the scattering radius AR' = 1-2%.
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Figure 5. Correlation Matrix and Contour Lines of n+182W for Total Cross Sections in 44-Energy
Group Representation at T = 300° K.

4. CONCLUSIONS AND SUMMARY

The Reich-Moore approximation of the R-matrix formalism implemented in the SAMMY code was used 
to determine a consistent set of neutron resonance parameters for 182>183>184,186w, nearly doubling the 
RRR energy range present in the latest US nuclear data library ENDF/B-VII.1. This represents one of the 
major achievements of this evaluation work. In fact, the representation of the RRR over an extended 
neutron energy region is needed to support improved analyses of criticality safety benchmarks. In 
particular, a point-wise representation of the cross sections directly derived from the resonance parameters 
will provide a better calculation of self-shielding factors for nuclear criticality safety applications, and 
moreover, it will improve continuous energy radiation transport. Furthermore, for the 183W scattering 
cross section at thermal energy, we found that the value reported in the Atlas (i.e, CTscatt = 2.4 b) and the 
major nuclear data libraries was strongly underestimated. In the present evaluation work, the value of the 
183W scattering cross section was based on the precise value of the bound scattering length measured by 
Friesenhahn [25], and the updated value is ascatt = 5.69 b.



The Bayesian fitting method implemented in the R-matrix SAMMY code was used not only to generate a 
comprehensive set of neutron resonance parameters but also related correlations and cross-section 
covariance data. Important for an improved quantification of uncertainties associated with the analysis of 
engineering systems, covariance matrices were consistently obtained by the fitting procedure where 
experimental conditions such as resolution function, finite size sample, nonuniform thickness, and nuclide 
abundances of sample material, multiple scattering, self-shielding, normalization, background, and 
Doppler broadening were taken into account. Most of these experimental parameters were based on recent 
transmission and capture measurements of tungsten isotopes performed at GELINA as well as other 
experimental data sets on natural tungsten available in the EXFOR library. In the fitting of the resonance 
parameters, the experimental data were used sequentially to ensure that the calculated cross sections were 
in good agreement for both (n,tot) and (n,Y) reaction channel.
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