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An Unresolved Resonance Evaluation for 235U
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This paper discusses the resonance evaluation of the 235U cross sections in the
unresolved resonance region from 2.25 keV up to 25 keV and its use in benchmark
calculations for criticality safety applications.
A criticality safety calculation for a nuclear system with an energy spectrum that
peaks in the intermediate energy region requires accurate neutron cross sections in
both the resolved and the unresolved resonance regions. A resolved resonance
region evaluation of the 235U cross section was performed in the 1990s, and the
evaluation has greatly improved results of benchmark calculations.1) Average
values of the Reich-Moore resonance parameters obtained in the resolved region
were used to initiate a new resonance evaluation of the 235U cross sections in the
unresolved resonance region. The experimental data used in the analysis consisted
of high-resolution transmission data, plus fission and capture cross-section data
measured at the Oak Ridge Electron Linear Accelerator (ORELA). The evaluation
was performed using the computer code SAMMY, which incorporates a
methodology for data evaluation in the unresolved resonance region.
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1. Introduction
In the resolved resonance range, the experimental resolution is smaller than the width of the
resonances; consequently, resonances can be “seen” and resonance parameters can be extracted via
cross-section fitting using methodology such as the R-matrix formalism and generalized-leastsquares techniques in the code SAMMY.2) In the unresolved resonance region, however, the
fluctuations in the measured cross sections are smaller than those in the resolved range but are still
important for correct calculation of the energy self-shielding of the cross sections. These fluctuations
are due to unresolved multiplets of resonances for which it is not possible to determine parameters
of individual resonances as in the resolved region. The mechanism utilized for cross-section
treatment in the unresolved region is based on average values of physics quantities obtained in the
resolved range. The knowledge of average values for level spacing, strength functions, widths and
other relevant parameters is used to infer calculations in the unresolved energy region. Therefore,
for consistency, it is desirable that a complete evaluation for both the resolved and unresolved
resonance region use a computer code which contains formalisms for both energy regions. To
accomplish that, an unresolved resonance formalism was added to the computer code SAMMY.
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The unresolved resonance formalism included in SAMMY is based on the methodology used in
the computer code FITACS.3) FITACS is a statistical model code developed by F. Froehner that
uses the Hauser-Feshbach theory for the calculation of average total and partial cross sections. The
calculations are done in FITACS for the first four angular momenta, l, that is, the s-, p-, d-, and fwave. However, the SAMMY calculations have been extended to as many angular momenta as the
user requires. The energy dependence of the parameters are obtained using the Bethe theory for level
density, the Hill-Wheeler fission barrier penetration for the fission widths, and the giant dipole
model for the capture widths.
SAMMY generates average resonance parameters based on a statistical model analysis of the
experimental average cross sections. These parameters are then converted into the ENDF/B format
for use in a Single-Level Breit-Wigner cross-section calculation. The primary use of the average
resonance parameters is to reproduce the fluctuations in the cross sections for the purposes of energy
self-shielding calculations.
2. Cross-Section Formalism
From the Hauser-Feshbach theory the partial cross sections can be written as
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Here a is the incident channel (neutron) and b is the exit channel (gamma or fission); ν c and Tc
represent the degrees of freedom and the transmission coefficient, respectively, for channel c. The
transmission coefficients are defined as the sum over all channels as

T = ∑ Tc .

(2)

c

The integral allows the calculation of the width fluctuation corrections.
The transmission coefficients for the neutron channels can be written in terms of the average of
the scattering matrix S cc as

Tc = 1 − S cc
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.

(3)

For photon and fission channels, the transmission coefficients for a resonance of spin J are,
respectively, related to the average width Γ as

Tγ = 2π Γ γ / DJ

(4)

and

T f = 2π Γ f / DJ ,

(5)

where DJ is the average energy level spacing for two consecutive resonances of spin J.
In the single-level Breit-Wigner formalism the partial cross section at energy E is given as
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The energy average of the previous equation gives
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The average indicated in the brackets can be written in terms of individual averages as proposed by
Dresner; the average single-level Breit-Wigner partial cross section becomes
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The average partial cross section calculated with the single-level Breit-Wigner formalism is
equivalent to the average partial cross section calculated using Eq. 1, given that

Tc = 2πρ c Γ c .

(9)

3. Method of Evaluation
Calculation of the average partial cross sections in the unresolved resonance region from the
Evaluated Nuclear Data Files (ENDF) is performed with processing codes such as NJOY, AMPX
using Eq. (8), for which the average width values are required. In the SAMMY evaluation the fit
of the data is performed using Eq. (1)—that is, via the transmission coefficients. Subsequently, the
set of parameters that best reproduces the cross section is converted into average widths.
Three sets of experimental data were used in the evaluation from 2.25 keV to 25keV.
1.
The effective average total cross section of Harvey et al.4) obtained from the experimental
transmission was analyzed. The Harvey data is a time-of-flight transmission measurement
performed at a 80.4-m flight path for two sample thicknesses of 0.0328 and 0.00236
atm/barn. The samples were cooled to liquid-nitrogen temperature to reduce the Doppler

broadening of the resonances. The average cross sections were derived by Derrien et al.5)
and corrected for the self-shielding effect.
2.
The fission cross section of Weston and Todd6) carried out at a 86.5 m flight path was
analyzed.
3.
The capture data used in the evaluation were obtained from the capture-to-fission ratio, ",
of Weston.7)
The data input for SAMMY was selected for two angular momenta, l =0 and l =1 , that is s-wave
and p-wave. The input is shown in Table 1. The parameters for l =0 are those from the statistical
study of the resonance parameters in the resolved energy region 0 eV to 2.25 keV. The energies of
the 235U low-lying levels were obtained from Nuclear Data Sheets8), whereas the fission barrier
values were obtained from Bjornholm and Lynn.9)
Several iterations are needed to determine the best set of average parameters and background
cross sections to describe the experimental data. The parameters obtained from the fit of the
experimental data are shown in Table 2. The s-wave strength function shown in Table 2 is 2.8 %
larger than the value of (0.88 ± 0.09)10-4 calculated in the resolved resonance region 0 eV to 110 eV.
Before they were put into the ENDF format, SAMMY converted the parameters given in Table 2
into the ENDF average resonance parameters for use in calculation with the single-level Breit
Wigner formalism. Table 3 displays the average resonance parameters for six reference energies
for the total angular momentum J=3 with, respectively, two degrees of freedom for the neutron
width distribution and three degrees of freedom for the fission width distribution.

Table 1 Initial values for the parameters used in SAMMY calculations
Input Parameters of s-wave
Average Level Spacing

D = 0.446 ± 0.031 eV

Neutron Strength Function

S0 = (1.049 ± 0.024) 10-4

Capture Width

'( = 38.14 ± 1.70 meV

Effective Scattering Radius

R ′ = 9.602 ± 0.050 fm

Distant Level Parameter

R ∞ = -0.155 ± 0.006

3- channel Fission Width

'f = 213.0 ± 20 meV

4- channel Fission Width

'f = 146.5 ± 15 meV

Input Parameters of p-wave
Neutron Strength Function

S1 = (1.76 ± 0.25) 10-4

Distant Level Parameter

R ∞ = 0.12 ± 0.050
'( = 38.14 ± 1.70 meV

Capture Width
+

+

Fission Width (Channels 2 to 5 )

'f = 200 ± 100 meV

Comparisons of the average cross section calculated with SAMMY with the experimental data
in the energy region 2.25 keV to 25 keV are given in Figure 1. The bottom curve is the total cross

section, the middle curve is the capture cross section and the top curve represents the fission cross
section.
Table 2 Parameters of the SAMMY fit of the experimental data in the energy region
2.25 keV to 25 keV
Angular Momentum

s-wave

p-wave

Neutron Strength Function 104Sl

0.905 ± 0.005

1.812 ± 0.021

Average Capture Width meV

36.06 ± 1.91

14.09 ± 2.11

Distant Level Parameter R ∞

-0.153 ± 0.002

0.104 ± 0.004

Effective Scattering Radius R ′ fm
-

9.680 ± 0.020
-

7.517 ± 0.211

+

+

Fission Channel

3

4

2

3

4+

5+

Fission Width meV

345 ± 15

208 ± 10

331± 17

78 ± 10

268 ± 21

229 ± 19

Table 3 Average resonance parameters for J=3 (units are eV).

Er

<D >

< Γ n0 >×10 -5

< Γ γ >×10 -2

< Γf >

2250

0.98367

8.800

3.341

0.2338

2500

0.98317

8.789

3.341

0.2338

3500

0.98120

8.748

3.342

0.2338

4500

0.97924

8.710

3.344

0.2338

5500

0.97727

8.675

3.345

0.2338

6500

0.97531

8.641

3.347

0.2338

Table 3 presents the average resonance parameters, where Er is the reference energy, <D> is the
average level spacing, < Γ n0 > is the average reduced neutron width, < Γ γ > is the average
radiation width, and < Γ f > is the average fission width. These quantities are given in units of
electron volts.
4. Criticality Safety Application
The effect of the unresolved 235U resonance evaluation on benchmark calculations was verified
by performing calculations of benchmark systems with neutron spectra in the intermediate energy
region. In particular, the benchmark systems UH3, Zeus, and HISS/HUG, were used. Six
experiments exist for the UH3 system and three for the Zeus. The calculations were done for the
UH3 system (1) and for the three Zeus benchmarks, namely, Zeus (1), Zeus (2), and Zeus (3).

Fig. 1. Comparisons
of average cross
sections calculated
with SAMMY with
experimental data.
Bottom curve is the
total cross section,
middle and upper
curves are,
respectively, capture
and fission cross
sections.

The change of the multiplication factor, keff, is well understood through the sensitivity coefficient
which is defined as

Sx =

dkeff / keff
dΣx / Σx

.

(10)

Sensitivity calculations were done for the Zeus (1) and HISS/HUG benchmark systems. Figures
2 and 3 show the sensitivity coefficients Sx of the fission cross section of 235U as a function of
energy. The sensitivity calculations were done using the computer code TSUNAMI10) with the 238

Fig. 2. Sensitivity
of keff to the 235U
fission cross
section for the
Zeus (1)
benchmark.

neutron group structure of the SCALE system.11) Figures 2 and 3 show that a component of the keff
is due to the unresolved energy region.

Fig. 3 Sensitivity
of keff to the 235U
fission cross
section for the
HISS/HUG
benchmark.

For testing the unresolved 235U evaluation, benchmark calculations were done with MCNP4C with
the recently issued nuclear data library ENDF66.12 The 235U evaluation was processed with the
ACER module of the NJOY code in a format suitable for use in the MCNP calculations and added
to the ENDF66 library. In addition to the intermediate spectra benchmark, calculations were also
done for one thermal and one fast benchmark. The results of the calculation with 235U in the
ENDF66 library and the new evaluation are shown in Table 4.

Table 4 Comparisons of keff calculations using the unresolved 235U evaluation.
MCNP ENDF66 with
U ORNL Evaluation

Benchmark

Experimental keff

MCNP ENDF66

ORNL10

1.0015 ± 0.0010

0.9987 ± 0.0004

0.9991 ± 0.0004

HISS/HUG

1.0000 ± 0.0040

1.0099 ± 0.0005

1.0092 ± 0.0005

UH3 (1)

1.0000 ± 0.0047

1.0040 ± 0.0050

1.0020 ± 0.0005

Zeus (1)

0.9976 ± 0.0008

0.9918 ± 0.0003

0.9899 ± 0.0003

Zeus (2)

0.9997 ± 0.0008

0.9945 ± 0.0003

0.9927 ± 0.0003

Zeus (3)

1.0010 ± 0.0009

0.9990 ± 0.0003

0.9965 ± 0.0003

Godiva

1.0000 ± 0.0010

0.9966 ± 0.0001

0.9964 ± 0.0001

235

5. Conclusion
Comparisons of the results between calculations done with MCNP using the 235U evaluation in
the ENDF66 and the ORNL evaluation do not display significant changes. MacFarlane et al13) have
used these results as part of a new 235U evaluation and find improved values for the effective
multiplication factors. As mentioned above, in both evaluations the average resonance parameters
are used for calculation of the cross section and self-shielding based on the use of single-level BreitWigner formalism. To improve self-shielding calculations in the unresolved energy region for fissile
materials, it appears that one should use a cross-section formalism that can correctly represent the
level-level interferences in the fission cross section. Work is under way to implement such a
innovative cross-section formalism for the unresolved energy region.14)
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